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Abstract A novel group of polymer blend electrolytes based
on the mixture of poly(vinyl acetate) (PVAc), poly(vinylidene
fluoride-hexafluoropropylene) (PVdF-HFP), and the lithium
salt (LiClOy) are prepared by solvent casting technique. Ionic
conductivity of the polymer blend electrolytes has been
investigated by varying the PVAc and PVAF-HFP content in
the polymer matrix. The maximum ionic conductivity has
been obtained as 0.527x10 *Sem™' at 303 K for PVAc/
PVdF-HFP ((25/75) wt.%)/LiClO, (8 wt.%). The complex
formations ascertained from XRD and FTIR spectroscopic
techniques and the thermal behavior of the prepared samples
has been performed by DSC analysis. The surface morphol-
ogy and the surface roughness are studied using SEM and
AFM scanning techniques respectively.

Keywords Poly(vinyl acetate) - Polymer blend - Ionic
conductivity - Atomic force microscopy

Introduction

Ever since the discovery of ionic conductivity in alkali metal
salt complexes of solid polymers such as poly(ethylene
oxide) (PEO) [1] and the recognition of their technological
importance for the construction of solid state rechargeable
batteries, electrochromic devices, and sensors [2], the first
generation polymer electrolytes were investigated by Armand
et al. based on the combination of high molecular weight poly
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(ethylene oxide) and lithium salts. The second generation
consists of modified PEO and new polymers based electro-
lytes. In the development of third generation polymer electro-
lytes, attention was focused on increasing the room
temperature ionic conductivity as well as the dimensional
stability of the polymer electrolyte [3]. PEO and lithium salt-
based polymer electrolytes invented by Armand et al. have
very low ambient temperature conductivity typically of the
order of 10 *Scm ™! [4]. Due to the poor performance of this
electrolyte, many attempts have been made on various
polymers such as PVC [5], PAN [6], PMMA [7], PVdF [8],
etc. Among the various polymers, Poly(vinyl acetate) (PVAc)
offers good mechanical stability, low glass transition temper-
ature, and easy film formation properties. Poly(vinyl acetate)
films have high tensile strength (29.4+49.0 MPa) [9] and
abrasion resistance; hence, it is used as binder, adhesive
applications in packaging, wood gluing, and chewing gum
bases. Apart from that PVAc have some special properties
such as tasteless, odorless, and non-toxic. Baskaran et al. [10]
reported that PVAc-based lithium electrolytes have conductiv-
ity in the range 10~ to 10°S cm . The conductivity of PVAc
polymer complexes also show high values by blending PVAc
with other suitable polymer. Ionic conductivity of PVAc with
poly(methyl methacrylate) (PMMA) and poly(vinyledinefluor-
ide) (PVdF) based blend electrolytes was first reported by
Baskaran et al. [11, 16], and it has good compatible nature. In
the present study, a new polymer electrolyte composed of
PVAc—poly(vinylidene fluoride-co-hexaflouropropylene)
(PVAF-HFP) blend as the host polymer and lithium perchlo-
rate as the doping salt has been prepared. The salt LiClO4 was
chosen since it has higher anionic radius [12].

In connection with this, copolymerization or blending
technique for matrix polymers of polymer electrolytes has
been considered for enhancing the properties of polymer
electrolytes [13—15]. In comparison, blending has been
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found to be more useful because of ease of preparation and
control of the properties of polymer electrolytes by
changing the composition of blended polymer matrix.

In the present study, an attempt has been made on PVAc/
PVdF-HFP based blend electrolyte with constant proportion
of lithium salt (LiClO4). The polymer blend electrolytes
were prepared using solvent casting technique. Tetrahydro-
furan was used as a solvent. The prepared films were
characterized under various spectroscopic techniques such
as Impedance analysis, X-ray diffraction (XRD), Fourier
Transform Infra Red analysis (FTIR), differential scanning
calorimetry (DSC), Scanning electron microscope (SEM),
and atomic force microscope (AFM).

