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Chitosan–Co3O4 composite films have been prepared by solution casting method. The obtained films have
been characterised by XRD and FESEM. The electrical properties of the films are examined by impedance
spectroscopy in the temperature range 303–343 K. The impedance plot of the films pronounces the role
of temperature in charge-transfer resistance of the composite. Frequency as well as temperature depen-
dencies of dielectric constant and dielectric loss exhibit the general trend followed by carrier dominated
dielectrics. Electric modulus parameters give an insight on the ionic conductivity and relaxation phenom-
ena of the composite films. The dielectric parameters along with modulus data have been exploited to
discuss the conduction mechanism in the material. The minimum activation energy of 3.9 kJ mol�1 and
maximum room temperature conductivity of 1.94 � 10�2 S cm�1 were found for composite film with
8% Co3O4 content.

� 2011 Elsevier B.V. All rights reserved.
1. Introduction

In the recent years, polymers are generally incorporated with
additives to bring out a combined effect of both, the polymer as
well as the additives. Among the polymers, modern research over-
takes biodegradable polymers when compared to the synthetic
ones. Commonly identified as biocomposites, these biodegradable
polymers are user friendly and economical. Chitosan is one such
polymer having good processibility and bacterial property together
with biocompatibility and bioactivity [1–3]. Chitosan is the deacet-
ylated form of chitin, a polysaccharide that can be extracted from
the shells of crabs, exoskeletons of shrimp and other arthropods
[4]. Chitosan forms stable complexes with oxides in solution
[5,6]. This polymer is stable in the potential range commonly used,
ensuring a high proton conductivity in chitosan complexes [7]. Be-
cause of its several such benefits, chitosan is gaining wide impor-
tance in the recent times.

Playing with the electrical properties of polymers by incorpo-
rating conducting additives not only enhances the overall property
of the composite but also widens their applications. There are sev-
eral studies on conductivity of polymer complexed with salt such
as polyethylene oxide (PEO)-salt complexes [8–11], lithium ace-
tate–chitosan complexes [12] and many more. Nevertheless, in
the field of electrochemistry, an efficient additive is required to
possess good stability and conductivity. Complex metal oxides
with spinel structure are known to be active, inexpensive and ther-
modynamically stable [13]. Among spinel-type metal oxides, Co3O4
ll rights reserved.
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is generally the preferred additive as it is known to enhance the
electrical conductivity of composites [14,15]. Ideal cobalt oxide
shows a p-type semiconducting behaviour. However, in the nano-
scale, the large surface to volume ratio and the reduced particle
size leads to variation in the electrical behaviour of these particles.
Nanocrystalline particles are said to enhance dielectric properties
[16,17]. Moreover, studies on the effect of temperature and fre-
quency on the dielectric behaviour provide valuable information
on the conduction mechanism in the material [18]. A basic under-
standing of dielectric properties is therefore, needed by most engi-
neers working in the semiconductor industry. Likewise, high
proton conductivity is a major requirement in the field of polymer
electrolyte membrane (PEM). A perfluorosonic acid membrane or
Nafion� (Du Pont) is widely used as proton conducting electrolyte
membrane due to its excellent proton conductivity (1.4 � 10�2

S cm�1). [19]. However utilisation of Nafion� in industries is con-
strained due to its high cost. Hence the development of more
cost-effective membranes with suitable proton conductivity espe-
cially at higher temperatures is crucial. Inclusion of lithium salts to
polymer membranes is known to enhance conductivity [12]. The
addition of CaO to chitosan membrane shows a conductivity value
in the order of 10�3 S cm�1 [20]. In the present work, an attempt
has been made to analyse the AC conductivity, dielectric and mod-
ulus parameters of chitosan–Co3O4 composites as a function of
temperature and frequency. A survey on the literature shows that
studies on electrochemical behaviour of such nanocomposites are
limited and hence, requires significance. Also, it is believed that
the inclusion of Co3O4 in the chitosan membrane will enhance its
conductivity leading to its use in conducting based-polymer
electrolytes.

http://dx.doi.org/10.1016/j.jelechem.2011.04.002
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2. Experimental

All chemicals used were of analytical grade and high purity.
Medium molecular weight chitosan was obtained from Sigma–Al-
drich and was used as received. Deionised water was used
throughout the study.
2.1. Preparation of Co3O4 nanoparticles

