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4.1 Introduction

We are currently witnessing a remarkable progress in electromagnetic (EM) func-
tional materials, with a special focus on nanoscale and low-dimensional materials. 
These advancements enable significant strides in high-tech applications, uncovering 
new physical effects and properties while fostering innovation in fields like EM 
wave absorption, shielding, sensing, imaging, optics, and photovoltaics. The integra-
tion of material and technology sciences around nano- and micromaterials is a crucial 
driver for developing cutting-edge EM functional devices [1].

The increasing global demand for sustainable energy has steered researchers to-
ward the advancement of smart hierarchical two-dimensional (2D) materials and their 
composites. Among these, 2D materials such as transition metal carbides/nitrides 
(MXenes), layered double hydroxides (LDHs), and graphene oxide (GO) hold 
immense potential for energy storage applications. This potential arises from their 
exceptional attributes, including unique morphologies, impressive thermomechanical 
properties, and remarkable electrical, electronic, EM, and magnetic characteristics [2]. 

Nano-EM materials can be made of composites including one-dimensional (1D) 
and 2D basic building blocks. In this chapter, we start from the basic interactions 
of electromagnetic waves (EMWs) with reduced-dimensional systems, discuss the 
empirical performance of composites made of these systems, and conclude with 
models relating the two, with perspectives for the future at the end.

4.2 Basic electromagnetic properties of 1D and 2D 
materials

Nanowires, nanotubes, and nanorods represent 1D, linear materials a 1000 times 
thinner than a human hair. They brought a groundbreaking innovation to nanomaterial 
applications in computing, photonics, energy, and biomedical technologies [3].

Key advancements in 1D material research include the development of the “vapor-
–liquid–solid process” by Dr. R. S. Wagner in the 1960s, which laid the foundation for 
nanowire research [4]. This process, often using gold as a catalyst, inspired subse-
quent innovations, enabling the growth of nanowires with precise control over their 
dimensions and properties.

Electromagnetic Interference Shielding Materials. https://doi.org/10.1016/B978-0-443-36630-7.00006-5
Copyright © 2026 Elsevier Ltd. All rights are reserved, including those for text and data mining, AI training, and similar technologies.

https://doi.org/10.1016/B978-0-443-36630-7.00006-5


In the 1990s and beyond, researchers expanded the study of semiconductor nano-
wires to include various materials like oxides, III–V compounds, and elemental semi-
conductors. Advances like nanoparticle-catalyzed growth techniques and in situ 
observations of nanowire formation further propelled the field, allowing for the pre-
dictable synthesis of single-crystal nanowires [5].

In the last 2 decades, nanotubes, especially carbon nanotubes, and nanowires have 
transformed into a dynamic interdisciplinary field, enabling the creation of advanced 
devices in electronics, photonics, biomedicine, and energy storage [6–8]. Notably, re-
searchers have used nanowires to build components like p–n junctions, transistors, 
and three-dimensional (3D) circuits, unlocking new possibilities for future technolo-
gies. This ongoing research continues to expand the frontiers of material science and 
device engineering [9–13].

Since its isolation in 2004, graphene has sparked extensive research in 2D materials, 
leading to the establishment of an entire subdiscipline in physical sciences. Graphene, 
as a 2D material composed of sp 2 hybridized carbon atoms forming carbon sheets, has 
been extensively used in electronics due to its excellent electrical, mechanical, and ther-
mal properties, as well as its low density, making it a lightweight material. Studies have 
shown that pristine graphene does not exhibit good microwave absorption (MA) prop-
erties because of its high conductivity, leading to impedance mismatching. Therefore, 
reduced graphene or graphene with dopants is being used as a promising candidate for 
microwave (MW)-absorbing materials. The distinctive 2D structure provides immense 
flexibility for customization and functionalization, allowing control over features like 
layer count, defects, morphology, moir�e patterns, and strain [9,14–17].

2D materials exhibit unique physical and chemical characteristics that make them 
highly advantageous for applications in MA and electromagnetic interference (EMI) 
shielding. These materials demonstrate effective shielding and absorbing responses to 
EMI [10]. This chapter will present the research progress in the synthesis, EM perfor-
mance, and MW shielding/absorbing mechanisms of 2D materials, the introduction of 
heteroatoms, the construction of unique structures, and the development of 2D com-
posite materials [18–20].

Reduced-dimensional materials interact with EMs in a fundamentally different 
way than bulk materials, depending on the frequency and dimensionality. For 
example, in reduced-dimensional materials, the quantum capacitance becomes com-
parable to the electrostatic capacitance, as shown below in Fig. 4.1.

In addition, kinetic inductance dominates magnetic inductance by up to four orders 
of magnitude in low electronic density materials [27]. We review next how these 
quantum and reduced dimensionality effects result in different regimes of operation 
depending on the frequency and dimensionality.

4.3 One-dimensional (1D) materials

4.3.1 High frequency

At high frequencies compared to the scattering frequency (typically around a few hun-
dred GHz), the imaginary part of the response function dominates any real absorption.
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This gives rise to a quantum transmission line type behavior: The characteristic 
impedance is on the order of the resistance quantum e 2 /h (25 kΩ). This is in contrast 
to a classical transmission line where the electric capacitance and magnetic inductance
give rise to a characteristic impedance of order the impedance of free space ~377 Ω
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Figure 4.1 Capacitance of reduced-dimensional systems. The finite spacing between en-
ergy levels and its relationship to the dimensionality of the system is shown on the bottom. 
On the top are shown various systems, their associated dimensions, and capacitances. 
Capacitance of reduced-dimensional systems.
Modified from E. Stern, F. James, Klemic, A. David, Routenberg, N. Pauline, Wyrembak, B. 
Daniel, Turner-Evans, D. Andrew, Hamilton, A. David LaVan, M. Tarek, Fahmy, M.A. Reed, 
Label-free immunodetection with CMOS-compatible semiconducting nanowires, Nature 445 
(7127) (2007) 519–522; G. Hou, Z. Lu, N. Vianessa, W. Zhizhen, S. Mark, Review of recent 
advances in carbon nanotube biosensors based on field-effect transistors, Nano Life 6 (3n04) 
(2016) 1642006; E.L. Muetterties, T.N. Rhodin, B. Elliot, C.F. Brucker, W.R. Pretzer, 
“Clusters and surfaces”, Chemical Reviews 79 (2) (1979) 91–137; Intel; S. Freire, M. Víctor, 
“Fabrication and characterization of macroscopic graphene layers on metallic substrates.” 
(2014); Tigelaar, Howard, and Howard Tigelaar. “The Incredible Shrinking IC: Part 3 BEOL 
Aluminum Alloy Single and Multilevel Metal.” How Transistor Area Shrank by 1 Million Fold 
(2020) 227–252
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light, typically about 100 times slower, and of order the Fermi velocity. Because the 
frequency at which this occurs is in the relatively nascent THz frequency band, it is 
not widely applicable to most RF and MW technology in broad use today. This 
was discussed in detail in the THz band in Ref. [27]. Extension to the optical, where 
electron-hole pair generation takes a significant role, has been presented in Ref. [28].

