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In this report, dielectric properties and ion transport parameters in chitosan (CS) based solid polymer
electrolyte (SPE) were examined. In this study, various amount of barium nitrate Ba(NOz3)2 was
dissolved in CS host polymer to synthesize solid polymer electrolytes (SPEs). The dielectric constant
and dielectric loss increased with increasing Ba(NOs)2. On the basis of Trukhan model, the ion transport
parameters, such as mobility («), diffusion coefficient (D), and charge carrier number density (n) were
calculated successfully. Due to higher concentration of salt, enlargement of dielectric loss along with a
rise in dielectric constant was perceived. Electrode polarization allowed an extensive dispersion of
dielectric constant spectra that transpired at low frequency region. The interesting observation is the loss
tangent peaks shifted to higher frequency region and the intensity decreased with an increase in
temperature. The increase of u and D are related to shifting of tand to high frequency sides with
increasing temperature. The decrease of n is correlated with decrease of rand peak with temperature. The
mechanism of ion transport was investigated in the polymer via the tand spectra. The ion transport
parameters are found to be 9x10® cm?/s, 0.8x10"/cm?3, and 3x10° cm?/Vs for D, n, and y, respectively
at ambient temperature. All these parameters have shown increasing as temperature increased. The
electric modulus parameters were studied in an attempt to understand the relaxation dynamics and to
clarify the relaxation process and ion dynamics relationship.
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1. INTRODUCTION

The extracted ion conducting polymers from inorganic compounds such as dissolved salts in
polymers that enrich in functional groups has drawn attention of a number of research groups owing to
their applications in solid-state polymer batteries and fuel cells [1-4]. Owing to comparatively greater
performance, portability, durability, cost-efficiency, and mechanical flexibility, research and
development (R & D) has been carried out on a large scale on solid electrolytes with respect to their
utilization in various electrochemical device applications [5-12]. So far, weak conductivity, thermal
instability and mechanical deficiency are identified as main attributes of ion conducting polymers [13-
15]. To know about ionic conductivity in polymer electrolytes, it is necessary to determine ion mobility,
concentration, and diffusion coefficient parameters [16]. In order to study PEO and PVA based polymer
electrolytes, these parameters have to be the subject of focus [17-19]. From environmental point of view,
chitosan (CS) is well known as an environmentally friendly chemical since it is nontoxic and natural
biodegradable polymer membrane [20]. It is apparent, if natural polymers are compared to synthetic
ones, the former ones have normal inclination to decay [21]. The deacetylation of chitin produces CS
and obtained from the outer skin of the crustaceans, such as shrimps, lobsters, and crabs [22]. To
maintain the flexibility and mechanical stability constant across vast temperature range, and reduce the
crystalline phases, integration of nano-sized fillers into polymer electrolytes was involved in the
methodology of rising electrical conductivity [23-28]. Initially, the most essential element of
electrochemical devices is thought to be ion conducting electrolytes. According to documentations,
researchers are encouraged to design efficient ion conducting polymer electrolytes because of the
ambiguity regarding the method of ion conductivity [29-34].Moreover, it is also observed that ion
transport process proves to be a complex subject in polymer physics.

Nevertheless, it is confirmed that electric property characterizations of priority task before using
the electrolytes in electrochemical applications, such as battery and supercapacitor. Based on the DC
conductivity of relatively high ion conducting polymer electrolytes, they have been the electrolyte of
choice in desired applications [35]. For example, the dielectric behavior of polymer electrolytes is crucial
property to collect information about molecular structure of the system [36]. In order to cope up with the
relaxation dynamics, degradation, and structure of polymeric systems, it is believed that electrical
impedance spectroscopy is probably a great and sensitive technique. Through the research of loss tangent
(Tand) relaxation peaks and impedance plots, crystalline and amorphous phases of PEO were analyzed
in chitosan based blend electrolytes in the previous study [37]. In the best of our knowledge, lost tangent
(Tand) relaxation peaks have not been applied by any of the research works for determining ion transport
parameters in chitosan based electrolytes.
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2. EXPERIMENTAL DETAIL