Experiment

PVAc (Mw=140,000) and PVdF-HFP of high molecular
weight (Mw=400,000) and LiClO, were purchased from
Aldrich chemicals limited USA. The polymer electrolytes of
various blend ratios were prepared by solution casting
technique with Tetrahydrofuran as solvent. The complex
was stirred well around 24 h with the help of magnetic stirrer
and degassed to remove air bubbles. Finally, the solution
thus obtained was cast on a glass plate and the solvent was
allowed to evaporate slowly in air at room temperature for
48 h. This procedure yielded mechanically stable, free-
standing, and flexible films. The films were further dried for
5 h in vacuum at 60°C to remove any trace of solvent. The
polymer blends of various (PVAc/PVdF-co-HFP) blend
ratios such as 100:00, 75:25, 50:50, 25:75, and 00:100 with
constant salt concentration were prepared with a view to
optimize the blend ratio on the basis of ionic conductivity
and mechanical stability of the film. 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 303-373 K. The
XRD equipment used in this study was X'pert PRO
PANIytical X-ray diffractometer. FTIR spectroscopy studies
were carried out using SPECTRA RXI, Perkin Elmer
spectro-photometer in the range 400-4,000 cm ' DSC
thermal analyses of blend electrolytes were studied using
METLER, model 822R. Roughness parameter and the
surface morphology of the maximum ionic conductivity
sample were obtained by AFM and SEM, respectively.

Results and discussion
XRD Analysis

Figure 1(a—h) shows the XRD pattern of pure PVAc, PVdF-
HFP, LiClO,4, and PVAc/PVAF-HFP/LiClO4-based polymer
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blend electrolytes respectively. Figure 1(a) of LiCIO4 shows
intense peaks at angles 20=20.9°, 22.92°, 26.56°, 32.75°,
and 35.4°, which reveal the crystalline nature of the ionic
salt. Three peaks are found at 20=17.3°, 18.59°, 38.78° for
P(VdF-HFP; Fig. 1(b)), and they confirm the partial
crystallization of PVDF units in the copolymer, to give an
overall semi-crystalline morphology for P(VdF-HFP) [16].
Two broad peaks appear at 20=14.5° and 19° for PVAc
(Fig. 1(c)), which reveal its complete amorphous nature. It
has been observed that crystallinity of the blended complex
gets decreased with the addition of PVAc. Also the intensity
of all diffraction peaks are significantly lower in the
blended electrolyte system. This implies that the two
polymers PVAc and PVdF-HFP have good compatibility
with each other. Absence of the peaks corresponding to
LiClO4 indicates the complete dissolution of salt in the
polymer matrix. This shows that LiCIO, does not contain
any separate phase in the complex system.

FTIR studies

Infrared spectral analysis is a powerful tool for identifying
the nature of bonding and different functional groups

/\__\ "
/\ -

(d)

/~\ ©
M (b)

%intensity (a.u.)

| ll " I A L u (a.)
20 30 40 50 60 70 80
20 (degree) —»

10

Fig. 1 XRD pattern of (@) pure LiClOy; (b) pure PVAF-HFP; (c) pure
PVAc; (d) PVAc (100 wt.%)/LiClO4 (8 wt.%); (e) PVAc/PVAF-HFP
((75/25)wt.%)/LiCl04 (8 wt.%); (f) PVAc/PVAF-HEP ((50/50)wt.%)/
LiClO4 (8 wt.%); (g) PVAc/PVAF-HPP ((25/75)wt.%)/LiCl04
(8 wt.%); (h) PVAF-HFP (100 wt.%)/LiClO,4 (8 wt.%)
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Fig. 2 FTIR spectra of (a) pure PVAc;(b)pure PVAF-HFP; (¢) PVAc
(100 wt.%)/LiClO4 (8 wt.%); (d) VAc (75 wt.%)/PVJE-HFP (25 wt.%)/
LiClO4 (8 wt.%); (e) PVAc (50 wt.%)/PVdF-HFP (50 wt.%)/LiClO4
(8 wt.%); (f) PVAc (25 wt.%)/PVdF-HPP (75 wt.%)/LiClO4 (8 wt%);
(g) PVAF-HFP (100 wt.%)/LiClOy4 (8 wt.%)

present in a sample by monitoring the vibrational energy
levels of the molecules, which are essentially the fingerprint
of different molecules [17, 18].