4.3.2 Low frequency

At low frequencies, the EM properties of 1D materials are dominated by the scattering 
loss, and become dominantly resistive materials. For example, the resistance per unit 
length in 1D carbon nanotubes is about 6 kΩ/μ at room temperature [29]. This is much 
larger than the characteristic impedance of free space, so an individual 1D conductor 
typically does not interact strongly with free space plane waves, even though their 
length can be of the same order of magnitude. However, this establishes a quantitative 
baseline for composite materials based on ensembles of 1D materials, discussed in 
detail below.

4.4 Two-dimensional (2D) materials

4.4.1 High frequency (THz to optical)

In 2D materials, Geim et al. [30] were the first to show experimentally and theoreti-
cally that the real part of the sheet impedance of graphene in the optical is the resis-
tance quantum e 2/ h for a single layer. This was later shown by Javey and Yablonovich, 
both experimentally and theoretically, to be a universal property of 2D materials [11]. 
This result deserves some discussion. First, this is the real part of the impedance, and 
is involved in dissipative (absorptive) interaction with EMWs. Second, remarkably, 
the effect is universal for all 2D quantum systems and independent of the quality (im-
purities and scattering time) of 2D materials. This is a remarkable property. The math-
ematical reason for this is the p dot A coupling in the Hamiltonian. However, at least 
this author does not have a simple, intuitive explanation at this time. Third, it is inde-
pendent of frequency, within the range of validity of the assumptions (much larger 
than the inverse scattering time in frequency, and much smaller than the Fermi en-
ergy). Fourth, the property also causes very weak interaction of EMWs, due to the 
inherent impedance mismatch between free space 377 Ω and quantum e 2 /h 25 kΩ. 
In optics, the absorption coefficient is then 2%. It is given fine-structure constant 
(α = e 2 /ℏc) and is approximately 2.3% (πα). This means for meaningful interaction 
with radiation, it must be combined in parallel to multilayer 2D materials or compos-
ites, discussed below. Fifth, it leads to an amazing practical property: The ability to 
see a single atomic layer thin material: The 2.3% absorption of graphene on a glass 
slide can be resolved with the naked eye: A human can see quantum mechanics 
(e 2 /h) and a single atomic layer material and experience both first hand without any 
instruments at all.
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The imaginary part is dominated by plasmonic effects, which is a rephrasing of the 
RF language of kinetic inductance. This gives rise to guided wave-type behavior 
observed in a myriad of experimental configurations [31–34], such as standing waves 
and resonators of various geometries. Since the electronic density can be tuned with a 
dc voltage (adjusting the Fermi energy), many of these cavity resonances can be tuned 
electrically.

4.4.2 Low frequency (Sub 100 GHz)

Below the scattering frequency, we and others have shown that the sheet impedance is 
dominantly a resistive impedance, with negligible effect from the imaginary part [35]. 
In particular, we have shown that it is possible to get perfect impedance matching to 
free space in a 2D material, see below. The basic concept is as follows: Below the 
scattering frequency (1/tau), the impedance is dominantly resistive, i.e., real, and 
equal to the dc resistance. This is set by the density of electrons and the scattering 
time. However, most as-produced graphene has a fairly large sheet resistance (several 
kΩ), so it interacts only weakly with electromagnetic radiation (EMR). In addition, 
getting large-area graphene (comparable in size laterally to the RF-GHz-THz wave-
length) also requires additional focus and attention to growth conditions. For example, 
we and others have shown it is possible to grow single-crystal graphene over cm areas 
by carefully engineering of the catalyst and growth rate in a chemical vapor deposition 
(CVD) reactor [36]. Using this result and careful fabrication techniques, we have 
shown it is possible to reduce the sheet resistance to be on the order of the character-
istic impedance of free space, giving perfect absorption properties. The details are 
shown in Fig. 4.2 below. Furthermore, unlike most nanomaterial absorption demon-
strations, this is broadband, from DC to 1 THz. This incredible result shows almost 
perfect absorption of MW radiation across a broad frequency range from dc to several 
hundred GHz by a material only one atom thick. The prospects for exploiting this in 
EM shielding and wave manipulation are exciting and discussed in more detail later in 
this chapter.

4.5 Toward a unifying general theory of 
nanoelectromagnetics

Although most of the pieces are in place of the puzzle, we are not quite at a compre-
hensive, quantitative theory and experiment of EM properties of reduced-dimensional 
quantum materials over the entire spectrum. We can start to put some of the pieces 
together in a possible future unifying theory by summarizing what is known and 
what is unknown. Fig. 4.3 attempts to create such a picture. From a technology 
perspective, in particular, we note 2D materials are tunable to be a perfect impedance 
match to free space as a single layer, in the GHz-THz range. This provides a very 
important basic technological building block for a large class of EM materials from 
composites of 2D ingredients, the subject of the next part of this chapter
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Figure 4.2 Electrical properties of graphene (a) A qualitative trend of frequency-
dependent AC conductance for monolayer graphene with normalization to e 2 /4ħ. The 
optical frequency range exhibits a universal value of 1, while in the THz range, the AC 
conductance can be orders of magnitude higher. (b) Theoretical trend of THz AC 
conductance for monolayer graphene plotted with a linear variation of the E_F and τ. 
Graphene samples can cross the free space conductance value, (Z 0 ) 

