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ABSTRACT

Ultrahigh efficient and effective electromagnetic-interference (EMI) shielding composites have been fabricated with the combination of
Polyaniline and zinc-cobalt ferrites (Co1.xZnxFe; Oy, 0.1 < x < 0.4). Ferrite nanoparticles synthesized via the sol-gel method were functional-
ized to polyaniline via in situ polymerization. Average crystallite sizes of the nanoparticles were estimated using Debye-Scherrer and Rietveld
method and found to be in between 20-30 nm. FTIR spectra revealed the formation of interactions between the PANI molecules and the ferrite
nanoparticles. Substitution of the nonmagnetic Zn ions considerably changes the magnetic properties of cobalt ferrites as observed from the
M-H loops recorded by VSM at room temperature. The EMI-shielding performance of the fabricated composites was examined at various
thicknesses with the polymer filler ratio of 1:1 in X-band frequency region using a vector network analyser. The EMI shielding performance
of composites was found to be increasing with the thickness of composites where a thickness of 3.0 mm achieved an SE of ~ 100 dB for the
Coo.7Zng 3Fe;04-PANI composite. Composite absorbers were deposited on cotton fabrics for protective clothing by in situ incorporation
during the synthesis of composites which displayed relatively high EMI shielding effectiveness (SE) (40-45 dB) at a thickness of only 0.30 mm
for the fabrics. The PANI-Ferrite nanocomposites can be established as promising high capacity electromagnetic shielding materials because
of the dipole polarization and the magnetic losses with low cost, lightweight, high durability and good flexibility.

© 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/9.0000022

INTRODUCTION

Due to rapid increase in technology, usage and sensitivity
of electronic devices which leads to the existence of many unde-
sired radiations in the environment, the increasing electromagnetic
interference (EMI) pollution is becoming a consequential risk to
daily life."” To overcome the problems caused by electromagnetic
interference, there is an urgent need to develop advance shield-
ing materials with strong absorption over a wide range of fre-
quency. The traditional electromagnetic interference attenuation

constituents such as carbonyl iron or iron oxides (e.g. Fe;Os
and Fe3;O4) have bulkiness or high-density restrictions to their
practical application for shielding phenomena.”* With recent
progress in the field of nanoscience, electrically conducting poly-
mer which acts as host matrices to nanocomposites have emerged
out as highly effective and efficient materials to shield an electronic
device or system from the undesired electromagnetic waves emitted
by a nearby source.”® Thus, an amalgamation of magnetic mate-
rials with conducting polymer matrix possess great potential for
EMI compatibility from numerous EM radiation sources due to
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the presence of both dielectric and magnetic losses.”* Polyaniline
(PANI) can be considered probably the most studied and experi-
mentally observed conducting polymer among all due to numerous
factors which includes: facile formation, cost of synthesis, high eco-
friendly solidity, excellent conductive behaviour and various appli-
cations.”'” Nanoferrites epitomize a significant kind of materials
having notable characteristics due to which they have been widely
studied and used for several purposes such as swapping circuits,
recording devices, sensing application, biotechnological applica-
tions, EMI Shielding.!' '* Cobalt Ferrite possesses significant phys-
ical properties like high magnetic saturation behaviour with large
coercivity and anisotropy energy, great tensile strength and chemi-
cally steady behaviour. Therefore, Co-Zn mixed ferrites have diverse
properties as Zn substitution causes important structural and phys-
ical changes as per the requirement of various practical applications
which includes shielding of devices.

In this work, a simple method to design the lightweight, flexi-
ble with minimal thickness and chemically stable fabrics, one is the
cloth which is generally used by the national security persons for
different purposes while other is typically used white cotton cloth,
deposited with zinc doped cobalt ferrite and polyaniline nanocom-
posites during the in situ polymerisation of composite materials is
projected which serve efficiently for high-performance EMI shield-
ing materials. Direct deposition or coating of the composite mate-
rials on the fabrics acts as a more suitable and convenient method
due to their low cost, labour saving and simplicity of processing
than the spinning methods. Therefore, by keeping in mind the above
aspects, excellent EMI shielding fabrics should be fabricated through
depositing the Ferrite-PANI composite materials on the surface of
the substrate.

