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ABSTRACT: The present work reports the fabrication of polyindole (PIN)/
Ni,_,Zn,Fe,0, (x = 0, 0.5, 1) nanocomposites as efficient electromagnetic wave
absorbers by a facile in situ emulsion polymerization method for the first time. The
samples were characterized through Fourier transform infrared spectroscopy, UV—vis
spectroscopy, X-ray diffraction, thermogravimetric analysis, scanning electron micros-
copy, high-resolution transmission electron microscopy, and vibrating sample magneto-
metry. The resulting polyindole/Ni,_,Zn Fe,O, (x = 0, 0.5, 1) nanocomposites offer
better synergism among the Ni, ,Zn Fe,O, nanoparticles and PIN matrix, which
significantly improved impedance matching. The best impedance matching of
Ni;_,Zn,Fe,0,/polyindole (x = 0, 0.5, 1) nanocomposites was sought out, and the
minimum reflection loss of the composites can reach up to —33 dB. The magnetic
behavior, complex permittivity, permeability, and microwave absorption properties of
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polyindole/Ni,_,Zn,Fe,0, (x = 0, 0.5, 1) nanocomposites have also been studied. The

microwave absorbing characteristics of these composites were investigated in the 8—12 GHz range (X band) and explained based on
eddy current, natural and exchange resonance, and dielectric relaxation processes. These results provided a new idea to upgrade the
performance of conventional microwave-absorbing materials based on polyindole in the future.

B INTRODUCTION

The development of high-performance electromagnetic inter-
ference (EMI) shielding/microwave-absorbing materials has
become a current focus in solving the problem of EMI
pollution arising from the fast-growing telecommunication
equipment and other electro-electronic device industries."” In
the last decade, the charm of 2D nanomaterials, such as
graphene,3’4 g—C3N4,5 MZXenes,’ WS,,” and MoS,,® has
intrigued great deal of interest due to their microwave-
absorbing properties originating from their broadband optical
response, strong plasmon oscillation, gate-tunable conductivity,
active variable THz band gaps, and enormous surface area-to-
volume ratio. In addition, as a new class of Dirac materials with
a small band gap, TI was also found to show saturable
absorption at telecommunication wavelengths.” In general, it is
noticed that individual magnetic and dielectric electromagnetic
wave-absorbing materials show satisfactory performance due to
the poor impedance matching.'® Accordingly, noteworthy
attempts have been made to build high-performance composite
microwave-absorbing materials comprising both magnetic and
dielectric components, which would offer better impedance
matching and improved electromagnetic shielding performance
through the effective complementarities and synergies between
magnetic loss and dielectric loss."”'> Recently, researchers
have explored the effect of nanoparticle-induced moderations
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in conducting polymers that possess the most effective
colligative electronic, magnetic, and optical properties.
Conducting polymer ferrite composites have drawn much
attention as an EMI-shielding/absorbing material due to their
high dielectric and magnetic losses," corrosion resistance, low
density, and ease of processing.'* Among the conducting
polymers, polyindole (PIN) and its derivatives have not yet
been explored as microwave-absorbing/shielding materials.
Despite several advantages such as air-stable electrical
conductance,”® slow hydrolytic degradation,'® high redox
activity,'” high cycling, and thermal stability as compared to
polyaniline (PANI) and polypyrrole (PPY), PIN still suffers
from lesser conductivity than PANI and PPY.'® However,
electrical conductivity in the range from 107> to 107" S cm™" is
shown by PIN in its doped state.'””” When organic dopants
with surfactant functionalities such as sodium dodecyl sulfate
(SDS) and sodium dodecylbenzenesulfonate (SDBS) are
employed, they play a dual role as dopants and as a
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surfactant'>***' and improve the conductivity of PIN. It has

been reported that such synthetic conductive polymers
including PPY, PANI, PTh, and PIN reinforce the polar-
izability, conductance, and impedance matching of the
absorbers, realizing more microwave attenuation.””> More
significantly, the salient potential of the conductive polymers
in anticorrosive coatings,23 energy storage, electrochemical
supercapacitors,”® sensing,”® environmental remediation,*®
antimicrobial properties, water treatment,”” and energy
recovery fields has boosted their significance.

In recent years, researchers have had a great interest in
spinel ferrite nanoparticles due to their extensive applications
in gas sensing,”® inductors,” biosensing,’® sequestration of
lanthanides and actinides from aqueous solutions,®’ tele-
communications,” and hyperthermia applications in cancer
therapy.”> Magnetic nanoparticles such as Fe;0,,***°
ZnFe,0,,°*"" NiFe,0,,**™* and (NiZn)Fe,0,*"** are well-
known traditional microwave absorbers, proven to have
significant magnetic loss properties. Due to their low eddy
current losses, they show wide electronic applications in terms
of power generation, conditioning, and conversion.”> These
properties also endow them a unique value in microwave
devices including microwave nonreciprocal passive devices,
microwave signal-processing devices, negative index metama-
terial-based electronics, and in EMI suppression that require
strong coupling to electromagnetic signals and often non-
reciprocal behavior.** The electromagnetic wave absorption
properties of conducting polymers can be improved by
compositing them with magnetic materials.”* Yang and co-
workers"® fabricated Fe;O,~hollow PANI composites and
found that the composites could produce much better
microwave absorption (MA) characteristics than sole PANI
microspheres. Gandhi et al.*® reported a ferromagnetic
polyaniline—CoFe,O, nanocomposite with enhanced EMI
shielding effectiveness (SE) in the frequency range of 12.4—
18.0 GHz (Ku band). Li et al.*’ presented a comparison of MA
properties of composites of NiFe,O, with PANI and PPY,
respectively, and revealed that the NiFe,O,/PPY composite
would be an eligible candidate for EMI shielding.

In this study, the impact of Zn*" substitution in NiFe,O,
spinel ferrite nanoparticles on their structural and magnetic
properties was investigated. Moreover, the impact of Zn**
substitution in NiFe,O, spinel ferrite nanoparticles on the
microwave absorbing and shielding properties of their
nanocomposites with PIN as matrix polymer was investigated.
An intrinsically conducting polymer, PIN, was utilized as a
polymer matrix because of its corrosion resistance property,
lightweight, desirable electrical conductivity, ease of synthesis,
low cost, and capability of interacting with EM radiation
through both absorption and reflection mechanisms over a
wide range of frequencies. However, due to the nonmagnetic
characteristic of PIN, it can only provide dielectric loss and
conducting characteristics, thus resulting in impedance
mismatching issues. The combination of PIN with magnetic
spinel ferrite nanoparticles can balance impedance matching
conditions. Spinel ferrites NiFe,O, (NF), Niy;Zn,Fe,0,
(NZF), and ZnFe,0, (ZF) are best known for their low
dielectric loss, large permeability, high magnetic loss proper-
ties, high electric resistivity, and unique magnetic structure.
The substitution of Zn** with diamagnetic characteristics in
NiFe,0, spinel ferrite can induce modifications in the
structural and electromagnetic properties associated with the
distribution of cations at octahedral and tetrahedral sites. In

principle, the combination of high-permeability materials
having significant magnetic loss properties and high-
permittivity materials with dielectric loss properties enables
the design of efficient microwave-shielding materials. The
interface introduced by Ni,_,Zn,Fe,O, (x = 0, 0.5, 1) ferrite
nanoparticles generates resonance in complex permittivity and
permeability, as well as enhanced magnetic loss, which results
in the enhanced MA and widened effective absorption
bandwidth. Hence, a unique combination of a conducting
PIN matrix with Ni;_,ZnFe,0, (x = 0, 0.5, 1) ferrite
nanoparticles can balance impedance matching conditions and
offer an effective way to design high-performance functional
materials to facilitate research in electromagnetic shielding and
MA. Here, we synthesized nanocomposites of ZnFe,O, (ZF),
NiFe,0, (NF), and Nij :Zn, ;Fe,O, (NZF) with PIN via the in
situ emulsion polymerization method using SDBS and well
characterized with Fourier transform infrared (FTIR) spec-
troscopy, UV—vis spectroscopy, X-ray diffraction (XRD),
scanning electron microscopy (SEM), high-resolution trans-
mission electron microscopy (HRTEM), and vibrating sample
magnetometry (VSM). The magnetic properties, complex
permittivity, permeability, and MA properties of PIN/
Ni,_,ZnFe,0, (x = 0, 0.5, 1) nanocomposites have been
investigated and compared with the pristine PIN. To the best
of our knowledge, this is the first detailed study on PIN-based
nanocomposites with Zn>*-doped NiFe,0, nanoparticles for
microwave absorbing and shielding applications. The present
work provides methods for the development of high-perform-
ance nanocomposites based on PIN as potential candidates for
EMI absorption and shielding application.