¡1 , within the THz 
regime. (c) Device design plot showing the graphene sheet conductance (at 100 GHz) in 
units of (e 2 /4ħ) for changes in E_F and τ. The (Z 0 ) ¡1 threshold is set as red on the color 
scale. Previous graphene THz device parameters are plotted as circles, whereas those 
from this work are denoted as x’s. By decreasing the electron scattering in our devices to 
increase τ, the (Z 0 ) ¡1 threshold can be crossed into the absorption-dominating regime. (e) 
The measured transmittance peak values (at ~655 GHz) are plotted as a function of sheet 
resistance. The theoretical transmittance, absorbance, and reflectance values calculated 
from the half-wave resonance case for a device on a substrate are plotted as solid lines. 
The transmittance value becomes less than the absorbance value at sheet resistance val-
ues < 377 Ω/□, marking the beginning of the absorption regime. (f) Conductance versus 
frequency range of other graphene devices in the literature. Hashed regions indicate 
frequency domain systems, while the transparent gray regions show time-domain mea-
surements. Electrical properties of graphene.
Modified from P. Pham, Z. Weidong, V. Nhi, L. Jinfeng, Z. Weiwei, S. Dominic, R.B. Elliott, P. 
J. Burke, “Broadband impedance match to two-dimensional materials in the terahertz domain”, 
Nature Communications 8 (1) (2017) 2233.
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4.6 Methods of making composites from 1D and 2D 
materials

This overview covers the synthesis methods, EM properties, and MW shielding/ 
absorbing mechanisms of nano-EM and composite materials as well as their possible 
applications (sensors, actuators, energy harvesters, storage devices, and solar cells) 
[37–39].

Conductive carbon materials, including carbon black, graphite, carbon fibers, car-
bon nanotubes (CNTs), and graphene, have been extensively explored for fabricating 
EMI shielding materials. Among these, CNTs and graphene stand out for their excep-
tional ability to create high-performance EMI shielding materials with superior 
shielding effectiveness (SE) and flexibility [19].

CNTs, as 1D carbon materials, are among the most commonly used in EMI shield-
ing. They are often combined with polymer matrices to create films, which are easy to 
produce and well-suited for large-scale applications while maintaining excellent EMI 
shielding capabilities. By blending CNTs with polymers, a uniform dispersion is 
achieved, and the CNT content is optimized until the composite becomes electrically 
conductive. Typically, the EMI SE of these composites is directly linked to their elec-
trical conductivity.

Graphene, MXenes, and transition metal dichalcogenides (TMDs), along with their 
derivatives, are some of the most promising 2D and layered materials for effective 
EMI shielding [40–42]. Their layered structure enhances multiple reflection and scat-
tering of EMWs among their nanosheets. Combining graphene, MXene, and TMD 
materials with various conducting polymers, metals, and metal oxides allows for 
the tuning of EM field absorption. To achieve optimal EMI shielding, materials

Figure 4.3 Summary of state-of-the-art theoretical and experimental understanding of 
electromagnetics of reduced-dimensional systems. Summary of state-of-the-art theoretical 
and experimental understanding of electromagnetics of reduced-dimensional systems.
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need to possess a suitable combination of electrical conductivity, dielectric properties, 
and magnetic characteristics. By incorporating conductive polymers and metal oxides 
into graphene and MXene materials, it is possible to alter their magnetic and dielectric 
properties while maintaining their electrical conductivity, ultimately enhancing EMI 
shielding performance. Among various metal oxides, Fe 3 O 4 is increasingly utilized in 
EMI shielding materials due to its affordability, high absorption capacity, strong spin 
polarization, and magnetic behavior.

Innovative work in the creation of advanced multifunctional films has paved the 
way for next-generation materials suitable for high-end applications [39]. These films 
have spurred global research efforts and are widely considered for enhancing the 
physical, chemical, and mechanical properties of metals, ceramics, and composites. 
Several simple and cost-effective manufacturing methods, such as layer-by-layer pro-
cesses, solution casting, vacuum filtration, and melt blending, have been instrumental 
in bringing 2D materials to the commercial scale.

Currently, 3D printing technologies, including extrusion-based, 
photopolymerization-based, and powder-based methods, are enabling the creation 
of complex hierarchical structures with outstanding properties [43]. These technolo-
gies are particularly effective for developing graphene and graphene/polymer com-
posites. This section focuses on the recent advancements in various versatile 
synthesis techniques for 2D composite materials and their hybrids.

4.6.1 Graphene materials

Graphene and its related materials have been identified as exceptional candidates for, 
among other things, EMI shielding due to their high electrical conductivity, robust 
mechanical strength, large surface area, low density, and increased porosity [44]. 
These materials, in various forms, have demonstrated impressive EMI SE. For 
instance, 3D graphene aerogel with a microporous structure showcased a maximum 
EMI SE of 43.29 dB, attributed to its high electrical conductivity (181 S/m) and me-
chanical strength [45]. Additionally, thin films and free-standing films of graphene 
have been synthesized to create multiple interfaces that efficiently reflect and scatter 
EMWs. The presence of oxygen functionalities in some graphene derivatives en-
hances MW attenuation by inducing dipolar polarization. Graphene materials are 
often used as conductive fillers in polymer matrices for graphene-polymer compos-
ites. They also serve as matrices for conductive nanoparticles in EMI shielding appli-
cations [46].

In addition to these advanced graphene materials, other graphene-related materials, 
such as graphene/quartz fabric, rGO foam, and rGO nanoplatelet foam, have also been 
utilized for EMI shielding applications. To further enhance shielding performance, 
graphene materials have been integrated with metal oxides, MXenes, and LDHs [47].

4.6.2 Graphene – metal composites
Metals, known for their ability to transmit, reflect, and absorb EMI, are excellent con-
ductors, while plastics and rubbers are nonconductive and transparent to EMI.
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Researchers have employed various methods to synthesize shielding composites 
combining graphene with metals and other materials, achieving notable SE [48]. 
Methods such as hydrothermal, solvothermal, and scalable techniques have produced 
composites tested up to the Ku-band frequency range. Notably, hydrothermal and sol-
vothermal methods achieved reflection losses of − 55.02 dB and − 59.23 dB, respec-
tively, while the scalable method attained an SE of 52.4 dB in the X-band. Alternating 
deposition in the THF band yielded an SE of 60.95 dB. Techniques like in situ growth, 
facile synthetic routes, and electrophoretic deposition have also demonstrated high SE 
in different frequency ranges. The materials’ properties and preparation methods play 
crucial roles in determining the composites’ structure and shielding performance. 

