
1. Introduction
Lithium–ion batteries have become a key source of
choice not only in the application of portable elec-
tronic devices (mobile phones, power banks, and
laptops) but also in hybrid electric vehicle applica-
tions. In the earlier days, liquid electrolytes were ex-
tensively used for battery applications, but these
electrolytes are associated with some disadvantages
or concerns like leakage and flammability leading to
safety hazards. However, this obstacle can be evaded
by replacing liquid electrolytes with solid polymer
electrolytes (SPEs).
In addition, these SPE materials also provide bene-
ficial properties such as high energy density, flexi-
bility and tunability of the properties of the host as
well as improved safety characteristics. Here it is ob-
served that desired chemical and physical properties

of these SPEs can be obtained by doping/blending a
polymer with a suitable dopant/polymer. It is known
that the change in the property of a polymer com-
posite for SPE depends on the chemical nature of the
dopant/blend polymer, the type of polymer and the
way in which the dopant interacts with the host poly-
mer. As a result of these tunable properties, the poly-
mer and its composite–based solid polymer elec-
trolytes have become the most efficient and suitable
materials for the fabrication of solid–state batteries.
Owing to this, many researchers are focusing on poly-
meric blends and their composites for the fabrication
of batteries due to their ease of fabrication and high
performance, even at ambient temperatures. In par-
ticular, the polymers which are naturally occurring,
biocompatible and possessing optimal properties,
viz., mechanical, thermal, and high ionic conductivity
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properties (such as chitosan (CS) and methylcellu-
lose, etc.) are considered to be interesting materials
for blending [1, 2] and organic/inorganic fillers, plas-
ticization, copolymerization are enforced to modu-
late the ionic conductivity in these polymers. The re-
searchers also noticed that the polymer blending and
its composites–based solid polymer blend electrolyte
(SPBE) system possess great optical, mechanical,
thermal, and high ionic conductivity properties com-
pared to single polymer–based SPE system. To reach
this objective, many researchers proposed various
synthetic polymeric matrices, such as poly(acrylates),
polyvinyl alcohol, elastomers, polythiophenes, and
epoxy polymers, etc., as host materials and naturally
occurring polymers like chitosan, cellulose, and
starch, etc. are suggested polymers for the preparing
of solid polymer blend electrolyte films (SPBE) [3].
Among all the polymers, polyvinyl alcohol (PVA)
and chitosan (CS) based polymer blends and their
composites are proposed as the appreciable compos-
ite material for the preparation of blend electrolyte
systems [4]. The polymer blends and their compos-
ites exhibit higher charge storage capacity and pos-
sess dopant dependant structural, thermal, and elec-
trical properties. In general, the ionic conductivity
within a polymer electrolyte system is strongly in-
fluenced by the dopant (LiCl, LiClO4, and Li2CO3,
etc.) concentration and preparation methods. For ex-
ample, Salman et al. [2] reported the highest electri-
cal conductivity of 3.74·10–6 S·cm–1 in 40 wt%
LiBF4 doped chitosan–methylcellulose blend
biopolymer electrolyte and Shukur et al. [3] ob-
served the highest electrical conductivity of
2.06±0.39·10–3 S·cm–1 at room temperature for
11 wt% chitosan + 7 wt% PEO + 12 wt% NH4NO3
sample with 70% ethylene carbonate (EC). Hence,
the understanding effect of doping on polymer blend
microstructure and modified physic–chemical
changes is the topic of current research.
It is also known that the ionic conductivity in poly-
mer/blend composites mainly depends on the pres-
ence of charge transfer (CT) complexes occurred due
to inter/intra–molecular interaction between the dopant
and the polymer. These charge complexes bridge the
gap between the neighbouring sites for efficient
charge transfer through the polymer backbone. Hence,
the ionic conductivity in polymers depends on the
chemical nature of the repeating units in the polymer
chain, the electronic structure, and the segmental
motion of the polymer backbone. Here the dopant

