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interference shielding:
a comprehensive review of materials, mechanisms,
and applications

Hareesh M. S., a Praveen Joseph b and Sumesh George *c

Rapid advancements in nanotechnology have led to electronic devices with densely integrated

components, contributing to increased Electromagnetic Interference (EMI) pollution. EMI, a high-

frequency electromagnetic signal, disrupts electronic circuits and can originate from external devices or

within the affected component itself. Beyond causing electronic malfunctions, EMI exposure leads to

health risks. This review discusses the Electromagnetic Interference Shielding (EMIS) mechanisms, such

as reflection, absorption, and multiple reflection. It also examines recent advancements in EMIS

materials, based on carbon-based, polymer-based, and carbon–polymer hybrid nanocomposites. It also

investigates carbon-based materials, carbon nanotubes, graphene, and activated carbon due to their

high electrical conductivity and EMI absorption properties. Polymer-based composites, incorporated

with conductive polymers and metal oxides, are evaluated for their flexibility and processability. Carbon–

polymer hybrid nanocomposites are highlighted due to their synergistic effects, combining the strengths

of both components to achieve a high EMIS performance. This review also addresses the materials that

are sustainable and recyclable for EMIS applications.
Introduction

EMI has emerged as a signicant challenge in today's devel-
oping complex electronic landscape, which leads to signal
degradation, data loss, and catastrophic failure of electronic
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devices and systems.1 As the number of wireless communica-
tion systems, high-speed electronics, and internet-of-things
(IoT) devices continues to grow, the need for effective electro-
magnetic shielding solutions has become inevitable.2 Electro-
magnetic shielding is a crucial technique for mitigating EMI
and leverages radio waves and matter interactions to create
a protective barrier.3 Various shielding methods, including
conductive and magnetic materials, and innovative design
principles, such as Faraday cages, have been developed to
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mitigate EMI. However, the effectiveness of these shielding
techniques will depend on many factors, including wave
frequency, strength, and material characteristics.4

This review thoroughly overviews the current advancements in
electromagnetic shielding techniques and their underlying
principles, benets, limitations, and practical applications. This
review mainly focuses on three primary categories of EMIS
shielding materials: carbon-based,5 polymer-based,6 and carbon–
polymer hybrid nanocomposites.7 Carbon-based metal compos-
ites, including carbon nanotubes (CNTs), graphene, and acti-
vated carbon,8 have attracted considerable interest because of
their outstanding electrical conductivity and ability to absorb
electromagnetic radiation.9 These materials offer lightweight
solutions with high shielding effectiveness (SE), which is ideal for
making portable electronics and aerospace applications.10 Poly-
mer-based composites are widely used for EMIS shielding, which
offers a combination of the exibility and ease of processing of
polymers with llers having different conductive or magnetic
properties.11 Examples of this category include conductive poly-
mers like polyaniline (PANI) and polypyrrole (PPy), as well as
polymer matrices incorporating metal oxides and other nano-
particles. Thus, carbon–polymer hybrid nanocomposites repre-
sent a promising approach to EMIS, which leverages the
synergistic effects of carbon materials and polymers. These
hybrid materials typically demonstrate enhanced mechanical
properties, greater thermal stability, and superior EMIS shielding
performance compared to their individual components.12

This review aims to comprehensively analyse recent
advancements in these three categories of EMIS materials by
discussing their fabrication methods, characterization tech-
niques, and shielding performance.13 Additionally, the growing
interest in sustainable and recyclable materials for EMIS
applications will be addressed by highlighting the potential for
environmentally friendly solutions in this eld.14
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EMIS mechanisms

EMIS mechanisms include reection loss (SER),15 absorption
loss (SEA)16 and multiple internal reection loss (SEM).17

Reection loss (SER). In shielding EMIS, reection loss
occurs due to the impedance mismatch between the incoming
electromagnetic waves and the shieldingmaterial.15 Due to their
excellent electrical and thermal conductivity, metals are widely
used in EMIS shielding.18 High-permeability alloys, such as
mumetal (comprising iron, copper, chromium, and nickel), are
commonly used for shields and enclosures.19 Other materials
used for shielding include brass, aluminum, silver, nickel,
stainless steel, metalized plastics, and conductive composites
such as carbon and graphite.20 However, these materials have
drawbacks, such as carbon/graphite being fragile, aluminium
lacking impact resistance, and stainless steel being heavy and
subject to corrosion, particularly in marine environments.21 The
extent of reection loss under plane wave (far-eld) conditions
can be described as,4,22

SERðdBÞ ¼ �10 log10

�
sT

16u30mr

�
(1)

In this equation, sT represents the total conductivity, u repre-
sents angular frequency, f denotes the frequency measured in
Hz, 30 denotes the permittivity of free space, and mr indicates the
relative permeability with respect to free space.

Absorption loss (SEA). Absorption loss (SEA) is determined by
the physical properties of the shielding material and remains
unaffected by the type of source eld. When an electromagnetic
wave travels through a material, its amplitude decreases expo-
nentially.23 One skin depth of absorption loss is roughly 9 dB for
a shield. At low frequencies, the skin effect becomes particularly
signicant, with magnetic elds predominating and wave
impedance dropping below 377 U.24 Effective shielding mate-
rials require a combination of high conductivity, high perme-
ability, and sufficient thickness to achieve the necessary skin
depths at the lowest frequency of interest, thereby ensuring
adequate absorption loss.25

As an electromagnetic wave traverses a medium, its magni-
tude diminishes exponentially. This attenuation or absorption
loss is a result of induced currents in the medium generating
ohmic losses and material heating. The variables Et and Ht can
be represented as Et = Ei e

−t/d and Ht = Hi e
−t/d.26 Now, the

magnitude of the absorption term (SEA) in decibels (dB) can be
represented as27

SEAðdBÞ ¼ �20 t

d
log10 e ¼ �8:68

�t
d

�
¼ �8:68t

�sTumr

2

�1
2 (2)

In this equation, t represents the shield thickness measured in
inches, while f denotes the frequency in Hertz. The formula
demonstrates that SEA is directly related to the square root of
the product of the shield material's permeability (mr) and
conductivity (sT).25

Multiple internal reection loss (SEM). The factor SEM can be
either positive or negative mathematically (though it is always
negative in practice) and becomes negligible when the absorp-
tion loss SEA exceeds 10 dB.4 It is primarily signicant for thin
Nanoscale Adv., 2025, 7, 4510–4534 | 4511
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Fig. 1 The EMIS mechanism and the skin depth of a shielding material.
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metals at low frequencies, typically below around 20 kHz. The
expression for the factor SEM is given as follows27

SEMðdBÞ ¼ 20 log10
�
1� e�2t=d

� ¼ 20 log10

������1� 10
�SEA

10

������ (3)

SEM is also relevant for porous structures, specic types of lled
composites, or certain design geometries. However, it can be
disregarded for a thick absorbing shield due to the high SEA
value, which reduces the amplitude of the wave to negligible
levels by the time it reaches the second boundary.28

SEM is primarily relevant for thin metals, porous structures,
specic types of lled composites, or certain design geometries.29

However, it can be disregarded for a thick absorbing shield due to
its high SEA value, which reduces the amplitude of the wave to
negligible levels by the time it reaches the second boundary.30

Recent advances have indicated that in addition to the multiple
internal reections, multiple external reections can also
contribute to the overall EMIS mechanism.31 The combination of
these multiple reection processes, both internal and external,
can lead to enhanced shielding effectiveness by trapping and
attenuating the incident electromagnetic waves through repeated
reections within the composite structure.32
EMIS phenomenon: mathematical expressions

Theoretical EMIS efficiency. Eqn (4)–(6) are used to compute
the ratio between incident and transmitted eld strengths.33

SEP = 10 log(Pin/Pout) (4)

SEE = 20 log(Ein/Eout) (5)

SEH = 20 log(Hin/Hout) (6)

Here, P, E, and H represent the strength of the plane wave,
electric eld, and magnetic eld of the electromagnetic wave,
respectively. The subscripts “in” and “out” indicate the eld
strength that is incident on the surface and transmitted through
the EMIS material. The SE is measured in decibels (dB).16

The overall shielding effectiveness (SET) of an EMIS material
is the sum of three components:13 SE due to absorption (SEA),
reection (SER), and multiple internal reections (SEM), as
illustrated in eqn (7).16,34

SET = SEA + SER + SEM (7)

The SET of an EMIS material arises from the three mecha-
nisms, with the skin depth shown in Fig. 1.16

The losses resulting from reection and multiple internal
reection mechanisms are inuenced by impedance, which will
vary for the electric eld, magnetic eld, and plane wave.35

Experimental EMIS efficiency. To ensure comparable EMI
shielding effectiveness across carbon-based, polymer-based, and
carbon–polymer-based composites, standardized testing proto-
cols like the coaxial transmission line method (ASTMD3637) and
shielded box method are recommended.36 The coaxial trans-
mission line method is particularly useful for characterizing the
4512 | Nanoscale Adv., 2025, 7, 4510–4534
reected, absorbed, and transmitted components of EMI
shielding, while the shielded box method is suitable for lower
frequency tests.37 Open-eld or free-space tests can also be used,
but they are more suitable for testing nished products rather
than characterizing individual materials. The coaxial trans-
mission line method involves mounting the sample in a coaxial
transmission line and measuring the scattering parameters (S-
parameters) using a vector network analyser (VNA).38 The VNA
analyses the incident, reected, and transmitted waves to deter-
mine the EMI SE. It can be resolved into its reection, absorption,
and transmission components, providing comprehensive char-
acterization of the shielding performance of the material. This
method is typically useful for characterizing the performance of
planar materials and for evaluating the shielding effectiveness of
materials at different frequencies.

