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Abstract: Thin film solid polymer electrolyte membrane used in Lithium ion batteries
consisting of Poly (vinylidenefluroride-co-hexafluoropropylene) (PVDF-HFP) with various
concentrations of lithium tetrafluoroborate (LiBF4) salt have been prepared by solution
casting technique. The structural and Morphological properties of the polymer films are
studied by XRD and SEM. The result analysis of XRD reveals the amorphous nature of
PVDF-HFP — LiBF, polymer-salt composite matrix. SEM studies reveals good blending of
polymer - salt composite matrix and enhancing morphology. The complexation of the
polymer and salt matrix was confirmed by FTIR analysis. Enhancement in ionic conductivity
was explained on the basis of amorphous phase of PVDF-HFP complexed with LiBF, salt.
The highest ionic conductivity was 1.965 x 1072 SCm ™ for 60 wt% PVDF — HFP

polymer: 40 wt of LiBF, salt at 363 K. The temperature dependence ionic conductivity of the
polymer electrolyte obeys the Volgel — Tamman - Fulcher (VTF) relationship.
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1. Introduction:

Solid polymer electrolyte membranes have shown great enthusiasm in the research work due to their
wide range of applications in Electrochemical devices such as Fuel cells, Cell phone batteries, Sensors,
Rechargeable batteries, Capacitors, Memory devices, Electro chromic display devices etc.' Solid polymer
electrolytes in Lithium ion batteries is an interesting field due to numerous characteristics such as no leakage,
more flexibility, high energy density, more safety, and ease to manufacture. This made researchers in the
development of Lithium polymer batteries. *’Lithium polymer batteries consist of polymer electrolyte as
separator and charge carrier of ions which have been used as power sources for portable devices due to high
energy density.* Fenton et. al’ in the year 1973 first suggested ion conducting polymer electrolyte with the
interaction of alkali metal ions with PEO based polymer electrolytes. But the conductivity of this kind of
polymer electrolytes is very low and it depends on high cost, moisture that made to the search of new
alternatives.® Solid polymer electrolytes are less reactive to electrodes but more mechanically stable, safer to
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use, offers any desirable size, shape,7 flexibility, lightness etc in the modern trends of electronic
miniaturization." They can be used as both the separator which prevents the electrode-electrolyte contact and
used as ionic conductor in case of Secondary rechargeable batteries.” Generally polymer electrolytes of high
molecular weight with suitable concentration of salt act like a membrane which allows formation of anions and
cations by dissociation of the salt that enhances the ionic conductivity due to mobility of cations. '’

Poly (ethylene oxide) (PEO),''Poly(Vinylchloride) (PVC),> Polyacrylinitrile (PAN)," Poly (methyl
ethacrylate) (PMMA) '*'® and Poly (vinylidene fluoride-co-hexafluoropropylene) (PVDF-HFP)'” are most
frequently used gel polymer electrolytes. Among them PVDF-HFP has more flexibility, high dielectric constant
of €, = 8.4 and low glass transition temperature ' T, " provides more number of charge carriers due to great

dissociation of salt."™ ' 2* 2! Hence it also exhibits low glass transition temperature, low melting point, low
crystallinity and good solubility.” In the polymer PVDF-HFP, VDF has crystalline nature that has chemical
stability and amorphous nature of HFP provides plasticity. * Crystalline nature of PVDF, amorphous nature of
HFP provides mechanical stability and enhancement in ionic conductivity. Dissolution of the salt further
increases the conductivity and reduces crystallinity of the polymer. In addition, the strong electron with drawing
functional group (-C-F) in PVDF-HFP makes the polymer highly anodically stable. In the present research
work; Solid polymer electrolyte films of PVDF-HFP and LiBF, salt are prepared with different concentrations
and characterized by XRD, SEM, FTIR and DSC. XRD reveals the semi crystalline, amorphous nature of the
polymer film. Surface morphology through SEM reveals the smooth homogeneous texture by reducing the pore
size with different concentrations of salt which confirms the amorphous nature of the polymer film. FTIR
analysis provides the complexation and the extent of blending between the polymer and salt. DSC study reveals
the thermal properties of the polymer; melting point, melting enthalpy and relative percentage of crystallinity of
the polymer electrolyte system.

