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Polymer electrolytes based on poly(vinylidenefluoride-hexafluoropropylene) (PVdF-HFP) as the
polymer host, lithium trifluoromethanesulfonate (LiTf) as the salt and ethylene carbonate (EC) as the
plasticizer, has been prepared by a solution casting technique. Addition of LiTf resulted in an increase
in the electrical conductivity of polymer. EC will act to increase the degree of salt dissociation and also
ionic mobility. The highest ionic conductivity achieved at room temperature was for PVdF-HFP +
LiTf : EC (60 : 40) with the conductivity ~10~* S cm~'. The conductivity of the polymer electrolyte
increases with the increase in amount of plasticizer. The interaction of the PVdF-HFP, LiTf and EC
were analyzed by Fourier transform infared (FTIR). The temperature dependent conductivity,
frequency dependent conductivity, dielectric permittivity (¢/) and modulus (M) studies were carried
out. Thermo gravimetric analysis (TGA) reveals that the thermal stability of polymer electrolytes

decreases with the increase in EC content.

1. Introduction

Polymer electrolytes have received great attention due to their
potential application in various electrochemical devices particu-
larly in solid-state rechargeable lithium batteries. Compared with
liquid electrolytes, polymer electrolytes offer flexibility, shape
versatility and have prospective advantages in the continuing
trend towards miniaturization.

The development of polymer electrolytes has gone through
three stages which are dry solid-state polymers, gel/plasticizer
polymer electrolyte systems and polymer composites.

The first example of a dry solid polymer electrolyte is the
poly(ethylene oxide) PEO which showed very low ambient
temperature conductivities of the order of 107*S cm~'. The poor
performance of the cell was attributed to the poor ionic
conductivity of the electrolytes.?

The second category of polymer electrolyte is known as a gel
polymer electrolyte or plasticized polymer electrolyte which is
neither liquid nor solid and conversely both liquid and solid.?
Both the cohesive properties of solid and the diffusive properties
of the liquids give unique characteristics, causing the gel to find
various important applications including in polymer electro-
lytes.* Composite electrolytes are a subset of polymer electrolytes
with the idea of incorporating electrochemically inert fillers into
polymer matrices.

In order to enhance the room temperature ionic conductivity of
the polymer electrolytes, several methods have been developed
which include incorporation of organic solvents, doping inorganic
fillers, synthesizing new polymers and preparing various organic-
inorganic hybrids. A common method is to add liquid plasticizers
such as EC to the polymer matrix to form gel polymer electrolytes.

These plasticizers will increase the flexibility of the polymer
chain and enhance the ionic conductivity. Plasticization has been
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recognized as one of the effective and efficient routes available
for reducing the crystallinity and also enhancement of the
amorphous nature of the composite polymer electrolytes.®

The effect of plasticizer on the polymer electrolyte strongly
relies on the specific nature of the plasticizer, including the
dielectric constant, polymer-plasticizer interaction and ion-
plasticizer coordination. The choice of choosing ethylene
carbonate (EC) instead of PC and DMC is because it has supe-
rior properties when compared to other organic solvents,
including a high dielectric constant (89.1), a high donor number
(16.4) and also a high boiling temperature (248 °C).¢

PVAF-HFP has been intensively investigated because of their
various appealing properties like high dielectric constant, low glass
transition temperature and low crystallinity. It possesses excellent
chemical stability due to VdF unit and plasticity due to HFP unit.*
Ionic conduction in polymers is considered to be caused by the
diffusion of the ion through their free volumes. Many polymers
dissolve salts to form mixtures which support ionic conductivity.
Low lattice energy is required to facilitate the ionization of the salt.
In our study, LiTf was chosen as the salt since it possesses low
lattice energy, excellent safety and stability characteristics.”®

The present work aims to characterize PVdF-HFP based
polymer electrolytes mixed with LiTf and EC at various
composition ratios and temperatures. The characterization per-
formed is to study conductivity, temperature dependent
conductivity, thermal stability, dielectric relaxation and
modulus. FTIR analysis was performed to investigate the inter-
action between PVdF-HFP, LiTf and EC.