For example, a reduced graphene oxide (rGO) and silver (Ag) nanowire network 
exhibited low sheet resistance, improved reflection loss, and significant EM absorp-
tion attenuation in the X-band region [49]. The fabrication process involved electro-
deposition and pulsed laser irradiation, where defects in the graphene sheets generated 
dielectric polarization, and functional groups on the graphene surface acted as dipolar 
polarization centers. The interfacial polarization arose from the resistivity difference 
between Ag nanowires and graphene, enhancing the permittivity of the metal/gra-
phene networks. Free-standing GO/Ag nanowire films achieved an EMI SE of up 
to 62 dB within the 8–40 GHz range [50]. The shielding mechanism involved multiple 
reflections and absorption of EMWs due to the oxygen-containing GO and conductive 
Ag nanowire layers. The random distribution of charge concentration and electron 
cloud density increased dipole polarization relaxation.

4.6.3 Graphene-polymer composites

Graphene materials have been extensively combined with various polymers to create 
composites with superior mechanical strength, high conductivity, and improved 
shielding performance [51]. In these composites, graphene materials act as fillers, 
enhancing conductivity and permeability. The filler fraction significantly impacts 
the composite’s mechanical and EMI shielding characteristics. High filler content 
can make the composite brittle with poor mechanical strength; therefore, research 
has focused on improving shielding performance with low filler content.

Graphene and metals are widely considered the best composites for EMI shielding; 
however, they come with certain limitations. With advancements in electronic appli-
cations, there is an increasing demand for effective shielding materials that offer ther-
mal expansion, design flexibility, and noncorrosive properties. Additionally, the 
weight-to-strength ratio of EMI shielding materials is crucial from an inertia and 
structural perspective. Lightweight polymer composites have emerged as the most 
promising materials for these applications. Various methods have been employed to 
create polymer-based composites, such as solution processing, in situ growth, hydro-
thermal, Hummer’s, and solvothermal methods. In the X-band frequency range, 
chemical vapor deposition has achieved the highest total SE of up to 90 dB. In the 
Ku-band, the highest total SE reached up to 60 dB with a reflection loss of
− 61.4 dB using the hydrothermal method. For the K-band frequency range, the 
maximum total SE of 51.4 dB, 51.1 dB, and 51 dB was achieved using the
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ultrasonication technique, Hummer’s method, and solution processing method, 
respectively, while the solution processing method also achieved a reflection loss 
of − 61 dB. In the Ka-band frequency range, chemical vapor deposition yielded the 
highest total SE of 77 dB. This method provided superior shielding in both the X-
band and Ka-band. Additionally, a high reflection loss of − 78 dB was observed in 
the V-band frequency range using the ultrasonication method [48,52].

Gao et al. [53] created 3D graphene aerogel/polydimethylsiloxane (PDMS) com-
posites through a bidirectional freezing process. With only 0.42 wt% graphene con-
tent, the composite exhibited a maximum EMI SE of 65 dB in the X-band region. 
The multiple lamellar interfaces contributed to enhanced shielding performance. An 
rGO material with a honeycomb structure dispersed in epoxy resin demonstrated a 
maximum EMI SE of 38 dB in the X-band, with a 1340-fold increase in conductivity 
compared to a standard rGO/epoxy composite, highlighting the honeycomb morphol-
ogy’s importance in promoting electron transport and multilevel EMI shielding [54].

The thickness of shielding samples plays a crucial role in shielding performance. 
Liang et al. developed a polyvinylidene fluoride (PVDF) film with a multilayered 
structure incorporating graphene nanosheets and nickel (Ni) nanochains. The film, 
with a thickness of 0.5 mm, exhibited an SE of 43.3 dB, which increased to 
51.4 dB with a thickness of 0.7 mm [55]. The graphene presence significantly 
improved thermal conductivity by 1200% compared to a pure PVDF film. The multi-
layered composite displayed higher DC electrical conductivity than other material 
combinations. The increase in EMI SE with thickness is clearly visible, and the addi-
tional interfaces between Ni nanochains and graphene in the Ni/graphene/PVDF film 
enhanced EMW attenuation. The denser conductive layer in the film created a larger 
impedance mismatch and higher conductivity losses, significantly improving absorp-
tion and reflection SE.

4.6.4 Other types of graphene composite materials

Graphene materials have been extensively utilized as templates for growing metal ox-
ides with diverse morphologies. Fe 3 O 4 , known for its low toxicity, high magnetic 
properties, and enhanced dielectric and magnetic losses, has been widely integrated 
with graphene for effective EMI shielding applications. For instance, composites of 
hollow Fe 3 O 4 -filled 3D graphene foam and PDMS, as well as magnetic Fe 3 O 4 
nanoplatelets-coated rGO with conductive epoxy polymer, have demonstrated signif-
icant improvements in EMI SE [56]. Additionally, PVDF-based graphene/Fe 3 O 4 
composite films have shown high flexibility and enhanced SE retention after multiple 
bending-release cycles. The synthesis methods, such as combining thermally annealed 
graphene with ethylenediamine-functionalized Fe 3 O 4 , play a crucial role in deter-
mining the properties and performance of the resulting materials. Comparative studies 
highlight the importance of porosity in shielding performance, and the use of metal-
–organic frameworks (MOFs) as precursors has led to the development of advanced 
composites like MIL-88 B-derived Fe 3 O 4 –C and graphene nanoplates [57]. By 
increasing the number of layers in composite films, both conductivity and EMI SE 
are enhanced, with Fe 3 O 4 acting as an efficient EMW absorber. The integration of
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Fe 3 O 4 with graphene and MWCNTs, along with PEG-based block copolymer, has 
further advanced the development of self-healing EMI shielding materials.

In addition to Fe 3 O 4 , graphene has been combined with another iron oxide, Fe 2 O 3 , 
to create effective EMI shielding composites. For instance, Wang and colleagues 
fabricated γ-Fe 2 O 3 /graphene composites through a solvothermal process, achieving 
enhanced MW absorption in the S band and C band due to good impedance matching 
[58]. In another study, graphene was combined with γ-Fe 2 O 3 /C nanoparticles to 
develop core-shell composites that achieved a reflection loss of 38.2 dB at a thickness 
of 2.5 mm. Notably, with a 20% filling content, the composite could cover 98% of the 
Ku-band with a thickness of 2.2 mm [59]. The layered structure of rGO favors multi-
channel reflection paths, while metal oxide nanoparticles boost MW loss capacity. 
Additionally, metal sulfides have been combined with graphene derivatives. For 
example, hydrothermally synthesized CuS/rGO composites using GO and copper 
dithiooxamide complex exhibited good EMI shielding performance. The composite 
with 9 wt% copper dithiooxamide showed an EM SE of 64 dB at 2.3 GHz. For fre-
quencies between 2 and 8 GHz, the average absorption-dominant EMI SE of the 
CuS/rGO nanocomposite (12 wt% copper dithiooxamide) ranged from 45 to 54 dB. 
These studies underscore the potential of graphene materials as ideal candidates for 
EMI shielding applications.

