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Abstract

ing in cutting-edge electronic applications.

Polycarbonate (PC)-based nanocomposites reinforced with cerium nickelate (CeNiO5) and graphene nanoplatelets
(GNP) were synthesized for enhanced electromagnetic interference (EMI) shielding applications. Morphological analy-
sis through SEM and EDX confirmed uniform dispersion and elemental composition of the nanofillers. The structural
and chemical interactions were validated using XRD and FTIR, indicating successful integration of CeNiO5 and GNP
into the polymer matrix. The AC conductivity, dielectric loss tangent, and magnetic loss tangent increased with higher
filler loading, promoting effective energy dissipation. Among all compositions, the PC/4wt% CeNiO;@ 6wt% GNP
nanocomposite exhibited the highest shielding effectiveness of 36.32 dB in the X-band (8.2-12.4 GHz), attributed

to a synergistic balance between reflection and absorption mechanisms. The results of this study highlight the capa-
bilities of CeNiO;-GNP hybrid fillers in producing high-performance materials for electromagnetic interference shield-
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Introduction

The evolution of electronic communications technology
has been remarkable, resulting in the extensive adoption
of diverse electrical devices in numerous fields such as
communications, public services, aviation, and military
applications (Bheema et al. 2024; Sankaran et al. 2018).
In addition, these electronic devices continuously emit
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electromagnetic (EM) waves during operation, causing
electromagnetic interference (EMI) with a range of elec-
trical appliances, which negatively impacts the opera-
tional accuracy of electronic equipment in the electronics
industry (Tong 2009). EMI shielding materials repre-
sent the most efficient method for protecting electronic
devices and human health from the harmful effects of
electromagnetic radiation.

Research on EMI shielding materials is increasingly
advancing in the dynamic context of the fourth indus-
trial revolution. A variety of EMI shielding materi-
als, such as those made from metals, carbon, and the
recently developed MXene (metal carbides, nitrides,
or carbonitrides) materials, as well as their compos-
ites, have been recognized for their ability to improve
EMI shielding effectiveness (Nguyen and Choi 2024).
Polymer nanocomposites (PNCs) can be specifically
designed to suppress electromagnetic radiation, influ-
enced by the type of polymer and filler employed. Their
desirable characteristics have led to the consideration

©The Author(s) 2025. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or

other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/.


http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s40712-025-00361-1&domain=pdf
http://orcid.org/0000-0002-5063-6002
http://orcid.org/0000-0001-8451-1323
http://orcid.org/0000-0001-5957-8921
http://orcid.org/0000-0001-9767-6717
http://orcid.org/0000-0002-3591-3980

M. et al. J Mater. Sci: Mater Eng. (2025) 20:142

of PNCs as a potential replacement for metals in the
field of EMI shielding (Bhaskaran et al. 2020; Uma
Varun et al. 2019; Rajesh Kumar and Etika 2022;
Bheema et al. 2022). Polymer nanocomposites that
incorporate lossy dielectric or magnetic materials are
utilized to mitigate electromagnetic interference and
protect electronic devices from undesirable electro-
magnetic waves by means of reflection and absorption.
Generally, shielding materials that focus on absorption
are preferred for equipment since reflection can intro-
duce additional interference to nearby devices (Choud-
hary et al. 2020).

The process of material selection plays a significant role
in the formulation of EMI shielding materials. Recent
investigations highlight a surge in the demand for budget-
friendly and effective EMI shielding solutions, mainly
due to the expanding integration of electronic devices
and electrical systems in various industrial applications
(Zhang et al. 2019; Vyas and Chandra 2019; Ramakrishna
et al. 2024; Pasha et al. 2023). The addition of 0.5 wt%
graphene nanoplatelets (GNP) to polycarbonate (PC) and
its foaming with supercritical CO, resulted in a specific
EMI shielding effectiveness (SE) of about 39 dB-cm?®/g,
which is 35 times superior to that of the unfoamed sam-
ples (Gedler et al. 2016). Authors fabricated polycarbon-
ate/GNP nanocomposites via solution mixing and hot
compaction, featuring up to 6 wt% GNP. The sample
with a 2 mm thickness and GNP volume fraction of 0.037
demonstrated an EMI SE of 47.2 dB. The effective disper-
sion of GNP in the polycarbonate is responsible for the
low percolation threshold (Nimbalkar et al. 2018).