2. Experimental
Materials

PVdF-HFP was obtained from Fluka, LiTf and EC were
obtained from Aldrich and acetone was obtained from J.T.
Baker.
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Table1 Designation, polymer complexes (PVdF-HFP + LiTf : EC) and
ionic conductivity as a function of EC concentration at room tempera-
ture

Polymer complex
(PVdAF-HFP + LiTf : EC) Tonic

Designation [wt%] conductivity, ¢ [/S cm™!]
PE-10 90:10 3.58 x 1077

PE-15 85:15 3.44 x 10

PE-20 80:20 2.68 x 10*

PE-25 75:25 6.71 x 10*

PE-30 70 : 30 6.85 x 10*

PE-35 65:35 8.72 x 10~*

PE-40 60 : 40 1.00 x 10°?
Preparation

All the thin films of polymer electrolytes were prepared by
a solution casting technique. Prior to the preparation of the
polymer electrolytes, LiTf was dried at 100 °C for 1 h to eliminate
trace amounts of water in the material. 60 wt% of PVdF-HFP
and 40 wt% of LiTf were dissolved in 25 ml acetone. Then
different wt% of EC were added and further stirred for 24 h at
25 °C to make a homogenous solution. The designation of
polymer films is listed in Table 1. The resulting solutions were
then poured into the glass petri dishes and allowed to dry in the
fume hood at room temperature for 2 days. This procedure yields
free standing and mechanically stable films. The thickness of the
films can be measured by using micrometre screw gauge.

Instrumentation

Impedance spectroscopy. The conductivity was determined by
impedance spectroscopy using a HIOKI Model 3532-50 Hi-
Tester over the frequency range from 50 Hz to 1 MHz. The film
was sandwiched in between the two stainless steel blocking
electrodes, with an area of 4.9807 cm? The conductivity
dependent temperature was obtained in a temperature range of
30 to 80 °C.

Fourier transform infrared. FTIR analysis was carried out with
the aid of a Perkin-Elmer FTIR Spectroscopy RX 1 in the wave

region between 4000 and 400 cm ™' with the resolution of 4 cm™'.

Thermogravimetric analysis. The thermal stability of electro-
lytes was determined using a Mettler Toledo analyzer, which
consists of a TGA/SDTAR851¢ main unit and STARe software, in
the temperature range from 30 °C to 400 °C at the heating rate of
10 °C min~! in a nitrogen atmosphere.

3. Results and discussion
3.1 Conductivity studies

The ionic conductivity of the membrane is calculated from the
following equation:

o= LIR,A

where o is the conductivity in S cm™!, L refers to the thickness of
thin film sample in cm, R, is the bulk resistance of the material

derived from the intercept of the impedance plot on the real axis,
whereas A represents the surface area of the stainless-steel
blocking electrodes in cm?>.

Table 1 shows the variation of ionic conductivity values of
PVAF-HFP + LiTf : EC polymer complexes as a function of EC
concentration at room temperature. When the percentage of EC
in the polymer complexes increases from 10 wt% to 40 wt%,
the ionic conductivity also increases. The sample with the
highest conductivity is PE-40, which has ionic conductivity of
I x 10*Scm™.