2. Experimental
2.1 Materials:

Poly(vinylidene fluoride-co-hexafluoropropylene) (PVDF-HFP) of average molecular weight 400, 000
CAS: 9011-17-0 used as a polymer and Lithium tetrafluoroborate (LiBF4) salt of molecular weight 93.7 g/mol,
98% pure, CAS: 14283-07-9 used as the source of conducting ions was purchased from Sigma-Aldrich USA
and Tetra hydro Furan (THF) from Merck Milliopore, Germany was directly used as a solvent. All the materials
were used without any further purification.

2.2 Preparation:

The polymer electrolyte films were prepared by Solution casting technique. Different amounts of
PVDEF-HFP polymer (90 wt % to 50 wt %) with different concentrations of LiBF, salt (10 wt % to 50 wt %)
were dissolved in THF for 24 hours and stirred continuously for another 24 hours using magnetic stirrer until
the solution becomes homogeneous. The polymer — salt solution was then poured in glass Petri dish and the
solvent was allowed to evaporate slowly then left to dry for few days to form films at room temperature. These
samples of polymer films were stored in desiccators for further use and analysis.

3. Characterization Techniques
3.1 Fourier Transform Infrared Spectroscopy:

The FTIR spectral data was collected using Perkin Elmer spectrophotometer [Model 1605] in the

frequency range of 450 — 4500 crn ™ with scan resolution of Scm ™t

3.2 Scanning Electron Microscope:

The morphology of the polymer samples were examined by ZIESS SEM at magnification of X5000
magnification.
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3.3 X —ray diffraction measurements:

The XRD patterns of the polymer samples were recorded using SEIFERT X — ray diffractometer. The
MoK, radiation was used along with Zr filter as monochromatic radiation. The data was collected in the 28
range from10° to 80 at the rate of 0.2 sec with operating voltage and current of 40 kV and 30 mA. X — rays of
wavelength 1.5406 A~ were emitted by Mo K, source. It has been used to determine the crystalline or
amorphous nature of the sample.

3.4 Ionic conductivity:

The ionic conductivity is an important analysis to produce better polymer electrolyte. The DC
conductivity measurements were carried out in a specially designed instrument. It consists of Nickel coated
electrodes with a spring load arrangement placed in a heat furnace which in turn has temperature indicator. A
battery of 3V and Keithley electrometer is connected in series between electrodes. A constant voltage of 3V is
applied, and with respect to increase of temperature (303K to 363K); the respective currents are noted. During
recording reading the electrodes were short circuited in order to avoid polarization happening near electrode-
electrolyte interface.

4. Results and Discussion:
4.1 FTIR Analysis:

The FTIR spectra were recorded to study the structure of polymer, polymer-salt interactions and
complexation in polymer electrolytes. The interaction between polymer and salt influence vibrational modes of
atoms or molecules which in turn generates change in chemical and physical properties of the polymer. The
FTIR polymer electrolyte films of PVDF — HFP, LiBF, salt and their complexes are shown in the FIG.1. The
vibrational bands at 795, 760, 728 and 616 cm ™ corresponds to crystalline nature of PVDF — HFP which has
been shifted to low frequencies at 714, 709, 708 and 706 cm ™t of reducing intensity due to increase of LiBF,

salt concentration; which shows the decrease of crystalline nature of the pure PVDF — HFP polymer. It means
amorphous nature of the polymers enhances the ionic conductivity of the sample.** The vibrational band at 874
em™! in pure PVDF — HFP has been shifted to higher frequency with increasing intensity transmittance at
878cm ™ *, due to inclusion of LiBF, salt which confirms presence and complexation of salt with host polymer
matrix.

The band at 1064 cin™t corresponds to symmetrical stretching mode of CF;which is shifted to higher
frequencies at 1068, 1069, 1079 1071 em ™! due to inclusion of salt concentration which confirms the

complexation of the polymer electrolyte, shows an indicator for the dissociation of LiBF, salt.”> ** This
indicates only certain amount of salt is able to dissolve which limits the number of Lithium ions generated

which affects the ionic conductivity.”’ The absorption band at 1141 cm ™! and 1178 em ™! corresponds to CF;

L to

symmetrical stretching vibration of PVDF — HFP which is shifted to higher frequencies from 1175 cimn™
1182 em ™1 % 2%30 The vibration band at 1289 cm™* corresponds to CF stretching vibration which has been
shifted to 1228 cin™*, 1229 em™? but found to be missing in some peaks of absorption bands. The absorption
band at 1402 ¢t~ * corresponds to —C-F stretching, shifted to high frequency at 1403, 1404 and 1406 cimt ™" for
increase of concentration of LiBF, salt. This happens due to weak interaction between H atoms of CH, groups
and F atoms of CF, groups.” *"** The absorption peaks at 1641 cm™* to 1644 crn™*corresponds to ~CH=CF-

skeletal breathing of PVDF — HFP polymer.” The peaks at 3000 cim ™! to 2900 cin ™ * frequencies correspond to
C-H stretching vibration of PVDF — HFP.* The observed peaks at 3650 crn™t to 3000 e~ ! show OH and —