makes the polymer backbone more flexible, which
helps to transfer mobile charge carriers from one
conducting site to another. In other words, the dopant
starts bridging between two localized sites of the
polymer in the form of a CT complex, which leads
to lowering the potential barrier between the two
sites and facilitates more and more mobile charge
carriers to transfer within the electrolyte systems. A
polymer blend is a homogeneous mixture of two or
more polymers, which can modulate the microstruc-
ture of the host material. The change in microstruc-
tural properties of polymer blends is depending on
the characteristic features of each polymer and the
blending concentrations. The main aim of polymer
blending is to prepare the blend materials which con-
quer unique structural, good thermal and high elec-
trical properties. When two or more suitable poly-
mers are mixed with a suitable volume of solvent,
inter/intramolecular interaction will take place, and
these chemical interactions will affect the physical
properties of the host or guest polymer. As a result,
one can expect the enhancement of other properties
in addition to electrical conductivity in the prepared
polymer blend and its composites [4–6].
Polyvinyl alcohol (PVA) is a vinyl polymer possess-
ing semicrystalline nature and also high Tg due to the
existence of a solid pyrrolidone group which is fa-
miliar with forming distinctive complexes with vari-
ous polymers and dopants. It has an excellent capac-
ity of charge storage, and it exhibits dopant–depen-
dent structural and electrical properties. The conduc-
tivity of PVA enhances due to the high rate of phys-
ical and chemical interactions through inter/ intra–
molecular interaction between functional groups of
PVA and the dopant. These interactions form charge
complexes and facilitate more and more ions transfer
from one conductive site to another; hence conduc-
tivity enhances in the polymer composites [7, 8].
Unlike PVA polymer, chitosan is a naturally occur-
ring polymer, and it comprises β–(1→4)–2–amino–
2–deoxy–D–glucosamine, which is a derivative of
chitin with a high degree of N–acetylation. Especial-
ly it is a copolymer of D–glucosamine and N–acetyl–
D–glucosamine, and it is a naturally occurring mu-
copolysaccharide. Chitosan polymer exhibits a few
eco–friendly properties such as nontoxicity, bio -
degradability, and excellent biocompatibility, and it
also has adhesiveness properties, etc. which came
from alkaline deacetylation of chitin [9–11]. Chi-
tosan is a semicrystalline polymer, and its degree of
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crystallinity is the function of the degree of deacety-
lation, and it can be degraded through enzymatic
hydrolysis. Since chitosan is a biodegradable poly-
mer, it drives it into technological applications such
as tissue engineering, drug delivery, electrochromic
devices, and membrane systems as a biomaterial,
and its antigenicity behaviour avail it as a biomater-
ial in biomedical applications [10, 12–14]. Khair et
al. [11] achieved the highest ionic conductivity of
about 8.91·10–7 S·cm–1 was achieved in 50 wt%
ammonium triflate (NH4CF3SO3) doped with chi-
tosan–based polymer electrolyte system at room
temperature. Hence PVA and chitosan are considered
congenial polymers for the blending process. Since
both the polymers are miscible to each other, the
ionic complexation takes place between chitosan and
PVA polymers through the hydroxyl groups of PVA
and amine groups of chitosan polymer [4–6]. In this
context, many researchers have paid great attention
to chitosan polymer/polymer blend composite as a
biological and technological active source [11, 15].
Hence in the present work, PVA and chitosan poly-
mer blend are used as a host, and Li2CO3 as a dopant
for the preparation of blend composite and the mod-
ified optical, structural, morphological, thermal,
electrical, and transport properties of solid polymer
blend electrolyte (SPBE) system was intensively
studied using various techniques.

2. Experimental methods
2.1. Materials
The polymers polyvinyl alcohol (PVA), chitosan (CS)
and the dopant lithium carbonate (Li2CO3) salt used
in the present work are procured from M/s Sigma
Aldrich, Bangalore, India. Pure PVA–CS polymer
blend and Li2CO3doped blend polymer composite
films are prepared using a standard solution casting
method. Here 0.8 gm of chitosan was gently added
to 40 ml of double distilled water containing 1% of
acetic acid under stirring (16 hours) to make 2%
(w/v) chitosan solution. 2 mg of PVA was dissolved
separately in 40 ml of double distilled water and
stirred for 1 hr at 40°C, after getting homogeneous
solution the temperature is turned off again stirred
for 16 hours to make 5% (w/v) PVA solution.
The prepared 5% PVA solution and 2% chitosan so-
lution were mixed with a 50/50 ratio and again
stirred for 12 hours to get a homogeneous solution.
This homogeneous solution was poured into pure

Petri plates and left to dry at room temperature to get
PVA–CS polymer blend film. Similarly, Li2CO3 salt–
doped PVA–CS polymer blend electrolyte films are
prepared by dissolving different concentrations of
Li2CO3 (5, 10, and 15 wt%) separately in 10 ml dou-
ble distilled water and stirred for 30 min. Finally, dif-
ferent concentration of the salt–dissolved solution is
added to the 50/50 ratio of PVA–CS solution in sep-
arate beakers. The solution was again stirred for 6 h
and gently poured into a dry petri dish. The samples
are dried in a hot air oven for 24 h to get the free–
standing films.

2.2. Characterization techniques
Fourier transform infrared (FTIR) spectra were
recorded using an IR–Prestige 21FTIR spectropho-
tometer (Shimadzu, Kyoto, Japan) to identify the pos-
sible chemical modifications within the polymer
composite in the range 400–4000 cm–1 with a reso-
lution of 4 cm–1 to analyze for pure and Li-salt doped
polymer composites (six samples). The optical ab-
sorption spectra of PVA-CS and Li-salt doped PVA-
CS polymer composites were obtained using an Ul-
traviolet (UV)–visible 1800 spectrophotometer
(Shimadzu, Kyoto, Japan) in the wavelength range
190–900 nm. X–ray diffraction (XRD) spectra were
performed by using the Rigaku Miniflex–600 (Tokyo,
Japan) benchtop X–ray diffractometer, where Cu–Kα
generates the X–rays with λ = 1.5406 Å with the
glancing angle 2θ range from 5–70° with the step size
of 0.02° and scanning rate 1o per min. The surface
morphology of prepared electrolyte films is observed
by Carl Zeiss scanning electron microscope (SEM)
(Carl Zeiss AG, Jena, Germany). Thermal properties
of the polymer blend electrolyte films are studied
using a universal TA–SDT Q600 instrument (Banga-
lore, India) in the temperature range of 25–600 °C
with a scanning speed rate of 10°C/min. The electri-
cal properties of the samples are measured using an
Agilent 4294A precision impedance analyzer (Santa
Clara, California) with a frequency range of 40 Hz–
5 MHz using the two-probe method. Here the pre-
pared electrolyte films were sandwiched between two
silver (Ag) blocking electrodes (2.5 mm diameter)
with constant pressure to maintain better interfacial
contact between the electrode and electrolyte, and the
conductivity of pure and Li–salt doped polymer blend
electrolyte films were carried out at an ambient tem-
perature. Also, the temperature-dependent conductivity
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of the high-conducting solid polymer blend elec-
trolyte film is studied for different temperatures
using an Agilent 4294A precision impedance analyz-
er (Santa Clara, California).