Addition of EC to PVdF-HFP + LiTf complexes is expected to
increase the degree of salt dissociation and thus produce more
ions. The dissociation condition of the salt and the carrier
mobility are dominated by the properties of the polymer and
solution. The overall ion conductivity is determined by the
dissociation of salt, and ion mobility is governed by the polymer,
the viscosity and the plasticizers dielectric constant.®

Incorporation of the plasticizer, namely EC, gives rise to
a possible change of the chain conformation upon coordination
with the solvent and in the ion conducting interfacial phase
flexibility. This was confirmed by the disappearance in the degree
of crystallinity and with the appearance of the relatively higher
degree of the amorphicity, in previous studies conducted. Thus it
results in a swelling of the polymer itself.*®

The effect of chain mobility on ionic conductivity could be
generally correlated to the free volume of the polymer. As the
free volume within the polymer increases, rotation of polymer
chain occurs more readily, and ion transport in polymer elec-
trolytes is more rapid. Thus, the purpose of adding a plasticizer is
to increase the free volume of polymer electrolytes, resulting in
increasing ionic conductivity. The presence of the plasticizer
increases the ionic mobility by lowering the viscosity of the ionic
environment and that in turn results in high conductivity at room
temperature. In the plasticized electrolyte, the Li* ions become
coordinated to both the polymer and the plasticizer. There are
also some interactions between the polymer chain and plasticizer
molecules.

The results suggest that ion transport through the swollen
polymer is via diffusion of the small EC molecules, and via the
solid polymer network region."' The higher degree of amor-
phicity will provide more free volume for the mobility of ions.
This subsequently enhances the conductivity of the plasticized
polymer electrolyte system.

The ionic conductivity is also determined by the amount of
solution entrapped by the membrane. The liquid phase that is
entrapped in between the polymer chain will increase with the
increasing amount of EC and this will lead to the enhancement of
ionic conductivity. The amount of liquid electrolyte trap in the
gel membrane was largely dictated by the thickness of the
membrane and the conductivity of the non-aqueous electrolyte
solution used."

Besides this, glass transition temperature (75) is a function of
rotational freedom. According to previous studies, when the
polymer complexes react with plasticizer, the T, can be reduced
due to the weakening of the dipole—dipole interactions between
the PVAF-HFP in the presence of the plasticizer. This then makes
the amorphous state become more flexible and the mobility of
charge carrier is increased with the improvement of the
segmental mobility.*?
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3.2 Temperature dependent conductivity studies

The dependence of ionic conductivity of polymer electrolytes on
the temperature in the range from 30 to 80 °C is shown in Fig. 1.
The figure exhibits a curved nature typical of Vogel-Tamman-
Fulcher (VTF) behaviour.

As temperature increases, the bulk resistance of the polymer
electrolyte decreases. The energy of ion transfer is reduced due to
the plasticizer viscosity changes, which reflects in the conduc-
tivity. This means that the free volume approach for the ionic
movement in the polymer chain leads to higher conductivity.'*

The conductivity increase with temperature can be understood in
terms of the free-volume model.’> When the temperature increases,
the polymer will expand easily and create free volume. The higher
temperature will produce more free volume. The conductivity,
which is represented by the overall ion mobility and the polymer, is
affected by the free volume around the polymer chains.

When the temperature increases, ions, solvated molecules or
polymer segment can move into the free volume.'® The segmental
motion will either allow the ions to hop from one site to another
or provide an alternative for ions to move. The segmental
movement of the polymer facilitates the transitional ionic
motion. It is clear that the ionic motion is due to ionic transi-
tional motion facilitated by the dynamic segmental motion of the
polymer.
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Fig. 1 Variation of log conductivity against reciprocal temperature for
PE-10 and PE-40 samples.

—a—10%
- 20%

log[a (Scm )]

= —a— 40%
i M

loa [F(Hz)]

Fig. 2 Variation of log conductivity as a function of frequency for PE-
10, PE-20 and PE-40 samples.

As the amorphous region increases, however, the polymer
chain needs faster internal modes in which bond rotations create
segmental motion to favor inter- and intra-chain ion hoping, thus
the degree of conductivity becomes high.® At the same time,
plasticizer contributes to conductivity enhancement by opening
up narrow rivulets of plasticizer-rich phases for greater ionic
transport. This will generate large free volume of relatively
enhanced conducting phases.'”

