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Abstract: A series of nanocomposite solid polymer electrolytes (NCSPE) consisting of PMMA as host polymer, lithium bisoxalatoborate
(LiBOB) as doping salt and nano-hydroxy apatite as filler have prepared by membrane hot-press method. To enhance the electrochemical
properties and stiffness of polymer electrolyte film, a bioactive ceramic filler nano-hydroxy apatite is incorporated in the polymer matrix.
The prepared different weight contents of NCSPE films are subjected to various electrochemical characterizations such as ionic conductiv-
ity, electric modulus and dielectric spectroscopy studies. The complexation behavior and structural reorganization in polymer electrolytes
are confirmed by means of FT-IR (Fourier-Transform Infra Red Spectroscopy) analysis. The electrical response and relaxation of dipole in
polymer electrolytes are investigated by means of electric modulus and dielectric studies. The addition of nano-hydroxy apatite signifi-
cantly enhances the ionic conductivity and blocking the reorganizing tendency of polymer matrix. The maximum ionic conductivity is found
to be in the range of 10™** S/cm for sample containing 10 wt. % nanoceramic filler.
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1. INTRODUCTION

The development of electrochemical devices such as batteries,
super capacitors, fuel cells and sensors has enhanced rapidly in the
past few decades. Vast interest has been shown in the development
of rechargeable batteries, especially in gaining a battery that com-
bines long life, environmental safety, compact shape, low cost and
high energy density [1, 2]. In order to fabricate better polymer-ion
batteries, the electrolyte with good conducting and cycling behav-
ior has essentially required. The polymer electrolyte has drawn
great deal of interest due to their wide applications in variety of
fields such as rechargeable batteries, fuel cells, sensors, aerospace,
automobile and electronic industries. A major drawback in poly-
mer electrolytes that we commonly come across is its low ionic
conductivity at ambient temperature. Much attention is focused on
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investigating the polymer electrolytes to enhance the ambient tem-
perature conductivity by blending of polymers, cross-linking, and
incorporation of inert ceramic fillers [3]. A number of methods are
evaluated in order to improve room temperature ionic conductiv-
ity. Of these, the widely accepted method is to embed the nano
ceramic filler in the polymer matrix. The nanocomposite polymer
electrolytes (NCSPE) offer high ionic conductivity at ambient
temperatures. In the present investigation, the bio nano ceramic
filler can tend to suppress the crystalline nature (amorphous) of
polymer thereby increasing the ionic conductivity [4].

PMMA has been used as a polymer host due to its high stability
at the lithium electrode-electrolyte surface and because it is less
reactive towards the lithium electrode. PMMA is a transparent
polymeric material that posses many desirable properties such as
light weight, high light transmittance, chemical resistance, uncol-
ored, resistance to weathering corrosion and good insulating prop-
erties. Moreover, MMA (methyl methacrylate) monomer in
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PMMA has a polar functional group in the main polymer chain that
has a high affinity for lithium ions, which are transported. Oxygen
atoms from the MMA structure will form a coordinate bond with
the lithium ion from doping salts. Hence the increase in effective
ionic transport of PMMA based polymer electrolytes may due to
the presence of polar group functional group in PMMA. The bio-
ceramic filler nano-hydroxyapatite (NHAp) (Cas(PO,);OH) is
chemically similar to the mineral components of bones and hard
tissues in mammals and finds applications in membrane separation,
dental application, chromatography, gas sensors and high tempera-
ture fuel cells [S]. Lithium bisoxalatoborate (LiBOB) is of quite
interest due to its high solvating ability, less hygroscopic nature
and it yields high ionic conductivity at ambient temperature. Thus,
search for the new type of salt is explored. In this regard, LiBOB
salt has been identified as the more suitable salt because of its ac-
tive participation for the formation of SEI and satisfying other basic
requisites suggested for polymer electrolytes [6—12]. It contains
larger anion which can easily interfere with the crystallization proc-
ess of PMMA chain, thereby increasing the amorphicity with con-
sequent enhancement of electrical properties. In the present work
an attempt has been made to improve and optimize the various
electrochemical properties of composite polymer electrolyte by
incorporating NHAp to the polymer matrix. In the present work, an
attempt has been made to improve and optimize the various electro-
chemical properties of NCSPE by incorporating NHAp to the poly-
mer matrix. To the best of our knowledge, the vibrational, modulus,
and dielectric spectral properties of NCSPE containing NHAp have
never been investigated. The details are presented herein.