In a typical synthesis, 2 g Co(NO3)2�6H2O was dissolved in 10 ml
ethylene glycol. To this, 8 g of surfactant trioctyl phosphine oxide
(TOPO) was added and the solution was sonicated for 30 min to at-
tain homogeneity. The homogeneous solution was then transferred
to a Teflon vessel and subjected to microwave irradiation (QWave
1000, Questron Technologies Corp.) at high power. The Teflon ves-
sel was connected to an exhaust to drain off any vapours produced
during the reaction. A violet coloured solution was obtained after
5 min, which was centrifuged and washed with acetone and dried
at 333 K. The precursor thus obtained was heated at 313 K for 3 h
in air to finally yield the black oxide product.
2.2. Preparation of chitosan–Co3O4 composite films

Chitosan was dissolved in 2% acetic acid solution (2% m/v). Co-
balt oxide nanoparticles were dispersed in this through ultrasonic
irradiation. According to the percentage of additive added, the
resulting solutions were labelled as PC, CC1, CC2, CC3 and CC4
for 0%, 2%, 4%, 6% and 8% respectively. Addition of Co3O4 higher
than 8% leads to a heterogeneous solution. After sonication, the
composite blends were solution casted on Teflon plates and dried
at 333 K for 24 h. The films formed were further soaked in distilled
water for 24 h to remove residual solvent.
2.3. Electrochemical studies

Electrochemical impedance measurements were carried out
using an electrochemical work station, AUTOLAB 30. The films
were placed in between two square copper electrodes (length
2 cm) fitted with copper wires (Fig. 1). The whole set up was held
tightly with a plastic clamp. 1 M KOH solution was used as electro-
lyte. Electrochemical measurements were carried out using a small
amplitude AC signal of 10 mV over a frequency range of 100 kHz–
0.01 Hz. Experiments were carried out at room temperature and at
higher temperatures (313 K–343 K). An oil bath was used to main-
tain the required constant temperature. Minimum three readings
were taken for each sample.
Fig. 1. Cross section of the electrode system (WE, RE and CE represent working
electrode, reference electrode and counter electrode respectively).
2.4. Instrumentation

The X-ray powder diffraction analysis for Co3O4 nanoparticles
was conducted on a JEOL X-ray Diffractometer at a scanning rate
of 2� per minute with 2h ranging from 20� to 80�, using CuKa radi-
ation (k = 1.5406 Å). XRD samples were prepared by placing the
particles/composite films on a glass slide. Investigations on the
morphology and size of Co3O4 nanoparticles were carried out using
a Transmission Electron Microscope (TEM, JEOL, 2000FXII) oper-
ated at 200 kV. TEM specimens were prepared by placing single
drops of dilute particle solutions in acetone onto continuous car-
bon support films and allowing the solvent to evaporate. The
instrument is also capable of determining the selected-area elec-
tron diffraction pattern.
3. Results and discussion

3.1. Characterisation of Co3O4 nanoparticles and chitosan–Co3O4

composite films

Fig. 2a shows the bright field TEM images of the cobalt oxide
samples. The SAED pattern shown in Fig. 2c has well indexed ring
pattern which correspond to CO3O4, further supported by XRD re-
sults. Sampling about 150 particles from different TEM micro-
graphs showed that they are almost uniform with a standard
deviation of less than 13%. From the particle size analysis
(Fig. 2b) [21–23] the average diameter DTEM of the particles was
found to be 6 nm.

The XRD pattern of the synthesised nanoparticles is shown in
Fig. 3. The diffraction peaks can be assigned to a cubic phase of
Co3O4 according to JCPDS 43-1003, indicating the formation of spi-
nel Co3O4. The small peak intensities reveal the nanosize formation
of grains. Using the Debye–Scherrer equation, the average crystal-
lite size of the nanoparticles was calculated to be 8 nm, which
agrees quite well to that estimated by TEM measurements. The fig-
ure also shows the XRD pattern of the composite samples. The
prominent peak at 37.89� corresponding to (3 1 1) plane of the spi-
nel Co3O4 can be seen in all composite films. This shows the suc-
cessful incorporation of the nanoparticles into the chitosan
polymer matrix.
3.2. Electrochemical impedance spectroscopy measurements

Electrochemical impedance spectroscopy is a well-established
powerful technique for investigating many electrical properties
of materials and their interfaces. This technique has been mainly
used to study corrosion processes, interfacial reaction mechanisms
and dynamics of mobile charge in bulk or interfacial regions of any
material. Material properties like conductivity, dielectric constant
and activation energy can be deduced from EIS data. In all the mea-
surements related to impedance, at least three similar results were
considered and their average values are reported.

