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Copper ion-conducting polymer electrolytes based on chitosan (CS) were prepared using solution-cast
technique. The CS host polymer was complexed with different weight percent copper iodide (Cul) salt.
Effect of frequency, temperature and copper ion concentration on the electrical and dielectric
properties has been studied. The high value of dielectric constant at low frequency is an evidence for
the presence of space charge polarization. The AC conductivity at higher frequency region obeys a
Jonschers power law. Three regions were distinguished in the ac conductivity spectra of the solid
polymer electrolyte films. The frequency exponent (S) was estimated for the high-frequency regions.
Analysis of frequency exponent (S) at various temperatures suggested the correlated barrier hopping
(CBH) model for ion transport mechanism at high temperatures. The results of the present work,
reveals that to get deep insight about the conduction mechanism the frequency exponent (S) at different
temperature must be studied. The estimated value of dc conductivity obtained from the plateau region
of ac conductivity spectra seem to be close to those calculated from the bulk resistance. The electrical
modulus analysis shows the non-Debye type conductivity relaxation.
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mechanism; electric modulus

1. INTRODUCTION

The environmentally friendly solid polymer electrolytes based on natural polymers have been
receiving great attention recently due to their potential applications in electrochemical devices such as
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electrochromic devices, high energy density batteries, sensors and fuel cells [1,2]. The light-weight,
flexibility, low cost, abundant, nontoxic and easy throwing away are advantages of natural polymer
electrolytes [3]. Various polymer electrolytes based on natural polymers such as Cellulose [4],
Methylcellulose [5], Starch [6], Agarose [7], and Chitosan [8] have been developed and characterized
previously. Improving the ionic conductivity at ambient temperature is the only requirement for these
materials to be used in electrochemical applications [9]. Various polymer electrolytes have been
studied previously to achieve the desired polymeric electrolyte materials with improved
electrochemical performance [10,11], but so far, the electrical conductivity of solid polymer electrolyte
of more than 10 S/cm has not been realized. This may be related to lake understanding of the
conduction mechanism in polymer electrolyte [12, 13]. The electrical conductivity of solid polymer
electrolyte mainly depends on the density of charge carriers and carrier mobility. It is well reported
that ionic mobility is closely coupled to the motion of the polymer chains above the glass transition
temperature (Tg) [14]. A numeral of experimental and theoretical studies have been carried out on
different polymer electrolyte systems to understand the ion transport process and some models have
been proposed [15, 16]. Preparation of new solid polymer electrolytes requires an electrical
characterization in order to understand the cation transport in host polymer [17]. Study the dielectric
properties of polymer electrolytes are useful for obtaining particular information regarding the ion-
molecular interaction and the ability of a host polymer to dissolve salts [18, 19]. The frequency
dependent electrical conductivity is significant to get considerable information on ion dynamics. The
electrical conductivity of solid polymer electrolyte depends on factors like concentration of the charge
carriers and the rate at which they are mobile from one available site to another. Both the ionic
conductivity and dielectric properties depend on the charge carriers motion and polarization of dipoles
of the host polymer. The presence of complete information on conductivity and dielectric properties
are essential to specify the mechanism of ion conduction in solid polymer electrolytes [13]. In this
study the AC conductivity, dielectric constant, dielectric loss, and electrical modulus at various
temperatures have been investigated to identify the mechanism of copper ionic transport in
chitosan:Cul based solid electrolyte films.

2. EXPERIMENTAL

2.1 Material Preparation

Free-standing polymer electrolyte films were prepared by conventional solution casting
technique with Chitosan (CS) from crab-shells, (average molecular weight 1.1x10° g/mol) as the
polymer host matrix and copper iodide (Cul) provided by Sigma-Aldrich (97% purity, molecular
weight 190.45 g/mol) as the salt for complexation. The Cul salt was dried at 140 °C for 6 h to remove
surface adsorbed moisture prior to sample preparation. One gram of CS powder was dissolved in 80
mL of 1% acetic acid, and the solution was stirred for 24h at ambient temperature, until completely
dissolved and clear viscose solutions were obtained. Subsequently, different amounts of Cul (4, 8, 12,
and 16 wt.%) were dissolved in 10 mL acetonitrile (Merck) and added separately to the CS solution.
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The mixtures were stirred for 2 h to facilitate homogeneous mixing and complexation. The polymer
electrolyte samples were coded as CS1, CS2, CS3, and CS4 for CS incorporated with 4, 8, 12, and 16
wt.% of Cul, respectively. After casting the final polymer-salt complex solutions in different Petri
dishes, the solvent was allowed to evaporate slowly at ambient temperature for two weeks for films to
form. Finally, the dried freestanding polymer electrolyte films were stored in desiccators for further
drying with blue silica gels.

