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Abstract

Lithium ion-conducting polymer blend electrolytes based on chitosan and methylcellulose complexed with lithium tetrafluor-
oborate (LiBF,) were prepared by a solution-casting method. The features of complexation of the solid polymer electrolytes
were studied using X-ray diffraction techniques. Electrical conductivity of the prepared films was measured as a function of
frequency at a different temperature. The increased trend of the electrical conductivity with increasing temperature and salt
concentration can be attributed to increasing the mobility and number of lithium ions, respectively. The polymer electrolyte
system exhibited Arrhenius-type, temperature-dependence ion conductivity behavior. Optical properties such as optical
band gap, tail due to localized states and complex refractive index were estimated for present polymer electrolyte system
from optical absorption measurement in the wavelength region 190—-1100 nm. It was found that the optical direct band gap
values shifted to lower energies upon addition of LiBF, salt up to 40 wt% dopant concentration, and showed an increasing
tendency for a further increase in dopant concentration. The high refractive index for this composition (2.44-2.63) at visible

wavelengths eminently suitable for optical applications.
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1 Introduction

In recent years, studies of optical and electrical properties
of solid polymer electrolytes system have received much
attention in view of their potential applications in optical and
electronic devices such as solid-state rechargeable batteries,
electrochromic display devices, fuel cells, super-capacitors,
and gas sensors [1-3]. The investigation of electrical con-
duction in solid polymer electrolyte membrane aimed to
understand conduction mechanism and nature of the charge
transport predominant in these materials, while the opti-
cal characterizations aimed at achieving a high reflection
and anti-reflection polarized properties [4, 5]. It is well
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established in the literature that the optical and electrical
properties of polar polymers can be suitably modified by a
combination of different inorganic salts [6]. Investigations
of solid polymer electrolyte systems have focused primarily
on the improvement of ionic conduction of polymer at room
temperature [7].

The ionic conductivity of polymer electrolytes is asso-
ciated with the amorphous phase of materials. Various
methods, such as co-polymerization, polymer blending,
plasticization, and the addition of nanofillers into polymer
materials have been used to improve the ionic conductivity
of solid polymer electrolyte systems [8, 9]. Polymer blends
have gained commercial importance over homopolymers
and copolymers due to low-cost, simplicity of preparation
and easy control the physical properties by compositional
change; thus polymer blends are most promising and fea-
sible approach to improve the ionic conductivity [10]. In
addition, polymer blends often show unique and superior
properties not present in the individual polymer components
[11, 12]. Researchers have strived to obtain the combination
of high ionic conductivity, good thermal, electrochemical
and mechanical stability. These improved desirable proper-
ties cannot be achieved using single polymer, thus polymer
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blending is used as one of the most effective methods to
improve the required characteristics of solid polymer elec-
trolyte system [13].

Very recently, solid-state electrolyte based on natural
polymers (biopolymers or agro-polymers) have drawn the
attention of many researchers, as an alternative material for
energy storage, due to many advantages such as abundant,
water-soluble, non-toxic, environment-friendly, biodegrad-
able, biocompatible, and they have excellent film-forming
properties [14—16]. In our previous work, the miscibility
between chitosan (CH) and methylcellulose (MC) was inves-
tigated, and the optimal blend composition was found to be
in ration 75 wt% CH and 25 wt% MC [17].

Although numerous studies have been reported on the
investigation of optical and electrical properties of differ-
ent lithium ion conducting polymer electrolytes [18-20],
very little work is available on chitosan—methylcellulose
(CH-MC) blend polymer doped with lithium salts. This
study presents the results of such investigations on the
optical and electrical properties of CH-MC polymer blend
films doped with LiBF,. Thus different compositions of
CH-MC:LiBF, polymer blend electrolytes were prepared,
and their optimum composition was identified, using struc-
tural, electrical, and optical characterizations.

