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Abstract The gel polymer electrolytes composed of the
blend of polyvinylchloride (PVC) and polyvinylidene
fluoride (PVdF) as host polymers, the mixture of ethylene
carbonate (EC) and propylene carbonate (PC) as a
plasticizer, and LiClO,4 as a salt was studied. An attempt
was made to investigate the effect of PVAF in the
plasticized PVC+LiClO, system in three blend ratios. The
differential scanning calorimetry study confirms the forma-
tion of polymer—salt complex and miscibility of the PVC
and PVdF. The X-ray diffraction results of plasticized PVC
(S1, S2, S3) and PVdF-blended films (S4, S5, S6) were
compared, in that an increase in PVC concentration
decreases the degree of crystallinity for S1 and S3,
respectively, but drastically increases for PVC (S2). The
increase in PVC content has not accounted in the
conductivity studies also noted. However, the blending
effect of PVAF showed decreases in crystallinity homoge-
neously for (S6>S5>S4), which were reflected in ionic
conductivity measurements. The surface morphology of the
films were also studied by scanning electron microscope,
and it corroborates the same.

Keywords PVC/PVdF Blend - Ionic conductivity -
Polymer blend miscibility - Thermal properties - Crystallinity

Paper presented at the Third International Conference on Ionic
Devices (ICID 2006), Chennai, Tamilnadu, India, Dec. 7-9, 2006.

P. Vickraman (0<)) + V. Aravindan

Department of Physics, Gandhigram Rural University,
Gandhigram 624302, India

e-mail: vrsvickraman@yahoo.com

N. Shankarasubramanian
Department of Physics, Thiyagarajar College of Engineering,
Madurai 625015, India

Introduction

Several researchers have studied the gel-type polymer
electrolytes (GPE), also called as plasticized polymer
electrolytes, as a suitable polymer electrolyte for lithium
rechargeable batteries. The reported gel-type polymers were
polyacrylonitrile [1-3], polyvinylchloride (PVC) [4, 5], and
polyvinylidene fluoride (PVdF) [6-9] and poly methyl
methacrylate [10—13]. These GPE showed good mechanical
strength but often encounter a leakage problem while the
battery design is being made because of the phase
separation between the polymer matrix and encapsulated
electrolyte solution.

The current and potential importance of the polymer
blends developed in the last decades is remarkable, and
consequently, a lot of research papers have been published
that described the conductive properties of polymer blends
[14-15, 17-41]. PVdF [-CH,—CF,—],, has been chosen as a
support polymer for PVC because it is anodically stable
[16] because of its strong electron-withdrawing functional
group (C—F). Watanabe et al. [15] found that PVdF can
form homogeneous hybrid films with the lithium salt,
ethylene carbonate (EC), and propylene carbonate (PC) in
proper proportions.

In the recent years, PVC-based blend electrolytes have
gotten their popularity because of their easy processibility,
inexpensiveness, and good compatibility. In this connec-
tion, Muniyandi et al. [42] optimized PVdF polymer
electrolytes by blending PVC with 1:1 ratio of plasiticizer
(EC/PC) in different inorganic salts and reported that the
PVAF-PVC blend polymer electrolyte exhibits improved
cyclic behavior. Based on the literature [17-41], the PVC-
based polymer electrolyte system plasticized by EC/PC has
been reported to be applicable to lithium and lithium ion
batteries, in that an attempt has been made to optimize the
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Table 1 Plasticized PVC and PVC/PVdF blend compositions

Sample Weight of Blend Weight of Plasticizer Wt of
Polymer (g) ratio  plasticizer (g) salt
(g) LiClO4
7 (€3]
PVC PVdF EC PC
S1 7.5 0 3/0 42 28 70 5
S2 125 0 5/0 42 28 70 5
S3 175 0 7/0 42 28 70 5
S4 7.5 17.5  3/7 42 28 70 5
S5 125 125 5/5 42 28 70 5
S6 17.5 7.5 7/3 42 28 70 5

plasticized PVC+LiClO4 with PVdF, in the 6:4 plasticizer
ratio [43].

In the present study, Solid polymer electrolyte films
consisting of PVC, PVdF, LiClO4, and EC and PC are
prepared for the first time and characterized by differential
scanning calorimetry (DSC), X-ray diffraction (XRD), A.C.
impedance and scanning electron microscopy (SEM).

Materials and methods
PVC and PVdF (Aldrich, USA) with an average molecular

weight of 1.56x10° and 5.34x 10> were used as received in
this study. The salt LiClO4 (99.999%, Aldrich, USA) was

286.04°C

S3

242.01°C

61.14°C 2.

