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Abstract. The electric modulus properties of solid polymer electrolyte based on chitosan: AgCF3SO3 from 303 to 393 K
have been investigated by using impedance spectroscopy. The shift of the M” peak spectra with frequeny depends on the
dissociation and association of ions. The lowest conductivity relaxation time Ts, was found for the sample with the highest
conductivity. The real part of electrical modulus shows that the material is highly capacitive. The asymmetric peak of the
imaginary part of electric modulus M”, predicts a non Debye type relaxation. The distribution of relaxation times was indi-
cated by a deformed arc form of Argand plot. The increase of M” and M” values above 358 K can be attributed to the trans-
formation of silver ions to silver nanoparticles. The complex impedance plots and ultraviolet-visible (UV-vis) absorption
spectroscopy indicate the temperature dependent of silver nanoparticles in chitosan-silver triflate solid electrolyte. The for-
mation of silver nanoparticles was confirmed by transmission electron microscopy (TEM). The scaling behavior of M”
spectra shows that the dynamical relaxation processes is temperature independent for aparticular composition. The 3 expo-
nent value indicate that the conductivity relaxation is highly non exponential.

Keywords: polymer membranes, electrical modulus, impedance analysis, UV-vis analysis, transmission electron
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1. Introduction

Polymer electrolytes represent a fascinating class
of solid-state coordination compounds, which sup-
port ionic conductivity in flexible, yet solid mem-
branes [1]. It has been reported that [2] chain
polymers, carrying an electro-negative atom (oxy-
gen or nitrogen) in their repeat unit, can act as sol-
vents for certain salts as a consequence of the
attractive interaction between chains and cations.
Previous studies have proven the existence of both
atoms in chitosan polymer [3]. Polymer electrolytes
have been studied for their application in batteries,
fuel cells, sensors and electrochromic displays [4,
5]. Although these studies revealed many of the
properties of these complex systems, the conductiv-
ity mechanism is still not fully understood [6]. Usu-
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ally both crystalline and amorphous phases are
present in polymer electrolytes but conductivity
mainly occurs in the amorphous phase [7]. The
coupling between the polymer segmental relaxation
and the ion transport in polymer electrolytes is fas-
cinating; although it is not completely understood,
it still holds the key to the development of new
energy sources [8].

It has been reported, that the frequency dependent
conductivity and relaxation dynamic are both sensi-
tive to the motion of charge species and dipoles of
the polymer electrolytes [9]. For close inspection of
the relaxation dynamics, the dielectric relaxation
can be studied in electric modulus formalism M”
[10]. This modulus representation has been moti-
vated by M” displaying a pronounced peak and
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thereby associating a time scale T with the extent of
conductivity. On the other hand the modulus repre-
sentation is still a matter of debate [11], although
the relations among the different quantities are well
defined. From the physical point of view, the elec-
trical modulus corresponds to the relaxation of the
electric field in the material when the electric dis-
placement remains constant [12]. The usefulness of
modulus representation is to suppress the signal
intensity associated with electrode polarization or
to emphasize small features at high frequencies
[11]. Thus, the electric modulus spectra provide an
opportunity to investigate conductivity and its asso-
ciated relaxation in ionic conductors and polymers
[13].

In this work chitosan has been used as the base
polymer for preparation chitosan-silver triflate
polymer electrolyte thin films. A monomer of chi-
tosan consists of hydroxyl and amine functional
groups which have lone pair electrons that are suit-
able for the preparation of solid polymer elec-
trolytes [14]. The silver-based polymer electrolytes
are prepared by dissolving silver salts such as
AgBF4, AgClO4, AgCF3SO3 and AgSbFg into
polymer hosts such as poly(2-ethyl-2-oxazoline)
(POZ), poly(ethylene oxide) (PEO) and poly(vinyl
pyrrolidone) (PVP) due to coordination interaction
between polar groups and silver ions [15, 16]. The
oxygen and nitrogen atoms of polar polymers play
an essential role in facilitated olefin transport.
However, they also reduce silver ions and create
silver metal nanoparticles [17]. This is because sil-
ver ions are easily reduced by the lone pair elec-
trons of the nitrogen and oxygen atoms [18]. Each
of the nitrogen and oxygen atoms of the functional
groups in chitosan has lone pair electrons for occur-
ring complexation as well as reduction of silver
ions.

