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In the current work the role of titanium dioxide (TiO2) filler on dielectric and conductivity properties of
chitosan (CS) based solid polymer electrolytes (SPEs) were investigated at various temperatures. To
prepare CS based SPEs fixed amount of ammonium triflate (NH4CF3SO3) was dissolved in CS solution
and then various amount of TiO, was added to CS: NH4CF3SOs solution. The films of composite
electrolytes were obtained by solution cast technique. The results showed that dielectric properties of
composite electrolytes have been improved up to 1 wt.% of TiO. and their values are found to be
temperature dependent. The composite film incorporated with 1 wt.% of TiO exhibits a smallest bulk
resistance. The M" parameter against frequency shows asymmetric single relaxation peak which reveal
the non-Debye relaxation type. The ac conductivity spectra were used to obtain the DC conductivity
values at ambient temperature. The temperature dependent DC conductivity was found to follow
Arrhenius behaviour. The obtained value of activation energies from DC conductivity is found to be
comparable to that calculated from relaxation time. The single value of activation energy obtained from
the Arrhenius plot indicates one conduction mechanism involved in the present system.

Keywords:proton ion conducting; solid polymer electrolytes; electric modulus; activation energy;
relaxation process

1. INTRODUCTION

Nanocomposite electrolyte membranes are industrially important materials having extensive
commercial applications in optoelectronic devices, chemical sensors, energy storage and memory
elements[1-3]. Chitosan (CS) is an accessible natural polymer with a dopant dependent electrical and
optical properties, due to its tremendous film-forming capability and good mechanical properties [4-6].
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The amino (-NHz) and hydroxyl (-OH) groups present in the CS backbone structure is enough to dissolve
inorganic salts and formation of polymer electrolytes [7]. It is found that the structure, electrical and
optical properties of fuctional polymers are changed by addition of metals and semiconductors particles
such as cupper (Cu), sliver (Ag), aluminium (Al), zinc oxide (ZnO), tin dioxide (SnO2), cadmium oxide
(CdO), silver sulphide (Ag2S), alumina (AI203) and titanium dioxide (TiO2) [8-14]. Thus polymer
composites are regarded as a potential candidate in electronic, optoelectronic and energy-storage devices
[15,16]. The TiO: filler was one of the most widely investigated oxides. This is due to its wide range
ofapplications including transparent conducting oxides (TCO) in LED’s, resistive random access
memory (RRAM), displays, and photovoltaic cells [17-19]. The TiO- is a direct bandgap semiconductor
having an energy gap of 3.06 eV at room temperature. It was reported that the addition of TiO: filler to
polymer electrolyte improves both the carrier transport propert and the mechanical strength of the
component [20]. Several reports can be seen in literature on chitosan-based proton-conducting polymer
electrolytes [21, 22]. The aim of this study is to reveal the role of TiO: filler on electrical properties of
chitosan-ammonium triflate (CS-NH4Tf) polymer electrolyte films. Dielectric properties and relaxation
dynamics also was studied in detail.

2. EXPERIMENTAL DETAILS

Composite polymer electrolyte films of CS:NH4Tf were prepared by solution cast technique.
Low molecular weight chitosan (CS) supplied by Sigma-Aldrich was used as a host polymer without
further purification. Ammonium triflate (NH4Tf) salt was used as a source of proton ions. Acetic acid (1
vol.%) was used as the solvent in this work. For fabrication of polymer composites 1 g of CS powder
was dissolved in 90 mL of acetic acid solution. To this solution, 30 wt.% NH4Tf was added, and the
mixture was stirred continuously to obtain a viscous solution. After that the necessary amount of
dispersed inorganic TiO> filler was added to CS:NH4Tf solution in wt.%. The solution was then
transferred into the different dry Petri dishes and allowed the solvent to evaporate slowly at room
temperature under vacuum for two weeks. The composite polymer electrolyte films were then relocated
into desiccators for further drying before the test. The composite films were coded as CPTO, CPT1,
CPT2, and CPT3, for CS-NH4CF3SO3 incorporated with 0, 1, 3, and 5 wt.% TiO., respectively. The
electrical conductivity and dielectric behaviour of composite polymer films were measured in the
frequency range of 50 Hz — 1 MHz over a temperature ranges from 303K — 343K using a computer
controlled HIOKI 3531 with a cell having two stainless steel blocking electrodes (2 cm in diameter)
under spring pressure.

