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Abstract

Present work reports solution combustion synthesis (SCS) of Co, sZn,sFe,0, spinel ferrite, its chemical modification
with polymethylmethacrylate (PMMA), synthesis of polyaniline (PANI), and electromagnetic interference (EMI) shield-
ing properties of their composites. Both as-prepared and PMMA-modified Co,5Zn,sFe,0, adopt cubic spinel struc-
ture as shown by X-ray diffraction studies. Field emission scanning electron microscopy images show the agglomer-
ated and microporous nature of the ferrites. High resolution transmission electron microscopy image of as-prepared
Cogs5ZngsFe,0,4 shows lattice fringes related to (311) plane of the spinel structure. X-ray photoelectron spectroscopy
studies reveal the presence of Co?*, Zn?*, and Fe*" in tetrahedral and octahedral coordinations in the ferrite. EMI
shielding properties are evaluated for PMMA-modified Co,sZn, sFe,O, and PANI composites in different weight
ratios. Composites containing PMMA-modified ferrite and PANI with 50:50 and 10:90 weight ratios show the best
performance among all the composites in 2—20 GHz frequency range. Optimized PMMA-modified Coy5Zn, sFe,0,
and PANI composite with the ratio of 10:90 shows shielding effectiveness (SE) values of —16.6 to —24.2 dB in 2—20 GHz
frequency region.
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Graphical Abstract

Introduction

In last several years, world has been witnessing very
rapid growth of electronic and communication systems
in terms of massive development of advanced electronic
science, technology, and products. The recent advance-
ment of electrical and electronic devices and systems
such as televisions, radios, computers, mobile phones,
gadgets, local area networks, and satellite broadcast sys-
tems, etc. has made human life easier, comfortable, and
luxurious. In this sense, it is to be noted that electromag-
netic (EM) radiation is used by high-frequency electri-
cal systems and telecommunication devices to send data
across long distances. The use of electronic devices has
been increased in automated industries, homes, work-
places, medical facilities, airports, military installations,
automobiles, aircrafts, and satellites. At the same time,
the widespread use of smart electronic control and com-
munication devices in such areas creates electromagnetic
interference (EMI) which has become a serious concern
in the modern society [1-3]. It has been observed that
use of electronic equipment and wireless devices disrupts
the surrounding environment and emits EM radiation.
Particularly, EMI is defined as a reduction in the per-
formance of a device or a system caused by unforeseen
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conductance or radiance of signals from other electronic
or electrical devices. Moreover, EMI can damage DNA
strands, weaken biological immune systems, stimulate
cancer, and overall pose a threat to human health [4, 5].
EM radiation is also produced by the natural occurrences
including solar flare, thunder, and electrostatic discharge.
Due to interference with sensitive electronic equipment
such as radars, antenna systems, and military electronic
control systems, etc. these waves produce noise. Vari-
ous agencies including defence, national security, bank-
ing, etc. experience security threat as a result of EM
wave interference with data center servers and network-
ing equipment. In this aspect, using shielding materials
to protect electronic devices and circuits from EMI has
become crucial. Consequently, materials for EMI shield-
ing by means of EM wave reflecting or absorbing have
gained global attention and are widely used in civil, com-
mercial, and military applications. By absorbing EM
wave and transforming it into thermal and other forms
of energy, EM wave absorbers efficiently increase EMI
shielding, thereby minimizing EM radiation. The effi-
ciency and lifespan of electrical and electronic devices
are increased by EMI shielding, which also lowers the
likelihood that these issues may arise. These materials
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have been used as sheets, paints, coatings, inks, ceramic
tiles, textile fabrics, and powders loaded into matrix com-
posites or combinations with conducting materials.

Two primary processes in the EMI shielding mecha-
nism are reflection and absorption of EM radiation. It is
preferable to shield electronic gadgets through absorp-
tion rather than reflection. This is so that the surround-
ing environment may be impacted by reflected radiation.
Reflection mechanism considers the impedance mis-
match of material with the surrounding medium which
causes radiation to bounce off from it. Conductive mate-
rials exhibit a significant impedance mismatch. Materi-
als with both electric and magnetic characteristics can
enhance shielding through absorption. The shielding effi-
ciency (SE) of a typical EMI shielding material is associ-
ated with reflection (SEy), absorption (SE,), and multiple
internal reflections (SEy) [6, 7]. SEy is usually consid-
ered to be the result of an impedance mismatch between
the free space and shielding materials. Sum of the effects
of dielectric and magnetic loss is SE,. An important con-
dition for the absorption of EM wave is degree of match-
ing between dielectric loss and magnetic loss. Hence,
according to EMI shielding principles, shielding materi-
als are of two types: (a) EM wave-reflecting materials and
(b) EM wave-absorbing materials. EM wave-reflecting
materials contain abundant mobile charge carriers which
interact with electric vector of incident EM wave. Fur-
ther, EM wave is made up of both electric and magnetic
fields which are perpendicular to each other. It is needed
to cancel or nullify both of these components for absorb-
ing the EM wave. In this regard, EM wave-absorbing
materials consisting of electric and/or magnetic dipoles
interact with electric (E) and magnetic vectors (H) of
the incident EM wave so that these component vectors
are necessarily to be nullified for effective absorption
of EM wave. EMI shielding effectiveness by absorption
mechanism depends on electrical conductivity and rela-
tive permeability of the material which indicates that a
good EM wave-absorbing material should possess high
electrical conductivity and high permeability. Hence, EM
wave-absorbing materials are the combination of dielec-
tric materials and magnetic materials. Dielectric loss
materials mostly lose EM waves due to polarization of
the electrons, molecules, or interfacial polarization of the
medium [8] and magnetic loss materials lose EM wave
through magnetic interaction. However, it is difficult for
a single material to provide expected EMI shielding prop-
erty. In this regard, composite materials with a combina-
tion of two or three components may show excellent EMI
shielding property having improved impedance match
between dielectric and magnetic losses and also a syner-
gistic effect between EM wave absorption and reflection.
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Due to their high electrical conductivity and dielectric
permittivity, metals are most often used materials for
EMI shielding, wherein mechanism is of EM wave reflec-
tion type [7]. However, metals have drawbacks such as
their weight, susceptibility to corrosion, lack of flexibil-
ity, and difficult processing. In recent days, as electronic
devices are compact, researchers across the world have
put more effort to develop new generation excellent EMI
shielding materials, which contain unique characteristics
such as low cost, easy to synthesize, light weight, thin,
improved corrosion resistance, mechanical flexibility,
etc. In order to overcome the limitations of metal-based
EMI shielding materials, huge attention has been paid for
the development of polymer-based composite materials
because of their easy processability, high flexibility, low
density, excellent chemical and corrosion resistance, and
tunable structural and mechanical properties. As a result,
in the recent decades, a variety of materials and their
composites have been investigated for use in EMI shield-
ing applications. These materials include very thin sheets
of metals, various carbon materials such as graphite, gra-
phene, reduced graphene oxide, carbon black, carbon
fibers, single or multiwalled carbon nanotubes (CNTs),
and conductive polymers, dielectric and semiconducting
materials such as BaTiO;, ZnO, and SiC, and magnetic
materials such as spinel ferrites and hexaferrites [9-21].
It is also to be mentioned that different new generation
emerging materials such as sulfides, phosphides, nitrides,
metal organic frameworks (MOF), polymer compos-
ites, MXenes, carbon hollow microspheres, glass micro-
spheres, ferrite hollow microspheres and nanospheres,
etc. have been investigated for EM wave absorbing appli-
cation [9, 10, 12, 22-34].