2.1 Materials and sample preparation

Samples are obtained from pure chitosan namely CSBNO and some others loaded with different
concentrations 10% and 20% of barium nitrate Ba(NOs3)2. The procedure was started with dissolution of
1 g of CSin 80 mL of 1% acetic acid. Then, the solution was stirred with a magnetic stirrer continuously
for several hours till the CS powder has completely dispersed and clear viscose solutions resulted.
Afterward, 10 up to 20 wt. % of Ba(NOs)2 were added separately to the CS solution to prepare CS:BaNt
polymer electrolyte. This mixture of CS:BaNt was stirred again to gain homogeneous solution. Finally,
casting in Petri dish was performed, then each casted sample was left to dry at room temperature to form
films and subsequently, the films were then put into desiccators for extra drying and moisture
elimination.The samples were coded as CSBNO, CSBN1 and CSBN2 for CS incorporated with 0, 10%
and 20% Ba(NOs)2, respectively.

2.2 Electrical impedance spectroscopy (EIS)

Complex impedance spectroscopy (CIS) is a usual method in investigating electrochemical
properties of materials which were used in solid-state batteries and this method helps in the identification
of the electrical properties of materials at the bulk and their interfacial areas with electronically
conducting electrodes. During the sample preparation process, small disk (2.1 cm in width) were
produced using the SPE. Meanwhile during sample preparation, the samples were inserted between a
couple of stainless steel electrodes subjected to spring pressure for the purpose of measuring impedance
through HIOKI 3531 Z Hi-checker. The data obtained was taken via computerized system operating at
50 Hz to 1000 kHz frequency and at temperatures between 303 K and 355 K. In the Nyquist plot, the
two parts of the spectra; the real Z' and the imaginary Z" parts of the complex impedance Z* were
analyzed and shown. Below mentioned equations can be utilized to compute the real and the imaginary

parts of permittivity (¢¥) and modulus (M*) [30-35],
ZII
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where vacuum capacitance, that can be acquired by Co=g0A/t, is represented by Co, where the
free space permittivity is presented by &o, the area of the electrode is denoted by A and the sample
thickness is represented by t. The angular frequency w=2xzf, wherethe applied field frequency is denoted
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by f. Real part and imaginary part of the complex electric modulus are particularly represented by M’
and M". Moreover, dielectric constant and dielectric loss are particularly represented by €’ and &".

3. RESULTS AND DISCUSSION

3.1 Frequency dependence of €'and &"

Figures 1 and 2 exhibits the frequency dependence of dielectric constant and dielectric loss of all
the samples, respectively. The high dielectric constants (¢) and dielectric loss (¢”) over lower frequency
regions are normally associated to the buildup of ions at the electrode/electrolyte interfaces of the
samples doped with various concentrations of the barium nitrate salt. On this basis, the reduced dielectric
constants, at higher frequencies, are correlated to the reduction in polarization as a result of the ions
accumulation [6,38-40]. In a comparison, the doped chitosan samples showed higher dielectric constant
than the pure sample.
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Figure 1. Frequency dependence of dielectric constant (&") for CSBNO, CSBN1, and CSBN2 samples at
ambient temperature.
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Figure 2. Frequency dependence of dielectric loss (¢”) for CSBNO, CSBN1, and CSBN2 samples at
ambinet temperature.
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The fact that the dielectric constant and dielectric loss value attain highest for 20 wt. % BaNt salt
can be illustrated by Figuresl and 2. It is well reported that three factors, like degree of salt dissociation
(concentration of ion), ion mobility, and dielectric constant control the range of ion transfer in polymer
electrolytes and nanocomposites [41]. Formerly, it was illustrated that dielectric constant (¢') and charge
carriers number density (ni) are vigorously interconnected via this relation: ni= no expCUekBD),
representing U as the dissociation energy [7,24,26,31]. Thus, a fall in dielectric constant is followed by
a fall in DC conductivity. The linkage can be lengthened to that the DC ionic conductivity of polymer
ion-conductivity electrolytes relies on the number density of ions (ni) and mobility of ions (ui) (c =X
gnilli), representing q as the charge carrier of ions [7,24,26,31,42]. Thus, in order to comprehend the
electrical properties of polymer electrolytes, researching about the dielectric constant might be reviewed
as an informative and useful parameter. Conductivity behavior of the samples might also be guessed
from this.

