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The development of ion-conducting chitosan based solid polymer electrolyte has been a subject of 

great concern due to their large-scale applications. This work shows a study of dielectric properties and 

conductivity relaxations of chitosan (CS) based solid polymer electrolyte sample. A fixed amount of 

Sodium trifluoromethanesulfonate (NaCF3SO3) was added to a CS solution for the fabrication of 

chitosan-NaCF3SO3 (CS:NaTf) electrolyte sample. . On the basis of both complex permittivity and 

complex modulus formalism, the dielectric and conductivity relaxations of the sample were analyzed 

through impedance data measurements. High values of dielectric constant and dielectric loss were 

recorded at low frequencies. The dielectric constant and dielectric loss increased with increasing 

temperature, indicating an increase in conductivity.  From the study of frequency dependency of loss 

tangent, broaden peaks were observed, showing that more than one relaxation process is present.  From 

the real part of electric modulus, the material is featured to be highly capacitive. From the 

asymmetrical peak shape of the imaginary part of electric modulus, the non-Debye type relaxation is 

predicted. The main observation shows that the dielectric constant and dielectric loss drop above 388 

K. Moreover, the study of surface morphology of the sample exhibited that there are remarkable 

changes before and after the heat treatment. Lastly, the temperature dependence of peak frequency 

corresponding to tanδmax and conductivity relaxation time (ηζ) is found to obey the Arrhenius 

relationship, which suggests the viscoelastic relaxation for ion transport phenomena. 
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1. INTRODUCTION 

Polymers are appealing materials as matrices in the fabrication of solid polymer electrolytes 

(SPEs) due to their flexibility, high dielectric strength, low cost and easy processing. The SPE 

materials based on host polymer matrices with ionic dopant salts are recognized to be a promising 

class of materials with highly desirable properties [1]. There are many properties that make these 

materials to be attractive, such as, lightweight, low cost, lack of leakage and desired shapes [2]. 

Furthermore, polymer electrolytes have superior flexibility over inorganic solids [3]. Polymer salt 

complexes (i.e., SPEs) are attracting technological importance in the fabrication of solid-state 

electrochemical devices, such as, batteries, fuel cells, supercapacitors [4], and sensors [5]. The main 

disadvantage of these materials, which limits their electronics applications, is their low value of 

permittivity. However, a significant increase in permittivity values can be obtained by incorporating 

them with different types of fillers. Polymer electrolytes usually hold both crystalline and amorphous 

phases. It has been reported that the ion conduction mainly dominates in amorphous phase [6]. 

Chitosan is the deacetylated produce of chitin and considered as the second most abundant natural 

polymer after cellulose [7]. Chitosan is a polycationic polymer due to the existence of functional 

groups as one amine (NH2) group and two hydroxyl (OH) groups in their monomers [8]. The ability of 

CS to dissolve inorganic alkali metal salts is related to the abundant of these functional groups on CS 

backbone structure, serving as conjunction sites [9]. The capacity of being molded in various forms, 

such as films, porous scaffolds and hydrogels, is another important feature of CS [10]. As stated above, 

CS has received a great attention as a novel bio-functional material for its specific benefits, such as 

antibacterial activities, antioxidant biodegradation[11], non-toxic [12], biocompatibility, hemostatic, 

anticholesteremic, anticancerogen  [13], hydrophilic character, high mechanical strength and good 

adhesion properties [14]. Such excellent properties have made CS favorable as membrane/polymer 

electrolyte in a wide variety of applications, such as membrane filter for water treatment, drug carriers, 

food packaging and chelating agents [15], dialysis, gas separation, polyelectrolyte complex and blend 

with a different polymer [16]. Various ion-conducting polymer electrolytes based upon CS have been 

reported in literatures [17-23]. It has been noted that the conduction mechanism of ions in polymer 

electrolytes is not fully understood. it depends on several factors, such as degree of salt dissociation, 

dielectric constant and number of ion [24-29]. The study of dielectric relaxation phenomena is 

emerged as a powerful tool to understand the ionic transport mechanism  and useful in providing an 

insight into the ionic/molecular interaction in SPE [30]. Extensive research has been focused on 

polymer electrolytes complexed with lithium (Li) salts. But, a few attempts have been made on 

electrolytes based sodium complexed films. Uses of sodium (Na) in the polyelectrolytes have several 

advantages over Li counterparts since Na is available in abundance compared to Li at a cheaper cost as 

well [31].  

