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Abstract: Electromagnetic interference (EMI) shielding refers to the ability of a material to block the EM waves generated by electronic systems. In the past
few decades, there has been sustained research in the use of conductive metal and conductive polymer-based shielding approaches, but these have shown
difficulties with high density and processability. In recent years, other strategies have been developed to obtain more practical shielding materials. A summary
of lightweight polymer-based nanocomposites with EM absorption characteristics for EMI shielding is provided. The advantages, disadvantages, and EMI
shielding mechanisms of various types of nanocomposites are discussed. This article focused on understanding the approaches related to different types of
fillers, which include carbon materials as well as metal particles and microwires which are used separately and in the form of hybrids designed to achieve
highly effective shielding capabilities. This review focuses on structure configurations such as multilayer structures, coating, and advanced three-dimensional
(3D) structures, which may be used to encourage the development of more environmentally responsible EMI shielding materials. In summary, it can be said
that the thickness, dielectric, magnetic characteristics, and filler concentration, can be adjusted to obtain the desired combination of higher shielding
performance and EM absorption properties.
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1. INTRODUCTION

Electromagnetic interference (EMI) has become an inescapable hazard due to the rapid progress of
communications technologies and deeply integrated electronic equipment, as well as the demand to establish
precise signal transmission networks, which considerably impairs the proper operation of the electronics
around it, the human health" ? biological systems, and defense-oriented applications when exposed *?, as it
causes many forms of cancers such as brain tumors, ¢ leukemia ’, and breast cancer ® Furthermore, such
electronic components suffer from the accumulation of unwanted thermal energy °, which reduces their
performance and durability *. Since this can have serious consequences, it is imperative to study these claims
better. Therefore, to filter the receiving and outgoing disturbances protective shields are essential to eliminate
EMI for the simultaneous hassle-free operation of many devices'.

The employment of magnetic or conductive materials to restrict the propagation of electric and magnetic
waves from one point to another is known as EMI shielding. This shielding can be created by limiting the
quantity of signal that flows through a system, either through reflection or wave absorption .

Because of the rapid advancement of electronic communication technology, like the recently deployed fifth-
generation (5G) mobile network communication techniques, data transfer speeds have reached previously
unheard-of levels . As a result, creating high-performance EMI shielding materials has become a pressing need
in order to address the increasing demands for EM radiation protection ',

The production of EMI-shielded materials has recently acquired popularity in both academic and industry
circles. Active study and numerous techniques in this regard have been undertaken, including the design of
diverse material shapes.

Shielding material should be electrically conducting and dielectrically and/or magnetically lossy ', (i.e. it can
reduce EM waves through electrical, magnetic, and dielectric loss) .

The traditional approach to EMI shielding depends on the use of metallic materials that have high blocking
capability '®. In particular, typical metals such as aluminum and copper are excessively used, due to their high
conductivity (o) and dielectric constant (g) which contribute to high EM1 shielding efficiency (SE). Although
typical metals have great shielding performance, their poor processability, high-density '” corrosion, costly
processing, and high surface reflection drawbacks '8, have severely hampered their promotion and wider
deployment ", particularly in next generation portable devices, wearable electronics, and automobiles %°.
Recent research has focused on the production of lightweight EMI shielding materials with high SE *'*. Because
of their conductivity, intrinsically conducting polymers (ICP) are frequently used in a wide range of electrical
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applications. Polyaniline, in particular, is being explored for EMI shielding to replace corrosive and dense metals
due to its environmental stability, ease of polymerization, low cost, chemical and environmental stability #, high
conductivity, and low density **. Despite the fact that ICPs can be used with or without filler for shielding, they
exhibit poor processability and mechanical properties .

Polymers, on the other hand, have multiple advantageous qualities such as lightweight, simplicity of processing,
and high corrosion resistivity. However, due to restrictions such as low electrical conductivity, polymers are
useless when compared to metals %. In this manner, two approaches are used to improve their electrical
conductivity and EMI shielding capability: coating with conductive materials or combining with conductive
materials to produce nanocomposites .

