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Solid polymer electrolytes based on chitosan NaCF
3
SO
3
have been prepared by the solution cast technique. X-ray diffraction shows

that the crystalline phase of the pure chitosan membrane has been partially disrupted. The fourier transform infrared (FTIR)
results reveal the complexation between the chitosan polymer and the sodium triflate (NaTf) salt. The dielectric constant and
DC conductivity follow the same trend with NaTf salt concentration. The increase in dielectric constant at different temperatures
indicates an increase in DC conductivity. The ion conduction mechanism follows the Arrhenius behavior. The dependence of DC
conductivity on both temperature and dielectric constant (𝜎dc(𝑇, 𝜀


) = 𝜎
0
𝑒
−𝐸
𝑎
/𝐾
𝐵
𝑇) is also demonstrated.

1. Introduction

Ion conducting polymers are an active area of study in mate-
rials research. They are prepared by complexing polymers
containing polar groups with alkali metal salts [1]. Being
light weight and flexible [2, 3], attempts have been made to
use solid polymer electrolytes in solid-state electrochemical
devices such as batteries, fuel cells, electrochromic displays,
and smart windows [4]. Polymer electrolytes usually contain
both crystalline and amorphous phases. It has been reported
that the ion conduction takes place primarily in the amor-
phous phase [5].

Chitosan is a derivative of chitin which can be obtained
from crab and shrimp shells. Chitosan is produced from
deacetylation of chitin to overcome the solubility limitation
of chitin in common solvents [6]. Due to the NH

2
and OH

functional groups that can serve as conjunction sites, chitosan
is a good sorbent with high affinity for transition metal ions
[7]. Chitosan has good film forming ability, porous scaffolds,
and hydrogels [8]. Ion-conducting polymer electrolytes based
on chitosan have also been reported [9–16]. From the fun-
damental point of view, ionic conduction in polymer elec-
trolytes is still poorly understood. Ion transport is complex

and depends on factors such as salt concentration, dielectric
constant of host polymer, degree of salt dissociation and ion
aggregation, and mobility of polymer chains [17]. Dielectric
analysis of ion conducting polymer electrolytes can provide
information on ion transport behavior and ionic/molecular
interaction in solid polymer electrolytes [18]. This is due
to the fact that dielectric constant is both frequency and
temperature dependent [19]. Recently Petrowsky and Frech
[20, 21] hypothesized that the DC conductivity is not only a
function of temperature, but also is dependent on the dielec-
tric constant in organic liquid electrolytes. They have also
interpreted the non-Arrhenian behavior of DC conductivity
as a result of dependence of pre-exponential factor, 𝜎

𝑜
, on the

dielectric constant, 𝜎dc(𝑇, 𝜀

) = 𝜎
𝑜
(𝜀

(𝑇))𝑒
−𝐸
𝑎
/𝐾
𝐵
𝑇.

In view of the previously mentioned, the main objec-
tive of the present work is to investigate the Petrowsky
and Frech postulate for solid polymer electrolyte based on
chitosan:NaCF

3
SO
3
, as well as to investigate the physics

behind the relationship between DC conductivity and dielec-
tric constant.The X-ray diffraction (XRD), fourier transform
infrared (FTIR), and electrical impedance spectroscopy (EIS)
have been used to characterize the chitosan-based solid
electrolytes prepared in this study.
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2. Experimental Details

2.1. Materials and Sample Preparation. The polymer elec-
trolytes were prepared by the solution cast technique. NaTf
and chitosan (from crab shells; ≥75% deacetylated, Sigma)
have been used as the raw materials in this study. One
gram 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. To these sets
of solution 2 to 10wt% of NaTf was added separately and
the mixtures were stirred continuously until homogeneous
solutions were obtained. The samples were coded as CS0
(pure chitosan acetate), CS2, CS4, CS6, CS8, and CS10 for CS
with 2wt%, CS with 4wt%, CS with 6wt%, CS with 8wt%,
and CS with 10wt% NaTf. The solutions were then cast into
different plastic petri dish and left to dry at room temperature
in order to allow complete evaporation of solvent. The films
were kept in desiccators with silica gel desiccant for further
drying process.

