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Abstract

The structural, morphological, and magnetic properties of Ce-doped NiCo,04 (Ce-NiCo,04) spinel nanopowders synthesized via sol-gel
autocombustion followed by annealing at 700 °C were systematically characterized using X-ray diffraction (XRD), Fourier transform
infrared spectroscopy (FTIR), vibrating sample magnetometry, and scanning electron microscopy. XRD analysis revealed the formation
of a single-phase cubic spinel structure with the Fd3m space group. The introduction of Ce into the NiCo, Oy lattice increased the lattice
parameter from 8.090 A to 8.312 A and reduced the crystallite size from 36 nm to 14 nm. Two prominent FTIR absorption bands
were observed around 600 and 550 cm ™!, corresponding to octahedral and tetrahedral sites, respectively. A linear relationship between
magnetization and applied field was observed, confirming the paramagnetic nature of all samples at room temperature. Ce-NiCo0,04
nanopowders were blended with polyvinyl alcohol (PVA) and reduced graphene oxide (rGO) to fabricate thick composite films for
electromagnetic interference (EMI) shielding in the X-band frequency range (8—12 GHz). The synergistic combination of magnetic Ce-
NiCo,04 nanopowders, conductive rGO, and the flexible PVA matrix resulted in an enhanced EMI shielding performance. Our results
suggest that Ce-NiCo,04/PVA/rGO thick films are promising lightweight, flexible, and efficient EMI shielding materials for electronic
and telecommunication applications.
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1. Introduction To further improve the functional properties of
NiCo,04, numerous researchers modified NiCo,04, by
doping with rare-earth elements. The addition of rare earth
elements, with a larger ionic radius, into the spinel lattice
induces phase transformations and generates new phases
that alter the material’s properties. In particular, magnetic
properties in cerium- doped ferrites are significantly influ-
enced by interactions between Ce and Fe ions, attributable
to the high angular momentum and unpaired 4f electrons
of Ce*" ions. Cerium typically exhibits a zero-oxidation
state with the electron configuration [Xe]4f!5d'6s?, which
changes to [Xe]4f25d°6s” upon oxidation to Ce**. How-
ever, the unstable Ce*" state tends to stabilize as Ce* with

In this arrangement, oxygen gnior}s form a close-p ac.ked a configuration of [Xe]4f'5d°6s’. The strong 4f-3d cou-
face-centered cubic lattice, while nickel and cobalt cations pling between C o3 and Fe ions markedly modifies Ce-Fe

occupy two different types of interstitial sites: tetrahedral interactions [4,5]. Ferroelectric and ferromagnetic behav-
(A). and octahedral (B). Typzlfglly, NICOZO‘,‘ is considered iors arise from the spin interactions of 3d electrons during
an inverse spinel, where Ni" ions predominantly occupy Fe-Fe coupling, while the partial substitution of Fe** by
. . . 3+ . . 9
the octahedral sites (B sites), while C,O, fons are Sgilt. be- rare earth ions (4f elements) generates 3d-4f coupling, facil-
tween octahedral and tetrahedral p051.t10ns, and CQ ions itating electron hopping that governs these magnetic prop-
are usually f;)unq at tt_le titrahe.:dral s1tes.. The unlc;ue ar erties in spinel ferrites. Saturation magnetization decreases
rangement o cat'lons mn t_ ¢ NICOZO“. (Fig. 1, Ref. [3]) with increased substitution of non-magnetic Ce*" ions in
results in distinctive electrical, magnetic, and electrochem- the octahedral sites, displacing some Fe3* (5 uB) ions from
ical properties, making it a promising material for applica- tetrahedral sites to octahedral ones [6,7]. Despite Ce** pos-

tions su'ch as ek?ctrocatalysw, energy storage, and electro- sessing a magnetic moment (2.54 uB) larger than that of
magnetic shielding.
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NiCo,04 (nickel cobaltite) nanoparticles have at-
tracted considerable interest due to their unique spinel struc-
ture and superior electrochemical activity, electrical con-
ductivity, and chemical stability, making them highly ef-
fective for applications in energy storage, catalysis, and en-
vironmental remediation [1]. Their mixed valence states
of nickel and cobalt contribute synergistically to enhanced
charge transport and catalytic properties compared to their
single- metal oxide counterparts [2].