Due to the above reasons the main aim of the pres-
ent work is to study the influence of silver ion
reduction to silver nanoparticle on the electrical
modulus properties of chitosan-silver triflate solid
electrolyte over a wide range of frequency and tem-
perature.

2. Experimental
2.1. Preparation of SPE thin films

Chitosan from crab shells (=75% deacetylated,
Sigma Aldrich, USA, CAS No. 9012-76-4) and sil-

301

ver triflate (AgCF3SO3) with a molecular weight
256.94 (supplied by Fluka, =99 purity, Germany,
CAS No. 2923-28-6) have been used as the raw
materials in this study. The solid polymer elec-
trolyte (SPE) films were prepared by the solution
cast technique with acetic acid (1%) as solvent. In
the present system 1 g of chitosan was fixed and
dissolved in acetic acid solution. To this system sil-
ver triflate (AgCF3SO3) was added and varied from
2 to 10 wt% in steps of 2 wt% to prepare various
composition of chitosan-silver triflate electrolyte in
weight percent ratios; 100:0 for pure chitosan
acetate, 98:2, 96:4, 94:6, 92:8 and 90:10 for chi-
tosan: AgCF3SOs. The mixture were stirred contin-
uously until homogeneous solution were obtained.
After casting in different Petri dishes, the solutions
were left to dry at room temperature for films to
form. The films were transferred into a dessicator
for continuous drying. This procedure yields
mechanically stable and solvent-free films.

2.2. Complex Impedance measurement

The complex impedance spectroscopy is used to
characterize the electrical properties of the materi-
als. The SPE films were cut into small discs of 2 cm
diameter and sandwiched between two identical
circular smooth and cleaned stainless steel elec-
trodes under spring pressure to ensure good electri-
cal contacts between the electrodes and the sample;
this enables us to avoid the parasite capacitance
induced by the presence of air interstices at the
interfaces between the sample and the electrodes.
The impedance of the films was measured using the
HIOKI 3531 Z Hi-tester (made in Japan, No.
1036555) that was interfaced to a computer in the
frequency range from 50 Hz to 1000 kHz. The soft-
ware controls the measurements and calculates the
real and imaginary parts of impedance too. The real
(Z’) and imaginary (Z”) part of complex impedance
(Z") were used for the evaluation of the real (M)
and imaginary (M”) parts of complex electric mod-
ulus (M™) using the Equations (1) and (2) [19]:

Z* — Z._jzn (1)

M" = joCyZ" = M'+jM" (2)

From Equation (1) and Equation (2) one can get the
following Equations (3) and (4):
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M'=w0CyZ" 3)
M"=wC,Z' (4)

Here Cp is the vacuum capacitance and given by
€0A/t, where t is the thickness and A is the area of
the film. o is the angular frequency and equal to
o = 27f, fis the frequency of the applied field.

2.3. UV-vis and TEM characterization

The UV-vis spectra of the chitosan-silver triflate
electrolyte film have been recorded using a Jasco
V-570 UV-Vis-NIR spectrophotometer (Japan,
Jasco SLM-468) in the absorbance mode. Trans-
mission electron microscopy (TEM) images of the
electrolyte were recorded using a LEO LIBRA
(Germany, 120 EFTEM, accelerating voltage
120 kV) instrument. A drop of the solution of chi-
tosan-silver triflate electrolyte was placed on a car-
bon coated copper grid and dried at room
temperature after removal of excess solution using
a filter paper.