2.2. X-Ray Diffraction. In this paper, XRD was performed
to study the nature of complexation between NaCF

3
SO
3
and

chitosan. The XRD was recorded at room temperature using
X-ray diffractometer (Bruker AXS) with operating voltage
and current of 40 kV and 40mA, respectively. The samples
were scanned with a beam of monochromatic, X-radiation of
wavelength 𝜆 = 1.5406 Å, and the glancing angles were in
the range of 5∘ ≤ 2𝜃 ≤ 80∘ with a step size of 0.1∘. To study
the amorphousness of the samples the coherent length was
calculated using the following relation:

𝐿 =

0.9𝜆

Δ2𝜃
𝑏
cos 𝜃
𝑏

, (1)

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

maximum, and 𝜃
𝑏
is the angle of the peak.

2.3. Fourier Transform Infrared (FTIR) Spectroscopy. Pure
chitosan and chitosan-salt complexes were analyzed with
FTIR spectrophotometer (Thermo Scientific/Nicolet iS10) in
the wave number region between 4000 and 400 cm−1. The
resolution for each spectrum was 2 cm−1.

2.4. Electrical Impedance Spectroscopy (EIS). Complex impe-
dance spectroscopy gives information on electrical properties
ofmaterials and their interfacewith electronically conducting
electrodes.The solid polymer electrolyte (SPE) films were cut
into small discs (2 cm diameter) and sandwiched between
two stainless steel electrodes 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 and𝑍 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 conductivity then can be calculated from
the following equation:

𝜎dc = (
1

𝑅
𝑏

) × (

𝑡

𝐴

) . (2)

In (2), 𝑡 is the thickness and 𝐴 is the area of the film.
The real (𝑍) and imaginary (𝑍) parts of complex

impedance (𝑍∗) were also used to calculate the real part (𝜀)
of permittivity (𝜀∗), following the relation:

𝜀

=

𝑍


𝜔𝐶
𝑜
(𝑍
2
+ 𝑍
2
)

. (3)

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,
where𝑓 is the frequency of applied field.

3. Results and Discussion

3.1. X-Ray Diffraction Analysis. In order to investigate the
effect of NaTf on the structure of chitosan-based polymer
electrolyte, X-ray diffraction of pure NaTf, pure chitosan film,
and their complexes have been performed. Figure 1 shows the
X-ray diffraction patterns of pure NaTf.

The crystalline peaks of pure NaTf salt can be detected at
2𝜃= 8.5∘, 9.95∘, 16.8∘, 22.15∘, 26.25∘, 32.9∘, 35.6∘, and 40.9∘.The
diffractograms of the pure chitosan film and chitosan: NaTf
complexes, are illustrated in Figure 2.

Pure chitosan is semicrystalline. In the XRD pattern of
pure chitosan, the broad peaks at around 2𝜃∘ = 15∘ and 20∘
indicate the average intermolecular distance of the crystalline
part of pure chitosan membrane [22]. This rigid crystalline
structure of chitosan is mainly maintained by intramolecular
and intermolecular hydrogen bonds [23]. It can be noticed
that, when 2wt% of NaTf is added to chitosan, the intensity
of the crystalline peaks of pure chitosan decreased and the
peak at 2𝜃∘ ∼15∘ has broadened, Figure 2(b). A new peak at
2𝜃∘∼11.6∘ is observed for chitosan addedwith 4wt%NaTf. On
addition of more salt to chitosan, a number of new peaks are
observed at 2𝜃 = 8.5∘, 18.3∘, and 23∘. In the CS10 an additional
peak can be observed at 2𝜃 = 27∘. According to Hashmi and
Chandra [24], these new peaks may be due to some long-
range order set by the presence of ion multiples. According
to Sanders et al., [25], these new peaks are attributed to the
formation of polymer-salt complexes rather than that of pure
NaTf salt. In this work, the peaks observed in Figures 2(c)
to 2(f) may be considered as chitosan-salt peaks that have
been shifted to higher 2𝜃 angles. The shifting of peaks is an
indication that some long-range order has been set by the
formation of chitosan-salt complexes at salt concentration
greater than 2wt%. Figure 3 reveals the calculated coherent
length at 2𝜃 = 21∘, to find the amorphousity of the SPE films
at different salt concentration.

