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Abstract

The polymer electrolytes with various compositions of Polyacrylonitrile/N-N
Dimethylformamide (DMF)/Lithiumtetrafluoroborate (LiBF,) are synthesized
by solution casting technique. The free standing, clear and transparent 60-80
micron thick films are formed. The promising structural and complexation
changes in polymer electrolytes have been explored by X-ray diffraction
(XRD) and Fourier transform infra-red (FTIR) techniques. The thermal
properties of all solid polymer electrolytes (SPE) were studied by Thermo
gravimetric Analyzer (TGA) and Differential Thermal Analyzer (DTA). The
electrical properties, i.e., ionic conductivity of solid polymer electrolytes has
been measured as a function of temperature and composition. A Polymer
membrane for 3 wt. % of salt has a conductivity of 3.06x10* mScm™ at room
temperature and 1.53x10° mScm™ at 358K. The conductivity values
increased with increase in temperature and offered an ionic conductivity of
the order of 10 mScm™ at temperatures 358K. Activation energy, enthalpy
and entropy values are determined for all polymer complexes.

Keywords: Solid polymer electrolyte, Polyacrylonitrile, Solution casting.

1. Introduction

Polymer Lithium ion batteries have been a significant research area for their
prospective solicitations in small portable electronic and electric vehicles (EV),
and personal communication equipment. Solid polymer electrolyte, used as both
electrolyte and separator between the electrodes, has numerous advantages in
contrast to liquid electrolyte, such as no leakage of electrolyte, ease of
manufacturing, flexible geometry and improved safety, etc.
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Nomenclatures

E. Activation energy, kJ/mol
h Planck’s constant, J S

Kg Boltzmann constant, J/K

R Ideal gas constant, J/mol/K
Ty Glass transition temperature, °C
Tm Melting temperature, °C
tion lonic transference number
Greek Symbols

AH Enthalpy (J/mol/K)

AS Entropy (J/mol/K)

4G Gibb’s function(kJ/mol)

A Wavelength (A)

o Conductivity (S/m)

Abbreviations
DMF N-N Dimethylformamide

DSC Differential Scanning Calorimetry
DTA Differential Thermal Analyzer
DTG Differential Thermo grams

FIC Fast lon Conductors

FTIR Fourier transform infra-red

LiBF, Lithiumtetrafluoroborate

NMP N-MethylPyrrolidine
PAN Polyacrylonitrile

SIC Super lon Conductors

SPE Solid polymer electrolytes
TG Thermo grams

TGA Thermo gravimetric Analyzer

XRD X-ray diffraction

Interest in developing solid polymer electrolytes was motivated with a hope that
the limitations would be minimized if the liquid electrolyte is substituted by a solid
electrolyte. In thin film solid electrolytes, the lone mobile charge carrier is a cation
Li* linked with an anion which is arrested in crystal lattice. The solid materials
which exhibit high ionic conductivity comparable with those of liquid electrolytes
are known as “Solid electrolytes”. These materials are known as “Fast Ion
Conductors (FIC)” or “Super Ion Conductors (SIC)” which are characterized by
ionic bonding, high electrical conductivity (~ 10 to 10* Scm™) and ionic transport
number ti,, ~1. In the past several years extensive studies have been performed on
the ionic conductivity of certain kinds of ion conducting polymers. These ion
conducting polymers show a relatively high ionic conductivity and have a potential
application as solid electrolytes. Such electrolytes are mainly based on the alkali
metal salt systems, with particular attention being focused on Lithium. These may
be useful in finding solid electrolytes of sufficiently high conductivity.

An encouraging methodology to increase the conductivity of polymer
electrolyte is through the use of low molecular weight organic solvents as
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solvents or plasticizers. This method uses the smaller activation barrier for the
conducting ions in the plasticizer phase than in a polymer. Furthermore, the low
viscosity and high dielectric constant of these plasticizers ensures higher mobility
and greater dissociation of ion pairs.

In present paper, this method is studied with various compositions of
PAN/DMF/LiBF,.The free standing, clear and transparent 60-80 micron thick
films are synthesized by solution casting technique. Further, these films are put
under investigation of structural, thermal and electrical properties.