In last several years, composites containing ferri-
tes and electrically conducting polymers have been
used for EMI shielding application [13, 14, 35]. Among
all conducting polymers, polyaniline (PANI) is the
most promising for various prospective applications
due to its low density, easy manufacture, tunable elec-
trical conductivity, outstanding environment stabil-
ity, and affordability. As per literature, CoFe,O,-based
composites demonstrate very good EM wave absorb-
ing property. Gulzar et al. have shown total shield-
ing effectiveness value of 35 dB in CoFe,O,, fly ash, and
polyurethane composites in 0.1-20 GHz frequency
region [36]. Ahmad et al. have demonstrated the suit-
ability of CoCesFe; ¢;0,-polypyrrole composite for
EMI shielding application for X-band (8—12 GHz) fre-
quency [37]. In a work of Chahar et al., total shield-
ing effectiveness value of 25.8-27.2 dB is observed for
Coy5Zn,;FeO, in the 8.4—12.4 GHz frequency region
[38]. However, value has been increased when MWC-
NTs are mixed with Coy5Zn,;FeO,. Sun and coworkers
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have investigated microwave absorbing properties of
copper-cobalt-nickel ferrite/graphene oxide/polyani-
line composites in 2—18 GHz frequency region [39].
Kuekha et al. have demonstrated EMI shielding prop-
erties of Ni**-substituted CoFe,O, and polyvinyl alco-
hol composites [40]. Optimized composite shows total
shielding effectiveness value of 27 dB in the X-band
frequency region. Recently, our group has prepared
MnFe,O, by SCS method and then modified with poly-
methyl methacrylate (PMMA) [41]. Oxidative chemical
polymerization method with ammonium peroxodisul-
fate has been used to prepare PANI. Optimized com-
posite consisting of chemically modified MnFe,O, and
PANI show total shielding effectiveness value of 44 dB
in the X band region (8—12 GHz). According to pre-
sent literature, in several instances, preparation routese
are very involved processes and EMI property has been
investigated for X-band frequency only. Studies on EMI
shielding properties of Zn>**-substituted CoFe,O, and
PANI composites are limited in the literature. Recently,
our group has reported preparation, characterization,
and magnetic properties of Co,;Zn,:FeO, spinel ferrite
[42]. In this aspect, the present work reports the modi-
fication of SCS-made CoysZn,;FeO, by PMMA and
preparation of PMMA-modified Co,;Zn,;FeO,~PANI
composites. EMI shielding properties of these compos-
ites have been explored in 2—20 GHz frequency region.
For an optimized composition of the Co,;Zn,;FeO,—
PANI nanocomposite with 10:90 weight ratio shows total
shielding efficiency value>20 dB in higher frequency
region of 13—20 GHz indicating that composition can be
useful for higher frequency EMI shielding application.

Experimental details

Materials

Precursors for the preparation of Co,sZn,sFe,O, by
SCS route were cobalt nitrate (Co(NOj),), zinc nitrate
(Zn(NOs;),), and ferric nitrate (Fe(NOs);) and were
purchased from Loba Chemie. Oxalyl dihydrazide
(C,HN,O,, ODH) was used as fuel for SCS method of
preparation of Co,sZn,sFe,O, and was synthesized in
the laboratory. Diethyl oxalate and hydrazine hydrate,
procured from Loba Chemie, were used for the prepa-
ration of ODH. PMMA and N, N dimethyl formamide
(DMF) used for the modification of Coy;Zn,sFe,O,
were obtained from Alfa Aesar and Merck, respectively.
Aniline and ammonium peroxodisulfate (APS) were
obtained from Loba Chemie, whereas ethanol, isopro-
pyl alcohol, and HCI were obtained from Merck for the
synthesis of PANI. All chemicals were used as-supplied.
When necessary, Milli-Q water was utilized to prepare
solutions.
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Preparation of ODH

ODH is commonly used as a fuel for preparation of
oxides by SCS synthesis method. It is usually synthesized
in the laboratory by a simple precipitation method at a
very low temperature. Reactants for the preparation of
ODH are diethyl oxalate and hydrazine hydrate. In a typi-
cal preparation, 210 mL of diethyl oxalate was taken in
a 1000 mL beaker and 150 mL of hydrazine hydrate was
added drop by drop into the diethyl oxalate taken in a
reaction vessel using a burette. A chiller was used to keep
the reaction temperature at less than 5 °C, and the mix-
ture was constantly stirred. A thick white precipitate was
formed. It was washed thoroughly with water followed by
ethanol and dried at ambient temperature.