2. EXPERIMENTAL

The precursors, PMMA (Aldrich, M, 2.5x 104), lithium bisox-
alatoborate (LiBOB) (Merck) were dried under vacuum for 24 h at
90 °C and 60 °C respectively. NHAp (<100 nm, specific surface
area 25 m?/g) was purchased from Sigma Aldrich (Germany) and
also dried under vacuum at 50 °C for 2 days before use. THF was
used as common solvent. NCSPE films of various compositions
were prepared by varying the PMMA and NHAp content which
was shown in Table (1). The starting materials were dissolved in
THF and stirred for about 12 h in order to get a homogeneous mix-
ture. The obtained coagulated pasty mass was allowed to dry in a
vacuum oven for 8 h and hot pressed between two stainless steel
blocks at a pressure and temperature of 5 tons/cm*and 165 °C re-
spectively which finally gave raise to a semitransparent stable
NCSPE films of thickness from 100-120 pm. Further the films
were dried under vacuum at 80 °C for 2 days for further removal of
solvent present in the membrane. Membranes of thickness 100 um
were obtained. Further the membranes were dried under vacuum at
50 °C for 2 days for further removal of solvent present. The result-

Table 1. Composition of PMMA, LiBOB and NHAp

Samples PMMA (Wt%) LiBOB (Wt%) NHAp (Wt%)
Al 95 s -
A2 90 5 5
A3 85 5 10
A4 80 5 15

ing membranes were visually examined for its dryness and free-
standing nature.

2.1. Characterizations

Ionic conductivity of PMMA based composite polymer electro-
lytes have determined by means of electrochemical impedance
spectroscopy (EIS) using Zahner IM6 impedance analyzer
(Germany). In order to measure the impedance of the films of com-
posite electrolyte, the samples were cut into round shape of 1 cm®
and fit into size of the electrode. Each electrolyte was sandwiched
between two gold plated solid sample holders mounted inside a
cylindrical glass container. The experiments were carried out in the
temperature range 293 and 423 K. Ionic conductivity measure-
ments were carried out in the frequency range between 100 mHz
and 100 kHz with signal amplitude of 1 V. The whole experiments
were conducted in a dry moisture free atmosphere. The dielectric
and modulus spectroscopic analysis analyses were studied using
(Zahner IM6, Germany) electrochemical analyzer for temperatures
varying from room temperature to 423 K over wide frequencies
range from 100 mHz to 100 kHz. The FTIR spectra were recorded
using JASCO FTIR/4100 spectrophotometer (Japan) in the region
400-4000 cm™ at room temperature with a signal resolution of 8

cm’.

3. RESULTS AND DISCUSSION

3.1. Ionic conductivity

The conduction mechanism of NCSPE have examined by means
of impedance spectroscopy. The ionic conductivity in polymer
electrolyte is assumed to occur by Lewis acid base interaction be-
tween salt and polymer solvent [13]. The ionic conductivity de-
pends on overall mobility of ion and polymer which is determined
by freevolume around the polymer chain. The ionic conductivity of
PMMA-LiBOB based electrolytes are measured for various weight
contents of is shown in Table (1).The ionic conductivity of the
polymer electrolytes was determined by following equation (1).

6 =t/(Ry. A) (D

Here, t and A were the thickness (cm) and area (cm?) of the elec-
trolyte in contact with electrode. Thickness of the film was meas-
ured by micrometer screw gauge. R, was the bulk resistance ()
which was obtained from the nyquist impedance plot. The nyquist
impedance plot of sample A3 at various temperatures is shown in
Fig. 1(a). It is important to note that at higher frequencies, a com-
pressed semicircle is formed, whereas at low frequencies a spiky
line is obtained.

The temperature dependent of ionic conductivity for various
PMMA based polymer electrolytes are shown in Fig. 1(b). It is
noticed from the figure that, the ionic conductivity increases with
increase in temperature. Hence the ionic conduction in polymer
electrolytes obeys the VTF (Vogel-Tafmann-Fulcher) relation.

o= AT-I/Z[e-(B/T:fg)] (2)

Here A and B are constants. It can also be noticed that the con-
ductivity increases with increase in NHAp content up to certain
wt%. Initially the addition of lithium salt in PMMA matrix leads to
formation of PMMA-Li" complex. The incorporation of NHAp in
the complex form a dative bond with PMMA due to filler-polymer
interaction and made easier the migration of lithium ions in the
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Figure 1. (a): Cole-Cole impedance plot for sample A3 at different
temperatures (b): Variation of ionic conductivity as a function of
reciprocal of temperature for various nanocomposite solid polymer
electrolytes (A1 to A4) (c): The variation of ionic conductivity as a
function of nanofiller NHAp content.