In principle, Coherent length defines the crystallite size
of polymer electrolytes. Based on Debye-Scherrer equation,
the broader the diffraction peak width, the shorter the crys-
tallite size. Samples with lower crystallinity exhibits higher
ionic conductivity [26]. Thus the decrease in intensity and
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Figure 1: X-ray diffraction pattern of pure NaTf.
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Figure 2: X-ray diffraction patterns of (a) CS0, (b) CS2, (c) CS4, (d)
CS6, (e) CS8, and (f) CS10.

broadening of the peaks indicates the increase in amorphous
region as a result of disruption of the crystalline domain of
the chitosan by the NaTf salt.

3.2. FTIR Study. The most frequently performed observa-
tions to confirm the complexation of the polymer host with
salts are variation in intensity of the bands, shifting of the
bandswith respective to the salt content [27]. Figures 4(a)–4(c)
represent the FTIR spectrum of chitosan and chitosan:NaTf
complexes in the wave number region between (a) 700 cm−1
and 1300 cm−1, (b) 1400 cm−1 and 1800 cm−1 and (c)
3000 cm−1, and 3800 cm−1.

Although there is possibility of overlapping between the
N–H and the O–H stretching vibrations, the strong broad
band at 3300–3500 cm−1 (Figure 4(a)) is characteristic of
the N–H stretching vibration. The significant decrease of
transmittance intensity and shifting in this band region as
can be seen in Table 1 indicates that the N–H vibration was
affected by the attachment of the cation salt [28].

It can be noticed from Table 1 that there is a shifting
in the carboxamide (O=C–NHR) and amine (NH

2
) bands

which significantly confirms that complexation has occurred
between chitosan and NaTf salt at the nitrogen and oxygen
atoms of the amine and carboxamide groups, respectively
[29]. The shifting and decrease in intensity are attributable
to the fact that the attachment of cation salt to nitrogen and
oxygen atoms can reduce the vibration intensity of the
N–H or O=C–NHR bonds due to the molecular weight
becoming greater after cation binding [28]. The shifting and
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Figure 3: Coherence length of the chitosan:NaTf samples at 2𝜃∘ =
21∘.

Table 1: Assignments of FTIR bands for chitosan:NaTf solid elec-
trolytes.

Samples Wavenumbers (cm−1)
C–O NH2 O=C–NHR N–H

CS0 1030 and 1069 1559 1648 3358
CS2 1027 and 1070 1552 1640 3285
CS4 1027 and 1068 1545 1636 3276
CS6 1027 and 1069 1544 1637 3262
CS8 1027 and 1068 1559 1636 3263
CS10 1027 and 1069 1559 1637 3287

a decrease in intensity of C–O bands are also indicative that
complexation between the cation of the salt and oxygen atom
has occurred [29].

3.3. Electrical Analysis

3.3.1. Room Temperature Study of Dielectric Constant (𝜀) and
DCConductivity (𝜎dc). Figure 5 shows the variation of dielec-
tric constant as a function of salt concentration at 303K. It can
be seen that 𝜀 increases with increase in salt concentration,
that is, the presence of salt at certain concentrations causes an
increase in the value of dielectric constant.Dielectric constant
(𝜀) is ameasure of reduction of coulomb interaction between
the ion pairs in polymer electrolytes.Thus dielectric property
provided valuable information such as characteristic of the
ionic/molecular interaction of the polymer electrolyte and
the understanding of ion transport behavior as well. In all
cases, the increase in dielectric constant implies the increase
in the number of ions [30].

For a particular salt concentration, 𝜀 values rise sharply
towards low frequencies due to the electrode polarization
(EP) effect.The low-frequency dispersion region is attributed
to the contribution of charge accumulation at the elec-
trode/electrolyte interface, that is, due to the free charges
that build up at the interface between the material and
the electrodes [31, 32]. Figure 6 shows the variation of DC
conductivity with salt concentration at room temperature.

