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In this work, an eco-friendly “green” nanocomposite of chitosan containing graphite and maghemite
(y-Fe203) nanoparticles were prepared by solution casting method. The effect of y-Fe:03 nanoparticles
on structural, electric and dielectric properties of Chitosan-graphite (Cs-graphite) composites was
investigated. The dielectric constant of Cs-graphite composites increased with incorporation of y-
Fe203 nanoparticles. Among the composites Cs-20% graphite - 20% y-Fez03 has dielectric constant of
~16.5 at 1 MHz at room temperature. With increase in temperature the dielectric constant varied
significantly. The conductivity of Cs-graphite is enhanced by one order of magnitude with addition of
y-Fe203 nanoparticles, and the value is found to be 5.7x10-¢ S/cm. Various parameters such as
dielectric constant, dielectric loss, electric modulus, conductivity, activation energy were analyzed.
Magnetic measurement of y-Fe203 nanoparticles and the PNCs showed superparamagnetic behaviour.
A model is proposed to explain the observed dielectric behavior of polymer nanocomposites (PNCs).
The formation of microcapacitors by incorporation of maghemite nanoparticles between graphite is

proposed.

1. Introduction

The increasing demand for environmentally friendly
materials has attracted great interest. Recently, researchers
are actively involved in the development of natural
polymers for energy storage applications due to their
remarkable cycle stability and dielectric properties [1].
These bio polymeric materials act as potential alternative
for synthetic and petroleum based polymers. Many natural
polymers such as cellulose [2], starch [3] and chitosan [4]
have been extensively investigated for energy storage and
conversion applications. Chitosan, a biopolymer derived
from the chitin is the second most abundant organic
material on earth after cellulose. Chitin is found in
crustacean cells, insect exoskeletons and fungus cell walls
[5]. Chitosan is copolymer composed of N-acetyl-D-
glucosamine and D-glucosamine residue, where the two
types of repeating units are linked by (1-4)-B-glycosidic
bonds. It has significant properties such as film & gel
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forming capability, high adsorption capacity,
biodegradability and biocompatibility [6]. The main
advantage of chitosan is that it can be made easily in the
form of gel, films, beads, nanoparticles, capsules and tablets
[7]- It also has a remarkable capability of reducing gold and
silver metal ions (HAucls and AgNOs) into nanoparticles
with low particle size distribution [8-9]. A monomer of
chitosan consists of two hydroxyl and one amine functional
groups which have lone pair electrons that are suitable for
the preparation of solid polymer electrolyte [10-11]. It is
also used as a proton exchange membrane for fuel cells [12],
an effective binder material for graphite anode in Li-ion
batteries [13] and for optical sensors [14].

In this research we studied the dielectric properties of
chitosan, graphite and y-Fe203 nanoparticles. Graphite and
v-Fe203 are selected as the conductive filler because of its
low cost, high availability and favourable biodegradable
properties. Graphite has good electrical and thermal
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conductivity, excellent mechanical strength, thermal and
chemical stability [15-16]. More importantly, it has large
aspect ratio and unique layered structure with nanoscale
thickness, which give advantages in the formation of a large
number of parallel board microcapacitors with low filler
loading [17-18]. Maghemite is one of the important oxides
of iron. It is one of the low costs, naturally abundant and
environmentally friendly metal oxides. When its size is
reduced below certain critical limit, it transforms from multi
domain state to single domain state and shows
superparamagnetic behaviour [19]. This
superparamagnetic behaviour of the nanoparticles has wide
applications in the field of biomedicine, such as magnetic
separation, drug delivery, magnetic resonance imaging
(MRI) and  hyperthermia [20]. Recently, the
superparamagnetic iron oxide nanoparticles have been
used for high performance supercapacitor electrode
applications [21]. The high active surface area (because of
reduction in the particle size) of the nanoparticles can
drastically improve the charge storage capacity. Carbon
based nanocomposites with well dispersed y-Fe203
nanoparticles have been used for high performance
supercapcitor [22]. Therefore, the incorporation of y-Fe203
nanoparticles in to the Cs-graphite can have important role
as energy storage material. Understanding the charge
transport in these polymer nanocomposites is important as
it can help in the development of new energy storage
materials [23]. The frequency and temperature dependent
dielectric measurements are both sensitive to the motion of
charged species and dipoles in these nanocomposites.
Hence, in this research the electric and dielectric properties
of the chitosan-graphite-y-Fe;03 nanocomposites are
studied. In the present work, green nanocomposite of
chitosan containing y-Fe203 nanoparticles and graphite
have been prepared by solution casting method. The surface
morphology, electric and dielectric properties of the
nanocomposites have been investigated by using various
analytical methods. A model is proposed.

2. Experimental Procedure

Chitosan powder (99.9% purity), acetic acid (99.9%
purity) and graphite nano powder (98% purity) were all
purchased from SRL Pvt. Ltd, Mumbai, India. Iron nitrate
nanohydrate (FeNO3.9H20 - 98% purity) and ammonium
hydroxide solution were purchased from Merck
Specialities Pvt Ltd, Mumbai, India. The Ferrous sulphate
heptahydrate (FeSO4.7H20- 98% purity) was purchased
from RFCL Limited, New Delhi, India. Deionised water was
used throughout the experiments. All the reagents used in
the experiment were of analytical grade and used as
received without further purification.

2.1. Preparation of y-Fe;03 nanoparticles

Iron oxide nanoparticles were prepared by a co-
precipitation method consisting of a stoichiometric
mixture of FeS04.7H20 (0.1M) and FeN03.9H20 (0.2M) inan
aqueous solution [24-25]. The mixture was stirred for 30
minutes using magnetic stirrer in nitrogen atmosphere at
room temperature to obtain homogeneous solution and
0.3M of NH30H solution was added to the mixture drop by

drop until the formation of black precipitate. The
precipitation was formed at a pH between 8 and 14.
Formed black precipitate was collected and centrifuged
five times by giving alternate wash with distilled water,
acetone, and ethanol. Finally, the precursor was kept in
oven at 100°C for 12hr. The obtained black powder was
sintered at 300°C for 2hr to get light brown coloured y-
Fe203 nanoparticles.