2. Experimental Techniques
2.1. Synthesis of polymer electrolyte films

Polymer electrolyte films are obtained by simple casting procedure. PAN and
LiBF, both were dried under vacuum for 4-5 hours before use so that no moisture
content will be present. The weighed amounts of salt and PAN were separately
dissolved in DMF and NMP respectively. During the stirring process, each flask
was covered with a para film and heated up to 50°C for 24 hours approximately.
Then the two solutions are mixed and further stirred at a temperature of 40°C for
24 hours until a homogeneous mixture was obtained. The homogeneous mixture
was allowed to cool and was carefully put under observation for any un-dissolved,
deposited or suspended particles. Then the solution was taken onto the glass petri
dishes. Solvent was allowed to evaporate slowly at room temperature in a vacuum
oven for a couple of weeks. Later on, the polymer film was carefully removed
from the glass petri dishes without stretching and rupturing and further dried in a
vacuum oven. The thickness of the cast films was observed to vary between 50
um to 60 pum. As all these salts are highly hygroscopic, samples are stored in
desiccators so as to avoid the films from the absorption of moisture. The
specifications of all the films are reported in Table 1 for rest part of the paper.

Table 1. Solid Polymer electrolytes with various compositions.

Polymer Composition
Electrolyte Films

20:80:0
19:78:3
19:76:5
18:74:8
18:72:10
18:70:12

-~ D QO O T @

2.2. Characterization techniques

All the samples synthesized were characterized by using different experimental
techniques for structural, thermal and conductivity studies. The prepared materials
are characterized for spectroscopic and structural features by FTIR and X-ray
diffraction respectively that are closely connected with the electronic properties.

X-ray diffractograms of different polymer electrolytes were recorded at room
temperature using an X-ray powder diffractometer (Bruker D8 Advance
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diffractometer) with Cu-K, radiation (A=1.5406 A°). The radial scans on the SPEs
were performed in terms of 20 (Bragg angles) range (10° < 20 < 100°) at a scan
speed of 0.5° minute™. The infrared spectrum of polymer electrolyte films was
recorded on a Perkin Elmer USA spectrum Two spectrophotometer in the
wavenumber range from 450-4000 cm™. The experiments were performed in a
dynamic nitrogen atmosphere, keeping an optical resolution of 0.2 cm™ by
averaging 64 scans per sample.

The TG, DTA and DTG measurements were implemented with EXSTAR
TG/DTA 6300. The thermal analysis was carried out at a scanning rate of 10°C/min
in a flux of Nitrogen gas at a rate of 200ml/min and in the temperature range from
room temperature to a maximum of 800°C. The analysis was performed by taking
Alumina powder as a reference material. The ion transport is measured by using the
dc polarization technique, in which a voltage of 0.5 volts was applied across the cell
configuration SS|polymer electrolyte|SS and the resulting current was monitored.
The temperature of the sample was controlled by varying the ac current through the
heater coil of the furnace. An earthened brass sheet is placed inside the muffle
furnace around the conductivity cell, so that the temperature distribution around the
sample was uniform. The polarizing effects during the measurements of D.C.
conductivity were minimized by applying smaller voltages for a short interval of
time and short-circuiting after every reading.

3. Results and Discussion
3.1. Structural studies

XRD studies provide a perspective to identify or confirm amorphous, semi
crystalline or crystalline nature of the material and the complex formation, which
is vital to study about the ionic conductivity.

The diffractograms for all polymer electrolytes are reported in Fig. 1. From
the diffractograms, it is observed that there is the formation of peaks at an angle
0f 20=16.93° to 17.46° and 29.08° to 29.6° which are in correlation with the peaks
observed for pure PAN. The diffractogram of PAN powder, exhibits a reflection
peaks at an angle approximately 20=17° and 29.5° corresponds to orthorhombic
PAN [110] reflection with interlayer spacing, d=5.30 A° and d=3.05 A°,
respectively [1 - 3]. The XRD pattern of pure salt is taken from the standard XRD
where the diffraction peaks are observed at 20 = 14°, 21°, 23°, 26°, 28°, 32°, 39°,
44° and 55° [4 - 5]. The peaks pertaining to pure salt are not present in polymer
complexes as shown in Fig. 1 indicate the complete dissolution of the salt in the
polymer matrix.

The crystalline regions are disturbed and there is an increase in the semi
crystalline or amorphous nature in plasticized polymer electrolytes due to the
addition of the salt. The diffractogram corresponding to 5 wt.% of salt
concentration is broader and less prominent which confirms the semi crystalline
nature [6-7]. With the addition of salt into the polymer, it is observed that the
intensity of this peak is increasing and decreasing, i.e., there is a fluctuation
observed in the formed peak at 26=16.75° to 17.5°. The sharp peak is becoming a
broad hump or flattened in general when the salt concentration is increasing.
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Figure 1 suggests the existence of multiphase systems having crystalline
complexed and uncomplexed polymer along with amorphous phase [8]. Andreev
[9] clearly described that the polymer electrolytes can be crystalline or amorphous,
not necessarily in amorphous phase above the glass transition temperature for
enhancing the ionic conductivity. Basing on the relative intensity studies from XRD
patterns, it is inferred that there are no remarkable structural changes.

|

Intensity (a.u)
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20 40 60
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Fig. 1. X-ray diffractograms for polymer electrolytes of
PAN/DMF/LiBF, of weight ratio (a) 20:80:0 (b) 19:78:3
(c) 19:76:5 (d) 18:74:8 (e) 18:72:10 (f) 18:70:12.