2 Experimental
2.1 Preparation of Solid Polymer Blend Electrolyte

Films of pure polymer blend of CH-MC with 75:25 weight
ratio, and various compositions of CH-MC based poly-
mer electrolyte complexed with LiBF, salt were prepared
with different weight percent of the salt (10, 20, 30, 40, and
50 wt%) by a solution casting technique using 2% acetic acid
and distilled water as a solvent for CH and MC, respectively.
The solutions were stirred for 48 h until the polymer pow-
ders are completely dissolved and then cast onto polypropyl-
ene Petri dishes and the solvent allowed to evaporate slowly
at ambient temperature. The final product was kept in a des-
iccator filled with silica gel desiccants for further drying.
The prepared solid polymer blend electrolyte samples were

coded as SPBEO, SPBE10, SPBE20, SPBE30, SPBE40, and
SPBESO for different concentration as described in Table 1.

2.2 Characterization of Solid Polymer Blend
Electrolytes

X-ray diffraction (XRD) patterns of the samples were
obtained at room temperature using a controlled X’PERT-
PRO X-ray diffractometer with Cu—Ka monochromatic
radiation of 1.5406 A wavelengths. Glancing angle (26)
was varied from 10° to 70° with a step size of 0.1°. The
electrical conductivity behavior of a pure and LiBF, doped
CH-MC polymer blend electrolytes was measured using
Agilent 4284A Precision LCR Meter in the frequency
range 100 Hz—1 MHz and temperature range 295-373 K.
The films were fixed on a conductivity holder with two
aluminium blocking electrodes (2.5 cm in diameter) under
spring pressure. A T-type thermocouple was used to record
internal temperature in the chamber with an accuracy of
+1 °C. Optical absorption spectra of the prepared films were
recorded in the wavelength region 190-1100 nm at room
temperature using a PerkinElmer Lambda 25 double-beam
UV-Vis spectrophotometer. From this data, the optical con-
stants such as optical energy gap, tail of localized state and
complex refractive index were determined.

3 Results and Discussion
3.1 XRD Analysis

In order to investigate the modifications in crystal structure
of CH-MC polymer blend, upon addition of LiBF, salt,
XRD measurements were performed. Figure 1a—f depicts
XRD patterns of CH-MC based polymer blend electrolytes
doped with a different concentration of LiBF, salt. The
observed broad peak at 20=21.1° for pure polymer blend
films is due to semi-crystalline nature resulting from the
intramolecular and intermolecular interaction between poly-
mer chains through hydrogen bonding [21, 22]. The broad-
ening and decreasing in the intensity of this XRD peak with
addition of LiBF, salt denotes the reduction in the degree of

Table 1 Summarizes of

2 . Designation CH solution MC solution LiBF, wt% LiBF, (g)

composition of CH-MC:LiBF,

solid polymer blend electrolyte Powder (g) Solvent (ml) Powder (g) Solvent (ml)

fims SPBEO 1.50 150 0.50 20 0 0.000
SPBE10 1.50 150 0.50 20 10 0.222
SPBE20 1.50 150 0.50 20 20 0.500
SPBE30 1.50 150 0.50 20 30 0.857
SPBE40 1.50 150 0.50 20 40 1.333
SPBESO 1.50 150 0.50 20 50 2.000
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Fig. 1 XRD patterns of blend CH-MC doped with (a) 0 wt% LiBF,,
(b) 10 wt% LiBF,, (c) 20 wt% LiBF,, (d) 30 wt% LiBF,, (e) 40 wt%
LiBF,, (f) 50 wt% LiBF,

crystallinity of present polymer electrolyte films. The semi-
crystalline peak of polymer blend disappeared completely in
SPBE40 composite. On the other hand, the absence of sharp
diffraction peaks at low LiBF, salt concentrations indicates
that lithium salt was completely dissolved in polymer blend
matrix. The amorphous nature results in greater ionic dif-
fusivity with high ionic conductivity [23, 24]. It can be seen
clearly that SPBE50 sample shows sharp crystalline peaks at
diffraction angle of 13.6°, 21.2°, 23.6°, 31.9°, 32.8°, 36.3°,
40.0°, 48.1°, 50.2°, 53.7°, 56.1° and 58.8°, which attributed
to re-crystallization of LiBF, salt out of the film surface due
to recombination of ions at higher salt concentration [25,
26]. The sharp observed peaks in higher salt concentration
sample are well matched with the standard data from JCPDS
card number 40-0664.