Polymer-based nanocomposites are projected to be more promising EMI shielding materials due to their
unique combination of electrical conductivity and polymer flexibility, low weight, ease of processing, cheap
cost, corrosion resistance, and tunable characteristics with excellent shielding capabilities #*°. Several
nanocomposites have been created for EMI shielding, with an emphasis on generic polymers (e.g., polystyrene
31, polyethylene *, polypropylene *3%), engineering polymers (e.g., polyamide *, polyethylene terephthalate *,
polycarbonate ¥), and non-petroleum based polymers (e.g., polylactic acid *, polycaprolactone *). According
to our knowledge, superior SE with light weight and strong heat resistance are highly demanded for practical
applications of EMI shielding materials in fields such as automobiles, aerospace, and aircraft .

Carbon-based materials such as CFs *', Carbon black *, carbon nano-fibers ***, especially, graphene *>“ and
carbon nanotubes (CNTs) “> ““* have been employed as fillers and combined with polymers to create
nanocomposites for EMI shielding due to their high electrical conductivity, excellent mechanical properties,
lightweight, and high aspect ratio *°. Graphene, in particular, is a rising star material with a plethora of attractive
characteristics like high specific surface area, outstanding electrical conductivity, excellent thermal conductivity,
light weight, high intrinsic mobility, excellent mechanical stiffness, high Young's modulus, and optical
transmittance °. In general, due to their confined electron-strong interaction in a plane, significant anisotropy,
and quantum effect, two-dimensional (2D) nano-sheets frequently exhibit unusual electrical behavior, large
specific surface area, and low mass density. Furthermore, because nano-sheets can be easily produced into
high-orientation multilayered composites, they can operate as an effective barrier to energy waves by
lengthening the propagation route *°. However, the small lateral dimension of graphene flakes, which hinders
efficient stress transfer from the surrounding matrix, the challenges with particle dispersion, and the limited
control of flake thickness are all characteristics of discontinuous graphene composites. As a result, substantial
filler loadings are typically required to achieve adequate electrical and thermal conductivities as well as modest
SE°'. On the other hand, magnetic nanomaterials, such as nanowires '* and silver (Ag) nanoparticles (NPs) %, as
well as 'hexa-ferrite, spinel-ferrite, Fe, Ni, and Co NPs' and their alloys *°, have enhanced the potential
advancement of polymer nanocomposites, particularly when combined with carbonaceous materials .
Magnetic dipoles in these magnetic NPs interact with the magnetic field related with the receiving EM waves.
In addition, the increased permeability of these magnetic NPs contributes to decreasing the impedance of the
nanocomposite >3,

This contribution discusses the concept of electromagnetic interference (EMI) and the shielding mechanisms
for that interference and hopes it can serve as a starting point for students and researchers in chemical
engineering and materials science. This article is designed to provide a summary of the literature as well as
specifics, in part, on several materials with diverse designs and fabrication strategies for EMI blocking. Although
numerous materials' shielding performance has been extensively explored, the focus of this paper is on the
different internal structures of polymer-based nanocomposites.

2. EMI SHIELDING MECHANISM

The EMWs be consist of oscillating magnetic (H) and electric (E) fields (see Figure 1) that move with the same
phase at a certain point in time. The electric field is blocked by all conductive materials depending on the
intensity of the charge, while the magnetic field, determined by the movement of the charges, penetrates all
materials. Magnetic fields, in particular, are considered more harmful to health than electric fields **. According
to the World Health Organization (Who), the potential risk to human health increases with exposure to
higher EM waves; Exposures at higher levels of 100 kHz to 300 GHz, which could be harmful, are restricted by
national and international guidelines > *°.