3. Results and discussions
3.1. FTIR
FTIR study is a powerful tool used to inspect the
chemical complexation between polymers and the
dopant. FTIR spectra of pure and salt–doped poly-
mer blends are shown in Figure 1, and the correspon-
ding band assignment is presented in Table 1. Pure
PVA–CS polymer blend exhibiting a broad band at
3290 cm–1 is assigned to (–OH) stretching vibrations
related to PVA polymer. Another absorption band is
observed at 2923 cm–1 which is concerned with 
–CH2 asymmetric stretching of PVA polymer. Peak
observed at 1647 cm–1 related to amide I and III
groups of C=O stretching vibrations of chitosan. The
peak corresponding to the N–H (deformation) bend-
ing of the –NH2 group is located at 1557 cm–1. Nev-
ertheless, two more peaks are observed at 1417 and
1357 cm–1, which is assigned to the existence of

carboxylic acid and CH2 wagging. The peak located
at 1254 cm–1 is related to C–H vibrations within the
polymer blend, and a weak absorption band is ob-
served at 1022 cm–1, which is attributed to the (C–N)
stretching peak of the PVA–CS polymer blend.
In a salt–doped polymer blend composite, the band
corresponding to a hydroxyl group (–OH) located at
3290 cm–1 is shifted to a lower wave number and be-
comes shallow upon doping. The second peak ob-
served at 2923 cm–1 is shifted to 2928 cm–1 as well
a decrease in its intensity with an increase in salt con-
centration. In blend composite films, the peaks ob-
served at 1557, 1417, 1254, and 1022 cm–1 exhibit
the change in their intensities upon doping. The mod-
ification in the observed band is mainly due to inter/
intra–molecular interaction between the dopant and
the functional groups of the polymer blend [2]. The
peak observed at 1375 cm–1 for the pure polymer
blend is shifted to 1338 cm–1 in the composite. The
changes in peak position and peak intensities in salt–
doped blend composites are mainly due to the com-
plexation of Li+ ions and the oxygen or nitrogen
atoms of the hydroxyl or amine group of the polymer
blend. Here, the chemical interaction takes place be-
tween the hydroxyl group of PVA polymer with Li+
ion of Li2CO3 salt and also between amine groups
of chitosan with CO3– of Li2CO3 salt [15, 16].

3.2. UV–visible studies
The UV–visible absorption spectrum is one of the
simple and effective methods used to study the band
structure and optical energy band gap (Eg) in solid
materials. The UV–visible absorption spectra of pure
and Li–salt doped polymer blend electrolyte films
are displayed in Figure 2. In the above plot, the pure
polymer blend exhibits two absorption bands at 206
and 303 nm. The first peak observed at 206 nm is as-
signed to the n→π* transition formed due to the
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Figure 1. FTIR spectra of pure and Li2CO3 (5, 10, and
15 wt%) doped PVA–CS polymer blend elec-
trolyte films.

Table 1. Peak positions and peak assignments of pure and Li–salt doped polymer blend composites.
Wavenumbers

[cm–1] Peak assignments
PVA–CS Li2CO3 (15 wt%)

3290 3262 O–H stretching vibration
2923 2928 –CH2 asymmetric stretching vibration
1647 – Amide I and III groups of C=O stretching vibrations
1557 Increase in intensity N–H bending of –NH2 group
1417 Increase in intensity Carboxylic group
1375 1338 Wagging of CH2 vibration
1254 Decrease in intensity C–H vibrations
1022 Decrease in intensity C–N stretching peak



unsaturated molecules within the polymer blend ma-
trix. The second peak observed at 303 nm is assigned
to π→π* transitions [5].
In blend composite films, the absorption bands and the
band edges are shifted towards higher wavelengths
with variant absorption intensities. Here the absorp-
tion band of the pure polymer blend observed at
206 nm suffered a slight shift towards a higher wave-
length (red shift) that provides delocalization of
charge carriers through polymer blend composite
chains. The absorption band observed at 303 nm dis-
appeared in the salt-doped blend composites. The
shift and disappearance of the absorption band and
enhancement in their intensities are attributed to the
formation of localized occupied states in the band
gap. These changes in peak position and intensities
are due to inter/intra–molecular hydrogen bonding
interactions between the functional groups of Li–salt
and PVA–CS polymer blend and suggest the forma-
tion of charge transfer complexes (FTIR results).
The observed modification in the absorption band
and band edge also reflects the absorption of radia-
tion is directly related to the number of absorbing
molecules within the samples [17, 18]. These
changes also affect the crystal structure of the blend,
which will ultimately affect the band structure and
optical energy band gap (Eg).
The absorption of light by the optical medium is de-
termined by its absorption coefficient (α), and is cal-
culated using Equation (1):

(1)

where A is the absorbance and d is the thickness of
pure and blend composite samples. It is well known

that the classical Tauc’s assertion, which relates the
absorption coefficient (α) and optical energy band
gap (Eg). Accordingly, the optical energy band gap
(Eg) is determined by converting the obtained UV–
visible absorbance spectra into Tauc’s plot by using
a frequency–dependent absorption coefficient as rep-
resented by Mott and Devis equation [12] (Equa-
tion (2)):