3.2 lonic Conductivity

The variation of direct-current (dc) conductivity (c,.) as a
function of temperature for CH-MC blend films at different

weight percent ratios of LiBF, is tabulated in Table 2.
The room temperature o, for pure polymer blend sam-
ple was found to be 5.3 x 1078 S cm™!. It increased with
increasing lithium salt concentration up to 40 wt% to reach
3.747 x 107 S cm™~!, however, it decrease for 50 wt% LiBF,
contents. Therefore, 40 wt% LiBF, salt is the conductiv-
ity optimizing concentration. In general, the conductivity
of polymer electrolyte materials can be described by the
relationship:

o= Z qiniH; (H

where ¢g;, n; and y;, represent the charge, concentration and
mobility of the i species, respectively [27]. Hence, the
increase in the conductivity with increasing LiBF, con-
centrations could be attributed to the increase in the num-
ber density of mobile ions (charge-carriers), as well as the
enhancement in the charge-carrier mobility due to improve-
ment of amorphous nature of the host polymer blend as
confirmed previously by XRD studies (see Fig. le). The
decrease in conductivity at higher salt concentrations
(50 wt%) is due to inability of the salt to be accommodated
by the polymer host resulted in recombination of the ions
and recrystallization of lithium salt out of the polymer film
surface [28]. This phenomenon impedes the conduction
process. This result was supported by XRD analysis, which
clearly shows formation of LiBF, salt crystal on the surface
of the high salt concentration polymer electrolyte sample
(Fig. 1f). Similar behavior was also observed in a number
of polymer electrolyte films [26, 28, 29].

Comparison between these results and previously
reported measures; It is worth mentioning that the maxi-
mum conductivity at ambient temperature obtained in
this study is higher than that obtained by Tang et al. [30]
(4.39 x 1077 S cm™!) for LiBF, complexed PVdF-HFP poly-
mer electrolyte films.

It is interesting to note that the electrical conductiv-
ity increased with increasing temperature and followed
Arrhenius equation in the investigated temperature region.
In solid polymer electrolyte films, the change in electri-
cal conductivity with temperature is highly related to the
segmental chain motion, which results to increase in free

Table 2 Te.m.perature—dependent Samples 6,4, X 107° (S em™!) at different temperatures

dc conductivity (o) for

CH-MC:LiBF, polymer blend 295K 303K 313K 323K 333K 343K 353K 363K 373K

electrolyte
SPBEO  0.053  0.105 0304  0.754 1.931 4.249 9.523 22.383 37.921
SPBE10 0.145  0.334 0.878 2431 6.086 13.476  28.000  54.592 92.485
SPBE20  0.394  0.883 2.520  6.720 15.52 33199  60.198 128.832  219.391
SPBE30 1.154  2.555 6.405 15982  42.174  86.591 152439 300.321 502.794
SPBE40 3.747  7.828  20.388 48.299 113.217 217.477 411.128 768.736  1426.413
SPBES0 1412 2738 8.465 19.035  46.334  79.257 170.613 338.338  604.938
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volume of the host polymer [31, 32]. As the temperature
is increased, the molecular segments gain more vibrational
energy and create a small amount of free volume around
polymer chain causes an increase in mobility of ions and
polymer segments and, hence, the conductivity [33, 34].
Similar behavior was also observed in many other solid
polymer electrolyte films [5, 35, 36]. As per the Arrhenius
equation, temperature-dependence electrical conductivity
has the form:

o =o,exp (—E,/kgT) )
where o, is proportionality constant, E, is activation energy,
kg is Boltzmann constant and T is absolute temperature. The
value of activation energies (E,) were estimated with the
help of the slopes of log (¢) versus 1000/T plots shown in
Fig. 2. The E, value for pure CH-MC polymer blend film
was found to be 0.815 eV, this value was reduced to 0.798,
0.773, 0.749, 0.722 and 0.740 eV for SPBE10, SPBE20,
SPBE30, SPBE40 and SPBES0, respectively. It is clear that
the activation energy of conductivity tends to decrease with
increasing lithium salt concentration up to 40 wt% LiBF,
which have the maximum conductivity at all temperature
(see Table 2). The increase in electrical conductivity and
decrease in activation energy values for the present polymer
electrolyte systems can be explained on the basis that the
addition of lithium salt forms charge-transfer complexes in
host lattice [30]. These charge transfer complexes increase
the electrical conductivity by providing additional mobile
charge carriers in the lattice, which lead to decrease in
the activation energy [37]. Similar observations were also
reported by number of research teams for different polymer
electrolytes. Buraidah and Arof [38] reported that the high-
est conducting sample in the chitosan/PVA blend electrolyte
doped with NH,I system has the lowest activation energy.
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Fig.2 Variation of log (adc) versus 1000/T for CH-MC:LiBF, solid
polymer blend electrolyte films

3.3 Optical Absorption Studies

The study of optical absorption spectra provides useful infor-
mation about the electronic band structure of solids. Electronic
transitions in insulator and semiconductor materials can be
generally classified into two categories; (i) direct and (ii) indi-
rect band gap. In direct band gap transitions, the top of the
valence band and the bottom of conduction band both lie at
the same value of wave vector (zero crystal momentum). If the
top of the valence band and the bottom of conduction band lie
in different wave vector (does not correspond to zero crystal
momentum), it is termed as an indirect band gap transitions
[39, 40].

Optical absorption measurements on CH-MC:LiFB, poly-
mer blend electrolyte films were carried out to determine the
optical properties like; optical band gap, tail of localized state
and complex refractive index. The absorption coefficient was
determined from absorbance (A) spectra using the formula
[41]:

o« = 2.303(%) 3)

where d is thickness of the film.

The UV-Vis absorption coefficient spectra of prepared
CH-MC:LiBF, polymer electrolyte films with different salt
concentration are depicted in Fig. 3. The value of absorption
depends upon radiation energy as well as composition of the
film. The appearance of two broad absorption peaks at 268
and 345 nm for both pure and doped CH-MC blend polymer
electrolyte films are assigned tozx — #*and n — z*electronic
transitions, respectively.

For the direct band gap transitions, the absorption coef-
ficient dependence on the incident photon energy (hv) as fol-
lowing [42, 43]:

1/2

ahyv = ﬂ(hv - Eg) 4

100

—SPBEO

o (cm)

190 390 590 790 990
Wavelength (nm)

Fig.3 Absorbance coefficient spectra for CH-MC:LiBF, solid poly-
mer electrolyte system
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Fig.4 Variation of (arhv)2 versus (hv) for CH-MC:LiBF, solid poly-
mer blend electrolyte films

where E, is optical band gap energy, f is a structure-depend-
ent constant, / is Planck’s constant, and v is frequency of the
incident light.

Figure 4 depicted the variation of (ahv)? versus (hv) for
different components of CH-MC:LiBF, polymer elec-
trolyte films. The allowed direct transition energies were
determined by extrapolating the linear region of each
curve to zero absorption. For pure CH-MC polymer film
the direct band gap found to be 5.10 eV, this value was
slightly reduced to 5.03, 5.02, 4.98, and 4.88 eV for 10, 20,
30 and 40 wt% LiBF, doped CH-MC polymer electrolyte,
respectively. It is interesting to note that the optical band
gap was increased again to 5.04 eV for 50 wt% LiBF, salt
content.

Thus, the direct band gap energy shows a decreasing trend
upon addition of LiBF, salt up to a dopant concentration of
40 wt%. For a further increase in lithium salt concentration,
these values started increasing. The similar behavior was
also observed for electrical activation energies calculated
from temperature-dependent electrical conductivity data
shown in Fig. 2. However, the magnitudes of the calculated
electrical activation energies are smaller in comparison with
the optical band gap energies. This is because of truth that
their nature is different. While optical band gap corresponds
to electron inter-band transitions, the activation energy cor-
responds to the energy required for conduction from one site
to another [44, 45].