The relative magnitude relies on the shape of the wave source. The ratio of E to H is called the wave impedance
‘the inherent impedance of the free space is 377 (). Large impedances differentiate electric fields, small ones
differentiate magnetic fields. In addition, the EMI shielding consists of two zones, the near-field, and the far-field
zone. If the distance between the shield and the radiation source is greater than A/2m (where A is the wavelength
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of the radiation source), is in the far-field shielding zone. The EM plane wave theory is usually applied for EMI
shielding in this area. When the distance is lower than /2, it is in the near field shielding, therefore, the theory
based on the contribution of electric and magnetic dipoles is used for EMI shielding %%,

Electric Field
A

i- —— Wavelength —

—p Direction

]
A J

Figure 1— Schematic displaying the vector of EM radiation (permission granted by the publisher) *".

The performance of shielding material is usually expressed in terms of shielding effectiveness
(SE), expressed in decibels (dB). SE can be defined as the logarithmic ratio of the incident radiation (P) and the
transmitted (Pr) power of an EM wave that passing through a material ** and is given by Eq. 1;

10 log |§—;| = 20 log |§—;| = 20 log :—;| M
Where P, E, and H represent the field intensity of plane-wave, electric, and magnetic field intensities,
respectively.
According to Schelkunoffs theory, three mechanisms have been reported that contribute to the overall EMI
shielding effectiveness (SEy) of a material; namely reflection (R), absorption (A), and multiple-reflections (the
internal reflections within the shielding material) .
Shielding effectiveness (SE) is a logarithmic quantity and can be expressed as the sum of SE (Eq.2) due to
reflection (SEg), absorption (SEs), and multiple reflections (SEy) ¢

SETZSER+SEA+ SEy\A, (2)

It is documented that the materials with SE greater than 20 dB can meet the general civil requirements.
However, aerospace and defense-oriented electronic equipment require an SE greater than 30 dB, and some
precision instruments even higher . In fact, the thickness of the shielding material, its intrinsic EM
characteristics, and the frequency of the EM radiation all influence SEr *.
In the case of homogeneous conductive shielding material (not a composite of a conductive filler and insulating
polymer) reflection is generally the primary shielding mechanism. For shielding by reflection, the material must
have movable charge carriers (electrons or holes) to be able to interact with the incident EM waves °* . The
reflection of incident waves can also depend on the relative mismatch between the incident wave and the
surface impedance of the shield ®, which is correlated with the material conductivity. If the magnitude of the
wave impedance is differing significantly from the intrinsic impedance of the shielding material, most of the EM
wave will be reflected and very little will be transmitted across the boundary. Highly dielectric materials induce
more reflection than absorption, while materials with high permeability are better suited for absorption . In
addition, the wave reflections resulting from high conductivity lead to EM secondary pollution ¢
A secondary mechanism of EMI shielding is usually absorption. The absorption characteristics rely on the
frequency, dielectric permittivity, magnetic permeability, and thickness ®. In addition, the performance of
shielding through absorption increases with the presence of electrical and/ or magnetic dipoles in the shield
that can interact with the EM radiation. EMI shielding is only considered for the dielectric properties when the
magnetic properties are absent, and the opposite is true *.
Once the RL of an EM absorber is less than —10 dB, roughly 10% of the EM energy is reflected and 90% is
absorbed. The corresponding frequency range where the RC is less than —10 dB is denoted as the effective
absorption bandwidth (EAB). EM absorbing materials are predicted to have a thin thickness, lightweight, and
inexpensive cost in addition to a minimal RL and a wide EAB ¢,
EM absorbing materials can be a more practical substitute for traditional reflective-based shields by converting
EM energy into thermal energy and dissipating it through the surface. The combination of magneto-dielectric
loss and conductivity must be taken into account to obtain an acceptable SE °. For example, conductive fillers
like graphene can be doped with nitrogen through hydrothermal and thermal annealing to modulate their
electrical and magnetic characteristics, creating light absorbers with perfect EM matching without the addition
of magnetic fillers "
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The majority of polymeric matrices are microwave-transparent in general, and the EM wave absorption in such
materials is highly influenced by the strong integration between dielectric and magnetic losses of the fillers
particulates 2. An example of nanocomposite behavior in a microwave field is presented in Figure 2.
Asymmetric charge distribution in
a molecular structure or a
mesoscopic  dielectric interface
can cause dielectric polarization.
The dielectric characteristics of
such a heterogeneous interface
are  caused by interfacial o
polarization in the microwave
frequency range. Moreover, Joule
heating loss is projected as a result
of the existence of conductive
characteristics in one of the
contributing fillers 7.