NiCo, 0y crystallizes in the spinel structure, which be-
longs to the cubic crystal system with space group Fd3m.
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Fig. 1. Structure of NiCo0,04 spinel oxide [3].

Zn?" (0 uB), Ce3" shifts toward the tetrahedral site, and co-
doping concentration leads to an overall increase [8,9]. The
preference of Ce to occupy octahedral B-sites causes Fe®"
ions to move to A-sites, creating internal strain, expanding
the lattice parameter, and causing lattice deformation [10].

Beyond magnetic applications, cerium nanoparticles
also exhibit effective antibacterial activity through re-
versible redox transitions between Ce*" and Ce*" states, of-
fering potent antimicrobial performance with lower toxic-
ity [11]. Cerium oxide nanoparticles are distinguished by
their dynamic redox behavior, easily transitioning between
Ce** and Ce*" oxidation states. This reversible redox cy-
cling facilitates the formation of oxygen vacancies and ac-
tive sites, thereby enhancing catalytic, antioxidant, and an-
timicrobial activities. Their unique cubic fluorite structure
and nanoscale surface properties enable enzyme-like func-
tions that can mitigate oxidative stress and promote cat-
alytic reactions. Consequently, cerium nanoparticles ex-
hibit significant potential in biomedical and environmen-
tal applications, demonstrating strong antibacterial efficacy
while maintaining relatively low toxicity [5,12]. The Ce*"-
substituted Zn-ferrites exhibit reasonable microwave ab-
sorption due to their combination of high saturation magne-
tization and low coercivity [11,13]. Additionally, cerium-
doped NiCo,04 materials display refined particle mor-
phologies and reduced grain sizes, leading to increased sur-
face areas and enhanced reactivity [14,15].

Despite numerous studies on NiCo,O4 spinel ox-
ides and polyvinyl alcohol (PVA)/reduced graphene ox-
ide (rGO) composites separately, limited research has
been conducted on the integration of Ce-doped NiCo0,04
nanopowders with PVA/rGO matrices for electromagnetic
interference (EMI) shielding applications. The synergis-
tic combination of magnetic spinel oxides with conduc-
tive graphene derivatives in a flexible polymer matrix is
expected to provide superior EMI shielding performance
through complementary absorption mechanisms.

In this study, we report the synthesis of Ce-doped
NiCo,04 spinel oxide nanopowders using a sol-gel auto
combustion method followed by calcination at 700 °C. The
present composition CexNiCo, xO4 (x =0.0, 0.05, 0.1) was
chosen in such a way that of Cobalt ions are possibly re-
placed by Cerium ions. While the differing oxidation states
of Ce (3+, 4+) and Co (2+, 3+) present a potential for charge
imbalance, the stoichiometry was maintained by assum-
ing Ce** replaces Co*" ions, with any excess charge from
Ce*" being balanced by the intrinsic mixed-valence nature
of the Ni/Co cations and the formation of oxygen vacan-
cies during the high-temperature calcination at 700 °C. The
structural, morphological, optical, and magnetic properties
of the synthesized nanopowders were investigated. Sub-
sequently, the Ce-doped NiCo,O4 nanopowders were in-
tegrated with PVA and rGO to fabricate thick film com-
posites, which were characterized for their EMI shielding
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Fig. 2. Schematic representation of the synthesis of Ce-substituted NiCo,O4 nanoparticles and fabrication of thick composite

films.

performance using vector network analyzer measurements.
The effects of cerium doping on the spinel structure and
contributions of magnetic nanopowders, rGO, and PVA to
EMI shielding mechanisms are systematically discussed.