The reduction in the optical band gap of the present poly-
mer electrolyte films with increasing LiBF, content, could
be ascribed to the formation of a new energy levels in the
forbidden band gap, due to increase in amorphous fraction of
CH-MC polymer blend, which facilitate the transmission of
electrons from the top of valence band to the bottom of the
conduction band through these new localized states [46, 47],
consequently the band gap decreases with increasing LiBF,
content. In other words, the increase in the amorphous frac-
tion results in a decrease in the optical band gap of the films.

@ Springer

To understand the amorphous feature further, the width of
band tail due to localized state of the present polymer electro-
lyte films were calculated from UV—Vis absorption spectra
according to Urbach rule:

a=a,exp (hv/Ey) 5)

where a,, is a constant and E;; is Urbach energy represent
the width of tail localized states in the forbidden band [48,
49]. Figure 5 depicts the logarithmic variation of absorption
coefficient In (@) versus incident photon energy (hv). The value
of E, were calculated by taking the reciprocals of the slopes
of linear portion of Fig. 5. The calculated values of E; are
1.270, 1.795, 1.798, 1.926, 2.551 and 1.345 eV for samples
SPBEO, SPBE10, SPBE20, SPBE30, SPBE40 and SPBES0,
respectively. Usually the value of E; represents the defects
present within the materials, thus, the maximum E;, value for
SPBEA40 suggests the maximum defect fraction, and hence the
minimum E, [S0]. This result was supported by XRD analysis,
and compatible with the obtained results from Fig. 4.

3.4 Complex Refractive Index

The complex refractive index is an essential parameter in
design and fabrication of advanced optical and optoelectronic
devices. For further understand the interaction of lithium ions
with CH-MC blend polymer matrix, the value of refractive
index was calculated from fundamental optical relationship
by using reflectance (R) and extinction coefficient (k) of films
[51]:

_R+1 ;
R-1 (6)

R
(1-Ry?

where k = Aa/4r, and the reflectance (R) was determined
from absorption (A) and transmittance (7) spectra data by
using the relationship R =1- (A + T), [52].

45
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Fig.5 Variation of In (a) versus (hv) for different component of CH—
MC:LiBF, solid polymer electrolyte films
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Fig.7 Refractive index (n) spectra for CH-MC:LiBF, solid polymer
blend electrolyte films

Figures 6 and 7 show the extinction coefficient (k) and
the refractive index (n) distributions of CH-MC:LiBF, solid
polymer blend electrolyte films. It is obvious from Fig. 6,
that k value of all electrolyte films show an increase with
increasing the wavelength of the incident photons from 300
up to 1100 nm.

It can be discerned from Figs. 6 and 7 that the extinction
coefficient (k) and the refractive index (n) of solid polymer
electrolyte films is higher than that of pure polymer blend
and it increases with increasing lithium salt concentration,
and shows a maximum values at 40 wt% salt content. The
physical properties of materials are considerably reliant on
the internal structure of the substances, such as packing
density and molecular-weight distributions. The addition
of LiBF, salt to CH-MC polymer blend system, cause an
increase in the degree of disorder which may increase the
mobility of polymer segments as well the free radicals which
are chemically active and cause the formation of localized
electronic state. As a result, an increase in the refractive
index is obtained [53, 54]. The high refractive index of pre-
sent solid polymer electrolyte films (2.44-2.63) at visible

wavelengths indicated that these films could be used in opto-
electronic devices [55, 56].

4 Conclusions

These studies indicate that CH-MC blend polymer can be
effectively doped with LiBF, to enhance its electrical and
optical behaviors. Maximum room temperature conductivity
has been obtained for a sample containing 40 wt% LiBF,.
This enhancement has been explained on the basis of charge
transfer complex formation, as well as the improvement in
the amorphous fraction of polymer electrolyte samples.
The increase in salt concentration beyond 40 wt% resulted
in a decrease in conductivity owing to recombination of
ions at higher salt concentrations. Optical absorption stud-
ies showed a decreasing trend of the optical band gap with
increased salt concentration up to 40 wt%. For a further
increase in salt concentration, these values started increasing
again due to recombination of the ions and recrystallization
of the salt out of the film surface. These results point to the
fact that 40 wt% of LiBF, content is the critical concentra-
tion that gives optimum values for the electrical and optical
properties.
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