The flexural properties and electromagnetic interfer-
ence shielding effectiveness (EMI SE) of polycarbonate
(PC) composites that are reinforced with multi-walled
carbon nanotubes (MWCNT) and heat-treated expanded
graphite (eG) are examined. They showed that the EMI
SE increased as the filler content increases with an aver-
age EMI SE surpassing 20 dB for mixtures with over 10
wt% filler (Lee et al. 2021). PVC/PMMA/GNPs/MMT/
CuO nanocomposites are prepared using the solvent-
casting technique. The SEr, is achieved upto~5 dB in
the 8-12 GHz range for the 2.5 wt% GNPs-loaded nano-
composite (Rani and Khadheer Pasha 2024). The reduced
bandgap variant of CeNiO; from 1.48 eV to 1.77 eV for
photovoltaic applications gives an increased conductivity
contributing to improve EMI SE (Barad et al. 2018).

With the several research article surveys, literature on
hybrid nanofillers are found to be scanty. Hence, in the
present study, hybrid nanofillers with varying concentra-
tions of GNP and perovskite CeNiO; are investigated in
polymer thin films. This study describes the electrical,
EMI shielding, and morphological characteristics of the
fabricated nanocomposite film.
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Methods and materials
The commercial grade Polycarbonate (PC) granules with
a purity of 99% were used as the base polymer. The chem-
icals Cerium nitrate hexahydrate (Ce(NO;); 0.6H,0),
nickel nitrate hexahydrate (Ni(NO;),. 6H,0) were pur-
chased in high purity from s d-fine Chem Limited. The
GNP with the particle size of 25 pm were purchased from
Sigma Aldrich. The nanoparticles of cerium nickelate
(CeNiO,) were synthesized using the solution combus-
tion method. For the synthesis, 4.3 g of cerium nitrate,
2.90 g of nickel nitrate, and 2.67 g of glycine as a precur-
sor are taken in a beaker with 50 ml of water. The beaker
is placed on the magnetic stirrer at a temperature of
90 °C. Then the magnetic stirrer is rotated at the speed of
450-500 rpm for 3 to 4 h until the semi-liquid jelly mate-
rial is formed. Finally, the materials obtained are calci-
nated in the red-hot crucible at 500 °C for 1 h to obtain
the nanoparticles. The nanoparticles obtained were
weighed using an electronic balance resulting in 1.22 g.
The solution casting method is used to prepare PC/
CeNiO;@GNP nanocomposites of different composi-
tions, namely 0.0, 2.8, 4.6, 6.4, and 8.2 (wt/wt%). Poly-
carbonate solution is prepared by weighing 2 g of PC
granules and dissolving them in 100 ml of dichlorometh-
ane solvent, stirred well with a speed of 500 rpm using
a magnetic stirrer for 45 min at room temperature. Sub-
sequently, the determined quantity of CeNiO;@GNP was
measured and incorporated into the polycarbonate solu-
tion. In order to ensure uniform distribution, the solution
is vigorously agitated at room temperature with a mag-
netic stirrer and then followed by ultra-sonication for
30 min, so that the uniform dispersion of nanoparticles
takes place in the polymer solution. Eventually, the nano-
composite solution is poured into a pristine glass mold,
allowing the solvent to evaporate completely. After the
solvent had fully evaporated, the films were cautiously
detached from the mould. The nanocomposite films pro-
duced were used for characterization.

Results and discussions

The morphological, electrical, and shielding effectiveness
investigations were undertaken for the samples. The dis-
cussions are elaborated in the subsequent sections.