3.2. Complexation studies

Figure 2 shows the IR spectra of all the polymer electrolytes in the wavenumber
from 500-4000 cm™. In the close inspection of Fig. 2, the strong bonds were
observed at 1450 cm™, 1720 cm™, 2245 cm™ and 2945 cm™ for C —H bending,
C =0 stretching, —C = N stretching and C —H stretching respectively for pure
PAN. The C =O peak was observed at 1650 cm™ for DMF [10]. For LiBF,, the
vibrational peaks are observed at 1980 cm™ 1769 cm™ and 1545 cm™ respectively
[11]. All the observed peaks are as per described in the literature.

There are quite a few ways of interaction of Li* cations with —C =N groups.
(a) At least two —C =N groups in the same polymer chain can be coordinated
with Li* cations or (b) The Li* cations may be intermingled by —C =N clusters
of different polymer (PAN) chains or forms dissimilar micro crystallites. In these
two, the former interactions are dominant as the Li" cations are coordinated by the
solvent molecules partially and also partially by the —C =N groups in the same
PAN Chain. In the latter, significant cross-networking effect is resulted, which
results in the increase of viscosity [12].

The most prominent feature in Fig. 3 is the presence of a weak but convinced
bump at 2268 cm™ on the higher frequency side of the symmetric —C =N
stretch mode observed at 2245 cm™.
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This represents the interaction between the salt and the polymer. This also
shows that there is no interaction between the BF, anion and PAN molecules
[13]. The interaction between Li* cations and —C =N group may be explained
with the analysis of the chemical structure of PAN. As Li* cation has an empty
orbital and nitrogen atom has a pair of unbound electrons, it is possible for Li*
cation to form a bond with nitrogen atom of nitrile group to form an associate
[14]. It is also observed that the intensity of the absorption band at 2245 cm™ is
changing (especially with the SPE with maximum concentration, which is high)
on the addition of salt with increasing concentration. This clearly shows the
complexation of Polyacrylonitrile with that of LiBF,. Appreciable change in
intensity is not observed for all the SPEs. But the peak intensity is decreased for
polymer electrolyte with 12wt. % concentration when compared with other
polymer electrolytes [4]. At low salt concentrations, the characteristic frequency
at 2269 cm™ is not prominently observed. This can be attributed to the interaction
between the Li* cation and the plasticizer decrease the bonding chance between
Li* cation and the nitrile group of PAN [15 - 16].

Further analysis of Fig. 2 reveals that the C = O stretching peak shifts from
1673 cm™ to 1670 cm™ with the addition of the salt and this decrease was
continuous from 1670 cm™ to 1660 cm™ with the increase in the salt concentration
from 2 wt.% to 12 wt. %. This shows the interaction of Li* cations with C=0
molecules. Further it is observed that there is a slight shift in the wavenumber
around 1450 cm™ which may be attributed to change in the environment of BF,
anions. FTIR studies show that the polymer salt complexation has taken place
which is confirmed by the shifting of peaks or and also the formation of new
peaks in polymer complexes. FTIR results indicate that the Li* cations of
dissociated salt are coupled with both the C =O group in DMF and the —C =N in
PAN, along with the dipolar interactions between DMF and PAN through C =0
groupand —C=N.
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Fig. 2. IR spectra of polymer electrolytes of PAN/DMF/LiBF, of weight ratio
(a) 20:80:0 (b) 19:78:3 (c) 19:76:5 (d) 18:74:8 (e) 18:72:10 (f) 18:70:12.
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Fig. 3. IR spectra (—C = N stretching) of polymer electrolytes of
PAN/DMF/LiBF, of weight ratio (a) 20:80:0 (b) 19:78:3
(c) 19:76:5 (d) 18:74:8 (e) 18:72:10 (f) 18:70:12.

3.3. Thermal studies

Thermo grams obtained for various polymer electrolytes with different doping
percentage of LiBF, are shown in Figs. 5-7.

TGA Analysis: TG curves show that there is a gradual weight loss with
temperature and it becomes 10 % when the sample reaches a temperature of
279°C when no salt is added. Further the temperature at which 10 % weight loss
occurs decreases with doping concentration. This may be due to the evaporation
of the solvent present in the sample.

