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ABSTRACT: A mixture of flammable organic solvent, al-
kali metal salt, and nonflammable room temperature ionic
liquid has been used as a new type of electrolyte. A novel
microporous polymer electrolyte based on poly(vinylidene
fluoride), i.e., PVDF, and poly(ethylene glycol), i.e., PEG,
was prepared by a simple phase-inversion technique. The
mixed electrolyte was observed to be nonflammable at
ionic liquid contents of 60 vol % or greater. The viscosity

(range, 0.98–30.5 mPa s) and conductivity (range, 9.9 to
22.25 mS cm�1) of the mixed electrolyte were discussed.
The porosity, solution uptake, and conductivity mecha-
nism of polymer membranes also were discussed. VVC 2009
Wiley Periodicals, Inc. J Appl Polym Sci 113: 2492–2498, 2009
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INTRODUCTION

Electrolytes are of profound interest to chemists and
engineers because of their application in electro-
chemical devices such as fuel cells, batteries, and
sensors. The science of polymer electrolytes is a
highly specialized interdisciplinary field that encom-
passes the disciplines of electrochemistry, polymer
science, organic chemistry, and inorganic chemistry.
The field has attracted ever-increasing interest both
in academia and industry.1–3 At present, polymer
electrolytes mainly include three types: solid-poly-
mer electrolytes, gel-polymer electrolytes, and micro-
porous-polymer electrolytes. Many microporous-
polymer electrolytes comprising polymer matrices,
plasticizing organic solvents, and alkali metal salts
have been intensively studied for applications in
rechargeable lithium batteries and other electro-
chemical devices.4,5

Most microporous polymer electrolyte contains
ethylencarbonate (EC), dimethylcarbonate (DMC),
and diethylcarbonate (DEC) with lithium hexafluoro-
phosphate as lithium salt.6 EC/DMC/DEC-based
electrolytes permit numerous charging and discharg-

ing cycles without significant loss in capacity, but
their thermal stability is a safety problem at high
temperatures (60�C or greater) because of their vola-
tility (DEC and DMC) and flammability.
Ionic liquids (ILs) are organic salts with unusually

low melting points, well less than 100�C. These sub-
stances have been suggested as potentially ‘‘green’’
replacements for traditional molecular solvents
because they are nonvolatile, nonflammable, ther-
mally stable, and recyclable.7 Their unique proper-
ties favor applications in diverse fields, such as
synthesis, catalysis, biocatalysis, separation technol-
ogy, electrochemistry, analytical chemistry, and
nanotechnology. The use of ILs may be an alterna-
tive to classical electrolytes for lithium batteries
because of their low vapor pressure, their non-
flammability, and their wide electrochemical win-
dow.8 Nonflammable liquid electrolytes that use
room temperature ILs (RTILs) have been developed,
and the performance of cells that use RTIL has been
investigated. The electrochemical stability of the
RTIL was found to be sufficient for lithium cells.
However, some limitations still remain for applica-
tion to cells for high-power use, for example hybrid
electric vehicles and fuel cell electric vehicles,
because of the high viscosity and low ionic conduc-
tivity of the electrolyte.9

Recently, the use of mixed electrolytes of organic
solvents and RTILs has been investigated to improve
the safety of lithium–ion cells that incorporate flam-
mable organic solvents.10,11 Butyrolactone has been
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mixed with RTIL 1-butyl 3-methyl-imidazolium tet-
rafluoroborate (BMIBF4) (ratio 3 : 2, v/v) in the pres-
ence of lithium tetrafluoroborate (LiBF4) for use as
an electrolyte in lithium–ion batteries. The cycling
ability of this electrolyte has been investigated as a
graphite, a titanate oxide (Li4Ti5O12), and a cobalt
oxide (LixCoO2) electrodes.

10 It is reasonable to think
that the RTIL can function as a flame-retardant
additive.

In the present work, we report the preparation
and characterization of microporous poly(vinylidene
fluoride)–poly(ethylene glycol) (PVDF-PEG) polymer
electrolytes with imidazolium-organic solvent mix-
tures. The viscous, conductivity, and flammability of
the imidazolium-organic solvent–alkali metal salt
mixtures were discussed. The porosity, weight
uptake, and ionic conductivity of PVDF–PEG electro-
lytes also were discussed.