(2)

where β is a constant (band tail parameter) and ex-
ponent r is an empirical index that is equal to 2 for
indirectly allowed transitions, and in a quantum me-
chanical sense, this is responsible for the optical ab-
sorption. Linear behaviour of the plotted graph of
(αhν)1/2 versus the photon energy (hν) at room tem-
perature signifies the indirectly allowed transitions.
Further extrapolating the linear portion of the curve
on photon energy (hν) gives the optical energy band
gap (Eg) values (Figure 3a). Using this method Eg
values for pure and doped blend composites are es-
timated, and the variation of Eg with dopant concen-
tration is given in Figure 3b.
From the Figure 3b, it is observed that in blend com-
posites, as the doping level increases, the Eg value de-
creases (i.e. from 4.82 to 2.85 eV). This decrease in
Eg values is mainly due to the presence of complexes
within the composite films, which arises due to the
interaction of dopant with polymer and also due to
the salt dissociation within the polymer blend.
Since the number of complexes within the blend com-
posite increases with dopant concentration, it leads to
a change in the microstructure of the PVA–CS poly-
mer blend; as a result, a decrease in optical energy
band gap (Eg) is expected in blend composites. To un-
derstand the structural nature further, the optical acti-
vation energy of polymer blend composites is deter-
mined by using Urbach’s energy (Eu) Equation (3):

(3)

where α0 is a constant and Ea is the activation energy
(energy that causes a conduction mechanism within
the system). The Urbach’s rule conveys the expo-
nential dependency of α(ν) on photon energy (hν),
also the Urbach’s energy illustrates the disorder that
occurred within the electrolyte system and is gener-
ally understood by the width of band tail of localized
states in the forbidden gaps [18].
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Figure 2. UV–Visible absorption spectra of pure and Li–salt
doped blend composites.



The Urbach’s energy for pure blend composite is ob-
tained by plotting the graph of the exponential of

α(ν) versus photon energy (Figure 4a) and by a fitted
curve of the linear region (Figure 4b). The estimated
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Figure 3. a) Variation of (αhν)1/2 with hν (photon energy) for pure and doped PVA–CS blend composite films, b) optical en-
ergy band gap (Eg) vs. Li2CO3 doping concentrations.

Figure 4. a) Variation of lnα with hν (photon energy), b) linear portion of lnα vs. hν, and c) activation energy (Ea) vs. Li2CO3
doping concentrations.



Ea values for different dopant levels and their varia-
tions with salt concentrations are shown in Figure 4c
and the same is tabulated in Table 2. From Figure 4c,
it is observed that the Ea values increased with Li–salt
doping concentration. Here, the ion mobility percep-
tion is responsible for the variation of Urbach’s en-
ergy values in the case of doped polymer blend com-
posites. This dopant provides additional defect states
and forms complexes within the polymer blend ma-
trix; by increasing doping concentration increases
the density of localized states, which creates more
and more additional defects and extends the mobility
gap. Hence, the increased defects and complex for-
mation enhance the Urbach’s energy with an increase
in salt concentration in the polymer matrix.

3.3. X–ray diffractometer studies (XRD)
The XRD instrument is a known tool to examine the
crystal structure and yields appropriate information
on the degree of crystallinity of the samples. The ob-
served XRD pattern of pure and the salt-doped poly-
mer blend composite are given in Figure 5, and the
corresponding variations with salt concentration are
in Table 3. From Figure 5, it is observed that, in the
XRD pattern of pure PVA–CS polymer blend, a small

peak is observed at 11.52° along with a broad peak
spotted at 19.62°. Here the first peak centered at
11.52° is the corresponding characteristic peak of chi-
tosan polymer, and another broad (highly intense)
peak observed at 19.62° represents the semicrystalline
nature of both PVA and chitosan polymers by com-
paring the diffraction peaks of pure and polymer
blend composites in Figure 5. Figure 5 shows a mod-
ification and shifts in the characteristic peaks. For
the Li–salt doped blend composites, it is observed
that the intensity of the diffraction peak (2θ =
11.52°) increases with salt concentration.
Besides this, the intensity of the peak observed at
19.62° for pure polymer blend increases with salt con-
centration along with a slight shift towards the lower
2θ value. This modification in peak position and a
slight shift in its position suggests that salt dissocia-
tion in the polymer matrix, as well as structural mod-
ification, takes place in the blend composites. These
structural modifications that take place within the
doped blend composite mainly arise due to the hy-
drogen bonding interaction between PVA–CS and
Li–salt (FTIR studies). These interactions lead to the
complex formation within the blend matrix whose
number increases with doping concentration, which
leads to the change of microstructural (crystalline/
amorphous) nature in blend composites [14, 19]. To
understand these structural modifications in the
blend composites with doping level further, the de-
gree of crystallinity (Xc) has been estimated for pure
and doped blend composites using Hermans’ and
Weidinger formula (Equation (4)), [7, 8]:

[%] (4)

where Ac represents areas of sharp crystalline peaks,
Aa is the area of amorphous halos. The observed
variations with doping concentrations are given in
Table 3. From the table, it is observed that the crys-
tallinity increases with an increase in Li2CO3 con-
centration in PVA–CS blend films; this is due to the
formation of hydrogen bonding between Li2CO3 and
polymer blend. The increased crystalline phase in
composites clearly shows the interaction between the
dopant and the polymer blend; these results are con-
sistent with FTIR results.
The average crystallite size of PVA–CS and PVA–
CS–Li2CO3 composites is calculated using Scherer’s
Equation (5):

X A A

A
100c

c a

c $= +
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Table 2. UV–visible absorbance, optical energy band gap,
and optical activation energy values of pure and
salt–doped polymer blend composites.