It is obvious from the previous results that the highest
DC conductivity and dielectric constant are obtained for
10wt% of NaTf, which is in good agreement with the XRD
and FTIR results. This supports the structure properties
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Figure 4: FTIR spectra of (i) CS0 (pure chitosan), (ii) CS2, (iii) CS4, (iv) CS6, (v) CS8, and (vi) CS10 in the region (a) 700 cm−1 to 1300 cm−1,
(b) 1400 cm−1 to 1800 cm−1, and (c) 3000 cm−1 to 3800 cm−1.
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Figure 5: Compositional dependence of dielectric constant for (a)
CS0, (b) CS2, (c) CS4, (d) CS6, (e) CS8, and (f) CS10.

relationship, that is, the more the system is amorphous, the
more it is conductive.The question is that, what is the physics
behind the relationship between dielectric constant and DC
conductivity which is not given in Petrowsky and Frech
[20, 21], publications? Generally, the ionic conductivity of
polymer electrolyte depends on the number of the charge
carriers and their mobility in the electrolyte and is often
defined as follows [33]:

𝜎 = ∑𝑛
𝑖
𝑧
𝑖
𝜇
𝑖
, (4)

where 𝑛
𝑖
, 𝑧
𝑖
, and 𝜇

𝑖
refer to the number of charge carriers,

the ionic charge, and the ionic mobility, respectively. Thus,
following (4) the enhancement in ionic conductivity can be
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Figure 6: The DC ionic conductivity of chitosan with various con-
centrations of NaTf.

performed by increasing salt concentration ormobility. It can
be seen that the ionic conductivity is increased with increas-
ing salt concentration as presented in Figure 6. However,
the charge carrier concentration, 𝑛, depended upon both the
dissociation energy 𝑈 involved and dielectric constant 𝜀 as
[34],

𝑛 = 𝑛
𝑜
exp(− 𝑈

𝜀

𝐾
𝐵
𝑇

) , (5)

where 𝐾
𝐵
is the Boltzmann constant and 𝑇 is the absolute

temperature.
Thus, an increase in DC conductivity means an increase

in charge carrier concentration according to (4), and this is
related to the dielectric constant according to (5). The behav-
ior of DC conductivity (Figure 6) with salt concentration is
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Figure 7: Dielectric constant (at 5 kHz) of chitosan with various
concentrations of NaTf.
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Figure 8: DC conductivity as a function of reciprocal of dielectric
constant.

similar to dielectric constant (Figure 7) with salt concentra-
tion as shown later at a given frequency (5 kHz).

The previous noticeable results indicate the fact that
dielectric analysis is an informative technique to study con-
ductivity behavior of solid polymer electrolytes; that is, the
high dielectric constant means the high DC conductivity and
vice versa. Finally, (4) and (5) lead us to a better conclusion
that is the plotting of DC conductivity at different salt con-
centration on a log scale as a function of the reciprocal of
dielectric constant should be a straight line as depicted in
Figure 8.

The temperature dependence analysis of dielectric con-
stant (𝜀) may give further information between dielectric
constant and conductivity.

3.3.2. Dielectric Constant (𝜀) and DC Conductivity (𝜎dc) as a
Function of Temperature. The conductivity behavior of poly-
mer electrolyte can be understood from dielectric analysis.
The dielectric constant is a measure of stored charge, that
is, directly related to the charge carriers. Figure 9 shows the
variation of dielectric constant with frequency at selected
temperatures for chitosan NaTf (CS10). At low frequency the
mobile ions accumulate at the electrode/electrolyte interface.
This gives a high value of dielectric constant (𝜀). On the other
hand, at high frequencies, periodic reversal of the electric
field occurs so fast that there is no excess ion diffusion in the
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Figure 9: Frequency dependence of dielectric constant (𝜀) for CS10,
at selected temperatures.

direction of the field. Polarization due to charge accumulation
decreases, leading to the observed decrease in dielectric
constant [35].

It is obvious from Figure 9 that dielectric constant
increases with increase in temperature due to the higher
charge carrier density. The increase in dielectric constant
means an increase in the DC conductivity which can bemore
understood from the following results.

Figures 10 and 11 show the variation of DC conductivity
and dielectric constant with temperature for CS10 sample.
It can be seen that the DC conductivity and dielectric
constant show similar trendswith temperature.This indicates
a good relationship between DC conductivity and dielectric
constant. It is obvious that at higher temperatures the DC
conductivity and dielectric constant increased rapidly. This
is due to the fact that at higher temperatures, movement
of polymer chain segments is thermally enhanced and the
dissociation of salts would increase assisting and resulting
in the increase in ionic conductivity and dielectric constant
[36].Thus the concentration dependence of DC conductivity
and dielectric constant (Figures 6 and 7) and the tempera-
ture dependence of DC conductivity and dielectric constant
(Figures 10 and 11) reveal a strong relationship between DC
conductivity and dielectric constant.

