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Abstract. Chitosan : Agl solid polymer composite films have been prepared by the well-known solution cast tech-
nique. Electrical impedance spectroscopy was used to investigate the electrical percolation threshold phenomenon in
this work. A wide dispersion can be seen in dielectric constant spectra at low frequencies. The dielectric constant at
selected frequencies as a function of Agl concentration indicates the occurrence of electrical percolation threshold
via the appearance of two distinguishable regions. The behaviour of dielectric constant and DC conductivity vs. Agl
concentration are almost the same at low and high filler concentrations. The steep increase of dielectric constant and
DC conductivity from 5 to 10 wt% of Agl was observed and a plateau was achieved from 10 to 20 wt% of Agl. The
pattern of real part of electric modulus (M’) at selected frequencies is similar to dielectric constant. The existence of
distinct peaks in M”" spectra with no corresponding peaks in &” spectra indicated that ionic and polymer segmental
motions are strongly coupled. Argand plots of M"” vs. M’ was used to detect the relaxation type process. The Argand
plots at different temperatures exhibit incomplete semicircular arc with a diameter below the real axis.
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engineers because of its wide application in commercial

The science of polymer electrolytes is a highly specialized
interdisciplinary field which encompasses the disciplines of
electrochemistry, polymer science, organic chemistry and
inorganic chemistry.! Rapid growth in technologies requires
the development of a new generation of high-performance
energy sources. Polymer-based ion conducting materials
have generated remarkable interest in the field of lithium
batteries owing to their application as electrolyte. Since the
work of Weston and Steele, the incorporation of solid nano-
metric fillers seems to be an alternative allowing increase of
the ionic conductivity. The mechanisms responsible for the
conduction improvement in these nano-composite polymer
electrolytes have not yet been understood completely.> The
dispersion of an electrically conductive phase within insu-
lating host polymer, affects the overall performance of the
heterogeneous system. Furthermore, if the dispersed filler
is in sufficient quantity, a conductive or semi-conductive
composite can be formed.> The term interface-mediated
refers to an accumulation of local, uncompensated charges
in bulk solids. Composite membranes are heterogeneous
solid ionic conductors. The ionic conductivity of the com-
posite membranes is of great interest to chemists and
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electrochemical devices. The higher conductivity in a wider
temperature range and stability of electrochemical devices
are the subject of research by a lot of researchers.* The
use of solid polymer—ceramic composite materials as ionic
conductors has in recent times attracted significant inter-
est. The motivation for the interest is a commercial appli-
cation as high conductivity and thermally stable membrane
material for polymer electrolyte fuel cells.’ From the fun-
damental point of view, dielectric relaxation spectroscopy
has been widely used to investigate the relaxation process
in complicated systems. The studies of dielectric properties
of ion conducting polymers are useful to obtain information
about the ionic and molecular interactions. The dielectric
properties of ion conducting polymers are strongly influ-
enced by the nature of additives and temperature.® Electrical
conduction in polymers has been studied aiming to under-
stand the nature of the charge transport prevalent in these
materials.” According to the recent review of Bauhofer and
Kovacs,® about the electrical percolation in polymer com-
posites there is no work on chitosan-based polymer compos-
ites. The intensive and extensive survey of literature reveals
that there is a very little work reported about the investiga-
tion of electrical percolation threshold from the behaviour
of dielectric properties. Thus the main objective of this
work is to use the dielectric constant and electric modu-
lus formalisms to study the phenomenon of electrical per-
colation threshold in ion conducting chitosan-based polymer
composites.
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2.1 Materials and sample preparation
M =wCyZ;, “)

Chitosan (CS) and silver iodide (Agl) powders (with sizes of
microns) obtained from Sigma Aldich have been used as raw M = wC,Z.. )

materials to prepare the solid polymer composites (SPCs)
using the solution cast technique. For this purpose 1 g of chi-
tosan (CS) was dissolved in 60 ml of acetic acid (1 wt%)
solution. The mixture was stirred continuously with a mag-
netic stirrer for several hours at room temperature until the
chitosan has completely dissolved and a viscous liquid was
obtained. Various amounts of Agl powder were added for
the viscous liquid to produce the solid polymer composite
samples. In viscous liquid it is possible to disperse and sus-
pend the Agl powder finely, however in diluted solution it is
impossible to disperse and suspend the filler powder. The Agl
powder content in the prepared samples was varied from 5 to
20 wt% in steps of 5 wt% in volume fraction and the mixtures
were stirred continuously until homogeneous solutions were
obtained. The samples were coded as PC;, PC,, PC; and
PC4 for CS with 5 wt%, CS with 10 wt%, CS with 15 wt%,
and CS with 20 wt% of Agl, respectively. The solutions were
then cast into different clean and dry glass Petri dishes and
allowed to evaporate at room temperature until solvent-free
films were obtained. The films were kept in desiccators with
blue silica gel desiccant for further drying.