In this field, there is no published report on dielectric properties and relaxation dynamics of 

polymer electrolyte based on chitosan-NaTf. The key purpose of the present study is to examine the 

dielectric and electrical modulus properties of chitosan-NaCF3SO3 solid polymer electrolyte as a 

function of frequency and temperature over a broad range using EIS technique. This work also aims to 
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act as a complete compilation of published examples of the design of ion conducting chitosan based 

solid electrolyte. 

 

 

 

2. EXPERIMENTAL DETAILS 

2.1 Materials and sample preparation   

Cast technique was used in the fabrication of chitosan based polymer electrolytes. NaCF3SO3 

and chitosan (from crab shells; ≥75% deacetylated, Sigma) have been used as the preliminary materials 

in this study. One gram of CS was dissolved in 100 ml of 1 % acetic acid solution. The CS polymer 

and the solvent were stirred continuously with magnetic stirrer until the CS polymer powder has been 

completely dissolved at the laboratory condition. To fabricate the CS based electrolyte 10 wt. % of 

NaCF3SO3 was dissolved in CS solution and the mixtures were stirred continuously. The solution was 

then cast into plastic petri dish and left to dry at room temperature in order to allow complete 

evaporation of solvent. The film was kept in desiccators with silica gel desiccant for further drying 

process. The SPE film was cut into small discs (2 cm diameter) and sandwiched between two stainless 

steel electrodes under spring pressure. The impedance of the films was measured using the HIOKI 

3531 Z Hi-tester which is interfaced to a computer in the frequency range from 50 Hz to 1000 kHz and 

at temperatures ranging between 303 K and 413 K. The software controls the measurements and 

calculates the real and imaginary parts of impedance.  

 

2.2. Electrical impedance spectroscopy (EIS) 

The core concept of using complex impedance spectroscopy technique is to provide insights 

into electrical properties of materials and their interface region at electronically conducting electrodes. 

In this technique the term impedance is used in the place of resistance in which phase differences has 

taken into account. In the other word, a.c., the resistance, R, is replaced by the impedance, Z, which is 

the sum of resistance and reactance [32]. The real (Z') and imaginary (Z") part of complex impedance 

(Z*) were used to calculate the real and imaginary parts of permittivity (ε
*
) and modulus (M*), using 

the following relations [18, 33],  
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          Here Co is the vaccum capacitance and given by εoA/t, where t is the thickness and A is the area 

of the film. The angular frequency ω, is equal to ω =2πf, where f is the frequency of applied field. 

 

 

3. RESULTS AND DISCUSSION 

3.1 Frequency dependence of ε′ and ε″ at selected temperatures 

The use of dielectric analysis in examining the conductivity behavior of polymer electrolyte has 

reached a prime of importance [34-36]. It is a convenient technique to study the ion transport 

mechanism along with polymer segmental relaxation processes in polymer electrolyte. The complex 

permittivity function, ε
*
(ω), is a materials property depending on temperature, structural identity of the 

polymer electrolytes and frequency of applied field [37, 38].  
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Figure 1.Frequency dependence of, (a) dielectric constant (ε′) and (b) dielectric loss (ε″) for chitosan-

NaCF3SO3 (90:10), at selected temperatures. The high value of ε′ and ε″ at low frequencies are 

ascribed to electrode polarization phenomena. 

 

Figures 1(a) and (b) show the frequency dependence of dielectric constant and dielectric loss of 

chitosan-NaCF3SO3 (90:10) at chosen temperatures, respectively. At low frequency region, there is a 

long period of time thereby showing electric filed reversal, the mobile ions tend to accumulate at the 

electrode/electrolyte interface. This provides a higher value of dielectric constant (ε′) and a dielectric 

loss (ε″). However, at the high frequency region, a fast periodic electric field reversal takes place, with 

less ionic diffusion in the field direction. Furthermore, due to the charge accumulation, the polarization 

leads to decrease, and thus a decrease in both the ɛ' and the ɛ'' [39]. 

It is obvious from Figs. 1(a-b) that the values of both ɛ' and ɛ'' increase at the higher 

temperatures because of the increase of carrier density. Moreover, the re-dissociation of ion aggregates 

also occurs at high temperatures and thus an increase in the number of free ions or carrier density [34]. 