The physical or chemical processes involved in the composite’s formation deter-
mine its EMI shielding and other parameters [60]. For example, a composite made 
of thermally reduced graphene oxide-carbon nanotubes (TG-CN) and poly(methyl 
methacrylate) (PMMA) displays an EMI SE of 30.4 dB, whereas a chemically 
reduced GO-carbon nanotube/PMMA composite has 1.68 times less EMI SE.

Yang et al. created an epoxy copper nanowires/thermally annealed graphene aero-
gel composite, achieving an EMI SE of 47 dB with electrical conductivity (EC) of 
1.208 S/cm at a 2 mm thickness [61]. Introducing copper significantly improved the 
EMI SE compared to pure epoxy resin. Liang et al. reported a 32.5 dB EMI SE for 
graphene/SiC-nanowires/poly(vinylidene fluoride) composites with a thickness of 
1.2 mm and EC of 0.015 S/cm. Adding inorganic components to the composite influ-
ences its EMI SE, EC, magnetic properties, and reflection loss. For instance, cobalt-
rich glass-coated microwires combined with a graphene/silicone rubber composite 
can block 98.4% of incident radiation with a filler loading of 0.059 wt.% [62]. 

Nickel foam, fabricated using a solution combustion technique, was enhanced with 
rGO to form a remarkable EMI shielding structure. This Ni-rGO foam achieved a 
maximum reflection loss of − 53.11 dB, showcasing high porosity and dielectric 
loss. Similarly, Fe 3 O 4 /graphene-coated Ni foam/poly dimethylsiloxane composites 
demonstrated an EMI SE of 32.4 dB with EC of 2.5 S/cm. Polyurethane-based GN 
composites, such as polyurethane/graphene (PUG20) with 20 wt.% graphene, effec-
tively block 98.7% of incident radiation [61,63].

Pyrolysis of GN-based polymer composites enhances EMI shielding and parame-
ters like EC, dielectric properties, and permeability. For example, CNTs codecorated 
porous carbon/graphene/PDMS foam generate 48 dB of shielding ability with a spe-
cific SE of 347.8 dB/g⋅cm 3 . Higher annealing temperatures repair defects and improve 
ohmic loss. Additionally, metal nanoparticle decoration with GN in a polyaniline
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(PANI) matrix significantly improves EMI SE compared to GN/PANI in a polyimide 
matrix [64].

LDHs and their composites have shown great potential as photocatalysts for the 
treatment of organic pollutants in industrial wastewater [65]. Adding GO content in 
composite photocatalysts provides an efficient pathway for charge separation. The 
mass ratio of GO to LDH significantly impacts the morphological characteristics of 
these hybrid materials. GO/LDH hybrids exhibit hierarchical morphologies formed 
through in situ crystallization and ex situ hybridization. Functional groups on GO 
help in the adsorption of metal cations and direct the development of LDH crystallites 
during in situ crystallization. During ex situ hybridization, exfoliated GO and LDH 
materials interact closely, resulting in the arrangement of different GO and LDH 
sheets, forming successive layers of GO/LDH nanohybrids [66]. Two orientations 
of LDHs—vertical and parallel—were observed on the GO surface. The amount of 
LDH crystallites increases with a higher ratio of LDH nuclei to GO. At low LDH 
ion concentrations, LDH crystallites develop in both vertical and parallel orientations 
on the GO surface, while at high concentrations, they only develop vertically. Uni-
formly deposited LDH crystallites on GO exhibit a hexagonal shape and show a 
mixture of vertical and parallel orientations at varying LDH concentrations. Rosaiah 
and colleagues developed flower-like RGO/LDH nanocomposites for high-
performance asymmetric supercapacitors using a one-pot scheme [67]. FESEM im-
ages clearly display the formation of flower-like layered architecture in the NC/ 
RGO-LDH composites, while TEM images show RGO composited with NC-LDH 
without disturbing its basic architecture. SAED patterns indicate well-defined diffrac-
tion circles in the composites, consistent with XRD results. Jung and team showed that 
laser-assisted patterning of RGO/CoNi-LDH composites enhances microsupercapaci-
tor performance [68].

4.6.5 MXene

MXenes, as a novel kind of 2D materials consisting of transition metal carbides/ni-
trides, were developed in 2011. Represented by the formula Mn+1BnTx (where M 
is a transition metal like Ti, V, or Mo, B is C or N, and Tx represents functional groups 
like –OH, –O, –F), MXENEs exhibit unique electronic, optical, mechanical, and 
colloidal properties. They have high conductivity (~15 kS/cm for Ti 3 C2Tx) and 
absorb 3% of visible light per nanometer thickness, making them optically trans-
parent. With a modulus of elasticity between 330 and 400 GPa, these materials are 
used in sensors, energy storage devices, and EMI shielding devices [69].

MXenes offer a promising alternative to carbon-based nanomaterials to compen-
sate for their poor dispersion and limited compatibility with polymer matrices. 
With abundant surface functional groups, they enhance compatibility and interfacial 
interaction with polymers. Additionally, MXenes possess outstanding electrical con-
ductivity, mechanical strength, and a planar structure that provides a large surface 
area, effectively absorbing and reflecting EMWs. Composites of MXene and gra-
phene are prepared using various methods such as vacuum-assisted filtration 
(VAF), dip coating, spray coating, solvent casting, freeze drying, and spin coating.
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The chosen process depends on the composition, purpose, and type of material used. 
In the VAF technique, a homogenized mixture is filtered and dried using sonication or 
stirring, with filters made from paper, nylon, polypropylene, or polycarbonate. Hybrid 
films can also be created by alternating filtration of the homogenized mixture. In the 
dip coating process, matrix materials are immersed in a suitable solvent for a specific 
time and then dried, and the cycle is repeated as needed. Spray coating follows a 
similar process, where spraying speed, time, solvents, pressure, and particle size are 
controlled to meet product quality requirements [70]. Fig. 4.4 presents fabrication 
methods of nanocomposite films for EMI shielding purposes [71].

(A) Schematic of the fabrication of PVA/MXene alternating multilayered film 
through multilayered casting. (B) Schematic of EM MW dissipation in the PVA/ 
MXene multilayered films. Schematic of thermal conductive pathway contributing 
to the high thermal conductivity in the PVA/MXene multilayered. (D) Schematic di-
agram of EMI shielding mechanism for Ti3C2Tx/rGO porous EMI shielding compos-
ite films [71].