EMIS is measured experimentally using devices called
network analyzers. In a two-port vector network analyzer (VNA),
the incident and transmitted waves are mathematically
described using complex scattering parameters, also known as
S-parameters, which are given by S11 (or S22) and S12 (or S21),
respectively. They are correlated with reectance (R) and
transmittance (T) as R = jER/EIj2 = jS11j2 = jS22j2, T = jET/EIj2 =
jS12j2 = jS21j2, which gives the absorbance (A) as39

A = (1 − R − T) (8)

When SEA exceeds 10 dB, SEM becomes insignicant and can be
disregarded. Therefore, SET can be represented as SET = SER +
SEA. Additionally, the intensity of the electromagnetic wave
inside the shield aer the initial reection is determined by the
factor (1 − R). This factor is then used to normalize the absor-
bance (A) to calculate the effective absorbance.

Aeff = [(1 − R − T)/(1 − R)] (9)

Fig. 2 shows the S-parameters generated from a two-port
vector network analyzer (the VNA), which represent incident
and transmitted electromagnetic waves.36

So, experimental reection and absorption losses can be
expressed as40

SER = 10 log10(1 − R) (10)
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Complex scattering parameters of an EMIS material from
a two-port VNA.
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SEA ¼ 10 log10
�
1� Aeff

� ¼ 10 log10
T

ð1� RÞ (11)

Categories of materials for EMIS

To achieve optimal EMIS, a harmonious blend of electrical
conductivity (s), magnetic permeability (m), dielectric permit-
tivity (3), and structural features (e.g., porous architecture) is
essential. This combination facilitates losses via reection,
absorption, andmultiple reections. Metals, renowned for their
superior electrical conductivity, remain the primary choice for
EMIS materials.25 Nevertheless, these materials face challenges,
including high reectivity, susceptibility to corrosion, increased
weight, and costly production processes. Given these draw-
backs, polymer-based composites and blends have emerged as
promising alternatives. These materials have gained attention
due to their unique combination of properties including elec-
trical, thermal, dielectric, magnetic, and mechanical charac-
teristics,41 which contribute to their efficacy in electromagnetic
shielding applications.13 As a result, in recent times, numerous
polymer composites have been created for electromagnetic
shielding purposes by using diverse llers such as conducting
polymers, carbon nanotubes (CNTs), graphene-based mate-
rials,41 and MXenes incorporated with polymer matrices.
Carbon-based nanocomposites

Carbonyl iron@SiO2/Ni@Ag/silicone rubber composite lm.
T. Chen et al.5 presented a novel approach for creating ultralow-
reection EMIS composite lms. Their method involves the
controlled alignment of carbonyl iron@SiO2 (CS) and Ni@Ag
(NA) microparticles within silicone rubber, which is achieved
through magnetic manipulation. They developed exible,
multi-layer, absorption-dominant shielding materials (SRMs),
Table 1 SE values of different carbon composites

No. Composite materials Processing method

1 CSNA lm Magnetic alignment
2 Graphene/PU Hydrothermal
3 Ag/Fe3O4@MWCNT/SR Supercritical carbon dioxide foa
4 MXene/Fe3O4/SR (SRMF) Vacuum-assisted dipping and cu
5 Co@CNF Hydrolysate of waste leather scra
6 CNT/polypropylene Latex mixing and template foam

© 2025 The Author(s). Published by the Royal Society of Chemistry
with carbonyl iron chosen for its strong magnetization and
scalability by using magnetic alignment.42

The researchers created CS microparticles using various
precursor ratios to develop a highly structured absorption layer,
followed by the alignment of NA microparticles to make the
composite lm (CSNA). The lm demonstrated outstanding
mechanical properties, enhanced exibility, and very low elec-
tromagnetic wave reection due to its absorption, reection,
and reabsorption mechanism. When unstretched, it shows an
effective EMIS of 64.5 dB with minimal reection (R = 0.044). It
retained a substantial shielding of 38.6 dB even under 100%
strain, showing promise for applications like wearable elec-
tronics and morphing aircra sealing. The mechanical prop-
erties of the CSNA lm were assessed at room temperature
using a universal testing machine set to a constant speed of 50
mm min−1. Meanwhile, the electrical conductivity of the CSNA
composite lm was measured with multi-point probe resistivity
testing equipment.5

The SE values of carbon composites like carbon nanotubes
(CNTs) with polyurethane (PU), silicone rubber/silver (Ag) and
silicone rubber (SR), coating of the carbon nanober@cobalt
(Co@CNF), and polypropylene are given in Table 1.

Cellulose nanober composites. Asymmetric multilayer
cellulose nanober composite membranes with dual-gradient
electrical and magnetic architectures for superior EMIS
performance present a sustainable and effective method to
address electromagnetic pollution in portable devices by
developing asymmetric multilayer EMIS membranes.48

Advances in EMIS materials have explored different structural
designs, including porous,49 brous,50 and multilayer struc-
tures,51 with multilayer structures standing out for their thin
proles and high shielding efficiency.52

Y. Zhou et al. highlighted the importance of structural
design strategies in MXene-based nanocomposites for EMIS
applications.48 In this study, new asymmetric multilayered
composite membranes composed of cellulose nanober/mul-
tiwalled carbon nanotube@ferroferric oxide/MXene (CNF/
MWCNT@Fe3O4/MXene)53 with electrical-magnetic dual-
gradient structures were fabricated using a layer-by-layer self-
assembly approach.54

In brief, the CNF/MWCNT@Fe3O4 layers serve as negative
gradient absorption layers, allowing for both dielectric and
magnetic loss.55 At the same time, the MXene layers function as
positive gradient reection layers, which produce multiple
reections and contribute to conductive loss. As a result, the
Thickness
(mm) SE (dB)

Frequency
range (GHz) References

1.6 64.5 8.2–12.4 5
1.5 61 8.2–12.4 43

ming 0.7 30.5 8.2–12.4 44
ring — 55.5 8.2–12.4 45
ps 0.25 49 8.2–12.4 46
ing 2.2 48.3 8.2–12.4 47

Nanoscale Adv., 2025, 7, 4510–4534 | 4513
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gradient multilayered CNF/MWCNT@Fe3O4/MXene composite
membranes show an SET of 73.20 dB at a layer thickness of 180
mm and an R-value of 0.99934 in the X-band.48

Moreover, the asymmetric gradient multilayer composite
membrane shows signicantly better EMIS performance
compared to homogeneous multilayered composite
membranes.51 As electromagnetic waves (EMWs) pass through
the gradient multilayered CNF/MWCNT@Fe3O4/MXene
composite membrane, the carefully designed asymmetric
gradient multilayered structures facilitate a shielding mecha-
nism of “gradually decreasing absorption and gradually
increasing reection”.48,55,56 Thus, the design strategy of asym-
metric electrical-magnetic dual-gradient structures proves
benecial in improving the EMIS performance of polymeric
composites.57

The asymmetric design surpassed uniform multilayer
membranes by utilizing a unique “gradually decreasing
absorption and gradually increasing reection” mechanism,
combined withmagneto-electric synergy, to improve SE.48 While
the study acknowledges issues like MXene oxidation and
membrane brittleness, further research is recommended to
enhance CNF/MXene composites for real-world applications.
Despite these obstacles, the study highlights a promising
pathway for advancing thin, exible, high-performance EMIS
materials. SE of MXene-based composites is shown in Table 2.

3D carbon nanotubes/graphene aerogel lms. Recent
advancements in fabricating graphene into 3D structures have
garnered signicant attention for preventing graphene nano-
particle aggregation and achieving high EMIS SE, making them
ideal for lightweight shielding applications.61–63 However,
conventional methods for producing 3D graphene oen involve
high temperatures64,65 or harmful chemicals66 or annealing
processes67,68 that are not eco-friendly. A key issue with 3D
graphene is that surface defects and incomplete network
formation can limit its EMI SE. To overcome this, incorporating
Table 2 SE values of different cellulose nanofibre composites

No. Composite materials Processing method

1 CNF/MWCNT@Fe3O4/MXene Vacuum ltration
2 CNF/MXene/AgNWs Vacuum ltration
3 CNF@MXene@AgNW lm Vacuum-assisted ltration
4 CNF@MXene Hot-press sintering
5 (CNF)@MXene Vacuum ltration

Table 3 SE of different carbon 3D-structured CNT/graphene-based co

No.
Composite
materials Processing method Density

T
(m

1 C5GAF Green reduction method 0.0087 g cm−2 0
2 CGF/PDMS Chemical vapor deposition 12.5 mg cm−2 —
3 F-MG foam Fluid-assisted method 0.011 g cm−3 4
4 PI/graphene

aerogel
Unidirectional freezing 0.076 g cm−3 —

5 CGP foams In situ polymerization 0.02 g cm−3 —

4514 | Nanoscale Adv., 2025, 7, 4510–4534
CNTs into graphene through p–p interaction can improve
conductivity and enhance EMI SE.62,69

H. Liu et al.9 built on prior work with a 3D CNTs/Graphene
Aerogel Film (CGAF) created through a green reduction
method,62 comparing its EMI shielding efficiency (EMI SE) to
theoretical predictions and investigating how its 3D leaf-like
structure contributes to EMIS. The inclusion of vein-like CNTs
improved conductive pathways, increasing the total SE by 5.1
dB. While compressing CGAF into C5GP slightly reduced SE, the
3D structure enhanced electromagnetic wave absorption
through repeated reections. The study underscores the bene-
ts of 3D-structured composites in boosting EMI SE, particu-
larly in absorption, making them ideal for applications
requiring both lightweight and exible materials. The SE of
different carbon composites with multilayer CGAF and poly-
dimethylsiloxane (PDMS), anisotropic polyimide (PI)/graphene
composite aerogels, and carbon nanotube/graphene/polyimide
foam (CGP) is shown in Table 3.