Authors in Ref. [40] have also concluded that the increase in the dielectric constant represented the 

fractional increase in charge carriers within the polymer electrolyte. The dependency of carrier 

concentration, n, upon the dissociation energy, U, and dielectric constant, ε, can be illustrated via this 

relationship, n=no exp(-U/εkBT), where all parameters have usual meaning. The increase of carrier 

concentration and their motilities with increasing temperature results in an increase in conductivity, 

which can be more rationalized via the relation, ζ = nqµ, where q is the electronic charge and µ is 

ionic mobility [41]. An increase in ɛ', therefore, means an increase in carrier concentration and 

mobility, which in turn caused the conductivity to rise according to the above mentioned equations. 

Here, from the results, one can conclude that the dielectric analysis is an informative technique to 

study the conductivity behavior of polymer electrolytes.  The observed power law dispersion in ε" 

spectra [see Fig. 1(b)] and the absence of relaxation peaks indicate the DC contribution [42]. In other 

words polymer chain motion helps the ion transport behavior. 
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3.2 Temperature dependence of ε′ and ε″ at selected frequencies 

The variation of ɛ' and ɛ'' parameters versus temperature at selected frequencies are shown in 

Figs. 2(a-b), respectively.  From the result, both dielectric constant and dielectric loss increase with 

increasing temperature up to 388 K, and then, they decrease with further increasing temperature. Such 

increase of ε′ and ε″ might be related to the increase of both mobility of polar groups and carrier 

concentration within the sample, which has been widely observed in polar dielectrics, in which the 

movement of dipoles is facilitated with temperature ascending [43] and thereby increasing permittivity.  

 

 

 

 

 
Figure 2.Temperature dependence of, (a) dielectric constant (ε′) and (b) dielectric loss (ε″) for 

chitosan-NaCF3SO3 (90:10), at selected frequencies. Above 388 K the degradation in ε′ and 

ε″can be observed due to water desorption. 
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It can be noticed that, the increase of ε″ with increasing temperature is higher compared to ε′. 

This is due to the contributions of three main factors to the relaxation phenomenon, namely, 

conduction losses, dipole losses and vibrational losses [44]. At low temperature, dielectric losses are 

minimal as they depend on both ac resistivity and frequency. It is self-evident that as the temperature 

increases, the ac conductivity increases and so the conduction losses increase. Similarly, the ɛ' value 

eventually changes in the same way. The plateau of ɛ' and ɛ'' as a function of temperature can be 

ascribed to the fast reversal of the electric field at higher frequencies. Above 388 K, both ε′ and ε″ 

decrease with increasing temperature. It was reported that the remaining water inside polymers have a 

great effect on polymers physical properties. The most proper binding sites for water molecules in CS 

are the functional (OH and NH2) groups present in the polymer [45]. Thereby, CS membranes are 

hydrophilic materials. Authors in Ref. [46] have argued that it is particularly hard to remove the 

absorbed water in polysaccharides, unless the samples temperature raised to about 361 K. As a 

consequence, the process of desorption of water at high temperatures led to the diminution of the 

adhesiveness between the membrane and electrode. On the other hand, at the low temperature, the 

adhesion could be plausible. However, a further increase in temperature has resulted in damaged of 

chitosan-based membranes and converting to a hard membrane as a result of water desorption. In this 

case the interfacial resistance between the membrane and the electrodes increases and thus increases 

the resistance of the membrane at the elevated temperatures, as a consequence both ε′ and ε″ drop.  

 

 

 

Figure 3. Surface morphology of CS:NaTf membrane (a) before and (b) after EIS measurement. The 

roughness can be observed after EIS measurement. 
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To support the dielectric constant results the SEM was carried out. The surface morphology 

was obtained using a computer-controlled field emission scanning electron microscope; FESEM, 

(model: FEI Quanta 200 FESEM). The SEM provides useful insight into the surface structures and 

morphology. The nature and the morphology of SPE film surface is an important property for polymer 

electrolyte behavior. Figures 3(a) and (b) show FESEM images of CS:NaTf (90:10) before and after 

the EIS measurement, respectively. Morphologically, the membrane before EIS treatment has appeared 

as a uniform surface with several holes on its surface. According to Reddy et al. [47] conclusions, 

these holes with different sizes can be ascribed to the penetration of Na
+
 ions into the polymer matrix, 

which deforms the crystallinity and increases the flexibility. Thus, both dielectric properties and 

conductivity are caused to increase. In our previous works, we observed the disruption of crystallinity 

of CS upon addition of low and high NaTf salt concentrations [48, 49]. 