2.2 Electrical impedance spectroscopy (EIS)

Complex impedance spectroscopy gives information on
electrical properties of materials and their interface with
electronically conducting electrodes. The solid polymer
electrolyte (SPE) films were cut into small discs (2 cm diam-
eter) and sandwiched between two stainless-steel electrodes
under spring pressure. The impedance of the films was mea-
sured in the frequency range from 50 Hz to 1000 kHz using
the HIOKI 3531 Z Hi-tester, which was interfaced to a com-
puter. Measurements were also made at temperatures ranging
between 303 and 363 K. The software controls the measure-
ments and calculates the real (Z;) and imaginary (Z;) parts of
impedance. Z, and Z; data were presented as a Nyquist plot
and the bulk resistance (Rp) was obtained from the intercept
of the plot with the real impedance axis. The conductivity
can be calculated from the following equation:’

_ (2 ! 1
= () () v

where ¢ is film’s thickness, R}, the bulk resistance of the
sample, and A the active area.

The real (Z;) and imaginary (Z;) part of complex
impedance (Z*) was also used for the evaluation of real and
imaginary parts of dielectric and electric modulus using the
following equations:!°

Zi

= 2
wCo(Z2 + Z2) @

Here C, is the vacuum capacitance and given by &,A/?,
where ¢, is a permittivity of free space and is equal to 8.85 x
1072 F m~!. The angular frequency is given as @ = 27 f,
where f is the frequency of applied field.

3. Results and discussion

3.1 Dielectric constant and DC conductivity studies

Figure 1 shows the frequency dependence of dielectric con-
stant for different silver iodide concentrations. It can be seen
that dielectric constant increases with the decrease in fre-
quency. This is because at low frequency the dipoles and
charge carriers have sufficient time to orient in the direction
of the applied electric field. Consequently a large amounts
of charge carriers build up at the electrode/electrolyte inter-
face and produces electrode polarization, which suppresses
the high-frequency dielectric properties (bulk property).'! It
can be seen that above 5 wt% of Agl concentration the dielec-
tric constant spectra of other concentrations (10-20 wt%) are
very close to each other. This phenomenon may be related
to the occurrence of percolation threshold especially above
5 wt%. To observe such a phenomenon the dielectric constant
as a function of Agl concentration at some fixed frequency
must be plotted.

Figure 2 shows the dielectric constant of chitosan as a
function of Agl concentration at fixed frequencies. The steep
increase of dielectric constant can be seen from 5 to 10 wt%
of Agl and then a constant behaviour can be observed from
10 to 20 wt%. The nonsignificant change of dielectric con-
stant above 10 wt% can be explained on the basis of perco-
lation threshold theory. Plotting the dielectric constant and
DC conductivity together in one figure is helpful to explain
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Figure 1. Frequency dependence of dielectric constant of chi-
tosan at different Agl concentrations.
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Figure 2. Dielectric constant of chitosan as a function of Agl
concentration at fixed frequencies.

the fact that dielectric analysis can be used to detect the
percolation threshold.

Figure 3 shows the DC conductivity and dielectric
constant vs. Agl concentration. It is clear that the ionic con-
ductivity and dielectric constant of the composite samples
are progressively increases from 5 to 10 wt% of Agl con-
tent and then they reaches a plateau from 10 to 20 wt% of
the doping phase. It was reported that further increases of
the dopant beyond 20 wt% may decrease the conductivity,
as it impedes the transport of charged species. A steady-
state percolation occurs around 10 wt% of the dopant phase.
The percolation threshold may vary depending upon the
polymer matrix, particle size and the chemistry of the dop-
ing material.'> The diverse range of electrochemical data
on polymer—ceramic composite electrolytes reveals that the
incorporation of a ceramic component such as Al,Os; or
BaTiO3 in a polymer matrix leads to enhanced conductiv-
ity (specifically at low temperatures), increased ion trans-
port number and improved electrode/electrolyte interfacial
stability. The results of this work demonstrate that the Agl
superionic conductor can work as filler and as an ionic con-
ductor that contributes the raise of DC ionic conductivity
and dielectric constant. The behaviour of DC ionic con-
ductivity and dielectric constant vs. Agl concentration as
obtained in this work is similar to the pattern of DC
conductivity, which is reported for other polymer composites
in literature.'> Percolation theory describes the transition
from the state of limited and spatially restricted connec-
tions of conductive elements to the state of an infinite
network of connections. The percolation threshold (PT)
represents the critical concentration or volume fraction of the
conductive inclusions, which is necessary for the beginning
of conductive behaviour.'* In literature a lot of work can be
seen in which they explained the percolation threshold from
the behaviour of the DC conductivity against filler concentra-
tion, however little attention has been given to interpret such
a phenomena via the dielectric constant study.'”> The fre-
quency dependence of relative permittivity and conductivity
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Figure 3. Bulk dielectric constant (¢' at 1 MHz) and DC conduc-
tivity of chitosan (CS) as a function of Agl concentration.