SEM with EDX

The Scanning Electron Microscopy (SEM) with Energy
Dispersive X-Ray Analysis (EDX) was carried out to
investigate the particle size and morphology of thin films
and nanoparticles used as fillers. Figure la shows the
surface morphology of pristine polycarbonate (PC). The
surface appears smooth and featureless, which is char-
acteristic of amorphous thermoplastics. The absence
of any particulate or crystalline domains confirms the
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Fig. 1 SEM images of a base polymer PC, b synthesized CeNiO; nanoparticles, and ¢ GNP

homogeneous nature of the neat matrix. The microstruc-
ture of synthesized CeNiO; nanoparticles, with an aver-
age particle size of 236 nm, is represented in Fig. 1b. The
SEM reveals a clustered granular morphology, with par-
ticles appearing as dense, irregularly shaped aggregates.
These agglomerates are indicative of nanoparticles with
high surface energy, which may tend to clump together
post-synthesis. The grain-like texture and nanoscale fea-
tures are favorable for enhancing interfacial polarization,
which is essential for dielectric and magnetic loss contri-
butions in EMI shielding applications.

Figure 1c illustrates the morphology of GNP, exhibiting
thin, wrinkled, and sheet-like structures with an average
thickness of 6-8 um. The layered or flake-like appearance
with overlapping platelets confirms the successful exfoli-
ation of GNP. This 2D morphology provides a high aspect
ratio and large surface area, promoting the formation of
effective conductive networks and facilitating electron
transport, both of which are critical for reflection-based
EMI shielding.

Figure 2 presents SEM micrographs of PC/CeNiO;@
GNP nanocomposites at varying filler loadings and
magnifications. The images provide insight into the
dispersion quality, surface morphology, and micro-
structural uniformity of the hybrid fillers within the
polycarbonate matrix.

Figure 2a reveals moderate agglomeration of CeNiO,
nanoparticles distributed throughout the PC matrix.
These dark regions are attributed to CeNiO; clusters
embedded in the polymer. Figure 2b depicts a sample
with higher CeNiOj loading or reduced GNP content. A
denser distribution of larger aggregates is observed, indi-
cating more pronounced clustering. The occurrence of
such agglomeration can cause irregularities in electrical
pathways, yet it promotes dielectric loss through inter-
facial polarization, which benefits absorption-dominant
EMI shielding. Figure 2c highlights a well-dispersed,
flake-like morphology. This configuration allows for the
development of seamless conductive networks, which are
important for advancing both electrical conductivity and

shielding effectiveness through reflection and absorption
techniques.

Overall, the SEM analysis confirms that the sample
corresponding to Fig. 2c—with well-dispersed GNP and
moderate CeNiO, content—exhibits the most favorable
morphology for EMI shielding applications. The syn-
ergistic effect of 2D conductive graphene and dielectric
CeNiO; nanoparticles is evident in the uniform distri-
bution and interfacial compatibility observed across the
micrographs.

Figure 3a represents the EDX profile of C and O of the
polycarbonate thin film, which is the base polymer. Fig-
ure 3b and c represent the EDX profile of Ce, Ni, and O of
the synthesized CeNiO; and C of GNP, respectively. The
results of the EDX analysis are shown with the spectrum.
Figure 4 represents the EDX analysis of PC/CeNiO;@
GNP thin films with different filler concentrations. The
profile indicates the presence of C, Ce, Ni, and O in all
the fabricated samples.