B EXPERIMENTAL SECTION

Materials. Iron nitrate [Fe(NO,;);-9H,0], zinc nitrate
[Zn(NO;),-6H,0], and nickel nitrate Ni(NO;),-6H,0) with
99% of purity were purchased from Sigma-Aldrich. Indole
powder (monomer), ammonium persulfate (NH,),S,0q
(APS), SDBS, and citric acid were procured from HiMedia,
India. Deionized water and ethanol were used as the solvents
for the synthesis.

Synthesis of PIN. PIN was prepared by a simple chemical
oxidative emulsion polymerization of indole using ammonium
persulfate (APS) as an oxidizing agent.”” For the synthesis,
1.18 g of SDBS was dissolved in 0.1 M HCI (180 mL) and a
homogeneous surfactant solution was prepared by continu-
ously stirring it at room temperature. Subsequently, 2 g of
indole was dissolved in 10 mL of ethanol, which was gradually
added into the mixture solution and sonicated for 1 h. Finally,
1.16 g of APS in 0.1 M HCI was added dropwise and the
solution turned dark green in color. The ratio of indole to APS
was fixed at 1:1.25. After that, the mixture solution was
continuously stirred for 24 h. The precipitate was rinsed with 1
M HCI (200 mL) and washed with distilled water several times
before drying in an oven at 70 °C overnight to obtain PIN
powder. The dried PIN precipitate was ground and stored in a
desiccator overnight until further use.

Synthesis of Ni,_,Zn,Fe,0, (x = 0, 0.5, 1) Nano-
particles. The nanoparticles of Ni,_,Zn,Fe,0, (x = 0, 0.5, 1)
were synthesized by the sol—gel autocombustion method."”
For the synthesis of ZnFe,0, (x = 1) (ZF) nanoparticles, iron
nitrate (1.0 M) and zinc nitrate (0.5 M) (2:1 molar ratio)
solutions were mixed thoroughly with 2.2 M citric acid (1:2.22
molar ratio with nitrates) to get a clear solution. A small
amount of ammonia was added carefully to the solution to
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Scheme 1. Schematic Representation of In Situ Emulsion Polymerization of the PIN/Ni,_,Zn_ Fe,O, (x = 0, 0.5, 1)
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adjust the pH value to 7. During this procedure, the solution
was continuously stirred using a magnetic stirrer and
maintained at a temperature of 90 °C until the gel formed.
Then, it was heated to 150 °C, which led to the formation of
nanopowders through a self-propagating combustion process.
The loose powder was crushed well and calcined at 550 °C for
4 h to form the spinal phase. A similar procedure was followed
for the synthesis of NiFe,O, (NF) and Ni, ;Zn, ;Fe,0, (NZF)
nanoparticles (x = 0 and 0.5, respectively). In the synthesis of
NZF nanoparticles, the molar ratio of metal nitrates was fixed
at Ni/Zn/Fe = 1:1:4, whereas the molar ratio of nitrates to
citric acid was 1:2.77. For NF nanoparticle synthesis, iron
nitrate (1.0 M) and nickel nitrate (0.5 M) (2:1 molar ratio)
solution were mixed with 2.2 M citric acid (1:2.22 molar ratio
with nitrates).

Synthesis of PIN/Ni,_,ZnFe,0, (x = 0, 0.5, 1)
Nanocomposites. PIN/Ni,_,Zn Fe,0, (x = 0, 0.5, 1)
nanocomposites were synthesized by the in situ emulsion
polymerization of indole in an aqueous solution containing the
ferrite nanofluid using APS as the oxidizing agent.'” Then, 5,
10, and 15 wt % of NF, NZF, and ZF nanoparticles were
mixed, respectively, with SDBS in 10 mL of water and
ultrasonicated for 10 min. Subsequently, 3 g of indole in 10 mL
of ethanol was mixed with 0.293 g of SDBS in 50 mL of 0.1 M
of HCI and gradually added into the mixture solution. This
solution was ultrasonicated for 1 h. Finally, 1.75 g of APS in 0.1
M HCl was added dropwise and the solution turned dark green
in color. The polymerization reaction was carried out for 24 h
with continuous magnetic stirring. The precipitate finally
obtained was rinsed with 1 M HCI (200 mL) and washed with
distilled water several times before drying in an oven at 70 °C
overnight to obtain nanocomposites with different wt % of NF,
NZF, and ZF nanoparticles in the PIN matrix. The sample
code is given as PIN/S NF, PIN/10 NF, PIN/15 NF, PIN/S
NZF, PIN/10 NZE, PIN/15 NZF, PIN/5 ZF, PIN/10 ZF, and
PIN/1S ZF. The dried composites were then pressed into
rectangular pellets having dimensions of 22.86 X 10.16 mm for
X-band measurements.

Characterizations. The chemical structure of the samples
was analyzed using a JASCO (model 4100) FTIR spectropho-
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tometer in the region of 4000—350 cm™" by the KBr pellet
method. UV—vis diffuse reflection spectroscopy (UV—vis
DRS) was conducted using a UV—vis—NIR spectrophotom-
eter (JASCO V-550). Phase identification and the study of the
morphology of PIN and its composites were carried using a
powder X-ray diffractometer [X'Pert® powder with Cu Ka (4 =
1.5406 A) radiation]. Thermogravimetric analysis (TGA) was
performed using a STA 8000 TG-DTA analyzer. The
morphology of the sample was measured using a scanning
electron microscope (Hitachi S-3000H) and transmission
electron microscope (JEOL/JEM2100 with a 200 kV
accelerating voltage and a lattice resolution of 0.14 nm).
Magnetic measurements were performed using a Quantum
Design MPMS 7T SQUID VSM system. The EMI SE values in
the X (8.2—12.4 GHz) band region were calculated from the
reflection (S;; and S,,) and transmission (S,; and S,;)
scattering parameters measured using a vector network
analyzer (Agilent ES071C) using the waveguide method.

B RESULTS AND DISCUSSION

The formation of PIN/Ni,_,Zn[Fe,O, (x = 0, 0.5, 1)
composites has been carried out via a simple and facile in
situ emulsion polymerization method, in which the indole
solution is emulsified with the surfactant SDBS containing
Ni,_,Zn,Fe,0, (x = 0, 0.5, 1) nanoparticles, in a continuous
phase of water. In emulsion polymerization, the surfactant has
dual functions as a template and codopant.”® When the
surfactants act as a template, the reaction takes place in the
nanoreactor of surfactant micelles, whereas in the role of a
dopant, ionic complex formation organizes the polymer
backbone.*” Above the critical micelle concentration (CMC),
surfactants can form micelles, where the hydrophilic “head”
regions are in contact with the solvent, sequestering the
hydrophobic tail regions in the micelle center. When an indole
solution is added to the surfactant solution with ferrite
nanoparticles, it diffuses through the water to the micelles. The
presence of the oxidant APS in the solution leads to oxidative
polymerization, where indole is oxidized. The fabrication of
PIN/Ni,_,Zn,Fe,0, (x = 0, 0.5, 1) composites via an in situ
emulsion polymerization method is presented in Scheme 1.
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Figure 2. Normalized UV—vis DRS spectra of (a) PIN and PIN/NF, (b) PIN and PIN/NZF, and (c) PIN and PIN/ZF powder composites with S,

10, and 15 wt % ferrite ratios.