2. Materials and Methods
2.1 Synthesis of Ce,NiCo,.,O4 Nanoparticles

The stoichiometric amounts of cobalt nitrate hex-
ahydrate Co(NO3), ‘6H,O (Merck, New Delhi, India),
nickel nitrate hexahydrate Ni(NO3), -6H,O (Merck), and
cerium nitrate hexahydrate Ce(NO;3); -6H,O (Merck)
are used without any further purification to synthesize
CexNiCo,.404 (x = 0.0, 0.05, 0.1) nanoparticles. The indi-
vidual metal nitrates were weighed and stirred continuously
for one hour by mixing the required amount of metal nitrates
in a minimum amount of deionized water and ethanol to ob-
tain a clear solution. Further, citric acid (C¢HgO7, Merck)
was added to the above metal nitrate mixture in the ratio 1:1
to act as a chelating agent (molar ratio of metal nitrate mix-
ture to citric acid) at 70 °C temperature, and a few drops
of NH4OH solution were added to maintain the pH at 7.
Further, the solution was gradually converted into a thick,
brown, viscous gel, and with time, the gel self-ignited and
a grey-colored ash was obtained. The Schematic procedure
of synthesis and making thick composite films is demon-
strated in Fig. 2.

2.2 Fabrication of Ce-NiCo,0,4/PVA/rGO Thick Films

PVA was dissolved in deionized water at 80 °C under
continuous stirring for 1 hour to obtain a homogeneous PVA
solution. Graphene oxide was dispersed in deionized water

&% IMR Press

using ultrasonication for 30 min to ensure uniform disper-
sion. The rGO dispersion was then mixed with the PVA so-
lution under magnetic stirring. Appropriate amounts of Ce-
doped NiCo,04 nanopowders were ultrasonicated 30 min
in ethanol medium and dried. Later, these dried powders
were added to the PVA/rGO mixture and ultrasonicated for
20 min, followed by magnetic stirring for 15 min to achieve
uniform distribution of the nanofiller in the polymer ma-
trix. The resulting suspension was cast onto glass substrates
and dried at room temperature for 24 hours and obtain free-
standing thick films.

2.3 Characterization Techniques

The synthesized samples were characterized utilizing
a Bruker (D8-Advance) x-ray diffractometer (Bruker Corp.,
Billerica, MA, USA) with a Cu-Ka radiation source (A =
1.5405 A) for phase analysis in the range of 10° to 90° at a
scanning rate of 0.05°/min. Usinga TESCAN MIRA (Brno,
Czech Republic) scanning electron microscopy (SEM), pic-
tures of scanning electron microscopy and energy disper-
sive spectroscopy were captured. To investigate vibrational
modes of metal-oxygen bond, the Fourier transform in-
frared (FTIR) spectroscopy in the wavenumber range of
400-4000 cm™! was studied using a Shimadzu IR Prestige-
21 FTIR Spectrophotometer (Kyoto, Japan) with KBr pel-
lets. Magnetic measurements were performed using a Vi-
brating Sample Magnetometer (VSM) module in a Phys-
ical Property Measurement System (PPMS, Quantum De-
sign) at room temperature with a maximum applied field of
+20 kOe. The electromagnetic interference shielding effec-
tiveness of the composite films was measured using a vec-
tor network analyzer (VNA) Keysight PNA/ENA equipped
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Fig. 3. X-ray diffraction patterns of Ce-substituted NiCo,O4 spinel oxide.

(Keysight Technologies, Inc., Santa Rosa, CA, USA) with
waveguide adapters in the frequency range of 8-12 GHz
(X-band).

3. Results
3.1 Structural Properties

X-ray diffraction patterns of the undoped NiCo,04
and Ce-doped spinel oxides (Cego;NiCo;9504 and
Ce.1NiCo; 904) are presented in Fig. 3. The diffraction
peaks observed at 20 values around 18°, 31°, 36°, 38°, 44°,
55°, 59°, and 65° correspond to the (111), (220), (311),
(222), (400), (422), (511), and (440) planes, respectively.
These peaks match well with the cubic spinel structure
of NiCo,04 (Joint Committee on Powder Diffraction
Standards (JCPDS) card no. 20-0781), confirming the
successful formation of the inverse spinel phase [16,17].