XRD analysis

The XRD patterns of pure PC and CeNiO5;/GNP nano-
composites are depicted in. The 20 value at 16° shows
the amorphous nature of the polycarbonate (PC). As the
addition of the nanoparticle to the polymer in different
concentrations occurs, there is a slight shift in the peak
which may be attributed to the interaction of the incor-
porated nano filler (CeNiO5;/GNP) with the polymer (PC)
matrix. By adding the nanoparticle to the polymer, the
additional peak observed at 20=26° is due to the pres-
ence of CeNiO;. The peak at 20=28° and 56° confirms
the presence of the GNP (Rashad et al. 2014). The dif-
fraction peak at 20: 26.7°, 33.2°, 56.2°, and 72.3° is related
to the perovskite CeNiO; nanoparticles (Dehghani et al.
2020). As we observed from Fig. 5, as the concentra-
tion of the CeNiO; increases, the intensity of the poly-
mer peak decreases. XRD intensity and peak clarity
reveal how well CeNiO;@GNP is integrated in the PC
matrix. The sample with the sharpest crystalline features
(PC/4wt% CeNiO;@6wt% GNP) shows maximum shield-
ing, driven by an optimized microstructure that enhances
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Fig. 2 SEM Images of PC/CeNiO;@GNP nanocomposites

dielectric and conductive losses, matching the SEA-dom-
inant behavior indicating optimal dispersion and phase
interaction at this composition. As the XRD intensity
decreases (e.g., in PC/8wt%CeNiO;@2wt%GNP), both
SE, and SE also decrease, suggesting a decline in effec-
tive shielding.

XRD intensity and peak clarity reveal how well CeNiO;@
GNP is integrated in the PC matrix. The sample with the
sharpest crystalline features (PC/4wt%CeNiO;@6wt%GNP)
shows maximum shielding, driven by optimized micro-
structure that enhances dielectric and conductive losses,
matching the SEA-dominant behavior in EMI data. The
PC/4wt%CeNiO;@6wt%GNP sample shows the high-
est XRD intensity and also the maximum SET and SEA,
indicating optimal dispersion and phase interaction at
this composition. As the XRD intensity decreases (e.g., in
PC/8wt%CeNiO;@2wt%GNP), both SEA and SET also
decrease, suggesting a decline in effective shielding likely
due to poor dispersion or agglomeration.

FTIR analysis

The interaction between the nano filler added and the
functional group present in the polymer can be evalu-
ated by using Fourier Transform Infrared Spectroscopy
(FT-IR). It is observed from the spectra in Fig. 6 that the

peak at 1155 cm™! is due to the C-O bond stretching,
and another observed peak at 1383 cm™ is due to the
C-H bending vibration. The C=C stretching appears at
1660 cm ™' and 1492 cm™! due to the aromatic ring car-
bon; the peak at 1761 cm™! is due to C=0. Addition-
ally, peaks at 2859 cm™! and 2947 cm™ correspond to
C—H stretching of sp® and sp? hybridized carbon atoms,
respectively. The C—C bond stretching is due to other
peaks present at the fingerprint region (400-1400 cm™).
GNP interaction is evident from changes in the C=0 and
C-O-C vibrations. The existence of CeNiO; and GNP in
the polymer (PC) led to a decrease in the intensity of the
peak at 1757 cm™}, 1473 cm™}, 1145 cm ™1, 987 cm ™}, and
813 cm™. The higher GNP content could result in more
interactions with PC, possibly reducing intensity due to
conductivity and absorption effects.

FTIR confirms the sample with optimal filler ratio pro-
motes both conductive (SEg) and polarization-based (SE,)
shielding mechanisms. The PC/4wt%CeNiO;@6wt%GNP
shows the highest FTIR band intensity and the maximum
SE, and SE;. This supports that strong Ce—O and Ni-O
bonding, indicative of good dispersion and interaction with
the matrix, enhances EMI shielding, especially by absorp-
tion. As FTIR intensity decreases, both SEA and SET decline,
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Fig. 3 EDX Analysis of a base polymer PC, b synthesized CeNiO; nanoparticles, and ¢ GNP

confirming that interfacial polarization (linked to FTIR-
active vibrations) is critical for effective EMI absorption

(Fig. 6).
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AC conductivity (o,)