The multiple-reflection is a third

shielding mechanism that
represents the internal reflections Figure 2 — Schematic demonstrating the EM absorption models (permission granted by the publisher) ™.
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in the EM shield (see Figure 3). The contribution of multiple-reflection to the SEr can be ignored if the distance
among the reflecting surfaces or interfaces is greater than the penetration (skin) depth #, or the absorption loss
(SEa) is less than —10 dB, i.e. only the reflection loss (SEg) and the absorption loss contribute to the total SE value
as mentioned in below Eq. 3 ":

SEr=SEg + SEa, 3)

Compared to homogeneously conductive shielding
material, the shielding mechanisms of polymer composites \
are more complex, since a large surface area is available for Inci Absorption

. . . ' ) ncident Wave ™
reflection and multiple-reflection. The first reflection of the / ~
EM wave from a conductive §urface of t.he material must be Reflected Wave ’34,
differentiated from the multiple-reflection mechanism, the d(& Ultipje| Transmitted Wave
re-reflection of the waves already reflected ®. Reflected W;V: q&‘-ﬁ%‘
3. EMI SHIELDING THROUGH MAGNETIC ABSORPTION Secondary ™~ -,
OF THE MICROWAVE .Skin_degﬁ’ Transmitted Wave
— General overview Secondary
To improve device/equipment damage resistance and Field strength Qﬂﬁclﬂ
meet the growing demand for next-generation intelligent strength
tech devices, highly efficient EMI shielding with low 0 Distance from shield edge

reflectivity remains a technical challenge to reduce the
electromagnetic secondary pollution arising from the high
reflection of EM wave irradiation which may limit their
implementation in multiple domains such as electronics, communication, and other particular areas
Because of their wide range of practical uses, studies of absorption dominant shielding materials have gained
popularity in recent years. Magnetic materials having dual magnetic/dielectric loss capability were thought to
be an attractive candidate %, A reasonable microwave absorber (MA) design should take into account not only
the intrinsic qualities of selected materials, but also optimize the architecture to obtain maximum EM wave
absorption . Accordingly, several designs and structures of microwave absorbers have been improved to
promote effective absorption and reduce the reflection of EM waves .

Polymer-based nanocomposites such as metal/polymer composites, ferrite/polymer composites, and
CNT/epoxy composites are commonly used as EM wave absorbers. To efficiently eliminate harmful EM waves a
high-performance MA material with a broadband absorption capability is required in healthcare, electronic
safety, and national defense security. Furthermore, in the sectors of aircraft, aviation, automobiles, and fast-
growing new-generation microelectronics, MA materials with lightweight and small thickness will be highly
valued ¥,

High impedancefillers (i.e. low conductivity) are desirable to allow magnetic flux penetration and thus magnetic
absorption. The interaction of an electromagnetic wave with a material is characterized by two key parameters,

Figure 3 — Schematic demonstrating the shielding mechanisms™
(permission granted by the publisher).
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permittivity (¢) and permeability (u). Under high-frequency conditions, these values can be complex in nature,
with the real component (' or ) being a measure of how strongly an external electromagnetic wave interacts
with the material and the imaginary component (&" or u") describing the dissipation of the wave as heat within
the material ®.