FTIR Spectroscopy Analysis. Figure la—c shows the
FTIR spectra of PIN and its nanocomposites with NF, ZF, and
NZF nanoparticles in the range of 4000—350 cm™'. The
characteristic bands in the IR spectrum of PIN occur at 3401,
1380, 1442, 1594, 1191, and 750 cm™'. The band at 3401 cm™!
is ascribed to the characteristic N—H stretching vibrations in
PIN. The presence of this band proved that the nitrogen atom
of indole is not involved in polymerization.'” The bands at
1442 and 1594 cm™" are due to the C—C stretching vibration
mode of the benzene ring in PIN.” The band at 750 cm™ is
due to the characteristic out-of-plane deformation of the C—H
bond in the benzene ring,”' and the absorption at 1191 cm™" is
assigned to the in-plane C—H bending modes present in the
aromatic heterocyclic part of indole. The prominent sharp and
intense spectral band at 1380 cm™' is due to the vibration
mode of the C—N bond in PIN.*” In spinel ferrites, metal ions
are usually situated at two different sublattices designated as
tetrahedral and octahedral sites according to the geometrical
configuration of the oxygen nearest neighbor.” It is evident in
Figure 1 that NF, NZF, and ZF nanoparticles displayed their

11476

fingerprint peaks at around 350—590 cm™, which is ascribed
to the stretching vibration of metal—oxygen bonds in
tetrahedral and octahedral sites.”> The ZF nanoparticles
offered the Zn**—0>" tetrahedral stretching frequency at 435
cm™" and the Fe**—0?" octahedral stretching frequency at 401
cm™!. For the NZF and NF nanoparticles, the Ni**—0>~
octahedral stretching peaks appeared at 386 and 388 cm™,
respectively (inset of Figure 1). The presence of Fe**—oxygen
complexes in the octahedral site causes the splitting of
absorption bands due to local lattice deformation.”® The
spectra of NF, NZF, and ZF show prominent bands near 3400
and 1600 cm™), which are attributed to the stretching modes
and H-O—H bending vibrations of free or absorbed water,
respectively.”

The interaction of ferrite nanoparticles with the PIN matrix
can be visible from the IR data of their respective
nanocomposites depicted in Figure 1, which exhibit character-
istic peaks of both PIN and ferrite nanoparticles. Close scrutiny
of the spectra of the nanocomposites indicates that the
characteristic peaks of ferrite nanoparticles shifted to lower

https://doi.org/10.1021/acsomega.2c00824
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wavenumbers and the intensity of the peaks greatly diminished.
These observations confirm that there is a good wrapping of
ferrite nanoparticles within PIN in the nanocomposites.
Furthermore, the N—H absorption band of the composite is
found to shift to a higher wavenumber from 3401 cm™,
showing that the N—H group of PIN interacts with the metal
ions of ferrite nanoparticles.

UV-—Vis Spectral Analysis. UV—visible spectroscopy has
been used to characterize the interfacial interaction between
PIN and ferrite nanoparticles in the nanocomposites. The
UV—vis DRS absorption spectra of the powdered samples of
pristine PIN and PIN/Ni,_,Zn[Fe,O, (x = 0, 0.5, 1)
nanocomposites normalized with respect to the amount of
PIN are shown in Figure 2. The UV—vis DRS spectra of PIN
show four characteristic bands in the entire region of UV—vis
spectra. The sharp peak positioned at 247 nm originates due to
7—7* transitions in the polymer chain.’ The broad peak at 402
nm is related to the n—z* transitions, while the bands at about
507 and 701 nm represent the polaron to #* band transition
and the 7 to polaron band transition of the PIN chains,
respectively.’® As shown in Figure 2, the insertion of ferrite
nanoparticles affects the position and intensity of UV peaks in
the PIN nanocomposites. As the ferrite content increases in
different samples, 7—7* transitions in the absorption spectra
show a hypsochromic shift from 247 to 245 nm. It is also
interesting to note that the n—z* transition at 402 nm of PIN
shows a red shift to 404—411 nm in the PIN/Nj,_,Zn_Fe,O,
(x =0, 0.5, 1) nanocomposites. The reason behind this shifting
may be the possible interaction of the ferrite nanoparticles with
the PIN ring, leading to the formation of a ferro-/ferrimagnetic
nanocomposite. Also, it is important to observe that the
polaron to 7* band transition and z band to polaron band
transition of PIN exhibits a red shift from 507 to 519 and 701
to 705 nm, respectively, in the PIN/Ni,_,Zn Fe,0, (x = 0, 0.5,
1) nanocomposites, indicating that the band gap of such
transition becomes progressively lower in the nanocomposites.
It is evident from the figure that the intensity of the absorption
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edge is found to decrease as the content becomes 15 wt %.
This result indicates the aggregation of nanofillers at a higher
loading, which resists the absorption of incident light.*'

XRD Analysis. The crystal structures of PIN, NF, NZF, and
ZF nanoparticles and their nanocomposites with PIN are
characterized by XRD, as presented in Figure 3. In the XRD
patterns, PIN shows broad peaks at 18.8 and 27.2°. The
presence of these broad peaks confirms the polymerization of
indole, and the diffraction 7peak at 27.2° validates the partial
crystalline nature of PIN.'” As can be seen in Figure 3, the
existence of the (220), (311), (400), (422), (511), and (440)
major lattice planes in the XRD patterns of ferrite nano-
particles confirms the formation of a spinel cubic structure with
the Fd3m space group. Also, the presence of the (111), (222),
(331), (533), and (622) minor lattice planes in the XRD
patterns agrees well with the powder diffraction of the spinel
cubic phase. The characteristic diffraction peaks are in good
agreement with JCPDS-00-73-2081, JCPDS-00-008-0234, and
JCPDS-00-022-1012 for NF, NZF, and ZF nanoparticles,
respectively. The literature reveals that the intensities of the
(220) and (222) planes are sensitive to cations on the
tetrahedral and octahedral sites.”” Figure 3d clearly shows the
shift of the (220) peak toward a lower diffraction angle and a
rise in the L,y/L,,, ratio as the zinc content (x) increases,
which implies that Zn*" ions have preferentially occupied the A
sites following the replacement of Ni** by Zn** ions. At about
35°, a diffraction peak with a relatively wide full width at half-
maximum (fwhm) is measured in the XRD curve of ferrite
nanoparticles. From this data, the average crystallite size of
ferrite nanoparticles is calculated using the Scherrer eq 1

KA

D =
p cos 0 (1)

where k is a constant (0.94), 4 is the wavelength of X-rays
(0.154 nm), B is the corrected fwhm of the strongest
diffraction peak in radians, and @ is the diffraction angle. The
average crystallite size of the NF, NZF, and ZF nanoparticles
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Figure 4. TG curves of (a) PIN, NF, and PIN/NF, (b) PIN, NZF, and PIN/NZF, and (c) PIN, ZF, and, PIN/ZF powder composites with S, 10,

and 15 wt % ferrite ratios.

was found to be 7.5, 9.6, and 23.3 nm, respectively.
Interestingly, the crystallite size slightly increases when more
Ni** ions are replaced with Zn>* ions in the NZF nanoparticles.
This is due to the larger size of the Zn** ions (0.83 A)
compared to the Ni** ions (0.78 A).*® However, the
exceptionally high crystalline size of ZF nanoparticles is
attributed to the sample’s tendency to fuse at high temper-
atures and can be explained by an aggregative growth
mechanism.’**® As shown in Figure 3, it is seen that both
the characteristic amorphous peaks of PIN and the signature
peaks for pristine ferrite nanoparticles appear in the diffraction
patterns of PIN/Ni,_,Zn,Fe,0, (x = 0, 0.5, 1) nano-
composites. This suggests that nanoparticles have been
successfully incorporated into the PIN matrix.