2.2. Preparation of Chitosan-graphite nanocomposites

Chitosan solution was prepared by adding chitosan
powder (1 wt %) to acetic acid solution (200 mL, 1.5 wt %).
The mixture was stirred using magnetic stirrer and heated
at 60°C for 30-45 min. A semi-transparent solution was
obtained. Series of chitosan-graphite nanocomposites were
prepared by adding appropriate amounts of graphite (10
and 20 wt %) into the chitosan solution and it was
ultrasonicated for 30 min for complete dispersion of
graphite into the chitosan solution. The mixture was
poured into a petri dish for drying. Finally, the chitosan
solution containing 10 and 20 wt % of graphite were
labelled as Cs-10% graphite and Cs-20% graphite,
respectively.

2.3.  Preparation
nanocomposites

of  Chitosan-graphite-y-Fe;03

Appropriate amount maghemite nanoparticles (20 wt
%) were added into each of the Chitosan - graphite solution
having varying concentration of graphite (10-20wt %) and
it was ultrasonicated for 30 min for complete dispersion of
maghemite into the chitosan-graphite solution. The
mixture was poured into a petri dish for drying. The
obtained films were labelled as Cs-10%graphite-20%y-
Fe203 and Cs-20%graphite-20% y-Fe203. The films were
flexible.

2.4. Characterization

The crystallinity of the prepared samples was
characterized by using Powder X-ray diffraction (XRD)
technique using PANalytica X'pert pro X-ray diffractometer
with Cu-Ka radiation (A = 0.154060 nm) operated at 30 kV
and 30 mA. FTIR spectra of the samples were collected by
using Bruker Alpha FTIR spectrometer (Bruker Optics
GmbH, Germany). Measurements were recorded in the MIR
spectral range from 500-4000 cm?! with a spectral
resolution of 2 cm! using ATR mode. The Raman spectra
were obtained by using Confocal scanning spectrometer
(Renishaw InVIA) with 532 nm excitation source in the
range from 100cm- to 3000 cm! at room temperature.
Morphological and structural information was obtained
using high resolution scanning electron microscopy
(Hitachi S6600). The impedance properties were measured
using Wayne Kerr impedance analyzer (Model:6500B) in
the frequency range of 20 Hz to 1 MHz and in the
temperature range of 303K to 423K at ac electric signal of
1 volt. The samples were used in the form of circular films
with a diameter of 1cm and thickness of 80-110 um. The
samples were kept in between two gold coated circular Cu
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plate  electrodes for  measurements. Magnetic
measurements were carried out by using Superconducting
Quantum Interference Device-Vibrating  sample
magnetometer (SQUID - VSM) (Quantum Design, USA) at
room temperature in the field range from -70 kOe to +70
kOe.

3. Results and discussion

3.1. Structural studies

The optical images of the chitosan film and the PNCs are
shown in Figure 1A. It is observed that the chitosan film
looks transparent and it became gray in colour when 20%
v-Fe203 nanoparticles was added to it. When graphite was
added to the chitosan, it became less transparent when
compared to pure chitosan. Cs-graphite containing y-Fe203
nanoparticles looked similar to Cs-graphite composites.
Figure 1B shows the optical image of chitosan and Cs-
graphite containing y-Fe203 nanoparticles. The magnetic
nature of the nanocomposite is also shown.

Fig. 1. A) Optical images of (a) chitosan film, (b) Cs-20% y-Fe20s3, (c)
Cs-10% graphite, (d) Cs-20% graphite, (e) Cs-10% graphite-20%y-
Fe203 and (f) Cs-20% graphite-20%y-Fez03; B) attracted by magnet for
(a) Cs-20% y-Fe203, (b) Cs-10% graphite-20% y-Fe203 and (c) Cs-20%
graphite- 20% y-Fe20s.

3.2. X-ray diffraction studies

Fig. 2 (i) shows the XRD pattern of a) chitosan, b) y-Fe203
nanoparticles and c) Cs-20% y-Fez0s. It is well know that
chitosan is a semi crystalline polymer having both
amorphous and crystalline structure. It shows sharp peaks
at 26 = 11°, 18° and broad peak at 24°. The former two
peaks indicate the hydrated crystalline phase, while the
latter broad peak corresponds to the existence of an
amorphous phase [26]. The diffraction pattern of y-Fe203
shows peaks at 26=30.2°,36.2°,43.4°,53.74°,57.5° and 63°
which correspond to Bragg’s reflections of (220), (311),
(400), (422), (511) and (440) diffraction planes,
respectively. All the peaks were indexed to the typical cubic
spinel structure of maghemite (JCPDS 39-1346) and no
impurity phase was observed [27]. The average crystallite
size, D (nm), of the y-Fe203 nanoparticles was calculated
from predominant (311) peak by using Debye-scherrer
equation.

kA
D= pcosé 1)

| (1)

[nfensily [a.u)

nlensily [a.0)

[ntensity (a.u)

Fig. 2. (i) XRD pattern of a) Chitosan film b) y-Fe:03 Nps and c) Cs-20%
y-Fe20s3; (ii) d) graphite, e) Cs-10% graphite, f) Cs-20% graphite and
(iii) g) Cs-10% graphite-20% vy-Fez03, h) Cs-20% graphite-20% y-
Fe20s.