Preparation of Co, sZn, sFe,0, by SCS method

Coy5Zn, ;Fe,0, was synthesized by SCS method using
Co(NOs),, Zn(NO;),, and Fe(NO;); as precursors of
Co, Zn, and Fe and ODH was used as the fuel. Required
amounts for the combustion reaction to prepare
Coy5Zn, ;Fe,0, were calculated according to the litera-
ture [43]. In a typical preparation, 2 g Co(NOj;),, 2.04 g
Zn(NO;),, 11.1 g of Fe(NOs);, and 6.5 g ODH were dis-
solved in water in a 300 mL glass dish. The dish was kept
in a furnace preheated at 400 °C. In the initial stage, the
solution boiled with frothing, foaming, and experienced
dehydration. The combustion started with a burning
flame on the surface at the point of complete dehydra-
tion, which resulted in a blackish brown voluminous
solid product within 5 min. After allowing the product
to reach room temperature, it was ground with a mor-
tar and pestle, and was kept inside an airtight bottle. The
obtained Co, 5Zn, ;Fe,O, is designated as CZF.

Modification of Co, sZn, sFe,0, with PMMA

SCS-derived Cog5Zn,sFe,0, and PMMA were taken in
the weight ratio (%) of 60:40 and mixed thoroughly in an
agate mortar for 15 min. The composite mixture was dis-
persed in 40—50 mL of DMF using a magnetic stirrer in a
reagent bottle for overnight and then ultra-sonicated for
30 min. A brownish precipitation formed when the mix-
ture was transferred into a beaker with 100 mL of Milli-
Q water and stirred. Using Whatman 42 filter paper, the
precipitate was collected, dried at room temperature, and
then placed in an air oven set to 70 °C for the entire night.
The dried Co,;Zn,Fe,0,—~PMMA was grounded into
powder using an agate mortar for further usage and it is
designated as PMCZE.

Preparation of polyaniline

Due to its adjustable electrical conductivity, which can
change from an entirely non-conductive substance
(insulator) to a metal-like behavior, PANI is a significant
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conductive polymer that is frequently utilized. HCI has
been a common doping acid or counter ion used in the
synthesis which is reported to provide very good electri-
cal conductivity. HCl-doped PANI was synthesized as
per the procedure given in the literature [44]. In a typi-
cal preparation, 40 mL of aniline was taken in a 1000 mL
beaker and 500 mL of 1N HCI was added with stirring
for 45 min at 0—2 °C. Aniline hydrochloride was formed
when the solution turned colorless. Next, using a burette
and constant stirring, 250 mL of a 1 M APS solution
(57 g) was gradually added to the mixture dropwise. Tem-
perature was kept constant at<3 °C to get better con-
ductivity of the polyaniline. The colorless liquid started
to turn green which gradually darkened. The solution
was left overnight in the same container with stirring.
Using vacuum suction with a Whatman 42 filter paper
the obtained precipitate was filtered and was thoroughly
washed with about 250 mL of 1 N HCI for 3—4 times.
Finally, it was washed with isopropyl alcohol till the
washing became colorless, confirming that all oligomers
were removed. The product finally was a dark greenish
powder which was stored in an airtight container. Con-
ductivity of obtained polyaniline was around 1 S cm ™.

Preparation of PMCZF — PANI composites

To prepare PMCZF—PANI composites, they were mixed
with various weight ratios. The amounts of PMCZF
were taken in 10, 30, 50, and 70 wt.% and the remain-
ing amount was PANI. For uniform mixing the mixtures
were blended well in a mortar and pestle. The composite
named PMCZF-PANI 19 contains 10 wt.% PMCZF and
90 wt.% PANI. Likewise, PMCZF—PANI 37, PMCZF—
PANI 55, and PMCZF—-PANI 73 are the designations for
the 30—70 wt.%, 50—50 wt.%, and 70—30 wt.% compos-
ites, respectively.

Characterization

Structure of as-prepared CZF and PMCZF were ana-
lysed with an X-ray powder diffractometer (XRD) from
Bruker (Model D8 Advance) operated with CuKa radia-
tion (\=1.5406 A) at 35 kV and 10 mA. The XRD data of
the samples were recorded over 20 range of 10-80° with a
scan rate of 0.02 s per step.

Field emission scanning electron microscopy (FESEM)
from Carl Zeiss (Supra VP40) equipped with an energy
dispersive X-ray spectrometer (EDXS) from Oxford
Instruments was utilized to assess the morphologies of
as-prepared CZF and PMCZF nanoferrite particles. To
obtain FESEM images, as-prepared CZF and PMCZF
were dispersed in ethanol and drop-casted on polished
metallic substrate from a micropipette. The FESEM
instrument had a resolution of 1.2 nm at 10 kV, while the
EDXS had a resolution of 133 eV at 5.9 kV.
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Fig. 1 Typical images of PMCZF—PANI 73 composite: (a) powder
sample and (b) toroidal samples

Analysis of microstructure of CZF nanoferrite parti-
cles was carried out by transmission electron micros-
copy (TEM) and high-resolution transmission electron
microscopy (HRTEM) using Tecnai G-20 operated at
200 kV. Same instrument was used for selected area
electron diffraction (SAED) and EDXS data. An eppen-
dorf was used to have a minimum of 1 mg of solid ferrite
sample. After dispersing the material in 1 mL of ethanol,
the mixture was sonicated for a minimum of 15 min. The
sample solution was drop-casted on a carbon-coated
copper grid kept on a petri dish, then the sample was
placed in a vacuum-desiccator.

X-ray photoelectron spectroscopy (XPS) data of as-
prepared CZF were collected with a SPECS spectrom-
eter (Germany) using non-monochromatic MgKa
radiation (1253.6 eV) as an X-ray source run at 150 W
(12 kV, 12.5 mA). Non-monochromatic MgKa radiation
(1253.6 eV) was used for recording XPS data of CZF as
Co and Fe Auger peaks and 2p core level peaks over-
lap with each other. The C 1s peak at 284.6 eV used as
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Fig. 2 XRD patterns of CZF and PMCZF
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Fig. 3 XRD pattern of PANI

a reference for the binding energies presented here. A
pass energy and step increment of 40 and 0.05 eV were
used to record all individual core level spectra. For XPS
analysis, CZF powder was made into a pellet of 10 mm
diameter with 0.5 mm thickness, mounted on the sam-
ple holder, and was kept into a load-lock chamber with
an ultrahigh vacuum (UHV) of 8 x 108 mbar for 5 h for

26 ()

desorbing any volatile species present on the surface.
After 5 h in vacuum, the sample was moved into the
analysing chamber with UHV of 5x 10~° mbar, and XPS
data were recorded. To evaluate different component
species of Co, Zn, and Fe present in CZF, curve-fitting of
their individual core level spectra were carried out using
CasaXPS software.
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Fig.4 FESEM images of (a) CZF and (b) PMCZF powders

PerkinElmer, Model Frontier IR spectrometer with
4 cm™! resolution was employed to record FTIR spectra
of CZF and PMCZF. Attenuated total reflection (ATR)
accessory was used to get the spectra.