Fig. 4 shows the room temperature Nyquist plots for the blank
polymer film and composite films. The impedance spectra show a
semi-circle behaviour corresponding to the charge-transfer pro-
cess. The diameter of the semi-circle represents the charge-transfer
resistance (Rct) at the electrode surface. The impedance spectral
data was fitted with the Randles circuit which consists of a parallel
capacitance and charge-transfer resistance (Rct) in series with solu-
tion resistance (Rs). Rct value depends on the insulating and barrier
properties at the electrolyte/electrode interface [24], the values of
which are given in Table 1.

In Fig. 4, the Nyquist plot for blank polymer was found to have a
large semi-circle domain (Rct = 2.5275 � 103 ohms), which implied
a very large charge-transfer resistance. However, after the incorpo-



Fig. 2. (a) Bright field TEM image of Co3O4 nanoparticles (b) Size distribution histogram of the particles obtained by TEM analysis (c) SAED pattern of Co3O4 nanoparticles.

Fig. 3. X-ray diffraction patterns of Co3O4 nanoparticles and composite films.

Fig. 4. Room temperature Nyquist plots.
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ration of cobalt oxide nanoparticles, the charge-transfer resistance
decreased. Among the composite films, along with the increase in
the content of nanoparticles, the charge-transfer resistance de-
creased dramatically. This clearly indicates that cobalt oxide nano-
particles facilitate the charge transfer between the electrolyte and
the electrode.
3.3. Effect of temperature

The effect of temperature on the charge-transfer resistance
of polymer film and composite films was studied by measuring
the impedance at different temperatures from 313 K to 343 K.
Fig. 5 shows the Nyquist plots at different temperatures for



Table 1
Rct values (in ohms) for pure and composite films at different temperatures.

PC CC1 CC2 CC3 CC4

303 K 2.5275 � 103 1.9287 � 103 1.1182 � 103 8.9231 � 102 9.7484 � 101

313 K 2.5116 � 103 5.8511 � 102 5.2657 � 102 3.6050 � 102 7.4801 � 101

323 K 4.7731 � 102 3.5551 � 102 3.9387 � 102 2.4969 � 102 6.1416 � 101

333 K 2.7802 � 102 2.8834 � 102 3.2594 � 102 1.8648 � 102 5.6011 � 101

343 K 2.4267 � 102 1.8885 � 102 1.0178 � 102 1.7261 � 102 4.7447 � 101

Fig. 5. Nyquist plots for (a) PC (b) CC1 (c) CC2 (d) CC3 (e) CC4 at different temperatures.
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the polymer and composite films. It can be clearly observed
that an increase in temperature decreased the charge-transfer
resistance of all films. The corresponding Rct values are shown
in Table 1.
3.4. Dielectric studies

Impedance is a complex number and is represented by a real
part Z0 and an imaginary part Z00 with the formula



Fig. 6. Frequency variation of e0 of (a) PC (b) CC1 (c) CC2 (d) CC3 and (e) CC4 at different temperatures.
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Z ¼ Z0 þ jZ00 ð1Þ

where j is
p�1.

The dielectric constant eR, the dielectric loss eI, the real electrical
modulus MR and the imaginary electrical modulus MI can be shown
by

eR ¼
ZI

xC0ðZ2
R þ Z2

I Þ
ð2Þ

eI ¼
ZR

xC0ðZ2
R þ Z2

I Þ
ð3Þ
MR ¼
eR

ðe2
R þ e2

I Þ
ð4Þ

MI ¼
eI

ðe2
I þ e2

RÞ
ð5Þ

Here C0 ¼ e0A
t and e0 is the permittivity of free space, A is the electro-

lyte–electrode contact area and t is the thickness of the sample and
x = 2pf, f being the frequency in Hz.

The variation of the real and imaginary part of the dielectric
constant with frequency of the applied field for temperatures from
303 to 343 K is shown in Figs. 6 and 7. The dielectric properties are



Fig. 7. Dielectric loss as a function of frequency for (a) PC (b) CC1 (c) CC2 (d) CC3 and (e) CC4 at different temperatures.
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influenced by several factors like method of preparation, sintering
conditions, ionic charge, grain size, etc. It can be seen that e0

decreases with increasing frequency at constant temperature. On
the other hand, e0 increases with increasing temperature at con-
stant frequency. A similar trend was seen by Makhlouf [25] for
nickel oxide thin films. Fe3O4–chitosan composites also followed
a similar pattern [26].