It is also evident that the intensities of the signature peaks
for ferrite nanoparticles become weaker in the PIN/
Ni,_,ZnFe,0, (x = 0, 0.5, 1) nanocomposites, compared to
pure ferrite nanoparticles, which is on account of the PIN
coating on the surface of nanoparticles.

Thermal Analysis. The TGA curves of pure PIN,
Ni,_,ZnFe,0, (x = 0, 0.5, 1), and nanocomposites with
different Ni,_,Zn Fe,O, (x = 0, 0.5, 1) loadings, exhibited in
Figure 4, are exploited to study their thermal stability. In
Figure 4, it is found that the mass of NF, NZF, and ZF
nanoparticles has a less loss of about 0.01% in the whole course
upon increasing the temperature. It is observed that there are
two-stage degradations in the pure PIN and its nano-
composites. In the first stage (30—95 °C), the weight loss of
the samples is caused by the evaporation of moisture and
dopant in the polymer,”” whereas the second stage (350—850
°C), major weight loss, results from the thermal degradation of
the PIN polymer chain.’ At 850 °C, PIN retains only 6.4% of
the initial weight, which reveals high thermal degradability of
the PIN backbones. The weight residual of the nano-
composites with Ni;_,Zn Fe,O, (x = 0, 0.5, 1) with loadings
of 5, 10, and 15 wt % are shown in Table 1. The small
divergence between the weight residues calculated from the
TGA curves and the initial loading calculated by the indole
monomers and Ni,_,Zn Fe,0, (x = 0, 0.5, 1) nanoparticles in
the fabrication may be a result of the incomplete reaction of
indole monomers during polymerization.

Microstructure Studies. Figure 5 shows the FESEM
micrographs of PIN, NF, NZF, and ZF nanoparticles and their
composites with PIN at 10 wt % filler ratios. Agglomerated
uniform nanometric particles of NF, NZF, and ZF with the
average particle size in the range of 5—35 nm can be observed
in Figure 5. As it is seen, the agglomerate’s size decreases and
the particles dispersed are more homogeneous in the PIN/

Table 1. Thermal Properties of Pure PIN, NF, NZF, ZF, and
PIN/Ni,_,Zn,Fe,0, (x = 0, 0.5, 1) Nanocomposites

weight residue wt % Ni,_,Zn,Fe,0, (x = 0, 0.5, 1) in the

(wt %) at PIN/Ni;_,ZnxFe204 (x = 0, 0.5, 1)

samples 880 °C nanocomposites
PIN 6.4
NF 99.99
NZE 99.99
ZF 99.99
PIN/SNF 11.5 5.1
PIN/10NF 17.2 10.8
PIN/1SNF 22.1 15.7
PIN/SNZF 11.8 54
PIN/10NZF 169 10.5
PIN/15NZF 22.3 159
PIN/SZF 11.1 4.7
PIN/10ZF 16.8 10.4
PIN/15ZF 23.2 16.8

10Ni,_,Zn,Fe,0, (x = 0, 0.5, 1) nanocomposites. The PIN
layers may have wrapped on the surface of the Ni,_,Zn Fe,O,
(x = 0, 0.5, 1) nanoparticles, forming these agglomerated
globules with a smooth surface in the PIN/10Ni,_,Zn Fe,O,
(x = 0, 0.5, 1) nanocomposites. That is to say, the irregular
surface morphology of the nanoparticle changes into spheri-
cally shaped particles by the in situ polymerization of indole
with ferrite nanoparticles. Further structural characterization
using TEM was carried out to provide a visual demonstration
of the structure and to estimate the grain size exactly.”> The
representative TEM micrographs of nanocrystalline NF, NZF,
and ZF nanoparticles and PIN/10Ni,_,Zn Fe,O4 (x = 0, 0.5,
1) nanocomposites at low and high resolutions are presented
in Figure 6. According to Figure 6a—c, the nanoparticles are
roughly spherical, and the average particle size is determined
from the log-normal fitting of the particle size distribution
graph. The insets in the TEM micrographs at low
magnifications present the histogram by counting 200
nanoparticles. It is found that the average particle sizes of
NF, NZF, and ZF are obtained as 8, 14.49, and 34.09 nm,
respectively. It is also noted that the particle size of NF, NZF,
and ZF nanoparticles determined from TEM is higher than the
crystalline size obtained from XRD. This result confirms that
one particle can be constituted by several crystalline domains.

In Figure 6d—f, the atomic lattice fringes can be observed
and the interplanar spacings were measured to be 4.8, 2.9, and
2.5 A, which were close to the {111}, {220}, and {311} lattice
planes of cubic Ni;_,Zn,Fe,0, (x = 0, 0.5, 1) respectively. The
selected-area electron diffraction (SAED) pattern of a single
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Figure 5. Typical SEM images of (a) PIN, (b) NF, (c) PIN/10NF, (d) NZF, (e) PIN/10NZF, (f) ZF, and (g) PIN/10ZF.

particle in the Ni,_,Zn,Fe,0, (x = 0, 0.5, 1) system was taken,
and the rings on the diffraction pattern depict a spinel crystal
structure of the Ni;_,Zn Fe,O, (x = 0, 0.5, 1) nanoparticles.
The appearance of bright diffraction spots in the diffraction
circle in the SAED pattern of the NZF system indicates its
well-crystalline nature and corresponds to the XRD data. The
HRTEM images of the PIN/10 Ni,_,Zn Fe,O, (x = 0, 0.5, 1)
nanocomposites (Figure 6g—i) indicate that the in situ
emulsion process results in the PIN-layer-wrapped ferrite
nanoparticle morphology. The gray layer of PIN gives an
impression of an amorphous nature, where no fringes are
observed and the black core represents magnetic
Ni,_,ZnFe,0, (x = 0, 0.5, 1) nanoparticles in the nano-
composite due to the different electron penetrabilities.
Magnetic Studies. Detailed magnetic measurements, that
is, zero-field cooling (ZFC) and field cooling (FC) magnet-
ization versus temperature and magnetic hysteresis loops (M—
H) at room temperatures, have been carried out to study the
magnetic properties of the as-synthesized ferrite nanoparticles
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and their nanocomposites with PIN. Figure 7a—c shows the
temperature dependence of magnetization by the ZFC and FC
procedures from 5 to 300 K at an applied magnetic field of 500
Oe for the NF, NZF, and ZF nanoparticles. In the ZFC process
of NF nanoparticles in Figure 6a, the magnetization of the
nanoparticles increases with increasing temperature, and unlike
the NZF and ZF nanoparticles, no maximum magnetization is
detected in the ZFC process. This indicates that the blocking
temperature (Tg) of the NF nanoparticles is above 300 K,
which is consistent with the reported data.”* The blocking
temperature (T;) is a measure of thermal energy required to
overcome the magnetic anisotropic barrier of ferro- or
ferrimagnetic nanoparticles.”* This Ty is very sensitive to the
grain size distribution and indicates the transition between the
superparamagnetic state (T > Ty) and the blocked state (T <
Tg) within the nanoparticle systems. Figure 7a also shows
strong irreversibility between FC and ZFC curves, as indicated
by the presence of large bifurcation between them, which hints
toward the strong exchange interactions associated with the
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nanocomposites.

