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Solid and nanocomposite polymer electrolytes based on chitosan have been prepared by solution cast technique. The XRD
results reveal the occurrence of complexation between chitosan (CS) and the LiTf salt. The deconvolution of the diffractogram of
nanocomposite solid polymer electrolytes demonstrates the increase of amorphous domain with increasing alumina content up to
4wt.%. Further incorporation of alumina nanoparticles (6 to 10wt.% Al

2
O
3
) results in crystallinity increase (large crystallite size).

The morphological (SEM and EDX) analysis well supported the XRD results. Similar trends of DC conductivity and dielectric
constant with Al

2
O
3
concentration were explained. The TEM images were used to explain the phenomena of space charge and

blocking effects. The reformulated Arrhenius equation (𝜎
(𝜀
󸀠
,𝑇)

= 𝜎
𝑜
exp(−𝐸𝑎/𝐾𝐵𝜀

󸀠
𝑇)) was proposed from the smooth exponential

behavior of DC conductivity versus dielectric constant at different temperatures. The more linear behavior of DC conductivity
versus 1000/(𝜀󸀠 ×𝑇) reveals the crucial role of dielectric constant in Arrhenius equation.The drawbacks of Arrhenius equation can
be understood from the less linear behavior of DC conductivity versus 1000/𝑇. The relaxation processes have been interpreted in
terms of Argand plots.

1. Introduction

Chitin, poly(𝛽-(1→4)-N-acetyl-D-glucosamine), is a natural
polysaccharide of major importance, first identified in 1884.
This biopolymer is synthesized by an enormous number
of living organisms; and considering the amount of chitin
produced annually in the world, it is the most abundant
polymer after cellulose [1]. On the other hand chitosan is
a cationic polysaccharide, which contains 𝛽-1-4-linked 2-
amino-2 deoxy-D-glucopyranose repeat units and is readily
obtained by alkaline N-acetylation of chitin [2]. Chitosan
has great potential as a biomaterial because of [3] good
biocompatibility, biodegradability, low toxicity, low cost [4],
antimicrobial activity [5], hydrophilicitywhich certainly be of
benefit to the fuel cell operation, and chemical and thermal
stability at higher temperatures [6]. Thus chitosan has
become of great interest not only as an underutilized resource
but also as a new functional biomaterial of high potential
in various fields [7]. The unique properties which separate

chitosan from other biopolymers are the presence of amino
groups [8] as depicted in Scheme 1(b).

Thus, the polycationic nature of chitosan due to the
abundance of free amino (NH

2
) groups (Scheme 1(b)) on

the backbone of chitosan makes it possible to produce ion-
conducting polymer electrolyte [9]. This is related to the
fact that the amine groups in chitosan structure can act as
electron donors and interact with inorganic salts [10], and
therefore chitosanmeets an important requirement for acting
as a polymer host for the solvation of salts [11]. One of the
major reasons for poor ionic conductivity and concentration
polarization has been attributed to the possibility of an ion-
association (ion-pairing) effect. This is due to weak dielectric
permittivity of host polymers [12]. A number of approaches
have been proposed to solve the state-of-the-art problems of
ion-conducting polymers. Nanocomposite formation is the
latest suggestion to overcome the disadvantages and improve
the properties of SPEs; the method applied mostly is to
disperse inorganic inert fillers in the SPE [13]. Electrical
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Scheme 1: Structure of (a) chitin and (b) chitosan [16].

properties such as dielectric permittivity can be suitably
adjusted, simply by controlling the type and the amount of
ceramic inclusions. Ceramic materials are typically brittle,
possess low dielectric strength, and in many cases are dif-
ficult to be processed requiring high temperatures [14]. On
the other hand, polymers possess relatively low dielectric
permittivity; they can withstand high fields and are flexible
and easy to process. By combining the advantages of both,
one can fabricate new hybrid materials with high dielectric
permittivity [15]. When these inorganic fillers are of nanodi-
mensions, the composite polymer electrolyte formed is called
nanocomposite polymer electrolyte (NCPE). But till now
there is no fully satisfactory explanation available regarding
the role played by these nanoparticles on DC conductivity
[13]. Ion transport mechanism is a complicated subject in
solid and nanocomposite polymer electrolytes.Thus themain
objective of the present work is to show experimentally the
crucial role of dielectric constant on cation transport mecha-
nism and the necessary reformulation of Arrhenius equation.