Lattice Constant and Crystallite Size

The experimental lattice constant was determined by
using standard Bragg’s equation and listed in Table 1 [18].

teapt = d (\/hz TR 12) 1)

where (h, k, 1) represent the Miller indices corresponding
to the crystal planes interacting with the x-rays. The aver-
age size of the crystallites (D) was determined by analyzing
the broadening of the peaks in the X-ray diffraction (XRD)
patterns using two methods: the Debye-Scherrer equation
(Eqn. 2) and the Williamson-Hall (W-H) method Eqn. 3
[19,20].

2

where ‘k’ is the shape factor (usually 0.9), ‘A’ represents
the wavelength of the x-ray source (Cu-Ka radiation), and
the peak width at half maximum intensity (FWHM) is mea-
sured in radians. Since the broadening of XRD peaks
(FWHM) can be influenced by various factors like the in-
strument and internal strain within the crystal lattice (micro
strain), the Williamson-Hall method was also used to esti-
mate the average crystallite size.
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Table 1. Composition (x), lattice constant (aexp), volume, density (D) and crystallite size of Ce-doped NiCo,4O4 spinel oxide.

Lattice

Composition constant constant constant

X-ray  Crystallite size (nm)
W-H
311
glce method
3.1 36 13
29 20 18
2.7 14 16

Ce (x) Aexp (A) (A)3
0 8.090 529.7
0.05 8.125 536.3
0.1 8.312 574.2
Beost 1
A D
4esinf 3)
A

This method takes into account both crystallite size
and micro-strain effects, providing a complete and more ac-
curate estimate of the crystallite. The calculated crystallite
sizes are listed in Table 1.

3.2 Infrared Spectra Studies

Fig. 4 shows characteristic vibrational modes of Ce-
doped NiCo,04 nanoparticles and their compositional vari-
ations in the range 400 cm™! to about 1200 cm™!. These
bands at ~550 cm™ and ~600 cm™ are assigned to the
metal-oxygen (M—O) vibrations typical of spinel structures
[21].

3.3 Surface Morphology and Grain Size Analysis

Fig. 5 shows Scanning electron microscope images of
Ce-doped NiCo,04 spinel oxide nanoparticles. It is clear
that all the samples exhibit irregular morphology, which
is typical for materials synthesized via the sol-gel auto-
combustion method. The elemental composition and sto-
ichiometric purity of the synthesized Ce-doped NiCo, xO4
nanoparticles were verified using Energy Dispersive X-ray
(EDX) analysis.

3.4 Magnetic Properties

Fig. 6 shows the room-temperature magnetization
versus applied magnetic field of Ce-doped NiCo,04 spinel
oxide nanopowders. As evident from the figure, all samples
show magnetization (M) as a function of applied field (H)
passing through the origin, indicating a linear relation that
is typical of paramagnetic materials.

3.5 EMI Shielding Performance

The electromagnetic interference shielding effective-
ness of Ce-doped NiCo0,04/PVA/rGO composite films was
evaluated using vector network analyzer measurements in
the X-band frequency range (8—12 GHz) are shown in Fig.
7. The total shielding effectiveness (SE_T) and its compo-
nents, reflection loss (SE_R) and absorption loss (SE_A),
were calculated from the measured scattering parameters
(S and S,;) using standard [22]:

&% IMR Press

SEr = —10logio (Pr/Pr) = —10logio| So1 | (4)
SEr = ~10logio (1~ | Su1 ) 5)

SEA = —10logyo (\ Sor |2/ (1 —| S |2)) (6)

where Py and Pr are the incident and transmitted power, re-
spectively.