particles in the system.”> Such irreversible behavior originates
from the blocking of the magnetization orientation by an
anisotropic barrier within the system. The increase in zero
field-cooled magnetization (Mgc) with decreasing temperature
below Ty is also evidence of high magnetocrystalline
anisotropy in the NF system, and the large FC magnetization
reveals that strong ferrimagnetism occurs in the NF nano-
particles. For the NZF nanoparticles (Figure 7b), Mypc shows
only a small decrease with a broad maximum at Ty = 56.2 K,
above which the system shows superparamagnetic behavior.
Interestingly, the feature that Mg remains nearly flat below Ty
indicates a system with low anisotropy.’®*” Also, magnetic
irreversibility between ZFC and FC curves can be noticed from
Ty up to T;, = 245 K, where both curves merge. T,

corresponds to the highest blocking temperature, that is, to
that of the largest nanoparticles in the superparamagnetic
system with the highest energy barrier.’® Therefore, the
difference between the Ty and T,, values reveals the
contribution of the larger particles (broad particle size
magnetization as they unblock at higher temperatures and
development of ferromagnetic clusters in the NZF nano-
particles). The ZFC curve of ZF nanoparticles (Figure 7c)
shows a cusp at the blocking temperature Ty = 16.3 K, as
expected for supergaramagnetic nanoparticles, below which the
system is blocked.”® However, the large difference between Tj
and T, (at 240 K) is an indication of the existence of
ferromagnetic clusters in the ZF nanoparticle system.
Furthermore, it is noted that Ty decreases in the order
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measurements, and the inset (right) illustrates the ABK plot.

Table 2. Blocking Temperature Ty (K), Saturation Magnetization M, (emu/g), Remanent Magnetization M, (emu/g), and

Coercivity H, (Oe) for the NF, NZF, and ZF Nanoparticles

crystallite size blocking temperature sat. magn.
nanoparticles (nm) Ty (K M (emu/g)
NF 7.5 >300 13.1
NZF 9.6 56.2 45.38
ZF 23.3 16.3

remanent ma§n. coercivity squareness ratio

M, (emu/g H, (Oe) (M,/My)
6.5 438.5 0.497
4.85 28.8 0.106
0.106 812.2

TsNF > TgNZF > TyZF. Interestingly, the ZFC/FC curves of
these ferrites reveal that the blocking temperature decreases as
the Zn*" concentration increases. A higher T value is likely to
be indicative of higher magnetocrystalline anisotropy’” in NF
and NZF nanoparticles. When Ni** ions are substituted by
Zn?* ions in the Ni,_,Zn Fe,0, (x = 0, 0.5, 1) system, the
magnetic ions of the tetrahedral A site decrease a lot, and the
dominant inter-sublattice A—B superexchange interaction
becomes weaker.”” It has been widely reported that the
interaction between nanoparticles affects the blocking temper-
ature, and as the strength of interaction weakens, Ty shifts to
lower temperatures.”' To further verify these features, the
curves of magnetization versus field were measured at 300 K
under an applied field of up to 30 kOe. Figure 8a—c shows the
M—H loops for NF, NZF, and ZF nanoparticles at 300 K.
Surprisingly, all prepared ferrite nanoparticles displayed
magnetic hysteresis at 300 K. The inset (left top) of Figure
8a—c shows an enlarged view of the M—H curve to confirm the
presence of a hysteresis loop with coercive field and remanence
at room temperature. As expected from the ZFC/FC
measurements, the hysteresis loop of the NF nanoparticles is
S-shaped, reflecting strong ferrimagnetism, with the coercivity
(H,) and remanent magnetization (M,) being about 438.5 Oe
and 5.6 emu/g, respectively. This M—H curve shows that the
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magnetization rises sharply as the applied field increases from
zero and it weakly increases but does not approach saturation
even at a high magnetic field of 60 kOe, indicating high
magnetocrystalline anisotropy of the nanoparticles.*”

The M—H curve of the NZF nanoparticles at 300 K also
displays a typical S-shaped loop. In contradiction to the ZFC/
FC measurements, the loop exhibits a small coercivity (28.8
Oe) and remanence (4.85 emu/g), indicating weak ferromag-
netic behavior at room temperature. For ZF nanoparticles, the
magnetization curves have a semilinear representation, which
indicates a paramagnetic state with the corresponding large
coercivity and small remanent magnetization of 812.2 Oe and
0.106 emu/g, respectively.”> In addition, the narrow loops
indicate the soft magnetic nature of the ZF nanoparticles.”®
The nonsaturating M—H behavior of NZF and ZF nano-
particles even at the applied magnetic fields up to 30 kOe
indicate that some of the magnetic nanoparticles of these
ferrite samples are in the superparamagnetic state. However,
the existence of the coercive field in these systems implies that
the rest of the particles are blocked due to the overcoming of
the thermal energy by their anisotropy energy even at room
temperature.” This discrepancy between the hysteresis at 300
K and the blocking temperature for NZF and ZF nanoparticles
is due to the broad size distribution and consequently, these
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samples show different blocking temperatures. For a better
understanding of the magnetic behavior of the prepared ferrite
samples at room temperature, the Arrott—Belov—Kouvel
(ABK) plot (M* vs H/M) was made and is shown in the
lower inset of Figure 8a—c. The ABK plot of all samples shows
a strong convex curvature with a finite spontaneous magnet-
ization, which is a signature of a ferromagnetic phase of these
samples.”> The magnetic properties measured for NF, NZF,
and ZF nanoparticles are listed in Table 2, and a comparison of
the M—H plots is shown in Figure 9. Interestingly, it can be
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Figure 9. Comparison of hysteresis measurements of NF, NZF, and
ZF at room temperature.

seen in Figure 9 that the magnetization of NZF is very high as
compared to NF and ZF nanoparticle systems. It is known that
in ferrites, the magnetic moment comes mainly from the
parallel uncompensated electron spin of individual ions.”” As
nonmagnetic Zn>* ions are introduced into the Ni,_,Zn Fe,O,
(x = 0, 0.5, 1) system, they push more Fe** ions from
tetrahedral A sites to octahedral B sites, and thereby, the
magnetic moment of the B site increases. Hence, the total
magnetization (M, — M,.) of the Ni;_,Zn Fe,O, (x = 0, 0.5,
1) system increases due to the increase of inter-sublattice A—B
superexchange interaction between the magnetic ions of A and
B sublattices. This increase in saturation magnetization is in
good agreement with Neel’s collinear two-sublattice model.””