The accompanying heat dissipation process is another feature of microwave-absorbing materials; when the
input characteristic impedance of an absorber is matched to the characteristic impedance of free space, EM
wave energy can be entirely absorbed and given off in the form of heat into a magnetic and dielectric material
when a shielding material is subjected to EM radiation ®. The Heat dissipation capability is a critical
consideration for new-generation multifunctional EM absorbing materials, which can be solved by integrating
high thermal conductivities of carbonaceous fillers in a polymer matrix with excellent MA capabilities #. When
compared to other thermal conductive fillers CNTs, which have extremely high thermal conductivity (as high
as 6000 W/m.K)for SWCNT and 3000 W/m K for MWCNT at room temperature ##), offer significant advantages
in the fabrication of thermal conductive nanocomposites. However, the thermal conductivities of polymer/CNT
nanocomposites, on the other hand, are significantly lower when compared to the inherent thermal
conductivity of CNTs #. This may be because many factors influence the thermal conductivity of such
ncomposites, including the microstructure of the polymer matrix, and the dispersion status of CNTs, and the
matrix-CNTs interfacial interaction ®. It has been demonstrated that it can enhance stable CNT dispersion in
matrices while also generating significant interfacial interaction with the polymer matrix ®.

To our knowledge, Based on the theory of EM wave absorption, the complementarity between magnetic and
dielectric materials can highly tune the EM parameters like the attenuation constant and impedance matching,
thereby improving the MA, according to the theory of EM wave absorption ®. Furthermore, because pure
single-phase carbon nano-fillers do not exhibit magnetic hysteresis loss, they have a limited role in EM wave
absorption “'. The formation of two-phase or three-phase heterostructures of carbon fillers and magnetic NPs
is a practical solution for more efficiently absorbing EM waves and significantly reducing the impact of
secondary EM radiation *.

— Magnetic coating structure and/or layered structure based on multicomponent ferrites

So far, various research groups have reported a wide range of magnetic NPs such as Fe, Ni, Co ferrites and their
multi-component ferrites like Fe,0s, FesQ,, CoFe,O, #, COs04 *, MnO,, CrO,, etc.) NPs ** to optimize the
impedance matching and absorption capability for various nanocomposites. In comparison to magnetic metals
or alloys, ferromagnetic Ferro/ferric oxide (FesO,) NPs are shown to be an effective compound for fabricating
MA materials relatively low cost, great antioxidant capacity, high Curie temperature, good thermal stability, and
high chemical stability °.

Magnetic hybrids are currently commonly employed as EM shielding materials. Magnetic materials having dual
loss capability can, in reality, achieve balanced impedance match capability, which increases permeability
values 7. N. Li et al. claimed that the magnetic NPs coating structure (compact-coated or loose-coated) has a
large influence on the total MA performance of coated CNTs, which is related to the coverage intensity of Fe;O,
NPs on the CNT surfaces. The high coverage density, according to the test findings, results in excellent
complementary between the dielectric and the magnetic losses, multiple reflection and absorption of
microwaves, and a high incidence probability *. According to P. F. Guan et al,, interfacial polarization between
FesO4 NPs and graphene take place in FesO./graphene nanocomposite with self-assemble super-lattices of
Fe;04 NPs which exhibits both improved dielectric and magnetic losses at 2 — 18 GHz ?’. However, the Fe;O,
NPs, on the other hand, may obstruct the interconnections of individual graphene sheets in a polymer matrix,
which would lower the electrical conductivity and thus the shielding performance of polymer composites .
Furthermore, a high nano-filler loading is always required to achieve a satisfactory SE, and large material
thickness with reduced processability and productivity will result #.