PMMA matrix. In the present study, the filler have basic centers
can react with Lewis acid centers of polymer chain and leads to
reduction in crystalline nature of polymer host. The increase in
ionic conductivity with increase in NHAp wt% (up to 10%) may
due to the fact that the filler promotes the available number of
charge carriers in PMMA matrix by means of creating the free
volume around polymer chain. Moreover the PMMA itself contains
very small amount of minority carrier where the incorporation of
NHAp helps to lower the energy band of the ionic carrier. Hence
the ionic transport is faster and easier in the polymer electrolyte by
incorporation of NHAp. These results are in accordance with those
reported earlier in which Al,O; was used as filler in PEO based
electrolyte [15]. In the present work NHAp may act as cross-
linking centers for the PMMA segments, which lowers the polymer
chain reorganizing tendency and promoting anoverall stiffness to
the structure. However, the resulting structure provides Li" con-
ducting pathways at the filler surface and enhances ionic transport.
The maximum ionic conductivity is found to be in the range of 10
*8 S/cm which is two orders of magnitude higher than that of filler
free electrolyte Al. Beyond 10 wt% 0f NHAp, decreases the ionic
conductivity gradually due to reassociation of ions into neutral
aggregates [14]. This is clearly evident form Fig. 1(c) which shows
the effect of NHAp on the ionic conductivity of PMMA based
polymer electrolytes. Also the addition of lithium salt (LiBOB) in
the polymer is optimized and the optimized wt% is 5. Further in-
crease of LiBOB (not shown in figure) causes the ionic conductiv-
ity to decrease gradually due to higher salt concentration; the con-
ductivity decrease may due to the increasing influence of the ion
pairs, ion triplets and higher ion aggregation which reduces the
overall mobility and degree of freedom [16].

3.2. Dielectric analysis

The amount of charge stored in the polymeric material is deter-
mined by dielectric permittivity €*. In order to explain the conduct-
ing nature of polymer electrolyte, i.e., conductivity is due to avail-
able number of free moving ions, dielectric analysis is performed.
The complex permittivity of a material can be expressed by means
of following expression.

g=¢-je” 3)
where ¢ ' and &” are the real and imaginary parts of the complex

permittivity and j = -1.
The real part of the permittivity is given by:

&’ = gpe, 4

where o is the permittivity of free space (8.85 x 10> F/m) and
g, 18 the relative permittivity or dielectric constant of the material
[17]. The magnitude of € ' (or the dielectric constant &) indicates
the ability of the material to store energy from the applied electric
field and the imaginary part of the permittivity, " is called the
dielectric loss. Also the capacitance C is determined by following
relation;

e* =1/ (jCwZ*) (&)
and

C=gA/Md (6)
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Figure 2. (a) & (b): Frequency dependence of (a) real part &' (o)
and (b) imaginary part &" (®) of dielectric permittivity for 85%
PMMA+ 5% LiBOB+10% NHAp (A3) at different temperatures.

Here A and d are area of the electrode and thickness of the elec-
trolyte material respectively.

The purpose of choosing sample A3 is due to the fact that it
yields maximum ionic conductivity at ambient temperature. Fig.
2(a & b) shows the variation of ¢’ and &” as a function of logarithm
of frequency. The whole experiment is conducted in the tempera-
ture range between 303 and 423 K. At low frequencies both &’ and
€” increases gradually due to free charge motion with in the poly-
meric material. These values do not correspond to the bulk dielec-
tric processes but are due to accumulation of charge carrier density
at the electrolyte-electrode interface. At lower frequencies there is
considerable amount of time, the charge to build up at the electrode
interface. The increase in value of ¢ and €” results in increase in
equivalent capacitance at low frequency region. The space charge
region with frequency is explained in terms of ion diffusion process
and generally known as non Debye type of behavior [18]. At high
frequencies, the high periodic reversal of applied electric field at
the electrode interface takes place, so that there is no excess ion
diffusion in the electric field direction. With increasing frequency
there was no time for the charges to build up at the interface but
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Figure 3. (a) & (b): Frequency dependence of (a) real part M' (®)
and (b) imaginary part M" (®) of electric modulus for 85%
PMMA+ 5% LiBOB+10% NHAp (A3) at different temperatures.

only to build up at the ends of the conducting paths. Hence polari-
zation due to charge accumulation decreased at the electrode-
electrolyte interface. Hence ¢’ and €” decreases gradually at higher
frequencies. The dielectric permittivity (¢’ and €’’) increased with
temperature which is due to large dissociation of ions occurs at
electrode interface.

