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ABSTRACT

Polyaniline-CoFe204 nanocomposite thin films and pellets were prepared by incorporating varying amounts of
CoFez04 in the matrix of polyaniline (PANI) through an in-situ polymerization technique. Morphology of the
composites were examined using SEM, XRD studies exhibited crystalline nature of the composites and FTIR
analysis revealed cobalt ferrite was homogeneously mixed in the matrix of PANI. AC Conductivity, dielectric and

KEYWORDS
Nano composites
Agglomerate
Accumulate
Dissipation

PAN |/COFe204

electric modulus studies exhibited the regular behavior of PANI composites were studied in the range 10 Hz — 7
MHz Thin films of PANI- CoFe204 nanocomposites when exposed to a broad Frequency range: 2-3 GHz. showed
electromagnetic interference in the range of -4 dB to -9 dB, indicating effective attenuation of electromagnetic energy
and serving as evidence for EMI shielding. PANI has a more efficient conducting mechanism in CoFe204-PANI
composites, according to conductivity experiments. The humidity sensitivity experiment revealed a variation in
resistance in response to relative humidity when the pellets were exposed to a broad humidity range from 11% to

97% RH.

1. INTRODUCTION

These days, PANI becoming more popular because of its
special qualities, which include low weight, flexibility, ease of
use, and inexpensive production. They are utilized in products
like energy storage devices and super capacitors due to their
special qualities, such as conductivity [1], [2]. Polymers that
are generated by oxidative polymerization processes can have
their conductivity increased and utilized in advanced
technologies of the future by mixing them with metal oxide
nanoparticles [3], [4].

Reconstituted aniline monomer is the building block of PANI,
which is composed of alternate arrangements of a single (o)
and double (7) bond. The polymer’s charge carriers polarons
and solitons, are insufficient on their own to give the polymer
conductivity [5], [6], [7]. CoFe204nanoparticles that have been
blended increase conductivity by producing holes and
electrons, which act as charge carriers. Holes made by
electrons travelling to nearby holes and jumping of electron
forms new holes [8], [9]. CoFe,Q4 nanoparticles are a form of
semiconductor with both conducting and magnetic
characteristics [10]. These nanocomposites improve the
electromagnetic interaction by absorbing and reflecting
radiation. It is beneficial in preventing increased radiation
pollution and lowering undesired radiation in electronic and
communication devices [11]. PANI is porous nature so
allowing water molecules to enter it. This feature makes it
suitable for use in humidity sensors in agriculture and the food
industry[12].

© 2024 The Author(s). Published by Indian Society for VLSI Education, Ranchi, India

Our work focused on producing several composites of
PANI/CoFe;04 nano composite, which were then evaluated
using XRD, Fourier transform IR, and scanning electronic
microscopy techniques.

2. EXPERIMENTAL

2.1 Materials and Methods

Every chemical utilized in this investigation was research-
grade purity. Ammonium persulfate (APS), hydrochloric acid
(HCI), aniline (C6H5NH2), and cobalt ferrite (CoFe204).
Aniline was double-distilled to produce the nanocomposite,
and deionized water was utilized to purify the polymer
nanocomposites.

2.2 Preparation polyaniline

The oxidizing agent used in the oxidative polymerization
process to produce polyaniline was ammonium persulfate
(APS). Ammonium persulfate solution was added dropwise to
the aniline and hydrochloric acid solution at a lower
temperature after aniline had been dissolved in HCI solution.
The entire liquid was continuously stirred for four to five hours
using a magnetic stirrer in order to create powder of dark green
color polyaniline. Polyaniline was purified by repeatedly
washing it in ethanol and deionized water.

2.3 Preparation of polymer cobalt ferrite nanocomposites
By using the in-situ polymerization process, varying amounts
of 2, 4, 6, 8, and 10% CoFe;O4 nanocomposite with aniline
were added to create PANI/ CoFe,O4nanocompostes.
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First, 40 ml of HCI solution and 1 ml of aniline are combined
with a known proportion of cobalt ferrite, and the mixture is
kept in an ice bath at a temperature below 5 °C. A 40 ml HCI
solution mixed with APS in different beaker and resulting
solution is then introduced drop wise in to first solution. after
4-5-hour continuous stirring precipitate was obtained. After
washing the resulting precipitate with ethanol and double-
distilled water, it is dried at 70°C for ten hours.