3. Results and discussions
3.1. Concentration dependence of M” spectra

Figure 1 shows the frequency dependence of M”
spectra for different salt concentrations at a fixed
temperature. It is clear that the maximum M” peak
spectra for the highest conducting sample shifts to
higher frequency compared to other compositions.
The appearance of more than one peaks for pure
chitosan and chitosan-silver triflate (98:2) espe-
cially at low frequency may be due to polar group
relaxations. However, these peaks disappear for
the samples with higher salt concentration which
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Figure 1. Concentration dependence of M” for (a) pure
chitosan acetate (100:0), (b) 98:2, (c) 96:4,
(d) 94:6, (e) 92:8 and () 90:10 for
chitosan:AgCF3S03 at 303 K
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Figure 2. Concentration dependence of conductivity relax-
ation time (7o) at 303 K

can be ascribed to the large amount of free charge
carrier concentration and their motions within the
material. Consequently a high DC conductivity is
produced which can mask the low frequency relax-
ation.

These peaks represent the conductivity relaxation
peak for the distribution of relaxation times of the
free charges and the broadening of the peaks sug-
gests a non-Debye type of relaxation in the material
[20]. The peak shifts to higher frequency as the
conductivity increases indicating that the relaxation
time decreases as conductivity increases [21]. The
conductivity relaxation times can be calculated
from the relation, 27tfmax = 1/15, wWere 1g is the con-
ductivity relaxation time and fmax is a frequency
corresponding to Mmax. The variation of Ts, as a
function of siver triflate concentration is shown in
Figure 2. It can be seen that the conductivity relax-
ation times decrease with increasing salt concentra-
tion up to 4 wt% AgCF3SOs3. From the results it can
be inferred that there is competition between ion
dissociation and association especially from four to
eight weight percentage of salt. The steep decrease
in conductivity relaxation time from 8 wt%
AgCF3503 to 10 wt% AgCF3SO3 can be explained
by an increase in charge carriers concentration, i.e.,
an increase of conductivity within the sample as a
result of increase of a number of mobile charge car-
riers.

3.2. Frequency dependence of M’ and M” at
selected temperatures

Figures 3 and 4 show the frequency dependence of
real and imaginary parts of complex modulus at
several temperatures for the sample with the high-
est conductivity (90:10). The real and imaginary
part of complex modulus were calculated by using
Equations (3) and (4). The conductivity behavior in
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Figure 3. Frequency dependence of M’ at different tem-
perature for chitosan-silver triflat (90:10)

the frequency domain is more conveniently inter-
preted in terms of conductivity relaxation time, T,
using electrical modulus (M™) representation. The
M* representation is now widely used to analyze
ionic conductivities by associating a conductivity
relaxation time with the ionic process [22]. From
Figure 3, it is obvious that at lower frequencies M’
values are very small, tend to be zero indicating the
removal of electrode polarization, [23, 24] while
the increase of M’ with increasing frequency and
reaching a maximum value M.. at high frequency,
may be due to the distribution of relaxation
processes over a range of frequencies [25]. The
observed dispersion is mainly due to conductivity
relaxation spreading over a range of frequencies
and indicates the presence of a relaxation time,
which should be accompanied by a loss peak in the
diagram of the imaginary part of electric modulus
versus frequency. The absence of peak in M’ dia-
gram is due to the fact that M” in complex electric
modulus (M™) is equivalent to € in complex permit-
tivity (¢*) i.e., M’ represents the ability of the mate-
rial to store the energy. The reduction in the values
of M’, at increasing temperature results from the
increase in the mobility of the polymer segment
and charge carriers with the temperature. It is well
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Figure 4. Frequency dependence of M” at different tem-
perature for chitosan-silver triflate (90:10)

known that the orientation of the charge carriers
and molecular dipoles becomes easier at high tem-
peratures.

The formation of loss peaks is clearly observed in
Figure 4. It is obvious that at lower frequencies M”
exhibits low value, which might be due to the large
value of capacitance associated with the electrode
polarization effect [26]; as a result of accumulation
of a large amount of charge carriers at the elec-
trode/solid polymer electrolyte interface. However,
at high frequencies well-defined peaks are observed.
The broad and asymmetric of peaks on both sides
of the maxima predicts the non-Debye behavior.
The region on the left of the peak determines the
range in which charge carriers are mobile over long
distances, while region to the right is where carriers
are confined to potential wells being mobile over
short distance [24]. The disappearance of M” peak
spectra at higher temperatures is due to experimen-
tal frequency limitation.