3.3 Conductivity-frequency dependence studies

The logarithmic plot of conductivity against function of
frequency is shown in Fig. 2. The low frequency dispersion may
be due to space charge polarization.'® The number of mobile ions
that is being polarized as the event of charge accumulation at the
electrode and the electrolyte interface decreases as the frequency
decreases. Whereas at the high frequency region, the mobility of
charge carrier is high and it corresponds to the true conductivity.
The conductivity increases with the enhancement of the
frequency.

Based on the plot we can conclude that the conductivity of the
polymer complexes increase as a function of frequency. PE-40
shows the higher range compared to PE-10 and PE-20, thus it
gives the highest conductivity as compared with other samples.

3.4 Dielectric relaxation studies

Dielectric constant is the ratio of the permittivity of a substance
to the permittivity of free space. Dielectric relaxation studies are
a vital tool to show the relaxation of dipole in polymer electro-
lyte. The real part (¢) and imaginary part (¢/) of dielectric
permittivity curves are shown in Fig. 3 and 4.

The observed variation in ¢ with the frequency could be
attributed to the formation of a space charge region at the
electrode and electrolyte interface. This is well known as the non-
Debye type of behavior, where the ion diffusion explains the
space charge regions with respect to the frequency.*®

The low frequency dispersion region corresponds to the
contribution of charge accumulation at the electrode—electrolyte
interface. The highest value of ¢ for PE-40 is due to the enhanced
charge carrier density at the space charge accumulation region,
which causes the equivalent capacitance enhancement. The plot
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Fig.3 Variation of the real part of the dielectric constant with frequency
for PE-10, PE-20 and PE-40 samples.
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Fig. 4 Variation of the imaginary part of the dielectric constant with
frequency for PE-10, PE-20 and PE-40 samples.

demonstrates that the dielectric constant is high at the low
frequencies, and gradually decreases slowly and approaches zero
at high frequency. At high frequencies, the periodic reversal of
the electric fields occurs so fast that there is no excess ion diffu-
sion in the direction of the field. The polarization due to the
charge accumulation decreases, which cause the decrease in the

value of ¢.2°

3.5 Modulus studies

The dielectric modulus can be understood by relying on the
formulation of a dielectric modulus, which has been used to
understand the conductivity relaxation.

Fig. 5 and 6 show the frequency of the real M’ and imaginary
M" part of modulus formalism. It shows that M’ and M” increase
towards high frequencies and give a long tail at low frequencies.
The peaks in the modulus formalism at high frequencies show
that the polymer electrolyte films are ionic conductors. The peak
curve at higher frequencies may be due to bulk effect.’

It is observed from the plots that M’and M" decrease towards
low frequencies. This is due to the electrode polarization
phenomenon which makes a negligible contribution. The plots
that show long tails at low frequencies are probably due to their
large capacitance values associated with the electrodes. The
modulus spectral formalism has facilitated the process of iden-
tification and separation of electrode effects from the bulk
relaxation phenomena occurring within the plasticized polymer
electrolyte system with higher content of EC.*
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Fig. 5 Variation of the real part of the modulus with frequency for PE-
10, PE-20 and PE-40 samples.
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Fig. 6 Variation of the imaginary part of the modulus with frequency
for PE-10, PE-20 and PE-40 samples.

3.6 Fourier transform infra red studies

Fourier transform infra red (FT-IR) spectroscopy is a useful
technique for studying the local structural changes. It can be used
to characterize the chain structure of the host polymer and to
determine the probable reaction of multifunctional monomers.
The spectra of the polymer electrolytes are shown in Fig. 7 and 8.

The spectrum of PVdF-HFP containing peaks at 760, 850, 872,
973, 1060, 1146, 1292, 1381, and 1404 cm~' corresponds to CF;
group, CH, rocking, CH, wagging of the vinylidene, out of plane
C-H bending, symmetric C-F stretching, CF, stretching,
symmetrical stretching CF;, CH, wagging and scissoring vibra-
tion of vinylidene. The vibrational frequencies appearing at 1060
and 850 cm™! tend to show the respective crystalline and amor-
phous phase of PVdF.