Doping level, M
[wt%]

λmax1
[nm]

λmax2
[nm]

λedge1
[nm]

λedge2
[nm]

Eg
[eV]

Ea
[eV]

0 206 303 248 354 4.69 0.21
5 242 – 472 – 2.99 0.70

10 247 – 528 – 2.91 0.75
15 251 – 540 – 2.85 0.81

Figure 5. X–ray diffraction pattern of pure and Li–salt (5,
10, and 15 wt%) doped polymer blend composite.



(5)

where K = 0.9 is a constant, and it is related to the
crystallite shape and miller indices of the reflecting
crystallographic planes, λ – wavelength, β – FWHM
(full width at half maximum) intensity of reflection
in radians and θ – Bragg’s angle [20, 21].
The average inter–crystallite separation for pure and
Li–salt doped polymer blend composites is calculated
using equations in references [22–24], Equation (6):

(6)

The estimated crystallite size and inter–crystallite
separation are tabulated in Table 3; the calculated
crystallite size values show that it is increased with
salt concentration. The table shows that the average
crystallite separation in composites increases with
salt concentration. Hence from the XRD pattern, it
is clear that the microstructure of the pure polymer
blend is modified due to the addition of Li2CO3.

3.4. Scanning electron microscopy (SEM)
Scanning electron microscopy (SEM) is employed
to determine the nature of dopant dispersion in the
polymer matrix. The observed SEM images of the
pure polymer blend and different Li2CO3 concen-
trations (10 and 15 wt%) are presented in Figure 6.
Figure 6a shows the smooth and homogenous sur-
face attributed to the amorphous phase of the pure
polymer blend, where the surface is clear, and there
is no sign of any clusters on the surface of the poly-
mer matrix. Figure 6b and Figure 6c shows the SEM
images of Li–salt (10 and 15 wt%) doped polymer
blend composites, here cluster formation on the

surface of the polymer matrix can be observed, and
it increases with salt concentration which will be
seen in Figure 6c [26].
This result indicates that the surface morphology of
pure polymer blend is affected by the Li–salt doping
and increases the surface roughness in doped polymer
blend composites; this indicates the structural mod-
ification occurred due to salt doping (XRD results)
[2, 22]. The increase in surface roughness with salt
concentration is due to complexes formed through
inter/intra–molecular interaction between functional
groups of the polymer host and the dopant.

3.5. Thermogravimetric analysis (TGA)
The thermal property of pure and doped polymer
composite films is studied using thermogravimetric
analysis (TGA), where the mass loss percentage,
phase transition, and decomposition temperature of
pure and composite films are studied. Observed TGA
graph of pure PVA–CS polymer blend and PVA–
CS– Li2CO3 (5, 10, and 15 wt%) composite films are
shown in Figure 7, and the mass loss values for pure
and salt–doped polymer blend composite for differ-
ent temperatures are tabulated in Table 4. The TGA
curves (Figure 7) of pure and Li–salt doped polymer
blend composites exhibit three stages of weight loss
from 60–500°C. The first stage of small weight loss
for PVA–CS polymer blend is in the range of 60 to
140°C (mass loss percentage ≈15%) and is assigned
to the elimination of moisture within the film. Here
the water molecules are bonded mainly to the amine
or hydroxyl groups present in the polymer blend,
which will easily be detached in this temperature
range.
The second stage of mass loss (rapid decrease in
mass loss ≈ of 45%) is the degradation stage, which

sin
R

8
5

s i
m=

cosP
K
b
m i=
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Table 3. X–ray diffraction results of PVA–CS blend and PVA–CS–Li2CO3 electrolytes.
Sample

PVA–CS + Li2CO3
[wt%]

2θ
[°]

d–spacing
[Å]

P
[nm]

Rs
[Å]

Crystallinity, Xc
[%]

0
11.52
19.62
40.45

8.929
6.278
5.151

0.589
0.591
0.593

9.920
7.847
6.439

48

5
11.56
19.60
40.50

10.59
6.742
4.077

0.973
0.918
1.234

7.385
4.984
3.941

56

10
11.56
19.57
40.50

3.235
4.453
3.117

0.842
0.689
0.661

5.709
4.837
3.896

58

15
11.57
19.50
40.56

3.869
3.955
2.140

0.865
0.647
0.654

5.482
4.944
3.918

61



begins at 220°C and ends at 350°C, where the struc-
tural modification takes place due to the decomposi-
tion of the polymer backbone chain. These structural
modifications affect the crystalline phase of the pure
polymer blend (XRD results), and the final degrada-
tion stage is between 360–480 °C (mass loss ≈35%)

and is related to the decomposition of residues left
within the pure blend [22, 23]. In blend composites,
the first stage of mass loss (≈12%) is observed be-
tween 70–150°C, which is due to the evaporation of
moisture present in the composite films. The second
stage (degradation) occurs between 260–390 °C
(mass ≈25% for 15 wt%, Li2CO3), which is due to
the chain scission of the polymer backbone and split-
ting of bonds between dopant and polymer backbone,
and the final degradation stage occurs between 400–
500°C (mass loss ≈20%). Also, from the table, it is
observed that the mass loss values of composite films
decrease compared with the pure polymer blend film.
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Figure 6. SEM images of a) PVA–CS polymer blend, b) PVA–CS–Li2CO3 (10 wt%), and c) PVA–CS– Li2CO3 (15 wt%).