DILOR-JOBIN-YVON SPEX made LABRAM 010A
with He—Ne laser source was employed to record
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Raman spectra of CZF and PMMA-modified CZF. The
wavelength of source was 632.8 nm with a resolution of

The magnetic characteristics of PMCZF—PANI com-
posites were evaluated using a vibrating sample mag-
netometer (VSM) instrument from Lakeshore (Model
7400 series) up to a field range of 1.5 T with a 1.2 inch
gap between the pole caps. The pellets of PMCZF—
PANI composites with size less than 5 mm X5 mm were
weighed and mounted in the sample holder.

EMI shielding characteristics of PMCZF—PANI com-
posites were studied in coaxial mode employing Anritsu
MS4642A vector network analyzer (VNA) coupled with
coax (Damaskos M07T) set up. Toroidal samples of 7 mm
outer diameter and 3 mm inner diameter with~2 mm
thicknesses were made from the composites using a
stainless steel die and their different scattering (S) param-
eters were measured. Typical images of final developed
composite material (PMCZF—PANI 73) and its toroidal
samples for VNA measurements are shown in Fig. 1.

Results and discussion
XRD studies
Figure 2 displays XRD patterns of CZF and PMCZE.
The diffraction peaks are found to be broad indicating
the nanocrystalline nature of the ferrites. The diffrac-
tion peaks at 20=17.9°, 29.7°, 35.2°, 36.6°, 42.7°, 52.9°,
56.7°, 62.1°, 70.7°, 73.5°, and 78.6° correspond to (111),
(220), (311), (222), (400), (422), (511), (440), (620), (533),
and (444) reflection planes, which are associated with
cubic lattice of spinel ferrites agreeing with JCPDS No.
22-1086. Co, Zn, and Fe oxides impurities are not seen
in the diffraction patterns. XRD patterns of CZF and
PMCZF look to be similar.

The crystallite sizes of CZF and PMCZF ferrites have
been estimated from the diffraction patterns using the
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Fig. 5 EDXS data of CZF powder
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Table 1 Chemical compositions of CZF evaluated from EDXS

studies

Element Weight % Atomic %
CoK 12 6.5

nK 12.7 6.2

Fe K 44.1 252

OK 31.2 62.1

Scherrer’s equation considering intense (311) peak as
given below:

_ 0.94/
N Bcoso

(1)

where D is crystallite size, \ is X-ray wavelength in nm,
B is full-width-at-half-maximum (FWHM) of the dif-
fraction peak in radian, and 0 is Bragg angle. The crys-
tallite sizes of CZF and PMCZF are found to be 13.1
and 16.5 nm, respectively. From their XRD patterns,
the lattice parameters are evaluated using the following
equation:

a=dygVh?+ 12+ k2 (2)

where g is lattice parameter, d,; is inter planar spac-
ing, and (#kl) is Miller indices. Lattice parameters are
found to be 8.4763 A and 8.4962 A for CZF and PMCZE,
respectively.

Figure 3 represents the powder XRD pattern of HCI-
doped PANL It is a heterogeneous system having mod-
erately crystalline region dispersed in an amorphous
phase. Because of the parallel and perpendicular perio-
dicity of the polymer chain broad, diffraction peaks are
found between 10 to 30°. Diffraction peaks at 20=15.3",
20.6°, 25.6°, 27.2°, and 29.3° are indicative the orthorhom-
bic structure of emeraldine salt. The peaks correspond to
the (010), (100), (110), (111), and (020) planes of PANI,
respectively. XRD pattern of PANI agrees with the pat-
tern available in the literature [45].

FESEM and EDXS studies

Micrographic images of the CZF and PMCZF are dis-
played in Fig. 4. There looks to be a significant amount
of particle agglomeration. Strong magnetic dipole inter-
actions and high surface activity are the primary causes
for this agglomeration, which makes them difficult to dis-
perse uniformly. In as-prepared CZF, presence of large
voids is observed in its image revealing its highly porous
nature. They do not show any well-defined shape. The
average particle sizes are in the range of 500 nm to 2 pm.
Image of PMCZF is also shown in the figure to compare
with CZF. There may be a polymeric layer on the ferrite
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surface as observed in the FESEM image which is due to
the modification of CZF with PMMA.

EDXS analysis of CZF as shown in Fig. 5 reveals the
presence of Co, Zn, Fe, and O in CZF. Concentrations
of Co, Zn, Fe, and O are found to be 6.5, 6.2, 25.2, and
62.1 at.%, respectively, which is summarized in Table 1.
Chemical composition evaluated from EDXS analyses
demonstrate that elemental concentrations in CZF are in
stoichiometric quantities.

TEM studies

TEM studies have been carried out to assess morphol-
ogy, particle size, and microstructure of as-prepared
Coq5Zn, sFe,O,. Figure 6a shows a typical bright- field
image of CZF. Nanoparticles are homogenously distrib-
uted as evident from the image and they are found to be
predominately spherical in shape. Sizes pf nanocrystal-
lites estimated from TEM studies are closer to the val-
ues calculated from XRD patterns. The HRTEM image
of the sample has also been obtained to understand the
nanocrystallinity of the sample. Image related to detailed
HRTEM analysis of the sample as displayed in Fig. 6b
shows highly ordered lattice fringes with a fringe separa-
tion of about 2.56 A, which is associated with (311) lat-
tice plane of the CZF spinel structure. Figure 6¢ displays
selected area electron diffraction (SAED) pattern of the
sample. Cubic crystallinity related to spinel structure is
clearly evident from the SAED pattern. Thus, microstruc-
tural studies confirm the formation of Co,;Zn,Fe,O,
phase. EDXS of the sample as presented in Fig. 6d also
provides evidence of the presence of corresponding
elements.