Figure 2 depicts the FTIR transmittance spectra in the
range 400—4,000 cm™ ' for pure polymers and their blends
with different blend ratios. The vibrational bands observed
at 2,933 cm ' and 2,465 c¢cm ! are ascribed to —CH;
asymmetric and symmetric stretching vibrations respective-
ly for Pure PVAc. The strong absorbance at 1,734 cm '
represents the C=O0 stretching vibration mode. The exis-
tence of C—O band has been confirmed by the strong
absorbance band at around 1,033 cm™'. The strong bands at
1,373 cm ' is ascribed to —CH; symmetric bending
vibration of pure PVAc. The band at 1,243 cm™ ' is assigned
to C-O-C symmetric stretching mode of vibration. The
peak at 947 cm ! is ascribed to CH bending vibration, and
the peak at 609 cm ' is assumed to be linked with CHj
(C-0O) group. The C-H rocking mode of vibration has been
confirmed by the presence of a band at 799 cm ' [19, 20].

The vibrational peaks at 502 and 416 cm ' are assigned
to bending and wagging vibrations of —CF,, respectively.
Crystalline phase of the PVdF-HFP polymer is identified
by the vibrational bands at 985, 763, and 608 cm ' [21].
The strong absorption peak appeared at 1,173 cm ' is
assigned to the symmetrical stretching of —CF, group. The
peak appeared at 1,390 cm ' is assigned to the CH,
groups [22-24].

Table 1 shows the comparison of band spectra of pure
polymers and their blends with different blend ratios.
From the table, it is clear that the band assignments of
FTIR spectra of blend samples are shifted from their
pure spectra. For all the blends, some peaks are found
above 3,000 cm ', which correspond to the C—H stretch-
ing vibration modes of blend electrolytes. In addition,

Table 1 FTIR spectral data of

the prepared samples Band assignments

Wavenumber cm

PVAc PVdJF-HFP Al A2 A3 A4 AS
CH; (Sym.stret) 2,465 2,468 2,477 2,483 2,432
CH; (asym.stret) 2,933 2,928 2,934 2,935 2,978
CH; (Sym bend) 1373 1,378 1,385 1,390 1,400
C-H (wagging) 799 795 801 834 836
C=0 (Stretching) 1,734 1,701 1,709 1,692 1,721
C-O (stretching) 1,033 1,037 1,033 1,027 1,030
C-0-C (stretching) 1,243 1,232 1,237 1,217 1,238
—CF, (Sym.Stret) 1,173 1,063 - 1,140 1,140
—CF, (wagging) 416 435 449 489 490
~CF, (bending) 502 507 586 - -
~CF, (deformation) 1,390 1,266 1,305 - 1,399
Cl0; 608 606 630 623 624
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Fig. 3 Complex impedance Plot of PVAc/PVAF-HFP ((25/75) wt.%)/
LiClO4 (8 wt.%) complex at various temperatures

some new peaks are present and some of them disappeared
in the blended electrolytes. Thus the spectral analysis
confirms the complexation of these two polymers and
lithium salt.

Conductivity analysis
Impedance spectroscopic analysis

Temperature dependent complex impedance plot of
PVAc/PVAF-HFP ((25/75) wt.%)/LiClO4 (8 wt.%) blend-
ed electrolytes are shown in the Fig. 3. The complex plot
shows semicircular portion which corresponds to the bulk
resistance (R,) with the parallel combination of the
frequency-dependent capacitance C, and the low-
frequency spike is due to the interfacial impedance of
the cell setup. The bulk resistance value Ry, is determined
from the low frequency intercepts on the x-axis of the
complex impedance plots. The ionic conductivity of solid
polymer blended electrolytes is calculated using the
equation o0=L/R, A, where L is the thickness of the
polymer electrolyte film and A4 is the surface area of
the film. From Fig. 3, it was observed that the bulk
resistance (Rp,) values decrease with the increase of
temperature from 303 to 363 K and the ionic conductivity

Table 2 Ionic conductivity of the complexes at different temperatures

values are found to increase from 0.527x10* to 4.802 x
10*Scm™'. Even though the PVAc-salt and PVdF-HFP-
salt complexes contain maximum ionic conductivity, the
2.5/75 wt.% ratio of polymer blend has free-standing film
nature and hence they are very much suitable for device
fabrication than the other samples (Table 2).