Solvent casting involves evaporating the solvent from the homogenized mixture in 
an air or vacuum oven, after which the film is separated from the casting plate. Freeze 
drying entails freezing a homogenized water mixture under liquid nitrogen and drying 
it at the same temperature. This results in various structures like honeycomb, porous, 
and foam composites, which depend on the elements present in the mixture. Finally, 
spin coating is a common method used to prepare thin electronic devices. It involves 
high rpm, different substrates, and evaporation techniques to achieve the desired 
outcome [72].

MXenes contain tough covalent and metallic bonds within their MAX phase, mak-
ing them difficult to break. During MXene synthesis, etchants like hydrofluoric acid, 
ammonium hydrogen bifluoride, or a mix of lithium fluoride and hydrochloric acid are 
used to break these metallic bonds, resulting in multilayered MXene. After etching, 
multilayered MXene can be dispersed in dimethyl sulfoxide to form colloidal solu-
tions, which are then processed into composites, coatings, and films. Dimethyl sulf-
oxide swells the layered MXene structure, increasing inner layer spacing and 
weakening interlayer bonds. Sonication disperses and delaminates the multilayered 
MXene into nanosheets [73]. Additionally, lithium fluoride can be used to create 
lithium-ion-intercalated MXene, which swells in water during a direct ion exchange 
process. Manual shaking of multilayered MXene in water produces large MXene 
flakes with fewer defects than sonication. The mechanical properties of MXenes, 
like those of LDHs, depend on surface functional groups, with oxygen-terminated 
MXenes exhibiting significant tensile strength and toughness [74].

It is worth noting that, similar to MXenes, the electrostatically self-assembled 2D/ 
2D heterostructure of GO and MXenes has demonstrated excellent physicochemical, 
thermomechanical, EM, and electronic properties, making them highly suitable for 
potential energy storage applications. Also, recently, Ti3C2Tx MXene is ingeniously 
assembled into the 3D macroscopic hydrogel under mild conditions by a GO-assisted 
self-convergence process [75].

MXenes, as 2D materials, hold great promise for 3D printing applications because 
of their hydrophilic nature and chemical reactivity, thanks to surface functional
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groups such as ─OH, ─O, or ─F. This unique combination makes them ideal for 
colloidal processing, which involves dispersing particles in a liquid medium without 
compromising their electrical properties. Zhou and coworkers were able to modify the 
rheology properties of MXene by using cellulose nanofibers (CNF) as an additive 
[76].

Chang and colleagues explored the creation of a hierarchical porous CNT-bridged 
MXene (MXene/CNT) skeleton using a straightforward freeze-drying method. They 
utilized melamine foam (MF) with a low-density, 3D porous structure as the substrate. 
Subsequently, small amounts of CNT were added to connect the weak MXene layers. 
The freeze-drying process effectively bridged the porous CNT with the MXene skel-
eton (MXene/CNT), resulting in effective EMI shielding of 34.7 dB for a wide range 
of multifunctional applications [77].

Nanocomposites also hold great promise for high-sensitivity and precision instru-
mentation. Jin and colleagues developed a polyvinyl alcohol (PVA)/MXene film with 
an alternating multilayered structure using multilayered casting [78]. The layered 
MXenes provide excellent electrical and thermal conductivity, absorbing EMWs 
through multiple reflections and dissipating them as heat. This outstanding thermal 
conductivity prevents damage from heat accumulation and overheating. Additionally, 
the composite exhibits excellent fire resistance and drip resistance. During combus-
tion, MXene forms a protective TiO 2 layer on the surface, effectively preventing 
flame spread and diffusion, while maintaining the film’s structural integrity [79]. 

To address the challenge of forming a highly conductive network with MXene 
nanosheets in a homogeneous film, Zhou and team designed an asymmetric sandwich 
structural film. This film includes a CNF skin-layer, a self-supporting MXene layer, 
and silver nanowire (AgNW) core-layers. The resulting composite material is ultra-
flexible, has high tensile strength, and exhibits unique properties due to its sandwich 
structure [79].

4.6.6 TMDs

TMDs are a family of thin semiconducting materials with the formula MX 2 , where M 
represents transition metals like molybdenum (Mo), tungsten (W), vanadium (V), and 
others, while X represents chalcogen atoms such as sulfur (S), selenium (Se), and 
tellurium (Te). The transition metal layer is sandwiched between layers of chalcogen 
atoms, typically with a metal layer thickness of 6–7 Å. Due to their excellent electrical 
and chemical properties, high charge carrier mobility, low power consumption, flex-
ibility, stretchability, lightweight nature, mechanical robustness, and environmental 
stability, these materials are well-suited for flexible gas sensing applications [80]. 
The charge transfer between the dichalcogenide material and the target gas is critical 
to the sensing mechanism of TMDs. Changes in the electrical conductivity of TMDs 
are primarily influenced by whether the target gas is oxidizing or reducing. These ma-
terials are typically synthesized using high-temperature chemical vapor deposition, 
which is not ideal for direct growth on a substrate. As a result, traditional methods 
are employed to transfer the 2D material onto a flexible substrate [81]. Most prom-
ising material MoS 2 shows excellent gas adsorption, high flexibility, and transparency
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aspects, making it a leading candidate for emerging flexible gas sensing technology. 
Several methodologies have been adopted for the synthesis of mono- and few-layer 
MoS 2 films, including micromechanical exfoliation, wet chemical processes, chemi-
cal or physical vapor deposition, and pulsed laser deposition [82]. The morphology of 
deposited MoS 2 can be easily tailored by changing the synthesis technique. For 
instance, nanobelts, nanoribbons, nanorods, and nanoflowers have been fabricated us-
ing various fabrication methods [83].

4.7 Measurements of EM properties of 2D materials in 
composites

The interaction between EM waves and absorbing materials results in various types of 
losses. These interactions can be attributed to electronic effects caused by the electric 
field component of the wave, leading to dielectric losses, or to magnetic interactions 
due to the time-varying magnetic field. These interactions can also be a combination 
of both electronic and magnetic effects. The behavior of EM waves and their interac-
tions can be described by Maxwell’s equations, considering appropriate boundary 
conditions [81,84].