XPS studies

Understanding surface composition and elemental oxi-
dation states in materials can be accomplished employ-
ing XPS technique. Notably, it can be used to determine
change in metal binding energy caused by variation in the
coordination environment with oxygen ions. In the pre-
sent study, XPS has been used to characterize CZF cubic
spinel. A site usually exists in+2 oxidation state with tet-
rahedral coordination and B site is in+3 oxidation state
with octahedral coordination in the AB,O, spinel struc-
ture. In the case of inverse spinel, A completely occupies
octahedral coordination sites while B are in both tetra-
hedral and octahedral sites. Therefore, binding energies
of A and B will vary depending on their coordination
sites. Accordingly, Co and Zn will be in+2 oxidation
states with different binding energies and similarly, Fe
is to be in+ 3 oxidation state with varying binding ener-
gies. However, due to the variable oxidation states, there
may be some chance of exchange of Co, Zn, and Fe sites
in CZF. It is to be noted that studies using XPS can offer
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Fig. 7 Co2p, Zn 2p, Fe 2p,and O 1s core level spectra in CZF

helpful details about the exchange of cations in ferrite
materials.

Broad Co 2p, Zn 2p, Fe 2p, and O 1s core level spectra
of CZF are decomposed into their component peaks by
curve fitting as presented in Fig. 7. With a characteris-
tic satellite peak at 785.4 eV displayed in Fig. 7a, the Co
2ps,, peaks at 779.8 and 781.6 eV in the Co 2p core level
spectra of CZF are assigned to Co** species in octahe-
dral coordination and tetrahedral coordination, respec-
tively, in the CoFe,O, spinel structure [42, 46]. The areas
under the corresponding decomposed peaks are used
to estimate the relative surface concentrations of Co
species related to the octahedral and tetrahedral coor-
dination. It has been calculated that 64% Co®* is found

Intensity (a. u.)
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to be in octahedral sites, whereas 36% is in tetrahedral
sites. Curve-fitted Zn 2p core level spectrum in CZF is
displayed in Fig. 7b. Zn** species in tetrahedral site is
indicated by the intense Zn 2p;, component peak at
1020.8 eV. Zn?* species in octahedral site is responsible
for the weak peak at 1022.0 eV. Relative concentrations
of octahedral and tetrahedral Zn>' species estimated
from the spectrum are 16% and 84%, respectively. Fig-
ure 7c displays curve-fitted Fe 2p core level spectrum.
Fe 2p;,, peaks at 710.3 and 712.7 eV in the curve-fitted
Fe 2p core level spectra, together with a distinctive weak
satellite peak at 717.1 eV are indicative of octahedral and
tetrahedral Fe*" species [42]. Related satellite peak for
Fe 2p,,, is overlapped with intense O KLL Auger peak
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Fig. 8 FTIR spectra of CZF and PMCZF

as spectrum was recorded with MgKa radiation. Octa-
hedral and tetrahedral Fe*" entities have relative surface
concentrations of 73% and 27%, respectively. Broad O
1s core level spectrum of CZF suggests the presence of
several oxygen components. Curve-fitted O 1s core level
spectrum is shown in Fig. 7d. The presence of Co, Fe,
and Zn lattice oxygen species in CZF is indicated by the
intense component peak at 530.1 eV. The hydroxyl (OH™)
and H,O species adsorbed on the surface are responsible
for the faint peaks that have been observed at 531.8 and
533.1 eV, respectively. The binding energy values of vari-
ous oxygen species found in this study are in good accord
with those available in earlier research for these kinds of
species [42].

Relative surface concentrations of Co**, Zn>", and Fe*"
in their octahedral and tetrahedral sites from XPS data
can be utilized to estimate the cation distribution in CZF.
The estimated gation distribution ign CZF is found to be
(Cop 15 Zmp s F 3024) [Cog 5225 s F 61.26]'

FTIR spectroscopy studies

FTIR studies of the CZF and PMCZF have been conducted
to figure out the nature of metal-oxygen bonding present
in these materials and the spectra are shown in Fig. 8. For-
mation of a single phase AB,O, spinel structure with A-site
that is a divalent metal cation in tetrahedral coordination
and B-site that is a trivalent metal cation in octahedral
coordination is confirmed by IR bands seen in spinel fer-
rites below 1000 cm™' [42]. Lattice vibrations of oxide ion

against cations result in these bands. As per FTIR literature
of spinel ferrites, the absorption band at higher wavenum-
ber (v;) represents a metal—oxygen bond in tetrahedral
sites, while the absorption band found at lower wavenum-
ber (v,) embodies a metal—oxygen bond in octahedral sites.
CZF and PMCZF exhibit a broad intense absorption band
in the 500—600 cm™! frequency region in the current study.
The band broadening in inverse spinel ferrites is because
of the statistical distribution of Co*", Zn®*, and Fe*' ions
at A- and B-sites. As a result, the high wavenumber band
is attributed to M«O vibrations in tetrahedral sublattice
site A, whereas the lower wavenumber band is assigned
to M«<O vibrations in octahedral sublattice site B. An
intense peak observed around 543.6 cm™! in both ferrites
is assigned to tetrahedral band position of MO vibrations
such as Co—0, Zn—0, and Fe—O [42]. However, C—O—-C,
C-0O, C-H, and C=0 stretching bands at 1147, 1242,
1442, and 1723 cm™! are noticed in PMCZF. Asymmetric
stretching of C—H bond is related to the observed bands at
2949 and 2999 cm™! [47]. These additional peaks are seen
in the PMCZF sample corresponding to the presence of
PMMA. However, in both samples, peaks related to C—H
bond are found at 1614 and 3473 cm ™.

