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ABSTRACT: Solid polymer electrolytes comprising
poly(vinyl acetate) (PVAc), and poly(vinylidene fluoride-
co-hexafluoropropylene) (PVdF-co-HFP), low molecular
weight plasticizer [Ethylene Carbonate (EC)] and different
lithium salts (LiBF4, LiClO4, and LiCF3SO3) are prepared
by solution casting technique. The electrolyte films are
subjected to various characterization techniques such as
XRD, FTIR, DSC, SEM and ac impedance analysis. Ionic
conductivity is obtained as a function of frequency at vari-
ous temperatures ranging from 302 to 363 K. The maxi-

mum room temperature ionic conductivity is found to be
1.18 � 10�3 S cm�1 for the film containing LiBF4 and the
temperature dependent ionic conductivity values seem to
obey VTF relation. Microstructure of the samples has been
depicted by means of scanning electron microscope. VC 2010
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INTRODUCTION

Now a days, polymer electrolytes are promising can-
didates for the energetic electronic devices, such as
lithium battery, super capacitors, chemical sensors,
fuel cells, etc.1,2 Though the polymer electrolytes
have many advantages, such as high performance,
size, safety, environmental aspects, they still suffer
from certain critical drawbacks, which should be
overcome before their use in practical applications.
Initially, In 1973 Wright and coworkers3 found the
ionic conductivity of PEO and alkaline salt com-
plexes. Unfortunately, due to the particular struc-
ture, PEO showed much higher crystalline ratio at
room temperature, resulting in a very low room
temperature ionic conductivity (� 10�7 S cm�1),
which is a drawback for its applications in the con-
sumer electronic market.4 To date several polymer
hosts have been investigated and developed for
improving their room temperature ionic conductivity
and the mechanical stability, including poly(ethylene
oxide) (PEO), poly(acrylonitrile) (PAN), poly(methyl
methacrylate) (PMMA), poly(vinyl chloride) (PVC),
poly(vinylidene fluoride) (PVdF), poly(vinylidene
fluoride-hexafluoro propylene) (PVdF-HFP), poly
(ethyl methacrylate) (PEMA), etc.5–7 Among them
(PVdF-HFP) has drawn much attention of research-

ers because it is a copolymer consisting of crystalline
vinylidene fluoride (VdF) and amorphous hexafluoro-
propylene (HFP) units. It has been known that the
PVdF-HFP is very useful as the polymer matrix ma-
terial in the polymer electrolyte of lithium recharge-
able battery, due to its excellent chemical stability
mainly supported by VdF unit, as well as due to the
enhanced plasticity (somewhat associated with high
ionic conductivity) by HFP unit.8 Further, the room
temperature ionic conductivity of the polymer elec-
trolytes can be considerably enhanced by the addi-
tion of low molecular weight and high dielectric con-
stant plasticizers such as ethylene carbonate (EC)
and propylene carbonate (PC) etc.9,10

In general, the solid polymer electrolytes are los-
ing their mechanical strength when the plasticizers
are added. The plasticizer added films have to be
hardened by either chemical or physical curing,
which leads high processing costs. In this study, to
prepare films with good mechanical strength and
high ionic conductivity, we have chosen a copoly-
mer of vinylidene fluoride and hexafluoropropylene
(PVdF-co-HFP), the amorphous polymer poly(vinyl
acetate) (PVAc), low molecular weight plasticizer
and the different lithium salts. The prepared films
were subjected to various characterization tech-
niques, such as ac impedance analysis, XRD, FTIR,
DSC, and SEM.

EXPERIMENTAL

All the samples were prepared by solution casting tech-
nique.11 PVAc, PVdF–HFP, and Ethylene Carbonate
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(EC) (Aldrich, USA) were used as received. Lithium
perchlorate (LiClO4), lithium tetrafluoroborate
(LiBF4), and lithium trifluoromethane sulfonate
(LiCF3SO3) were dried by annealing them under vac-
uum at 120, 70, and 80�C, respectively for 24 h. All
components, namely the selected lithium salt (8 wt
%) and polymers PVAc (6.25 wt %), PVdF-HFP
(18.75 wt %) were dissolved in an anhydrous tetrahy-
drofuran (THF) and the plasticizer EC (67 wt %) was
added to the mixture. The complex was stirred well
around 24 h with the help of a magnetic stirrer. Finally
the obtained solution was cast on a glass plate and the
solvent was allowed to evaporate slowly at room tem-
perature for 48 h. The films were dried in a vacuum
oven at 333 K under a pressure of 10�3 Torr for 24 h.
The resulting films were visually examined for their
dryness and free standing nature. Chemical storage
and film casting were performed under a vacuum. The
electrolytes were prepared for different lithium salts as
depicted in Table. I.