In the reference °, an innovative design strategy for MA composite has been reported, in which the MA fillers
(FeCo@rGO) are accumulated to form an initial microwave absorbing layer at the bottom of the waterborne
polyurethane (WPU) film and the highly conductive fillers (Ag) are assembled as an ultra-thin layer on the top
surface acts as microwave reflecting layer. The author indicated that the absorb-reflect-reabsorb mechanism
would be induced by this layered structure. With a thickness of only 300 um, this composite film has an excellent
EMI SE of 50.5 dB and a low EMI reflection of 3.2 dB. In a similar manner, Y. Xu et al. fabricated flexible WPU
composite films through assembling gradient shielding layers of Fe;O, coated rGO and Ag-coated tetraneedle-
like ZnO whisker (T-ZnO/Ag). When EM waves penetrate the composite film, this layered structure generates
an “absorb—reflect—reabsorb” process. This composite film with a thickness of 0.5 mm showed outstanding EMI
SE of 87.2 dB in the X band and reflection characteristics of 2.4 dB .
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A sandwich-structured nanocomposite were created by Y. Zhang et al. using the following sequence: magnetic
layers as the top and bottom layers (FesO./PVA composite nanofibers) and a highly conductive layer as the
intermediate layer (TisGT./PVA composite nanofibers). The author claims that when EM waves strike the
sandwich-structured surfaces, they
interact with the FesO, NPs, causing
hysteresis loss. The EM wave is
going through the magnetic layer,
because of the substantial
difference in conductivity between
the magnetic and conductive layer,
there is a large impedance
mismatch between the two. The
remaining EM waves continue to
pass through the TisC,T./PVA layer,
and when they come into contact
with the TisG T, nanosheets, they

will first experience polarization
loss with TisC,T, surface functional ~ Figure 4 —Schematicillustrating of EMI shielding mechanism of sandwich-structured nanocomposite

groups like — OH, —F, etc (see for EMI shielding (permission granted by the publisher) ™.

Figure 4). Furthermore, when passing through the TisC, T, layer, charge carriers generate micro current, resulting
in ohmic loss and a reduction in EM wave energy '

— Micro-wires based interconnected structure

Polymer-based nanocomposites in which ferromagnetic microwires with a size of (2-100 um) are incorporated
have attracted great interest in various industrial fields such as MA and EMI shielding owing to their large
magneto-impedance and tunable magnetic characteristics ‘flexible and sensitive tunability towards external
magnetic field ' '°". The magnetic characteristics of such microwires are highly dependent on the structure and
behavior of the domain, which are frequency dependent, the reason for the variety of microwave properties of
such wires and their composites ' In Ref '%, a modified Taylor-Ulitovskiy technique is used to produce glass-
coated CosoFeisSiioBis microwires. To investigate the specific correlations between the microwave
characteristics of the composites and aspect ratio and magnetic characteristics of the microwires, researchers
employed as-cast microwires with various aspect ratios and treated microwires with joule annealing and glass
removal. The author pretends that the internal stress modification via joule annealing offers significant impacts
on formulating the MA intensity of such composites, by tuning the local anisotropy field and domain structure.
Owing to theirimproved impedance match and intrinsic microwave attenuation characteristic, the composites
with a shortcut microwires loading of 0.017 wt. % and a particularly large aspect ratio of 9 mm length, exhibit
minimal reflection loss (RL) of 25.7 dB at 11.39 GHz with a broad absorption bandwidth.

Some time ago it was pointed out that the integration of carbon nanostructure, for example, could increase the
electromagnetic and mechanical properties of microwires, since extreme absorption of the incident or reflected
wave is highly desirable. However, such an approach often requires a precise tuning of the fillers parameters ',
Y. Xu et al. synthesized a simple shielding system that uses magnetic microwires and graphene fibers, which
are incorporated in a silicone resin in different arrangements since the lower electrical conductivity of graphene
fibers reduces the reflection effectiveness of them compared to other graphene structures such as foam or film.
The author explained that the microwires primarily contribute to the EM wave absorption characteristics owing
to their electrical and magnetic properties while the graphene fibers contribute to the EM wave reflective
characteristics owing to their electrical properties. It was able to enhance absorption efficiency and impedance
matching by utilizing the synergistic effects of micro-wires and graphene fibers. The experimental results
showed that the irregularly distributed layout made of short microwires/graphene fibers (equal amounts of
graphene G and microwires M) exhibit a poor SE of 6 dB as compared to the regular layout with continuous
fillers owing to the effect of low polarization and aspect ratio, as the interfacial polarization induced by the
variations in permittivity and conductivity between the two regions governed to the total SE. The MMMGGG
periodic layout achieved the maximum SE of 18 dB (98.4% attenuation) with only 0.059 wt %filler loading '®.
Another composite approach, which is similar in principle to the above idea, but uses shortcut CFs with Fe-
based wires, was developed by Y. Luo et al. and shows a lower reflection coefficient (RC) in the frequency range,
but its microwave behavior in the magnetic field was hard to tune. A comparison of another method claimed
by the author is given when continuous CFs with microwires are incorporated into the composite ‘to reduce