Temperature-dependent conductivity

Figure 4 shows the temperature-dependent ionic conduc-
tivity of various blends and polymer salt complexes.
From the plot, it is evident that, as the temperature
increases the ionic conductivity also increases for all the
complex systems. The increase in conductivity with
temperature may be due to the decrease in viscosity and
hence increased chain flexibility [25]. The conductivity
can be expressed as o = o exp(—E,/KT), where o is the
ionic conductivity of polymer electrolyte, o, is the pre-
exponential factor, E, is the activation energy, and 7T the
absolute temperature in Kelvin scale. In polymer electro-
lyte, the change in conductivity with the temperature has
been explained in terms of segmental motion that results
in an increasing free volume of the sample and the motion
of ionic charge. The complete amorphous nature of the
PVAc polymer provides a greater free volume in the blend
electrolyte system upon increasing the temperature [26].
Thus, the segmental motion either permits the ions from
one site to another or provides the pathway for ions to
move. This inter-chain or intra-chain ion movements are
responsible for the high ionic conductivity. Among the
various blended samples PVAc/PVAF-HFP ((25/75)
wt.%)/LiCl104 (8 wt.%) composition shows high ionic
conductivity of the order of 0.527x10"*Scm™' at 303 K,
and they also have better mechanical property than the
other samples. Choi et al. reported the ionic conductivity
value 2.3x10Sem ™' at 298 K for the system PVAc/
PVdF-HFP with LiClO4 employing double plasticizer (Ec,
PC) [27]. In this study, we have optimized the blend ratio
of the polymers and the conductivity value is of the order
of 10 *Sem ™" without plasticizers.

1

Sample Compositions of PVAc/PVdF-HFP/LiClO4 Conductivityx 10 *Scm™ Nature of the
code (Wt.%) film
303K 313K 323K 333K 343K 353K 363K

Al 100/00/8 0.808 2.000 3.119 4.665 5.755 6.772 7.720  Jelly

A2 75/25/8 0.024 0.035 0.073 0.218 0.269 0.306 0316 Jelly

A3 50/50/8 0.066 0.141 0.239 1219 1949 2.560 2.800 Free standing
A4 25/75/8 0.527 0783 1.124 2260 3.507 4.560 4.802  Free standing
AS 00/100/8 1.182  3.120 4.440 6.542 7.820 9.960 10.04 Brittle
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Fig. 4 Arrhenius plot of the prepared electrolytes

Differential scanning calorimeter

Thermal behavior of polymer-salt complex and the polymer
blend electrolytes are measured by using a differential
scanning calorimeter. All the samples are scanned at a
heating range of —100 °C to 350 °C under nitrogen
atmosphere.

The thermograms of blend electrolytes are shown in
Fig. 5. Presence of small endothermic peaks in all
blends may due to the absorption of the heat energy by
the samples. This absorption leads to the changes of
blend electrolytes from one state to another state. The
glass transition temperature of pure PVAc polymer is
30 °C but in the present study the glass transition
temperature shifted to 52 °C. This shift in transition

EXO ©
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100 -50 0 50 100 150 200 250 300 350
Temperature °C

Fig. 5 DSC spectra of (a) PVAc(100 wt.%)/LiClO4 (8 wt.%); (b)
PVAc/PVAF-HFP ((75/25) wt.%)/LiCl04 (8 wt.%); (c) PVAc/PVdF-
HFP ((50/50) wt.%)/LiClO4 (8 wt%); (d) PVAc/PVAF-HPP ((25/75)
wt.%)/LiClO,4- (8 wt.%); (e) PVAF-HFP (100 wt.%)/LiClO4 (8 wt.%)

temperature is due to the addition of lithium salt. In
fact, it is difficult to determine the glass transition
temperature of PVdF-HFP polymer because of its
semicrystalline nature. However, the position and the