EXPERIMENTAL

Materials

Methylimidazole was purchased from KaiLe Chemi-
cal Company (Zhejiang, China) and distilled under
reduced pressure before use. PVDF (Mw ¼ 900,000)
was obtained from Shanghai 3F New Material
(Shanghai City, China) and dried in a vacuum oven
at 100�C for 48 h before use. PEG (Mw ¼10,000) was
purchased from Shanghai Pudong Yamei Chemical
Company (Shanghai, China). The ES-002 electrolyte
solution (EC/DMC/EMC: 1 : 1 : 1/1 v/v/v 1M
LiPF6) was purchased from Shanghai Tuer Industry
Development (Shanghai, China). The conductivity of
this electrolyte is 9.9 mS cm�1. 1-Ethyl-3-methylimi-
dazolium tetrafluoroborate (EMImBF4) was synthe-
sized in our laboratory.12 Other chemicals were
obtained from commercial suppliers and used with-
out further purification.

Preparation of the mixed electrolyte

The mixed electrolyte was prepared by adding pre-
determined amounts of EMImBF4 to the organic sol-
vent mixture (EC/DMC/EMC 1 : 1 : 1/1 v/v/v 1M
LiPF6). The mixed electrolyte was a homogeneous
liquid over the entire composition.

Flammability of the mixed electrolyte

To confirm the safety of the mixed electrolyte, the
flammability of the mixture was examined.11 A glass
filter was soaked with the electrolyte, and the flame
of an alcohol lamp was then brought close to the fil-
ter. The interval between the glass filter and the
wick of alcohol lamp was kept at 100 mm. After 10
s, the alcohol lamp was removed from under the

glass filter. The electrolyte was judged to be non-
flammable if the electrolyte never ignited during the
testing or if the ignition of electrolyte ceased when
the flame was removed. Each electrolyte was tested
three times.

Preparation of PVDF–PEG polymer membrane

The PVDF–PEG microporous membranes were pre-
pared by a phase inversion method.4 Desired
amounts of PVDF and PEG were dissolved in a mix-
ture of DMF (solvent) and glycerin (nonsolvent) (v/
v ¼ 10/1). After stirring for 4 h at 80�C, the result-
ing homogeneous solutions were cast onto a glass
plate and then placed in an oven at 120�C for 36 h.
This procedure yielded mechanically stable, free-
standing films of thickness ranging from 100 to 300
lm. TG analysis confirmed that both solvent and
nonsolvent evaporated completely during the afore-
mentioned preparation process. In this experiment,
the weight ratio of PVDF to PEG is 1.

Characterization

Viscosity measurements were performed with a
Rotating viscometer (NDS-8S). Conductivity meas-
urements were conducted with a PM6303 impedance
analyzer operating at 1000 Hz and a conductivity
cell equipped with platinum electrodes.
Pore distribution and pore structure in the surface

and bulk of PVDF-PEG microporous membranes
were studied by scanning electron microscopy
(SEM) with a field emission scanning electron micro-
scope (JSM-6701F) with gold sputtered coated films.
To observe the cross section of the samples, the
membranes were broken in liquid nitrogen.
The porosity was measured by immersing the

membrane into 1-butanol for 2 h, after which
the membrane surface was dried by filter paper. The
membrane was weighed before and after absorption
of 1-butanol. The porosity was calculated by the use
of eq. (1):

Porosity ð%Þ ¼ 100� ðwt � w0Þ=qV (1)

where wt and w0 are the weight of the wet and dry
membrane, respectively. V is the apparent volume of
the membrane. q is the density of 1-butanol.
The liquid electrolyte uptake of PVDF–PEG micro-

porous membranes was measured in a simple glove
box. The electrolyte membrane was cut into a disk
with a diameter of 1 cm. After the mass (w0) of the
membrane disk was measured, it was soaked in
mixed electrolyte for 48 h to obtain the wetted poly-
mer electrolyte. After the remaining solution at the
surface of the wetted polymer electrolyte membrane
was absorbed with filter paper, the membrane was
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weighed (wt). In this study, the mixed electrolyte
solution uptake was calculated by the following
eq. (2):

Weight uptake ð%Þ ¼ 100� ðwt � w0Þ=w0 (2)

where wt and w0 are the weight of the wet and dry
membrane, respectively.