AC conductance of the samples were measured using
Hioki HITESTER 3532 LCR meter in a frequency range
from 50 Hz to 5 MHz. The sample size of 20 mm diam-
eter with a thickness of 0.05 mm was placed between
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Fig. 6 FTIR Analysis of PC/CeNiO;@GNP nanocomposites
electrodes for measurement. Figure 7 shows the AC SE, is shielding effectiveness due to absorption:
conductivity of the polymer thin films with varying filler SEs = —10 log(l — A
loading as a function of frequency. It is observed that 4 = —10 log(1 = Agp) (2)
Wl‘th higher GNP‘lf)admg, AC conductivity tncreases. SEy is shielding effectiveness due to reflection:
High AC conductivity generally enhances EMI shield-
ing effectiveness (SE) because materials with better con- SEgp = —10 log(1 — R) (3)

ductivity form more efficient charge transport networks,
leading to stronger reflection (SEy) and absorption (SE,).
Absorption-dominated shielding benefits more from
interfacial polarization, magnetic/dielectric losses, and
moderate o, as seen in PC/4wt%CeNiO,@6wt%GNP.
The optimal shielding arises when there is a balance
between conductive pathways and dielectric interfaces
between the nanofillers and polymer chain.

Shielding effectiveness
The shielding effectiveness for the prepared thin films has
been calculated using the following equation.

SEr = SE4 + SEr + SEym (1)

where SE is the total shielding effectiveness

where A4 is the effective absorption of the EM wave
absorber, and is calculated using Eq. (4)
1-R-T
Aeff = —— 4
TR (4)
Reflection coefficient (R) = [S11]? = [Sp2|?
where S;; represents the input reflection coefficient
when the network’s output is terminated by a matched
load, and S,, is the output reflection coefficient.
Transmission coefficient

(T) = S12/* = [Su | (5)
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Fig. 7 AC Conductivity of PC/CeNiO;@GNP nanocomposites

SEy; is the shielding effectiveness due to multiple inter-
nal reflection, and SE,; can be neglected when the total
shielding efficiency is greater than —10 dB. Then Eq. (1)
becomes SE;=SE, + SEg.

The shielding effectiveness was measured in the X-band
(8.2-12.4 GHz) frequency range using the Agilent N522A
vector network analyzer. The polymer nanocomposite
with filler concentrations of 6 wt%, 4 wt% and 4 wt%, 6
wt% of CeNiO; and GNP exhibits a higher SEy, as shown
in Fig. 8a. Shielding effectiveness due to reflection results
from the conductive networks, meaning GNP contributes
significantly to SE;. The polymer nanocomposite with
filler concentrations of 4 wt%, 6 wt% and 6 wt%, 4 wt% of
CeNiO; and GNP exhibits a higher SE,, as indicated in
Fig. 8b. This indicates that increasing CeNiO; enhances
absorption due to its dielectric and conductive nature.

Figure 8a and c show the observed maximum SER and
SET of 12.41 dB at 8.36 GHz and 36.32 dB at 8.39 GHz
for the polymer thin film with filler concentrations of 4
wt% and 6 wt% of CeNiO; and GNP, respectively. The
measured value of SEA is as shown in Fig. 8b; the max-
imum value is found to be 27.9 dB at 8.36 GHz for the
sample with filler concentrations of 4 wt% and 6 wt% of
CeNiO; and GNP, respectively.

Table 1 summarizes the EMI shielding effective-
ness of the PC-based polymer nanocomposites. The
PC/4wt%CeNiO;@6wt%GNP  sample demonstrates
the highest EMI SE (36.32 dB) among all studies listed,

highlighting the synergistic effect of GNP for conduc-
tivity and CeNiO; for dielectric/magnetic losses. The
polymer nanocomposite with a filler concentration
of 4wt%, 6wt% of CeNiO; and GNP shows the high-
est shielding effectiveness across the frequency range,
suggesting an optimal balance between absorption and
reflection. The pure PC has the lowest SE, as expected,
since it lacks conductive fillers. Higher GNP content
increases SEj, while higher CeNiO; enhances SE,.
The trend suggests that a balanced ratio of CeNiOg
and GNP improves shielding. A higher value of EMI
shielding effectiveness indicates better EMI shielding
performance.