3. CHARACTERIZATION

FT-IR spectroscopic data was obtained using Nicolet 750
FTIR instrument in the frequency range 250 - 4000 cm™. The
composite's surface morphology was investigated using a
[Zeiss Ultra 60] scanning electron microscope (SEM). XRD
data was obtained by using Malvern panalytical aeris bench
top model.

3.1 Ac conductivity measurement

An hour was spent grinding a synthetic PANI/CoFe204
nanocomposite with a mortar and pestle. A thin pellet was
created by applying five tons of hydraulic pressure to the
nanocomposite. In the frequency range of 10 Hz to 7 MHz, the
AC response characteristics of the nanocomposite pellet were
recorded using a digital LCR meter [make: Hioki model 3532-
50].

3.2 Humidity sensing measurement

The silver paint-coated pellets were used for humidity sensing
studies. A digital Multimeter (HIOKI DT4282) was used to
measure the resistance of these pellets under relative humidity
environments at room temperature.

3.3 EMI shielding measurement

PANI/CoFe2O4 nanocomposites EMI  shielding was
investigated using the S band frequency range 2-3 GHz. The
wave guide was filled with films of PANI/CoFe,0,
nanocomposites. The Tektronix spectrum analyzer receives
the output from the signal generator (RIGOL), which is
coupled to the input of a rectangular wave guide. The analyzer
captures the residual frequency. Additionally, a computer-
interfaced data recorder has been used to record frequency[13].

4. RESULT AND DISCUSSION
4.1 TIR analysis
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Fig. 1 spectra of (a)Pure CoFe,04, (b) Pure PANI, (C)10%

PANI/CoFe;0..

The FT-IR spectra of pure polyaniline, pure CoFe;Os and its
10% composite of PANI/CoFe204 composite are displayed in
Fig.1. It displays stretch at 590 cmt, which is the frequency at
which the CoFe;04 spinal structure stretches as a result of

Fe-o vibration, whereas C-H bending out of the plane in the
substitute benzene ring is seen at 780cm™. The large peak at
1150 cm™ indicates the presence of the N=Q=N (Q=quinoic)
ring in vibration mode. The -C=N imine group found in
polyaniline is represented by the vibration seen in 1507cm™. It
displays an N-H stretching vibration caused by protonation in
the 3500 cm? regions. The strong peak at 570 cm™* found in
pure PANI is absent in CoFe;Os nanocomposites due to
disturbance in the random configurations of PANI chains
caused by CoFe204 and the PANI matrix, resulting in a more
amorphous area and undetectable vibrations. This further
extends or dilutes the intensity of FT-IR peaks.[14], [15].

4.2 XRD STUDIES
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Fig. 2 XRD images of (a) Pure CoFe;O4 (b) 10%
PANI/CoFe;04, (c) Pure PANI.
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X-RD analysis confirms nature of pure PANI with pure cobalt
ferrite and 10% PANI/CoFe,O4 composite. The pattern of pure
cobalt ferrite and polyaniline composite is depicted in Fig .2.
The XRD pattern of PANI shows large diffraction peaks at 20-
19° and 20°, which suggest that it is semicrystalline. A sharp



peak may be seen at 26 - 19°, 30°, 36°, 43°, 54°, 57°, and 63°
in the CoFe,04 XRD pattern. The cobalt ferrite’s crystallinity
is confirmed by these pointed peaks. PANI composite the X-
RD pattern of PANI/CoFe,O4 nanocomposites displays peaks
at 20 - 30°, 32°, 36°, 43°, 54°, 57°, and 63°. This shows that
pure CoFe,Oqdistributed in polyaniline shows interaction and
create an ionic link with the polyaniline’s amide group[16]
[171, [18].