MWCNT/zinc-doped nickel ferrite nanocomposites. Carbon-
based materials are renowned for their high permittivity to
electromagnetic radiation, while ferrites exhibit high perme-
ability driven by natural resonance and eddy currents,
contributing to signicant electromagnetic losses.74–76 Spinel
Ni1−xZnxFe2O4 (NZF) is extensively utilized in electrical and
magnetic applications across low and high-frequency ranges
due to its excellent electromagnetic properties, low dielectric
loss, high permeability, and high resistivity.77–80

Research by S. Tyagi et al.81 demonstrates that microwave
sintering of Ni–Zn ferrites enhances their magnetic properties
while reducing dielectric values. Meanwhile, the dielectric
conductivity of CNTs has been reported to range between 106

and 107 S m−1.82 M. Chahar et al.80 used two synthesis tech-
niques solid–state reaction or Physical Mix (PM) and co-
precipitation or Chemical Mix (CM) to examine the electro-
magnetic properties of Ni0.5Zn0.5 Fe2O4/MWCNT
Thickness
(mm) SE (dB)

Frequency
range (GHz) References

0.18 73.2 8.2–12.4 48
— 61.9 8.2–12.4 58
— 55.9 8.2–12.4 59
— 41.8 8.2–12.4 60
0.035 40 8.2–12.4 54

mposites

hickness
m) Specic EMI SE

SE
(dB)

Frequency
range (GHz) References

.012–0.014 12 091 dB cm2 g−1 74.7 8.2–12.4 9
1142 dB cm3 g−1 71.4 8.2–12.4 70

0 3410 dB cm3 g−1 37.2 8.2–12.4 71
1518 dB cm2 g−1 28.8 8.2–12.4 72

7050 dB cm2 g−1 28.2 8.2–12.4 73

© 2025 The Author(s). Published by the Royal Society of Chemistry
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nanocomposites. In the solution mixing approach, functional-
ized MWCNTs were dispersed in 5 ml of xylene and subjected to
ultrasonication for 1 hour. Similarly, nickel–zinc ferrite was
dispersed in 10 ml of xylene and sonicated for 3 hours. Aer-
wards, the two solutions were combined and sonicated together
for an additional 3 hours. The resulting mixture was dried in an
oven at 70 °C and then ground using a mortar and pestle to
obtain the Ni0.5Zn0.5Fe2O4/MWCNT nanocomposite (CM). In
the physical mixing method, the ferrite and functionalized
MWCNTs were combined in a 3 : 1 weight ratio and ground with
a mortar and pestle for 4 hours to produce the composite
material in powder form (PM), as shown in the schematic
diagram in Fig. 3.80

The goal of the work80was to assess how hybridization affects
electromagnetic parameters to optimize properties for high-
frequency device applications. XRD conrmed the spinel
structure of the NZF and NZF/MWCNT composites, and FESEM
images showed a hexagonal ake-like structure with an average
particle size of 23.1 nm, further validated by TEM. The energy
band gap of NZF was 1.9 eV, reducing to 1.3 eV for PM and 1.1
eV for CM. The PM composite showed a lower dielectric
constant than CM, with magnetic permeability (m0) ranging
from 1.5 to 0.25, except for a negative value at 11.9 GHz in CM.
CM also displayed a resonance peak in magnetic permeability
(m00) at 10.5 GHz, linked to domain wall motion.83

When electromagnetic (EM) radiation interacts with the
sample, it undergoes reection and transmission, as illustrated
in Fig. 4. A portion of the incident radiation is absorbed, leading
to a gradual reduction in intensity with each successive
Fig. 3 Schematics of the synthesized MWCNTs/NZF nanoparticles.

Fig. 4 The interaction of EM waves incident on any material.

© 2025 The Author(s). Published by the Royal Society of Chemistry
reection. This reduction is caused by electric and magnetic
losses in the material, where the energy of the electromagnetic
wave is lost as hysteresis due to alternating electric and
magnetic polarizations. This decrease in intensity, known as
absorption loss, primarily stems from two factors: ohmic losses
from currents induced within the material and losses associ-
ated with infrared radiation. At higher frequencies, the losses
become dependent on frequency, with a notable increase at
certain resonance frequencies, peaking at about 40.1 dB at 10.6
GHz.84

The highest reection loss (RL) of −51.2 dB was observed at
11.2 GHz with a 0.45 GHz bandwidth for PM, while CM
demonstrated an SET of approximately 45.5 dB within the 8.2–
12.4 GHz range for MWCNTs, as indicated in Table 4.

Carbon ber felt @ nickel composite lms. Conductive
materials, such as the carbon-based materials, generate heat
under applied voltages and have advantages such as cleanli-
ness, silent operation, and wide usability.93 However, the
traditional metallic materials face challenges due to costs,
difficult moulding, and processing. Recent research has
revealed that heterostructures created with pre-established
three-dimensional (3D) microelectrical networks in composites
exhibit distinctive electrical behaviours over a nonconductive
continuous phase.94 Carbon ber felt (CFF) is an ideal compo-
nent for constructing heterostructures where both electrical
conductivity and structural exibility are essential. Nickel (Ni)
exhibits excellent electrical and thermal conductivity and
corrosion resistance properties, leading to a rational choice to
design and create a heterostructure by decorating the CFF
skeleton with Ni particles.95

Liu et al.29 developed a novel exible CFF@Ni composite lm
using an electroplating strategy. CFF@Ni-1.5 signies the
composite lm fabricated by applying a current density of 1.5 A
dm−2. The lm has a distinct core–shell heterostructure, with
CFF as the core and interconnected Ni particles as the shell.
This arrangement provides excellent electrothermal manage-
ment and uniform surface heating properties. CFF@Ni can
reach a maximum surface temperature of 146.7 °C with a low
actuation voltage of 1.5 V at a heating rate of 35.8 °C s−1. It also
has an excellent heating–cooling stability during rapid testing
cycles and long-term stability for 8 hours.

The CFF@Ni-1.5 shield shows a higher EMIS performance
compared to CFF, with higher absorbing loss (SEA) values than
reection loss (SER) values. It is due to the skin effect in the
shallow near-surface region of a shield.96 Multiple reections at
the internal interfaces increase overall shielding performance,
resulting in improved SET.30 The porous structure of CFF@Ni
includes several internal interface areas for multiple reections
as well as a special dual 3D conductive network that combines
the CFF skeleton and Ni coating layer.31

The different electrical characteristics of CFF and Ni parti-
cles cause multiple internal reections, whereas the outside
shell of the coating layer of Ni particles experiences multiple
outward reections.32 As a result, the path of electromagnetic
wave transmission is extended by effective multiple reections.
The closely stacked layer of Ni particles creates a limited 3D
environment that is subject to constant reection and re-
Nanoscale Adv., 2025, 7, 4510–4534 | 4515
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Table 4 Reflection loss values of different MWCNT-based composite materials

No. Composite materials Processing method
Thickness
(mm)

Reection
loss (dB)

SE
(dB)

Frequency
range (GHz) References

1 MWCNT/NZF (CM) Chemical mixing 1.2 −45.5 40.1 8.2–12.4 80
2 MWCNT/NZF (PM) Physical mixing 1.2 −51.2 45.2 8.2–12.4 80
3 NZF Co-precipitation 1.2 −39.7 10.8 8.2–12.4 80
4 CNTs–Ni0.5Zn0.5Fe2O4 Precipitation-hydrothermal method 6 −32.5 — 2–12 85
5 MWCNT/SrFe10 (Sn0.5 Zn0.5)2O19 Co-precipitation 1.5 −29 — 8–12 86
6 Cu0.25Ni0.25Zn0.5Fe2O4/

0.16%-MWCNTs/epoxy
Co-precipitation 2.5 −37.7 — 8.2–12.2 87

7 MWCNTs/epoxy Solution-mixing 2.5 −12.7 — 8.2–12.2 87
8 NZCF-1–CNT Sol–gel method 2 −22 — 8–12 88
9 NZCF-2–CNT Sol–gel method 2 −33 — 8–12 88
10 MWCNTs/NiFe2O4 Facile one-pot solvothermal strategy 1.2 −42.3 — 2–22 89
11 MWCNT/Ni0.7Zn0.3Fe2O4/GO Sol–gel method 2.4 — 71.1 8.2–12.4 90
12 MWCNT/Co0.7Zn0.3Fe2O4/GO Sol–gel method 2.4 — 81.6 8.2–12.4 90
13 MWCNT/Mn Zn ferrite/epoxy Citrate gel method 2.0 — 44 8.2–12.4 91
14 Fe3O4/PPY/CNT Co-precipitation 3.0 — 26 8.2–12.4 92

Table 5 EMIS performance of various heterostructure composite materials

No.
Composite
materials Processing method

Thickness
(mm)

EMI SE
(dB)