107.71°C  112.68°C(D)

65641/
0.98°C 58

2532}/

C
B
S2
k-
[N
-
8 94,60°C
jas} 64.86°C 678.37)/g
205.22°C
889.5 /g
S1
123.60°C
w067yg  1T581C Q@
14054C
Exo Up 50 100 150 200 250 300

Temperature (°C)

350

dried at 110 °C and kept under vacuum for 48 h before
used. The plasticizers EC and PC with high purity (>99%)
were purchased from E. Merck, Germany, and used without
further purification. Polymer electrolytes were prepared by
dissolving them in appropriate amounts of the anhydrous
tetrahydrofuran (THF; E. Merck, high-performance liquid
chromatography Grade, India) and casting them as films,
using a doctor blade method. The cast films were allowed
to stand in air at room temperature to allow slow
evaporation of THF. Any remaining THF was removed by
further drying of the films in an air oven at 50+1 °C for 8 h
and stored in sealed containers. All the operations were
carried out under argon atmosphere in a glove box. The
thicknesses of the films obtained were within 40-70 pum.
The compositions of the films are given in Table 1.

Conductivity measurements were performed by sand-
wiching the cast films between two stainless-steel electro-
des (ASTM 304) of diameter 2 cm and using an
electrochemical analyzer EIS Model 6310A (EG and G
Princeton, Applied Research, USA) over a frequency range
of 10 Hz-100 kHz at 30, 40, 50, and 60 °C. The thermal
analysis of the films was examined with PerkinElmer DSC
2010 (USA) instrument. The crystalline structure of the
resultant electrolyte films was investigated by means of
XRD (JDX 8030 X-ray diffractometer). The morphology of
the films was examined with a Stereoscan 440 scanning
electron microscope (Leuica, Cambridge, UK).
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Fig. 1 DSC spectrum of plasticized PVC (S1—3/0; S2—5/0; S3—7/0), and PVdF-blended plasticized PVC (S4—3/7; S5—5/5; S6—7/3)
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DSC studies

The DSC thermograms of plasticized PVC salt complexes
with increasing PVC concentration (S1, S2, S3) and PVdF-
blended PVC—salt complexes (S4, S5, S6) in the temperature
range of 0-350 °C with a heating rate of 5 °C/min are shown
in Fig. 1.

The two glass transition thermal events take place, one at
61.14 °C (S2) and another at 112.68 °C (S3), in the temperature
region of 0 to 100 and 105 to 150 °C. The existence of two
glass transition temperatures indicate the existence of two
amorphous phases (atatic and syndiotactic) in the plasticized
PVC-salt complex, which is consistent with the report of
earlier investigators [44—46] that atatic and syndiotactic
sequences would accept the plasticizer in different degrees.
The decrease in 7, with an increase in PVC concentration (S1
and S3) may be taken to indicate the increase in polymer
flexibility/fluidity implying that the amorphous phase is
relatively high at the maximum content of PVC (S3), also
reflected in the XRD studies.

There are two crystalline exothermic events in the
temperature range of 225 to 350 °C, which were observed
in the S1, S2, and S3 systems, that have the same height,
which may be due to the interaction of PVC and PVdF

- 3782

Intensity

through the plasticizer-rich phase in S4. When the PVdF
content is decreased (S5 and S6), the lower temperature
crystalline peak decreases in height and shifts toward the
lower temperature side, whereas the higher temperature
crystalline peak increases in height and shifts to the lower
temperature side. This may be taken to mean that the
crystallinity decreases as the PVdF content increases, and
this result is consistent with the XRD results.

In sample S4 (Fig. 1b), a small hump-shaped exothermic
events at 170.52 °C is observed, which is absent in S1. This
temperature corresponds to the Curie transition of PVdF,
which is nearly coincident with its melting temperature
[47]. A small melting event appears at 139.52 °C in the
temperature region of 125 to 175 °C, which corresponds to
the melting of the crystalline region of PVdF [48, 49]. The
melting of one crystalline form of PVdF, which occurred as
a small event in S5, is well prominent in S6 in which the
temperature region of 100 to 150 °C is also noted [49].

XRD studies

For the system containing LiClO4 at PVC concentration S1,
there are three crystalline peaks that correspond to the 20
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Fig. 2 XRD spectrum of plasticized PVC (S1—3/0; S2—5/0; S3—7/0) and PVdF-blended plasticized PVC (S4—3/7; S5—5/5; S6—7/3)
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values at 10.96, 22.12, and 24.06 ° with 313 counts, and for
sample S2, several crystalline peaks are formed that
correspond to the 26 values at 10.64, 11.72, 19.40, 23.4,
33.34, 39.12, 40.52, 48.88, 49.82, and 58.75 ° with a high
total intensity of 533 counts, and there are only two peaks
that appeared in S3 that correspond to the 26 values at 11.5
and 23.50 ° with /=166 counts, respectively. These indicate
that the crystallinity of the complex is high for S2 and low
for samples S1 and S3 (Fig. 2).