3. RESULTS AND DISCUSSION

3.1 Dielectric properties at ambient temperature

Previous investigations recognized that study of dielectric properties is crucial to understand the
carrier transport properties and conductivity behaviour of polymer electrolytes [23-27]. The dielectric
parameters are frequency dependent and they can be estimated using the following equations:

Zr Zi
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Here, € is complex permittivity with real €'and imaginary €'’ parts corresponding respectively to
the storage and loss of energy in each cycle of the applied ac electric field. Z,and Z; are the real and
imaginary part of impedance.C, = €,A/d is the vacuum capacitance, where €, is the vacuum
permittivity, A is the sample cross-section area, and d is its thickness. The angular frequency w is equal
to 2nf, where f is the frequency of applied field.

The frequency dependent of € ande’’ parameters for various concentrations of TiO; filler are
shown in Figures 1 and 2, respectively at ambient temperature. The dielectric response of all the samples
under investigation, show one dispersion region and be inclined to diminish with increasing frequency.
The results of dielectric properties point out that the polymer electrolyte incorporated with 1 wt.% TiOo,
has higher dielectric constant. The high value of &’ for CPT1 sample indicates the huge number of charge
carriers, and thus it must exhibit a high conductivity. The study of impedance plots and ac conductivity
may gives more information about the conductivity behaviour of the samples as can be seen in later
sections.

The well-built dispersions of €' and €"'at low down frequencies may be associated to the space-
charge polarizations as a result of growth of immobile charge carriers at the electrode-electrolyte
boundary [28]. However, at high frequencies, the space-charge growth disappeared. This can be
understood based on the reality that the dipole moments and chare carriers cannot follow the high
periodic reversal of the applied external ac electric field and thus there is no ion diffusion to the electrode-
electrolyte interface [29, 30]. Consequently, a continuous decrease of the dielectric constants (€' and €")
expected with increase the frequency to high values. The temperature dependent dielectric properties
may gives more information about the dispersion and plateau regions.
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Figure 1. Concentration dependence of dielectric constant (&') versus frequency at ambient temperature,
for all composites.
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Figure 2. Concentration dependence of dielectric loss (&") versus frequency at ambient temperature, for
all composites.
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Figure 3. High-frequency dielectric constant as a function of frequency for all composites.

The variation of high-frequency region of bulk €' as a function of frequency were illustrated in
Figure 3. It can be seen noticeably that the high-frequency €’ attains the maximum value for the hybrid
film (CPT1) contained 1 wt.% of TiO». The high value of the static permittivity of composite films, can
be discussed as follows; the TiO- filler possesses inherent strong ionic polarization due to quadruply
charged Ti**cationand O? anions and therefore has a high value of static permittivity [31] and
consequently more ions can be separated and their polarization gives a high dielectric constnat. Thus
CPT1 sample shows an increase in permittivity due to an increase in both numbers of charge carriers
and surface area. Furthermore, the increase of TiO: filler from 3 to 5 wt.% rediced the permittivity as a
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consequence of aggregation of the nanoparticles and thus a decrease in the interface area. The increase
of €' can be interpreted based on the space charge polarization phenomena while its decrease is related
to the blocking effect at high TiO2 content and thus the aggregated filler particles acts as barriers for ion
transport mechanism [23, 24, 28, 32]

To identify the relaxation dynamics associated with ion movement, complex electrical modulus
formalism has been adopted. The analysis of electric modulus spectra can be considered as a well-
organized method to characterize the relaxation behaviour of ionic materials [21, 33]. The complex
electric modulus (M™) is the reciprocal of the permittivity in the complex form [34, 35], and can be
found as follows,

M* =M, + jM; = ——— + j )