Where k is shape factor (k = 0.9 for Cu Ko radiation),
A (nm) is the wave length (0.15405 nm for Cu Ka radiation),
B is the peak width at half maximum (rad) and 0 is the
diffraction angle. The average crystallite size of the y-Fe203
nanoparticles is found to be ~ 14 nm. The XRD pattern for
Cs-20% v-Fe203 shows presence of small peak of y-Fe203
peak (as indicated by star symbol) which confirm the
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incorporation of y-Fe203 nanoparticles into the chitosan
matrix. This result indicates that chitosan does not lead to
change in the structure of the maghemite nanoparticles.
The XRD pattern of graphite powder [Figure 2(ii-d)] shows
sharp and strong crystalline peak around 268=26.4°". This
peak indicates layered structure of graphite which
correspond to dooz diffraction plane [28]. The XRD pattern
of chitosan containing 10% and 20% of graphite [Figure 2
(ii e-f)] shows presence of graphite peak at 20= 26.4. Also,
the predominant peak of graphite is not affected when it is
incorporated into the chitosan. The predominant peak
intensity is increased by increase in graphite concentration
from 10 to 20 wt%. The XRD pattern of Cs-20% y-Fe203
containing 10 to 20 wt% of graphite [Figure 2(iii g-h)]
shows the presence of both graphite and y-Fe203 diffraction
peaks. The graphite peak position in the Cs-graphite-y-
Fe20s is not affected by introduction of y-Fez03
nanoparticles. The y-Fe203 peaks are indicated by star
symbol in the XRD patterns. The predominant graphite
peak has high intensity compared to y-Fe:03 peak in the
composites. It is also observed that the intensity of peak for
graphite is increased by increasing its concentrations of
graphite from 10 to 20 wt%. The XRD measurements
confirms the incorporation of graphite and y-Fez03
nanoparticles into the chitosan matrix. To understand the
modifications in the crystallinity of chitosan due to the
presence of graphite and vy-Fe;0s nanoparticles the
following expressions were used [29].

Cr fozo = (oz20 - fam) /Toz0 X100 (2)
Cr h1o0 = (h1o - fam) /20 X100 3)

Here Iamis the intensity of amorphous diffraction at~ 26
equal to 12°, loz0 is the maximum intensity of the crystalline
peak due to (020) lattice diffraction, and I110 is the highest
intensity of the crystalline peak by (110) lattice diffraction
planes. loz0is observed at 11.6°and I 110 is observed at 18°.
The values for Cr lo20 for chitosan, Cs-10% graphite and Cs-
20% graphite and were 40%, 54% and 72% respectively,
indicating that the crystallinity of chitosan increased with
incorporation of graphite in it. The values for Cr l110 for
chitosan, Cs-10% graphite and Cs-20% graphite and were
28%, 64% and 80% respectively, indicating that the
crystallinity of chitosan increased with incorporation of
graphite in it. With incorporation of y-Fe203 the Cr lozo for
Cs-20%y-Fe203, Cs-10%graphite-20%y-Fe203 and Cs-
20%graphite-20% y-Fe203 were found to be 14%, 21% and
32% respectively. Hence the incorporation of y-Fe203
decreases the crystallinity of chitosan. Hence while
graphite increases the crystallinity of chitosan, y-Fe203
decreases it. With incorporation of 20% y-Fe203 the peak
corresponding to [110 was diminished and its intensity
became lesser than that of the intensity for the amorphous
diffraction at 12° and hence the crystallinity could not be
found for (110).

3.3. FTIR Analysis

ATR-FTIR measurement of chitosan film, graphite, y-
Fe203 nanoparticles and the PNCs are shown in Figure 3.
Chitosan film shows characteristic peaks at 1540 cm-! and
1404 cm! corresponding to amide II group and bending
vibration of CHs respectively. The peak corresponding to
1147 cm! represents asymmetric stretching of the C-0-C
bridge. The peaks at 1057 cm-! and 1012 cm! indicate the
saccharine structure of chitosan molecules [30]. For
graphite, strong peaks at 3426 cm! and 1386 cm are
observed indicating the presence of OH groups attached to
graphite. The peaks at 2922 cm! and 2853 cm'! represents
the stretching vibration of C-H bonds (29-31). The bands at
1634 cm'! and 1575 cm! are attributed to the vibration of
C=C bond and amide II group, respectively. The peak
observed at 1458 cm! is related to the bending vibration of
C-H groups and the peak at 1123 cm! is assigned to the C-
H deformation. The FTIR spectrum of y-Fe203 shows the
absorption bands at 627 cm-! and 590 cm! corresponding
to the metal oxygen [v (Fe-O)] deformations in tetrahedral
and octahedral sites (31-36). In FTIR spectrum of Cs-20%
v-Fe203, compared with spectrum of chitosan film, the 1540
cm! band of amide II, the 1404 cm™ band of bending
vibration of CH3 and the 1147 cm band of asymmetric
stretching of the C-0-C bridge were shifted to 1527 cm1,
1391 cm! and 1145 cm-! respectively. This shift of the peak
indicates that y-Fe203 nanoparticles attached to chitosan.
Similar kind of band shift has been observed for the
chitosan containing iron oxide nanoparticles (37). The
FTIR spectrum of chitosan containing graphite shows
peaks with less intensity. The main changes in the
absorbance bands of chitosan due to addition of fillers (y-
Fe203 nanoparticles and graphite) is described as follows:
The amide II band of Cs-10% graphite, Cs-10%graphite-
20%y-Fe203, Cs-20% graphite and Cs-20%graphite-20%y-
Fe203 were observed at 1508, 1517, 1530 and 1529 cm?,
respectively. Similarly, the bending vibration of CHs for Cs-
10% graphite, Cs-10%graphite-20%y-Fe20s, Cs-20%
graphite and Cs-20%graphite-20%y-Fe203 were observed
at 1402, 1386, 1396 and 1393 cm'l, respectively. The
saccharine structure band of Cs-10% graphite, Cs-
10%graphite-20%y-Fe203, Cs-20% graphite and Cs-
20%graphite-20%y-Fe203 were observed at 1008, 1005,
1010 and 1005 cm, respectively. The lower wave number
shift in the position of the absorbance peaks indicates that
the amide II band, bending vibration of CHz and the
saccharine structure of chitosan film have been affected
due to the addition of y- Fe203 nanoparticles and graphite.
To further understand the interactions in the
nanocomposites, Raman measurement was done and the
results are as under.
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Fig.4. (i) Raman spectra of a) Chitosan film b) y-Fe203 Nps and c) Cs-20% y-Fe203; (ii) d) graphite, e) Cs-10% graphite, f) Cs-20% graphite, g) Cs-10%

graphite-20% y-Fe203, h) Cs-20% graphite-20% y-Fez0s.