2.2 Materials Characterization

Conductivity and dielectric measurements on the prepared solid polymer electrolyte films were
carried out in the frequency range of 50 Hz to 1 MHz using a computer-interfaced impedance analyzer
(HIOKI LCR, Model 3532, Japan). The samples were sandwiched between two stainless steel blocking
electrodes of the conductivity cell.

3. RESULTS AND DISCUSSION

3.1 Complex Impedance Spectroscopy Analysis

The studies of complex impedance plots are crucial to investigate the electrical conductivity
and electrochemical performance of batteries and super-capacitors. The complex impedance plots of
the CS:Cul solid polymer electrolyte samples at room temperature (T=303 K) are shown in Fig.1. The
electrical impedance plots show two obvious regions at room temperatures. The high-frequency arc
and low-frequency spike observed in the impedance plots are ascribed to the bulk conduction process
and accumulation of free charges at the electrolyte-electrode interface (blocking electrode) respectively
[20,21]. In fact, the low-frequency region of the complex impedance plot must show a straight line
parallel to the imaginary axis, but the double layer phenomena causes the inclination [22]. The
incomplete semicircular arc of Argand plots with a diameter below the real impedance axis indicates
that charge carriers have different relaxation times [23,24]. The intercept of the high-frequency
semicircular arc with the real axis of the complex impedance plots represents the electrical bulk
resistance (Rp ) of the sample. It is obvious from Fig. 1, that R, value initially decreases with
increasing Cul content and reaches to a minimum (R, = 740 Q) at 8 wt.% Cul content. It is clear that
further addition of Cul increased the R, value. The lowest value of R,for CS2 indicates that this
sample has maximum ionic conductivity. The increase in R, value for the CS3 and CS4 samples can
be ascribed to ion association which usually occurs at high salt concentration, which in turn decreases
the conductivity. The change in ionic conductivity o of polymer electrolyte was affected by carrier
density (n) as well as the mobility of charge carriers (i) [25].
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Figure 1. Complex impedance plots for all chitosan solid electrolytes at room temperature. The CS2
sample exhibits the lowest bulk resistance (Ry).

The general expression for the ionic conductivity of a solid polymer electrolyte is given as
o = Y. q;n;u;, Where g; is the ionic charge [26]. Thus the ionic conductivity can be enhanced by either
increasing the salt concentration or mobility of charge carriers. It can be noticed that at the
intermediate frequency the formation of second semicircle can appear. This can be ascribed to the
formation of copper nanoparticles through the host CS polymer [27]. In impedance plots, it is possible
to detect the presence of metallic nanoparticles [21, 24]. In our previous works, we observed the
reduction of transition metals salts in CS host polymer [2, 20, 21, 24, 27]. Thus the curvature of data
points at low and intermediate frequencies is related to the reduction of some of the copper ions to

copper metallic nanoparticles.

3.2 Dielectric Analysis
The studies of the real and imaginary parts of the complex dielectric constant are of particular

significance for ion conducting polymer electrolytes. Dielectric constant (<,.), is a measure of material
to stored electric charge, whereas dielectric loss (s;), is a measure of dissipation energy in the
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materials. The real and imaginary parts of the complex dielectric constant can be calculated from the
following relations [28,29]:

€y

(@) = —
T e (2,7 + 2.2)

(2)

Here C, = £,A/l is the vacuum capacitance, where &, is the free space dielectric permittivity, [
is the thickness, and A is the cross-section area of the capacitor. The angular frequency w is equal to
w = 2mf, where f is the frequency of applied ac field.

Figures 2 and 3 show the variation of dielectric constant (s,.) and dielectric loss (s;) versus
frequency at room temperature for all the samples. It is evident that the dielectric loss for low salt
concentration sample (CS1) exhibits two distinct dispersive regions, characterized by a change in
slope. At low frequency, the dielectric loss increases gradually and then decreases progressively in its
magnitude at the higher frequency region. The asymmetric-broad dielectric loss peak for CS1 sample
suggests a deviation from classical exponential Debye behaviour [30]. As the salt concentration
increases, the dielectric parameters show one dispersion region and tend to decrease with increasing
frequency.