4. Discussion
4.1 Structural Analysis

All samples, including those doped with Cerium, pre-
serve the spinel crystalline structure with no additional
peaks, indicating that Ce doping does not introduce sec-
ondary phases or impurities. This suggests that Cerium ions
are incorporated into the NiCo, Oy lattice sites without al-
tering the fundamental crystal structure. The peak intensi-
ties for the (311) and (400) reflections decrease marginally
with increasing Ce concentration, indicating a slight reduc-
tion in long-range crystallinity. The absence of additional
peaks confirms the phase purity of the doped nanoparti-
cles, essential for consistent magnetic and electronic prop-
erties. The calcination temperature of 700 °C was selected
to achieve high crystallinity and complete phase formation
of the spinel structure while ensuring the removal of all or-
ganic precursors from the sol-gel process. This tempera-
ture is critical for ensuring that Ce ions are successfully dif-
fused into the NiCo,04 host lattice without the segregation
of CeO,. To provide a quantitative assessment of the struc-
tural modifications, the peak intensity ratios for the most
prominent reflections were analysed. The intensity of the
(311) peak was compared against the (220) and (440) peaks
and listed in Table 2. For the pure NiCo,04 sample, the
I311/1p0 ratio was determined to be 1.52 and the I31/I44¢
ratio was 1.61. Upon Ce doping at x = 0.05, these ratios
were calculated as 1.51 and 1.63, respectively. However,
at the higher doping level of x = 0.1, a significant shift was
observed, with the I3;,/15;¢ ratio increasing to 2.38 and the
I311/I44¢ ratio reaching 2.26. This pronounced change in the
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Fig. 4. FTIR spectra of Ce-substituted NiCo, 4 spinel oxide nanoparticles. FTIR, Fourier transform infrared spectroscopy.

relative intensities of the diffraction planes confirms that the
incorporation of Ce ions—which exhibit a significant shift
toward lower 26 values due to lattice expansion—results in
a redistribution of the host Ni and Co cations. These results
are in strong agreement with the FTIR data, indicating that
the substitution-induced strain alters the structure factor of
the spinel lattice by favouring Ce occupancy in the larger
octahedral B-sites.

Table 2. XRD peak ratios of Ce-doped NiC0,0; .

Composition (x) I311/I0  I311/1440
0.00 1.52 1.61
0.05 1.51 1.63
0.10 2.38 2.26

XRD, X-ray diffraction.

Lattice Constant and Crystallite Size

It was found that (Table 2) the lattice constant in-
creases as the dopant concentration Ce rises. This system-
atic rise in lattice constant with Ce content is consistent with
Vegard’s law, where the lattice constant varies linearly with

the ionic radii of the substituent cations and their concen-
tration. In the present work, a larger ionic radius of Ce**
(1.01 A) replacing Co*" (0.6 A) internal strain and lattice
deformation, which accounts for the shift in XRD peaks to-
ward lower values. The stability of the single-phase cu-
bic spinel structure, as confirmed by XRD, indicates that
the lattice accommodates Ce ions without modifying spinel
phase. The charge neutrality in the Ce -doped system is
likely governed by the transition of Ni** to Ni?* or through
the generation of oxygen vacancies. These vacancies not
only assist in charge compensation but also contribute to
the lattice expansion (from 8.090 A to 8.312 A) observed
in Table 1. The substitution of larger Ce** ions (1.01 A) for
smaller Co>" ions (0.60 A) introduces lattice strain and lo-
cal distortion within the spinel lattice. These structural per-
turbations hinder atomic diffusion and grain growth during
the combustion and subsequent heat-treatment process. As
a result, nucleation dominates over grain coarsening, lead-
ing to smaller crystallites. Furthermore, the citric acid to
metal nitrate molar ratio (1:1) was optimized to control the
combustion enthalpy. This environment promotes rapid nu-
cleation, while the presence of larger Ce ions at the grain
boundaries acts as a pinning agent, effectively inhibiting
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scanning electron microscopy; EDS, energy dispersive spectra; scale bar = 500 nm.
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Fig. 7. EMI shielding effectiveness due to (A) absorption and (B) reflection of NiCo,O4/PVA/rGO composite films, where (a,d) x
=0.00, (b,e) 0.05 and (c,f) 0.1. EMI, electromagnetic interference; PVA, polyvinyl alcohol; rGO, reduced graphene oxide.