of disordered solids generally results from the polarization
between the clusters and anomalous diffusion within each
cluster. The capacitive effect between clusters on the con-
ductivity and relative permittivity becomes significant at high
frequency. As a result, the conductivity increases and relative
permittivity decreases with frequency.' In all the cases, the
effective dielectric constants obtained for all the composite
samples are higher than that of pure chitosan (¢’ = 3.01
at 1 kHz) as we reported previously.!” The effective dielec-
tric constant (high frequency region) of polymer composite
material is influenced by many factors such as dielectric
constants of the polymer, size and shape of filler, the vol-
ume fraction of the filler, the dielectric constant of the
inter-phase region and volume of the inter-phase region.'®
The largest dielectric constant is 2422 (at 1 kHz) for chi-
tosan : Agl composite with 10 wt% of Agl filler. Li et al"
obtained the largest dielectric constant of about 3600 at
1 kHz for MWCNT/poly(vinylidene fluoride) (PVDF) com-
posite with 8 vol% MWCNT. Thus the results of this work
reveal that superionic conductors which are not dissolved
in water-like solvent materials are good candidates to pre-
pare high permittivity composites with polar polymers. The
obtained DC conductivity (oge = 6 x 107® S cm™') in
this work is higher than that reported by Zhao et al for
PE/MWCNT composites (3. = 10712 S cm™"), but very
close to Zhang et al work for PE/single-walled carbon nan-
otube (SWCNT) composites (oge = 107% S ecm™).!° Fur-
thermore, the DC conductivity in the present work is too
close to PVP : KCIO4 (90 : 10) polymer electrolyte (o4c =
3.6 x 107% S cm™!) reported by Ravi er al.?° It is impor-
tant to mention that the DC conductivity in this work is two
order higher than the DC conductivity of chitosan : AgTf sys-
tem and four order higher than the DC conductivity of pure
chitosan.?! It is well known that AgTf is a dissolvable inor-
ganic salt in polar polymers and thus some of Ag™ ions can
be reduced to Ag® nanoparticles.'’-?> This may reduce the
number of ions that participate in DC ionic conductivity.”!
Thus, the use of Agl as filler which is insoluble in water-
soluble polar polymers can solve the problems of silver ion
reduction.
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Figure 4. Frequency dependence of M’ for different concentra-
tions of Agl.
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Figure 5. Agl concentration dependence of M’ at fixed frequen-
cies.

3.2 Electric modulus study

Broadband dielectric spectroscopy has proven to be a very
useful tool to study the relaxation processes of polymeric
systems. The complex dielectric function, &*, which con-
sists of dielectric constant and loss in materials property
depending on frequency, temperature and structure. At low
frequency both of them (¢’ and ¢”) are very high due to
electrode polarization (EP) effect.”? To reduce the effect of
electrode polarization, Macedo et al have established the
electric modulus formalism.?* In solid polymer electrolytes
the movement of ions from one site to another will perturb
the electric potential of the surroundings. Motion of the other
ions in this region will be affected by perturb potential. Such
a cooperative motion of ions will lead to non-exponential
decay, or a conduction processes with distribution of relax-
ation time.” The frequency dependence of M’ for different
concentration of Agl is shown in figure 4. It is obvious that
M’ reaches a maximum saturation at high frequency. This is
ascribed to the fact that at high frequency the dielectric con-
stant decreases to a minimum value as can be seen in figure 1,
and thus M’ becomes maximum (Mo, = 1/85,).20 It is inter-
esting to notice that the M’spectra for 10, 15 and 20 wt% of

Figure 6. Frequency dependence of M” for different concentra-
tions of Agl.
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Figure 7. Frequency dependence of dielectric loss (¢”) at differ-
ent Agl concentrations.