(8’2+s”2) ](s +s”2)

where M,. and M; are the real and imaginary parts of complex modulus. Figures 4 and 5, shows
the frequency dependence of M, and M; respectively for all the composite electrolyte films. The
observed small values of M,. and M; at lower frequencies indicates the exclusion of electrode polarization
involvement in electric modulus study [36]. It is valuable to note that the values of M; show asymmetric
broad peak in the high frequency regions which endorsed to the non-Debye behaviour. These peaks are
correlated with the existence of high frequency semicircle of impedance plots. Thus impedance studies
at various temperatures are helpful to understand the ion transport mechanism and relaxation processes.
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Figure 4. Variation of M, as a function of frequency for polymer electrolyte composite samples, at
ambient temperature.
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Figure 5. Variation of M; as a function of frequency for polymer electrolyte composite samples at
ambient temperature.

3.2. Impedance and AC conductivity study

Impedance study is an efficient approach for describing the electrical properties of the polymers
and many composite materials [37]. Complex impedance plots offers a better understanding the nature
of dielectric relaxation. The complex impedance spectroscopy analysis is significant to understand the
conduction mechanism and the relaxation processes of the studied samples. Different relaxation
processes take place in polymeric materials. When the relaxation times are owing to different
mechanisms, the Nyquist plot will be asymmetrical arc [38].

Figure 6 represents the Cole-Cole plots of the studied composite films at room temperature. The
Cole-Cole plots illustrate two noticeable regions: the high-frequency semi-circular arc and low-
frequency tail. For a perfect Debye-type relaxation, a complete semicircle with its centre overlaps with
the real axis (Zr) should be observed. But the results in Fig. 6 shows depressed semicircles whose centres
are found below Z,.axis, which indicates the deviation from Debye-type behaviour [39, 40]. Distinctly,
the CPT1 composite sample has minimum impedance, and hence it have a highest conductivity due to
the contribution of huge amount of charge carriers to the conductivity. The increase of resistivity can be
observed for the CPT2 and CPT3 samples. This can be attributed to the agglomeration of the TiO- filler
which they act as barriers for ion transport, that is, a reduction of interface area and thus the ion carriers
participating in conductivity decreased. This behaviour is in conformity with the results of dielectric
analysis.
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Figure 6. Cole-Cole plot of the studied composite films at room temperature.

The total conductivity o(w) has contribution from both the DC and ac part. The ac part is
frequency-dependence and is given by Jonscher’s power law [41, 42]

o(w) = 04:(0) + ggc(w) = 04c + Aw® 3)

where a,.(0) is the DC conductivity, A is the pre-exponential factor measures the strength of the
polarizability, While, the plateau region of ac spectra can be considered for the estimation of the DC
(64.(0)) contribution. g,.(w) is the dispersive ac conductivity, and s is the frequency exponent factor
whose value lies between 0 and 1. Characteristic plots of cac versus log (f) at room temperature for
composite films are shown in Figures 7 (a-c). The oac rises with raising the applied frequency for all
studied samples which is similar to the behaviour of many organic-inorganic hybrid polymeric materials
[43]. The high-frequency dispersion part related to ac conductivity (o,.), which is owing to trapped
charges that are only dynamic at higher frequency region, whereas the intermediate frequency plateau
section of the conductivity associated to the DC conductivity (o,.) which is frequency-independent due
to the free ion motion within the composite sample [24, 28, 29]. The insets of Fig.7 show the obtained
DC conductivity from the ac conductivity spectra which are in good agreement with the impedance plots
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and dielectric constant results. Thus ac conductivity study can be regarded as a well-organized and

specific plot to calculate approximately the DC conductivity.
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Figure 7. Variation of ac conductivity as a function of frequencyat room temperature for (a) CPT1, (b)

CPT2, (c) CPT3 samples.

3.3 Dielectric properties as a function of temperature

Figure 8 demonstrate the €' value as a function of frequency for CPT1 composite film at particular
temperatures. The €' is high at low frequencies and its value lowered with rising the applied frequency.
The large value of €' at low frequency region can be clarify based on Maxwell-Wagner model [44].The
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TiO2 doped polymer electrolyte samples consist of semiconducting islands in an insulating polymer
matrix, and the dipoles are produced at the boundary of the two-components owing to the huge inequality
in conductivities. These dipoles get polarized and therefore enhance the dielectric constant [45, 46]. At
very high frequencies, the dipoles can no longer follow the applied field and &' = €', (high-frequency
value of ¢') [47]. Similar behaviour has been seen in several studies on polymer based nanocomposite
films [48].