The ionic conductivity studies were carried out
with the help of stainless steel blocking electrodes by
using a computer controlled micro auto lab Type III
Potentiostat/Galvanostat of frequency range 1 Hz–
300 kHz in the temperature range 302–363 K. The
structural and complex formations of the electrolytes
were confirmed by X-ray diffractometer (X’pert PRO
PANalytical) using Cu-Ka radiation as source and
operated at 20 KV. The sample was scanned in the 2h
ranging from 10–80� for 2 sec in step mode. Fourier
transform infra red (FTIR) spectroscopy studies were
carried out using SPECTRA RXI, PerkinElmer spec-
trophotometer in the range 400–4000 cm�1. The ther-
mal behavior of the prepared samples was deliber-
ated using a differential scanning calorimeter (DSC)
(Mettler Toledo DSC 822e apparatus). The samples
were heated from �50 to 300�C at a heating rate of
10�C/m. Surface morphology of the samples was
examined by using JEOL, JSM-840A scanning electron
microscope (SEM).

RESULTS AND DISCUSSION

XRD analysis

XRD pattern of LiBF4,LiCF3SO3, LiClO4, PVdF-HFP,
PVAc polymer, and prepared electrolyte samples are

shown in Figure 1(a–h). The characteristic peaks con-
firm the crystalline nature of the lithium salts as
shown in Figure 1(a). In general PVdF-HFP is a semi-
crystalline polymer and it shows the characteristic
peaks at 2h ¼ 17, 19, and 38�, which correspond well
with the (100), (110), and (021) reflections of crystal-
line phase of PVdF polymer.12 In Figure 1(e). a single
broad peak is found at 2h ¼ 28�, which confirms the
complete amorphous nature of the PVAc polymer. It
is observed that crystallinity of solid polymer electro-
lytes is greatly decreased by the addition of plasticizer
and the lithium salts. The characteristic peaks corre-
spond to the lithium salts are not observed in the elec-
trolyte system[Fig. 1(f–h)] indicating that the lithium
salts are well complexed in the polymer matrix, which
means that the lithium salts do not contain any sepa-
rate phase in the electrolyte system and it also con-
firms the complexation.

FTIR studies

Infrared spectral (IR) analysis is a powerful tool for
identifying the nature of bonding and different func-
tional groups present in a sample by monitoring the
vibrational energy levels of the molecules, which are
essentially the fingerprint of different molecules.13,14

Figure 2 depicts the FTIR transmittance spectra in
the range 400–4000 cm�1 for pure polymers, lithium
salts, plasticizer, and their complexes. The vibrational
bands observed at 2933 cm�1 is assigned to ACH3

asymmetric stretching of PVAc which is shifted to
2943, 2963, and 2967 cm�1 in the complexes E1, E2,
and E3, respectively. The band at 2465 cm�1 is
ascribed to ACH3 symmetric stretching vibration of
PVAc, which is also shifted to 2494, 2469, and 2489
cm�1 in the complexes E1, E2, and E3, respectively.
The peaks at 1734, 1033, 1373, and 1243 cm�1 are
attributed to C¼¼O stretching, CAO stretching, ACH3

symmetric bending and CAOAC symmetric stretching
modes of PVAc, which are shifted in the complexes.
The peak at 947 cm�1 of PVAc corresponding to CH
bending vibration is absent in the complexes. The
vibrational peak at 609 cm�1 is assumed to be linked
with CH3 (CAO) group of PVAc and the CAH rock-
ing mode of vibration of PVAc has been confirmed by
the presence of a band at 799 cm�1.15,16

TABLE I
Ionic Conductivity of the Complexes at Different Temperatures

Sample code

Wt % of compositions
of prepared samples

[6.25/18.75/67/8 (wt %)]

Conductivity (� 10�3 S cm�1)