Agl are coinciding to each other. The high value of M’ at
5 wt% of Agl can be ascribed to its low dielectric constant
compare to other sample. Thus plotting the M’ as a function
of Agl concentration at selected frequencies can be used to
study the percolation threshold as depicted in figure 5. The
observed plateau from 10 to 20 wt% of Agl can be ascribed
to the occurrence of percolation threshold. The behaviour
of M’ vs. Agl concentration (figure 5) is similar to the pat-
tern of ¢’ vs. Agl content (figure 2) but in reverse manner.
These noticeable results reveal that dielectric constant and
electric modulus analysis are important to study the electrical
percolation threshold in ion conducting polymer composites.

Figure 6 shows the frequency dependence of M” for dif-
ferent concentrations of Agl filler. It can be seen that in the
imaginary part of modulus (M") spectra, a distinct relaxation
peak is observed which is related to the conductivity pro-
cesses, whereas no peak can be seen in the dielectric loss
spectra as depicted in figure 7. This suggests that ionic and
polymer segmental motions are strongly coupled manifest-
ing as a single peak in the M" spectra with no corresponding
feature in dielectric loss spectra.”’” Hence the conduction in
polymer electrolytes takes place through charge migration of
ions between coordinated sites of the polymer along with the
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Figure 8. Argand plots for PC3 sample at different temperatures.

segmental relaxation of polymer. It is clear that the position
of the frequency corresponding to the maximum peak is the
same for the Agl concentrations range from 10 to 20 wt%,
while for 5 wt% of Agl filler the peak position occurred at
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low frequency. This reveals the fact that the electric modu-
lus studies can be used to detect the percolation threshold
phenomena.

There are two relaxation processes in polymeric materials.
The first one is called viscoelastic relaxation which is due
to the dipolar relaxation. This relaxation occurred because
of the existence of permanent dipoles on the side chains of
the polymer backbone. The second one is called conductivity
relaxation; this process due to the translational diffusion of
ions which is responsible for ion conduction.?’ Argand plots
of M" vs. M’ can be used to detect the relaxation type process.
Figure 8 shows the Argand plots for PC3; composite sample
at different temperatures. It is obvious that the Argand plots
exhibit incomplete semicircular arc with a diameter below
the real axis. This satisfies that the relaxation processes are a
mixture of both relaxation processes mentioned above. This
suggests that ionic motion and polymer segmental motion are
strongly coupled and thus manifesting an incomplete semi-
circular arc with a diameter below the real axis. These reveal
the fact that in polar polymers the dipolar relaxations have
a strong effect on ion transport mechanism and cannot be
ignored. It is clear that all the points cannot concur on the
semicircular arc and thus a tail can be observed. This indi-
cates the distribution of relaxation time and agrees well with
our previous works,'%!! while it completely disagrees with
Ayesh?” work in which he obtained a complete semicircu-
lar arc between M” vs. M’ for PC : MnCl, polymer compos-
ites. It can be observed that with increasing temperature the
Argand curves shift towards the origin. This is again ascribed
to the increase of conductivity resulting in increase of ionic
mobility with temperature and thus the decrease of both Z,
and Z;.

4. Conclusion

The fascinating results of the present work show that the
percolation threshold can be studied from the behaviour
of dielectric constant and electric modulus. A wide disper-
sion of dielectric constant spectra at low frequencies can
be ascribed to electrode polarization. The steep increase
of dielectric constant from 5 to 10 wt% of Agl content
is attributable to the occurrence of percolation threshold
because above 10 wt% of Agl a plateau was achieved. The
behaviour of dielectric constant and DC conductivity vs. Agl
concentration are almost the same, which are linear at low and
nearly plateau at high filler concentrations and this reveals
that dielectric constant study can be used to detect the perco-
lation threshold. The pattern of real part of electric modulus
(M') at selected frequencies is similar to dielectric constant.
The existence of distinct peaks in M” spectra with no corre-
sponding peaks in &” spectra indicates that ionic and poly-
mer segmental motions are strongly coupled. Argand plots of
M" vs. M’ were used to detect the relaxation type process.
The Argand plots at different temperatures exhibit incom-
plete semicircular arc with a diameter below the real axis,
which indicates the distribution of relaxation times.
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