On the other hand, the dielectric constant increases monotonically with increasing temperature
for all samples studied. For polar polymers such as CS, the increase of €' with temperature is ascribed to
the quick orientation of the dipoles and accordingly enhance the mobility of charge carriers [33, 38, 49].

60000
o *303K
50000 A = 313 K
A323K
€ 40000 1 333K
[
‘g x 343 K
8
S 30000 1 . © 353K
-
g
[<5) X
O 20000 - °
(<)
.O
10000 - o T Cay
* X
; : © 0 oot LT
0 . M—LM—I—!-_-
1 2 3 4 5 6
Log (D

Figure 8. Frequency and temperature dependence of dielectric constant (¢') for CPT1 composite film at
different temperatures

Figure 9 represent the variation of €" as a function of frequency for CPT1 composite film at
particular temperatures. Distinctly the " decline with increasing frequency and becomes small at high
frequencies. At lower frequency region, due to Maxwell-Wagner-Sillars interfacial polarization effect,
a big number of dipoles are trying to direct themselves along the field and therefore a big €" value [50].
At higher frequency region, the periodic reversal of the electric field becomes so quick that permanent
dipole molecules cannot direct themselves in reply to the external field. So, the charge accumulation
lessens, leading to a decrease in €" [6]. The increase of dispersion region in both €' and &" at high
temperatures is attributed to the increase of charge carriers. It is well reported that at high temperatures
the impedance plots almost show a slanted spike region which shows that the sample can be represented
by aresistor [9, 24, 28]. To confirm this fact the impedance plots at various temperatures (323K to 353K)
are shown in Figure 10. It is clear that the spike (tail) region due to electrode polarization (EP) increases
at high temperatures. At high temperatures (Fig. 10b) the semicircles approximately disappeared. The
diameter of semicircles at various temperatures was observed to be placed under the real axis, which
point out that the related relaxation phenomena are of non-Debye type [51].
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Figure 9. Frequency and temperature dependence of dielectric loss (¢") for CPT1 composite film at

different temperatures.
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Figure 10. Impedance plots for CPT1 composite film at temperature ranges (a) 323-333 K, (b) 343-353
K.

Figure 11 represents the variation of M, with frequency at particular temperatures for the CPT1
sample. It is observed that at low frequencies, the values of M,.are almost zero. This observation may
possibly be related to a lack of restoring force governing the charge carrier mobility under the action of
an induced electric field [38, 52]. Low M,.values at low frequencies at particular temperatures, point out
to the nonexistence of noticeable electrode polarization [44, 52].
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Figure 11. Real part of the electric modulus (M) as a function of frequency at selected temperatures for
CPT1 composite film.
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The spectrum of M; at particular temperatures for the CPT1 sample is given in Fig. 12. The curves
in Fig. 12 demonstrate that the M;values arrive to a greatest value at a particular frequency and after that
diminish with increasing frequency. It is obvious from the spectra that the maximum peak moves to the

higher frequency side with temperature elevation. The regions beside the maximum peaks are not the
same and this is reveals the departure from the ideal Debye-type behaviour. The shift of the (M; )

lmax
peaks towards the higher frequencies recommend a decrease in relaxation time, which directly enhances

the ion mobility and hence the electrical conductivity [53].
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Figure 12. Imaginary part of the electric modulus (M;) as a function of frequency at selected
temperatures for CPT1 composite film.