302 K 313 K 323 K 333 K 343 K 353 K 363 K

E1 PVAc/PVdF-co-HFP/EC/LiBF4 1.180 1.200 1.240 1.95 2.27 2.35 2.40
E2 PVAc/PVdF-co-HFP/EC/LiClO4 0.398 0.449 0.491 0.528 0.667 0.733 0.800
E3 PVAc/PVdF-co-HFP/EC/LiCF3SO3 0.175 0.209 0.248 0.306 0.387 0.386 0.398
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The vibrational peaks at 502 and 416 cm�1 of
PVdF-HFP are assigned to bending and wagging
vibrations of ACF2, respectively, which are absent in
the complexes. Crystalline phase of the PVdF-HFP
polymer is identified by the vibrational bands at
985, 763, and 608 cm�1.17 The strong absorption
peak appeared at 1173 cm�1 is assigned to the sym-
metrical stretching mode of –CF2 group which is
shifted to 1162, 1171, and 1161 cm�1 in the com-
plexes E1, E2, and E3 respectively. The peak
appeared at 1390 cm�1 is assigned to the CH2

groups of PVdF-HFP,18–20 which is also shifted to
1369, 1396, and 1401 cm�1 in the E1, E2, and E3
complexes.

The peaks at 1770, 1776, and 1775 cm�1 corre-
sponding to E1, E2, and E3 are ascribed to the
mC¼¼O (1788 cm�1) band of ethylene carbonate. The
vibrational peak at 1493 cm�1 of pure EC is shifted
to 1473, 1479, 1475 in the complexes. Apart from
these, some of the peaks appearing at 1597, 1076,
894, and 716 cm�1 of EC are absent in the
complexes.

The absorption peaks at 2359, 2157, 2027, 1806,
and 986 cm�1 of PVAc 2984, 2626, 2317, 2203, and
2024 cm�1 of PVdF-HFP 2827, 2765, 2554, 2048, 1597,
and 974 of ethylene carbonate (EC) are absent in the
complexes. It is clear that the band assignments of
the complexes are shifted from their pure spectra.

The vibrational peak appeared at 762 cm�1 in the
spectrum relative to the sample E1 [Fig. 2(g)] is
attributed to the vibration mode of free BF�4 anions

and the vibrational mode corresponding to the ion
pairs of BF–4 is appeared at 784 cm�1 in the complex
system.21 The FTIR spectrum shows [Fig. 2(h)] the
vibrational peaks at 622 and 638 cm�1 is correspond-
ing to the anion ClO�

4 and the ion pairs of ClO�
4 ,

respectively.22 Presence of the band at 768 cm�1 in
the complex system [Fig. 2(i)] has been attributed to
the ‘free’ triflate anion (CF3SO

�
3 ).

23 It is noted that
the vibrational peak corresponding to the free anion
of the salts such as BF�4 , ClO�

4 , and CF3SO
�
3 are

shifted in the complexes, which confirm the interac-
tion between the polymers and the salt. In addition,
some new peaks are present and some of them are
absent in the complexes. Thus the spectral analysis
confirms the complexation of these two polymers,
plasticizer, and lithium salt.

Ionic conductivity

The electrochemical impedance spectroscopy is an
excellent tool to characterize many of the electrical
properties of materials and their interfaces with the
electronically conducting electrodes. In this study,

Figure 1 XRD pattern of Pure (a) LiBF4; (b) LiClO4; (c)
LiCF3SO3; (d) Pure PVdF-HFP; (e) Pure PVAc; (f) PVAc/
PVdF-HFP/EC/LiBF4; (g) PVAc/PVdF-HFP/EC/LiClO4;
(h) PVAc/PVdF-HFP/EC/LiCF3SO3;.

Figure 2 FTIR spectra of (a)PVAc; (b) PVdF-HFP; (c) EC;
(d) LiBF4; (e) LiClO4; (f) LiCF3SO3; (g) PVAc/PVdF-HFP/
EC/LiBF4; (h) PVAc/PVdF-HFP/EC/LiClO4; (i) PVAc/
PVdF-HFP/EC/LiCF3SO3.
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the ionic conductivities of PVAc/PVdF-HFP/EC/
LiX complex with different lithium salts have been
estimated keeping the blend ratio of polymer and
plasticizer as constant. From the complex impedance
plot (shown in Fig. 3), at high frequency region, one
can expect the semicircular portion, which do not
appear and this is due to the maximum measurable
frequency not in the measured range of the instru-
ment. Nevertheless, as the intercept on the Z0 (real
axis) was clearly noted, we took the intercept values
for the samples bulk resistance (Rb). A spike (at
lower frequency region) corresponds to interfacial
impedance of the electrodes. The ionic conductivity
of the solid polymer electrolytes was calculated
using the equation r ¼ l/RbA, where r is the ionic
conductivity, l the thickness of the polymer electro-
lyte film, A the surface area of the film, and Rb the
bulk resistance. The temperature dependent ionic
conductivity values of the samples have been given
in Table. I. It is also concluded from Figure 4. that
the ionic conductivity values of the samples seem
to obey VTF relation namely r ¼ AT�1/2 exp (�B/K
(T � To)) where A, B are constants and To the tem-
perature at which conductance tends to zero and
this equation describes the transport properties in a
viscous matrix.24