4.3 SEM ANALYSIS

PANI, cobalt ferrite and their composite has been investigated
using a scanning electron microscope (SEM). It shows surface
features, shown in Fig.3. (a) That a globular agglomeration
was formed and interconnecting polymer chain bonds caused
a chemically heterogeneous morphology to be dispersed
unevenly. In Fig.3 (b) Pure CoFe,Oatypical structure of cobalt
ferrite is granular, non-uniform, spherical with low
crystallinity that appears uneven and porous. Fig.3 (c)
Composites demonstrate how dispersant metal oxide
microstructure agglomerated clusters form in the PANI matrix.
[19][20], [21].
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Fig. 4(a) Measurement of real AC conductivity for

PANI/CoFe20;, at frequencies of 2, 4, 6, 8, and 10%.

Fig .4 (a) The composition demonstrates how the frequency of
the different composite changes as the applied electric field
increases. 10% and 6% composites exhibit the highest ac
conductivity as compared to other composites; their frequency
increases linearly. It indicates that charge carriers take longer
at the interface at low frequencies, whereas polarization rises
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Fig. 3 SEM pictures of (a) Pure PANI, (b) Pure CoFe;04, (C)10% PANI/CoFe;04
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5. AC CONDUCTIVITY

Different PANI/ CoFe,04 composites were subjected to 50 Hz
to 1 MHz in order to perform the AC conductivity experiment.
Conductivity values are measured by using the formula
Equation o (f)=0'(f)—0o" () 1)
The real and imaginary components of AC conductivity are
denoted by ¢” (f) and o’ (f). The measurement of AC
conductivity is shown in Fig.4. (a) and (b).

at high frequencies due to the charge's inability to keep up with
the rapid changes in the electric field. A material will therefore
display different electric characteristics based on the frequency

of the applied field [22].

An imaginary portion of AC conductivity is depicted in Fig .4
(b) There is diversity in the AC conductivity of different
composites when an external electric field is introduced. All
composites initially exhibit the same AC conductivity at low
frequencies; at higher frequencies, conductivity increases by
10% and 6%, respectively. Accept these two composites at
higher frequencies; other composites don’t change at high
frequencies.
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Fig. 4(b) Measurement of imaginary AC conductivity for
PANI/CoFe20;, at frequencies of 2, 4, 6, 8, and 10%.

5.1 Dielectric studies

The dielectric constant measures a material's ability to polarize
when an electric field is applied. The manner in which a
material transmits and stores external electric energy
determines this. The dielectric constant is plotted against the
applied electric field in the Fig.5 (a) The dielectric constant
drastically drops with increasing frequency because of space
charge polarization, which is seen at lower frequencies for
composite concentrations of 2%, 6%, and 10%. CoFe;O4
nanocomposites exhibit various electrical characteristics in
PANI. A high-frequency electric field exhibits a rapid change
in the electric field and reduces charge accumulation at the
interface, while larger concentrations cause charge carriers to
concentrate at the interface, increasing the dielectric constant.

There was less polarization[23], [24].
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log(F)
Fig. 5 (a) The real dielectric constant for PANI/CoFe;O, varies
by 2, 4, 6, 8, and 10% depending on the frequency applied.

It shows the imaginary dielectric constant in Fig.5. (b) It
depicts the energy loss as heat brought on by the trailing
dipole’s dielectric loss. 2%, 4%, 6%, 8%, and 10% polymer
composites were subjected to the frequency.
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Fig. 5 (b) The imaginary dielectric constant for PANI/CoFe204
varies by 2, 4, 6, 8, and 10% depending on the frequency
applied.

Lower frequencies have a lesser imaginary dielectric constant;
as the frequency rises, it falls. This demonstrates that it takes
time for the dipole to align itself with an applied external
electric field. The dipole is currently in charge of energy
release and dissipation in the form of heat, phase lag raises the
amount of energy wasted as heat, which causes dielectric loss
and lowers the material’s storage capacity efficiency[22].