Ultimately, whatever discussed convinced us that ion transport properties such as DC
conductivity, mobility, charge carrier density, and dielectric parameters strongly interrelated.
Accordingly, it is shown that in the next sections these transport parameters can be obtained from the
dielectric properties. Figure 3shows a clear shift of the loss tangent (tand) peaks to higher frequency side
with increasing salt concentration. As a consequence, 20 wt. % of salt concentration dissolution in the
sample exhibits the highest conductivity.
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Figure 3. Frequency dependence of loss tangent for CSBNO, CSBN1, and CSBN2 samples at room
temperature.
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3.2 Dielectric properties as a function of temperature

The dielectric constant and dielectric loss as a function of frequency for CSBN2 film at various
temperatures as presented in Figures 4 and 5. At the low frequency region, the highest values of &'
obtained whereas the values declined as the frequency increasing. The former case can be explained on
basis of Maxwell-Wagner model [43]. It was also studied that the dielectric constant has shown higher
values as temperature increased for CSBN2 sample. The increase of €' with increasing temperature is
ascribed to this quick orientation of the dipoles in CS which resulted in enhancing the mobility of charge
carriers [6,11,39].

Both figures show a general trend that as the temperature increases, the permittivity increases as
well. In fact, temperature increasing facilitates dipole orientation process. Also, it causes charge carrier
density increasing as a result of increasing salt dissociation and dissolution. These behaviors occur in
several polymer electrolytes as shown in the literature [44-46]. It is vital mentioning that primary, also
known as intra-chain and secondary, also known as inter-chain are two presence forces in polymer
materials which lead to the stability of polymer structure [47]. Dipole-dipole bonding (0.43-0.87 eV),
hydrogen bonding (0.13-0.30 eV), induced interaction (0.07-0.13 eV), and dispersion interaction (0.002-
0.09 eV) are the four varying secondary forces. Moreover, the primary force is reflected in the creation
of covalent bond (2.2-8.6 eV) which contributes in binding the backbone chains together. It must be
noted that the secondary forces have comparatively little dissociation energies than the primary ones
while discussing the susceptibility to temperature change.
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Figure 4. Frequency dependence of dielectric constant ¢’ for CSBN2 sample at various temperature.
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Figure 5. Frequency dependence of dielectric loss (g") for CSBN2 sample at various temperature.
3.3 Electric Modulus Study

Figure 6 shows spectra of real part of the electric modules M for all the samples at ambient
temperature. From the curves there is an increase of M' with frequency increasing and kept continuing
as the frequency increases. It is worth-noticing the maximum peak moves to the higher frequency in the
spectra and out of the range of the present experiment.Variation of M" values with frequency for all the
samples at ambient temperature is shown in Figure 7. It is interesting that a distinct peak is observed for
the pure CSBNO sample at the middles frequency region. Accordingly, it is clear that this peak has almost
symmetric appearance on both sides of the maxima and predictable from ideal Debye manner. More
interesting thing is the disappearance of the peak in the frequency range of our experiment, which is
probably moved towards higher frequency region.

In order to comprehend the bulk relaxation properties in regions characterized with low
frequencies, seemingly, researchers receive a great assistance by utilizing electric modulus. Activity like
unclear relaxation in dielectric permittivity demonstration that is generated by three general problems
i.e.Electrode polarization, phenomena of space charge injection, and conduction effects, is likely to be
settled in electric modulus formalism [32,34,35,37]. Figure 8 shows the real part M’ of electrical modulus
as a function of frequency for the CSBN2 sample at various temperature. It is obvious from Figure 8 that

an M’ spectrum reveals a long tail at low frequency region, meaning a great reliance of capacitance on
the SPE [48].
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Figure 6. Frequency dependence of real part of electric modulus M’ for CSBNO, CSBN1, and CSBN2
samples.

Figure 9 illustrates the imaginary part M" of electric modulus as a function of frequency for the
CSBN2 sample at various temperature. Relaxation peak at reduced temperatures, that can be seen
evidently from the M"” spectra, verifies the combination of ionic movements and polymer segmental
motions in the polymer electrolyte which indicates peak in the M" spectra [49] without any
corresponding feature in the spectra of €”. These peaks specify transition regions from long range ionic
mobility (translation) to short range of dipolar mobility, i.e., the charge carriers are restricted to potential
wells and are forced to move within a small distance at extensive frequency region [50]. The impact of
temperature and reduction of conductivity relaxation time at high temperatures is specified when a rise
in temperature shows the forward movement of maximum peak with this frequency region of the M”
spectra.