Furthermore, with an increase in the Zn concentration from
x = 0.5 to x = 1, the magnetization gradually decreases from
45.38 to 2.6 emu/g. In the ZF system, more Zn>" cations
occupy in the tetrahedral site, and thereby, the magnetic ions
of the A-site decrease a lot, the dominant inter-sublattice A—B
superexchange interaction diminishes, and accordingly, the

intra-sublattice B—B superexchange interaction strengthens.
This, in turn, results in the development of random spin
canting on the B site toward the direction of spins of the A-site,
and therefore, the magnetization decreases. It is also observed
that the behavior of the coercivity was not linear. It decreases
as the concentration of Zn** changes from x = 0 to x = 0.5, and
then, at x = 1, the value of the coercivity was maximum. The
coercivity of the ZF system is almost 2 orders of magnitude
higher than that of the NF system. The magnetic domain walls
and their magnetic moments significantly contribute to the
variations in the coercivity and magnetocrystalline anisotropy
in nanoferrites. The squareness ratio (M,/Mg) is also
calculated, and its values are shown in Table 2. It has been
reported that a squareness ratio near or above 0.5 indicates
that the material is around the single magnetic domain size and
that below 0.5 can be attributed to the formation of a
multidomain structure.”® The squareness ratios for NF and
NZF are 0.497 and 0.106, respectively, indicating that the NF
nanoparticles have a single domain structure, whereas the NZF
nanoparticles possess a multidomain structure, in which the
domain wall movement allows for an easier change in
orientation with the applied field. To understand the
correlation of magnetization with particle loading, M(H)
hysteresis loops of the PIN/Ni,_,ZnFe,O, (x = 0, 0.5, 1)
nanocomposites were recorded under an applied magnetic field
up to 30 kOe at room temperature and compared with the
respective nanoparticles, as presented in Figure 9. According to
Figure 10a—c, the magnetic nanocomposites present a
hysteresis loop similar to the ferrite nanoparticles. This reveals
the fact that the magnetic properties of the nanoparticles were
preserved in the nanocomposites since the polymeric matrix of
PIN is originally a diamagnetic material. The influence of the
nanoparticle loading in the polymer matrix on the saturation
magnetization (M,), remnant magnetization (M), coercivity
(H_), and squareness ratio (M,/My) is tabulated in Table 3. It
is worth noting that the saturation magnetization of nano-
composites is lower than that of pure ferrite nanoparticles and
depends mainly on the fraction of the magnetic nanoparticles
in the matrix. As the PIN matrix is nonmagnetic, it plays a part
in isolating the magnetic fillers, leading to the transformation
of the collinear ferromagnetic order of the magnetic nano-
particles into a noncollinear arrangement with a disruption of
the ferromagnetic order.”” Therefore, the demagnetization
effect of the matrix is notable. Interestingly, the magnetization
of the PIN/NZF nanocomposites is much higher compared to
the PIN/NF and PIN/ZF nanocomposites with the same filler
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Figure 10. Hysteresis measurements of (a) PIN/NF, (b) PIN/NZF, and (c) PIN/ZF composites with S, 10, and 15 wt % ferrite ratios at room

temperature. The inset shows an enlarged view of the M—H measurement.
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Table 3. Saturation Magnetization M, (emu/g), Remanent Magnetization M, (emu/g), and Coercivity H, (Oe) of the PIN/NF,
PIN/NZF, and PIN/ZF Nanocomposites

samples crystallite size (nm) sat. magn, M, (emu/g) remanence, M, (emu/g) coercivity H, (Oe) squareness ratio (M,/M;)
PIN/SNE 384 0.69 0.43 557 0.623
PIN/10NF 34.5 2.6 1.14 593 0.48
PIN/1SNF 30.9 1.73 1.0 584 0.578
PIN/SNZF 30.7 7.0 0.86 61.85 0.121
PIN/10NZF 23.1 22.5 2.3 45.47 0.102
PIN/15NZF 21.0 0.41 0.018 99 0.043
PIN/SZF 26.2 0.007 26
PIN/10ZF 26.1 0.02 232
PIN/15ZF 26.0 0.19 0.022 96 0.115
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Figure 11. Behavior of the real part of complex permittivity (a—c) and imaginary part of complex permittivity (d—f) of PIN and PIN/
Ni,_,Zn,Fe,0, (x = 0, 0.5, 1) nanocomposites with S, 10, and 15 filler ratios as a function of frequency.

wt % over the entire magnetic field range. Additionally, as the
content of ferrite nanoparticles in the polymer matrix increases,
the particle’s tendency toward agglomeration increases. The
formation of small clusters of nanoparticles reduces the
interfacial area, and therefore, the interfacial interaction is
weakened.”” This explains why the M, enhancement is the
strongest in the 10 wt % nanocomposites, in which the
nanoparticles are more completely dispersed, compared to 5
and 15 wt % nanocomposites. On the other hand, the
coercivity (H.) of the nanocomposites exhibits a different
behavior from saturation magnetization. For the PIN/NZF
nanocomposites, the coercivity increases with the filler content
and is slightly higher than that of the pure NZF due to the
magnetic strain of the PIN polymer chain.”' In the
nanocomposites, the diamagnetic phase of PIN acts as a
barrier for domain interactions and domain misalignment,
similar to the presence of nonmagnetic oxide additives in
ferrites, which results in a higher coercivity.”” It is known that
the interface structure, constitution, particle size and shape,
magnetic anisotropy, and magnetostriction are the main factors
that affect coercivity.70 Here, this typical behavior can be

mainly attributed to the interface structure and magneto-
strictive coupling. The magnetostrictive effect causes distortion
of the crystal lattices of NZF under an applied magnetic field,
which in turn leads to local strains or stresses between the PIN
matrix and NZF magnetic phases via intimate mechanical
contact. As a result, higher filler loading leads to higher
coercivity. Surprisingly, for nanocomposites of PIN/ZF, it is
observed that the coercivity is hardly lower compared to pure
ZF and increases up to 10 wt % filler addition and then
decreases. This trend is due to the interparticle dipolar
interaction within the PIN/ZF nanocomposites with good
dispersion of single-domain ZF nanoparticles, consistent with
the particle loading-dependent coercivity in the nanocompo-
sites. Compared with the 10 wt % nanocomposite, the lower
coercivity in the 15 wt % nanocomposite arises from the
demagnetizing role played by the dipolar interaction, as
simulated by Kechrakos and Trohidou.”””* These interactions
result in the formation of ferromagnetic clusters of particles
with low anisotropy, as explained earlier, which aids in the
magnetization reversal, and the coercivity reduces relative to
the noninteracting case. Similarly, dipolar and exchange forces

https://doi.org/10.1021/acsomega.2c00824
ACS Omega 2022, 7, 11473—-11490


https://pubs.acs.org/doi/10.1021/acsomega.2c00824?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c00824?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c00824?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c00824?fig=fig11&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c00824?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega http://pubs.acs.org/journal/acsodf
() 025 (b) o.25 (€) 0.5
* PIN —~ " PIN " PIN
-~ *» PIN/SNE o PIN/5 NZF - . PIN/SZF
. 4 PIN/10NF i 4 PIN/10 NZF & PIN
i 0204 - | = 0.20- /102F
‘E" v PINISNF | 5 v PIN/15NZF :':.’, v PIN/ISZF
] & g
ES Y £ £ 0.10- .
£ 0454 8 0154 44 - £
8 ) P ““‘M . 8
@ v @ *, SVPWIIRIC VPVTYA = N
g X o '..’ ° K . 8 v
- el 2 .‘ . I- - A g,
§ 0104 & 4, MM“‘““:“MM £ 0.10+ S tengensssssstesseet’ 8 j T g | ?v:‘ A7 :A-
i iy v H b 0057 s
: SNINE: ] e g
° " v v - "y L] ] - woee . Yoy,
£ n0s pgionc el 2 098] T | & | L TR,
" saen enngtetusest’ oteteggter
8 9 10 1 12 8 9 10 1 12 8 9 10 1 12
Frequency (GHz) Frequency (GHz) Frequency (GHz)
(d) —a—PIN/10 NF () —s—PIN/10NZF (f) 030 —a—PIN/15 ZF
0.524
0.45 4
0.48
0.25 4 /.
= T 0444 = l
w w w \T \
0.404 0.404 0.204 .
-J
0.36 x
oL
032 0.451
0-35 T T T T T T T T Ll ¥
4.25 4.30 4.35 150 355 360 365 370 3.84 3.88 392 3.96
' g '
€ &

Figure 12. Dielectric loss tangent (a—c) of PIN and PIN/Ni,_,Zn Fe,O, (x = 0, 0.5, 1) nanocomposites with S, 10, and 15 filler ratios. Cole—Cole

plot of (d) PIN/SNF, (e) PIN/10NZF, and (f) PIN/1SZF.

also compete in producing a similar trend for the concentration
dependence of the remanence in nanocomposites. In the
present study, the squareness ratio for PIN/SNF, PIN/10NF,
and PIN/15NF, which also have the highest H, values, is found
to be near and above 0.5, indicating that these samples have a
virtually single-domain structure, while all the other
compositions (lower H_.) possess ratios less than 0.5,
suggesting that these have a multidomain structure.