Frequency
range (GHz) References

1 WS2–CF Hydrothermal 3 36 2 31
2 BF/PANI In situ polymerisation 0.4 37.72 8–12 30
3 PET/PANI In situ polymerisation 0.29 23.95 8–12 32
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reection of incoming microwaves. This unique architecture
effectively traps incident microwaves, resulting in an excellent
EMI shielding capability. The EMI SE of different hetero-
structures like tungsten disulphide (WS2)–carbon ber (CF),
natural bagasse ber/polyaniline (BF/PANI) core–shell
composites, and exible polyethylene terephthalate/polyaniline
(PET/PANI) composites is given in Table 5.
Polymer-based nanocomposites

PVA/POM hybrid nanocomposites. In recent years, the use of
conductive micro/nanollers in insulating or partially conduc-
tive polymer matrices has attracted considerable interest in
creating electrically conductive polymer nanocomposites.97 Due
to their unique physical and chemical characteristics, these
llers are oen divided into four categories: metallic, carbon-
based, ceramic, and metal-oxide. Metal-oxide nanoparticles,
such as Fe2O3, ZnO, and TiO2, are of special interest.98 Factors
such as size, shape, structure, and crystalline nature signi-
cantly affect the performance of these metal oxide nano-
particles.99 TiO2 is especially noted for improving both the
exibility and performance of polymer matrices.100 Polymer
composites incorporating metal oxides with higher dielectric
constants are emerging as viable materials for EMIS. This work
adopts a cost-effective solution-casting approach to create
hybrid nanocomposites by blending polyoxymethylene (POM)
and polyvinyl alcohol (PVA) with varying concentrations of TiO2

nanoparticles.101
4516 | Nanoscale Adv., 2025, 7, 4510–4534
To produce size-controlled TiO2 nanoparticles, freshly
prepared egg albumin was utilized as a bio-capping agent in
a combustion method, which reduced nucleate agglomeration
and allowed for precise morphology control compared to other
chemical methods.102 The process involved thoroughly mixing
freshly prepared egg albumin with 0.2 M nitric acid under
continuous stirring. TiCl4 solution was then slowly added drop
by drop while stirring being continued for about two hours at
normal temperature. The mixture was then heated to 90 °C and
simmered for nearly six hours, during which burning fumes
indicated the reaction's completion. The resulting uffy mate-
rial was crushed to obtain the nal TiO2 nanoparticles.6

Previous research, including work by S. Patil et al.101 and El
Sayed and Morsi,103 has shown that polymer blending can
enhance mechanical, optical, and dielectric properties. M. E.
Prince et al.6 developed PVA0.5/POM0.5 blends with 1–4 wt%
TiO2 nanoparticles that were evaluated for their dielectric and
shielding capabilities of 12 dB and 13 dB in the X band and Ku
band, respectively, with 25 wt% TiO2 NP loading.38

The PVA/POM nanocomposite lms and tertiary nano-
composite lms comprising poly styrenesulfonic acid (PSSA)/
PVA with different TiO2 NP loadings were studied using
a Vector Network Analyzer with a waveguide dimension of 10
× 10 mm, and PVA/polyethylene glycol (PEG) blend nano-
composite lms reinforced with various loadings of carbon
black nanoparticle (CBNP) materials for EMI SE are shown in
Table 6.38
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 6 SE values of different PVA composite materials produced by the solvent casting method

No. Composite materials Weight (%) Thickness (mm) Reection loss (dB) Frequency range (GHz) References

1 PVA/POM TiO2 (0) 4 2 8–12 6
2 PVA/PSSA TiO2 (25) 0.07 12 8–12 38
3 PVA/PSSA TiO2 (25) 0.07 13 12–18 38
4 PVA/PEG lm CBNP (25) 0.06–0.08 10.6 12–18 104
5 Polypyrrole/PVA Ag (10) 4 −35 8–12 38
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A 3D porous heterostructure with strong electromagnetic
absorption characteristics was designed and fabricated by H.
Gao et al.94 using nickel metal foam (NF) as the framework. A
PANI coating layer was applied to the NF framework using
a simple in situ polymerization strategy. This created a Ni/PANI
composite foam (NPF), with strong dielectric relaxation and
strong interfacial polarization. The preparation process is effi-
cient, cost-effective, and can be easily expanded for large-scale
advanced shielding production. The NPF demonstrates
extraordinary shielding ability up to 93.8 dB. The 3D porous
heterostructure efficiently integrates multiple reection, scat-
tering, embedded interfacial polarizations, and low density,
making it a promising candidate for next-generation or large-
scale shielding systems. The prepared NPF can be easily
extended to other metal foams to exploit high-performance
metal foam/PANI shields.

Polyethylene terephthalate membrane. Recycled materials
are increasingly being used in EMIS to promote environmental
protection and resource conservation, including items like PET,
iron (Fe), cobalt (Co), carbon (C), carbon bres, and leather
waste.105,106 In particular, PET has been utilized in diverse elds
such as bottles, textiles, and electronics due to its remarkable
tensile strength, thermal stability, clarity, and resistance to
chemicals.107 A new multifunctional EMIS membrane made of
recycled polyethylene terephthalate (rPET) with magnetic
FeCo@C nanoparticles and highly conductive silver nanowires
(Ag NWs)108 is presented by Z. Jiang et al.109 The quantity of Ag
NWs on the surface increases with the Ag NW coating time from
30 minutes (Ag30) to 90 minutes (Ag90). To stabilize the coating
particles and give the membrane surface superhydrophobicity,
polydimethylsiloxane (PDMS) was dissolved in hexane and dip-
coated onto it.109

A novel, exible, and cost-effective EMI shielding composite
paper has been developed by Y. Zang et al.32 using a simple,
efficient, and environmentally friendly in situ polymerisation
process. The paper exhibits excellent shielding stability and
Table 7 EMIS performance of rPET composite materials by sonication a

No. Composite materials Thickness (mm)

1 rPET/FeCo@C/Ag90 0.103
2 rPET/FeCo@C/Ag90/PDMS20 0.103
3 rPET/Ag30 0.103
4 rPET/FeCo@C/Ag30 0.103
5 rPET/FeCo@C/Ag60 0.103

© 2025 The Author(s). Published by the Royal Society of Chemistry
outstanding bending durability, retaining 99.0% of its original
value even aer 10 000 times of bending. The composite paper
can achieve a maximum shielding performance of 23.95 dB in
the X-band, meeting commercial requirements. The thin FPP-4
paper has an efficient SE of up to 23.95 dB and outstanding
shielding reliability under mechanical bending deformation.
The dominant shielding mechanism is absorption. This
approach could be applied to a wide range of exible EMI
shielding materials, making them potentially suitable for use in
next-generation exible devices.

Overall, this research highlights the potential of hybrid
polymer nanocomposites to deliver superior electrical proper-
ties compared to single polymer matrices.

Despite having a tiny 12.33 mm conductive layer, it has an
outstanding SET of 68 dB in the X band. The membrane also
retains stable electrical conductivity. This combination of
multifunctionality and sustainability positions the rPET/
FeCo@C/Ag90/PDMS20 membrane as a promising material for
future electronic applications. The EMIS performance of
composites is shown in Table 7.48

Nacre-inspired starch-based bioplastics. According to
Armynah et al.113 and Dai et al.,114 starch is frequently consid-
ered an optimal raw material for bioplastics due to its abun-
dance, affordability, non-toxic nature, and biodegradability,
although its limited mechanical properties and stability restrict
its broader application. According to Zhang, Gao, et al.,115

adding carbonaceous materials like reduced graphene oxide
(rGO) can increase EMIS. Liu et al.14,116 introduced a novel
biomimetic starch-based bioplastic, SBPSCGM15, featuring
a nacre-like layered structure achieved through the self-
assembly of TEMPO-CNF, starch, nano montmorillonite
(NMMT), and rGO, which greatly enhances mechanical prop-
erties along with EMIS efficiency, offering a promising approach
for future applications. Di Xie et al.14 introduced an innovative
method for developing a starch-based bioplastic inspired by
nacre, to attain enhanced properties and effective
nd dip-coating

EMI SE (dB) Frequency range (GHz) References

68 8.2–12.4 109
68 8.2–12.4 109
27 8.2–12.4 110
43 8.2–12.4 111
61 8.2–12.4 112

Nanoscale Adv., 2025, 7, 4510–4534 | 4517
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electromagnetic shielding. The bioplastic, referred to as
SBPSCGM15, was produced by self-assembling TEMPO-CNF
modied starch, nano montmorillonite (NMMT), and reduced
graphene oxide (rGO), resulting in a nacre-like layered
structure.

Different starch-based bioplastic samples were named
SBPSCGMX, where S, C, G, and M represented the added starch,
TEMPO-CNF, rGO, and NMMT, respectively, and x represented
the proportion of NMMT added to the percentage of starch
content. This distinctive conguration and strong interfacial
interactions led to impressive mechanical features, including
a tensile strength of 37.39 MPa. The bioplastic also exhibited
improved water and heat resistance and a notable SET of 35 dB
at a thickness of 0.5 mm. Moreover, SBPSCGM15 is characterized
by its repairability, renewability, and biodegradability.117 The
nacre-inspired design of this starch-based bioplastic holds
considerable potential for use in electromagnetic shielding
applications. The vector network analyzer assessed the EMI SE
of the SBP samples (30 × 20 mm2), and the results are displayed
in Table 8.14

FeCo/PANI composites. Polyaniline (PANI) is a conductive
polymer with low density, unique dielectric characteristics, and
environmental stability. It can be manipulated by doping
agents, offering new opportunities for developing PANI with
specialized functionalities. Xingyu Si et al.118 achieved dual
functionalities of hydrophobicity and excellent microwave
transmission in a single material. A new template-free method
for synthesizing PANI particles with bioinspired nanostructures
was developed using camphor sulfonic acid. The unique
structure of PANI imparts superior hydrophobicity and micro-
wave transmission capabilities, which makes it ideal for appli-
cations in industries like telecommunications, aerospace, etc.