In a contrasting situation, permittivity rises and M’ falls with rise in temperature. M’ values
decline (&' rises) as a result of the enlarged mobility of the polymer segment and charge carriers along
with a rise in temperature. Equations 4 and 5 can strongly verify that due to conductivity modification,
7' and Z" fall. Disparity in M" values over frequency range at different temperatures for CSBN2 sample
is illustrated by Figure 9.

The graphical demonstrations of the spectra of M" enables us to analysis of conductivity via its
peak on frequency axis. At lower frequency regions, the value of M" is low relative to the higher
frequency ones, which might be owing accumulation of ions and thus the enhanced capacitance
formation at the interfacial region [51].
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Figure 7. Frequency dependence of imaginary part of electric modulus M" for CSBNO, CSBN1, and
CSBN2 samples
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Figure 8. Frequency dependence of real part of electric modulus M' for CSBN2 sample at various
temperature.
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Figure 9. Frequency dependence of imaginary part of electric modulus M" for CSBN2 sample at various
temperature.

3.4 Loss tangent and lon Transport Study

The process of the ion conduction remains incomprehensible in the SPEs as there is a concurrent
presence of crystalline and amorphous phases. Thus, along with the processes of polymer segmental
relaxation in polymer electrolytes [35,37,52,53], it is impressive to comprehend this process of ion
transfer. The process of ion transfer remains an arguable subject till date, among the
researchers.Dielectric loss tangent is the ratio €” to ¢’ ( tan(§) = i—,,’).

The loss tangent as a function of the logarithm of frequency at various temperatures for
CS:Ba(NOs)2 (CSBN2) is presented in Figurel0. From this figure, one can notice the loss tangent
increasing with frequency increasing till a peak appearance; subsequently it decreases with increasing
frequency. Another notice is that both the position as well as the height of the peak increase with increase
in temperature. It is self-evident that as the temperature increases, the charge carrier movement facilitates
and thereby capable of relaxation at higher frequencies [54]. Koops phenomenological model explains
the tan & shape of FigurelO [55]. Since the ohmic component of current increases at a faster rate than
the capacitive component, loss tangent raises with rise in frequency, and reaches maximum at a particular
frequency at different temperatures. However, on contrary, this is associated to the capacitive component
(Zi=1/2nfC) and insignificant at low frequency. Moreover, the loss tangent sees a decline as the
frequency goes higher since the ohmic component of current does not depend on frequency. This is
because of the high value of frequency and therefore enhancement in capacitive component with rise in
frequency [56,57].The whole discussion makes us to realize that the shape and intensity of tan(d) peaks
at various temperatures are definitely correlated to the ion transport parameters, such as mobility and
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diffusion. The values of tan(d)max and frequency can be used to draw plots of mobility («), carrier density
(n), and diffusivity (D) as a function of temperature, which will be discussed in the next sections.
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Figure 10. Frequency dependence of loss tangent for CSBN2 sample at various temperature.

The correlation ofthe shape of tand plots to the capacitive and resistive components of the solid
electrolytesis shown in loss tangent study. Furthermore, the shifting of tand peaks towards the high
frequency side is explained on the basis of the fact that the ions are thermally activated. Implementation
of the Trukhan model to the loss tangent data was carried out in the calculation of the number density,
mobility, and diffusion coefficient of the charge carriers. From this model, diffusion coefficient of
cations and anions are supposed to be the same so that a simple expression can be used in calculation of
the diffusion coefficient from the peaks appeared in the plots of loss tangent versus frequency. The
expression is shown below:

277:fmaxLz (6)

T 32tan3(8) max

Where: L is the sample thickness [58].

Diffusion coefficient as a function of temperature is presented in Figure 11. It is noticed that the
diffusion coefficient increases with the temperature non-linearly. This belonged to taken into
consideration of segmental motion in the diffusion process [59], and also temperature increasing favors
diffusion of segmental motion.
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Figure 11. Temperature dependence diffusion coeffiecent for CSBN2 sample.