The ionic conductivity of the polymer electrolyte
was determined by AC impedance spectroscopy at
room temperature. The samples were sandwiched
between stainless steel blocking electrodes. The im-
pedance measurements were carried out on an
Automatic Component Analyzer (TH2818) with a
frequency range of 20 Hz to 300 kHz.

RESULTS AND DISCUSSION

Flammability of the mixed electrolyte

Table I shows the results of flammability testing on
mixed electrolyte containing EMImBF4 and ES-002
electrolyte. It is reported that the flash point of lin-
ear-chained carbonates is near ambient temperature
(for example, the flash point of DMC is 16�C, and
that of EMC is 24�C), and they are easily ignited.11

In this work, the conventional ES-002 electrolyte (0
vol % ratio of EMImBF4) ignited and continued
burning for 10 s every time, since the organic solvent
is flammable at the ambient temperature. To add
EMImBF4 in the mixed electrolyte, the content of the
organic solvent is decreased. At a 60 vol % ratio of
EMImBF4, the mixed electrolyte appeared to be non-
flammable, even though it contained 40 vol % flam-
mable organic solvent.

This result can be explained because the partial
pressure of the flammable gas (ie, the organic sol-
vent vapor) around the test flame was decreased by
the addition of nonflammable EMImBF4, and was
brought under the range of flammability.11 There-
fore, it is concluded that EMImBF4 may be applica-
ble as flame-retardant additives to improve the
safety of cells incorporating organic electrolytes.

Viscosities and conductivities

Viscosity studies provide a useful insight on the mo-
bility of ions in liquid or gel electrolytes. Pure ILs
are highly viscous and exhibit relatively low conduc-
tivities. The viscosity of an IL depends on hydrogen
bonding and the van der Waals force, but mainly on
hydrogen bonding.13 ILs that contain the hexafluoro-
phosphate anion are more viscous than ILs that con-
tain the tetrafluoroborate anion, as the result of
stronger interactions in solution. Conductivity of the
IL is related to the molecular weight, density, size of
ions, and especially viscosity. The viscosity of IL
may be decreased by adding some organic solvents.
Figures 1 and 2 display the results of viscosity

and conductivity of the mixed electrolyte as a func-
tion of EMImBF4 content, respectively. The addition

TABLE I
Results of Flammability Testing of Mixed Electrolyte

Containing the Mixed Electrolyte

Content of EMImBF4 (vol %) Occurrence of ignition

0 3/3
20 3/3
40 2/3
60 0/3
80 0/3

100 0/3

Each sample was tested three times.

Figure 1 Viscosity of the mixed electrolyte vs. vol %
(EIMmBF4).

Figure 2 Conductivity of the mixed electrolyte vs. vol %
(EIMmBF4).
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of an organic solvent to these ILs results in a lower
viscosity and an enhanced ionic conductivity. To
increase the permittivity of the electrolyte and hence
to improve ion dissociation, ES-002 solution was
used as cosolvent. It is worth noting that with the
increasing amount of EMImBF4, the viscosity of the
mixed electrolyte can be increased to 30.5 mPa s. For
example, the addition of ES-002 electrolyte solution
to EMIBF4 decreases drastically the viscosity from
30.5 mPa s for EMIBF4 to 4.6 mPa s for the mixed
electrolyte (vol % (EMIBF4) ¼ 20) at 25�C. Simultane-
ously, the conductivity increases from 13.1 mS cm�1

for EMIBF4 to 22.25 mS cm�1 for the mixed electro-
lyte (vol % (EMIBF4) ¼ 20) at 25�C.

In this experiment, considering the results of non-
flammability, viscosities and conductivities, we fixed
the optimal composition of the mixed electrolyte is
obtained when 60 vol % EMImBF4 added to 40 vol
% ES-002 electrolyte solution.