The temperature dependence of the ionic conduc-
tivity of the films containing different lithium salts
LiBF4, LiCF3SO3, LiClO4, is shown in Figure 4. From
the plot of logr Vs inverse of temperature (T), it is
understood that PVAc (6.25)/PVdF-HFP (18.75)/EC
(67) LiBF4 (8) film exhibits higher conductivity of
the order of 1.18 � 10�3 S cm�1 at 302 K. The differ-
ence in the ionic conductivity is due to the difference
in the lattice energies of the various lithium salts.
Among the lithium salts, LiBF4 has the lowest lattice
energy (699 KJ/mol) and therefore easier solvation
of Liþ ion by the polymer matrix, which facilitates

for higher ionic conductivity of the sample E1. A
similar observation has been reported by Manuel et
al.25,26 Choi et al.22 reported the ionic conductivity
value 2.3 � 10�3 S cm�1 at 298K for the system
PVAc/PVdF-HFP with LiClO4 employing double
plasticizer (EC, PC). From the plot (Fig. 4) it is
observed that as the temperature increases the ionic
conductivity also increases for all the polymer elec-
trolytes, which can be rationalized by the free vol-
ume model.27 As the temperature increases, the
polymer can expand easily and produce free vol-
ume. Thus ions, solvated molecules, or polymer seg-
ments can move into the free volume. The resulting
conductivity represented by the overall mobility of
ion and polymer is determined by the free volume
around the polymer chains. Therefore, as the tem-
perature increases, the free volume increases. This
leads to an increase in ion mobility and segmental
mobility that will assist ion transport and virtually
compensate for the retarding effect of ion clouds.28

The nonlinearity in Arrhenius plots indicates that
the ionic conductivity in polymer electrolyte mainly
depends on the polymer chain segmental motion.
The ionic conductivity is closely coupled to the seg-
mental motions of the polymer chains and local flex-
ibility i.e. in the electrolytes the ions are coordinated
to a macromolecule. It can translate within the sys-
tem only in conjunction with the segmental motion
of the polymer chain. It seems useful to consider the
behavior of macromolecular species in which ions
are irreversibly bound to a polymer chain i.e., the
monomers are surrounded by the ion cloud. Thus
the cluster formation is shown to occur when group
of interacting polymer segments move from a ran-
dom distribution throughout the system. It is noted
that the given amount of the salt concentrations is

Figure 3 Complex impedance plot of prepared samples
at room temperature.

Figure 4 Temperature dependent ionic conductivity of
(a) PVAc/PVdF-HFP/EC/LiBF4; (b) PVAc/PVdF-HFP/
EC/LiClO4; (c) PVAc/PVF-HFP/EC/LiCF3SO3.
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superimposed with the free polymer chains or seg-
ments which were nearest neighbors to lithium salt ion
pair. The plasticizer EC having high dielectric constant
would dissolve enough charge carriers and provide
more mobile medium for the ions so as to enhance the
conductivity behavior of the resultant samples.29

DSC analysis

Figure 5(a–f) shows the DSC thermograms of
PVAcþLiClO4, PVdF-HFPþLiClO4, PVAcþPVdF-
HFPþLiClO4, PVAcþPVdF-HFPþECþX (LiBF4,
LiClO4, LiCF3SO3) complex. PVAcþLiClO4 complex
has two peaks at 52 and 280�C, which correspond to
the transition from glassy phase to rubbery phase
(Tg) and melting temperature of the complex (Tm),
respectively. From the thermogram, it is clearly
noted that the complex starts to melt around 240�C
[Fig. 5(a)]. In fact, it is difficult to determine the
glass transition temperature of the PVdF-HFP poly-
mer because of its semicrystalline nature. DSC curve
shows [Fig. 5(b)] a single endothermic peak at
142�C, which is attributed to the melting point of
PVdF-HFP polymer.30 Thermogram of the complex
PVAcþPVdF-HFPþLiClO4 shows [Fig. 5(c)] endo-
thermic transitions at 100 and 141�C, which corre-

spond to the transition temperature and melting of
PVdF-HFP polymer respectively. The thermogram of
the complexes E1, E2, and E3 [Fig. 5(d–f)] shows tran-
sition peaks at around at 72, 93, and 97�C, respec-
tively. Normally, the addition of plasticizer in the
complex changes the thermal behavior of the system.
The films E1, E2, and E3 exhibit lower transition tem-
perature compared to PVAcþPVdF-HFPþLiClO4 sys-
tem, which is mainly due to the addition of Ethylene
Carbonate. It is concluded that the addition of plasti-
cizer greatly increased the flexibility of the samples. It
is found that the lower transition temperature enhan-
ces the ionic conductivity of the complex system.31 It
is noted that the changes in the first order transition
temperature with different lithium salts in the com-
plex lead to changes in the ionic conductivity. The
complexes E1, E2, and E3 exhibit a second order tran-
sition at 220, 202, and 259�C, which correspond to the
melting of the complexes.