2. Experimental Details

2.1. Raw Materials. Chitosan (CS) from crab shells (≥75%
deacetylated, Sigma Aldrich), lithium triflate (LiCF

3
SO
3
),

and aluminum oxide (Al
2
O
3
, size <50 nm) were supplied by

sigma Aldrich. Acetic acid (1%) was prepared using glacial
acetic acid solution and used as the solvent in casting solid
and nanocomposite polymer electrolytes.

2.2. Preparation of Solid and Nanocomposite Polymer Elec-
trolytes. The SPE films were prepared by the solution cast
technique. For this purpose 1 gm of chitosan (CS) was
dissolved in 100mL of 1% acetic acid solution. The mixture
was stirred continuously with a magnetic stirrer for several
hours at room temperature until the chitosan powder has
completely dissolved in the acetic acid solution. To this solu-
tion 10wt.% lithium triflate (LiTf) was added and themixture
was stirred continuously until homogeneous solution was
obtained. The solution of CS : LiTf (90 : 10) was then cast into

Table 1: Composition of (1−𝑥)(0.9CS : 0.1LiTf)-𝑥Al
2
O
3
(0.02 ≤ 𝑥 ≤

0.1) NCPEs.

Designation CS : LiTf = 90 : 10 (g) Al
2
O
3
(g) Al

2
O
3
(wt.%)

CSNC1 1.1111 0.0227 2.0
CSNC2 1.1111 0.0463 4.0
CSNC3 1.1111 0.0709 6.0
CSNC4 1.1111 0.0966 8.0
CSNC5 1.1111 0.1235 10
CSNC1 to CSNC5 represent the sample code of (1 − 𝑥)(0.9CS : 0.1LiTf)-
𝑥Al2O3 (0.02 ≤ 𝑥 ≤ 0.1) NCPE compositions.

clean and dry Petri dish and allowed to evaporate at room
temperature to obtain a solvent-free film. To prepare NCPEs
initially the chitosan and LiTf (90 : 10) were dissolved in acetic
acid to obtain homogeneous solutions as mentioned above.
Al
2
O
3
were first dispersed in 20mL acetic acid solution

and stirred. The Al
2
O
3
concentrations were varied from

2wt.% to 10wt.%. The Al
2
O
3
dispersoids were mixed with

CS : LiTf (90 : 10) solutions and then continuously stirred.
The solutions were then cast into different clean and dry
Petri dish and allowed to evaporate at room temperature until
solvent-free NCSPE films were obtained. The films were kept
in desiccators with blue silica gel desiccant for further drying.
Table 1 shows the codes and the concentration of the prepared
nanocomposite solid polymer electrolytes (NCPEs).

2.3. XRD Investigation. In the present work, XRD used to
reveal the structure of the prepared films; that is, they
transferred to amorphous or crystalline after doping. XRD
was carried out using a Siemens D5000 X-ray diffractometer
with operating voltage and current of 40 kV and 40mA,
respectively. The wavelength of the monochromatic, X-ray
beam is 1.5406A∘ and the glancing angles were in the range
of 5∘ ≤ 2𝜃 ≤ 80∘ with a step size of 0.1∘.

2.4. Morphology Characterization. The combined usage of
SEM-EDAX is an attempt to understand the structural and
compositional complexity of the samples. A scanning elec-
tron micrograph (SEM) was taken using Leica 440 scanning
electronmicroscope to studymorphological appearance.The
microscope was fitted with energy dispersive analysis of X-
rays (EDX), Oxford Instrument (LINK ISIS), to detect the
overall chemical composition of NCSPE. Before observation,
the NCSPE films were attached to aluminum holder using a
conductive tape and then coated with a thin layer of gold.

2.5. Transmission Electron Microscopy (TEM). Transmission
electronmicroscopy (TEM) images of the polymer electrolyte
containing Al

2
O
3
nanoparticle were recorded using a LEO

LIBRA (accelerating voltage 120 kV) instrument. A drop of
the solution of chitosan-silver triflate electrolyte was placed
on a carbon coated copper grid and dried at room tempera-
ture after removal of excess solution using a filter paper.