It can be observed that both M” and M” increase
above 358 K, which can be attributed to the reduc-
tion of silver ions to silver nanoparticles at these
higher temperatures. The reduction of silver ions to
silver nanoparticles could be more manifested in
the study of M” and M” as a function of temperature
at a fixed frequency.

The frequency associated with each peak is known
as relaxation frequency and gives the most proba-
ble conductivity relaxation time T for ions. The
reciprocal temperature variation of 1log (fmax) is
shown in Figure 5. The figure satisfies the Arrhe-
nius behavior with the activation energy, E, =
1.16 eV.

The rise in temperature causes the drop in relax-
ation time due to the increased mobility of ionic
carriers. The regression value R? is 0.996 indicating
that all points lie on almost straight line.
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Figure 5. Temperature dependence of relaxation fre-
quency
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3.3. Argand plots analysis

The study of Argand plot at different temperatures
can be use to demonstrate the nature of relaxation
processes in the present polymer electrolyte. Fig-
ure 6 shows the temperature dependence of Argand
plots.

It is obvious from Figure 6, that the curves of
Argand plot are incomplete half semicircle which
can not be explained by Debye model (i.e., single
relaxation time). In this case a distribution of relax-
ation time is necessary to interpret the experimental
data especially in polymers. Many reasons exist for
the relaxation times to be distributed in solids, such
as ellipsoidal shape of polar groups, hopping, space
charge polarization and the most obvious being the
presence of inhomogeneties [27]. Our Argand plots
appeared as deformed arcs at low temperatures
with their centers positioned below the horizontal
axis. This position, in principle, corresponds to the
electric relaxation in materials with both the relax-
ation time and activation energy distributed and
intercorrelated [28]. It can be seen (Figure 6) that
with increasing temperature the Argand curves
shifts towards the origin. This is can be ascribed to
the increase of conductivity resulting of increasing
of ionic mobility with temperature and thus
decreasing of both Z” and Z”. The increase of
M”-M’ curve at 363 K can be attributed to the
increase of resistance within the sample due to the
reduction of large amount of silver ions to silver
nanoparticles.
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Figure 6. Argand plots for chitosan-silver triflate (90:10)
at different temperatures

3.4. Temperature dependence of M” and M”
at selected frequencies

Figure 7a and 7b shows the temperature depend-
ence of M" and M” at selected frequencies. It is
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Figure 7. Temperature dependence of (a) M’ and (b) M” at
selected frequencies for chitosan-silver triflate
(90:10)

clear from the figure that both M” and M” decrease
with increasing of temperature until 358 K, due to
the increase of ionic conductivity, i.e., silver ions
are dominant. However the increase of M’ and M”
can be observed with increasing temperature above
358 K, which can be attributed to the transforma-
tion of a large amount of silver ions to silver
nanoparticles within the sample. These silver
nanoparticles are able to increase the resistance
within sample and consequently hinders the ionic
motions.

The complex impedance plots can be used as a
method to detect the presence of silver nano-parti-
cles and their temperature dependence within the
present sample. This is due to the powerful ability
of electrochemical impedance spectroscopy for the
investigation of molecular mobility, phase transi-
tions, conductivity mechanisms and interfacial
effects in polymers and complex systems [29].

The complex impedance plots at different tempera-
tures which are shown in Figure 8, are strongly
support the above explanation for the increase of
M’ and M”. The complex impedance plots (Z” vs.
Z’) are commonly used to separate the bulk mate-
rial (depressed semicircle) and the electrode sur-
face polarization phenomena (tilted spike) [30].
The electrode polarization phenomena (tilted spike)
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Figure 8. Complex impedance plots of chitosan-AgCF3SO3 (90:10) at selected temperatures