The dielectric modulus with frequency is displayed in Fig .6.
which analyzes the permittivity.

Eq.l Ms=M+M" (2)
Here, M' and M" represent the dielectric modulus' real and
imaginary components, respectively. The composite exhibits
frequency variation in Fig6 (a) 6% and 10% of
nanocomposites do not exhibit change when the applied
electric frequency increases, indicating greater polarization.
This is because modulus and material polarization are
inversely correlated, indicating that the material can store more
energy in an applied electric field. In other composites, short-
range charge carriers are demonstrated by the dielectric
modulus increasing with frequency[24].
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Fig. 6 (a) Displays the PANI/CoFe,O, composites real
dielectric modulus (M+) as a function of applied frequency for
2,4, 6,8, and 10%.

The imaginary dielectric modulus is displayed in Fig.6. (b) It
depicts interfacial polarization-induced relaxation s



represented by the imaginary electric modulus.
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Table. 1 Cross platform comparative performance
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Fig. 6 (b) Displays the PANI/CoFe,O4 compaosites imaginary
dielectric modulus (M") as a function of applied frequency for
2,4,6,8,and 10%.

As the frequency increases, the electric modulus of 10%
composites decreases. Variation appears in other composites
more frequently. Because the 10% composite contains more
nanocomposites, is larger in surface area, exhibits greater
contact, and has fewer charge carriers, more charge builds up
at the interface, increasing polarization.

6. EMI SE MEASUREMENT

Shielding material Shielding performance Thickness Frequency Region Reference
(dB) (mm) (GHz)

CoFe;04/PANI -9 0.20 2-3 Present work

CoFe;04/PANI -4 0.25 2-3 Present work

CoFe;04/PANI -50 5.0 9-12 [25]

CoFe;04/PANI -40 5.0 9-12 [25]

Electromagnetic interference is becoming more prevalent as
people rely more and more on contemporary wireless
technological devices. Unwanted electromagnetic radiation
from external sources is referred to as EMI interference [26].1t
can create a variety of issues, including increased current flow
in circuits, voltage fluctuations, and noise in electronic devices
[2], [27]. EMI shielding is essential to the effectiveness of the
gadgets we use, including phones, laptops, TVs, and medical
and military equipment[28]. Materials with the ability to
prevent interference Using waveguide transmission line
technology, the efficacy of EMI shielding for PANI/CoFeOa
nanocomposite films has been evaluated here.

The results are used to Illustrate a frequency (GHz) vs. EMI
shielding (dB) graph, and it is found that the EMI shielding of
various polymer nanocomposites is nearly identical. The
composites exhibit a -4 dB to -9 dB range of EMI shielding.
All these composites show the same trend in shielding the EMI
in S band.
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2.0 2.2 2.4 2.6 2.8 3.0

Frequency (GHz)

Fig. 7 Frequency vs. EMI SE of PANI/CoFe;O4 composites
of 2,4,6,8 an 10%

It’s evident from the Fig.7. fluctuations that conductivity and
EMI shielding efficacy are correlated. PANI is a conjugated
conductive polymer that initially exhibits conductivity because
of the 7 electrons’ delocalization. Different concentrations of
cobalt ferrite (CoFe;0.) nanocomposites are added to the
polyaniline, creating an interconnecting network that increases



the number of holes and electrons and facilitates easy electron
mobility within the network of the polyaniline nanocomposite
[29]. Conductivity is raised by this. Higher conductivity
composites protect from electromagnetic radiation by
absorbing more of it and producing a heating effect [30].
Reduced reflection results from a rise in EMI radiation
absorption level with an increase in nanocomposite quantity.
Because of the highest absorption at -9 dB, it appears that
interfering electromagnetic radiation can be blocked in this
range [31], [32].

FSPL= 20 log 10(d) + 20 log 10(f) + 20 log 10(4%/C) — GTX
- GRX (3)
The aforementioned formula, which takes into account
factors like film thickness (t), electrical conductivity and (o)
frequency (f) in MHz, can also use to calculate the
effectiveness of EMI shielding.