Incident waves Reflected waves |
Fe;0,/PVA
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RL, the microwires must be aligned perpendicular to the carbon fiber axis'. As a result, tunable permittivity and
permeability were demonstrated, along with enhanced impedance matching. In fact, two issues exist due to
the electrically reflective characteristic of CFs and therefore the difficulty in extracting relevant EM characteristics
from their composites: (i) It is necessary to consider the orientation of CFs, which leads the metamaterial to be
extremely anisotropic to incoming excitation directions '%.

— Graphene-based 3 D architecture

There is very extensive literature on the use of reduced graphene oxide (rGO) for the fabrication of EM wave
absorbers. Owing to its excellent dielectric loss characteristics, multiple loss mechanism, and suitable
impedance matching, rGO is the best option for MA compared to graphene and graphene oxide (GO) ', For
instance, in the work of M. Zhang et al. a one-step, environmentally friendly, and inexpensive cation-assisted
hydrothermal approach is used to produce lightweight rGO-3D aerogels, which are then uniformly distributed
in a paraffin matrix. The uniform dispersion and loosely stacking of rGO gives a rich interfacial area for MA, which
gives excellent MA performance with low filler loading (0.5 wt %) in a wide band frequency (8.0 ~ 18.0) GHz '*,
Four mechanisms are known to contribute to the polarization in the EM field; orientational (dipole-orientation),
space charge (interfacial), ionic, and electronic polarization, which is responsible for the dielectric performance
of the material. In a heterogeneous system formed with a polarized polymer matrix, interfacial and orientational
polarization are believed to be the predominant mechanisms. The ionic and electronic polarization only play a
role at very high frequencies (over 1000 GHz). Therefore, their effects in the range of low microwave frequencies
can be neglected . Due to the fact that rGO sheets with reduced overlapping or coalescing GO nanosheets
could provide a rich interfacial area for interfacial polarization, they are predicted to maximize the unique
attributes of rGO to construct lightweight EMW absorbing materials '®®. In order to justify this claim, we recall
the view of W. Xu et al. that the presence of rGO forms capacitor-like junctions that contribute to the
accumulation of electrical charge at their interfacial areas, thus causing interface polarization. In addition, the
remaining active groups and defects on the rGO surface, which were created by chemical reduction, induce
polarization of the dipole orientation, which leads to an effective conversion of EM energy into thermal energy
as well as excellent absorption performances '

As previously stated, the insertion of NPs of magnetic materials such as ferrites, magnetic oxides, hexaferrites,
and others, in addition to carbonaceous fillers, strengthens the EMI shielding capabilities of polymer composites
via microwave magnetic absorption ' "% This opinion is reflected in the innovative design that has been
demonstrated by H. Liu et al. in which lightweight nanocomposites were fabricated from polydimethylsiloxane
matrix incorporating 3D graphene resulting from the integration of rGO foam and Ag-coated rGO aerogel film.
In the sequence, the nanocomposites’ structure is likened to; the Ag layer is on top, the rGO aerogel is in the
middle, and the rGO foam layer is at the bottom. The rGO foam layer, according to the author, has a large
number of bubble pores capable of absorbing EM waves via continual scattering and reflection, and also the
surface roughness enables EM waves to penetrate the material nearly unhindered. The rGO aerogel film, on the
other hand, has a porous structure and, when combined with the rGO foam layer, may absorb huge amounts
of EM waves. When the EM wave passes across the Ag layer possess strong electrical conductivity, it can be
reflected again for the secondary absorption, which greatly improves absorption loss and, accordingly, superior
EMI-SE and a unique bi-directional differential performance provided. In addition, rGO foam also improves the
internal reflection barriers '''. Although these multilayered structures allow for more EMW propagation through
absorbers, coating thicknesses must be raised proportionately "2 Further work showed that with a 3D
interconnected graphene network decorated with ZnO nanorods and cobalt ferrite NPs, a strong EMW
absorption of around 93.7% power of the incident EM waves is achieved to confirm the fact that, porous 3D
linked networks with their vast surface area, can support multiple reflections through diverse surfaces inside
the network, hence improving EM wave absorption by trapping them within the network ',