2.6. Complex Impedance Spectroscopy Technique. Complex
impedance spectroscopy gives information on electrical
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properties of materials and their interface with electronically
conducting electrodes. The nanocomposite solid polymer
electrolyte (NCSPE) films were cut into small discs (2 cm
diameter) and sandwiched between two stainless steel elec-
trodes under spring pressure.The impedance of the films was
measured in the frequency range from 50Hz to 1000 kHz
using the HIOKI 3531 𝑍 Hi-tester which was interfaced to
a computer. Measurements were also made at temperatures
ranging between 303K and 363K. The software controls the
measurements and calculates the real (𝑍󸀠) and imaginary
(𝑍󸀠󸀠) parts of impedance. 𝑍󸀠 and 𝑍

󸀠󸀠 data were presented as
a Nyquist plot and the bulk resistance was obtained from the
intercept of the plot with the real impedance axis. The con-
ductivity can be calculated from the following equation [17]:

𝜎DC = (

1

𝑅
𝑏

) × (

𝑡

𝐴

) . (1)

In (1), 𝑡 is the film’s thickness and 𝐴 is its area.
The real (𝑍󸀠) and imaginary (𝑍󸀠󸀠) parts of complex

impedance (𝑍∗) were also used for the evaluation of dielectric
constant, the real (𝑀󸀠) part, and imaginary (𝑀󸀠󸀠) part of
complex electricmodulus (𝑀∗) using the following equations
[18, 19]:

𝜀
󸀠
=

𝑍
𝑖

𝜔𝐶
𝑜
(𝑍
2

𝑟
+ 𝑍
2

𝑖
)

,

𝑀
󸀠
= 𝜔𝐶
𝑜
𝑍
𝑖
,

𝑀
󸀠󸀠
= 𝜔𝐶
𝑜
𝑍
𝑟
.

(2)

Here 𝐶
𝑜
is the vacuum capacitance and given by 𝜀

𝑜
𝐴/𝑡,

where 𝜀
𝑜
is a permittivity of free space and is equal to 8.85 ×

10−12 F/m. The angular frequency 𝜔 is equal to 𝜔 = 2𝜋𝑓,
where 𝑓 is the frequency of applied field.

3. Results and Discussion

3.1. XRDAnalysis. In this study, XRDwas performed to show
the complex formation occurrence between LiCF

3
SO
3
and

chitosan. The diffractograms of the pure chitosan film and
chitosan : LiTf (90 : 10) complexes are illustrated in Figure 1. It
can be seen that, with addition of lithium triflate (LiTf) into
chitosanmatrix, intensity of the crystalline peaks of pure chi-
tosan decreased considerably (see Figure 1).This indicates the
reduction in crystalline region of chitosan matrix. In other
words with increasing salt concentration the amorphous
domain of the chitosan electrolyte membrane increases. It is
obvious that the peak of pure chitosan at 15.5∘ shifted to 12.6∘
in CS : LiTf systems.The effect of LiTf salt on crystal structure
of chitosan can be seen elsewhere [20] in detail.

Figure 2 shows several crystalline peaks at around 32∘,
34.4∘, 36∘, 39∘, 41∘, 45.7∘, 61∘, and 67.1∘ for pure Al

2
O
3
. The

X-ray diffraction pattern of the Al
2
O
3
nanoparticles depicted

in Figure 2 is very similar to the Al
2
O
3
pattern reported in

the literature [21]. It is obvious that the Al
2
O
3
nanoparticles

exhibit two sharp crystalline peaks at 45.7∘ and 67.1∘.
X-ray diffraction analysis was performed to observe the

effect of Al
2
O
3
filler on the crystalline structure of CS : LiTf
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Figure 1: X-ray diffractogram of (a) pure chitosan (CS) and (b)
chitosan : LiCF

3
SO
3
(90 : 10) system.
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Figure 2: XRD patterns of pure Al
2
O
3
nanoparticles.
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Figure 3: X-ray diffractogram of (a) CS : LiTf (90 : 10), (b) CSNC1,
(c) CSNC2, (d) CSNC3, (e) CSNC4, and (f) CSNC5.