Table 1. Raman shift and ID/IG ratio of graphite and it’s PNCs.

S.No Sample D band G band 2D band In/Ic

1. Graphite 1315 1578 2639 0.532
2. Cs-10%graphite 1315 1578 2652 0.598
3. Cs-20%graphite 1315 1578 2645 0.765
4. Cs-10%graphite-20%y-Fe203 1315 1578 2639 0.898
5. Cs-20%graphite-20%y-Fe203 1315 1578 2652 0.824

3.4. Raman spectroscopy analysis

Raman spectroscopy is an important tool to understand
the composite functional groups and their interactions
within the matrix. Figure 4 (i) shows the Raman spectra of
a) chitosan, b) y-Fe203 Np’s and c¢) Cs-20% y-Fe20s. Chitosan
film does not show any peak. The y-Fe203 nanoparticles
shows fundamental Raman scattering peaks at 216, 285,
395, 485, 585 and 703 cm, corresponding to the
characteristic band of maghemite phase of the iron oxide

nanoparticles [38]. The main peak for maghemite peak is
observed at 703 cm! [39]. The Raman spectrum of Cs-20%
v-Fe203 shows the peaks at 295, 382 and 478 cm't, which
indicates the incorporation of y - Fe203 nanoparticles into
the chitosan matrix. The Raman spectrum of the graphite
[Figure 3(ii-d)] shows three strong peaks centred at 1348
cml, 1573 cm?! and 2650 cm-l, respectively which
corresponds to the D, G and 2D bands of graphite. The D
band at 1348 cm™! is assigned to the vibrations of sp3
carbon atoms of disordered graphite and the G band at
1573 cm-! is related to the plane vibration of sp2? carbon
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atoms in a 2D hexagonal lattice [40]. The 2D band is the
second harmonic (or overtone) of the D-band. The shape
and intensity of 2D band indicates the layered structures of
graphite rather than single layer graphene [41]. With
addition of 20% y-Fe203 into the matrix, the raman
intensity of graphite bands decreased as shown in Figure 3
(ii-g,h). The Raman shift and the corresponding Ip/lc
intensity ratio values are listed in the table.1. The intensity
of the D and G band represents the concentration of
disordered carbon and graphitized carbon present in the
sample, respectively [42-43]. The relative intensity ratio of
the D band to G band (Ip/Ic ratio) is proportional to the
content of defect sites in graphite and it also indicates the
edge smoothness and the edge structures of the carbon
materials [44-46]. In the present study, the Ip/Ic ratio of
graphite, Cs-10%graphite and Cs-20% graphite was found
to be 0.532, 0.598 and 0.765, respectively. Also, the Ip/Ic
ratio of Cs-10%graphite-20% y-Fez0 and Cs-20%graphite-
20% vy-Fe20 was observed to be 0.898 and 0.824,

respectively. The composites of Cs-graphite-y-Fez203 have a
higher Ip/Ic ratio then that of Cs-graphite and graphite,
which suggest that more defects were introduced in
graphite due to its interactions between the chitosan and y-
Fe203 nanoparticles.

3.5. FE-SEM: Morphology and Microstructure studies

The surface morphologies and microstructures of the
chitosan and PNCs were studied by FE-SEM (Figure 5).
Chitosan [Figure 5a] shows smooth surface with lots of
pores. Addition of y-Fe203 into chitosan made the sample’s
surface rough [Figure 5b]. Further addition of graphite
[Figure 5c and 5d] resulted in plate like structure due to
graphite. The incorporation of vy-Fe:0s in graphite

containing nanocomposite could result in modifications in
the dielectric properties of the nanocomposites. The
dielectric characteristics were studied and the results are
as under.

3.6. Dielectric measurement studies

Dielectric measurement has been used to obtain various
parameters such as dielectric constant (¢"), dielectric loss
("), electric modulus (M’&M”), electrical conductivity (c’)
and dissipation factor (D). When the material is subjected
to the electric field, the interaction between the material
and the electric field is described by the complex
permittivity (e* = &¢’— &”). The real part of the permittivity
(¢") represents the energy stored in the material and the
imaginary part (¢”) is associated with the energy loss
during the polarization [47-48]. The dielectric constant (&)
was calculated by using the equation,

¢ = CL/eoA €))

Here, C is the capacitance of the sample, L is the
thickness of the sample, A is the electrolyte-electrode
contact area and &.is the permittivity of free space. The
dielectricloss (¢”) was calculated from €’ by using following
expression [49].

gcal’” = — (1/2) (0(€’)/0In()) (5
This method is more convenient to observe relaxation
frequency due to its peak sharpening [50]. The electric

modulus (M*) is defined as the reciprocal of the dielectric
permittivity (¢*) and represented by,

M* = 1/gx = M’ +iM” )

M’ and M” were obtained from the dielectric constant (¢’)
and dielectric loss (¢”) as follows.
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M =g/[e2+ e 7)
M” — 873/[832_'_ 8392] (8)

The complex dielectric permittivity [e*(®) =&’ (®)-ie”’(®)]
and complex electrical conductivity [6*(®)=c"(®)+ic”’(w)] are
related to each other by the equation, 6*(®) = iwge*(w). The
electrical conductivity (o) was calculated by using the
formula,

o’ =L/RA )

Where, L is the thickness of the sample, R is the
resistance of the sample and A is the electrolyte-electrode
contact area. The Dissipation factor (D) is defined as the
ratio of energy loss to energy stored in the material (¢”/ ).
It decides the suitability of a dielectric material for
microwave applications.