OOH groups.®® This occurs due to highly hygroscopic nature of LiBF, salt and Tetrahydrofuran solvent that
absorbs moisture from the atmosphere.
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FIG.1. FTIR spectra with various concentrations of PVDF — HFP and LiBF,

4.2 Scanning Electron Microscope Analysis:

SEM analysis promotes the morphological studies of lithium ion conducting polymer electrolyte films
under consideration. In the present research work, a comparison has been made for pure PVDF- HFP polymer

film and polymer - salt complex blending with different concentrations of PVDF — HFP and LiBF, salt which is
shown in the FIG. 2.

From the SEM micrographs it was observed that pure PVDF- HFP polymer film has rough, granular,
uneven surface having dark micro pores with lamellar distribution confirms the semi crystalline nature of the
film. The dark regions of the pores may be due to evaporation of the tetrahydrofuran solvent. With the addition
of concentration of LiBF, salt, a smooth lamellar texture of homogeneous appearance as the back ground
obtained confirms increase in the interaction between polymer and salt.”> ** Also the pore size decreases with
increase of different concentrations of salt promotes the amorphous nature of the polymer.’” The amorphous
nature of polymer will enhance the ionic conductivity. The reason is as Lithium ions move freely in the
electrolyte with smoother amorphous polymer films.*” ** But re-crystallization occurred at high amount of

concentration of salt (greater than 40% of salt) due to uniform distribution and aggregation of LiBF, salt at the
surface of the polymer which is shown in the FIG. 2 (f).
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Fig. 2. SEM of {a) Pure PVDF-HFP (B) 90 % PVDF-HFP : 10 % LiBF; (c) 80 % PVDF-HFP : 20 % LiBF4
(d) 70°% PVDF-HFP : 30 % LiBF4 (e) 60 % PVDF-HFP : 40 % LiBF5 (f) 50 % PVDF-HFP : 50 % LiBF,

FIG.2. SEM micrographs with various concentrations of PVDF — HFP and LiBF,

4.3 X — Ray Diffraction Analysis:

X-ray diffraction analysis provides the information on the nature of the sample, crystal structure, crystal
orientation, crystallite size, crystallinity, amorphosity and change in phase of the materials which are
characterized by the presence of sharp peaks. But in amorphous material, there is no long order and non-
crystalline samples are analyzed by one or two broad humps or peaks. Amorphous nature of the polymers
enhances the ionic conductivity of the sample.*
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FIG.3. XRD patterns with various concentrations of PVDF — HFP and LiBF,

X- ray diffraction patterns obtained at room temperature for pure PVDF-HFP film and samples
containing various wt% of LiBF, are shown in the above FIG 1. The X — ray diffraction major peak recorded in
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pure PVDF — HFP observed at 2 & = 20.3°, 28°, 39° are due to the presence of crystalline of PVDF in PVDF —

HFP polymer confirms the semi crystalline nature of the polymer.’*> With addition of LiBF, salt new peaks are
observed at 21°, 23°, 28°, 39°, 43°, 56° which confirms the complexation of salt with the polymer PVDF —
HFP. Also with increase of concentration of salt the intensity of the peaks are reduced, shifted and broadened;
which shows the amorphous nature of the salt-polymer matrix.”® At the concentration of PVDF — HFP (60 wt
%) — LiBF, (40 wt %) polymer- salt matrix, there is good enhancement in the ionic conductivity of the sample.
It is shown in the FIG. 3.

4.4 Tonic conductivity Analysis:

The DC conductivity measurements were carried out in a specially designed instrument. It consists of
Nickel coated electrodes with a spring load arrangement placed in a heat furnace which in turn has temperature
indicator. A battery of 3V and Keithley electrometer is connected in series between electrodes. A constant
voltage of 3V is applied, and with respect to increase of temperature (303K to 363K); their respective currents
are noted. During recording reading, the electrodes were short circuited in order to avoid polarization that
happens near electrode-electrolyte interface. The resistance of the polymer samples was found using Ohm’s law

R= T ). The DC conductivity of the polymer electrolyte can be calculated using Eq. (1)

o= —— S(Cm Eq. (1)

Where ! = Thickness of the polymer sample, R, = Bulk resistance, A = Area of the electrodes.