grain coarsening and resulting in smaller crystallite sizes 4.2 FTIR Spectra Analysis
(14 nm) compared to the undoped sample (36 nm).
From the Fig. 4, the peak near 550 cm™! corresponds
to the stretching vibrations of Co—O bonds in tetrahedral
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Table 3. Composition (x), Tetrahedral and octahedral peak positions, force constants and average grain size of Ce-doped
NiCo,0y4 spinel oxide nanoparticles.

Vibrational band (cm™')  Force constants (dyne/cm)

Composition (X) Tetrahedral Octahedral

Avg. grain size (nm)

Ko
vl v2
0 650 548.9 192,064 188,175 462
0.05 653.5 550.9 205,652 180,901 445
0.1 659.4 552.9 223,515 180,811 409

sites, while the peak around 600 cm™ relates to Ni-O vi-
brations in octahedral sites of the inverse spinel lattice.
This confirms the formation of the NiCo,O4 inverse spinel
structure. The variation in intensity of peaks suggests that
Cerium incorporation into the lattice affects the local bond-
ing environment and may enhance the M—O linkages or in-
crease crystallinity. The peak near 600 cm™ shifts slightly
toward higher wavenumbers in the doped samples. This
shift can be attributed to lattice distortion caused by the re-
placement of Ni or Co ions with larger Ce ions, which al-
ters bond lengths and force constants (listed in Table 3). No
significant peaks indicating impurity phases are observed,
suggesting that the phase purity of the doped nanoparti-
cles. The increase in tetrahedral force constant (K;) and
wavenumber (v1) supports redistribution of cations toward
octahedral sites, correlated with Ce ions' preference for B
site occupancy.

4.3 Microscopic and Elemental Analysis

It is clear from Fig. 5 that the agglomeration in all the
samples is attributed to the high surface energy of nanopar-
ticles and magnetic interactions between particles [23]. The
average grain size was estimated using Image J software
V4.1 (https://imagej.net/ij/) and listed in Table 3. The aver-
age grain size decreases with an increase in cerium doping
from 462 to 409 nm. This trend suggests that cerium dop-
ing effectively inhibits grain growth in NiCo,04, possibly
due to the segregation of cerium ions at the grain bound-
aries. The micrographs also indicate a porous microstruc-
ture feature resulting from the synthesis process. During
the self-ignition of the viscous gel, the rapid decomposi-
tion of the metal nitrate precursors and citric acid fuel leads
to the evolution of a substantial volume of gases. These
gases escape the reaction mixture, leaving behind a highly
porous and ‘fluffy’ ash structure. This combination of fine
grain size, intentional agglomeration, and inherent poros-
ity is particularly favorable for EMI shielding applications.
It increases the functional surface area and adjusts the di-
electric and magnetic loss mechanisms within the resulting
thick film composites [3,6].

From energy dispersive spectra (EDS) spectra (Fig.
5) the undoped sample (x = 0), the atomic ratio of Ni,
Co, and O was found to be approximately 14.3%, 28.6%,
and 57.1%, respectively. These values are in excellent
agreement with the theoretical 1:2:4 ratio expected for the
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NiCo,0;4 inverse spinel structure. As the cerium concentra-
tion increases, a systematic variation in the elemental dis-
tribution is observed. In the x = 0.05 sample, the cerium
content was detected at 0.7 At. %, while the cobalt per-
centage decreased to 27.9 At. %, confirming that Ce ions
successfully substitute for Co within the lattice. This trend
is further intensified in the x = 0.1 composition, where the
cerium content reaches 1.5 At. % and the cobalt content fur-
ther reduces to 27.2 At. %. Notably, the nickel and oxygen
percentages remained nearly constant across all composi-
tions, indicating that cerium preferentially replaces cobalt
ions without disrupting the overall spinel framework. The
absence of any extraneous peaks in the EDS spectra further
confirms the high purity of the synthesized nanopowders,
consistent with the phase purity observed in the XRD re-
sults.

