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ABSTRACT: Electromagnetic interference (EMI) shielding effectiveness (SE) Radio

systems have received immense attention from researchers owing to the rapid LN e
development in electronics and telecommunications, which is an alarming \
matter in our modern society. This radiation can damage the performance of
EM devices and may harmfully affect animal/human health. The harmonious
utilization of magnetic alloys and conducting but nonmagnetic materials (such
as carbon/graphene) is a practical approach toward EMI SE. This review is not
exhaustive, although it is comprehensive and aimed at all materials for EMI SE
especially graphene-based polymeric composites. It encompasses multifunc-
tional and functional structural EMI shields. These materials comprise
polymers, carbons, ceramics, metals, cement composites/nanocomposites, and
hybrids. The accessibility of abundant categories of carbon-based materials in
their microscale, nanoscale, and quantum forms as EMI shields as polymer—
carbon, cement—carbon, ceramic—carbon, metal—carbon, and their hybrids, makes them receive much attention, as a result of their
unique amalgamation of electrical, magnetic, dielectric, thermal, and/or mechanical properties. Herewith, we have discussed the
principles of EMI shields along with their design and state of the art basis and material architecture along with the drawbacks in
research on EMI shields.
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1. INTRODUCTION researchers on EMI shields. These categories of EMI shields

comprise functional, structural, and multifunctional shields.
Systems in the form of polymers, ceramics, carbons, metals,

cements, their composites, and hybrids are structural materials

The term electromagnetic interference (EMI) shielding
effectiveness (SE) implies protection from microwave radiation
(MW) or radio waves (RWs). For all intents and purposes,

incident EMI radiation cannot infiltrate the shield, which that display SE. Currently, composites and noncomposite
functions as a barrier from this radiation. It is essential to materials are reportedly broadly investigated and are extremely
distinguish EMI shielding from magnetic shielding as the latter suitable in EMI shielding products. With consideration of
implies shielding from a magnetic field, characteristically at low publications on Science Direct (which was searched for
frequencies (like 60 Hz). “Effective electromagnetic interference shielding material”) for

All electronic devices radiate/emit radio waves and micro- the last 20 years of data on composites and noncomposite
wave radiation, especially those operating within radio wave and materials for EMI shielding as depicted in Figure 1, there is an
microwave frequency ranges (like cell phones).'” The increased demand for materials in this niche year-by-year in
apprehension is that these radiations impede electronics several fields of research including Materials Science (3,603),
network and other performances owing to the metal conductor’s Engineering (2,110), Physics and Astronomy (1,475), Chem-
electron’s interaction with the electric field within the radiation istry (931), Energy “E” (797), Chemical Engineering (577),
resulting in the electronics malfunctioning. The need for more Medicine and Dentistry (367), Environmental Science (338),
and more EMI shields from radiation sources and integrated Earth and Planetary Sciences (304), Computer Science (277),

circuit technology devices is on the rise as devices using radio-
and microwaves are on the increase. For that reason, in-depth

research to fabricate EMI shields has risen swiftly within recent
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etc. Despite the massive range of literature on the EMI shielding

years.

This work presents a nonexhaustive but all-inclusive review of
EMI shield research with a thorough discussion of up-to-date
work in this niche, especially graphene-based materials. It also
involves basic principles, categories of EMI shields or systems,
applications, and drawbacks experienced and reported by
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Figure 1. Publication database on Science Direct for the last 20 years (22/07/2021) for composite and noncomposite materials for EMI shielding: (a)
number of publications per year, (b) number of publications with respect to article/publication type, (c) number of publications per title/publisher,
and (d) number of publications with regards to the subject area.

character of diverse systems, a scientific study of the magnetic = —— EMI SE Material
. . . =
.and conductivity performance along with the precise s.urface/ e
interface space on the SE at numerous combinations of i
frequency and temperature is brutally insufficient. i
-
2. FUNDAMENTAL PRINCIPLES = Transmitted radiation
= Ed
The radio wave (RW) region includes frequencies extending to e N .-
or beyond 10* to 10'° Hz (which implies wavelengths 10" to 10* : o
. . . . Second Reflection -7
m). The microwave (MW) region comprises frequencies \ ST
ranging between 10° and 10'> Hz (which suggests wavelengths 3¢
ranging from 10> to 10° m). These two (radio wave and R Transmitted wave
microwave) regions overlap where the vital frequencies exist i - Transmittance (T)
within the GHz range. For instance, 1 GHz frequency matches First Reflection (Loss) o
0.30 m wavelength giving rise to long wavelengths.”®” This is Reflactance (R) g=c
the reason that EMI shields could be a mesh made of metal wires e
or sheet form having openings large enough for someone to see fncident Radiafion R SR

through, such as a microwave oven door. Owing to the long
wavelengths, EMI shields should be premeditatedly fabricated

0 ) Figure 2. Scheme representing EMI SE mechanism of a predetermined
considering the macroscopic structure, even though most

material.
researchers working on EMI shields have concentrated on
these materials’ micro- and nanostructural aspects.