7. HUMIDITY SENSING MEASUREMENT

PANI exhibits both the reduced form (-NH-) and the oxidized
form (-N=) during synthesis because ammonium persulfate
(APS), an oxidizing agent, is used in the process. N—NH™" and
N—NH_,*" are the reduced and oxidized forms of nitrogen,
respectively, due to the one unbonded electron pair on
nitrogen[33]. It exhibits an electron hopping process as it
transitions from the protonated reduced form (NH2+) to the
protonated oxidized form (NH+). It is not until the proton is
removed from (NH;*) that the electrons are lost. The proton
transfer process is hampered when there is an increase in water
adsorption in the polymer nanocomposite. As a result,
resistance rises in tandem with humidity absorption.

As may be seen clearly from looking at the Fig. 8. (a) and (b)
that resistance rises in tandem with humidity levels. SEM has
already demonstrated the porous nature of the use PANI
composite. As water molecules come into contact with the
PANI/CoFeOs surface, they are physically adsorbed and a
chemisorption mechanism is subsequently displayed [34]. H*
and OH"hydroxide ions are first formed when water molecules
collide on the surface[35], [36]. At this point, the polymer
nanocomposites surface double hydrogen bond is adsorbed
with the water molecules. The adsorption process begins when
the OH*3 ion attracts the OH™.

9.2

2-0 PURE PANI /
8.8 4 /

8.6 /'

5] /

Resistance (kQ2)

8.2

1'0 ZIIJ 3I0 4'0 SIU 6'0 7.0 8I0 9I0
RHY%
Fig. 8 (a) Resistance of pure PANI/ CoFe,O,composites varies

with percentage relative humidity.
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Fig. 8 (b) Resistance of 10% PANI/ CoFe,Os composites
varies with percentage relative humidity.

Water molecules combine with OH- ions to generate HO*® ions
as physisorption rises. These ions then begin to migrate
between two water molecules, further boosting absorption.
H++ OH — H,0

H,O + H* — H3;0*

More water vapor starts to accumulate between the polymer
nanocomposites layers as a result of this process. It is the
Grotthuss mechanism this explains hopping mechanism[37].
The humidity response of 10% PANI/ CoFe;O4 varies with
polyaniline, as shown in Fig .8 (a) and (b). Cobalt ferrite,
which has superior conductivity to pure polyaniline, is the
primary factor causing the resistance change in
PANI/CoFe204 nanocomposites. Polymer chains and silver
particles separate due to the adsorption of water molecules
when exposed to a humid environment, which results in low
electrical conductivity. This indicates that the chemical
makeup of the polymer and its composites affects humidity
sensing[38].

8. CONCLUSION

PANI/CoFe;04 nanocomposites were successfully made by in-
situ polymerization method. The prepared composites have
been characterized by using SEM, X-RD and FT-IR were
performed to access the structural characteristics of the
nanocomposites. Semi-crystalline structure of conducting
polymer and CoFe;Os is revealed by XRD. The FT-IR
confirms characteristic bands of polyaniline and cobalt ferrite,
the polyaniline at 1507 cm™* was due to presence of C=N and
CoFe,04 characteristic frequency band at 590 cm™ because of
M-O bond. The SEM image reveals the agglomeration of
polyaniline matrix and PANI/CoFe.Os composites showed
microstructure agglomerated clusters were seen. This polymer
composite’s conducting ability was investigated under applied
frequency, and the results indicate that conductivity rose as the
composite’s PANI/CoFe,04 (10%) content increased at this
concentration the conducting path was created in the
conducting polymer matrix. Composites materials tested in the
frequency range of 2-3 GHz for EMI shielding effectiveness
absorption values were -4 dB to -9 dB value effective. This
means they have good AC electrical conductivity and are
useful for EMI shielding of electronic devices. This indicates



their suitability for EMI shielding in electronic devices. The
increase in concentration of CoFe,Q4 with compasition up to

about

10% improves moisture sensitivity hence its

applicability in manufacture of sensor devices responsive to
humidity.
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