4500
[ ]
4000 - eCcs1
=CS?2

3500 - Los 3
S 3000 A x CS 4
© [ ]
2
S 2500
o [ ]
©
S 2000 x .
o [ |
o m
()] * [ ]
2 1500 - .
= A i * .’ ‘

1000 x *

X ’~
500 1 o X ¢ e
LYW ¢ "n
0 . 2o X X X X22N% R st OO
1.3 2.3 3.3 4.3 5.3

Log (f)

Figure 2. Variation of dielectric constant as a function of frequency for different CS:Cul solid polymer
electrolytes at room temperature.
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Figure 3. Variation of dielectric loss as a function of frequency for different CS:Cul solid polymer
electrolytes at room temperature.

A typical result indicates that the CS incorporated with 8 wt.% Cul (CS2), has higher dielectric
constant and dielectric loss at all frequency. However, any further increase in the Cul concentration
caused the reduction of dielectric constant. The high value of dielectric constant for CS2 sample
indicates that there is an increase in the number of charge carriers, and thus a high electrical
conductivity. The frequency dependence of the &, and &; at higher salt concentration (> 8 wt.%) show
very strong dispersions at low frequency due to space-charge polarization effects arising from
accumulation of charge carriers at the electrode-electrolyte interface results in the formation of macro-
dipoles that oscillate with the frequency of applied field, since there is time for the dipoles to build up
at the interface before the occurrence of changes in the direction of applied field. These charge
accumulations exhibit relaxation behavior similar to dipolar relaxation [31]. However, at high
frequencies, the space-charge accumulation disappeared, and the dipoles cannot follow the high
periodic reversal of the applied electrical field at the interface [32,33]. Thus, the contribution of the
charge carriers towards polarization decreases, and hence, the values of £, decreases continuously with
increasing frequency.

3.3 Ac conductivity analysis

The ac conductivity (o,.) of the polymer electrolyte films has been evaluated using the real (Z')
and imaginary (Z") parts of complex impedance (Z*) data at a fixed temperature, using the following
equation [34]:
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The frequency dependent ac conductivity o, at room temperature for all samples is shown in
Fig. 4. The tail in ac conductivity (a,.) spectra at low-frequency region could be attributed to the
accumulation of charge carriers at the electrode and polymer electrolyte interface [26]. In the high-
frequency region, the value of o,. increase with increasing frequency and follows the power law
(0. = Aw®) [35]. It is well known that at high frequency the capacitive reactance (X, = 1/(2nfC)),
becomes small and thus the displacement current increases. Consequently, the AC conductivity
increases. The extrapolation of the plateau region to the y-axis (zero frequency) was used to estimate
the dc conductivity (o,.). The achieved dc ionic conductivities for all the polymer electrolytes are
presented as the inset inside Figure 4. The o,. values achieved from the ac conductivity spectra are
agree with the bulk resistance (R;) shown in figure 1, that is, the system with low resistance exhibits a
high DC conductivity.
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Figure 4. Variation of ¢, as a function of frequency for all chitosan solid electrolytes system at room
temperature. The CS2 sample exhibits a high DC conductivity.

Figure 5 shows the variation of ac conductivity o,. with frequency for CS3 sample at different
temperatures. The conductivity spectrum for the sample with 12 wt.% salt concentrations (CS3) at low
temperatures (303 and 323 K), consists of three regions: (i) a low-frequency dispersive region, (ii) an
obvious plateau frequency region, and (iii) a high-frequency power-law region. The median frequency-
region is due to the dc conductivity contribution while the high-frequency behavior represents a bulk
relaxation phenomenon.
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At higher temperatures (343 and 363 K), the frequency-dependent conductivity exhibits two
distinct regions. It is clear that with an increase in temperature, the o, frequency response shifts to the
high-frequency dispersive region. A similar trend in frequency-dependent conductivity has been
reported in the literature for different polymer electrolyte systems [36,37].
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Figure 5. Variation of a,,. as a function of frequency for CS3 sample at (a) 303 K and 323 K and (b) ,
343 Kand 363 K.