Thermal stability is represented by determining the weight loss % of the sample
after heating over temperature from 30-800 °C using TGA. From the variation in
wt. % vs. temperature curves in Fig. 8, it is found that all the films are thermally
stable. It is observed that there is a gradual degradation in the polymer electrolytes.
All the polymer electrolytes are found to be stable up to 194, 138, 89, 91 and 91°C
which imply that the films exhibit good thermal stability. The Residue or the
Characteristic Yield is decreasing at temperatures approximately at around 800 °C.

DTA Analysis: From DTA curves in Fig. 6, it is difficult to observe the crystallinity
peak because the crystalline hump will be formed well before the melting peak. If
crystallinity is present then there could have been the formation of the peak in the
downward (exo) direction, which is not observed in DTA curves.

As the crystalline peak is not observed and it is not amorphous, the host
material is found to be semi crystalline in nature which is even confirmed from
the XRD studies. The temperature at which the last bond of the polymer structure
breaks is called as the melting temperature (T,,). The melting temperature of the
polymer complex without salt is decreased from the standard value of 317 °C to
279 °C. The melting temperature of the polymer electrolytes is further decreased
with the addition of salt into the polymer. The addition of salt may be helping the
decomposition process and may be activating the degradation, which infers that
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the thermal stability is decreasing as inferred from TGA, in turn implies that the
thermal conductivity will also decrease accordingly.

The Glass transition temperature can be defined from DTA, but can be
measured much more precisely from DSC. Pure PAN exhibits a glass transition
temperature of 88.1°C [17]. It is observed from DTA curves that the glass
transition temperature of the cast film decreased for the host polymer. it is
observed that the glass transition temperature of the polymer- salt complexes
decreases with the introduction of salt. This may be due to the presence of the
plasticizer and interaction of plasticizer with the salt. The spacing of Nitrile
groups decreases dipolar interactions which increases the free volume which
intern decreases the glass transition temperature. When salt concentration is
further increased, the glass transition temperature is increased from 55-70 °C for
concentrations from 5 wt. % to 12 wt. % of salt. The increase in glass transition
temperature with increasing salt content indicates the decrease in free volume of
the material [18]. With increase in salt doping percentage, T is increased which
shows that the crystallinity of the complexes is increasing confirmed from XRD
as well. DTG curves in Fig. 7 reveals the same result as DTA.
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Fig. 5. TG curves for polymer electrolytes of PAN/DMF/LiBF, of weight
ratio (a) 20:80:0 (b) 19:78:3 (c) 19:76:5 (d) 18:74:8 (e) 18:72:10 (f) 18:70:12.
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Fig. 6. DTA curves for polymer electrolytes of PAN/DMF/LiBF, of weight
ratio (a) 20:80:0 (b) 19:78:3 (c) 19:76:5 (d) 18:74:8 (e) 18:72:10 (f) 18:70:12.
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Fig. 7. Extended DTG curves for polymer electrolytes of
PAN/DMF/LiBF, of weight ratio (a) 20:80:0 (b) 19:78:3
(c) 19:76:5 (d) 18:74:8 (e) 18:72:10 (f) 18:70:12.
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Fig. 8. Yield percentages from TG curves for polymer electrolytes of
PAN/DMF/LiBF, of weight ratio (a) 20:80:0 (b) 19:78:3 (c) 19:76:5
(d) 18:74:8 (e) 18:72:10 (f) 18:70:12.

3.4.Conductivity studies

The ionic conductivities of SPEs as a function of different wt. % of salt over the
temperature 313-358 K are shown in Fig. 9.

3.4.1. Concentration dependent conductivity

The conductivity of the pure PAN at room temperature is of the order of 10
Scm™ [14]. When the LiBF, is added, most of the salt gets dissociated, due to
which the order of the conductivity increases to 10 Scm™. The probable reason
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for low conductivity is that most of the dissolved Li* ions coordinate to the
oxygen in the carbonyl group in DMF as clear from FTIR studies. This result may
be due to the formation of a cross link between the chain segments which reduce
the mobility of the charge carriers and tend to decrease the conductivity [19 - 20].
Fig. 9 witnessed that the conductivity is increasing as concentration of salt
increases. At 313 K, it is observed that the conductivity increased from 3.05x10™
mScm™ for 3 wt. % to 4.43x10* mScm™ for 12 wt. % of LiBF,. The conductivity
increases even when the free volume decreases as confirmed from FTIR studies.
The increase in conductivity with salt concentration may be ascribed to the
solvation of Lithium salts to produce free ions which increases conductivity but
tends to increase T4 by immobilization of chain segments. An ionic-cross-link
network is assumed where the cross link density increases with salt concentration
[21]. It is also found that the polymer salt complexes start melting at around
270°C which is in agreement with the results from TGA.
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Fig. 9. Variation between conductivity vs. wt. % of LiBF, content
in polymer electrolytes of PAN/DMF/LiBF, at different temperatures.