8783 18KV  X2,500 18rm WD12

)

8785 18KV  X¥2,508 18vm WD12

Fig. 6 SEM image of a PVAc (100 wt.%)-LiClO, (8 wt.%); b PVdF-
HFP (100 wt.%)-LiClO; (8 wt%); d PVAc/PVAF-HPP ((25/75)
Wt.%)/LiClOy4 (8 wt.%)
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intensity change of the melting peak of samples can be
observed. The endothermic peak observed at 137,142
and143 °C for the samples A3, A4, and A5 is attributed
to PVAF-HFP melting [28]. It has been found that the
endothermic peak varies with the various blend composi-
tions of these two polymers. Appearance of the broad
exothermic peaks at 280, 283, 278, 265, and 263 °C in all
samples indicates the decomposition of the blended
complexes Al, A2, A3, A4, and AS respectively. The
maximum ionic conductivity sample (A4) is thermally
stable up to 265 °C. Hence, it can be operated up to this
temperature in Li-ion batteries.

SEM analysis

The SEM is one of the most versatile instrument available
for the examination and analysis of the microstructure
morphology and chemical composition characterizations.
Scanning electron microscope (SEM) image of PVAc-salt,
PVdF-HFP-salt, and PVAc (25 wt.%)/PVdF-HFP
(75 wt.%)/LiClO4 (8 wt.%) polymer blend electrolyte films
are shown in Fig. 6. Figure 6a clearly shows smooth and
uniform surface morphology of the PVAc-salt complex.
This smooth morphology confirms the complete amor-
phous nature of PVAc polymer. Figure 6b shows the
photograph of PVAF-HFP and LiClO, salt complex with
maximum number of pores giving rise to high ionic
conductivity of this sample. The appearance of number of
uniform tracks of few micrometer size is responsible for
the high ionic conductivity of PVAc/PVAF-HFP ((25/75)
wt.%)/LiCl10,4 (8 wt.%) blend electrolyte (Fig. 6¢). The
maximum ionic conductivity of the polymer blend
electrolyte also depends on the segmental motion of
the PVAc and PVdF-HFP. The better miscibility of these
two polymers can be depicted from the microstructural
photograph. The miscibility of these two polymers has

Fig. 7 Topography image of
PVAc/PVAF-HFP ((25/75)
wt.%):LiClO4 (8 wt.%) com-
plex, a 2D image; b 3D image
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also been confirmed from FTIR and DSC analysis.
Finally, the SEM photograph of blend polymer electro-
lyte indicates the good compatibility of these two
polymers.

Atomic force microscopic studies

An AFM is a mechanical imaging instrument, which is used
to obtain the three dimensional topography images of the
samples. In the present study, the scanning spectroscopic
method was used to measure the pore size of the prepared
sample. The two dimensional, three dimensional topogra-
phy images are shown in the Fig. 7a, b. The topography
images of PVAc/PVdAF-HFP ((25/75) wt.%): LiClO4
(8 wt.%) sample clearly shows the presence of pores within
the scanned area of 3 pmx3 pm and the measured pore size
of the sample is approximately 600 nm. The presence of the
small pores is responsible for the high ionic conductivity of
the prepared samples. The size of the chain segment is
obtained in the order of 650 nm. The root mean square
roughness of the topography image over the scanned area is
107 nm [29].

Conclusion

PVAc/PVAF-HFP/LiClO,4 polymer blend electrolytes with
different blend ratios have been prepared by solution
casting technique. The complex formation has been
confirmed by XRD and FTIR spectroscopic studies. DSC
thermal analysis has been performed for all the samples.
The maximum ionic conductivity of 0.527x10 *Scm ™" at
303 K has been observed for PVAc/PVAF-HFP ((25/75)
wt.%) blend electrolyte sample. The surface morphology
and the topographic images have been obtained from SEM
and AFM scanning probe techniques, respectively.
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