The frequency-dependent electrical conductivity behavior for the present polymer electrolyte
system follows the Jonscher’s universal power law [38].

o(w) = 64, + AwS (4)
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where o, A, and S are the dc conductivity, pre-exponential factor, and frequency-exponent,
respectively. At lower frequencies, ions are able to jump from one available site to another vacant
neighboring site in the host polymer matrix and contribute to the dc conductivity. A successful hop
occurs when the frequency is lower than the hopping frequency. The frequency-independent region at
all temperatures signifies that the conductivity is equal to the bulk conductivity of solid polymer
electrolytes [39]. At higher frequencies, the important feature o(w) < Aw® is observed. The ions
perform correlated forward-backward hopping movement mechanism. These movements are
potentially successful when ions jump and stay in the new site. Whereas the movements are
unsuccessful hopping if the jumped ion jump back to its initial position [40]. The increase in the ratio
of successful to unsuccessful hopping, results in a more dispersive conductivity at higher frequencies
[41]. Such ionic motion occurs when the frequency exceeds the characteristic frequency corresponding
to the onset of conductivity dispersion [13]. The values of S at different temperature were estimated for
the power law regions, from the slope of log(s) versus log(w). From the definition of frequency-
exponent, the higher value of S reflects the poor conductivity of the sample.

The frequency exponent (S) as a function of temperature for the SC3 system were shown in
figure 6. The continuous decrease in S value with increasing temperature reflects the increase in
electrical conductivity of the sample. Several theoretical models have been proposed to explain the
conduction mechanism based on the nature of the variation of S parameter with temperature. Among
these models, the quantum mechanical tunneling (QMT), the small polaron (SP), the correlated barrier
hopping (CBH) and the overlapping large polaron (OLP) are found to be the most applicable models
[42]. The QMT model implies that S is temperature independent. The SP model indicates that
conduction is predominant if S increases with increasing the temperature. The CBH model suggested
that S should decrease with increasing temperature. Finally, the OLP model suggested that S should
decrease with increasing temperature to a minimum value and then increases again [43]. In our system,
the decreasing trend of S with temperature suggests that the CBH model is more convenient to
interpret the conduction mechanism. It is important to notice that the CBH model consider the hopping
of carriers between two sites over a potential barrier separating them [44]. The ac conductivity and
frequency-exponent expressions due to the CBH model are given by the equation [42]:

o1 6kyT )
T W, — kgTIn(1/wt,)

where W, is the maximum barrier height that ions must overcome and 7, is the characteristic
relaxation time of the carriers.
For a small value of k5T In(1/wt,) < W, the equation (5) reduces to:

6ksT

S=1
Whn

(6)
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The values of W,, can be calculated by putting values of S and T in equation (6). The
characteristic increase in slope with the rise in temperature (slope of region Il >> slope of region I) was
due to the decrease in the binding energy.
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Figure 6. Temperature dependence of the frequency-exponent (s) for CS3.

3.4 lonic conductivity analysis

The ionic conductivity of the polymer electrolyte films has been calculated from the bulk
resistance (R;) of the samples at various temperatures using the formula [45]:

04c = l/R,A (7)

The observed increase in ionic conductivity of CS:Cul polymer electrolyte films with
temperature, obeys the Arrhenius type thermally activated process represented by:

—E
Ogc — 0, €XP (E;) (8)

where o, is the pre-exponential factor, E, is the activation energy, kg is the Boltzmann
constant and T is the absolute temperature. Increase in temperature results in the increase in free
volume, which lead to increases in ions mobility and segmental movement. The segmental dynamic of
the polymer chains will either help the ions to hop from one site to another site or provide an
alternative path for ions to move and thus increase the conductivity [46]. This hopping mechanism
indicates that most of ions gained kinetic energy via thermally activated process [47]. Figure 7 shows
the variation of dc conductivity versus reciprocal of temperature for CS3 sample. Clearly, two distinct
regions can be seen. At low temperatures, the conductivity increases slowly. The possible explanation
for low DC conductivity at low temperature is that ion transport occurs through the QMT process. It is
clear from figure 6 that at low temperature the S value is almost temperature independent. These
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results reveal that AC conductivity study is crucial for understanding the behavior of DC conductivity
versus 1000/T. At high temperatures, an abrupt rise in DC conductivity can be observed in figure 7. At
these temperatures, the S value (see figure 6) decreases to a minimum value. Thus at high
temperatures, ion transport mechanism takes place through the hopping from one site to another and
requires smaller activation energy [48]. The results of the present work, reveals that AC conductivity
study can be combined with DC conductivity analysis to understand the ion transport mechanism. Thus
to get deep insight about the conduction mechanism the frequency exponent (S) at different
temperature must be studied.
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Figure 7. Inverse temperature dependent dc conductivity of CS+12 wt.% Culpolymer electrolyte film
(CS3).