Scanning electron microscopy

It has been reported that morphology of the film cast
from solution is influenced by polymer–solvent com-
plex formation, solution preparation temperature, sol-

vating power, solvent evaporation temperature, and
solvent evaporation rate.14–16 The pore structure usu-
ally is controlled by the phase inversion process and
is discussed in terms of the liquid–liquid phase sepa-
ration such as nucleation-growth and spinodal decom-
position.17–19 The morphology of the membrane plays
a fundamental role in the transport of ions through
the porous matrix and, therefore, in conductivity
behavior. The porous membranes were prepared by
the phase-inversion method. This process creates a
polymer-rich phase that forms the solid membrane
structure and a polymer-poor phase that forms the
liquid-filled pores of the membrane.20

It is well known that during coating process, there is
always one surface of the membrane facing the air
whereas the other one faces the substrate. Thus, these
two surfaces may differ in morphology to some extent.
Usually, the surface facing the air looks rough, whereas
the surface facing the substrate appears smoother, as
shown in Figure 3(a). Figure 3(b) presents SEM images
of the top surface of PVDF–PEG membranes. It can be
seen that the formed membrane exhibits an asymmet-
ric morphology. Those cellular pores are largely inde-
pendent and are embedded in a continuous polymer
matrix. Figure 3(c) shows the cross-section SEM

Figure 3 SEM images of polymer membrane and the gels after immersion in the mixed electrolyte: (a) bottom surface;
(b) top surface; (c) cross-section; (d) gel of polymer membrane.
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micrographs of polymer films. It is worth noting that
the honeycomb structure is different from the finger-
like structure, in which channels of different sizes are
separated by layers of discrete polymer globules.21 Fig-
ure 3(d) shows the surface morphology of the polymer
membrane after immersion. It is worth to note that
many small pores disappear as compared to Figure
3(b). This result may contribute to the swelling of poly-
mer. Swelling is the process of dissolution of a polymer
in a defined solvent. At first, the solvent molecules
slowly diffuse into the polymer to produce a swollen
gel. If the polymer–polymer intermolecular forces are
high, thanks to crosslinking, crystallinity, or strong
hydrogen bonding, this is all what happens. However,
if these forces are overcome by the introduction of
strong polymer–solvent interactions, a second stage,
the dissolution of the polymer, can take place. The pro-
cess of swelling results actually from the balance
between repulsive and attractive phenomena. Overall,
polymer–solvent systems tend to reach the minimum
of the Gibbs energy of mixing, Gmix, which is the driv-
ing force of the process.

In this experiment, the solvent DMF has a C¼¼O
functional group, which is the main factor for poly-
mer solvent interaction via the interaction of the
C¼¼O dipole with the CH2CF2 dipole or by limited
hydrogen bond. Apart from the pure geometrical
effect of confinement, the properties of ILs might
also be influenced interaction with the polymer ma-
trix. Detailed mechanism for the swell of PVDF and
PEG in the mixed electrolyte containing EMImBF4
and ES-002 electrolyte solution is beyond the scope
of the current work.

Porosity and solution uptake

Ionic conductivity in the conventional battery sepa-
rator is achieved by continuous pathways formed by

the absorbed liquid electrolyte within the intercon-
nected pores of the separator. Thus pore structure is
an important factor that determines the ionic trans-
port of polymer membranes. The porosity (48.6%) of
the membrane formed by phase inversion was deter-
mined by eq. (1). Figure 4 displays the weight
uptake at different immersing time. It can be seen
that the weight uptake increases with the increasing
immersing time and then reach to equilibrium state.
It is worth to note that the maximum weight uptake
is obtained after a 72-h gelation period. This immers-
ing time is longer than the conventional organic elec-
trolyte. This result may be attributed to the fact the
mixed electrolyte shows higher viscosity (17.2 mPa
s) than conventional organic electrolyte (0.98 mPa s).

Ionic conductivities

The ionic conductivity (r) was then calculated from
the electrolyte resistance (Rb) obtained from the
intercept of the Nyquist plot with the real axis, the
membrane thickness (l), and the electrode area (A)
according to the equation r ¼ l/ARb.
Impedance data are presented in the form of

imaginary, Z00 (capacitive) against real, Z0 (resistive).
Figure 5 displays the typical impedance plots (Z0 vs.
Z00). It can be seen that the entire semicircular por-
tion in the complex impedance representation mea-
sured at room impedance plots was disappeared,
leading to a conclusion that the total conductivity is
mainly the result of ion conduction. This phenom-
enon is quite reasonable because the facile mobility
in liquid- and gel-type electrolyte systems, when
compared with solid-polymer electrolytes, indicates
that ions possess dielectric relaxation times and,
hence, the inconsequential capacitive effect of the
bulk electrolyte in the spectrum.22

Figure 4 Weight uptake of the mixed electrolyte vs. time.