Dependency of vibrational frequencies of spinel fer-
rites on cation mass, cation—oxygen bonding force, cat-
ion—oxygen bond length, and cation distribution is well
established in the literature. In general, the vibrational
frequency of a bond is related to the mass of the sys-
tem and the force constant of the bond. From classical
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physics, Hooke’s law represents vibrational frequency (7) W= mmy 4
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in wavenumber (cm™!) of a bond as written below [42]:

Lk 3)

V=
2wc\l 1

where k is force constant of the bond related to its

where m; and m, are masses of atoms involved in the
vibration and u is unit mass (1.6605x107** g). Further,
force constant is calculated by reorganizing the Eq. (3) as
given below:

strength, p is reduced mass of the bond, and c is velocity K = 472272 5)
of light. Reduced mass is written by the relation: N "
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Fig. 10 M—H curves of PMCZF—PANI composites: (@) PMCZF, (b) PMCZF—PANI 73, (c) PMCZF—PANI 55, (d) PMCZF—PANI 37, and (e) PMCZF—PANI 19
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Therefore, from observed band positions (V), c
(3%10'° cm s7Y), and , force constants associated with
the bands having tetrahedral and octahedral coordina-
tions can be computed. Here, m; and m, are weighted
average of atomic mass of cations residing at A-site (tet-
rahedral) or B-site (octahedral) and atomic mass of oxide
ion, respectively, which are used to calculate the p. In this
work, tetrahedral force constants (k) are calculated due
to clarity of tetrahedral band positions of the ferrites in
the recorded spectral range. Because of unclarity of cor-
responding band positions their octahedral force con-
stants (k) are not estimated. Observed kp,, value of is
2.257x10° dyn cm ™! (225.7 N m™%).

Raman spectroscopy studies
Structural distortion and oxygen motion in spinel struc-
ture can be understood using Raman spectroscopy. Space
group of Fd 3 m (07}, Space Group # 227) represents the
crystalline cubic ferrite materials. There are 56 atoms
(Z=8) in complete unit cell and only 14 atoms (Z=2)
in the smallest Bravais cell. Thus, 42 vibrational modes
are conceivable due to 42 degrees of freedom. Of the 42
modes, 39 are associated with optical modes, and the
other three corresponds to acoustic modes. Group the-
oretical analysis indicates that the spinel structure has
17 sets of phonon modes at the I'-point of the Brillouin
zone in spinel structure [42, 46]. Out of these vibrational
modes, 5 modes are Raman-active. Of the remaining, 4
vibrational modes are infrared-active, 7 modes are silent,
and 1 mode is acoustic modes. The motions of O ions
and both A-site and B-site ions in the spinel structure
are associated with Raman active modes. In spinel struc-
ture, the metal cations surrounded by six oxygen and by
four oxygen ions form an octahedron and a tetrahedron,
respectively. The A;, mode corresponds to symmetric
stretching of the oxygen anion, the E, mode is related
to symmetric bending of the oxygen anion, and the T,,
mode is associated with asymmetric stretching of the
oxygen anion.

Figure 9 represents Raman spectra of CZF and PMCZE.
Literature states that oxygen motion around the octa-
hedral lattice sites is responsible for low frequency
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vibrations (below 600 cm™?), while oxygen motion around
the tetrahedral sites is responsible for high frequency
vibrations. The shorter is the bond length and thus,
higher is the vibrational frequencies, thereby smaller is
the coordination number (4 for tetrahedral sites and 6
for octahedral ones). The spectra illustrate Raman modes
at 190, 325, 470, 555, 610, and 685 cm™’. Al, modes
which represents the symmetry stretching vibrations
of the Fe—O and Zn-O bonds in tetrahedral sites, are
associated with Raman modes at around 685 cm™ and
610 cm ™% T,, and E; Raman modes, which are related to
vibration of Fe—O and Zn-O bonds in octahedral sites of
the spinel structure, correspond to the lower frequency
modes observed at 190, 325, 470, and 550 cm ™.

Magnetic properties

Change in magnetization or magnetic flux of the mate-
rial in response to an applied field is represented by
magnetization curve. A material containing randomly
oriented magnetic moments will gradually become mag-
netized when a field is applied because of the movement
of domain boundaries. Co, ;Zn,, ;Fe,O, is a widely recog-
nized magnetic material characterized by moderate mag-
netization and high coercivity. Its cubic spinel structure
(AB,0O,) comprises two separate sub lattices and vacant
B site that gives rise to the ferromagnetic ordering in the
material. On the other hand, spins of metal cations at the
tetrahedral (A) and octahedral (B) sites in spinel ferrites
interact magnetically through the mediation of oxygen
ions which is termed as superexchange mechanism. As
per the sublattice model, the difference between the sum
of the magnetic moments of octahedral (M) and tetra-
hedral (M) sublattices (M=My—M,) determines the net
magnetization in spinel ferrites. Ferrimagnetic ordering
is the magnetization which is because of strong antiferro-
magnetic interaction between AB pairs. Figure 10 shows
magnetic hysteresis loops (M—H curves) of different
PMCZF-PANI composites. Magnetization rises as the
applied field is increased in each case. Hysteresis loops
provide saturation magnetization (M), remanence or
remanent magnetization (M,), coercivity (H,) and rema-
nence or remanent or squareness ratio (M,/M,) values

Table 2 Saturation magnetization (M), remanent magnetization (M,), coercivity (H.), remanence ratio (M/M,), and magnetic moment

(1p) of CogsZnysFe,0,—PANI composites

Sample M, (emug™) Mr (emug™) Mr/M, H. (G) Ug (BM)
PMCZF 325 7.2 022 358 1.1
PMCZF —PANI 73 238 55 023 357 08
PMCZF —PANI 55 19.8 46 023 357 07
PMCZF —PANI 37 15 26 022 357 04
PMCZF —PANI 19 35 07 021 345 0.1
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which are presented in Table 2. Magnetic moments of
these composites are computed from their respective
M values according to the equation given below [41]:

_ Molecular weight

= M 6
B 5585 X Mg (6)

where 1 p is magnetic moment and M is saturation mag-
netization. Calculated values of magnetic moment are
also included in Table 2. Saturation magnetization (M)
of PMCZF is 32.5 emu g~ with coercive field of 358 G. It
is to be noted that as PANI concentration rises, magneti-
zation value decreases. Saturation magnetization value
drops to 23.8 emu g~! with coercive field of 357 G at 30
wt% PANI concentration.