Figure 7. Thermogravimetric analysis of pure PVA–CS and
PVA–CS–Li2CO3 (5, 10 and 15 wt%) blend com-
posites.

Table 4. The weight loss percentage in pure and Li–salt doped
polymer blend composites.

Li2CO3
[wt%]

Weight loss
[%] T0

[°C]
100°C 200°C 300°C 400°C 500°C

0 10.55 15.89 34.12 71.56 93.35 124
5 14.88 23.05 45.34 64.04 78.20 145

10 22.07 34.47 51.98 63.93 77.09 162
15 22.09 34.27 52.30 62.47 77.02 170



That is compared to the mass loss of pure blend, and
in Li–salt (15 wt%) doped polymer blend composite,
first stage mass loss decreases from 15 to 12%, for the
second stage of mass loss varies from 40 to 25% and
the final degradation stage decreased from 35% to
20%. These results show that the thermal stability of
the polymer blend films increases with doping. This
indicates the increase of thermal stability of the doped
blend composite films due to the chemical degrada-
tion process via chain scission in the polymer back-
bone. Hence from the TGA graph, it is observed that
the thermal stability of the PVA–CS polymer blend
is increased after adding Li2CO3 salt [24].

3.6. Impedance analysis studies
The impedance analysis is one of the familiar tech-
niques used to study the charging and transport phe-
nomenon in conducting and conjugated polymer
composites. Figure 8a shows the observed Cole–Cole
plot of the PVA–CS polymer blend and Li2CO3
doped polymer blend electrolytes. The Cole–Cole plot
of pure polymer blend and doped samples comprises
a broad semi-circle or oblique region at the high-fre-
quency window and a tail (linear region) at the low–
frequency region. Here, the semi-circle corresponds
to the bulk conductivity of the polymer electrolytes,
and the linear region attributes to double–layer ca-
pacitance at the electrode/electrolyte interface.
The semi-circle arises due to the parallel combina-
tion of bulk capacitance and bulk resistance of the
electrolyte films [25, 26]. From the plot, it is ob-
served that the semi-circle decreases with an increase
in Li–salt concentration and the low-frequency linear
region appeared as a spike which inclined at an angle
less than 90° along the real axis. The variation in the
plot indicates the decrease of resistance for charge

carriers in the electrolyte films, which is due to the
ion migration through the free volume of the poly-
mer electrolytes.
To understand the ionic conduction in the polymer
electrolytes, the relaxation time (τ) of polymer blend
electrolyte films is calculated using the relation (Equa-
tion (7)):

(7)

where ω = 2πfmax, here fmax is relaxation frequency
(maximum frequency of the imaginary part of imped-
ance peak) displayed in Figure 8b. Here, no relaxation
peaks are observed for the pure polymer blend. This
is because the experiment was conducted in the fre-
quency range 40 Hz–5 MHz, and the relaxation peaks
of these samples lay below 40 Hz, which is due to the
hindrance in mobile charge carriers within the matrix.
For salt–doped polymer blend electrolytes, the relax-
ation peaks appear and shift towards a higher frequen-
cy region with an increase of dopant concentration up
to 15 wt%. From Figure 9, one can clearly observe

1x ~=
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Figure 8. a) Cole–Cole plot, and b) imaginary part of impedance vs. log f, of pure and Li–salt doped blend polymer electrolyte
system.

Figure 9. Variation of relaxation time of Li–salt doped
PVA–CS polymer blend electrolyte.



that the τ value is decreased upon doping; as a result,
surging of mobile charge carriers takes place within
the electrolyte films. Hence such mobile charge car-
riers are responsible for the conduction mechanism
within the doped polymer blend electrolytes [27].
Figure 10 shows the Cole–Cole plot of experimental
data and equivalent circuit-fitted data using electro-
chemical impedance spectroscopy (EIS spectrum an-
alyzer) for pure PVA–CS, and different concentra-
tions of Li–salt (5, 10, and 15 wt%) doped polymer
blend electrolytes. From Figure 10 it is observed that

the fitted impedance data is in good agreement with
the experimental impedance data.
The Cole–Cole plot for a high–conducting polymer
blend electrolyte (Li2CO3, 15 wt%) is studied for dif-
ferent temperatures (Figure 11a). From Figure 11 it
is observed that there is a significant decrease in the
size of the semi–circle with an increase in tempera-
ture. This shows the decrease in the resistive nature
of the polymer blend electrolyte system. At higher
temperatures, the semi-circle relatively disappeared;
as a result, the ionic resistance of the polymer blend
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Figure 10. Fitted graph of a) PVA–CS, b) Li2CO3 (5 wt%), c) Li2CO3 (10 wt%), and d) Li2CO3 (15 wt%).

Figure 11. a) Cole–Cole plot, and b) imaginary part of impedance (Z″) versus log f, of Li–salt (15 wt%) doped PVA–CS
blend electrolyte for different temperatures.



electrolyte system falls to a very small value at high
temperatures. The decrease in resistance at high tem-
peratures is related to the concept that, as temperature
increases, the polymer backbone chain becomes more
flexible, which promotes the segmental motion of
polymer chain segments within the blend electrolyte
system and increases the disassociation of salt within
the polymer matrix [27, 28]. So that the ionic mobility
increases with temperature, hence the enhancement
of ionic conductivity in doped polymer blends.