Electrically and magnetically hybrid nanocomposites have
been created for a number of uses, such as energy generation,
tissue engineering, sensors, microwave absorption and shield-
ing, and storage. Potential biomedical uses for these materials
include drug delivery systems, biosensors, and antibacterial
materials. Ali Sedighi et al.119 created iron oxide nanoparticles
on polyester fabric using a two-step process, and poly-3,4-eth-
ylenedioxythiophene (PEDOT) was added to the treated fabric to
create a exible textile-based conductive substrate withmultiple
uses. Aer iron oxide nanoparticles were added to the fabric, an
electrically conductive PEDOT/iron oxide/PET fabric with an
electrical resistivity of 1000 U cm−1 was produced. Incorpo-
rating nanoparticles improved PET fabric's tensile strength and
strain, and PEDOT nanoparticles enhanced polyester or PET
fabric's UV protection in UV B and UV C regions. This work
creates the opportunity to make textiles with electrical and
Table 8 EMIS performance of SBP samples (30 × 20 mm2) by the self-a

No. Composite materials Thickness (mm)

1 SBPSCGM15 0.5
2 SBPSGM 0.5

4518 | Nanoscale Adv., 2025, 7, 4510–4534
magnetic properties for wearable, exible, and stretchable
electronics.

D. Liu et al. examined the environmental challenges posed
by secondary electromagnetic pollution resulting from reec-
tions off metallic shields, underscoring the necessity for elec-
tromagnetic or microwave absorbing materials (MAMs) that can
effectively absorb EM radiation and inhibit its further propa-
gation.120 According to P. Saini et al., efficient electromagnetic
absorbing materials incorporate lossy media featuring electric/
magnetic dipoles and mobile charge carriers that engage with
incoming radiation, converting energy into heat.27 These
materials are expected to possess advantageous characteristics,
including low weight, corrosion resistance, and a wide absorp-
tion coefficient across various frequencies. Intrinsically con-
ducting polymers such as polyaniline, polypyrrole, and
polythiophene are noted for their commendable dielectric
properties, adjustable conductivity, and exibility.121 Moditma
et al.122 highlighted the EMIS performance of uniformly
dispersed FeCo/polyaniline composites created through
a simple grind-mixing approach. Initial tests utilized the non-
conducting form of polyaniline (emeraldine base, EB) to eval-
uate how magnetic FeCo nanoparticles enhance absorption
capabilities.

Further investigations concentrated on composites made
with the conducting form of polyaniline (emeraldine salt, ES),
which exhibited marked improvements in SE. The grind mixing
technique was used to create a composite of FeCo nanoparticles
in emeraldine bases (PANI-EB) and emeraldine salt (PANI-ES)
forms of polyaniline.123 The uniform distribution of the FeCo
nanoparticles was achieved by FE-SEM imaging and elemental
mapping. The structural and magnetic characteristics of the
implanted alloy were unchanged throughout the physical mix-
ing operation. While emeraldine base composites had weak
EMIS characteristics, composites containing the emeraldine
salt form of polyaniline showed excellent electromagnetic (EM)
wave absorbing capabilities in the X band, with an overall
shielding efficacy of 40 dB at 25 wt% FeCo lling. This was
largely related to the basic polymer's outstanding dielectric
characteristics, which were greatly improved upon FeCo addi-
tion, and the contribution of magnetic and conduction losses
caused by these nanoparticles. Thus, the generated magnetic
composites had superior impedance-matching properties,
resulting in lower losses owing to reection and absorption-
dominated shielding. Table 9 shows the EMIS capability of SBP
samples.

Further development of shielding capabilities is predicted by
appropriate linkage with nano-carbon derivatives/magnetic iron
oxides in these samples in order to boost shielding efficiency
ssembly method

EMI SE (dB) Frequency range (GHz) References

35.95 8.2–12.4 14
28.45 8.2–12.4 14

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 9 EMIS performance of SBP samples (30 × 20 mm2) by the grind mixing technique

No. Composite materials Thickness (mm) EMI SE (dB) Frequency range (GHz) References

1 PANI-ES/FeCo (25 wt%) 1.5 40 8.2–12.4 122
2 PANI-ES/FeCo/graphene 1.5 53 8.2–12.4 122
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without signicantly affecting the light-weight sample
quality.124–126

Template-free synthesis of PANI nanostructures. According
to recent studies, appropriate structures can greatly customize
EMIS capabilities. Vertically growing hierarchical columnar
ZnO arrays on carbon cloth, for instance, can reach a minimum
SER value of −39.6 dB at a thickness of 3.5 mm (ref. 127) and
porous structures can raise the minimum SER value to−48.1 dB
at a thickness of 3.5 mm.128 The benets of intrinsically
conductive polymers (ICPs) include their low density, tunable
dielectric behaviours, and ease of synthesis. The distinctive
doping mechanism of PANI, which enables adjustable dielectric
properties over a broad frequency range, makes it a promising
candidate for EMIS applications.129

PANI particles with the desired structures are created in
order to solve this issue, and they demonstrate efficient EMIS
properties. In order to create PANI-based composites with
a helical structure and improve polarisation characteristics,
dielectric loss, and microwave attenuation properties, spiral-
structured cotton ber is used as a template.130 Using the steric
stabiliser polyvinyl pyrrolidone (PVP) as a template, PANI
particles are created using the reverse dropping technique.131

Although the template approach provides more exibility, it
may weaken the overall dielectric network of PANI, which would
lower its absorption capacity.

According to J. Yang et al.,132 the chemical makeup of PANI,
which is mostly dictated by the oxidation state and doping rate,
is intimately linked to its dielectric properties. This study
presents a simple and effective template-free technique for
creating PANI particles with delicate nanostructures, such as
nanosheets, clusters, and nanobers. With a maximum Effec-
tive Absorption Bandwidth (EAB) of 6.12 GHz and a minimum
SER value of −52.22 dB at 9.84 GHz, the obtained PANI shows
outstanding EMIS performance. These PANI particles are
crucial for applications in a number of industries, including
communications, defence, aerospace, and precision elec-
tronics, due to their potent absorption capacity.
Table 10 EMIS of PANI-based materials

No. Composite materials Processing method

1 PANI Chemical oxidation
polymerization

2 Fe3O4@PANI Hydrothermal
3 Sepiolite/La-barium

ferrite@PANI
In situ chemical oxidation

© 2025 The Author(s). Published by the Royal Society of Chemistry
The EMIS efficiency of different PANI-based composites is
given in Table 10.

Flexible nickel chains/acrylate composites. Pressure-sensi-
tive adhesives (PSAs) promise rapid bonding under minimal
pressure that can be maintained by repeated adhesion.135 Nickel
(Ni) particles, with their high aspect ratio and anisotropy, are an
excellent functional ller for providing EMI shielding qualities
to PSAs.136 H. Zhang et al. proposed a simple and versatile
approach for creating functional adhesives with very effective
and customizable EMI shielding capability.137

A method for creating EMI shielding functional adhesives
that is simple, practical, scalable, and effective has been created
by C. Wang et al.138 The adhesive matrix is made of acrylate-
based PSA (a-PSA), and the functional electromagnetic shield-
ing adhesive is created by integrating Ni chains with a-PSA. The
unique layered structure is critical in dening shielding effi-
ciency and adhesive strength, which can be easily adjusted by
varying the Ni chain concentration. The composite adhesives
with different Ni chains/a-PSA mass ratios of 1 : 9, 2 : 8, 2.5 : 7.5,
3 : 7, 3.5 : 6.5, 4 : 6, and 5 : 5 were fabricated through repeated
solution casting processes. PSA-3 showed a maximum EMIS of
39.97 dB with a small thickness of 0.18 mm, while preserving
high bonding performance.

Other PSA methods can readily replace the suggested elec-
tromagnetic adhesive prototype to produce electromagnetic
shielding adhesives. Both a-PSA and Ni chains are commercially
accessible and reasonably priced, and the production and
application processes are simple and effective. Because of these
characteristics, the functional adhesive has excellent potential
for use in wearable smart devices and sophisticated exible
electronics. The adhesive properties and EMI shielding perfor-
mance are signicantly inuenced by the spatial distribution of
Ni chains. With just a gentle nger touch, the composite
adhesive can be effortlessly affixed to a variety of material
surfaces.