During heat treatment, the color of the membrane has changed to a dark brownish, resulting in 

hard and shrunk, owing to the water desorption process and almost brittle compared with the original 

membrane after EIS treatment. The surface morphology of the film was entirely roughened by heat 

treatment compared to the original membrane after EIS measurement as shown in Fig. 3(b). Therefore, 

understanding the thermal degradation of polymeric materials for device application is an imperative 

point from both fundamental and large-scale point of views. 

 

3.3 Frequency dependence of loss tangent (tanδ) 

To gain deep understanding of the relaxation processes, tanδ as a function of frequency at 

various temperature values was plotted for the CS:NaTf (90:10) membrane as shown in Fig. 4. At low 

frequencies, the polarization is in-phase with the electric field, therefore, the phase shift (or loss angle) 

is established to be extremely small. On the other hand, at superior frequencies, the polarization delays 

behind the electric field. The closeness of the relaxation time of the polarization and the period of the 

applied field, a resonance condition is obtained at which the loss tangent (tanδ) is maximum [50]. 

According to Jiang et al. [51], an observed increase in loss tangent with increasing applied field 

frequency is dominated by resistive losses since the mobile charges contained in the electrolyte film 

cannot follow higher frequency electric field. It can also be observed from Fig. 4 that tanδ increases 

with frequency, which passes through a maximum value and thereafter decreases. Shifting of the peak 

frequencies in the forward direction with temperature implies that as the temperature increases the 

relaxation time decreases. This manner recommend the fact that the sample can be characterized by a 

parallel RC element, where R is related to the temperature via this equation, R=Roexp(
Ea/K

B
T
), where 

Ea is the activation energy. From this relation it is clear that R will decrease with increase in 

temperature and consequently the (tanδ)max shifts to the higher frequency region [52]. The wideness of 

the loss tangent peaks point out for the existence of more than one relaxation process [53]. 
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Figure 4.frequency dependence of loss tangent (tanδ) for CS:NaTf (90:10) membrane at selected 

temperatures. Shifting of peaks to higher frequency indicates the increase of conductivity. 

 

 
Figure 5. Temperature dependence of relaxation frequency. 

 

The frequency related with each peak is recognized as relaxation frequency and provides the 

most possible relaxation time for ions from the relation 2πfmax=1/η, were η is the relaxation time and 

fmax is a frequency corresponding to (tanδ)max . The reciprocal temperature variation of log (fmax) is 

shown in the Fig.5. The frequency-temperature relationship satisfies the Arrhenius behavior with the 

activation energy, Ea = 0.966 eV. The regression value R
2
 is 0.983 indicating that every point almost 

lies on a straight line. 
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3.4 Temperature dependence of tanδ at selected frequencies 

The variation of tanδ value with temperature at selected frequencies is shown in Fig. 6. It is 

interesting to note that tanδ value raised with increasing temperature and shows a peak. The shifting of 

peaks towards the high temperature sides is an evidence for the process of dielectric relaxation. The 

observed relaxation peaks at low values of temperature and frequency in tanδ curves indicate the 

possibility of dipole polarization [54]. The increase of tanδ of the present polymer electrolyte 

corresponds to the conduction losses. The tanδ is related to the electrical conductivity via this relation, 

tanδ= ζ/2πfε′, [55]. These losses are connected to dc conductivity of the sample in which the 

conductivity gives rise to currents which being in ac field are in phase with the applied voltage and 

hence cause dielectric losses. At ambient temperature, such conduction losses are fewer correlated to 

the ion migration losses. Therefore, the conduction losses become increasingly important at elevated 

temperatures and at low frequencies as manifested in Fig. 6. Thus, the increase of Tanδ loss with 

temperature can be attributed to increase in conduction and dipole losses, giving a broad peak at low 

temperatures. However, the high peak appearance around 388 K is almost associated to the water 

desorption process as mentioned formerly. 

 

 
Figure 6.temperature dependence of loss tangent (tanδ) for CS:NaTf (90:10) membrane at selected 

frequencies. 