3.6.1. Frequency dependence of dielectric constant (&)

Fig. 6 shows the real part of the permittivity plotted as
a function of frequency for the PNCs in the temperature
range 303 - 423K. It is observed all the sample have high
value of ¢’ at low frequency and it is decreased with an
increase in frequency. This is in accordance with reported
findings [51-52]. It is also observed that the ¢’ increased
with increase in temperature [53]. The sharp increase of €’
at low frequency is due to electrode polarization [54]. The
¢ of chitosan [Figure 6a] decreases with increase in
frequency and it increases with an increase in temperature
up to 363K. Above 363K, it decreases with further
increasing of temperature. When 20wt% y-Fez03
nanoparticles were added into the chitosan, the ¢’
enhanced significantly. The ¢’ of Cs-20% y-Fe203 [Figure
6b] decreases with increase in frequency and it increases
gradually with increase of temperature up to 363K. Above
363K, it decreased with increase of temperature. The ¢’ of

chitosan is enhanced with addition of graphite. The €’ of Cs-
10% graphite [Figure 6c] decreased with increase in
frequency and it is gradually increased with increase in
temperature up to 423K. The €'of Cs-10% graphite-20% v-
Fe203 [Figure 6d] decreased with an increase in frequency
and it gradually increased with temperature up to 383K,
after that it is decreased with further increase of
temperature. The sudden decrease of € is due to the
presence of y-Fe203 nanoparticles in the Cs-graphite
composites. When graphite concentration is increased
from 10 to 20%, it’s €’ value is enhanced. The £’of Cs-20%
[Figure 6€] graphite shows decreasing trend with increase
in frequency and it slowly increased with increase in
temperature up to 383K, after that it is decreased with
further increase of temperature up to 423K. The ¢’ of Cs-
20% graphite-20% y-Fe203 [Figure 6f] is also shows
decreasing trend with increase in frequency and it is slowly
increased with increase in temperature up to 383K, after
that the ¢’ decreased with further increase of temperature
up to 423K. The observed dielectric constant (¢’) values of
chitosan and its PNCs measured at 1 kHz and 1 MHz at
303,323, 373 and 423K are listed in the table 2. It is
observed from the table, that the dielectric constant of Cs-
10% graphite is found to be ~ 6.0 at room temperature and
it increased to ~ 12.5 with incorporation of 20 wt% of y-
Fe203 nanoparticles in it. When graphite concentration is
increased from 10 to 20wt%, the dielectric constant is
found to be ~ 6.6 and it is further increased to ~ 16.5 with
addition of 20 wt% of y-Fe203 nanoparticles. It is 14 times
higher than that of pure chitosan matrix. It is further
observed that the dielectric constant of Cs-graphite and Cs-
graphite -y-Fe203 composites increases with an increase in
temperature. This is due to dependence of dielectric
constant upon temperature [55]. The dielectric constant of
composites containing graphite and maghemite is larger
than the addition of dielectric constant of the composites
without both maghemite and graphite. This indicates that
maghemite might get trapped between two graphites and
create microcapacitors with higher capacitance.

Table 2. The ¢’ values of chitosan and its PNCs measured at different frequency.

S.No Sample 303K 323K 373K 423K
Frequency 1kHz 1MHz 1kHz 1MHz 1kHz 1MHz 1kHz 1MHz
1. Chitosan 3767 1.178 4.941 1224 4742 1273 2489 1216
2. Cs-20%y-Fe203 7.815 2.244 11243 2367 5544 2450 5373 2427
3, Cs-10%graphite 14.292 6.036 19.605 6439 85653 7379 21178 10.396
- 0, i -
4. Cs-10%graphite 64.139 12.526 99.86 14467 15247 26716 608.06 26211
20%y-Fe203
5, Cs-20%graphite 34.736 6.644 47755 7131  311.80 8913 27151 10.679
- 0, i -
5, Cs-20%graphite 257.76 16.561 37624 19392 6300.7 36180 1954.1 37.718

20%y-Fe203
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Fig. 6. Frequency dependent variation of dielectric constant (&) at various temperature for a) Chitosan, b) Cs-20% y-Fe203, c) Cs-10% graphite, d)
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3.6.2. Frequency dependence of &’

The dependence of dielectric loss on the frequency at
different temperature for chitosan and the PNCs is shown
in Figure 7. The relaxations in chitosan and the composites
were observed in the two different temperature region: i)
303-363K and (ii) 403K-423K. Chitosan [Figure7a] shows
relaxation at low temperature (303-363K) between ~692
Hz and ~7878 Hz and relaxation at high temperature (403-
423K) between ~311 Hz and ~1775 Hz. When 20wt% of
v-Fe203 nanoparticles were added into the chitosan, the
relaxation peaks shifted to high frequency. Cs-20%y-Fe203
[Figure 7b] shows relaxation at low temperature (303-
363K) between ~2001 Hz and ~26,606 Hz and relaxation
at high temperature (403-423K) in between ~1,74,769 Hz
and ~2,90,477 Hz. When 10wt% graphite was added into
the chitosan, it shows new relaxation in addition with
relaxation observed for chitosan. Cs-10% graphite [Figure
7c] shows the relaxation at low temperature (303-363K)
between ~113 Hz and ~4,551 Hz and relaxation at high
temperature (403-423K) in between ~25,950 Hz and ~
68,191 Hz. An additional new relaxation was observed in
between ~66,508 Hz and ~ 86,821 Hz in the temperature
range of 303-323K. When 20wt% of y-Fe203 nanoparticles
were added into the Cs-10% graphite, the relaxation peaks
were shifted to high frequency. Cs-10%graphite-20%y-
Fe203 [Figure 7d] shows the relaxation at low temperature
(303-363K) in between ~1042 Hz and ~16,008 Hz and
relaxation at high temperature (403-423K) in between
~2,156 and ~2,612 Hz. An additional relaxation was
observed in between ~1,47,542 Hz and ~ 2,07,021 Hz in
the temperature range of 303-323K. When increasing the
graphite concentration from 10 to 20 wt%, the high
frequency relaxation observed for Cs-10% graphite
disappeared. The Cs-20% graphite [Figure 7e] shows the
relaxation at low temperature (303-363K) between ~ 628
Hz and ~15,227 Hz and relaxation at high temperature
(403-423K) between ~2,430 Hz and ~ 4,551 Hz. When
20wt% of y-Fe203 nanoparticles is added into the Cs-20%
graphite, the relaxation peaks were shifted to high
frequency side. Cs-20%graphite-20%y-Fez0s [Figure 7f]
shows the relaxation at low temperature (303-363K)
between ~7038 Hz and ~26,606 Hz and relaxation at high
temperature (403-423K) between ~8,836 Hz and ~10,614
Hz.