The low saturation magnetization of the PMCZF—PANI
composites compared to CZF is because of nonmagnetic
PANI is mixed with different amounts. Nonetheless, all
samples show almost same coercivity values. Coercivity
of magnetic a material is determined by the number and
strength of magnetic dipole within magnetic domains as
well as the interactions between neighboring magnetic
domains. Therefore, it results in less effect on the coer-
civity of PMCZF in PMCZF-PANI composites. From
these results, it is clear that PMCZF—PANI composites
are ferromagnetic in nature and can be good absorbers of
EM wave in GHz range.

EMI shielding properties

The ability of a material to block or attenuate EM waves
is referred to as EMI shielding and material is called EMI
shielding material. Three basic interaction phenomena
such as reflection, transmission, and absorption occur
when incident EM wave falls on the EMI shielding mate-
rial. The incident power (P;) of EM wave is divided into
three parts: (a) reflected power (P,) on the front and rear
surfaces, (b) transmitted power (P,) outside the shield-
ing material, and (c) absorbed power (P,) in propagation.
Three coefficients comprising reflection (R), transmission
(T), and absorption (A) are used to quantify the shield-
ing effectiveness with respect to the weakening of EM
power (P), electric field intensity (E), and magnetic field
intensity (H). Generally, each of the coefficients varies in
the range of 0—1 and sum of them is equal to 1 as given
below:

R+T+A=1 @)

From the above equation it is clear that larger the val-
ues of R and A, lower will be the value of T. The coeffi-
cients are written as follows [6]:

H. 2
=|— (8)
Pz Hi

2
|E|
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P, E?* H?2
T===|—| =|=| )
p; E; H;
P 2 H,?
== =|Z| =l =1-R-T (10)
P; E; H;

where P, E;, and H; are electromagnetic power, electric
field intensity, magnetic field intensity incident on the
shielding material, P, E, and H, are the same transmitted
through the shielding material, and P, E_, and H, are the
same absorbed through the shielding material.

Generally, EMI shielding of a material is expressed in
terms of overall shielding effectiveness or overall loss
(SE) and its unit is decibel (dB). A higher SE value indi-
cates less energy transmitted through the shielding mate-
rial, where most of the radiation is either reflected or
absorbed by the shielding material. Therefore, EM wave
attenuation occurs through reflection, absorption, and
multiple reflection mechanisms. The attenuation through
reflection of EM wave is governed by surface reflection
(SEp) from free charge carriers in the system and by
multiple reflections (SE,;z) from adjacent conducting
layers. In contrast, the attenuation through absorption
(SE,) of EM wave is governed by several loss mechanisms
associated with electric polarization and magnetiza-
tion processes [48]. The amount of EM wave reduction
is determined by the materials chosen, their thickness,
the size of the shielded volume, and the frequency of the
fields of interest. SE of a material is a ratio of the incident
energy to the residual energy. It is a function of the loga-
rithm ratio of incident radiation power to the transmitted
power and generally written as [41, 49]:

Py E; H;
SE = IOlogPi = ZOIOgEi = 2010gHi (11)

According to Schelkunoft’s theory, SE is the sum of

SEg, SE,, and SE,; which is expressed as:

SE = SER + SEa + SEmr (12)

The attenuation of EM wave from multiple reflections
is not as high as the ones due to absorption and reflec-
tion. In the view of this, its value is negligible and can be
written as:

2 _SEa
SEmr = 2010g(1 . ) - ZOlog(l — 10T )
(13)
where t, §, and e are thickness and skin depth of shield-
ing material, and Napier’s constant or Euler’s number

(2.718), respectively. According to this equation, for a
material with high SE, value, Sy value will be very low.
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Fig. 11 SE of PMCZF—PANI composites as a function of frequency

Table 3 SE values of various composites in at 2—20 GHz
frequency region

Sample SE (dB)
PMCZF -0.11t0-1.8
PMCZF—PANI 73 —-6.21t0-123
PMCZF—PANI 55 -11.1t0-20.8
PMCZF—PANI 37 —-39t0-16.5
PMCZF—PANI 19 -16.6t0—24.2

Generally, Sy term is neglected when SE, > —10 dB [49].
Because of absorption, while moving from one boundary
to another the magnitude of EM waves is neglected at
high frequencies. Materials with a high ability of absorp-
tion and high thickness can neglect safely multiple/inter-
nal reflections. Also, according to Schelkunoft’s shielding
theory, SE,z can be neglected when t > 8. Multiple reflec-
tions depend on the thickness relationship between skin
depth and distance from reflection to interface. It is to be
noted that EM wave at high frequencies penetrates only
the near surface region of an electrical conductor. This is
regarded as skin effect. The electric field of incident EM
wave decreases exponentially when it passes through the
conductor. The depth at which the field falls to 1/e of the
incident value is called the skin depth (). It is an impor-
tant property of the material to understand the propa-
gation of EM waves that can pass through the shielding
material. It is determined by using the parameters like

frequency (f), electrical conductivity (c), and magnetic
permeability (p) and is written as [49, 50]:

s =

1
=" —8.68 ( SEA> (14)

Hence, the skin depth decreases with increasing fre-
quency, conductivity or permeability. Therefore, for
RAM or stealth applications, shielding due to reflection
is undesirable and thus, achieving SE only due to SE,
becomes a challenging task.