Y. Zhang et al.139 successfully synthesised a hierarchical BF/
PANI composite with a core–shell structure in a one-step in situ
Thickness
(mm)

EMI SER
(dB)

Frequency range
(GHz) References

3.2 −52.12 6.12 132

1.6 −55.50 17.3 133
2.4 −71.98 2–18 134

Nanoscale Adv., 2025, 7, 4510–4534 | 4519
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polymerisation of polyaniline (PANI) on bagasse bre (BF). The
composite exhibits a superior EMIS of 28.8 dB with a thickness
of only 0.4 mm, mainly due to increased electrical conductivity
and effective multiple reections. This versatile and cost-effec-
tive method is expected to enable efficient utilisation of low-cost
natural materials in EMI shielding applications.
Carbon–polymer based nanocomposites

Hybrid CNT and CF reinforced PEEK composites. Various
fabricationmethods, includingmelt blending140,141 and solution
compounding,141,142 are commonly employed for CNT-based
polymer nanocomposites, but issues such as the use of toxic
solvents, increased viscosity with high CNT loading, ller
breakage, and polymer degradation can occur if process
parameters are not carefully controlled.143While techniques like
chemical vapor deposition,144 electrophoretic deposition,145,146

and in situ polymerization147 can address some of these limita-
tions, they present challenges for large-scale production.
Recently, spray coating has emerged as a cost-effective and
scalable method for incorporating CNTs into polymer
composites. For instance, S. Cao et al.7 developed multi-walled
carbon nanotube (MWCNT)/carbon ber (CF)/polyether ether
ketone (PEEK) composites with a multi-layer structure, which
were fabricated using spray coating to deposit CNTs on each
layer, and their effects on morphology, mechanical properties,
interlaminar bonding, and EMIS were investigated. Unlike
earlier studies that focused on the mechanical and electrical
properties of CF/PEEK composites or the EMI properties of
other polymers, this research addressed high-temperature
applications such as aerospace and offshore telecommunica-
tions, which require materials capable of withstanding
temperatures up to 250 °C. The optimal CNT content of 1.5 g
m−2 (0.32 wt%) resulted in a uniform conductive network,
improving tensile and exural strength and enhancing inter-
laminar bonding, as shown by dynamic mechanical analysis
(DMA).

The resistance of CF/MWCNT/PEEK laminates with varying
interlaminar MWCNT content (0.0 g m−2, 0.5 g m−2, 1.5 g m−2,
2.5 g m−2, 4.5 g m−2) was evaluated in the plane direction using
a B2912a (Keysight) source meter and silver paint applied to the
sample edge along the width. The conductivity may be
computed as

s ¼ L

RS
(12)
Table 11 Electrical conductivity of MWCNT/CF/PEEK composites7

No.
Interlaminar MWCNT
loading (g m−2)

1 0.0
2 0.5
3 1.5
4 2.5
5 4.5

4520 | Nanoscale Adv., 2025, 7, 4510–4534
where the sample resistance (R), cross-sectional area (S), and
length perpendicular to the current ow (L) are used in resis-
tance measurement. Table 11 displays the electrical conduc-
tivity of MWCNT/CF/PEEK composites based on MWCNT
loading in g m−2 and weight percentage.

The CNTs were more effective in improving exural proper-
ties due to their ability to strengthen the inter-ply region under
bending forces. However, excessive CNT content led to cluster
formation, diminishing mechanical properties. The highest
EMI SE of 43.2 dB was achieved at 2.5 g m−2 (0.53 wt% CNT),
aer which both conductivity and EMI performance declined.
This study is the rst to demonstrate the effectiveness of spray-
coating CNTs in enhancing the EMI performance of carbon
ber-reinforced PEEK composites.

The EMIS sample size is 22.9 mm × 10.2 mm × 1.7 mm. The
SET of carbon@polyaniline nanorod array microspheres
(C@PANI), novel CF@NiFe2O4 composite coated with phytic
acid-doped polyaniline (CF@NiFe2O4@p-PANI), MWCNT, etc. is
shown in Table 12.

Hybrid epoxy composites. The growing demand for carbon
ber reinforced polymer composites (CFRPs) in the aviation
sector, primarily for their fuel-saving benets, despite their
limited EMIS capabilities. Epoxy (EP) is a widely used thermo-
setting polymer, valued for its insulating qualities, dielectric
behavior, strong adhesion, dimensional stability, chemical
resistance, and rigidity.157,158 While EP does not directly
contribute to EMIS, it enhances ller connectivity, thus boost-
ing overall shielding efficiency.159 Carbon bers (CFs) stand out
due to their excellent strength-to-weight ratio, corrosion resis-
tance, electrical conductivity, rigidity, low thermal expansion,
and EMIS effectiveness.160 Additionally, conductive polymers
such as PPy and PANI are recognized for their potential in
EMIS.161,162 PPy-coated CFs improve interfacial adhesion with
EP, creating high-performance composites.163,164 Lastly,
magnetite (Fe3O4) nanoparticles are noted for their size-
dependent magnetic properties, transitioning from ferrimag-
netic to superparamagnetic at smaller sizes. Larger particles
(over 10 nm) enhance EMIS due to high magnetic permeability
and dielectric properties,165,166 while their hydrophilic nature
strengthens interfacial bonding with EP resin.167,168 Together,
these materials pave the way for developing advanced CFRPs
with enhanced EMIS, mechanical, and thermal characteristics.

R. Kanwal et al.13 aimed to improve the mechanical proper-
ties and EMIS performance of hybrid composites made from
PPy-coated CFs, magnetite nanoparticles (MP), graphene oxide
(GO), and epoxy resin. PPy was coated onto desized carbon ber
Total mass fraction
(wt%)

Electrical conductivity
(S cm−1)

0 6.46
0.11 8.35
0.32 8.90
0.53 10.87
0.96 10.45

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 12 EMI SE comparison of nanofiller-reinforced polymer composites

No. Filler/matrix Processing method
Sample
thickness (mm)

Mass fraction
(wt%)

EMI SE
(dB)

Frequency
range (GHz) References

1 CF/MWCNT Spray-hot pressing 1.7 0.53 43.2 8.2–12.4 7
2 MWCNT Melt blending 2.0 12 55 8.2–12.4 141
3 BaTiO3 Melt blending 2.0 18 11 8.2–12.4 148
4 MWCNT Melt extrusion 0.18 9 10.5 8.2–12.4 140
5 MWCNT/Fe3O4 Melt extrusion 0.50 9/4 27.2 8.2–12.4 141
6 Ni-CF Electroplating melt extrusion 0.6 40 29 8.2–12.4 150
7 GNP/CLF Compression moulding 2.5 2.5/9 27.1 8.2–12.4 12
8 CNF (or CNT) Ultrasonic dispersion spraying 1.0 20 (or 5) 19.8 (24.1) 8.2–12.4 151
9 CNT/CF Dry spray deposition 0.5 2.5 (g m−2) 53 8.2–12.4 152
10 MWCNT/CF Sonication mechanical mixing

method
0.5 1/50 60 8.2–12.4 153

11 C@PANI Dilute polymerization 2.2 — −59.60 15.5 154
12 CF@NiFe2O4@p-PANI In situ 2.5 — −64 5 155
13 MWCNT/CF Chemical vapor deposition 2 3/27 (vol%) 51.1 8.2–12.4 156
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mats using electrophoretic deposition, while GO and MP were
produced using modied versions of Hummers' and Massart
methods. The hybrid composites were fabricated via a vacuum
bagging process to create porosity-free structures, with nano-
llers added to the epoxy matrix through solution mixing and
vacuum processing.

DC conductivity was determined using the two-probe
method, which involved measuring resistance R using two
multimeter probes. A 10 × 30 mm specimen was utilized for
measurement. DC conductivity was measured using the
following formulae.13

DC Resistivity; r ¼ RA

L
(13)

DC Conductivity; s ¼ 1

r
(14)

where R is the resistance in U, A is area in m2, and L is the
sample length in m.

Mechanical properties were assessed through tensile testing,
and EMIS was evaluated in the X-band frequency range.
Composites with 0.2 wt% GO demonstrated superior mechan-
ical properties compared to those with higher GO content (0.8
wt%), and increased nanoller content also improved DC
conductivity.

The hybrid composite containing 0.2 wt% GO and 0.2 wt%
MP exhibited the best combination of mechanical strength and
EMIS due to effective impedance matching and electromagnetic
wave attenuation. These composites show potential for use in
structural materials, electronics packaging, and aerospace
industries due to their enhanced mechanical and EMIS capa-
bilities. The SET of different composite materials is shown in
Table 13, which includes a ternary hybrid nanocomposite
comprising thermoplastic polyurethane as the matrix and gra-
phene nanoplatelets–carbon nanotube hybrid (GCNT) as lled
inclusion. Also, the preparation method and SE values of Fe4[-
Fe(CN)6]3 (Prussian blue), graphene oxide (GO) and magnetite
(Fe3O4) nanocomposite is shown in the table. In another study,
© 2025 The Author(s). Published by the Royal Society of Chemistry
ordered mesoporous carbon (OMC)/fused silica composites
with different carbon contents have been prepared by
a controllable but simple sol–gel method followed by hot-
pressing.

Activated carbon-embedded copper oxide nanoparticles/
epoxy hybrid composites. The development of lightweight EMIS
epoxy-based composites with high mechanical strength is very
important for aircra applications.173 It emphasizes the
increasing adoption of carbon bre–reinforced polymer
composites (CFRPs) in both commercial and military aircra,
replacing materials like aluminium and titanium alloys due to
their excellent mechanical strength, corrosion resistance, and
lightweight nature, which contribute to lower fuel
consumption.174,175

However, CFRPs fall short in providing effective EMIS
compared to aluminium, sparking research efforts to improve
their SE. Various studies have explored incorporating conduc-
tive and magnetic llers into CFRPs to enhance shielding
performance. For example, the inclusion of multiwalled carbon
nanotubes in carbon bre-reinforced epoxy composites resulted
in an SE of −60 dB,153 while nickel and cobalt-coated biocarbon
nanober/paraffin wax composites achieved an SE of 41.2 dB.176

K. S. Anu et al.173 developed lightweight copper oxide-acti-
vated carbon (CuO-AC) nanoparticle-based epoxy composites
for EMIS, lling a critical gap in studies on CuO-based
composites. The study examines different weight ratios of CuO-
AC nanoparticles, produced via a co-precipitation method, and
their integration into an epoxy matrix to enhance mechanical
strength and EMIS effectiveness.173 The composite containing
10 wt% CuO-AC exhibited optimal mechanical performance
and an SE of −36.33 dB at 11.44 GHz. To further boost perfor-
mance, the composite was reinforced with 2-ply plain woven
carbon ber, leading to signicant improvements in both EMIS
of −52.02 dB and mechanical properties, driven by the
combined effects of ohmic and dielectric losses.