The analysis shows a decrease in dielectric constant with
increasing frequency and reaches a constant value beyond a certain
frequency limit (at higher frequency region) for all samples. Such
kind of dispersion is mainly due to the Maxwell–Wagner type of
interfacial polarisation and in conformity with the Koop’s phenom-
enological theory [27]. According to theory, the dielectric behaviour
of nanostructured materials is primarily due to different types of
polarisation present in the material [28]. The variations in dielectric
constant can be explained by assuming the mechanism of dielectric
polarisation which is similar to hopping conduction mechanism
[29]. The polarisation is mainly generated by electron exchange be-
tween Co2+ and Co3+ ions which results in local displacement of
charges. Such a kind of electron exchange is commonly observed
in ferrites [30,31]. One more factor responsible for the large value
of dielectric constant at lower frequency is oxygen vacancies in
the interfaces of nanostructured materials. These oxygen vacancies
are equivalent to positive charges giving rise to dipole moments.



Fig. 8. Concentration dependence of M00 for composite films at 303 K.
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When exposed to an electric field, these dipoles rotate, giving a
resultant dipole moment in the direction of the applied field. This
is called rotation of polarisation direction [32]. Also, the decrease
in dielectric constant with frequency is not unusual and may be
due to the fact that any species contributing to polarizability lags
behind the applied field at higher frequencies [33]. As the temper-
ature increases more and more dipoles orient, resulting in an in-
crease in the dipole moment. Hence, the dielectric constant
Fig. 9. Frequency dependence of (a) M0 and (b)

Fig. 10. Arrhenius plots for conductivity r of
increases with an increase in temperature. For higher temperature,
the values shift upwards.
3.5. Electric modulus studies

From the dielectric studies it was known that e00 increases with
an increase in temperature at low frequency and remains constant
at higher frequencies. This behaviour is attributed to conduction
mechanism. For a closer inspection of this phenomenon, electric
modulus was analysed from the dielectric studies using Eq. (4)
and (5)

Macedo introduced electric modulus to study space charge
relaxation phenomena [34]. The modulus representation sup-
presses the signal intensity associated with the electrode polarisa-
tion and emphasises small features at higher frequencies. As a
result, its usage has been extended to understand the ionic conduc-
tivity [35–37]. Electric modulus is basically the reciprocal of per-
mittivity, M� = 1/e�. From the physical point of view, electric
modulus corresponds to the relaxation of electric field in the mate-
rial, where the electric displacement remains constant [38].

Fig. 8 shows the frequency dependence of M00 spectra for differ-
ent cobalt oxide concentrations at 303 K. It is remarkable that the
maximum M00 peak for the sample with highest amount of filler
shifts to higher frequency (CC4) compared to other compositions.
Only a slight increase in frequency is observed for the other three
composite films. The shifting of peaks to higher frequency as the
conductivity increases indicates that the relaxation time decreases
M00 at different temperatures for CC4 film.

(a) chitosan film and (b) composite films.



Table 2
Room temperature conductivity values and activation energies for the polymer films.

Sample R2 Ea (k Jmol�1) r (S cm�1)

PC 0.941 16.39 1.46 � 10�2

CC1 0.936 5.63 1.66 � 10�2

CC2 0.972 4.50 1.82 � 10�2

CC3 0.945 4.15 1.93 � 10�2

CC4 0.889 3.90 1.94 � 10�2

Fig. 11. Variation of activation energy Ea and room temperature conductivity rRT as
a function of Co3O4.
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as the conductivity increases [39]. Moreover, the broad nature of
the peaks suggests a non-Debye type of relaxation in the material
[40].

Fig. 9 shows the frequency dependence of the real and imagi-
nary parts of the electric modulus at higher temperatures for the
sample with the highest conductivity (CC4). It can be seen from
Fig. 9a that M0 value increases with an increase in frequency indi-
cating the distribution of relaxation processes over a large range of
frequencies [41]. Very small values of M0 at lower frequencies is a
sign of removal of electrode polarisation [42,43]. A decline in the
values of M0 with the increase in temperature results from an in-
crease in the mobility of the polymer segment and charge carriers
with the temperature. At high temperatures, the orientation of the
charge carriers and molecular dipoles become easier.