3.6.3. Frequency dependence of M’ and M”

Electric modulus formalism is mainly used to analyze
the electrical relaxation process. It is defined as the
reciprocal of complex permittivity [56-57]. The real (M")
and imaginary (M”) parts of electric modulus were
calculated by using equations 5 and 6 and is shown in
Figure 8 and Figure 9, respectively. It is observed from
Figure 8 that at low frequencies, M’ approached to zero at
all temperatures under study indicating the suppression of
the electrode polarization effect [58, 59]. In general, the M’
increased with increase in frequency at each temperature
and reaches the maximum value at high frequency, which
is due to the presence of relaxation process [60]. It is also

observed that the value of M’ decreases with an increase of
temperature. The M’ of chitosan and Cs-20% v-Fe203
increased with increase in frequency. The M’ peak shifts to
higher frequencies with increase in temperature up to
353K. Above 353K, it shifted to lower frequency. This is
attributable to stiffening of the polymer due to evaporation
of water present in the films. The M’ of Cs-graphite and Cs-
graphite-y-Fe203 composites increased with increase of
frequency at each temperature. At 1MHz, broad peak is
observed and it decreased continuously with an increase of
temperature. The reduction of M’ with temperature is due
to the increase in the mobility of the polymer segment and
charge carriers. At high temperatures, the orientation of
charge carriers and molecular dipoles become easier due to
thermally activated process. Addition of vy-Fe203
nanoparticles into Cs-graphite composites enhanced the
frequency independent behaviour of M’ at low frequency
and this long tail is attributed to the large capacitance
associated with the accumulation of y-Fe203 nanoparticles
at the interface of Cs-graphite composites [61].

The frequency dependence of imaginary part of electric
modulus (M”) is shown in Figure 9. At lower frequency, M"”
exhibits very low value which is due to the large value of
capacitance associated with the electrode polarization
effect as a result of accumulation of a large amount of
charge carriers at the sample/electrode interface [62].
However, at high frequencies well defined peaks were
observed. M” peak denotes the conductivity relaxation of
the material. The asymmetric peak broadening of M”
suggest non-Deybe type of relaxation in the PNCs [63]. The
frequency region below the M” peak maximum indicates
the long range hopping of the charge carriers, while region
to the right side of the peak maximum indicates the short
range hopping. The frequency range where the peak occurs
is suggestive of the transition from long range to short
range hopping. The relaxation peaks were shifted to high
frequency with an increase of temperature. It indicates the
reduction of relaxation time and enhancement of
conductivity (by hopping of charge carriers) [64-65]. The
M” of Chitosan [Figure 9a] shows peak at ~ 7910 Hz (303K)
and is shifted to high frequency with an increase of
temperature up to ~28,380 Hz (353K). Similarly, the Cs-
20% v-Fe20s3 [Figure 9b] shows the peak at ~8315 Hz
(303K) and it is shifted up to ~ 34,665 Hz (353K) with an
increase of temperature. In between the temperature 363-
423K, the M” peaks of both the samples were shifted to low
frequency side. It is attributable to the removal of water
molecules from the films due to increase in temperature.
When 10wt% of graphite is added in to the chitosan matrix,
the intensity of M” peak is reduced. The M” of Cs-10%
graphite [Figure 9c] shows peak at ~1144 Hz (303K) and it
is shifted to high frequency with an increase of temperature
up to ~30,677Hz (373K). After 383K, the peaks were
shifted beyond the measurable frequency (1 MHz). When
20wt% of y-Fez203 nanoparticles were added into the Cs-
10% graphite, the intensity of M” peaks were further
reduced. Initially, the M” peak of Cs-10% graphite-20%y-
Fe20s [Figure 9d] is observed at ~ 5135 Hz (303K) and it is
shifted towards high frequency side with an increasing of
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temperature up to ~95,486 Hz (363K). Above 363K, the
peaks were shifted to beyond measurable frequency range.
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Increasing of graphite concentration from 10 to 20 wt%,
resulted in the shifting of the M” peaks to high frequency.
The Cs-20% graphite [Figure 9e] has peak at ~ 7205 Hz
(303K) and is shifted to high frequency with an increase of
temperature up to ~ 1,58,247 Hz (373K). Above 373K, the
peaks were shifted to low frequency. In between the
temperature (393-423K), the M” peaks were shifted from
~ 48,507 Hz (393K) to ~ 95,486 Hz (423K). Addition of
20wt% of y-Fez203 nanoparticles into the Cs-20% graphite
shifts the M” peak towards high frequency side. The Cs-
20% graphite-20% y-Fe203 [Figure 9f] shows the mild peak
at ~37,158 Hz (303K) and it is shifted to high frequency
with an increase of temperature up to ~1,05,292 Hz
(333K). Above 333K, peaks were shifted to beyond
measurable frequency range. A combined study of electric
modulus and permittivity formalism is used to distinguish
localized dielectric relaxation phenomena from long range
conductivity. A relaxation peak in the frequency spectra of
the imaginary component M” and no peak corresponding
plot of ¢” indicates the pure conduction process. However,
peak appears both in M* and &* representation denotes the
dielectric relaxation process. In our work, peaks appeared
only in the imaginary component of M and it indicates the
pure conduction process associated with the material. This
also suggests that ionic and polymer segmental motion is
strongly coupled in the PNCs [66-68].