MA Properties. In general, the impedance matching and
attenuation characteristics of high-performance microwave
absorbers are determined by the relative complex permittivity
(¢, = ¢ — je") and relative complex permeability (u, = u’ —
ju") and the complementarities between them. The real part
(¢/ or u') is mainly dependent on the amount of electrical or
magnetic energy stored in the material, and the imaginary part
(¢” or u") is connected to the dissipation of electrical and
magnetic energy.”>’® Complex permittivity studies of PIN and
PIN/Ni,_,Zn,Fe,0, (x = 0, 0.5, 1) nanocomposites are shown
in Figure 1la—f In Figure 10, it is evidenced that PIN
nanocomposites show better dielectric performance as
compared to pristine PIN. Such enhanced dielectric
permittivity mainly arises from strong dipole orientation and
space charge polarization (interfacial polarization) developed
in the system.”” Dipoles, namely, the bound charges present in
conjugated polymers, cannot reorient themselves quickly to
respond to the applied electric field, resulting in dipole
orientation polarization.”® The incorporation of insulating
ferrites into the conducting PIN matrix may result in the
formation of more interfaces and a heterogeneous system due
to some space charges accumulating at the interface. It is worth
noting that the ¢’ and ¢” values of PIN/10 Ni,_,Zn,Fe,O, (x =
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0, 0.5, 1) composites are higher than S and 15 wt % filler
content. The higher values of ¢ and &” arise due to the
difference in the relative dielectric constant of ferrite and PIN.
This leads to the accumulation of more space charge and
thereby strong orientational polarization in composites.
Consequently, the MA of the composite will be enhanced. It
is clear that the ¢” values of all composites show an initial
gradual increase up to 8.5 GHz and then decrease sharply
between 8.5 and 9 GHz. Furthermore, the composites
introduce a broad band between 9 and 11 GHz, then decrease,
and finally show a marginal increase from 11.5 GHz onward.
The reason for such fluctuations can be explained as the fall off
in the ability of the dipoles to maintain the in-phase movement
with the electric vector of the incident EM wave, which
pulsates rapidly.”” The dielectric tangent loss (tan &,) of PIN
and PIN/Ni,_,Zn,Fe,0, (x = 0, 0.5, 1) composites nano-
composites were calculated based on the data shown in Figure
1la—f, and the results are shown in Figure 12a—c. As
demonstrated in Figure 12, the tan o, values of the PIN/
10NZF nanocomposite are higher than those of all other
samples. Another interesting phenomenon is that the tan &,
value of composites shows weak fluctuations at a low frequency
(8—9 GHz)and a strong peak at a high frequency (11—12
GHz), and each semicircle is related to a Debye dipolar
relaxation.””*" Figure 12d—f shows the curve characteristics of
¢’ versus ¢” (Cole—Cole plot) for the PIN/SNF, PIN/10NZF,
and PIN/15ZF samples. It can be seen that the PIN/10NZF
composite with well-dispersed nanoparticles displays ternary
dielectric relaxation processes and contributes to the enhance-
ment of MA in the composite.”" Ferrite nanoparticles in the
PIN matrix have an enormous number of interfaces and
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Figure 13. Behavior of the real part of complex permeability (a—c) and imaginary part of complex permeability (d—f) of PIN and PIN/
Ni,_,Zn,Fe,0, (x = 0, 0.5, 1) nanocomposites with S, 10, and 15 filler ratios as a function of frequency.
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Figure 14. Magnetic tangent loss (a—c) of PIN and PIN/Ni,_,Zn Fe,O, (x = 0, 0.5, 1) nanocomposites with S, 10, and 15 filler ratios. The value
C, of (d) PIN/NF, (e) PIN/NZF, and (f) PIN/ZF nanocomposites as a function of frequency.

defects, such as vacancies and microporosities, which can cause
a change of positive and negative space charge distribution at
the interfaces.*” Under a sufficient electromagnetic field, the
electrons that reside on the nitrogen atoms of the may gain
enough energy to surmount the interfaces, thus resulting in the
formation of an additional relaxation process. Figure 12d,f
shows that the Cole—Cole semicircles are distorted, suggesting
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that besides the dielectric relaxation, other mechanisms such as
conductance loss and the interfacial polarization, may
contribute to the permittivity spectra too.”> That is to say,
dielectric relaxation processes and interfacial polarization are
expected to result in the enhancement of dielectric loss.**
Figure 13a—f shows the variation in the real (u’) and
imaginary (u”) parts of permeability with frequency for PIN
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and PIN/Ni,_,Zn,Fe,O, (x = 0, 0.5, 1) nanocomposites at S,
10, and 15 wt % filler ratios. It can be observed that the y’ and
p#" values of PIN nearly remain constant over the whole
frequency range. However, the y' and u” values of all PIN/
Ni,_,ZnFe,0, (x = 0, 0.5, 1) nanocomposites exhibit a
gradual decrease with the increase of frequency at the low-
frequency region and further change into a rapid descending
slope at the high-frequency region. It is also observed that the
p” values for the PIN/1SNF and PIN/SNZF composites show
peaks at higher-frequency regions. The maximum value of p¢” is
0.98 at 11.8 GHz for PIN/15NF and 0.5 at 11.5 GHz for PIN/
SNZF, respectively. The p' and p” values of each nano-
composite are higher than those of nonmagnetic PIN over the
whole frequency range. It is noted that the ' and p” values of
the PIN/10NZF composite are higher than those of all other
samples, which confirm the existence of greater magnetic losses
in the nanocomposite. It is well known that magnetic
parameters such as saturation magnetization (M,) and
coercivity (H,) cannot be directly linked with magnetic loss,
whereas initial permeability (1), is usually linked to predict the
magnetic loss ability’® and can be expressed by

M2
K= (aKHM,) + bit (2)

where a and b are two constants determined by the material
composition, 4 is the magnetostriction constant, and 7 is an
elastic strain parameter of the crystal. From eq 2, it can be
concluded that initial permeability can be enhanced either by
increasing saturation magnetization or by reducing coercivity.
It is evident from Table 2 that the PIN/10NZF composites
have high M, and low H, values and result in higher magnetic
loss values. As shown in Figure 13a—f, the ¢’ and u” values of
PIN/SNZF and PIN/15ZF nanocomposites are negative at the
high-frequency region, indicating the eddy current effect and
strong magnetic resonance loss in the microwave region for
these composites. The negative " values arise from induced
magnetic energy going out of the absorber; meanwhile, the
incident electromagnetic energy is consumed in the absorber
due to the eddy current loss. The magnetic loss tangent (tan
8,) of PIN and PIN/Ni,_,ZnFe,O, (x = 0, 0.5, 1) was
calculated based on the data (Figure 13a—f), and the results
are shown in Figure 14a—c. It can be seen that tan 6, = u"/p’
of all composites gives a constant value at a low-frequency
region and then exhibits a large drop at 11.7 GHz, which
corresponds to the rapid descending slope in " and u” curves.
Generally, hysteresis loss, domain wall resonance, natural
ferromagnetic resonance, and eddy current effect are the main
reasons for the magnetic loss in micro-/nanostructured
materials.”” In our system, the contributions from eddy
current effect and natural resonance are taken into
consideration because the hysteresis loss comes from
irreversible magnetization and is imperceptible in the weak
EM field, whereas domain wall resonance is only found to
occur in multidomain materials at a much lower frequency (1—
100 MHz).””® The eddy current loss of a magnetic particle
with diameter D, less than the skin depth, is revealed by the
equation
’ 12
W wfbD
— x

u P (3)

where f is the applied frequency and p is the electric resistivity
of the particle. It is well known that if the magnetic loss results

from the eddy current effect, the variation of C, (C, =
" (1) 7> 1) with frequency should be constant. As shown in
Figure 14d—f, the values of C, remain approximately constant
in the frequency range of 8.0—11 GHz. However, when f > 11
GHz, the curves show slight fluctuations. Thus, it can be
concluded that the magnetic loss at the low-frequency range is
caused by the eddy current effect, and the peaks at the high-
frequency range are ascribed to the natural resonance. It is also
noted that PIN/SNZF and PIN/15ZF show much stronger
fluctuation in the high-frequency region.