3.4 lon transport mechanism and activation energy

It was shown form impedance plots and ac spectra that CPT1 sample exhibits the highest DC
conductivity. From the impedance plots at different temperatures the bulk resistance was determined.
The thickness of the sample and it effective area were used to calculate the DC conductivity at various
temperatures. The obtained values of DC conductivity versus temperature obey the Arrhenius model [43,
54] given by:

) (4)

Eq
Ogc = 0y Exp (_ T

Kp

where g, is the pre-exponential factor, E, is the activation energy, Kz is Boltzmann constant,
and T is absolute temperature. Figure 13 represent the Arrhenius plot of log a4, versus 1000/T for CPT1
composite sample. An increase in temperature caused the increase in free volume due to the segmental
motion of the polymer chains, which facilitate the migration of ionic-charge carriers [36,55]. The value
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of activation energy of CPTL1 film is evaluated from the linear slope of the fitted Arrhenius plot and
found to be equal to1.13 eV'.
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Figure 13. Arrhenius plot (log a4, versus 1000/T) for CPT1 composite film.

To achieve more information about the relaxation dynamics tan § agains frequeny was plotted
at selected temperatures for CPT1. It can be observed from Figure 14 that tan 6 increases with frequency,
passes throughout a maximum value and after that decreases. It is clear from the figure that the maximum
(tan &),,4, Shifts to higher frequencies as the temperature increases. The moves of tand peaks with
temperature imply that the relaxation dynamics of ions is thermally activated in the studied sample [45,
56]. In polymer electrolytes with noticeable conductivity, dielectric relaxation peaks attributable to
permanent dipoles could be covered by mobile charged species contribute to DC conductivity in the
material and as a result the low frequency relaxation peaks cannot be appear as observed in €" plot [57].
The tan é shape of Fig. 14 can be discussed based on the Koops phenomenological model [58].
According to this model, tan & amplify with raise in frequency, and illustrates a maximum at exact
frequencies for selected temperatures. This is related to the reality that the ohmic component of current
boosts more suddenly than its capacitive component. At higher frequencies tan ¢ fall with rising
frequency because the ohmic component of current is basically frequency independent and the capacitive
component enlarge in proportion to frequency [58, 59]. The broad shapes of the tand peak point out that
the relaxation process is non-Debye relaxation. The raise of tan§ intensity from 2.4 to 4.7 with
temperature might be endorsed to the diminish in resistivity of composite film [60].
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The frequency associated with each peak is known as relaxation frequency and gives the most
probable relaxation time for ions from the relation 2nf,,,, = 1/7, here t is the relaxation time and f;, .
is the frequency corresponding to (tan &),,4,. The reciprocal temperature variation of log(fqx) iS
shown in Figure 15. The frequency-temperature relationship satisfies the Arrhenius behavior with the
activation energy for relaxation equal to E, = 1.12 eV. This activation energy is close to the activation
energy for conduction that obtained from plots of log(o) against 1000/T(1.13 eV). This is probably
because the contribution to both the relaxation and conductivity attributed to the same mechanism [61].
in view of the fact that the plots of conductivity and peak frequency versus temperature follows
Arrhenius, it can be realized that the behaviour of the ion transport in the composite electrolyte film
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takes place through the hopping among the neighbouring vacant sites. The increase in temperature
supports the segmental motions which permits the faster ionic movement or offers pathways for ions to
move, hence boosts the conductivity [62, 63]. The linear character of DC conductivity with temperature
means that ion transport occurs through the thermally activated processes [64].

4. CONCLUSIONS

In the current work the role of titanium dioxide (TiO) filler on dielectric and conductivity
properties of chitosan (CS) based solid polymer electrolytes (SPEs) were investigated at various
temperatures. To prepare CS based SPEs fixed amount of ammonium triflate (NH4CF3SO3) was
dissolved in CS solution and then various amount of TiO2 was added to CS: NH4CF3SOz solution. The
films of composite electrolytes were obtained by solution cast technique. The results showed that
dielectric properties of composite electrolytes have been improved up to 1 wt.% of TiOz and their values
are found to be temperature dependent. The composite film incorporated with 1 wt.% of TiO2 exhibits
a smallest bulk resistance. The M" parameter against frequency shows asymmetric single relaxation peak
which reveal the non-Debye relaxation type. The ac conductivity spectra were used to obtain the DC
conductivity values at ambient temperature. The temperature dependent DC conductivity was found to
follow Arrhenius behaviour. The obtained value of activation energies from DC conductivity is found
to be comparable to that calculated from relaxation time. The single value of activation energy obtained
from the Arrhenius plot indicates one conduction mechanism involved in the present system.
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