EMI shields encompass mainly absorption and/or reflection undesired, particularly considering the fact that the reflected
of the electromagnetic radiated waves, as schematically shown in radiation may reach the radar, hence making the material/
Figure 2. The reflection of EM waves results in the bouncing of system detected.
the radiation off from the walls of the EMI shield.’ The radiation Decreasing the electric resistance pair between the fabric and
reflected may be detrimental to the environment, chiefly to the the close medium is a good technique for reducing reflection.
living organisms present, making the absorption mechanism Though EMI shields are typically conductive fabrics (e.g.,
preferable for SE materials considering the safety viewpoint.” metals, carbons, their composites, their hybrids, etc.), the
For low visibility (stealth), a reflection of EM radiation is also electric resistance pair has a substantial tendency to influence the
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conductivity of the fabric(s): the material’s nanostructuring via
layering within the nanometer scale presents an opportunity to
fabricate novel materials having reduced reflection.®

Power loss refers to the loss of power thanks to the interface
between an incident radiation source and the shield. This
includes the loss of electrical power and, consequently, the loss
of magnetic power (MPL). The electrical/magnetic character of
the constructed shield determines the relative importance of the
two types of power loss. As an illustration, the MPL is important
for a magnetic EMI shield but irrelevant for a nonmagnetic one.
The relative amplitudes of the electrical field and the field within
the source radiation both play a role in the relative importance of
these two kinds of power loss.

The power loss owing to the shielding is presented in decibels
(dB) and is mentioned as the SE or total SE (SE;).” Some
portion of this loss as a result of absorption is understood as the
absorption loss (SE,). The portion of the loss as a result of
reflection is referred to as reflection loss (SEg). Mathematically,
the quantities are outlined in eqs 1-3.

The scattering factors (S-parameters) define the response of
the network with N anchorages to signal(s) occurrence to 1 or
many ports. Within the abbreviation referring to S-parameters,
the primary range within the subscript indicates the returning
port, whereas the second range indicates the incident port. The
abbreviation S,; denotes response at port two ensuing from
proof at harbor one.

The quantities SEr, SEg, and SE, are derived from S-
parameters via the equations6

SE; = —10log(T) = —10log|S, I (1)
SE; = —101log(1 — R) = —10log(1 — IS, I*) (2)
SE, = SE; — SE; — SEy (3)

Here, T represents the constant of transmission/coefficient,
referring to the portion of input power entering the interior of
the sample, while R is the reflection coefficient, representing the
portion of input power that is mirrored from the surface of the
sample. Each T and R ought to be represented as fractions/
percentages and will not be reportable within the dB. SEy (eq 3)
signifies the shielding arising from manifold reflections within
the interior portion of the sample.

In actual instances, SEy; is every often so insignificant, if the
overall shielding (SE;) exceeds 15 dB. In this case, eq 3
becomes®

SE, = SE; — SE; — 101log(T/(1 — R)) (4)

The influence of absorption (A) denotes the magnitude relation
of SE, to SEt. The SE, will increase with growing frequency, as
specified by magnetism theory:°

SE, = 131.4t,/ucf = 131.4t,/fuc/(u,0c,)

= 8.68t./nfic (3)

Here, t denotes sample thickness in meters, f represents the
frequency within the cycle, p, stands for relative magnetic
permeability with Cu as reference material, o, denotes EC with
Cu as reference material, o is the electrical conductivity (EC),
and y is the magnetic permeability, y = yo p,, o = 4 X 107 H/
m. Equation 5 signifies a conductive system. It signifies that SE,
increases with rising frequency if y, and o, do not decrease. It
conjointly suggests that SE, at a given frequency will increase
with each permeability and conduction. The EC and magnetic
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permeability (MP) values for conventionally known materials
are presented in Table 1.