The MA property of an absorber material is measured by the
parameter reflection loss (RL), which is obtained from the
following equations based on transmission line theory”®

2
Z.=2Z, L3 tanh[f(ﬂJ //trsr}
g c

T

(4)

- Z,
+ Z,

in

RL (dB) = 20 log

in

(5)

where Z;, is the normalized input impedance of the absorber,
Z, is the impedance of free space, p, and ¢, are the relative
complex permeability and permittivity of the absorber,
respectively, ¢ is the velocity of light, and d is the thickness
of the absorber. It is noticed that when the RL of the absorber
is lower than —10 dB, more than 90% of the electromagnetic
energy is absorbed, and this area can be seen as an effective EA
bandwidth. Figure 1S5 shows the calculated theoretical RL of
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Figure 15. MA properties of PIN and PIN/Ni,_,Zn,Fe,0, (x = 0,
0.5, 1) nanocomposites with S, 10, and 15 filler ratios.

the PIN and PIN/Ni,_,Zn,Fe,O, (x = 0, 0.5, 1) nano-
composites with filling amounts of S, 10, and 15 wt % in the
8—12 GHz frequency range (X band). The results demonstrate
that the as-synthesized PIN/1ONZF and PIN/1SZF nano-
composites show a better MA performance than those of the
pristine PIN and other composites. The PIN/10NZF and
PIN/1SZF composites exhibit a maximum absorption of
—30.52 dB at 9.86 GHz and —33.08 dB at 11.3 GHz,
respectively. This may be attributed to the heterogeneous
interfaces between the PIN and nanoparticles, as well as the
good dispersion of ferrite nanoparticles in the PIN matrix.
Furthermore, the better performance of a microwave absorber
is mainly due to the good matching between dielectric loss and
magnetic loss and thereby matching of impedance upon the
irradiation on the surface of the material.

Microwave Shielding Performance. The SE of PIN and
PIN/Ni,_,Zn,Fe,0, (x = 0, 0.5, 1) with the filling amounts of
S, 10, and 15 wt % in the 8—12 GHz frequency range (X band)
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Figure 16. Microwave shielding (SE1) behavior of (a) PIN/NF, (b) PIN/NZF, and (c) PIN/ZF nanocomposites with S, 10, and 15 w % ferrite

ratios.

is presented in Figure 16. The SE is measured as the ability of a
material to attenuate the intensity of EM waves,”” and the total
SE (SEr) is the summation of shielding by absorption (SE,),
reflection (SEg), and multiple reflections (SEyg) and is
expressed as’ >

SEr = SE, + SEg + SEyn (6)

The SEr, SEg, and SE, can be estimated using scattering
parameters (S;; or S,, and S;, or S,;) obtained by vector
network analyzer (VNA) and are expressed as

1 1
SE; (dB) = 10log —- = 10 log ——
Siz S31

)

SE; (dB) = 101log

1-8) (8)
_ 2
SE, (dB) = 101log U
Sh ©)

The SEp of pristine PIN is only 2.07 dB, presenting poor
shielding property. As compared to the lower SE} of PIN, the
SEr of the composite increases, with the filler content
exhibiting excellent frequency stability in the measured
frequency range. Pure PIN is nonmagnetic, and its
contribution to MA is mostly because of dielectric loss.
Therefore, the composite using PIN and ferrite exhibits both
enhanced dielectric losses and magnetic losses in a wide
frequency range because of enhanced interfacial polarization
between the ferrite nanoparticles and PIN. By comparing these
curves, it is found that upon increasing the addition of ferrite
nanoparticles to PIN from S to 10 wt %, the SE value was
significantly enhanced. For the PIN/NF composites, the SE
improves from 1.08 to S.1 dB, whereas for the PIN/NZF
composites, the respective enhancement is from 3.2 to 11.1 dB.
Upon further increase of the filler amount to 15 wt %, the SE
of PIN/NF and PIN/NZF nanocomposites reduced to 4.1 and
9.2 dB, respectively. However, the SE; value of PIN/15ZF
improved to 7.59 dB. Surprisingly, the PIN/10NZF composite
showed a much improved SE of 11.6 dB in comparison to
other composites. When the material used as the EMI shield
tends to be conductive, it does not imply that conductivity is
the critical criterion for EMI shielding as conduction requires
connectivity between the fillers.”” The dependence of SE on

the conductivity can be expressed as'>”’

@0
SE, (dB) = 20% loge = 20d %loge

(10)

11487

SE; (dB) = 10 log _%ac
louwe, (11)

where d is the thickness of the shield, y, is the magnetic
permeability, 6 is the skin depth, o, = weye” is the frequency-
dependent conductivity, £” is the imaginary part of permittivity
(dielectric loss factor), @ is the angular frequency (w = 2xf),
and &, is the permittivity of the free space. The magnitude of
SE, is dependent on the product of the electrical conductivity,
dielectric permittivity, and permeability of the shield material.
The sample with 10 wt % of ferrite in PIN shows an evident
electrical conductivity enhancement, combined with the SE
results. At this loading, nanoparticles within the matrix closely
interact due to the excellent dispersion of nanoparticles and
thereby form more effective conductive networks. This implies
that electrical percolation is one of the necessary conditions for
shielding.”” Hence, we can construct multilayered composites
that will definitely show better shielding due to increased
attenuation of EM waves through impedance mismatch at the
interface of two composites. A greater impedance mismatch
increases the reflectance of EM waves into the composite,
resulting in improved attenuation of the EM wave before it
propagates through the multilayered stack.”® In general, the
intrinsic electrical conductivity of the conjugated polymers in
the MA band (100 MHz to 20 GHz) can make them very
promising materials. Therefore, it can be suggested that a
combination of a conducting PIN matrix with Ni,_,Zn, Fe,O,
(x = 0, 0.5, 1) ferrite nanoparticles can balance impedance
matching conditions and offer microwave shielding at the other
frequency range beyond 8—12 GHz.

B CONCLUSIONS

Nanocomposites consisting of Ni, ,Zn Fe,O, nanoparticles
incorporated in PIN were successfully synthesized by the in
situ emulsion polymerization method. The as-prepared nano-
composites were characterized through Fourier transform
infrared spectroscopy (FTIR), UV—vis spectroscopy, XRD,
SEM, HRTEM, and VSM. The as-prepared nanocomposites
exhibit efficient MA properties with a minimum RL of up to
—33 dB. The PIN/10 NZF nanocomposite demonstrates
strong microwave shielding properties in 8—12 GHz with a
SET value of 11.5 dB, and this high shielding property mainly
results from the high dielectric and magnetic losses in the
composites. The magnetic and MA properties depend on the
concentration of the Ni,_,Zn,Fe,O, nanoparticles in the
polymer composite. These nanocomposites can offer an
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effective way to design high-performance functional materials
to facilitate the research in electromagnetic shielding and MA.
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