Figure 5 Room temperature (25�C) impedance plots of
PVDF-PEG polymer membrane (soaking with the mixed
electrolyte).
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In this experiment, the maximum conductivity (4.2
mS cm�1) was obtained after a 72-h immersion in
the mixed electrolyte.

Carrier migration in the porous structure can be
restricted because of the convoluted transport path-
ways that comprise interconnected pores. The re-
stricted condition in migration is affected by pore
size, porosity, pore linking condition, and chemical
effect of the porous medium on the carriers.23 It is
reported that the confinement of the IL into the
polymer matrix affects the basic physical properties
and in this way is a factor in the overall decrease of
the conductivity. The origin of the decrease in con-
ductivity is to be sought both in the morphology of
the membrane and in possible interactions between
the conducting IL and the polymer matrix.24

It is reported that the interaction between the salt
(and/or ion) and the polymer in the gel dominates
the mobility and concentration of the carrier in the
PVDF type gel.25,26 The conduction properties of the
PEO type polymer electrolyte without solvent have
been studied previously in detail.27 It was confirmed
that the cations were solvated by coordination to the
ether oxygen on the polymer chains. As a result, the
motion of the cation is strongly correlated with
the segmental motion of the polymer chain. In this
experiment, it is reasonable to think that the interac-
tion between the polymer and the salt influences car-
rier migration even in a gel composed of PEG. The
dissociated Li ions interact with the polymer
through Coulombic force. The Liþ would be effec-
tively trapped at the oxygen sites on the polymer
chains. As a result, the Liþ tends to hop on the sites
along the chains supported by the segmental motion
of the chain rather than migrates randomly in the
liquid. The increasing conductivity may also partly
be explained in terms of a hopping mechanism
between coordinating sites, local structural relaxa-

tions, and segmental motions of PEG. It is necessary
to note that PVDF is polymorphic polymer, and it
can be crystallized in polar form. However, although
it is crystallized in nonpolar form at the formation of
porous structure, the ties between crystallites may
be stressed and have TTTT-conformations. These
factors may strongly influence on ionic conductivity
and interphase polarization in PVDF (the processes
take place in polymer material between pores).28

Figure 6 shows an Arrhenius plot of PVDF–PEG
polymer electrolyte. It is quite obvious from the
figure that the ionic conductivity of PVDF–PEG
polymer electrolyte increases with increase in tem-
perature. Nevertheless, the ionic conduction mainly
depends on the entrapped liquid phase in a fully
interconnected pore structure and the gel phase. The
fact that the conductivity perfectly follows a VTF
behavior implies that the motion of the charged spe-
cies, anions and cations, is controlled by the viscous
properties of the mixed electrolyte. These curves
appear linear, so the apparent activation energy for
the ions transport (Ea) are obtained using the Arrhe-
nius model r ¼ r0 exp(�Ea/RT), where R, T, r, and
r0 are gas constant, temperature, the ionic conduc-
tivity of PVDF–PEG polymer electrolyte, and the
preexponential factor, respectively. According to this
equation, the activation energy (19.16 kJ mol�1) for
the ions transport can be calculated from the slope
of imitated straight line. The activation energy for
the conduction of PVDF-based electrolytes (19.16 kJ
mol�1) is still larger than that of their neat electro-
lytes (<8.0 kJ mol�1), which may imply that the
influence of PVDF upon ionic mobility still exists
even if they have been made nanoporous.22

CONCLUSIONS

EMImBF4 mixed with conventional organic electro-
lyte was prepared as a new concept nonflammable
electrolyte. Flammability testing results indicate that
EMImBF4 has potential as a flame-retardant additive
for the organic electrolytes, which can improve the
safety of battery. The morphology, porosity, weight
uptake, and ionic conductivity of PVDF-PEG poly-
mer electrolyte also were discussed. The maximum
conductivity 4.2 mS cm�1 can be obtained, which is
sufficient for the application. This new concept non-
flammable electrolyte may have potential use in
polymer electrolyte.
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