Table 1. EC (' m™ and MP (H/M) of Conventional
Materials with Respect to Cu

samples EC (Q'm™) MP (H/M) ref
Cu 1.0 1.0 10
Au 0.7 50—1000 10
Ag 1.0 1 10
carbon fiber 275 x 107* 0.97 11
graphene 0.1 1.01 11
CNTs 0.1 1.01 11
graphite 1.83 x 1072 0.99 11
Fe 0.17 50—1000 10
Al 0.1 1 10
Ni 0.2 1 10

Understanding the relationship between an EMI shield with
magnetic and electrical fields within the EM field is vital for its
effective fabrication toward efficient EMI SE. The magnetic
property of the material promotes EM wave absorption because
of the interface of the shield’s magnetic dipoles with the flux
within the field zone. The relevant features of the shields’
magnetic allure include the dipole friction (that increases with
rising frequency and relies upon the magnetic domains and/or
domain boundary quality dimensions), dipole—dipole interface,
magnetic susceptibleness, and magnetic links."” The electrical
polarizability of EMI shields additionally boosts the absorption
because of the electrical dipoles’ interaction within the material
and/or with the electrical field within the EM field zone. The
relevant features of the material character include the electrical
dipole friction (that increases with increasing frequency),
dipole—dipole interface, matter property, and electrical suscept-
ibleness.'”

The material characteristics relate to its conductivity behavior
via the Kramers—Kronig correlation.® For instance, among
graphene-based systems fabricated through heat treatment at
diverse temperatures, the conduction and the real and imaginary
components of the permittivity are all enhanced with increasing
temperature of heat treatment.®

The conductivity property conjointly contributes to the EMI
SE energy loss, signifying the imaginary part of (complex
number, pure imaginary number) complex permittivity. Among
EMI SE materials that do not seem to be magnetic, high
conduction is often well-thought-out within the trade as the
primary attribute for getting high SE. This stress on the
conduction is partially a result of the benefit of the activity of the
shield conductivity. Nevertheless, high conduction is not
essentially the first condition for EMI SE of the shields among
nonmagnetic systems. There are SE alternative factors, such as
mentioned below. One issue relates to the space/area/expanse/
extent of the shields or the interfacial area within the EMI shield.
Due to the skin-effect, a large specific surface or interfacial area
increases the specimen part of that network’s degree of EM
radiation absorption and so improves the SE.'* The skin effect is
a propensity for alternating current (AC) to flow mostly toward
the outside surface of an electrical conductor, such as a metal
wire. Skin effect and skin depth describe the behavior of EM
waves inside conductive metals and have an impact on the
design of EMI shields."® The interfacial interaction signifies the
shielding part (for instance, the reinforcing active filler or the
polymeric matrix in some cases) and the nonshielding part (for

https://doi.org/10.1021/acsomega.2c05815
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instance, the polymer matrix) used to fabricate the shield. Its
nonshielding part is comparatively clear to the EM wave as a
result of a reduced extent of interface within the field.” With
regard to a particular porosity for an exceedingly porous shield, a
more modest component size of the permeable microstructure
offers a superior explicit span and, subsequently, more
prominent SE.>® A smaller component size of the reinforcing
filler affords superior explicit interfacial space in relation to a set
filler volume fraction in an extensively designed polymeric
composite material, hence enhancing shielding. This may
account for some of the use of nanofillers and SE enhancers in
composites used to create EMI shields.®

One more issue correlates with the electrical property that
fosters the EMI shielding, owing to the networked connection of
the electrical field paths within the shield. This continuity
conjointly permits the flow of eddy current induced by the field
of force, thereby encouraging MPL. Consequently, electrical
percolation in a novel polymer composite with a semiconducting
reinforcement and a nonconductive polymeric matrix is gainful
for EMI shield performance. The reinforcing filler percolation
threshold is at a low level once the reinforcing filler aspect ratio is
high. Nanofibers (NFs) present a better ratio in this regard when
compared to their counterparts (microfibers), which is another
factor for the adoption of NFs over MFs by researchers.’

Considering a magnetic EMI shield, the magnetic stability of
the magnetic part is required due to the field of force lines which
should be continuous for effective SE.* Hence, the EMI shield’s
reinforcing filler’s (magnetic/nonmagnetic) magnetic percola-
tion in a fabricated composite material is vital for effective SE.”

The magnetic material and conductivity behavior along with
its specific interfacial area contribute to regulating the SE. What
is more, we know that every behavior of the EMI shield hinges
upon the temperature and/or frequency of application. The
results of the frequency and temperature do not seem to be
solely related to application; however, they shed light on the
mechanisms of the material’s shielding performance. It is
attainable that, for a specified EMI shield, the predominant
shielding mechanism hinges upon the mix of its temperature and
frequency. Despite the massive range of publications related to
the EMI shielding performance of diverse fabricated shields, a
scientific study of the results of the magnetic and conductivity
behavior and the specific surface/interfacial area upon the SE at
numerous combinations of temperature and frequency is terribly
scarce. Table 2 presents examples of a restricted style of such a
scientific study. The result of the frequency has attracted and
been given far more attention compared to the temperature