occurs due to formation of electric double layer
(EDL) capacitances by the free charges build up at
the interface between the electrolyte and the elec-
trode surfaces in plane geometry [30, 22]. The
appearance of second semicircle at different tem-
peratures can be attributed to silver nanoparticles
that acts as grain boundaries in the present system
(Figure 8). Thus, there is a competition between sil-
ver ions and silver nanoparticles within the same
system. It can be noticed that, the bulk resistance
decrease with rise in temperature from 303 to
358 K, which indicate the dominance of silver ions,
i.e., the system is almost ionic conductor. The
increase of bulk resistance after 358 K demon-
strates that with increasing temperature more silver
ions converted to silver metal nanoparticles. Thus,
transformation from silver ions (Ag*) to silver
nanoparticles (Ag?®) reduce the number of silver
ions that contribute to polarization as well as con-
duction mechanisms and consequently increase
both the M” and M”. This behaviour can be easily
deduced from Equation (3) and Equation (4),
because above 358 K, both the Z’ and Z” values
increases. Consequently both M” and M” increased.
In this case the polymer electrolyte almost exhibits
nanocomposite behavior rather than ionic behav-
iour. However for pure chitosan the second semi-
circle can not be observed as depicted in Figure 9.

The transformation of silver ion to silver nanoparti-
cle can be understood more obviously when we
studying the UV-vis absorption spectra of pure chi-
tosan and chitosan-silver triflate (90:10) solid elec-
trolyte.

Figure 9 shows the complex impedance plots of
pure chitosan at different temperatures. It is inter-
esting to note that the bulk resistance of pure chi-
tosan is higher than the bulk resistance of
chitosan-silver triflate (90:10) solid electrolyte. In
addition the bulk resistance of pure chitosan
decrease continiously with increase in temperature
untill 393 K, which is completely different as com-
pared to Z”-Z’ plot of chitosan-silver triflate
(90:10) solid electrolyte. It is interesting to note
that the Z”—Z’ plot of pure chitosan dosen’t exhibit
any second semicircle at different temperature as
manifested in chitosan-silver triflate solid elec-
trolyte.

To investigate the formation of Ag nanoparticles
and their temperature dependence in chitosan-silver
triflate system, UV-vis spectroscopy was used as a
common characterizing method. This is due to the
fact that silver nanoparticles and their clusters
exhibit a characteristic UV-vis absorption band in
the ultraviolet-visible (UV-vis) region [31]. Fig-
ure 10 shows the UV-vis absorption spectra of pure
chitosan and chitosan-silver triflate (90:10) solid
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Figure 10. UV-vis absorption spectra of (a) pure chitosan
and (b) chitosan-AgCF3SO3 (90:10) at room
temperature (303 K)

electrolyte at ambient temperature (303 K). It can
be seen from the figure that pure chitosan has no
absorption peak in the region 400 to 500 nm, while
a broad absorption peak with a maximum at
426 nm was observed for chitosan-silver triflate
(90:10) solid electrolyte which can be attributed to
the surface plasmon band of silver nanoparticles. It
is generally accepted that the absorption peak
whose maximum occurs at around 420 to 520 nm is
related to the formation of silver metal nanoparti-
cles and its height gives information on the concen-
tration of silver metal nanoparticles [32, 33].

Figure 11 shows the UV-vis absorption spectra for
chitosan:AgCF3S03 (90:10) solid electrolyte at dif-
ferent temperatures. It can be seen that the height of
the peaks increases from 0.61 at 303 K to 1.2 at
393 K with increasing temperature, implying an
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Figure 11. UV-vis spectra of chitosan-AgCF3SO3 (90:10)
solid electrolyte at different temperatures

increasing amount of Ag nanoparticles because
reduction of silver ions to silver nanoparticles
occurs more rapidly at a high temperature [34]. It
has been reported that polymers which contain
hydroxyl, carboxyl, and imide groups are responsi-
ble for Ag* ion reduction [35, 36]. This is due to
strong affinity of N and O atoms of polar groups for
silver ion and metallic silver [36].