Dielectric losses are generated due to interfacial polarizations in materials, the for-
mation of conductive networks, defects leading to defect-induced polarizations, and 
dipolar relaxation processes. Interfacial polarization arises from homogeneous or het-
erogeneous interfaces in the host material due to differences in dielectric and conduc-
tive properties. Structures like porous, core-shell, and hollow forms also contribute to 
interfacial polarization. The presence of air within the material creates different 
dielectric properties, leading to interfacial polarization [85].

Nanostructured oxide semiconductors are used in energy conversion, catalysis, 
sensing, and environmental applications exploiting the techniques that include oxygen 
vacancy utilization and heteroatom doping [86]. Oxygen vacancy defects are common 
in materials containing oxygen with low formation energy. When an EM wave inter-
acts with these sites, charge carriers generated by the external EM field get trapped, 
causing polarization effects due to charge accumulation or imbalance [87].

Carbon-based materials like carbon fibers, carbon nanotubes, conducting poly-
mers, and graphene exhibit high conductivity. The formation of conductive networks 
leads to Joule heating when electric current flows through these networks. Conductive 
losses appear as Joule heat effects due to internal resistance within the material. Two 
models explain conductive loss: the electron migration model, where electrons move 
freely within a conductive network of 1D (carbon nanotubes) or 2D (graphene sheets) 
materials, and the electron hopping model, where electrons transfer from one interface 
or defect to another [88,89].

Conduction losses can also be explained using free electron theory, where the loss 
factor (ε’’) is proportional to the material’s conductivity (σ) and the frequency of the 
external EM wave (f). High conductivity can cause impedance mismatching between 
the material and free space, increasing EM wave reflection instead of attenuation.
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Therefore, while higher conductivity can increase dielectric loss, it must be optimized 
to prevent excessive conduction currents and maintain effective MA [90].

These loss mechanisms are crucial for designing materials with optimal MA prop-
erties, ensuring broad bandwidth, high reflection loss (RL), and minimal thickness or 
weight.

2D materials like graphene, MXENE, MoS 2 , and WeS 2 are increasingly being used 
in flexible electronic wearable devices due to their excellent physical, mechanical, and 
chemical properties. These materials are also considered ideal for MA applications. 
During synthesis, surface modifications and various structural assemblies are devel-
oped, which lead to defects, resulting in induced polarization effects, excellent dielec-
tric losses, and magnetic conductive losses [91].

Chemically reduced graphene (CR-G) combined with poly-(ethylene oxide) (PEO) 
has shown effective MA, with a maximum reflection loss of − 38.8 dB at 17 GHz for a 
1.8 mm thickness and an effective bandwidth of around 4.5 GHz [92]. rGO in a nitrile 
butadiene rubber (NBR) matrix, prepared by thermal exfoliation, demonstrated a 
maximum reflection loss of − 57 dB at 9.6 GHz for a 10 wt% rGO content, with an 
effective bandwidth of 4.5 GHz at 3 mm thickness. The excellent absorption proper-
ties were attributed to the layered and porous structure, which resulted in multiple re-
flections and increased loss [93].

Ultrathin graphene composites have shown varied MA properties with temperature 
changes. At 473 K, a maximum reflection loss of − 42 dB was achieved, covering the 
entire X-band, due to the presence of functional groups and dipolar polarization, 
conductive network formation, and decreased friction between layers. Nitrogen-
doped graphene, prepared by a hydrothermal process, exhibited good magnetic prop-
erties and improved MA due to good impedance matching and polarization relaxation, 
achieving a maximum reflection loss of − 11.30 dB at 12.7 GHz with an effective 
bandwidth of 2.1 GHz [94].

A novel graphene-coated Fe-nanocomposite, prepared by the Modified Hummer 
method followed by hydrothermal and reduction reactions, showed excellent absorp-
tion properties with a maximum reflection loss of − 45 dB at 7.1 GHz for a 2 mm 
thickness and an effective bandwidth of 4.4 GHz [95]. Additionally, RGO/ 
MnFe2O4/PVDF (polyvinylidene fluoride) composites and rGO loaded with irregular 
magnetic quantum dots (MQDs) have demonstrated excellent MA properties due to 
the presence of both dielectric and magnetic losses and good impedance matching 
[96].

Overall, graphene-based composites exhibit promising MA properties, making 
them suitable for various applications in flexible electronics and other advanced 
technologies.

Recent studies have explored MXENEs as promising materials for sensors, energy 
storage devices, EMI shielding devices and MW absorbers [84].

Significant research is currently focused on developing innovative, high-
capacitance MXene-based materials for supercapacitor electrodes. MXenes such as 
Ti 3 C 2 , Mo 2 C, Ti 2 C, and Mo 1 . 33 C have demonstrated remarkable electrochemical 
properties as supercapacitor electrode materials [97].
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Qing Yuchang et al. [98] investigated the MA properties of titanium carbide 
(Ti 3 C 2 ) MXene nanosheets, synthesized by treating Ti 3 AlC 2 with HF powder under 
ultrasonication. Their comparative study revealed that Ti 3 C 2 exhibited superior ab-
sorption properties compared to Ti 3 AlC 2 , achieving a maximum reflection loss of
− 17 dB at a resonance frequency of 14.60 GHz, with an effective bandwidth of 
5.5 GHz covering the entire Ku-band. The exceptional performance was attributed 
to the unique structure, layer capacitance, and numerous defects.

Wanlin Feng et al. [99] developed a Ni-doped Ti 3 C 2 MXene composite by first 
treating Ti 3 AlC 2 with HF and then doping it with nickel through a chemical method. 
Morphological analysis revealed an accordion-like structure. The composite’s syner-
gistic dielectric and magnetic loss properties enabled excellent impedance matching, 
resulting in enhanced MA. The composite achieved a reflection loss of − 17.5 dB with 
an effective bandwidth of 6.3 GHz at a matching thickness of 1.5 mm [100]. Ji Liu 
et al. [101] created a 3D lightweight aerogel composed of MXene sheets intercon-
nected with polyimide macromolecules. The composite demonstrated exceptional me-
chanical and electrical properties. It exhibited a reflection loss of − 45.5 dB with an 
effective bandwidth of 5.1 GHz. The composite’s excellent mechanical flexibility 
and conductivity make it a strong candidate for MW absorbers.