(90 : 10) system. It is interesting to note that the crystalline
nature of NCPEs (Figure 3) is largely reduced compared to
CS : LiTf (90 : 10) system (Figure 1(b)). In the diffractogram
of Figure 3, the crystallinity for 2 and 4wt.% of Al

2
O
3
is

largely reduced; however from 6 to 10wt.% of Al
2
O
3
the

crystallinity is again increased. The absence of crystalline
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Figure 4: Gaussian fitting of XRD for (a) CSNC2, (b) CSNC3, and (c) CSNC5 samples.

peaks of pure Al
2
O
3
nanoparticles at 2 and 4wt.% indicates

good dispersion and mixing between the polymer electrolyte
and the nano-Al

2
O
3
filler. The crystalline peaks at 45.7∘ and

67.2∘ degree forNCPEs above 4wt.% are due to the crystalline
peaks of Al

2
O
3
nanoparticles.

To further study the crystalline structure of the samples
Origin 8 software has been employed to obtain the full width
at half maximum (FWHM). From the FWHM the crystallite
size of the nanocomposite samples can be estimated by using
the Debye-Scherrer formula [22]:

𝐿 =

0.9𝜆

Δ2𝜃
𝑏
cos 𝜃
𝑏

, (3)

where 𝜆 is X-ray wavelength, Δ2𝜃
𝑏
is full width at half

maximum (FWHM), and 𝜃
𝑏
is the peak location. Figure 4

depicts the Gaussian fitting on CSNC2, CSNC3, and CSNC5
samples. The obtained FWHM from Gaussian fitting and the
calculated crystallite size from the Debye-Scherrer formula
are presented in Table 2. From FWHM, crystallite size (𝐿),
and degree of crystallinity (𝜒) values (Table 2), it can be
understood that CSNC2 is more amorphous. These results
indicate the fact that high incorporation of Al

2
O
3
nanopar-

ticle concentration will increase the crystalline regions as
a result of Al

2
O
3
nanoparticle aggregation. The additional

crystalline peaks at 45.7 and 67.2∘ for CSNC3 and CSNC5

Figure 5: Scanning electron microscopy (SEM) image for CS : LiTf
(90 : 10) sample.

samples can be ascribed to Al
2
O
3
nanoparticle crystalline

peaks. The other peaks (the peaks at 32∘, 34.4∘, 36∘, and 39∘)
of Al
2
O
3
nanoparticles also appeared in CSNC3 and CSNC5

samples but with smaller intensities.

3.2. Morphological Study. Figure 5 shows the surface mor-
phology of CS : LiTf (90 : 10) sample. SEM is able to investi-
gate surface structure and one of the advantages is that the
range of magnification is wide allowing the investigator to
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Table 2: 2𝜃∘, FWHM, crystallite size (𝐿), and degree of crystallinity (𝜒) for CSNC2, CSNC3, and CSNC5 NCPEs.

Sample designation 2𝜃 (∘) FWHM (rad) 𝐿 (A∘) Degree of crystallinity (%)
CSNC2 21 0.143 10 8.4
CSNC3 21.2 0.108 12 9.7
CSNC5 20.9 0.109 13 12.3

easily focus on an area of interest of the sample [23]. Before
observation, the SPE and NCPE films were attached to alu-
minum holder using a conductive tape and then coated with
a thin layer of gold. The SEM characterizations were carried
out in order to understand themorphological changes during
LiTf addition to chitosan. Figure 5 shows a smooth and
almost homogeneous surface for CS : LiTf (90 : 10) sample.