Al-Ghamdi et al.177 fabricated a novel functional nano con-
ducting composite from polyvinyl chloride reinforced graphite–
copper nanoparticles (PVC/GCu). A higher GCu loading level
Nanoscale Adv., 2025, 7, 4510–4534 | 4521
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Table 13 EMI SE of hybrid epoxy composite materials

No. Composite materials Processing method
Sample
thickness (mm)

EMI SET
(dB)

Frequency
range (GHz) References

1 0.2% GO–0.2% MP-CFPPy Vacuum infusion — 46.72 8.2–12.4 13
2 PVDF/FLG–3 wt% NSF–15 wt% hybrid

polymer
Solution processing 1.2 53 8.2–12.4 169

3 10 wt% GCNT polyurethane Solution blending — −47 12.4–18 170
4 Fe4[Fe(CN)6]3/GO/Fe3O4 (PBGF) Hummer's method — −51.66 8.2–12.4 171
5 10 vol% CNT/fused silica Sol–gel — 30 8.2–12.4 172
6 10 vol% OMC/fused silica Sol–gel — 40 8.2–12.4 172

Fig. 5 The synthesis schematic diagram of the recycling and the
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has greater EMI SE shielding effectiveness reaching 70 dB in the
frequency range of 1–20 GHz. Priyanka Rani et al.178 prepared
montmorillonite (MMT) nanoclay and copper oxide (CuO)
nanoparticle (NP) reinforced polyvinylchloride (PVC)-based
exible nanocomposite lms via the solvent casting technique
having an SEA of −30 dB in the X-band and −35 dB in the Ku-
band.

These results indicate that the carbon ber–reinforced CuO-
AC/epoxy hybrid composite, with its enhanced thermal,
mechanical, and EMIS properties, is highly suitable for aircra
applications, particularly within the X-band frequency range (8–
12 GHz), critical for air traffic control and weather monitoring.
EMIS epoxy hybrid composite materials for aircra applications
are shown in Table 14.179

Recycled carbon ber–reinforced composites. The main
techniques for extracting carbon bers (CFs) from resin
matrices include thermal decomposition and chemical
degradation,180–182 both of which are affected by polymer
chemical bonds and crosslinking density, resulting in limited
recycling efficiency and unpredictable decomposition for multi-
component polymers.183 In contrast, pyrolysis is regarded as the
most cost-effective and sustainable method for industrial
carbon ber recycling due to its efficiency in terms of resources
and processes.184,185 To improve the interfacial adhesion
between recycled carbon bers (rCFs) and resin matrices,
surface modication techniques have been developed, with
dopamine (DA) being particularly effective. DA forms covalent
bonds in the presence of oxygen and signicantly enhances the
adhesion and overall performance of rCF-reinforced compos-
ites, which are suitable for various applications.

K. Wang et al.183 presented a detailed recycling strategy for
addressing the conductivity degradation of recycled carbon
bres (rCFs) while increasing their use in rCF-reinforced
Table 14 EMIS effectiveness of epoxy hybrid composite materials

No. Composite materials Processing metho

1 CF–reinforced CuO-AC/epoxy hybrid
composite

Co-precipitation

2 PVC/GCu In situ
3 PVC/MMT/CuO Solvent casting

4522 | Nanoscale Adv., 2025, 7, 4510–4534
composites. The method combines controllable pyrolysis and
surface modication techniques, using a two-step pyrolysis
procedure to decompose a phenolic resin matrix and eliminate
carbon remnants from the bre surfaces by varying the heat
conditions during treatment. Following pyrolysis, polydop-
amine (pDA) is used to change the surface properties of the
bres, allowing chemical bonding with the phenolic resin and
producing composites with excellent EMIS and ame retardant
properties. A schematic diagram of recycling rCFFs and reas-
sembling composites and SEM image is shown in Fig. 5.186

The study investigates the structural evolution and micro-
structure–property relationships of the rCFs to rene the
pyrolysis parameters, showing consistent EMIS performance
d
Sample thickness
(mm)

EMI SE
(dB)

Frequency
range (GHz) References

— −52.02 11.48 173

2 70 1–20 177
— −30 8–12 178

reconstruction of the rCFF-basedmaterials; the SEM image of rCFFs.149

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 15 EMIS effectiveness of rCFF-based materials by a two-step pyrolysis method

No. Composite materials Processing method
Sample thickness
(mm)

EMI SE
(dB)

Frequency range
(GHz) References

1 rCFFs Pyrolysis 0.3 30 8.2–12.4 185
2 rCFFs-P Phenolic resin spraying 0.3 40.56 8.2–12.4 187
3 rCFFs-C Two-step pyrolysis 0.3 47.72 8.2–12.4 188
4 rCFFs-O Oxidation 0.3 36.95 8.2–12.4 189
5 4-layered rCFFs-O Pyrolysis 1.2 70.50 8.2–12.4 183
6 rCFFs-C1 Pyrolysis 0.3 41.71 8.2–12.4 190
7 rCFFs-O1 Pyrolysis 0.3 36.90 8.2–12.4 191
8 rCFFs-O3 3rd pyrolysis 0.3 40.80 8.2–12.4 192
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even aer ten recycling cycles. The rCF-reinforced composites
achieve an average SET of 40.56 dB in the X-band, potentially
enhancing this to 70.50 dB through structural modications.

Moreover, the modied rCFs demonstrate stable EMIS
performance of 30.64 dB aer multiple recycling cycles.183 This
approach not only offers an effective solution for recycling
carbon bers from waste composites but also establishes
a method for surface modication that improves the perfor-
mance of rCF-based materials, thereby supporting sustainable
practices within the circular economy. The total EMI SE (SET)
values in the X band of the rCFF-based materials are shown in
Table 15.

Carbon ber reinforced phenolic resin-based carbon
composite foam. Zhao et al. reported the development of
a composite based on MXene, achieving SET values of 25 dB in
the X-band (8.2–12.4 GHz) and 30 dB in the Ku-band (12.4–18
GHz).193 Similarly, Hu et al.194 created delaminated MXene
decorated with nickel (Ni) particles, yielding a minimal reec-
tion loss of −50.36 dB. Agarwal et al.195 produced carbon foam
reinforced with manganese dioxide (MnO2), demonstrating
a specic EMI SE of 150 dB cm3 g−1 within the 8.2–12.4 GHz
frequency range.

Muzaffar et al.196 formulated a polyvinyl chloride composite
reinforced with nickel oxide (NiO) and tungsten oxide (WO3),
achieving an EMI SE of 15.8 dB in the X-band. More recently,
Song et al.197 presented zinc oxide (ZnO) nanoparticle-modied
mesoporous carbon spheres, which displayed an EMI SE of 39.3
dB at 10.4 GHz. Additionally, Song et al.198 developed multi-
functional silicon carbide (SiC) aerogels reinforced with nano-
bers and nanowires, achieving a minimum reection loss (RL)
Table 16 EMI SE of porous carbon materials with different additives in t

No. Materials Processing method

1 Fe@C-CF Sacricial template
2 Cu–Ni alloy-CNT foam Electro deposition
3 Carbon foam with Ni–Zn ferrite Sol–gel & foaming
4 Carbon foam with Ag particles Powder molding
5 MX–rGO hybrid foam Freeze-drying and heat
6 AgNWs/Fe3O4/MF foam Coprecipitation and dip-
7 MXene/PCF foam Steam foaming & carbon

© 2025 The Author(s). Published by the Royal Society of Chemistry
of −61.56 dB, indicating their effectiveness for thermal energy
regulation applications.199

V. K. Patle et al.200 investigated the use of nickel (Ni) and iron
(Fe) nanoparticles on carbon bers, which were then integrated
into carbon foam. The foam was fabricated using a sacricial
template method and carbonized at 1000 °C. The resulting
composite foam featured carbon bres decorated with Ni and
Fe nanoparticles, resulting in a uniform distribution of Ni@C
and Fe@C throughout the carbon matrix.200

Keju Ji et al.201 prepared Cu–Ni open-cell foams with different
pore densities by electrodeposition of Ni on a copper foam
substrate. Zhimin Fan et al.202 fabricated a lightweight MXene/
graphene hybrid foam (MX–rGO) by freeze-drying and reduction
heat treatment. H. G. Shi et al.203 prepared a hybrid foam by
using a 3D melamine-formaldehyde (MF) foam skeleton, 0D
ferroferric oxide (Fe3O4) nanoparticles, and 1D silver nanowires
(AgNWs) via coprecipitation and dip-coating processes. A
comparison of these recently reported porous carbon materials
with different additives and their corresponding EMIS perfor-
mance is shown in Table 16.200

The carbon bres displayed an SET of 24.5 dB, which was
improved to a peak of 62.3 dB at 8.2 GHz for the Fe@C-CF
composite. The Ni@C-CF and Fe@C-CF composite foams dis-
played absorption-dominant EMIS characteristics with minimal
reection components.11 Additionally, these composite foams
exhibited notable mechanical strength, making them prom-
ising candidates for lightweight EMIS shielding materials
designed for high-performance electromagnetic wave absorp-
tion applications.200
he 8.2–12.4 GHz frequency range

Density
(g cm−3)

Thickness
(mm)

EMI SE
(dB) References

0.36 2.5 62.3 200
0.23 1.5 54.6 201
1.72 3.0 42 204
0.58 4.0 33 205
0.0037 0.3 50.7 202

coating 0.022 5.0 49.0 203
ization 0.35 3.0 74 206

Nanoscale Adv., 2025, 7, 4510–4534 | 4523
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Comparison of various fabrication methods

Among the three categories mentioned, the polymer-based
composites stand out in terms of maximum EMI shielding
performance. Using a basic in situ polymerisation technique,
Gao et al.94 produced a 3D porous Ni/PANI composite foam with
remarkable shielding efficiency ranging up to 93.8 dB. The
synergistic effects of the 3D porous heterostructure enable
many reections, strong interfacial polarisation, and effective
electromagnetic wave absorption. All of these effects together
help to explain this remarkable shielding capability. The great
shielding ability of this polymer-based composite emphasizes
its possibilities for uses demanding strong EMI protection.