SEM analysis

Scanning electron microscope is very useful in
studying the morphology of almost all kinds of sam-
ples. The morphology of a polymer electrolyte film
surface is an important property to characterize the
polymer electrolyte.Figure 5 DSC thermograms of (a) PVAC-LiClO4; (b)

PVdF-HFP-LiClO4; (c) PVAc/PVdF-HFP/LiClO4; (d)
PVAc/PVdF-HFP/EC/LiBF4; (e) PVAc/PVdF-HFP/EC/
LiClO4; (f) PVAc/PVF-HFP/EC/LiCF3SO3.

Figure 6 SEM image of (a) PVAc/PVdF-HFP/EC/
LiBF4(2Kx); (b) PVAc/PVdF-HFP/EC/LiBF4(5Kx); (c)
PVAc/PVdF-HFP/EC/LiClO4(2.5Kx); (d) PVAc/PVdF-
HFP/EC/LiClO4(5Kx); (e) PVAc/PVF-HFP/EC/LiCF3SO3

(2Kx); (f) PVAc/PVF-HFP/EC/LiCF3SO3 (5Kx).
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Scanning electron microscope (SEM) images of
PVAc/PVdF-HFP/EC-LiX (BF4,CF3SO3,ClO4) based
polymer electrolyte films are shown in Figure 6(a–f)
at two different magnifications via X2000 and X5000.
Figure 6(a,b) shows the photograph of LiBF4 based
polymer electrolyte. It is clearly observed from the
figure that the spherical segmental grains are mainly
due to the host polymer PVdF-HFP and the segmen-
tal grains are uniformly distributed in the complex
matrix. It contains maximum number of pores and
the pore size is (dark region) in the order of 1–10
lm. Figure 6(e,f) reveals the SEM image of LiCF3SO3

based polymer electrolyte. The surface morphology
is smoothed and the segmental grains are lightly dis-
turbed by the plasticizer (EC). The complex has min-
imum number of pores and their sizes are too small
in the order of few hundred nanometers. This may
be due to the presence of plasticizer and it reduces
the hoping conduction of the sample. The Figure
6(c,d) shows the uniform morphology of LiClO4

based polymer electrolyte. The pores are uniform
and their sizes can also be measured from the photo-
graph. The pore morphology of the polymer electro-
lyte is determined by the solvent nature and evapo-
ration velocity. The evaporation of the solvent is
responsible for the creation of the micropores. The
ion transport may due to hoping motion with the
help of micropores and hence, it enhances the con-
ductivity. It is noted that there is no apparent inter-
face between the two polymers, which indicates that
PVAc and PVdF-HFP have good compatibility. From
the photograph it is observed that there is no phase
separation, which means that the plasticizer does
not contain any separate phase; it also indicates that
the polymer blend is very compatible with the plas-
ticizer. The presence of pores in microstructures is
due to the solvent evaporations because the blended
polymer electrolyte has higher solvent retention abil-
ity.32,33 At higher magnification all the samples
show the same nature and the effect of plasticizer is
also depicted clearly.

CONCLUSIONS

1. Three different electrolyte systems consisting of
PVAc/PVdF-HFP/EC-LiX [X ¼ BF�4 , ClO�

4 ,
CF3SO

�
3 ] have been prepared using solvent

casting technique. The complex formation of
the electrolytes has been confirmed from FTIR
and XRD studies. Melting temperature of the
electrolytes has also been ascertained with the
help of differential scanning calorimetry.

2. The maximum ionic conductivity of the poly-
mer electrolyte PVAc/PVdF-HFP/EC-LiBF4 is
found to be 1.18 � 10�3 S cm�1 at 302 K. Hence
the properties of PVAc/PVdF-HFP/EC-LiBF4

polymer electrolyte look very desirable and
promising for lithium battery applications.

3. The surface morphology of the polymer electro-
lytes has been studied and the presences of the
pores are identified using scanning electron
microscope.
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