The formation of silver nanoparticles in the present
system is also indicated by the change in the color
of the solid membranes from yellow to dark brown,
this phenomenon is also reported by Kang et al.
[37] for PVP-silver salt electrolyte. The origin of
the intense colour of chitosan-silver triflate is
attributed to the surface plasmon resonance (SPR),
collective oscillation of free conduction electrons
induced by an interacting electromagnetic field
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Figure 12. TEM micrograph of silver nanoparticles for
chitosan-AgCF3S03 (90:10) at room tempera-
ture

[38]. The colour of metal nanoparticles depends on
the shape and size of the nanoparticles and dielec-
tric constant of the surrounding medium. However,
only electrons with free electron posses plasmon
resonance in the visible spectrum, which give rise
to such intense color [39].

Transmission electron microscopy (TEM) was used
for visual observation of silver nanoparticles in the
present system. Figure 12 shows the TEM image of
the silver nanoparticles within chtosan-silver tri-
flate (90:10) solid electrolyte. The TEM image
indicates that the silver nanoparticles are dispersed
and agglomerated. Generally particle agglomera-
tion occurs as a result of larger attraction energy
than repulsion energy between the particles [40].
Thus, the increase of M” and M” at higher tempera-
tures are strongly supported by impedance and UV-
vis analysis. To our knowledge, this is the first
report which discuss the effect of reduction of sil-
ver ions to silver nanoparticles on electrical modu-
lus properties of solid polymer electrolyte (SPE).

3.5. Scaling behavior of M”

Scaling of the electric modulus can give further
information about the dependence of the relaxation
dynamics on the temperature, structure, and also on
the concentration of the charge carriers [41]. We
have scaled the imaginary part of electric modulus
at different temperatures for chitosan:AgCF;SOs

12
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Figure 13. Scaling of M” for chitosan-AgCF3S03 (90:10)
at different temperatures

(90:10) as shown in Figure 13. The M”max and fimax
are used as the scaling parameters for M” and f
respectively.

It can be seen (Figure 13) that all modulus spectra
merge on a single master curve. This indicates that
the dynamical relaxation processes occurring at dif-
ferent temperatures are independent of temperature
for a particular composition [42]. The asymmetric
shape of the plot is a strong evidence that the
dielectric relaxation process deviates from the pure
Debye behaviour, and a non-symmetric distribution
of relaxation times exists [43]. It is obvious from
Figure 13, that the normalized modulus plot is non
symmetric, in agreement with the non exponential
behavior of the electrical function, which is well
described by the Kohlrausch-William-Watts expo-
nential function [44], see Equation (5):

; B
O =exp (——) 0<P<1 )
T

were [ is an exponent indicating departure from the
Debye relaxation. In the present system, the value
of full width half height (FWHH) for chi-
tosan: AgCF3;S03 (90:10) is about 2 decades, which
is greater than 1.14 decades for the ideal Debye
behavior. The value of P is calculated by Equa-
tion (6):
1.14

b= Fwan ©
The small value of B (0.57) for the present system
indicates that the conductivity relaxation is highly
non-exponential [42]. The smaller the value of B
larger is the deviation of relaxation with respect to
Debye type relaxation ( = 1). The value of [ for a
practical solid electrolyte is clearly less than 1 [20].
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4. Conclusions

Chitosan-silver triflate electrolytes were prepared
by solution casting technique. The M” spectra shift
to higher frequency for the sample with the highest
conductivity due to the increase of mobile charge
carriers. The long tail of M’ in the low frequency
range indicates the capacitive nature of the system.
The broadness of M” spectra peaks showing the
non Debye type relaxation. The deformed arc shape
of Argand plots is due to the distribution of relax-
ation times. The increase of M” and M” at elevated
temperatures can be ascribed to the reduction of a
large amount of silver ions to silver nanoparticles.
The appearance of second semicircles in complex
impedance plots and their temperature dependence
confirms the silver nanoparticles and their growth.
The UV/vis spectra show that the number of silver
nanoparticles increases with increasing temperature
which can be ascribed to the strong interaction of
hydroxyl and amine groups of chitosan to silver
ions. The formation of silver nanoparticles was
confirmed by transmission electron microscopy
(TEM). The scaling behavior of spectra shows that
the dynamical relaxation processes is temperature
independent for aparticular composition. The 3
exponent value indicate that the conductivity relax-
ation is highly non exponential.
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