Two-dimensional transition metal dichalcogenides (2D-TMDs) have a wide range 
of potential applications, including sensors, field-effect transistors (FETs), energy 
storage devices, and photodetectors. Recent studies have shown that 2D-TMDs are 
also effective in MW-absorbing materials due to their chemical activity, excellent 
electrical conductivity, and suitable band gap for MA [102]. While pristine TMDs 
exhibit decent absorption losses, their performance can be further enhanced by form-
ing composites with other materials. Studies on the MA properties of MoS 2 and WS 2 
find that MoS 2 nanosheets synthesized via the hydrothermal method display varying 
morphologies based on the hydrothermal temperature [103].

A 3D hierarchical heterojunction of MoS 2 /FeS 2 prepared through the hydrothermal 
route demonstrated the best MA properties with a 2:5 M ratio of MoS 2 :FeS 2 . This 
composite, with a reflection loss of − 60.2 dB and an effective bandwidth of 
6.48 GHz, benefited from polarization effects, multiple reflections, scattering, and 
high conductivity [104]. The NiS 2 @MoS 2 composite, featuring a core-shell structure 
confirmed by SEM and TEM images, achieved a maximum reflection loss of
− 41.05 dB and an effective bandwidth of 4.4 GHz. The loss mechanisms included 
dipolar and interfacial polarization, multiple reflections, quarter-wavelength match-
ing, and good impedance matching [105].

MoS 2 /Graphene heterostructure enhanced impedance matching, leading to multi-
ple reflections between the layers and defects in the layers. The composite exhibited 
improved MA properties due to the presence of a heterostructure. MoS 2 /graphene het-
erostructure facilitated Mg-diffusion kinetics for high-performance rechargeable 
magnesium batteries [106].

Overall, the combination of TMDs with other materials significantly enhances their 
EM capabilities, making them promising candidates for various applications.

Carbon nanomaterial combined with WS 2 , MoS 2 , or BaTiO 3 nanoparticles im-
proves the composite’s dielectric properties. Mixing nanocarbon fillers with magnetic
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particles, such as ferrite or metal (alloy) particles, enhances carbon-filled composites’ 
absorptive properties. Ferrite particles offer advantages like high ferromagnetic reso-
nance frequency, high electric resistivity, low density, and good chemical stability. 
Adding magnetic particles like Fe 2 O 3 , Fe 3 O 4 , MnFe 2 O 4 , ZnO hollow spheres or nano-
particles, Co 3 O 4 , and MnZn-ferrite can enhance EMR SE and reduce NC costs. For 
example, coating CNTs with Fe 3 O 4 achieved a specific RLmin of 28.7 dB and an 
effective bandwidth of 8.3 GHz. Microstructured fillers combining graphene and car-
bon nanotubes with magnetic Fe 3 O 4 particles have shown excellent absorbing prop-
erties, demonstrating their potential as EMR absorbing materials [107]. A CNT 
film- Fe 3 O 4 -rGO-polydimethylsiloxane (PDMS) composite with four layers achieved 
a maximum RL of 50.5 dB and an absorption bandwidth of 5.7 GHz at a thickness of 
1.42 mm [108].

Boron nitride nanosheet (BNNS)-polymer composites are a significant class of ma-
terials with diverse applications, including automotive, aerospace, healthcare, medi-
cine, energy storage, and electronic engineering [109]. While extensive efforts have 
been made to incorporate graphene into polymer materials, BNNS-polymer compos-
ites have received less attention. Boron nitride (BN) nanomaterials offer exceptional 
properties, including superior fracture strength (165 GPa), high Young’s modulus 
(0.8 TPa), excellent thermal stability (up to 800 ◦ C in the air), an outstanding thermal 
expansion coefficient (− 2.72 × 10 − 6 /K), and remarkable thermal conductivity 
(300–2000/Wm/K). Unlike other 2D materials like graphene and MXene, BNNS is 
electrically insulating due to its wide bandgap (~5.6 eV), dielectric constant (4–8), 
low leakage current, and high voltage breakdown strength (12 MV/cm). Large-
scale production of boron nitride nanosheets is being researched for flexible thermal 
interface materials and advanced dielectrics necessary to catch up to the rapid devel-
opment and miniaturization of electronic devices, integration, multi-functionalization, 
the device stability and reliability [110].

4.8 Conclusions and outlook

Significant progress in nanomaterials and nanotechnology has opened new avenues 
for research across various disciplines. The unique scale effects of nanomaterials 
give rise to unexpected macroscale phenomena and properties, enabling a wide range 
of applications. However, the process of multifunctionalization can introduce both 
physical and commercial constraints. As a result, research must expand in diverse di-
rections, including sensors, actuators, energy harvesters, and solar cells, with research 
efforts aimed at boosting sensitivity and enabling untethered communication. 

Currently, there is significant development in radio frequency (RF) and MW elec-
tronics, including mobile communications, high-speed electronic switching compo-
nents and circuits, radars, and navigation systems. To ensure the proper operation 
of these devices, nearby electronic equipment operating in the RF and MW frequency 
bands must be adequately shielded, often by coating the device case with shielding 
material. Many high-frequency electronic devices operate in the X-band
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(8–12 GHz) of the EM spectrum. As communication standards evolve, there is a need 
for new, effective materials capable of high-speed data transmission, operating within 
the 20–100 GHz frequency range.

Furthermore, the development of soft and flexible electronic devices, such as fold-
able phones, electronic paper displays, and wearable devices, requires thin and flex-
ible EMR shielding films. Next-generation EMR shielding materials will likely 
involve seamlessly networked hetero-nanostructures, the composition of which is 
the subject of extensive modern research. Structured organic-inorganic composites 
are widely studied due to their combination of inorganic materials’ advantages (elec-
tric and magnetic properties, mechanical strength, and thermal stability) and organic 
polymers’ benefits (dielectric properties, processability, flexibility, and ductility). 
These composites enhance EM absorption efficiency.

Carbon nanomaterials and polymer nanocomposites have numerous advantages for 
wideband EMI shielding applications, including high SE, light weight, flexibility, 
high conductivity, and low contact resistance. However, they have limitations as 
MW absorbers, such as requiring a large volume of filler for strong MW absorption, 
which can deteriorate filler dispersion and affect mechanical properties. A conductive 
network with increased filler content may limit MA and restrict the effective band-
width (EB). Obtaining high EMR SE for polymer/conductive filler composites is chal-
lenging, especially when using a single type of conductive filler. Adding another 
inorganic filler can enhance EMR absorption.

Numerous EMI composite shielding materials have been extensively developed. 
However, the mechanisms governing the reflection and absorption of EMWs within 
shielding materials require further investigation. Advancing the understanding of 
these mechanisms is essential for enhancing the development and effectiveness of 
shielding materials.
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