SEM and EDAX are carried out to detect the surfacemor-
phology of nanocomposite polymer electrolytes based on (1−
𝑥)(0.9CS : 0.1LiTf)-𝑥Al

2
O
3
(0.02 ≤ 𝑥 ≤ 0.1). The combined

usage of SEM-EDX is an attempt to understand the structural
and compositional complexity of the samples. Fortunately,
the surface morphology is almost smooth and homogeneous
for 2 and 4wt.% of Al

2
O
3
nanoparticle, as depicted in Figures

6(a) and 6(b), which strongly supports the XRD results. How-
ever, a large number of white clusters appeared on the surface
of NCPEs from 6 to 10wt.% of Al

2
O
3
nanoparticle (Figures

6(c)–6(e)) indicating that Al
2
O
3
nanoparticles at higher

concentrations are not well distributed.Thus themorphology
of NCPEs became rough when the concentration of Al

2
O
3

nanoparticles increased beyond 4wt.% and these results are
in good agreementwith theXRD results.The sharp peak of Al
with a high intensity observed in EDAX results as presented
in Figure 6(f) confirms that thesewhite clusters are aggregates
of Al
2
O
3
nanoparticles. This again supports the XRD results.

3.3. DC Conductivity and Dielectric Constant Analysis. Fig-
ure 7 shows the variation of DC conductivity for CS : LiTf
system with various concentrations of alumina nanoparticle.
It is obvious that at low filler concentrations (2 to 4wt.%) the
DC conductivity increased. The increase of DC conductivity
by four orders can be more understood from the dielectric
constant study. However, at high filler concentrations (6 to
10wt.%) the conductivity decreased. The high value of DC
conductivity for (1 − 𝑥)(0.9CS : 0.1LiTf)-𝑥Al

2
O
3
(0.02 ≤

𝑥 ≤ 0.1) nanocomposites with respect to CS : LiTf (90 : 10)
solid polymer electrolyte again can be attributable to the
effect of alumina nanoparticles. According to Stephan et al.
[24], the Lewis acid groups of the added inorganic filler
may compete with the Lewis acid-lithium cations for the
formation of complexes with the polar groups (NH

2
andOH)

of chitosan chains as well as the anions of the added lithium
salt. The occurrence of reaction between the Lewis acid-base
interaction centers of the added filler and the electrolytic
species results in lowering the ionic coupling and thus pro-
motes the salt dissociation via a sort of “ion-filler complex”
formation.The increase and decrease of DC conductivity can
be interpreted in terms of space charge and blocking effect. It
was reported that the addition of ceramic filler to the polymer
matrix may create a space charge layer at the filler-polymer

interface and thus assists in ion transport [25]. At higher filler
concentrations the blocking effect will occur. Consequently,
the more abundant alumina grains could make the long
polymer chains more “immobilized” leading to a decrease
conductivity [26]. This can be more understood from the
TEM images for 4wt.% and 10wt.% of Al

2
O
3
nanoparticles

as depicted in Figures 8 and 9, respectively. Transmission
electron microscopy (TEM) is considered the best available
imaging technique for analysis of the internal structure and
views of the defect structure through direct visualization
especially for thin films [27]. At lower filler concentration, the
interaction of the filler with the polymer as a result of hydro-
gen bonding would alter inductive interchain interactions
lowering the crystallinity of the macromolecule, enhancing
the chainmovement as a result of creating a space charge layer
at the filler-polymer interface as depicted in Figure 8, and
thus increasing the conductivity of the system [28]. However
at higher concentration the fillers aggregate as shown in
Figure 9, thus leaving the polymer chains to intermolecular
and intramolecular hydrogen bonding, and consequently the
increase in crystalline portion is expected. This explanation
can be more understood from the XRD results. Figure 4(c)
clearly showed that at 10 wt.% of of Al

2
O
3
nanoparticles the

crystalline peaks of chitosan are enhanced as a result of
nanoparticle aggregations.

Figure 10 shows the frequency dependence of dielectric
constant for different alumina concentrations.The high value
of dielectric constant at low frequency can be ascribed to
electrode polarization effect. These high dielectric constants
at low frequencies are responsible for the suppression of high
frequency dielectric constant for all the compositions to a
single bundle.Thus the high frequency regionmust be plotted
separately in another figure.

Figure 11 shows that the high frequency dielectric con-
stant is also greatly influenced by the filler concentration.
The high frequency dielectric constant is important because it
represents the intrinsic property of thematerial and is directly
related to DC conductivity. It can be seen that the dielectric
constant is about 19 and is four times the dielectric constant
of CS : LiTf (90 : 10) system which is about 4.8 as shown in
Figure 12. Thus the increase of DC conductivity is associated
with an increase of dielectric constant.