Therefore, the purpose of present work is to examine the struc-
tural analysis and magnetic behaviour of zinc doped Cobalt nano
ferrites, Co1xZnyFe;O4 (with Zn from 0.1 to 0.4) prepared by gel
auto-combustion method. The effect of the magnetic nature of
fillers, filler ratio, the thickness of composites and their deposition
on fabrics in the modification of shielding effectiveness (SE) was
inspected, and the related shielding mechanism is discussed.

EXPERIMENTAL SECTION

Zinc doped cobalt ferrite nanoparticles (Coi.xZnyFe;O4 with
Zn = 0.1 - 0.4) were synthesized by using the sol-gel process
under similar parameters for all compositions as per our previously
reported work."* PANI/Co;.xZnxFe;O4 (0.1 < x < 0.4) composite
samples were synthesized by using chemical oxidative in situ poly-
merization technique'” in presence of ferrite nanoparticles with 50%
weight ratio to aniline monomer. 0.3M DBSA (serving as both sur-
factant and dopant) and ferrite nanoparticles were homogenized
by using the homogenizer and 0.1M of aniline (An) was further
dissolved and supersonic stirring was sustained for 1 h to form a
suspension or emulsion kind of solution. The oxidant ammonium
persulfate (0.1M) was added very carefully in a controlled way main-
taining the temperature of reactor below 0°C with dynamic stir-
ring for 5-6 h to above emulsion. The green polymer precipitates
so gained were then cured with isopropyl alcohol under dynamic
stirring for 2-3 h. During the synthesis of nanocomposites, com-
posite materials get uniformly deposited on cloth samples as rotator
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moves continuously within the solution for the entire duration of the
synthesis process.

X-ray diffraction investigation

The typical XRD patterns of Coi.xZnsFe;O4 (x=0.1, 0.2, 0.3,
0.4) nanoferrites recorded in 20 range of 20-80° are presented in
Figure 1. The XRD pattern displays that all characteristic peaks well
indexed to (220), (311), (222), (400), (422), (511) and (440) atomic
planes in nanoferrites along with their corresponding interplanar
spacing mentioned with the peaks.

The average crystallite size of nanoferrites was computed using
Debye-Scherrer method and Williamson-Hall method.'®!” The
change in d values with Zn>* ions content is given with the size rang-
ing from 20-35nm showing that size decreases with an increase in
zinc content.

Figure 2 shows the Rietveld refinement graphs of XRD
patterns of present CoixZnyFe;O4 nanoferrites having experi-
mentally observed intensity, theoretically calculated intensity and
corresponding Bragg peak positions refined theoretically using the
FullPROF software.'® It can be understood that the values of y* are
0.748, 0.798, 0.781, and 0.847 which are less than 1 which indicates
that quality of refinement processed for experimental data is in good
agreement with theoretical model applied to the samples.

The FTIR spectra of composite samples were recorded in
wavenumber region of 400-2500 cm™ and are presented in figure 1.
It is clear from figure that spectra have characteristics peaks asso-
ciated with both ferrites and PANI polymer which conclude that
there is a strong interface among ferrite nanoparticles and PANI in
nanocomposites. The cubic spinel ferrites have two basic absorption
bands, the first one corresponds to vibration of molecules at tetra-
hedral sites, which has been observed near 530 cm™ with peak shift
for increasing Zn content and the second one is due to vibrations at
octahedral sites, here observed at a lower frequency near 400 cm
The FTIR spectra characteristic peaks of PANI are observed at 1560,
1480, 1290, 1235, 1100 and 790 cm™ as depicted by figure 1, ascribed