 

3.5 Electric modulus analysis 

A more study of the dielectric performance could be more fruitfully attained using electrical 
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minute value in the low frequency region, while a large value ends at the high frequency. As the 

frequency increases, the value of M′ increases and reaches a maximum value of M∞ = 1/ε∞ at the high 

frequency region. This can perhaps be interrelated to a lack of restoring force governing the mobility 

of charge carriers under the action of an induced electric field [58]. Additionally, M′ attains a greatest 

value as a consequence of the conduction phenomenon due to short-range mobility of ion carriers [59]. 

It can be seeing that M′ diminish with increase in the temperature; this is reverse to that of permittivity. 

The fall in the values of M′ (increase in ε′) with temperature increasing in the low frequency region is 

connected to the increase in the mobility of the polymer segment and charge carriers. The orientation 

of polymer segments and ionic carriers happen to easier at the high temperature values, as a 

consequence, an increase of the permittivity resulted and thus a decrease in M' value expected [60]. 

 

 

 
Figure 7. Frequency dependence of real part (M′) of M

*
 for chitosan-NaCF3SO3 (90:10), at selected 

temperatures 

 

The variation of M'' values with frequency at various temperatures for CS:NaTf (90:10) system 

is shown in Fig. 8. Representation of the experimental data using the M'' formalism allows the 

observation of conductivity as an obvious peak on frequency axis, which is helpful for analysis 

purposes. A low value of M'' is show at low frequency region, which might be due to the great value of 

capacitance formation at the electrode [61]. However, at the high frequency region, the distinct peaks 

are distinguished. It is obvious in the M″ plot that the peaks are asymmetric on both sides of the 

maxima and thus it cannot be predicted by ideal Debye manner [62, 63].  The frequency associated 

with each peak is seen to be shifted towards higher values of frequency as the temperature rises. This 

implies that the spreading in frequency range enlarged with temperature. The frequency area 

underneath maximum peak of M''max terminates the range in which ion carriers are transportable over 

long distances, that is, diffusion occurs, and thus a high value of electrode polarization, while the 

carriers are limited to potential wells being mobile over short distance at the frequency values above 

maximum peak M''max [64]. 

0

0.06

0.12

0.18

0.24

1.3 2.3 3.3 4.3 5.3 6.3

Log (f)

303 K

313 K

323 K

333 K

343 K

353 K

363 K

M
′ 



Int. J. Electrochem. Sci., Vol. 13, 2018 

 

10285 

 

 

 
Figure 8. Frequency dependence imaginary part M'' of M

*
 for chitosan-NaCF3SO3 (90:10), at selected 

temperatures 

 

 
Figure 9. Temperature dependence of relaxation frequency. 
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frequency for CS:NaTf (90:10)  systems. It can also be seen that the fmax exhibits an activated behavior 

and obeying the Arrhenius relationship (fmax = foexp (-Eζ/KT); where Eζis the activation energy for the 

conductivity relaxation and is equal to 1.02 eV, which is in harmony with the activation energy 

calculated from tanδ maximum peak. This implies that the ion transport process assists through the 

polymer segmental motion. The regression value R
2
 is 0.989 representing that all points be positioned 

on approximately perfect straight line.   

 

 

4. CONCLUSIONS 

The dielectric properties and conductivity relaxation of solid polymer electrolyte based on 

chitosan-NaCF3SO3 was studied to understand the carrier transport properties. The appropriate 

technique for the characterization of such kind of polymer is electrochemical impedance spectroscopy 

(EIS). In this study, the electrode polarization process which was observed at low frequency region 

results in the high value of both dielectric constant and dielectric loss. The temperature increasing up 

to 388 K, exhibited an increase in both the dielectric constant and the dielectric loss, owing to a 

fractional increase in the number of charge carrier density and their decreases above 388 K due to the 

water desorption process. The morphological study reveals that the sample is damaged and it changed 

to a hard membrane as a result of water desorption. The capacitive behavior of the synthesized 

materials can be noticed on the appearance of tails in the real part of electric modulus spectra. The 

asymmetric peak of the imaginary part of electric modulus M", predicts the non Debye type relaxation. 

One can see an indication of distribution of relaxation time from the broadness of loss tangent peaks.  

The calculated activation energy from the peak frequency of tanδmax and M″max point out that ion 

hopping assists through polymer segmental motion, that is, the mechanism of charge transferring obeys 

the viscoelastic relaxation process. 
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