3.6.4. Frequency dependence of Dissipation factor (D)

Fig. 10 shows the frequency dependence of dissipation
factor for chitosan and its PNCs at different temperature.
The peaks shifted to high frequency with increase in
temperature. At high temperature, it is shifted towards low
frequency. Chitosan [Figure 10a] shows the peak at ~
1478Hz (303K) and it is shifted to high frequency with an
increase of temperature up to ~3296Hz (343K). In between
the temperature (343-373K), it shifted to low frequency.
Above 373K, no peak is observed. Addition of 20 wt% of y-
Fe203 nanoparticles into the chitosan films affected the
dissipation factor. Cs-20% y-Fe203 [Figure 10b] showed
peak at ~ 2017 Hz (303K) and it shifted to high frequency
with increase of temperature up to ~ 13619 Hz (353K).
Above 353K, no peak was observed. Both chitosan and Cs-
20% y-Fe203 show very low dissipation value at 1 MHz. The
dissipation factor of chitosan is affected by introduction of
graphite. The Cs-10% graphite [Figure 10c] did not show
any peak in the temperature range of 303-343K. Above
343K, it shows peak at ~150Hz (403K). Addition of 20 wt%
of y-Fe203 nanoparticles into the Cs-10% graphite induces
new relaxation. The Cs-10%graphite-20%y-Fez03 [Figure
10d] shows single peak in the temperature range of 303K
to 343K, after that it shows a peaks in the temperature
range of 353-403K. A relaxation peak is observed at ~1819
Hz (303K) and it is shifted to high frequency with an
increase of temperature up to ~28,135 Hz (373K). On
further increasing of temperature the peaks were suddenly
shifted to low frequency at ~10,679 Hz (383K) and it is

further decreased to ~7,027 Hz (403K) with an increase of
temperature. Finally, peak is observed at ~21,369 (423K).
When increasing the graphite concentration from 10 to 20
wt%, the low temperature relaxation peaks were clearly
observed. The Cs-20% graphite [Figure 10e] shows the
peak at ~2506 Hz (303K) and it is shifted to high frequency
with increase of temperature up to ~ 17,901 Hz (353K).
With further increase of the temperature, the relaxation
peaks shifted to low frequency. At high temperature
(423K), the relaxation peak is observed at ~269Hz.
Addition of 20 wt% of y-Fez203 nanoparticles in to the Cs-
20% graphite also shows two relaxation peaks. The Cs-
20%graphite-20%y-Fe20s [Figure 10f] shows only one
peak in the temperature range of 303-333K and two peaks
in the temperature range of 343-423K. The first peak is
shifted to high frequency with an increase of temperature
up to ~422Hz (423K). The second peak is observed at
~15,107 Hz (303K) and it is shifted to high frequency with
an increase of temperature up to ~ 30,228Hz (383K).
Above 383K, it decreased to low frequency. At high
temperature (423K), the peak is observed at ~1,946 Hz.

3.6.5. Electrical Conductivity

3.6.5. (a) Frequency dependence of electrical
conductivity

The frequency dependence of ac electrical conductivity
(oac) for chitosan and the PNCs at different temperature is
shown in Figure 11. At low frequency (100 Hz), the
conductivity is constant which corresponds to the dc part
of the conductivity. At higher frequencies, it shows
dispersion. It is observed from the figure that the dc
conductivity increases with increase in temperature. The
conductivity dispersion in the sample is generally analyzed
by using Jonscher power law [69]:

(10)

Gac = Ogc + A"

Where o4cis the frequency independent conductivity, A
is a temperature independent factor and n is the power law
exponent which generally varies between 0 and 1. The
exponent n represents the degree of interactions between
the conducting species. It is observed that the cac of all the
samples slowly increases at low frequencies while at higher
frequencies it increases rapidly. In particular frequency
where the change in slope of the ac conductivity takes place
is known as the critical frequency (fc) which indicates that
the sign of the change in the conductivity mechanisms from
the long range to the short range conduction. It is observed
that the critical frequency is temperature dependent and it
shifts towards higher frequencies with an increase of
temperature. The conductivity of chitosan is mainly due to
motion of H* and acetate anions. The cac of chitosan [Figure
11a] shows typical insulating behaviour with a frequency
dependent conductivity and it increased linearly with
frequency in the temperature range from 303K to 343K.
Suddenly, frequency independent behaviour is observed at
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low frequency side in the temperature range of 353K to
423K. Subsequently, it shows high value of ¢ at 363K. After
that, the o decreased with further increase of temperature
up to 423K. The cac of chitosan is enhanced by inclusion of
v-Fe203 nanoparticles and graphite. When 20 wt% of y-
Fe203 nanoparticles were added into chitosan, its
conductivity is enhanced slightly. The cacof Cs-20%y-Fe203
[Figure 11b] increased with increase in frequency and it
increased up to 363K, after that it is decreases with further
increase of temperature. When 10 wt% of graphite is added
into chitosan, the conductivity is increased. The cac of Cs-
10% graphite [Figure 11c] increased with increase in
frequency and it is increased with increase in temperature
up to 403K and after that it decreased. The continuous
increase of conductivity up to 403K is due to the high
thermal conductivity of graphite. When 20 wt% of y-Fe203
nanoparticles is added to the Cs-10% graphite, the cac of
Cs-graphite is increased by one order of magnitude at room
temperature. The cac of Cs-10% graphite-20% v-Fe203
[Figure 11d] gradually increases with increase in
frequency. It also increases with increase in temperature
up to 383K. Above 383K the conductivity decreases with
further increase of temperature up to 423K. Increasing the
graphite concentration from 10 to 20wt% in the chitosan
matrix, increases its conductivity. The oacof Cs—20%
graphite [Figure 11e] increased with increase in frequency
and it also increased with increase in temperature up to
383K. When 20 wt% of y-Fe203 nanoparticles is added into
the Cs-20% graphite, its conductivity is enhanced by nearly
one order of magnitude at room temperature. The cac of
Cs-20% graphite-20%y-Fe20s [Figure 11f] increased
gradually with an increase in frequency and it also
increased with increase in temperature up to 383K, after
that it decreased with further increase of temperature. The
sudden decrease in cac at high temperature (373 - 423K) is
due to removal of water molecules from the samples.
Hence, the conductivity of chitosan is increased with
addition of graphite and y-Fe203 nanoparticles. The
conductivity of Cs-graphite composites is increased by
nearly one order of magnitude with addition of y-Fe203
nanoparticles.