(220)  Co,.Fey Zn,0,
@311) (511) (40 I
| (400) Coy FeqZny0,-PANI
ll. A .
Coy ,Fe,,Zn, 0y 7
F: l_'I.T _IIJ 24 §
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Figure 1. X-ray diffraction (XRD) plots of Co1xZnxFe;O4 (x = 0.1, 0.2, 0.3 and 0.4)
ferrite nanoparticles well indexed with the corresponding miller planes and FTIR
spectra of Ferrite-PANI nanocomposites.
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Figure 2. Rietveld refinement curves for (a) CoggZng1Fe;04 (b) CopgZng2Fe04 (c) Cog7Zng3Fe;04 (d) CogeZng4Fe,O4, depicting the observed and calculated XRD

intensity, Bragg positions and the intensity difference.

to double carbon (C=C) stretching bonds of quinoid and benzenoid
rings of structural monomer, C-N vibrations of a benzenoid ring,
stretching mode of N=Q=N bonds and plane distortion of C-H in
1,4-disubstituted benzene ring respectively.”’

Magnetic measurements

Magnetic measurements for the zinc doped cobalt nanoferrites
and their composites with polyaniline show the typical hysteresis
loops as shown in figure 3. The observed magnetization measure-
ments for ferrite nanoparticles show that saturation magnetization
values first escalate up to Zn = 0.3 form the value 70 emu/gm to
76 emu/gm (Ms = 70, 72, 76 and 55 emu/gm for Zn = 0.1-0.4
respectively) and then decreases while the coercivity decreases with
increase in Zn content from 1185 Oe for Zn = 0.1 to 227 Oe for
Zn = 0.4. According to Néel’s two sublattice model, the magnetic
moments of tetrahedral A-sites and octahedral B-sites are antipar-
allel and not equivalent, due to which magnetic moment M arises
in terms of difference of magnetic moments of A and B site.”’ The
replacement of Co ions with nonmagnetic Zn>* ions at tetrahedral
sites decreases the net magnetic moment A sublattice, which leads

to an upsurge in a total magnetic moment with Zn substitution. As
we further increase Zn content the magnetic Co ions occupying A-
sites get reduced which weakens the exchange interactions between
A and B sites. So, the canted spins system leads to a decrease in mag-
netic moment with further increase in Zn content for x > 0.3.” It is
observed that values Ms for PANI/Ferrite nanocomposites decreases
as compared to pure ferrite nanoparticles and also variation fol-
lows the same behavior as depicted by pure ferrite nanoparticles
The diamagnetic nature serving as dead layers on ferrite surfaces
and specific surface morphology of PANI plays a vital role in the
extensive decrease of magnetization after the encapsulation of ferrite
nanoparticles to PANI layers.

Electromagnetic shielding investigations

The shielding which is defined as a reduction of unde-
sired or unnecessarily interfering electromagnetic signals with a
device/instrument and the effectiveness of a shield (SE) can be
measured as

SE = SER + SEA + SEM
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Figure 3. Vibrating sample magnetometer plots of Zinc doped cobalt ferrite and polyaniline composites recorded at room temperature showing a change in magnetization
with the applied field.

where SEg, SEx and SEj signify the shielding effectiveness due to SEx = -10 log 1 - Ayx)
reflection, absorption and multiple reflections.”