Dielectric loss tangent

The real part of the permittivity (¢”) indicates the mate-
rial’s ability to store electrical energy. The highest &” val-
ues are observed for PC/CeNiO;@GNP with 2 wt% and 8
wt%, as shown in Fig. 9a, suggesting strong polarization
effects. The imaginary part of the permittivity (¢'") rep-
resents energy dissipation due to dielectric losses. The
highest ¢’” values are observed for polymer nanocompos-
ites with 2 wt%, 8 wt% and 4 wt%, 6 wt% nanocomposites,
as shown in Fig. 9b. Peaks in ¢’” correlate with relaxation
processes, particularly around 9 GHz and 10 GHz. The
nanocomposite with 2 wt% and 8 wt% shows the highest
overall tan §, consistent with its high e”” and ¢’
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The dielectric loss tangent (tan ) is directly related
to the real (¢') and imaginary (¢””) parts of permittivity
through the equation:

el
tandE = — (6)
&/

The dielectric loss tangent (tan 8) graph shows the
energy dissipation characteristics of different PC (Poly-
carbonate) composite samples as a function of fre-
quency. Polymer nanocomposite with 2 wt%, 8 wt%
filler shows consistently high dielectric loss compared
to other nanocomposites, as indicated in. This shows
that with a higher concentration of GNP, there is a cor-
responding increase in dielectric loss, owing to the con-
ductive nature of GNP. The polymer nanocomposites
with filler concentrations of 6 wt%, 4 wt% and 8 wt%,

2 wt% of CeNiO,;, GNP show moderate dielectric loss,
but with different peak intensities, indicating a shift in
dielectric behavior with changing filler content. Peaks
in the dielectric loss tangent suggest strong dipolar
relaxation and Maxwell-Wagner interfacial polarization
(Wang Tong et al. 2017).

The highest loss values for most compositions appear
around 9-10 GHz, indicating that this frequency
range is critical for energy dissipation. The loss tan-
gent behavior suggests that a balanced composition of
CeNiO, and GNP is crucial to optimize dielectric prop-
erties. The observed peaks and shifts in dielectric loss
suggest strong polarization mechanisms, which con-
tribute to absorption-based EMI shielding.
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Table 1 Summary of PC-based nanocomposites for EMI shielding applications
SI. No Filler Processing SE;indB Reference
1. CNT (5 wt%) Compression molding melt mixing ~=24 Arjmand et al. 2011)
2. CNT (10 wt%) Compression molding, solvent casting -35 Pande et al. 2014)
3. CNT (10 wt%) =21 Pande et al. 2014)
4, CNT (2 wt%) Compression molding, solution blending -23.1 Maiti et al. 2014)
5. GNP/CNT (3:2 by wt) (4 wt%) Melt mixing at high T (330 °C), compression molding -216 Maiti and Khatua 2016)
6. 4 wt% CNT/5 wt% rGO-Fe;04 ran- dom  Solution approach, followed by hot press —355 Yu et al. 2020)
dispersion
7. 4 wt9% CNT compartment approach —332 Yu et al. 2020)
8. 4 wt% CNT random dispersion -31 Yu et al. 2020)
9. 10 phr-CNT Melt blending ~=26 Bagotia et al. 2017)
10. 15 phr-1rGO Melt blending ~-30 Bagotia et al. 2018)
1. 10 phr- graphene/CNT hybrid (1:3) Melt blending ~=34 Bagotia et al. 2019)
12. 10 phr- graphene ~=23 Bagotia et al. 2019)
13. 10 phr- CNTs ~=25 Bagotia et al. 2019)
14. ITO/AuU/ITO Multilayer sputter-deposited film -26.8 Erdogan et al. 2020)
15. 4wt%CeNiO5/6wt%GNP Solution casting 3632 This work
16. 6wt%CeNiO;/4wt%GNP 33 This work
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Magnetic loss tangent

The real part of permeability (u’) represents the materi-
al’s ability to store magnetic energy. The graph variations
of permeability depending on the composition of CeNiO,
and GNP are shown in. The pristine PC film exhibits
moderate permeability, while composites with CeNiO,
and GNP show increased or decreased p” at certain fre-
quencies. The permeability peaks suggest resonance
effects, indicating how the composite interacts with the
electromagnetic waves.