Figure 13 depicts the concentration dependence of bulk
dielectric constant and DC conductivity. It is interesting to
note that the behavior of bulk dielectric constant and DC
conductivity (Figure 13) with filler concentration is almost
the same. Similar trends of these two important parameters
with filler concentration certify the existence of a strong rela-
tionship between DC conductivity and dielectric constant.
Study of these two parameters at different temperature may
give further information.
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Figure 6: Scanning electron microscopy (SEM) image for (a) CSNC1, (b) CSNC2, (c) CSNC3, (d) CSNC4, (e) CSNC5, and (f) EDX for spot
in box 1.

Figure 14 shows the smooth curve between DC conduc-
tivity and bulk dielectric constant at selected temperatures.
It is obvious from the plot that the bulk DC conductivity is
smoothly increased with increasing bulk dielectric constant
at different temperatures. The concentration dependence of
bulk DC conductivity and bulk dielectric constant together
with the smooth curve between DC conductivity and dielec-
tric constants confirms the dependence of DC conductivity
on dielectric constant in NCPEs based on chitosan. The
increase in dielectric constant means an increase in carrier
density and hence an increase in DC conductivity. Extra
research work is required in this field to confirm the

dependence of DC conductivity on dielectric constant, thus
reformulating the Arrhenius equation. Recently, Petrowsky
and Frech [29, 30] hypothesized that the DC conductivity is
not only a function of temperature but also dependent on the
dielectric constant for low salt concentration in organic liquid
electrolytes. They have also interpreted the non-Arrhenius
behavior of DC conductivity as a result of dependence of
preexponential factor, 𝜎

𝑜
, on the dielectric constant, 𝜎

(𝜀
󸀠
,𝑇)

=

𝜎
𝑜(𝜀
󸀠
(𝑇))

exp(−𝐸𝑎/𝐾𝐵𝑇). The difference of this hypothesis for
solid electrolyte is that the preexponential factor, 𝜎

𝑜
, is

constant. From the results of this work it is understood that
ion transport is not an easy task and can be considered
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Figure 7: The ionic conductivity of chitosan : LiTf (CSC6) with
various concentrations of Al
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3
.

Figure 8: TEM image for CSNC2 (4wt.% of Al
2
O
3
).

as a complicated subject in solid polymer electrolytes as
a branch of condensed matter physics. The temperature-
dependent ionic conductivity for a solid or nanocomposite
polymer electrolyte below the glass transition temperature is
usually interpreted in terms of Arrhenius equation without
any insight into the fundamental mechanisms governing ion
transport. In our previous work [10, 19], we concluded the
fact that the Arrhenius equation should be reformulated to
another form which must contain both the temperature and
dielectric constant is required. The distinguishable behavior
between DC conductivity and dielectric constant at different
temperatures as exhibited in Figure 14 motivates me to take
a novel approach to explain a DC ionic conductivity. Thus
my hypothesis is that in addition to temperature the dielectric
constant must exist in Arrhenius equation as follows:

𝜎 (𝑇, 𝜀
󸀠
) = 𝜎
𝑜
exp(−𝐸𝑎/𝐾𝐵𝑇𝜀

󸀠
)
. (4)

This new empirical equation which is a modified or
reformulated Arrhenius equation must be considered to cal-
culate the activation energy. From the fundamental point of

Figure 9: TEM image for CSNC5 (10wt.% of Al
2
O
3
).
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view, dielectric relaxation and ion conduction mechanism in
solids are themost intensively researched topics in condensed
matter physics and especially ionic transport in polymer
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Figure 15: Temperature dependence of DC conductivity (reformu-
lated Arrhenius equation) for CSNC2 system.
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Figure 16: Temperature dependence of DC conductivity (Arrhenius
equation) for CSNC2 system.

electrolytes. Ion transport is complex and depends on factors
such as salt concentration and dielectric constant of host
polymer [10]. The increase of dielectric constant at higher
temperatures can be ascribed to the fact that the movement
of polymer chain segments and side groups becomes easier
at elevated temperatures and thus the dissociation of ion
pairs would increase and result in increase in DC ionic
conductivity [19]. Figure 15 shows theDC conductivity versus
1000/(𝜀