3.3. Electric modulus analysis
The complex modulus M*(w) is the sum of real part of electric
modulus and imaginary part of electric modulus

M* () =M'(0) + jM"(©) (7
where

M'(0) = 1/¢' (0) (8)
M" (o) = ©Cy Z*(m) ©

Here C, is the vacuum capacitance of the cell and €' (®) is the com-
plex permittivity and j=V-1 respectively. Fig. 3 (a & b) shows the
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frequency dependence of M’ and M" for sample A3 at different
temperature. From the figure it is observed that at high frequencies
the value of M’ and M" attains maximum but well defined peaks
are not obtained. As the temperature increase, the peaks of M’ and
M" has decreased gradually due to plurality of relaxation mecha-
nism [19, 20]. The value of M’ and M" tends to be zero in the vi-
cinity at lower frequencies which proposes that the electrode po-
larization at interface is negligible at lower frequencies. The pres-
ence of long straight line in the low frequency region confirms a
large equivalent capacitance associated with electrode interface. In
the mean time the value of M’ and M" decreased slowly at higher
temperature due to decrease in charge carrier density at the space
accumulation region.

3.4. FT-IR analysis

The ATR FT-IR spectrum is a powerful tool in order to analyze
various functional groups and complexation behavior of polymer
electrolytes [21]. The complexation behavior of LiBOB and poly-
mer system with addition of filler could be identified by FT-IR
spectra. The FT-IR spectra of pure PMMA, LiBOB, A1, NHAp and
A3 are shown in Fig. 4. The characteristic peaks of pure PMMA
that appears at 840, 1295, 1394, 1740, 1446 and 2964 cm™ corre-
sponds to C-O-C bending, C-O stretching, O-CH; deformation,
C=0 stretching, CH; bending and CHj stretching vibrations respec-
tively which is shown in panel (a).These results are in accordance
with the results reported earlier [22]. Also the vibration band that
appears at 1372, 1297, 1070, 980 and 604 cm™ represents B-O
stretching, C-O-B-O-C stretching, O-B-O symmetric stretching and
B-O deformation vibrational bands of pure LiBOB (panel (b)). The
peaks that appears at 3448 and 660 cm™ in pure PMMA are quite
absent during complexation with LiBOB which is indicated in
panel (c). Also the vibrational band that appears at 1734 cm™ of
PMMA is substituted by two bands at 1728 and 1731 cm™ also
clearly demonstrate in panel (c). The shifting of peaks in the region
from 1144 to 1090 cm™ indicates that the addition of lithium salt
made appropriate change in the polymer matrix. Furthermore, the
shifting of peak from 953 cm—1 (pure PMMA) to 951 cm’
(PMMA+ lithium salt) indicates the complexation behavior of
polymer electrolyte.These results strongly confirm the complexa-
tion behavior of PMMA with LiBOB. Panel (d) represents the FT-
IR spectra of NHAp. The characteristic vibrational band that ap-
pears at 3551, 880 and 628 cm™' are assigned to O-H stretching,
CO5* and PO, * respectively [23]. The incorporation of NHAp in
polymer matrix is identified by change in peak positions from 3551
to 3566 cm™ and 1089 to 1098 cm™ which is shown in panel (e).

4. CONCLUSIONS

Various series of nanocomposite solid polymer electrolytes
(NCSPE) comprising of polymer PMMA and LiBOB as salt with
different weight ratios of nano bio-ceramic filler hydroxyapatite
have been prepared by hot-press method. The effects of NHAp on
dielectric and electrical properties of NCSPE have been studied.
The maximum ionic conductivity is found to be in the range of 10
*8S/cm for a polymer electrolyte containing 10% NHAp (A3). The
low dispersion of €’ and &" revealed that the space charge effects
happening from the electrodes. The complexation behavior and
interaction between polymer, salt and filler have confirmed by
means of ATR FT-IR study.
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Figure 4. FT-IR spectra of: (a) PMMA (b) LiBOB (S1) (c)
PMMA+LIiBOB (Al) (d) NHAp and (e) 85% PMMA+ 5% Li-
BOB+10% NHAp (A3).
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