The logical reason for the increase of conductivity
in doped polymer blend electrolytes compared to a
single polymer–based SPBE system is that the poly-
mer blend electrolytes have more capacity for salt
disassociation within the blend matrix. Since more
disassociation of salt within the polymer blend ma-
trix facilitates maximum ionic movement, hence
conductivity enhances [22]. Figure 11b shows the re-
laxation peak of mobile charge carriers for different
temperatures. The relaxation peaks are observed for
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Figure 12. Fitted graph of Li2CO3 (15 wt%) for different temperatures, a) 303 K, b) 313 K, c) 323 K, d) 333 K, e) 343 K,
and f) 353 K.



high–conducting polymer blend electrolytes exhibit-
ing enhancement in conductivity at different temper-
atures. Whereas at low temperatures, the relaxation
peaks are appeared because of immobile charge car-
riers and for high temperatures, the relaxation peaks
are observed due to the formation of defects caused
by the temperature. Figure 12 exhibits the Cole–Cole
plot of experimental and the equivalent circuit-fitted
data using electrochemical impedance spectroscopy
(EIS spectrum analyzer) of the high conducting
(Li2CO3, 15 wt%) polymer blend electrolyte film for
different temperatures. From the Figure 12 it is clear-
ly observed that the fitted impedance data is in good
agreement with the experimental impedance data of
the prepared polymer electrolyte film. Figure 13
shows the variation of the relaxation time of ions with
respect to temperature; here, it is observed that the τ
value decreased with an increase in temperature.

3.7. Electrical properties
The ionic conductivity in SPEs depends on the mo-
bility and concentration of the charge carriers. By
using the measured dielectric parameters, the ac–
conductivity of the polymer blend and Li2CO3 doped
polymer electrolyte films are calculated using the
Equation (8):

(8)

where f is the applied frequency, ε0 the permittivity
in free space, εr the dielectric constant, and tanδ is
the dielectric loss [18]. The frequency–dependent
ionic conductivity of pure and Li2CO3 doped poly-
mer blend electrolytes are depicted in Figure 14.

From Figure 14 it is observed that the conductivity
of pure polymer blend is relatively low, and it en-
hances with an increase of frequency. The increase
of conductivity is attributed to the fact that when an
alternating field is applied across the electrodes, the
flexibility of bonds increases, in turn, makes the poly-
mer chains flexible. As a result, a significant increase
in the mobility of ions within the electrolytes is ex-
pected, which leads to an increase in ionic conduc-
tivity and is apparently observed at higher frequency
regions. From Figure 14 it is observed that two dis-
tinct regions are observed over the measured fre-
quency range. One is the low–frequency plateau re-
gion that tends to approach dc–conductivity at zero
frequency, and the other is the high–frequency dis-
persion region which is attributed to ac–conductivity
[29]. The conductivity is relatively poor at the
plateau region which is due to the electrode polar-
ization; here, the mobility of ions is hindered be-
cause of the accumulation of mobile charge carriers
at the electrode/electrolyte interface. Whereas as the
frequency increases, the bonds present in the poly-
mer blend matrix rotate along with the frequency,
which facilitates the segmental motion of polymer
chains. As a result of this, the ions are adequately en-
ergized to move from one conducting site to another,
which leads to the enhancement of conductivity at
higher frequency regions. The ionic conductivity also
enhances with an increase of dopant concentration
which is attributed to the fact that the interaction be-
tween functional groups of dopant and the polymer
blend creates the void between the nearest localized
states, resulting in the lowering of the potential bar-
rier within them. As a result, more and more ionic
transfer took place between these localized states [30],

tanf2 0ac rv r f f d=
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Figure 13. Variation of relaxation time of Li–salt (15 wt%)
doped PVA–CS polymer blend electrolyte for dif-
ferent temperatures.

Figure 14. Variation of log σac with the frequency of
PVA–CS and Li–salt doped polymer blend.



and hence the enhancement of ionic conductivity is
observed in polymer blend electrolytes. The maxi-
mum ionic conductivity obtained is 7.70·10–5 S·cm–1

(15 wt%, Li2CO3).
The highest conducting polymer blend electrolyte
is studied with different temperatures as a function
of frequency, which is depicted in Figure 15a. The
variation of ionic conductivity with frequency fol-
lows Jonscher’s universal power law (Equation (9)):

(9)

where σdc is the DC conductivity is obtained by ex-
trapolating the low–frequency region to the y–axis
(logσac), A is the pre–exponential factor, and s the fre-
quency exponent factor ranging from 0 to 1. From
Figure 15 it is observed that the conductivity increas-
es with an increase in temperature as well as frequen-
cy. The increase in ionic conductivity with tempera-
ture is interpreted in terms of the hoping mechanism,
polymer chain segmental motion, and local structural
relaxation [22, 31]. As temperature increases, the
complex sites within the electrolyte system increase,
enabling ions to jump from one conducting site to an-
other. Hence the conductivity increases with temper-
ature, and the highest dc–conductivity is observed at
353 K, i.e. σ = 1.42·10–2 S·cm–1. Figure 15b shows
the Arrhenius plot (dc–conductivity vs. temperature
inverse) of Li2CO3 (15 wt%) doped PVA–CS poly-
mer blend electrolyte system. After 303 K, the ob-
served sudden increase in conductivity is attributed
to the transition of the polymer crystalline/semicrys-
talline phase to the amorphous phase upon doping
[32]. As a result, ionic motion (an interchain hoping
mechanism) takes place in the doped electrolyte

system; thus, the highest dc–conductivity is observed
at 353 K.