3.6.5 (b) Temperature dependence of -electrical
conductivity (In ovs 1000/T)

The temperature dependence of dc electrical
conductivity for the chitosan film and the PNCs are shown
in Figure 12. The plot shows that as temperature increases,
the odc for all the samples increased up to 383K. It is due to
increase in the drift mobility of the thermally activated
charge carriers. After that, the cdc decreased with further
increase of temperature. The sudden decrease of
conductivity is due to the removal of water molecules from

the sample. It is also observed that the cq4c of Cs-graphite is
enhanced with addition of y-Fe203 nanoparticles. The cac
for all the samples increases from room temperature to
343K, indicating an Arrhenius type conductivity. One of the
important parameter obtained from the above analysis is
the activation energy (Ea). This is the energy required for
the charge carriers to move inside the material and it is
evaluated from the following equation

Gdc = Go exp (—Ea/kT) (11)

Where cdcis the conductivity at particular temperature,
oo is pre-exponential factor, k is the Boltzmann’s constant
and T is the absolute temperature. The activation energy
was calculated from the slope of the straight line obtained
from In ¢ vs1000/T. The regression values R? lies in 0.91-
0.99, confirming all the points lie more or less in a straight
line. The conductivity and activation energy of the
materials are inversely proportional to each other [70]. The
activation energy and cdc at room temperature for all the
samples are listed in table 3. The activation energy (Ea) for
the chitosan is found to be 36.5 kJ/mol. The activation
energy decreased with an addition of y-Fe203 nanoparticles
or graphite. The Ea of Cs-graphite is decreased with an
addition of y-Fe20s nanoparticles. At the same time its
conductivity is increased with addition of y-Fe203
nanoparticles.

3.7. Magnetic measurement studies

Magnetic nature of the samples at room temperature
was investigated by using SQUID - VSM with applied
magnetic field sweeping from -70 kOe to +70 kOe [Figure
13]. The M-H curve of y-Fe203 nanoparticles and the PNCs
shows zero coercivity and zero retenivity, that is, there is
no hysteresis in the magnetization curve [Figure 13 (a,b)].
It indicates the superparamagnetic behaviour [19].The
saturation magnetization of y-Fe20s nanoparticles (33
emu/g) is lower than the reported bulk maghemite value
(76 emu/g) [71]. It could be because of size of y-Fe203
nanoparticles [dxep = 14nm] [72]. The M-H curve of
chitosan shows diamagnetic behaviour with a room
temperature magnetization of 0.0178 emu/g [inset of
Figure 13 (a)]. Subtracting the diamagnetic contribution
from the chitosan film, the saturation magnetization of Cs-
20%y-Fe203,  Cs-10%graphite-20%y-Fe203 and  Cs-
20%graphite-20%y-Fe20s was found to be 4.18 emu/g,
2.83 emu/g and 3.17 emu/g, respectively. The saturation
magnetization of polymer nanocomposites was found to be
less than that of the y-Fe203 nanoparticles (33emu/g). This
superparamagnetic behaviour of the nanocomposites
suggests the wuniform distribution of magnetic
nanoparticles in to the chitosan matrix.
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Table 3. Activation energy and DC conductivity values for chitosan and its PNCs.

S.No Sample Ea (kJ/mol) (303K-  odc (S/cm)
343K)
1. Chitosan 36.50 2.5x10-10
2. Cs-20% y-Fe203 17.50 1.2x10-8
3. Cs-10% graphite 27.93 3.3x107
4. Cs-10% graphite-20% y-Fe203 25.69 2.5 x10-6
5. Cs-20% graphite 20.95 6.4 x10-7
6. Cs-20% graphite-20% y-Fe203 19.98 5.8 x10-6
3.8. Model of micro capacitors in the nanocomposites (Figure 14 C).

The dielectric behaviour of the PNCs can be explained
by the simple model as shown in Figure 14. When Chitosan
is cast as films, it has crystallites. When graphene is
incorporated in the films the crystallinity of the chitosan
increases (Figure 14 A) (the chitosan units are shown to be
assembled in an orderly manner). The crystallinity of the
chitosan films decreases with the incorporation of
maghemite (Figure 14 B). The dielectric constant increases
when the concentration of graphite is increased in it. The
dielectric constant further increases with incorporation of
maghemite in the films. The dielectric constant of the
chitosan-maghemite-graphite films is greater than the sum
of the dielectric constant of the chitosan - maghemite films
and chitosan -graphite films. Chitosan-maghemite-
graphite films become high dielectric constant materials
when the maghemite concentration is 20%. This drastic
increase in the dielectric constant can be due to formation

—~ NV
(A) A +N
—~ N\
B) N+ ®

—~ NV
€ ot @+

\\%

~~ Chitosan @ Maghemite

These microcapacitors are formed by the trapping of
maghemite nanoparticles between tow graphites (shown
as red circle in Figure 14C). As a result, the capacitance
increases giving rise to higher dielectric constant values.
Also, the conductivity increases with increase in
temperature. The activation energy decreases with
increase in graphite concentration and it further decreases
with incorporation of 20% y-Fez:03 in the films. The
conductivity increases as graphite concentration increases
and it is further increased by about 10 times due to
incorporation of 20% y-Fez0s3 in the films. This indicates
that maghemite increases hopping of the charges in the
films.

Microcapacitor

Graphite

Fig.14. Model for formation of microcapacitor in the polymer nanocomposites.
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4. Conclusion

PNCs of chitosan containing graphite and y-Fe203
nanoparticles were prepared by solution casting method.
The XRD and Raman result revealed the incorporation of
graphite and 7y-Fez03 nanoparticles into the chitosan
matrix. The crystallinity of chitosan films were increased
by the incorporation of graphite and it decreased due to
incorporation of maghemite. The dielectric constant
increased due to addition of graphite and it further
increased due to further addition of y-Fe203 nanoparticles
in the chitosan films. The conductivity also showed a
similar trend. The presence of graphite with y-Fe203
reduced the activation energy and increased hopping of
charges leading to increase in the electrical conductivity of
the PNCs. All the PNCs with y-Fe203 retained their
superparamagnetic features like pure maghemite. Hence, it
can be concluded that Cs-graphite-y-Fe203 nanocomposites
is a superparamagnetic, flexible and capacitance tuneable
nanocomposite comprising of microcapacitors. This
research could benefit research in batteries.
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