Practically, the shielding attenuation capacity is generally deter- 10 log( )
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Figure 4. Dependence of shielding effectiveness (SET) as a function of frequency with the magnetization and sample thicknesses of the CZFO-PANI composites and SE
values for the fabrics deposited with the composites and the frequency dependence of SE for the deposition of Cog7Zng3Fe;O4-PANI.
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Figure 4 shows EMI SE curves of nanocomposites in the X-band
region (8 - 12 GHz) with varying thickness of samples ranging from
1 mm to 3 mm for each composite sample. The highest value of EMI
SE is observed for Cog;Zng3Fe;O4-PANI composite and is found
to be 106 dB, while EMI SE of other composites (Zn = 0.1, 0.2 and
0.4) is 74, 81 and 86 dB respectively. It can be observed that the SE
values improved up to Zn = 0.3 and then start decreasing for a par-
ticular thickness following the magnetic behaviour of pure ferrite
and nanocomposite samples. The main cause behind reflection phe-
nomena is impedance mismatching between incident EM waves and
shielding material,”> while for efficient absorption of incident radi-
ations, there should be high dielectric and/or magnetic losses. The
magnetic losses not only depend on conducting nature of materials
but also on magnetic permeability.”® In Cog7Zng 3Fe;O4-PANI com-
posite, ferrite fillers have the highest magnetization which causes
impedance mismatching due to the low electrical nature of conduct-
ing polymer and high magnetic permeability due to magnetic filler.
From figure 4, it can also be observed that with an increase in the
thickness of a sample, composites show a rise in EMI SE values.
As if we consider Coo7Zno3Fe;O4-PANI composite, EMI SE values
increased from 60 dB to 106 dB with a rise in thickness from 1 mm
to 3 mm. The variation in SE values with thickness show a gradual
increase with an increase in the thickness of samples, as for Zn = 0.1,
the SE value increased from 31 dB to 74 dB while for Zn = 0.2, the
value increased from 44 to 81 dB. This can be attributed to fact that
transmission of EM waves reduce with higher thicknesses o sample
as wave has to propagate through a large distance which causes more
loss or dissipation of EM wave energy.”” The absorption loss occur-
ring in a shield is directly proportional to the thickness of shield
given by relation,”® SE5 = 8.7°d/8, where d represents thickness of
sample and delta stands for skin depth.

All synthesized nanocomposites were deposited on two differ-
ent kinds of clothes stated earlier. The average thickness of clothes
is measured to be 0.30 mm. From figure 4, it is clear that the
highest SE values of 45 dB are shown by clothes deposited with
Coo.7Zng 3Fe;04-PANI composite material yielding the same SE pat-
tern as shown by composite materials depending on their magnetic
behavior. Also for other composites deposited fabrics, the SE values
are more than 35 dB for each fabric indicating the high attenua-
tion of incident EM radiations. As we dipped fabrics into composite
materials, the deposition of materials modified their surface with a
rough topology which helps in the reflection of incident EM waves.
The deposited materials got embedded into sunken regions of the
fabrics which lead to the formation of conductive paths on surface
which helps in dissipation of EM energy in form of heat or leak-
age current. All of these factors resulted in a high performance and
efficient shielding fabrics with their use to maximize the processabil-
ity of various EMI shielding applications for both commercial and
military purposes.

CONCLUSIONS

The XRD analysis of spinel ferrite Coi.xZnsFe;O4 (x= 0.1,
0.2, 0.3, and 0.4) nanoparticles, synthesized by the sol-gel pro-
cess has established the existence of a single-phase cubic structure.
FTIR results have shown the bond vibration characteristic bands
for both the ferrite nanopowders and the polyaniline present in the

ARTICLE scitation.org/journall/adv

composite samples prepared by in situ polymerization. This study
delivers capable and highly efficient EMI-shielding materials by
incorporation of CoZn ferrite nanoparticles into polyaniline matrix.
Synthesized composite with the presence of highly magnetic CoZn
ferrite (Zn = 0.3) has depicted the highest EMI SE of 106 dB. The
results also depicted that the shielding response of the composite
materials was heightened by a rise in the magnetization and the sam-
ple thickness. The current study demonstrates a capable approach
to prepare flexible, lightweight, and highly efficient X-band EMI
shielding fabric based on deposition during in situ polymerization.
The resultant shielding fabrics showed a high SE of 45 dB which
considerably meets requirements for commercial EMI shielding
applications.
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