4.4 Magnetic Properties

It is well known that NiCo,O4 spinel oxides typically
exhibit nearly linear, non-saturating magnetization at room
temperature without prominent hysteresis. The transfor-
mation of the magnetic state upon Ce substitution can be
explained through the modification of super-exchange in-
teractions based on Neel’s molecular field theory. In the
NiCo,0;4 inverse spinel structure, magnetic moments arise
from the coupling between cations in the tetrahedral (A)
and octahedral (B) sites. The net magnetic moment (M)
is defined as M = [Mp — My|. The introduction of Ce**
ions, which possess a larger ionic radius (1.01 A), leads to
their preferential occupancy of the B-sites, as confirmed by
our XRD intensity ratio analysis (I31/I52¢). This occupancy
forces a redistribution of the host Ni and Co ions. Since
Ce** has a distinct electronic configuration compared to the
transition metals it replaces, its presence weakens the A-B
exchange coupling strength.

The linear M-H relationship confirms that the sub-
stitution of Ce disrupts the long-range ferrimagnetic or-
dering typical of nickel cobaltite. This paramagnetic or
weak ferrimagnetic response is due to the mixed-valence
states of Ni and Co, which create antiferromagnetic ex-
change interactions between tetrahedral and octahedral
spinel sites, thereby suppressing long-range ferromagnetic
order. Williamson-Hall analysis confirms that cerium sub-
stitution reduces the crystallite size from 36 nm to 14 nm.
In the ultrafine regime (14 nm), the high surface-to-volume
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ratio results in a ‘magnetically dead’ surface layer where
spins are disordered and cannot contribute to long-range
magnetic ordering at room temperature. This interpretation
is consistent with studies on rare-earth substituted spinels
[24]. The localized 4f electrons of the rare-earth ions typi-
cally provide weaker exchange interactions than the 3d-3d
coupling of transition metals, ultimately manifesting as the
paramagnetic behavior observed in our M-H results. Fur-
thermore, the coexistence of Ce*" and Ce*' ions, which
possess larger ionic radii, facilitates their preferential occu-
pancy of octahedral sites [8]. This occupancy induces sub-
stantial local strain and disrupts the cation ordering, effec-
tively weakening the super-exchange interactions between
the A and B sites that typically underpin ferrimagnetism.
The introduction of Cerium also generates lattice disorder
and oxygen vacancies, leading to the formation of isolated
paramagnetic clusters and unsatisfied surface spins at grain
boundaries. Consequently, these factors combine to en-
hance spin disorder and dilute the net magnetic moment,
manifesting as decreased magnetization and an increasingly
linear M-H curve at higher Cerium concentrations.

4.5 EMI Shielding Parameters

It is clear from line a in Fig. 7A that the incorpora-
tion of Ce into NiCo0,04/PVA and rGO led to a substantial
enhancement in absorption-dominated EMI shielding effec-
tiveness (SE_A) across measured range in the X band. The
observed variation is ascribed to the synergistic interplay
between the dielectric and magnetic components. The un-
doped NiCo,04/PVA composite film exhibits a moderate
absorption, typically ranging between 5 and 7 dB, primarily
due to the magnetic loss and interfacial polarization asso-
ciated with the spinel oxide nanoparticles dispersed in the
insulating polymer matrix. Upon introducing a fractional
quantity of Ce, a notable increase in SE_A was observed (up
to approximately 10 dB for the x = 0.05 Ce composition),
which can be attributed to the increased density of defects,
enhanced lattice strain, and interfacial polarization. These
factors are known to promote additional dielectric and mag-
netic loss mechanisms in the composite. Further, a dra-
matic improvement in absorption shielding was achieved
by incorporating rGO (Fig. 7B (d,e,f)), where SE_A val-
ues reached 15-24 dB. This enhancement is ascribed to the
highly conductive networks formed by rGO in the polymer
matrix. In addition to the above, dielectric loss by enabling
electron hopping and conductive loss pathways also opti-
mizes impedance matching for maximized absorption.