In recent days, VNA has widely been utilized to meas-
ure shielding effectiveness of EMI shielding materi-
als by waveguide method and coaxial transmission line
method. With the two-port VNA, reflection and trans-
mission coefficients can be measured in terms of scatter-
ing parameters (S-parameters) consisting of S,; (forward
reflection coefficient) and S;, (reverse transmission
coefficient) and their reciprocals such as S,, (reverse
reflection coefficient), and S,; (forward transmission
coefficient). The samples are bombarded by EM waves
from both sides and S-parameters are obtained from
VNA. The S-parameters are written as [6]:

2

E,

R=|=] =[S11]* = Snl? (15)
E;
E 2

T =12 =S121> = ISn|? (16)
E;
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Considering multiple reflection effect as negligible related to the reflection and transmission coefficients in

when SE, > —10 dB, relative intensity of effective EM the following way:
wave inside the material after reflection will be 1-R and

therefore, effective absorbance (A ) is described as: SEg = —10log(1 —R)

1-R-T A
Aeff = =

The shielding effectiveness through reflection (SEg)

1-R 1-R 17) SEx = —10log(1 — Aeg) = —10log

1-R

(18)

(19)

The total shielding effectiveness (SE) consists of contri-

and shielding effectiveness through absorption (SE,) are  ptions from SEg and SE,. Therefore, SE, SEg, and SE,
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Table 4 Maximum SE values of different polyaniline (PANI)-based composites
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Composite SE (dB) Reference
(Frequency range)
PANI/CFO@CNTs —16.8 (8—12 GHz) 5
PANI/MXene/CF —26 (8—12 GH2) 51
PANI/MXene —353(8-12GH2) 52
PANI-MoO, —14.0 (8-12 GH2z) 53
PANI/GRNP —14.5(8-12 GH2) 54
CoFe,O,—PANI —22.8(8—12 GHz) 55
PMCZF—PANI 55 —20.8 (2—20 GH2) This work
PMCZF—PANI 19 —24.2 (2-20 GHz) This work

can be expressed in terms of S-parameters employing fol-
lowing equations [26]:

SE = SER + SE5 = —10log(1 — R) — 1010g1 R —10logT
(20)
SE = —10log|S12|*> = —10log|Sy; |2 (21)

SER — _10log(1 — |Sll|2) = —lOlog(l - |522|2)
(22)

S12]2 |S21 12
SExr = —101 — ] =-101 _
A Og(l —1SnP? 6\ 1= 15nP

(23)

In the present study, EMI shielding properties of
PMCZF—-PANI composites with different concentration
ratios have been carried out for the optimization of com-
posite by coaxial method. Plots of SE values of PMCZF—
PANI composites as a function of frequency are presented
in Fig. 11. The values at 2—20 GHz for all the samples are
summarized in Table 3. It is clear from the table that EMI
shielding performance of the composites can be tuned
to the desired values with changing the weight ratio of
ferrite and PANI. All composites show SE values higher
than 10 dB in higher frequency region. Particularly,
PMCZF—-PANI 55 and PMCZ—-PANI 19 composites with
50 wt% and 90 wt% PANI show the values in the range of
—11.1 to —20.8 dB and —16.6 to —24.2, respectively. The
SE of PMCZF—PANI 19 composite have highest SE value
of —24.2 dB. It is to be noted that absorption and reflec-
tion components of shielding effectiveness are valuable
indicators of the shielding mechanism of the composites.
Plots of SE; and SE, values of PMCZF—PANI compos-
ites as a function of frequency are shown in Fig. 12. From
the figure it is understood that SE; values are found to
be low in the entire frequency range, whereas maximum
SE, values of PMCZF—-PANI 73, 55, 37, and 19 compos-
ites are observed to be —11.1,—20.1,—-13.9, and —17.3 dB,
respectively. These findings suggest that the shielding
mechanism of PMCZF—PANI composites is dominated

by the absorption component. The observed SE values
in PMCZF-PANI 55, and 19 composites are observed
to>—20 dB in the higher frequency region of 13—20 GHz
indicating that these composites can be useful for EMI
shielding applications in higher frequency region. Table 4
represents a comparison of the total shielding effective-
ness of representative PANI-based composite materials
with PMCZF-PANI composites studied in the present
work [5, 51-55].

According to the Eq. (14), skin depths of these compos-
ite materials have been calculated from t and SE, values
in the frequency range of 2—20 GHz which is presented
in Fig. 13. From the figure it is clear that skin depth val-
ues of the composites especially, PMCZF-PANI 55,
PMCZF—-PANI 37, and PMCZF—-PANI 19 decrease with
increase in frequency.

Furthermore, morphology of the EMI shielding materials
plays an important role because of their excellent shielding
performance and its tunability. The existence of pores, voids,
and channels in the materials results in a variety of phenom-
ena, including diffraction, reflection, and scattering of inci-
dent EM waves, prolonging the interaction time and the
distance over which the EM waves interact with molecules
or particles of the material. This enhances multiple reflec-
tion, thereby improving the absorption of EM waves [48,
56, 57]. In the present study, PMCZF materials in PMCZF—
PANI-based EMI shielding materials contain voids and have
good magnetic properties. Again, one of the constituents of
the composites is conducting polymer, PANI. Therefore, the
composites containing PMCZF with PANI show excellent
EMI shielding effectiveness properties.

Conclusions

Co(5ZnysFe,0, spinel ferrite has been prepared by
SCS method and this ferrite has been modified using
PMMA. Oxidative chemical polymerization has been
used to prepare PANI in the laboratory. Ferrites adopt
cubic spinel structure as demonstrated by XRD studies.
Porous and agglomerated morphologies of the ferrites
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Fig. 13 Skin depth of PMCZF—PANI composites with respect to frequency

have been revealed by FESEM investigation. HRTEM
image of as-prepared ferrite shows highly ordered lat-
tice fringes with d-spacing of 2.56 A corresponding to
(311) lattice plane of the Co,sZn,sFe,O, spinel struc-
ture. XPS studies have demonstrated the presence of
tetrahedral and octahedral Co®", Fe®*, and Zn?" species
in CojsZn,sFe,0,. FTIR and Raman studies show the
presence of metal-oxygen bonds in the ferrites. Their
magnetic and EMI properties have been studied. With
increase in PANI concentrations saturation magnetiza-
tion of these composite materials decreases. PMCZF—
PANI 73 show the M value of 23.8 emu g~! with 30%
PANIL PMCZF—PANI 19 composite shows total absorp-
tion of—16.6 to—24.2 dB in the 2—20 GHz frequency
range. In all the composites, absorption component
dominates. As SE values are higher than —20 dB in the
frequency>13 GHz in PMCZF—PANI 55 and PMCZF-
PANI 19 composites they can be used in higher fre-
quency application. Skin depth values are observed to
decrease with increase in frequency.
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