In the present study, ionic conductivity of PVDF — HFP polymer with different concentrations of LiBF4
salt has been analyzed and tabulated in table (1). The respective graphs are shown in the FIG.4. It is observed
that there is an enhancement in the ionic conductivity of the polymer — salt matrix as the temperature increases.
This is due to decrease in the viscosity, increased chain flexibility and segmental motion of the polymer * *°
which either permits ions to hop or transfer from one site to another in the same polymer chain or to the
neighbor polymer chain.'” As temperature increases, the mobility free volume of the polymer and rate of
dissociation of lithium salts also increases which makes lithium ions to move freely in the amorphous phase.*’
The enhancement in temperature dependence ionic conductivity represents the ion mobility and amorphous
nature provides a greater free volume of the polymer electrolyte system.*

The temperature dependence of ionic conductivity of the polymer electrolyte is generally given by
Arrhenius relation Eq. (2). *
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FIG.4. Temperature dependence ionic conductivity of PVDF — HFP and LiBF,



Sangeetha Mahendrakar et al /Int.J. ChemTech Res. 2015,8(12),pp 319-328. 325

Where E_the activation energy is needed for an ion to jump to a free volume space, @y is the maximum ionic
conductivity and Kgis the Boltzman constant. However some temperature dependence of ionic conductivity is

not linear but polynomial (n = 2 or n = 3) and obeys the empirical Vogel — Tammann — Fulcher (VTF) relation
Eq. (3). **

o= g, Exp[

-B
—]
g

Ky (T-

Eq. (3)

‘B’ is the pseudo activation energy for the redistribution of free volume and T is the reference temperature.

Table 1. Ionic conductivity of the Polymer — Salt complex system at different temperatures

PVDF- | Ionic conductivity (¢)S cm’

HFP ;| 303K 313K 323K 333K 343K 353K 363K
LiBF,

90:10 133107 [ 1.60 x107]2.67x 107570 x107 [ 1.18 x 10 * | 1.25x 10| 1.33 x 10®
80 : 20 1.20x 107 | 1.30 x 107 | 2.00 x 10°] 1.10 x 10%] 1.20x 10®* | 1.20x 10® | 1.60 x 10®
70 : 30 1.67x10%° [ 1.75x 10® | 1.90 x 10%] 2.67 x 10%]3.03 x 10® [3.13 x10® | 3.48 x 10°®
60 : 40 482 %107 16.92x10" [9.64x 107 | 1.125 x 107 1.50 x 10> | 1.68 x 10~ | 1.965 x 10~
50 : 50 2.67x10° [ 4.00x10° [ 1.60 x 10° | 2.67 x 10°]3.64 x10° | 5.13 x 10° | 5.13 x 107

In addition, the ionic conductivity had increased with variation of concentrations of LiBF,4 salt which is
shown in the FIG. 5. It is observed that ionic conductivity increases as the salt concentration of 40 wt% LiBF,
increases up to optimum level. The number of free charge carriers increases as the ion pair dissociates.*
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Fig. 5. Variation of ionic conductivity with concentration of salt

Further increase of salt concentration of 50 wt% LiBF, reduces the mobility of charge carriers, hence
decreases the ionic conductivity as recrystallization and association of LiBF, salt take place. The highest ionic
conductivity of 1.965 x 107% SCm™* for 60 wt% PVDF — HFP polymer: 40 wt% LiBF, salt is observed at
363 K. This is due to low lattice energy of the LiBF, salt (699 KJ/mol).* *

5. Conclusions:

Polymer —salt matrix electrolytes find applications as Polymer membrane in Lithium ion Batteries.
Polymer — salt matrix electrolyte system consisting of PVDF — HFP and LiBF, have been prepared using
solution casting method. X-ray diffraction and SEM result reveals the amorphous nature of the electrolyte
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complex system, for different concentrations of PVDF — HFP polymer and LiBF, salt. It is observed that semi
crystalline nature gradually decreases up to optimum level and then increases. The analysis of functional groups
and the interaction between the constituents was observed by FTIR studies. Also the complex formation
between polymer and salt was confirmed by FTIR and XRD studies. The ionic conductivity gradually increases
with increase of temperature for various amounts of polymer — salt matrix electrolyte system. It is found that the
maximum ionic conductivity of 1.965 x 1072 §Cm ™! was for 60 wt% PVDF — HFP polymer: 40 wt% LiBF,

salt at 363 K.
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