󸀠
× 𝑇). The linear behavior of DC conductivity (Fig-

ure 15) with a regression value of 0.99 reveals the necessary
existence of dielectric constant in Arrhenius equation. The
DC conductivity versus 1000/𝑇 as exhibited in Figure 16 is
less linear and the regression value is 0.94. The difference
between Arrhenius and reformulated Arrhenius equation
is distinguishable from Figures 15 and 16. The more linear
behavior of Figure 15 reveals the validity of reformulated
Arrhenius equation.Themain conclusion in this work is that
the dielectric constant can play a major role in ion transport
and thus studies must be directed to develop or synthesize a
high dielectric constant polymer in order to achieve a high
DC conductivity at room temperature.

3.4. Relaxation Processes: Electric Modulus Study. Figure 17
depicts the frequency dependence of real part of electric
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modulus at different temperatures. The observed long tail at
low frequencies is attributable to the large value of electrode
polarization capacitance. The decrease in 𝑀

󸀠 value at high
temperature is due to the decrease of resistance of the sample
and increase in electrode polarization.

Figure 18 shows the variation of imaginary part of electric
modulus with frequency at selected temperatures. At low
temperatures peaks were observed.The peaks are asymmetric
and broad which indicate the distribution of relaxation times.
However at high temperatures the peaks disappeared possibly
due to the frequency limitation.

The Argand plots at different temperatures for the NCPE
(CSNC2) are shown in Figures 19(a)–19(c). It can be seen that

the Argand plots exhibit incomplete semicircular arc. This
indicates the non-Debye type relaxation process. The Debye
model is developed to noninteracting identical dipoles [31].
Thus the non-Debye behavior is due to the fact that in real
material there are more than one type of polarization mech-
anism and a lot of interactions between ions and dipoles.
These result in a distribution of relaxation time. Moreover it
can be seen that with increasing temperature 𝑀󸀠󸀠-𝑀󸀠 curve
deviates more from the semicircular arc.This can be ascribed
to the increase in conductivity. With increase in temperature
𝑍
𝑖
and𝑍

𝑟
values decrease and thus𝑀󸀠󸀠 and𝑀󸀠 values (𝑀󸀠󸀠 =

𝜔𝐶
𝑜
𝑍
𝑟
,𝑀󸀠 = 𝜔𝐶

𝑜
𝑍
𝑖
) deviate more towards the origin.

4. Conclusions

In this research work solid and nanocomposite polymer
electrolytes based on chitosan have been prepared by the
well-known solution cast technique. The broadening of XRD
peaks for CS : LiTf system reveals the disruption of crystalline
nature of chitosan (CS). The deconvolution of the diffrac-
togramof nanocomposite solid polymer electrolytes confirms
the increase of amorphous domain for the samples which
containsAl

2
O
3
nanoparticle up to 4wt.%. Further incorpora-

tion of alumina nanoparticles (6 to 10wt.% Al
2
O
3
) results in

crystallinity increase (large crystallite size).The SEM analysis
reveals smooth surface for the samples containing lower
concentration of alumina (2 to 4wt.% of Al

2
O
3
). The mor-

phological (SEM and EDX) analysis well supported the XRD
results. Similar trends of DC conductivity with Al

2
O
3
con-

centration are related to the behavior of dielectric constant
with alumina content. Form the TEM results the phenomena
of space charge and blocking effects were well understood.
The smooth exponential curve between DC conductivity and
dielectric constant at different temperatures indicates the nec-
essary reformulation of Arrhenius equation.The modified or
reformulated Arrhenius equation (𝜎

(𝜀
󸀠
,𝑇)

= 𝜎
𝑜
exp(−𝐸𝑎/𝐾𝐵𝜀

󸀠
𝑇))

is achieved from the plot of DC conductivity versus dielectric
constant.Themore linear behavior of DC conductivity versus
1000/(𝜀

󸀠
× 𝑇) reveals the validity of reformulated Arrhenius

equation.The incomplete semicircle ofArgandplots indicates
that the relaxation processes are of non-Debye type.
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