The plot of the logarithmic of DC conductivity (log(𝜎dc))
versus 1000/𝑇 can be used to study the Arrhenius behavior
or non-Arrhenius behavior of solid polymer electrolytes. The
linear relations observed between log(𝜎dc) versus 1000/𝑇
(Figure 12) for CS10 sample indicate the Arrhenius behavior
of CS:NaTf SPEs [16]; that is, the temperature dependence of
ionic conductivity satisfies the Arrhenius relation of the type

𝜎dc (𝑇) = 𝜎𝑜𝑒
−𝐸
𝑎
/𝐾
𝐵
𝑇
, (6)

where 𝜎
𝑜
is a preexponential factor, 𝐸

𝑎
is the activation

energy, 𝐾
𝐵
is the Boltzmann constant, and 𝑇 is the temper-

ature (K). The calculated 𝐸
𝑎
value is 1.2 eV.
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Figure 10: Variation of DC conductivity with temperature for CS10
sample.
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Figure 11: Variation of dielectric constant at 5 kHzwith temperature
for CS10 sample.

The 𝜎dc and 𝜀
 relationship can be more understood by

plotting 𝜎dc versus 𝜀 at different temperatures as demon-
strated by Petrowsky and Frech for organic liquid electrolytes.
Figure 13 shows the smooth curve between DC conductivity
and dielectric constant at different temperatures.This smooth
curve can be viewed as an empirical description of the
dependence of 𝜎dc on the dielectric constant (𝜀) at different
temperatures [20]. The dependence of DC conductivity on
dielectric constant in polymer electrolytes can be explained
as follows. In polar polymers when the temperature is raised,
dielectric constant also enhances due to the facilitation in
orientation of dipoles in the polar polymer [37]. As the
dielectric constant increases with temperature, the degree
of salt dissociation and redissociation of ion aggregates
increases which result in an increase in number of free ions
or charge carrier density [38] and hence an increase in DC
conductivity. This curve reveals a strong dependence of DC
conductivity on dielectric constant and temperature in the
present solid polymer electrolytes. This result indicates the
fact that DC conductivity is not only a function of tempera-
ture as exhibited inArrhenius equation (𝜎dc(𝑇) = 𝜎𝑜𝑒

−𝐸
𝑎
/𝐾
𝐵
𝑇)

but also it is a function of dielectric constant (𝜎dc(𝑇, 𝜀

) =

𝜎
𝑜
𝑒
−𝐸
𝑎
/𝐾
𝐵
𝑇). Ion motion and conductivity are a very interest-

ing and challenging problem in solid polymer electrolytes as
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Figure 12: temperature dependence of DC ionic conductivity for
CS10.
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Figure 13: DC conductivity dependence on dielectric constant (𝜀 at
5 kHz) at, (1) 303, (2) 313, (3) 323, (4) 333, (5) 343, and (6) 353K for
CS10 sample.

a branch of condensed matter physics. In conclusion, ionic
transport in polymer electrolytes is a complicated subject and
not completely understood, and this remains an obstacle in
attaining the required room temperature conductivity. Thus
themain goal of the present work which is the demonstration
of the dependence of DC conductivity on dielectric constant
in solid polymer electrolytes based on chitosan:NaTf has been
successfully carried out experimentally.

4. Conclusions

X-ray diffraction shows that the amorphous phase greatly
enhanced as a result of polymer-salt complexation. The
coherent length study confirms the increase of amorphous-
ness of the samples. The shifting and changes of the FTIR
bands confirm the complexation between chitosan polar
groups (NH

2
and O=C–NHR) and the cation (Na+) of the

sodium triflate salt. The high dielectric constant at low fre-
quency is attributable to electrode polarization. The increase
of dielectric constant is responsible for the increase of DC
conductivity. The dependence of DC conductivity on both
temperature and dielectric constant (𝜎

(𝜀

,𝑇)
= 𝜎
𝑜
𝑒
(−𝐸
𝑎
/𝐾
𝐵
𝑇))

was demonstrated for CS:NaTf solid polymer electrolyte.
The DC conductivity smoothly increases with increasing
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dielectric constant at different temperatures. The increase of
DC conductivity with increasing temperature is due to the
increase of carrier density which is related to the dependence
of dielectric constant on temperature.
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