The PVdF-blended films S4, S5, and S6 (Fig. 2) are
recorded, and in the higher content of the PVdF-blended
sample S4 electrolyte, there are only two crystalline peaks
with the /=199, where in S5, an equal proportion of PVC

and PVdF caused a decrease in crystallinity with the
absence of some of peaks of S2 with /=368 counts, and
in S6, a meager content of PVdF enhanced the degree of
crystallinity with a new appearance of several peaks with
1=600 counts. The XRD results reveal that PVdF blending
to plasticized PVC-LiClO4 in three blend ratios describes
the degree of crystallinity of polymer electrolytes.

A.C. impedance studies

The XRD and DSC studies have shown that the decrease in
crystallinity resulted in the increase of conductivity in S1

Fig. 4 Temperature dependence
of ionic conductivity of PVdF- -
blended plasticized PVC 2.0x103+ \.
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and S3 for the LiClOy4 system (Fig. 3; this is contrary to our
earlier studies [50]). Blending PVdF to samples S1 (5.82x
1077 S/em), S2 (5.27x1077 S/em), and S3 (5.1x1077 S/cm)
increases the conductivity to S4 (1.74x107° S/cm) and S5
(5.84x107° S/cm) and decreases to S6 (2.31x107° S/cm) at
ambient temperature (Fig. 4). Thus in the case of LiClOy,
where blending leads to high conductivity in three blend
ratios as it is evidently seen from the XRD studies in terms
of their decrease in crystallinity. Therefore, the blending of
PVdF to PVC does seem to be suitable as far as the LiClO4
salt is concerned.

Thus, the study indicates that the polymer electrolytes
developed using PVdF-blended plasticized PVC are capa-
ble of giving modest conductivities at an ambient temper-
ature of 30 °C, notable among them being PVC/PVdF/EC/
PC/LiClO,4 with S4 and S5 samples giving a conductivities
of 1.74x 10> and 5.84x 107 S/cm, respectively, at ambient
temperature. The contribution to ionic conductivity by
decoupled viscous modes also cannot be ruled out, and

Fig. 5 SEM images of plasti-
cized PVC (S1—3/0; S2—5/0;
S3—7/0) and PVdF-blended
plasticized PVC (S4—3/7;
S5—5/5; S6—7/3)

the PVC-based system exhibits the Arrhenius behavior
(Fig. 4).

Morphological studies

The morphology of the films of plasticized PVC+LiClO, in
three concentrations (S1, S2, and S3) and the PVdF-
blended plasticized PVC in three blend ratios (S4, S5, and
S6; Fig. 5) with a fixed plasticizer and salt content were
investigated using a scanning electron microscope. The
SEM images of Plasticized PVC in all the three concen-
trations show (Fig. 5—S1, S2, S3) the phase separation of
PVC and plasticizer, and homogeneously dispersed pores
were seen in the maximum content of PVC [Fig. 5, S3].
This may be due to the degree of miscibility of the
plasticizer with PVC that affects the morphology of the
resultant polymer electrolyte prepared by the solution-
casting technique with the sudden/steady evaporation of
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THF [43]. Depending on the rate of evaporation, the
driving force for the phase separation increases, and
consequently, the PVC may attain its coagulation state.
Thus, the pores appearance indicates the phase separation
of PVC and the plasticizer. The LiClO, being dissoluted is
seen (Fig. 5, S3) in the plasticizer-rich phase.

When minimum/maximum (S6/S4) content of PVdF is
added to the maximum/minimum (S3/S1) content of PVC,
the appearance of pores is seen (Fig. 5—S4, S5, S6). The
large numbers of pores prominently seen in S4 than in S3
indicates the rate of coagulation of PVC. The pores that are
increased in sizes in the S5 blend ratio (Fig. 5—S5) are due
to the increase in driving force for phase separation. The
pores widened in porosity or increased in porosity in S4
(Fig. 5—S4) creating a large number of voids for lithium
ion migration that resulted in an increase in amorphousity
of the polymer electrolyte that caused it to have increased
ionic conductivity. The driving force for phase separation is
reduced with an increase in PVdF content with plasticized
PVC+LIiClOy indicating the PVAF compatibility with PVC
and the plasticizer [43].

Conclusion

The conclusions of this study are as follows:

* The blending of PVdF to PVC, which seems to be suitable
for the LiClOy, salt, is concerned in a 3/7 blend ratio.

* The XRD and DSC studies confirm the degree of
crystallinity and miscibility of PVC and PVC blend
complexes as a function of PVC content and PVC /
PVdF blend ratio.

* SEM images of the samples showed phase-separated
morphology and an increase in porosity accounting for
an increase in conductivity.
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