The Ce-doped NiCo,04 nanoparticles provide signifi-
cant magnetic loss through domain wall resonance and spin
relaxation. Simultaneously, the rGO sheets establish an
extensive three-dimensional conductive network, enabling
dielectric loss via electron hopping and ohmic dissipa-
tion. Recent studies have demonstrated that the coexistence
of Ce*" and Ce*" ions facilitates a charge compensation
mechanism, leading to the generation of oxygen vacancies
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within the spinel lattice [24,25,26]. These vacancies act as
dipoles, significantly enhancing the interfacial polarization
(Maxwell-Wagner-Sillars effect) at the high-frequency X-
band. Furthermore, the localized 4f electrons of Ce" intro-
duce a controlled disruption of the 3d—3d super-exchange
coupling between Ni and Co ions, which optimizes the
magnetic loss tangent. This dual-modality—where Cerium
simultaneously boosts dielectric loss through defect engi-
neering and modifies magnetic relaxation—is a primary
factor in achieving the superior, absorption-dominated EMI
shielding effectiveness observed in these rGO-integrated
composites. Fig. 7B shows reflection shielding effective-
ness (SER) values of the composite film samples. All the
samples show a low reflection loss across the measured fre-
quency range (8—12 GHz). For the NiCo,04/PVA and Ce-
doped NiCo,04/PVA samples, SER generally lies between
1 and 3 dB due to impedance matching and relatively low
surface conductivity. Further, with increasing Ce content
and addition of rGO, SER slightly increases and reaching
up to 5—6 dB. This marginal improvement due to enhanced
charge carrier concentration and formation of secondary re-
flection pathways in the composite film. However, absorp-
tion remains the dominant shielding mechanism in all com-
positions.

4.6 Limitations

Although the present research describes a successfully
synthesized massive film desert material in terms of EMI
shielding performance with Ce-doped NiCo,04/PVA/rGO
composites, a few reasonable limitations should be noted.
In a first step, only the EMI shielding effectiveness in a
wide-band (8-12 GHz) frequency range of X-band, was
examined. So far, the possible shielding abilities of
these composites in other important telecommunication fre-
quency bands (like the Ku, K or Ka bands) have not been in-
vestigated. Second, although these composite films are pro-
posed as lightweight and flexible materials for applications,
the current work does not perform a quantitative evaluation
of their mechanical properties, which can include tensile
strength and flexibility during repeated bending cycles, nor
their stability at elevated temperature in the polymer ma-
trix. Third, only two doping concentrations (x = 0.05 and
x = 0.1) were investigated for cerium substitution. Future
studies that vary the doping levels over a broader range and
use systematic characterization of the composite film thick-
ness would help to fully optimize the impedance matching,
magnetic loss, and dielectric loss mechanisms for potential
commercial EMI shielding applications.

5. Conclusions

In summary, Ce-doped NiCo,O4 nanopowders
were successfully synthesized via a facile sol-gel auto-
combustion method. XRD analysis confirmed the
formation of a single-phase cubic spinel structure, while
the systematic increase in lattice parameter validated
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the successful incorporation of Ce into the lattice. The
significant enhancement in EMI shielding effectiveness,
particularly in the rGO-integrated composites, is attributed
to several synergistic mechanisms. The inclusion of
conductive rGO creates a three-dimensional conductive
network within the PVA matrix, which facilitates electron
hopping and ohmic losses. Furthermore, the combined
magnetic loss from the spinel filler and the dielectric
loss from the rGO optimize the impedance matching,
allowing for higher wave penetration and subsequent
dissipation through multiple internal reflections. These
results demonstrate that the Ce-doped NiCo,04/PVA/rGO
composites are lightweight and efficient candidates for
high-performance absorption-dominated EMI shielding
applications.
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