3.5 Electric Modulus analysis

The electric modulus representation is convenient for the analysis of relaxation behavior of
ionic materials. In electric modulus representation, the contributions of electrode polarization may be
ignored [49]. The real (M') and imaginary (M') parts of the complex electric modulus (M™) were
calculated from the real (Z,.) and imaginary (Z;) parts of the complex impedance (Z*) by using the
following expression [37]:

M* =M +jM" = jwC,Z" = wC,Z; + jwC,Z, (9)

Figure 8 shows the frequency dependence of M’ spectra for different Cul salt concentration at
room temperature. It is obvious from Fig.8, that M’ values at lower frequencies are very small, and
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tend to be zero which indicates the removal of electrode polarization contribution [46]. The increase of
M' with increasing frequency may be due to the bulk effect.
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Figure 8. Variation of M' as a function of frequency for all the polymer electrolyte samples

0.05
¢CS1
0.045 A ?g*i
mCS2
0.04 A x
ACS 3 x

0.035 -
xCS 4 x

0.03
5 0.025
0.02
0.015 - x

0.01 - R

0.005 A A x*

ot

L4

0 B. T & T & M f . .“I.' T T T T
13 18 23 28 33 38 43 48 53 58
Log (f)

Figure 9. Variation of M" as a function of frequency for all the polymer electrolyte samples

Figure 9 shows the variation of M" with frequency for all CS:Cul solid polymer electrolyte
films at room temperature. The observed long tail of M" at low frequencies might be due to the large
capacitance associated with the electrode polarization effect, results from the large charge carrier's
accumulation at the electrode-solid polymer electrolyte interface [50]. The shifting of maximum peak
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towards the higher frequency side at 8 wt.% Cul reveals that CS2 system is the highest conducting
sample. The highest DC conductivity also achieved for the CS2 sample (see the insets of figure 4).
Thus dielectric relaxation study is a good method to identify the conductivity behaviour of polymer
electrolytes.

As shown in Fig. 9, the values of M" show a broad and asymmetric peak in the high-frequency
region, approximately centered in the dispersion region of M', predicts the non-Debye behavior.

The complex modulus spectrum (M" versus M') for CS:Cul polymer electrolyte films at room
temperature are shown in Fig. 10. According to Mohomed et al. [51], the emergence of single
semicircular arc in Argand plots (M" versus M’) is an indicator for the ionic conductivity relaxation.
But since the centre of the semicircular arcs are well localized below the real axis. Thus, the non-
Debye type of relaxation is dominant and is evidence for the spread of the distribution of relaxation
times [52]. The non existence of semicircular arcs with single relaxation time reveals that ion transport
associated with the segmental motion of polymer chains. Consequently, copper ion transport through
CS polymer occurs through the viscoelastic relaxation processes [40]. It can be seen that the samples
with higher DC conductivity, their curves shifts more towards the origin. This is related to the low
resistivity of these samples (M" = wCoZ,) [12, 37].
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Figure 10. Complex modulus spectrum (M’ vs. M"") for different CS:Cul polymer electrolyte films

4. CONCLUSIONS

Different composites of CS:Cul polymer electrolyte films have been prepared by solution cast
technique. The dielectric analysis of the prepared films has confirmed the presence of electrode
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polarization effects due to the accumulation of space charge polarization at lower frequencies. The ac
conductivity spectra of polymer electrolytes obey Jonscher power law at higher frequency region. It
has been observed that an increase of salt concentration increases ionic conductivity. Three regions
were distinguished in the AC conductivity spectra of the present polymer electrolyte systems. The
estimated DC conductivity from the extrapolation of the plateau region of frequency dependence AC
conductivity was close to those values calculated using the bulk resistance obtained from the
impedance plots. The dispersion regions of ac conductivity were used to study the copper ion
conduction mechanism. Analysis of frequency exponent (S) at various temperatures suggested the
correlated barrier hopping (CBH) model for ion transport mechanism at high temperatures, while at
low temperatures the QMT model is more desired to interpret the behavior of DC conductivity versus
1000/T. The results of the present work, reveals that to get deep insight about the conduction
mechanism the frequency exponent (S) at different temperature must be studied. To distinguish
between ion conductivity relaxation and viscoelastic relaxation Argand plots was studied. The
incomplete semicircular arcs with diameters below the real axis in Argand plots reveal that ion
transport occurs with the help of segmental motion of polymer chains.
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