Real-world applicability depends critically on themechanical
exibility, durability, and environmental stability of the EMIS
composites in addition to high shielding performance and
scalability. Chen et al.5 prepared a exible, multilayer CSNA
composite lm that shows excellent mechanical characteristics
and a signicant shielding of 38.6 dB even under 100% strain.
Retaining 99.0% of its original value even aer 10 000 times of
bending, the exible polyethylene terephthalate/polyaniline
(PET/PANI) composite paper reported by Zhang et al.32 also
showed outstanding bending durability and shielding stability.
These results highlight the need for creating strong mechanical
and environmental performance EMIS materials to satisfy the
needs of wearable devices, exible electronics, and other useful
applications.

The in situ polymerization method is the most promising of
the three categories when it comes to scalable and economical
composite preparation methods. Gao et al.94 reported an in situ
polymerisation method for producing the Ni/PANI foam again,
which is one of the easy, effective, and eco-friendly procedures
that is readily scalable for large-scale manufacturing on the
basis of the comparison study. Similar to this, the spray coating
technique by Cao et al.7 for creating the MWCNT/CF/PEEK
multilayer composites provides a scalable and economical
means of adding conductive llers to polymer matrices. These
methods are appealing for the large-scale production of EMIS
materials since they do not require the use of potentially
dangerous solvents, complex equipment, or energy-intensive
processing.

On comparing different fabrication methods, the spray
coating and in situ polymerisation processes have obvious
scalability and economic viability for mass production in the
automotive or electronics sectors.32,94 These techniques have
advantages for the industrial-scale production of EMIS mate-
rials since they do not require the use of toxic solvents,
sophisticated equipment, or energy-intensive processes.
Furthermore, the internal and exterior reections contribute to
the remarkable shielding capabilities of polymer-based
composites, especially PET/PANI composite paper and Ni/PANI
foam.

The structural integrity, homogeneity, and EMI performance
of the composites can be much inuenced by the fabrication
method chosen. Strong interfacial polarisation and a well-
dened 3D porous heterostructure produced by Gao et al.94 from
their in situ polymerization method supported to explain the
4524 | Nanoscale Adv., 2025, 7, 4510–4534
remarkable shielding effectiveness. The spray coating tech-
nique by Cao et al.,7 on the other hand, needed careful control
of the CNT deposition to obtain a homogeneous conductive
network and improve the mechanical and EMI shielding char-
acteristics. Chen et al.5 used a magnetic alignment of the
carbonyl iron@SiO2 and Ni@Ag microparticles that allowed
exact control of the composite structure and shielding mecha-
nism, resulting in high shielding effectiveness. But, the
complexity of the process could lead to difficulties for homo-
geneity and scalability. Overall, the in situ polymerization and
spray coating techniques generally demonstrated superior EMI
shielding performance, structural integrity, and homogeneity
compared to other methods like solution casting or melt
blending, which can be attributed to the enhanced absorption,
reection, and multiple reection losses achieved through
these fabrication approaches.

Drawbacks of the composites

The carbon-based materials, like carbon/graphite, can be
fragile, while aluminium lacks impact resistance, and stainless
steel is heavy and subject to corrosion, particularly in marine
environments. These properties can limit the long-term dura-
bility and recyclability of carbon-based EMIS composites. From
a sustainability perspective, carbon-based nanocomposites,
including those incorporating carbon nanotubes (CNTs), gra-
phene, and carbon black, have environmental and economic
challenges. Additionally, the energy-intensive production
processes and potential toxicity of some carbon nanomaterials,
like carbon nanotubes, may raise environmental and health
concerns.

Polymer-based nanocomposites, such as rPET as a potential
sustainable solution, conventional petroleum-based polymers
can have limited biodegradability and recyclability, leading to
waste accumulation and environmental pollution. The use of
toxic solvents and additives in the production of polymer-based
EMIS composites may also raise sustainability concerns.

For carbon–polymer hybrid nanocomposites, the combina-
tion of carbon-based materials and polymers may raise chal-
lenges in terms of end-of-life management and recyclability,
since the separation and recovery of individual components can
be complex. The energy-intensive processing and potential
toxicity of some nanomaterials used in these hybrids may also
impact their overall sustainability. Considering all these factors
emphasises the need for further research into sustainable and
biodegradable materials for EMIS applications. Addressing
these aspects, such as material selection, production methods,
and end-of-life management, will be crucial for developing truly
sustainable EMIS solutions.

Current developments

Signicant progress in EMIS composites has focused on
enhancing their performance for modern electronic applica-
tions. Researchers have made notable advancements in
combining MXenes with polymers, creating lightweight and
highly conductive materials that provide efficient shielding.
Additionally, 3D graphene structures, hybrid nanocomposites
© 2025 The Author(s). Published by the Royal Society of Chemistry
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with carbon nanotubes and silver nanowires, and foam-based
composites with conductive llers are at the forefront. These
innovations are tailored to improve EMI absorption while
maintaining mechanical strength and exibility, making them
ideal for applications in exible electronics, wearable devices,
and 5G technologies.
Future developments

Further investigation into sustainable and biodegradable
materials for EMIS, such as starch-based bioplastics and recy-
cled polymers, is crucial for advancing eco-friendly solutions
while maintaining high shielding performance. This includes
the development of more efficient and environmentally friendly
fabrication methods, including green reduction techniques and
scalable processes such as spray coating, enhancement of
recycling processes for carbon ber composites to improve their
EMIS properties over multiple cycles etc. The future develop-
ments will include the investigation of novel hybrid materials
combining multiple components (e.g., carbon-based materials,
conductive polymers, and magnetic nanoparticles) to achieve
synergistic effects in EMIS and the optimization of material
structures, such as 3D architectures and gradient designs, to
enhance both mechanical properties and EMIS effectiveness.
Researchers are investigating multifunctional materials that
combine EMIS with other desirable properties, such as ame
retardancy, thermal management, or self-healing capabilities.
Conclusions

The review of carbon-based, polymer-based, and carbon–poly-
mer hybrid nanocomposites for EMIS applications reveals
signicant advancements in material design and performance.
Carbon-based materials, particularly CNTs and graphene,
demonstrate excellent electrical conductivity and EMI absorp-
tion properties, making them suitable for lightweight shielding
solutions. Polymer-based composites offer versatility and ease
of processing, with conductive polymers and metal oxide-lled
matrices showing promise for exible EMIS applications.
Carbon–polymer hybrid nanocomposites emerge as a practical
approach, combining the strengths of both components to
achieve superior EMIS effectiveness. These hybrids oen exhibit
improved mechanical properties and thermal stability,
addressing multiple engineering challenges simultaneously.

Among the carbon-based nanocomposites, the CSNA lm
developed by Chen et al.5 demonstrated an impressive shielding
effectiveness of 64.5 dB at a thickness of 1.6 mm, prepared by
the magnetic alignment of carbonyl iron@SiO2 and Ni@Ag
microparticles. Moving to polymer-based composites, the PVA/
PSSA nanocomposite lm with 25 wt% TiO2 nanoparticles
exhibited a shielding effectiveness of 12–13 dB in the X-band
and Ku-band at a thickness of 0.07 mm, showcasing the
potential of sustainable and recyclable materials. In the cate-
gory of carbon–polymer hybrid nanocomposites, the CNF/
MWCNT@Fe3O4/MXene asymmetric multilayer composite
membrane developed by Zhou et al.48 achieved a remarkable
shielding effectiveness of 73.2 dB at a thickness of 0.18 mm,
© 2025 The Author(s). Published by the Royal Society of Chemistry
highlighting the synergistic effects of the hybrid design. Other
notable examples include the rPET/FeCo@C/Ag90/PDMS20
membrane with 68 dB shielding at 0.103 mm thickness, the
SBPSCGM15 starch-based bioplastic with 35.95 dB shielding at 0.5
mm, and the PANI-ES/FeCo composite with 40 dB shielding at
1.5 mm thickness. These materials demonstrate the progress in
developing EMIS composites with high performance, ease of
processing, and sustainability considerations.

In conclusion, the eld of EMISmaterials continues to evolve
rapidly, driven by the growing need for effective electromagnetic
protection in an increasingly connected world. The integration
of advanced carbon and polymer nanocomposites offers
promising solutions for addressing EMI challenges across
various industries, paving the way for the next generation of
electronic devices and communication systems.
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