— MXene based 3D network

Several applications for the use of MXenes are currently being explored "'*"'®. MXene, a 2D transition metal
carbide and/or nitride, in particular, has also been introduced to replace existing metal-based shielding
materials and is regarded as the most promising replacement due to its, strength, flexibility, and metal-
equivalent ultrahigh conductivity ', as well as numerous surface functional groups, hydrophilic surfaces, and
unique 2D properties such as graphene and layered structure %%,

EMI shielding materials can be fabricated by using MXenes such as titanium carbide, Ti;C;Tx as a dielectric
mediator due to their high conductivity and specific surface area, but they have some difficulties in assembling
porous 3D structures '?'. This is due to the strong Van der Waals forces, and also the MXene flakes have a slight
tendency to stack up to form a very dense structure. Inserting graphene nanosheets between MXen flakes
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appears to be an effective approach to preventing self-re-stacking of MXen flakes and to maintain high density
122 Furthermore, the immaculate MXene films have poor processability, poor mechanical performance, and are
costly '#. MXene materials' insufficient mechanical characteristics limit their usability in some applications like
as wearable electronic devices, weapons, and robot joints, which must be robust enough to withstand
mechanical deformation ',

For the first time, a successful attempt was reported in which a sacrificial templating technique is used to
combine TisC,TX and rGO spheres, hence the construction of the porous rGO-MXenes 3D foams with hollow
core-shell architectures (Figure 5) through self-assembly that exhibit superior EM absorption performance in
their composites . To our knowledge, core/shell structured materials with more phase interfaces and a high
specific surface area are set a new
benchmark in the manufacture of EM
wave absorbers. Such composites, for
example, built on magnetic particles and
carbon microspheres, could be regarded
as a costeffective technique for
adjusting  impedance  match  and
improving EM wave attenuation '
Conceptually identical work utilizing a
similar method was published by P. Song
et al. a structural rGO honeycomb
architecture (rGH) is formed using a
template of the AlLO; honeycomb
architecture, using electrostatic

adsorption MXene was self-assembled Figure 5 — Schematic illustrating of a) the picture of free-standing rGO/Ti3C2TX foam, SEM
on the rGH to produce regular rGO- observation of b,c) Ti(;Ty/PMMA spheres, d—f) hollow TisG;Ty spheres, and g, h) RGO/Ti; ;T

MXene with a honeycomb structure. The  foam, i) structural ilustration of the rGO/Ti,C,T foam (permission granted by the publisher) ™
resulting rGO-MXene reinforced epoxy

composite exhibits a superior EMI SE of 55 dB '#°,

4, CONCLUSION

With the rapid evolution of digital electronics and communication devices, it is desirable to design lower-
density materials to replace the conventional EMI shields such as normal metals. The recent article reviews
numerous documented strategies for fabricating high-performance lightweight materials with superior EMI
shielding efficiency. In particular, polymer-based nanocomposites with adequate magnetic/dielectric
properties were reviewed. The outcome of various published articles supports the finding that the filler loading
and the particle dispersion within the matrix as well as material thickness are considered key parameters for
effective shielding. Several studies have been carried out to replace the conventional reflection-based shields
with  EM absorbers. Various structural composites integrating magnetic fillers and a hybrid of
magnetic/dielectric fillers are being explored in this regard, and the most important findings of these materials
are described in this review. According to the findings of numerous studies, micro-wires and complex
architectures such as 3D foams and honeycombs in a polymer matrix have enabled a more functional design
for EM absorption and EMI shielding.
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