3.8. Transport properties
The transference numbers corresponding to the ionic
(tion) and electronic (tele) transport for Li2CO3
(15 wt%) doped polymer blend electrolyte film has
been investigated using Wagner’s polarization tech-
nique. According to the method, the highest conduct-
ing polymer blend electrolyte was sandwiched be-
tween two silver electrodes under the fixed dc–voltage
of 1 V and the corresponding dc polarization current
was measured as a function of time for the 15%
Li2CO3 doped PVA–CS polymer. Figure 16 shows
the observed variation of polarization current with
time. From this figure, it can be seen that the initial
large current Ii is the contribution of both ions as
well as electrons. Then as time proceeds, the current
decreases and reaches a steady state after a few

Aac dc
sv v ~= +
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Figure 15. a) Logσac–conductivity vs. log f, b) logσdc vs. 1000/T of high conducting polymer blend electrolyte film (Li2CO3,
15 wt%) for different temperatures.

Figure 16. Variation of polarization current with time for
Li2CO3 doped PVA–CS polymer blends compos-
ite film.



minutes of polarization, and at the steady state, the
current conduction is due to electrons alone If.
The ion transport number is said to be the ratio of
any particle/ion transference number to total conduc-
tivity, and for electronic transference, the number is
the ratio of electron/hole transference number to
total conductivity. The corresponding ionic (t+) and
electronic (t–) transference numbers are calculated
using Equations (10) and (11):

(10)

(11)

where Ii is the initial current and If is the final cur-
rent. The observed total ion transference number in
Li2CO3 (15 wt%) doped polymer blend composite
film is 0.95, and the ions transfer number is 0.05;
this shows the ions play a major role in the conduc-
tion mechanism within the blend electrolyte, com-
pared to electron’s contribution for conduction.
From the observed results, it is concluded that the
ions are the majority charge carriers in Li2CO3 doped
polymer blend composite. Hence this kind of blend
electrolyte film is suitable for the fabrication of en-
ergy storage device applications [32, 33].

3.9. Diffusion coefficient
To understand the ionic mobility, the total ionic mo-
bility in the SPE system can be divided into cationic
and anionic mobility. It is difficult to determine the
exact mobility of charge carriers in the polymer elec-
trolyte system because most of them are bounded to
ion pairs. These can be estimated by using the fol-
lowing equations, the diffusion coefficient and mo-
bility of ions in polymer electrolyte are calculated
using (Equations (12) and (13)):

(12)

(13)

where k is the Boltzmann constant, T the tempera-
ture, σ the ionic conductivity, n is the number mole-
cules present [cm–3], and e is the charge of an elec-
tron. The diffusion coefficients (D+ and D–), cationic
(μ+), and anionic (μ–) mobility for PVA–CS+Li2CO3
polymer electrolyte system is determined using equa-
tions described in the literature [34] and are listed in
Table 5. From Table 5, it is observed that the cationic
mobility and diffusion coefficients are high com-
pared to that of anions. From these results, it affirms
that the ionic conductivity is strongly influenced by
cationic motion and the diffusion coefficient of
cations within the electrolyte system [32, 35]. Hence
the ionic conduction in Li2CO3 doped polymer blend
electrolyte is mainly due to cations. The increase in
mobile charge carriers within the electrolyte films
causes increases in the ionic conductivity of the elec-
trolyte films.

4. Conclusions
In this study, the pure and Li–salt doped polymer
blend composites are prepared by the solution cast
method. From FTIR studies, the inter/intra–molec-
ular interaction between Li2CO3 and PVA–CS takes
place due to the collegial effect of hydrogen bonds
in polymer blend and Li2CO3, and forms charge
transfer complexes within the electrolyte films. XRD
studies confirm the structural modifications that take
place after doping Li2CO3, and it is clearly shown
that the crystallinity in composites is gradually in-
creased compared to a pristine polymer blend. The
SEM images shows the formation of clusters at high-
er Li2CO3 (10 and 15 wt%) concentrations,, which
increases the surface roughness of the blend. In TGA
studies, the increase in mass loss percentage with
temperature confirms the increased thermal stability
of the PVA–CS polymer blend due to doping. From
the impedance analysis, it is confirmed that the mo-
bility of charge carriers increases, and the relaxation
time of mobile charge carriers decreases with
Li2CO3 concentration. The ac–conductivity study re-
vealed that the conductivity of the blend increases
with the doping level; the highest conductivity is
achieved for 15 wt% of Li2CO3 concentration. The
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Table 5. Transference number, ionic mobility, and diffusion coefficient of 15 wt% Li2CO3 doped PVA–CS polymer elec-
trolyte.

Weight ratio t+ t–
μ+

[cm2·V–1·s–1]
μ–

[cm2·V–1·s–1]
D+

[cm2·s–1]
D–

[cm2·s–1]
Li2CO3 (15 wt%) 0.96 0.04 7.164·10–7 0.253·10–7 1.426·10–9 0.023·10–9



transport properties reveal that the ionic transference
number is more than the electronic transference
number within the blended composite.
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