The spectrum of LiTf contains peaks at 1264, 1034 and
1180 cm~! which corresponds to asymmetric SO;, symmetric SO3
and asymmetric CF3;. CF3; symmetric deformation and CF3
asymmetric deformation were observed at peak 760 cm™' and
579 cm™' respectively. SO; symmetric deformation and SO;
asymmetric deformation were detected at peak 646 cm~' and
520 cm '

Upon addition of lithium triflate, a few new peaks have been
observed. The new intensities of spectral features observed at
1032 and 640 cm~' correspond to free SO;~ ions and have been
gradually reduced for the high concentration of PVdF. It
suggests that the number of free triflates becomes fewer.® A
careful analysis of the spectra suggests that the observed vibra-
tional band at 1409 cm~' corresponds to the deformation
vibrational of the CH, group.*

For pure EC, the C=O0O peaks were detected at 1798 and
1770 cm™". The peaks were shifted to higher frequency by around
12 cm~'. This detection corresponds to the specific interaction
between the hydrogen in the methylene group of PVdF-HFP and
the oxygen in EC which act as Lewis acid and Lewis base. Since
the interaction restricts the vibration of C=O bond, C=0
stretching can shift to higher wave number due to absorption.
The C-O peak was shown at 1219 cm~' whereas the CHjy
asymmetric peak was found at 2985 cm~'.23

Upon addition of EC, a new and less intense band was
observed at 716 cm ' peak. The C-F stretching of CF, group that
found at 1060 and 1174 cm ' in pure PVdF-HFP disappeared in
the complexes, which are suggested to be due to the addition of
plasticizer.*
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Fig. 8 The FTIR spectra for (a) PE-15 and (b) PE-30.

3.7 Thermogravimetric analysis

Thermal stability of polymer films can be studied by thermog-
ravimetric analysis (TGA). The TGA curves for various polymer
films are shown in Fig. 9. TGA was done under a nitrogen
atmosphere due to the need to purge out oxygen gas to eliminate
the reaction that might occur between samples and oxygen gas
upon heating.

The thermogravimetric curves show that the thermal degrada-
tion of polymer complex proceeds in two distinct stages. The results

show that there is initial weight loss for PE-10 and PE-40 below
100 °C, concluding that both the polymer films contain moisture.

The samples experience first weight loss when the temperature
gradually increases from 100-150 °C. This is the temperature
where the first decompositions of the polymer complexes start.
The reason for this weight loss is due to the scission of the main
chains at weak head-to-head linkages.?®

The second decomposition that corresponds to the weight loss
takes place at the temperature above 400 °C. The reason for this
weight loss is due to the thermal degradation of PVdF-HFP
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Fig. 9 TGA curves for (a) pure PVdF-HFP, (b) PE-10 and PE-40.

units. Chemically the bond strength of C-F is ~485 kJ mol ™', it is
higher than that of C-H bonds (typically 350-435 kJ mol™!) or
C-C bonds (typically 350-410 kJ mol™'). High thermal and
chemical stability of the thin film are due to the repeating unit
—[CF,—CF,]- of PVdF-HFP.?® The total weight loss for pure
PVdF-HFP, PE-10 and PE-40 is 37.4%, 54.6% and 63.2%
respectively. Therefore, as the amount of plasticizer increases,
the total weight loss will increase too. Thus, PE-40, which has the
higher plasticizer content, has the lowest thermal stability.

4. Conclusion

The polymer electrolyte system with PVdF-HFP + LiTf: EC
(60 : 40) shows the highest electrical conductivity of 10~ S cm~".
Addition of the plasticizer EC decreases the crystallinity and
increases the degree of amorphicity. The interaction of the
electrolyte complexes with EC can be determined by FTIR. The
thermal stability of polymer films declines with the addition
of EC.
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