3.4.2. Temperature dependent ionic conductivity

The temperature variations of conductivity are shown in Fig. 10. It is observed
that the curves follow the Arrhenius relation for ion transport, i.e., the major
ions movement happen by an activated hopping, decoupled with the polymer
matrix at elevated temperatures. In addition to above mechanism, the ionic
conductivity of a SPE increases with temperature is due to the higher segmental
motion of the polymer chain [15 - 16] which is in the semi-crystalline phase as
confirmed from the XRD studies. Also, the higher conductivity at elevated
temperatures may be due to the motion of Li* along the segmental chain. The
appearance of shoulder near to 2260 cm™ in FTIR indicates the coordination of
some Li* with -C=N of PAN which contributes in conductivity through
segmental chain motion which is more prominent at high temperatures. When
the temperatures are approaching towards the higher side, i.e., at 358 K, the
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conductivity values increased from 1.52x10° mScm™ for 3 Wt.% to 2.14x10°®
mScm™ for 12 wt. % of LiBF,.
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Fig. 10. Arrhenius plot of ionic conductivity vs. Temperature
for polymer electrolytes of PAN/DMF/LiBF, of weight ratio (a) 19:78:3
(b) 19:76:5 (c) 18:74:8 (d) 18:72:10 (e) 18:70:12.

3.4.3. Activated properties of solid polymer electrolytes

The temperature dependent conductivity for all polymer electrolytes may be
given by the Arrhenius type relation given by Eqg. (1).

o(T)= Aexp[_K—Ea] )

where ‘A’ is the pre-exponential factor, proportional to the number of carrier ions,
‘Ey’ is the activation energy for electrical conduction (energy required for an ion
to jump to a free hole). If conductivity is result of thermal activation process,
Enthalpy (AH) and Entropy (AS) are determined from the Eyring equation, a
linear relation obtained as a plot of In(ch/KgT) vs 1000/T, given by Eq. (2).

R.n[ o j:{ﬁ)ws @)

KsT T
where “h” is the Planck’s constant and “Kg” is the Boltzmann constant.

The another general linear form of Arrhenius-like expression is given by
Eyring-Polanyi equation, that relates the conductivity with the Gibb’s function to
determine the values of Enthalpy (AH) and Entropy (AS), given by Eq. (3).

U(ujp[ﬁj )

h RT
This can be written in the form of y=mx+c as given by Eq. (4).

CRCIORE
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where slope determines enthalpy of activation,-4H(m= -4H/R) and the intercept
gives entropy of activation, AS[Intercept = (4S/R) + In(k/h)].

The values of activation energy are calculated form the linear plots of 10%/T vs
In c. The activation energy values decreased from 34.05 KJ/mole 3 Wt.% to 32.45
for 12 wt. % of LiBF,. Enthalpy and Entropy values are determined from linear
plots of 10%/T vs In(c/T). The enthalpy values decreased from 31.22 J/mol/K for 3
wt.% to 29.61 J/mol/K for 12 wt.%. The entropy values changed from -270.91
J/mol/K for 3wt.% to -273.19 J/mol/K for 12 wt.%. It is observed that there is an
increase in conductivity and decrease in activation energy with the increase in
dopant concentration. This can be explained basing on the mixed phases, either
amorphous or semi-crystalline nature present in polymer films. The result
illustrates that the conductivity in such films may be dominated by the amorphous
phase which may be due to the formation of charge complexes in the host lattice
[22]. These charge transfer complexes increase the additional charges in the
lattice which results in an increase in conductivity and decrease in activation
energy [23].

4. Conclusions

The structural, complexation, thermal and conductivity properties of the polymer
electrolytes were studied. The structural studies from XRD reveals about the semi
crystalline nature of the polymer electrolytes. The complexation confrontation
was confirmed from FTIR basing on the shifting of the peaks that confirms the
interactions. The thermal properties provide the strong evidences about the
thermal stability and the degradation of the polymer electrolytes. The
concentration and temperature dependent ionic conductivity values of the polymer
electrolytes so found were of low values but increasing with salt concentration
and temperature as well. It is also observed that the values of activation energy,
enthalpy and entropy were decreased with the increase of salt concentration. The
low results are mainly due to the low concentration of the salt employed in the
synthesis process.
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