The number of density of mobile ions is another important parameter that in relation to
conductivity. Estimation of the number density of mobile ions (n) from the well known Einstein equation
is performed [58]:

__ opcKpT _ (JDCKBT) [32 tan3Smax )
De? e? 27 fnasxL?

where: ¢ is obtained from impedance plots, Kg, T, D, ande have usual meaning. It is obviously
seen that charge carrier density is directly and inversely proportional to cubic of tandmax vValue and to the
shifting of peak frequencies, respectively. It is also verified that tandmax Values do not change largely if
their intensity do not change significantly and thus the carrier density becomes almost constant.

Figurel2 exhibits the plot of n as a function of temperature. Accordingly, there is an increase in
n as temperature increases; however, it remains less than an order of magnitude. The influence of
temperature is explained by considering the ions held in the crystalline parts of the polymer matrix can
be released by making the polymer more amorphous the temperature increased.

Agrawal et al. [60] have demonstrated the ion concentration in the range of 10%° to 10'%/cm? for
PEO:AgNOs3:SiO2system. It is also reported that the conductivity is reliant on the mobile ions numberand
mobility [60]. In the current work, the values of the charge carrier density of (0.7-3.7)x10%**/cm? were
achieved and are in comparable to those reported for SPEs in the literature [60,61].

lon mobility is also another parameter that can be computed from the following equation:

_ 9pc _ De _ (_e \r_2%fmaxl®
= = KgT (KBT) [32 tan35max] (8)

Where: p is the ionic mobility.
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Figure 13 shows the relationship between temperature and ion mobility. Similarly, both u and
diffusivity are strongly dependent on temperature. It is interesting to note that as the temperature
increased, there an increase in the ion mobility but this increase is not linear. Free volume model can
explain the increase in the ion mobility on the basis of the existence of free volume that enlarged in the
amorphous region as the temperature increased. [56].
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Figure 12. Temperature dependence carrier density for CSBN2 sample.
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Figure 13. Temperature dependence carrier moility for CSBN2 sample.

In the current work, the values of the ion mobility of (1-60)x102 cm?/V's were achieved and quite
large compared to those obtained for SPEs in the literature. For example, the valuesof ion mobility have
been determined to be 1.5x10° cm?/Vs at ambient temperature, whereas it is about 2.8x102 cm?/Vs at
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353 K. Agrawal et al. [60] documentedvarious value of 10-3cm?/Vs for ionic mobility. Winie et al. [62]
have also settled such direct proportionality connection between mobility of ions and temperature.
Numerous researchers have reported results on the mobilityof ion. For example, Majid and Arof [63]
demonstrated that the mobility valueswere in the range of 10® to 10°cm?/Vs. Moreover, Arya and
Sharma [64] demonstratedthat the mobility of ionswere in the range of 102° to 10-*2cm?/Vs.

4. CONCLUSIONS

In conclusion, the dielectric properties and ion transport parameters in chitosan (CS) based SPE
were explored. Application of Trukhan model was carried out in calculation of ion transport parameters
successfully. Addition of various amount of barium nitrate Ba(NOs)2 into CS host polymer was
performed to fabricate SPEs. The dielectric constant and dielectric loss increased with addition of
Ba(NOs)2. The increase of dielectric constant and dielectric loss were observed with increasing salt
concentration.Electrode polarization caused an extensive dispersion of the spectra of dielectric constant
at low frequency region. On the basis of Trukhan model, the ion transport parameters, such as mobility
(w), diffusion coefficient (D), and charge carrier number density (n) were calculated successfully. The
interesting observation is the loss tangent peaks shifted to higher frequency region and the intensity
decreased with an increase in temperature. The increase of x and D are related to shifting of tand to high
frequency sides with increasing temperature. The decrease of n is correlated with decrease of tano peak
with temperature. The mechanism of ion transport was investigated in the polymer via the tand spectra.
The ion transport parameters are found to be 9x108 cm?/s, 0.8x10"/cm?3, and 3x10° cm?/Vs for D, n,
and u, respectively at ambient temperature. All these parameters have shown increasing as temperature
increased. The electric modulus parameters were studied in an attempt to understand the relaxation
dynamics and to clarify the relaxation process and ion dynamics relationship.
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