The imaginary part of permeability (u”) represents
magnetic energy dissipation. Figure 10b indicates the
variation of u” versus frequency; higher p” means more
energy is absorbed and converted into heat, which is ben-
eficial for EMI shielding. The polymer nanocomposite
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with 6 wt%, 4 wt% and 8 wt%, 2 wt% exhibits high initial
u” values, suggesting strong energy dissipation at lower
frequencies. Peaks around 9x10° Hz and 10'° Hz indi-
cate resonance phenomena, like the real permeability
trends. The presence of GNP influences loss behavior, as
it enhances electrical conductivity and thus affects eddy
current losses.

The magnetic loss tangent (tan §,,) is directly related
to the real (u’) and imaginary (u”) parts of permittivity
through the equation:

4

tanéM = ®

v (7)

3
23
T

—_ PC

PC2wt.%CeNiOs@8wt. 2% GNP
PC/Awt.%CeNiOs@6wt. % GNP
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Fig. 10 a Real part of permeability. b Imaginary part of permeability. ¢ Magnetic loss tangent of PC/CeNiO;@GNP
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Magnetic loss tangent quantifies the material’s effi-
ciency in absorbing electromagnetic energy. The higher
values indicate better EMI shielding performance, as
more energy is dissipated rather than reflected. Com-
positions with higher CeNiO; show increased fluctua-
tions, indicating stronger magnetic interactions. The
higher p” and p” together lead to good shielding effec-
tiveness because the material can absorb and dissipate
electromagnetic waves effectively. The loss tangent peaks
indicate optimal frequency ranges where the composite
materials provide the best EMI shielding.

Conclusion

The study demonstrates that the incorporation of CeNiO,
and GNP into the polycarbonate (PC) matrix significantly
enhances the EMI shielding effectiveness of the nanocom-
posites. The polymer nanocomposites were fabricated
using a solution casting method. Morphological studies via
SEM and EDX confirmed uniform dispersion of nanofillers
and their successful integration within the polymer matrix.
The XRD analysis revealed the presence of both CeNiO,
and GNP crystalline phases along with a reduction in the
polymer’s amorphous peak intensity, indicating filler—poly-
mer interaction. The FTIR spectroscopy showed notice-
able changes in characteristic absorption bands, further
confirming the interaction between the polymer and nano-
fillers. The nanocomposites exhibited improved AC con-
ductivity with increasing GNP content due to the formation
of effective conductive pathways. The highest EMI shield-
ing effectiveness (SE;~36 dB at 8.39 GHz) was observed
for the sample containing 4 wt% CeNiO; and 6 wt% GNP,
demonstrating an optimal balance between reflection (SEy)
and absorption (SE,). Dielectric and magnetic loss tangent
analyses confirmed that both interfacial polarization and
magnetic resonance contribute to enhanced energy dissipa-
tion, especially in the 9-10 GHz range. Overall, the syner-
gistic combination of CeNiO; for dielectric and magnetic
losses and GNP for electrical conductivity and reflection
offers a promising strategy for developing high-perfor-
mance EMI shielding materials. The balanced formulation
of 4 wt% CeNiO; and 6 wt% GNP in PC was identified as
the most effective, making it suitable for broadband EMI
shielding applications, particularly in the X-band frequency
range. In future, we will explore the optimization of filler
ratios, scalable processing, and extending frequency testing
to achieve broadband EMI shielding. In addition, mecha-
nistic studies and sustainable synthesis approaches will be
pursued to broaden the applicability of PC/CeNiO;@GNP
nanocomposites in advanced electronics, aerospace, and
flexible wearable systems.
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