Comparisons of the e� and M� representations have been used to
distinguish localised dielectric relaxations processes from long
range conductivity. Generally, for a conduction process, a relaxa-
tion peak would be observed in the frequency spectra of the imag-
inary component M00 and no peak would exist in the corresponding
plot of e00. However, for a dielectric relaxation process, a relaxation
peak appears in both e00 as well as M00 representations [44,45]. The
formation of loss peaks in Fig. 9b whereas; absence of such a peak
in Fig. 7 ascertains a conduction process for relaxation. Moreover,
the peaks are broad and asymmetric; where the low frequency side
of the peak represents the range of frequencies in which the ions
are capable of moving long distances, i.e. performing successful
hopping from one site to the neighbouring site, whereas, for the
high frequency side, the ions are spatially confined to their poten-
tial wells and can execute only localised motion [46]. This predicts
non-Debye behaviour. The appearance of more than one peak at
313 K in the low frequency region may be due to the polar group
relaxations. This peak disappears at higher temperatures, which
can be ascribed to the high mobility of charge carriers within the
material [47]. Also, it is clear from the figure, that irrespective of
the temperature at which the measurements were made, all the
curves merge at higher frequency. At higher frequencies, the
contribution from the grain predominates due to the absence of
the space charge effects.

3.6. Conductivity studies

Electrical conductivity of nanoparticles of metals, alloys and
semiconductors are reported to be markedly different from their
bulk counterparts [48–50]. Semiconductor nanostructures are said
to show enhanced conductivity in nanosize regime [51].

The bulk ionic conductivities (r) of the composite polymer films
were determined from the complex impedance spectra using the
equation

r ¼ L
RA

ð6Þ

where L, A and R are respectively, the thickness, area and bulk
resistance of the polymer films. The bulk resistance was calculated
from the high frequency intercept on the real impedance axis of
the Nyquist plot [52]. The temperature dependence of conductivity
for the pure film and composite films is shown in Fig. 10. It can be
seen that conductivity increases with an increase in temperature
for all samples. The observed behaviour clearly indicates that the
chitosan–Co3O4 composite films have a semiconductor-like behav-
iour. According to Rabkin and Novikova [53], the process of dielec-
tric polarisation in ferrites takes place through a mechanism
similar to the conduction process. By electronic exchange,
Co2+

M Co3+, local displacements of the electrons in the direction
of applied field takes place; this results into polarisation. Both n
and p type of carriers contribute equally to polarisation and the
process is highly temperature dependent. Since the influence of
temperature is more pronounced in Co2+

M Co3+ electronic ex-
change than on the displacements of p-carriers, the easy electronic
exchange requires less energy thereby increasing the conductivity.

One of the important variables resulting from the electrical
properties of semiconductor is its activation energy (Ea). This is
the initial energy that the charge carriers need to move inside
the material. Ea is evaluated from the slopes of log r versus tem-
perature plots, using the following relation

r ¼ r0 exp½�Ea=kT� ð7Þ

where r is the conductivity at a particular temperature, r0 is the
pre-exponential factor, k is the Boltzmann’s constant and T is the
absolute temperature. Fitment of the plots in Fig. 10 gives a straight
line with the regression value, R2 in the range of 0.889–0.972, indi-
cating that the relationship between log r versus 103/T is almost
linear and hence, follows the Arrhenius rule. In the present work,
the activation energy for pure chitosan film is found to be
16.39 kJ mol�1 which is in agreement with the reported value
[54]. The conductivity values and activation energy for the films
are given in Table 2. Fig. 11 shows how the room temperature con-
ductivity and activation energies vary as a function of the filler con-
tent. The decrease in Ea with increase in Co3O4 content can be
explained on the basis of increase in conductivity. Given that con-
ductivity and activation energy are inversely proportional to each
other, Eq. (7), such a trend is not unexpected since a high conduc-
tivity increases the probability of electron exchange, thereby,
decreasing the activation energies [55,56]. This further supports
the hopping mechanism of conduction.

4. Conclusion

Chitosan–Co3O4 composite films were prepared by solution
casting technique. The formation of Co3O4 nanoparticles was con-
firmed by TEM. XRD was used to show the successful incorporation
of Co3O4 into the chitosan matrix. Electrochemical Impedance
Spectroscopy was employed as a successful tool to calculate the



A.S. Bhatt et al. / Journal of Electroanalytical Chemistry 657 (2011) 135–143 143
dielectric properties and electric modulus parameters of the sam-
ples. The charge transfer values increased with an increase in the
content of Co3O4 and temperature. High permittivity and dielectric
loss were obtained for the composite films at low frequency. The
dielectric measurements suggested a conduction mechanism
wherein, the conduction is mainly based on electronic exchange
between Co2+ and Co3+ ions. The frequency plots of imaginary com-
ponents of dielectric constant and modulus suggests the relaxation
to be of non-Debye type. Conductivity and activation energies
show inverse trends of variation with each other due to their in-
verse interdependence. The conductivity values of the composite
films are in par with the conventional polymer systems and hence,
have potential application in the development of electrochemical
devices and as conducting based-polymer electrolyte.
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