Table 2. EMI SE Correlation with Electrical, Magnetic, and
Structural Traits”

feature Ni NFs Ni fibers A Ni fibers B
diameter (ym) 0.4 2 20
EMI SE (1—-2 GHz),19 vol % 92 72 S
reinforcing filler
magnetic hysteresis E loss, for the 7370 4930 1020
nickel part of the composite
(/m?
magnetic coercive field (kA/m) 16.9 4.7 0.5
resistivity (DC), 19 vol % fillerin 1.5 X 10 29x 10™* 53 x 1072
composite (Q-cm)
grain sizes (um) 0.016 0.018 2
number of grains per diameter 9 110 10

“Information derived from refs 14 and 15.
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result. Previous work has emphasized EMI materials formula-
tions toward enhanced SE, although not sufficient consideration
to the scientific know-how for these materials’ improvement.®

The dependence on frequency tends to be significantly vital at
frequencies around specific absorption mechanism deviations
(like an amendment from coupled polarization at low
frequencies toward electronic polarization at elevated frequen-
cies). Ceramic materials incline toward their own tougher
frequency dependence relative to graphene/carbon-based
materials and metals owing to the partly ionic character of
ceramic materials and the slowness of ionic motion in
comparison to its electronic motion within the structure.® For
emblematic sensible applications, a consequential disparity of
the shielding due to frequency is not wanted. Attaining high SE
over a large frequency range may be a common goal in the
thorough analysis of graphene-based polymeric composite
materials for EMI shielding.” This property has been studied
and reported as depicted in Figure 3.

Diminished reflection is appealing from the protection
vantage point. Magnetic particles having conducting properties
tend to reflect considerably owing to their excessive impedance
disparity. Hence, fabricated magnetic substances having low
conductivity are favored for decreasing the incident wave
reflection. Correspondingly, dielectric (polarizable) substances
having conductive properties have a tendency to reflect
significantly. Though reflection is significant, absorption is
even additionally vital. Thus, it is necessary to determine both
the SE; and SE, for the comprehension of the shielding
phenomenon. EM radiation absorption leads to heating, that s,
the translation of the EM E into thermal E, which consequently
affects the extent of reflection and absorption. By increasing the
absorption within the acceptable temperature range, the EMI
shielding is enhanced, as reported for graphene.1

3. CATEGORIES OF EMI SHIELDS

Materials used for the fabrication of EMI shields include
carbons, ceramics, cement, metals, conducting polymers, related
nanocomposites/composites, etc. These nanocomposites/com-
posites (amalgamations of materials) represent the most utilized
materials for the fabrication of EMI shields.
Graphene/carbon-based materials and metals dominate
because of their high conduction and also the related
availableness of itinerant electrons for interacting with the
electrical field within the radiation. Ceramics or cement-based
materials are not as effective; however, the functional groups
within them will respond to the electrical field within the region
of radiation. Polymeric matrices are even less successful, except if
they are a conductive type. For these materials, the presence of
magnetic constituents improves the EM wave shielding because
of the collaboration of the magnetic component with the
magnetic field within the radiation zone. The functional and
multifunctional EMI SE shields and their fabrication in a very
cost-efficient fashion with the scale and form needed are critical.
Composite/nanocomposite shields offer an efficient avenue for
achieving the fabrication of the aforementioned/desired EMI SE
materials.”® These composite/nanocomposite materials are
principally polymeric matrices and/or cement-based matrix
composites which involve abundantly cheaper manufacturing
cost than their carbon-matrix, ceramic-matrix, or metal-matrix
counterparts. A method neglecting hybrids/composite systems
encompasses the compaction of predetermined particles that
may interlock automatically to themselves. An instance is the

https://doi.org/10.1021/acsomega.2c05815
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exfoliation of graphite followed by its compression in the
absence of a matrix/binder resulting in a film/sheet.

3.1. Functional EMI Shields Versus Structural Shields.
EMI shielding materials are categorized as either structural or
functional materials. Functional shielding materials (i.e., non-
structural shielding materials) are very vital in this niche. EMI
functional shielding materials are frequently utilized as a
shielding component within devices like mobile phones, where
they are merged/added in or upon a given structure. In most
cases, research patterning EMI shields focuses more on
functional shields instead of their structural counterparts.

The structural materials have to do with materials that also
perform the load-bearing role of a structure. For instance,
continuous-carbon fiber polymeric-matrix nanocomposites/
composites are applied in lightweight structures, such as frames,
with consideration to the physical science in which shielding is
required. One more example is that of cement-based structural
shields, which are vital for civil engineering infrastructure, such
as a concrete cowl of a large transformer dome. Shielding is
additionally required for buildings to evade EM forms of spying
and to offer EMP (electromagnetic pulse) shielding. Structural
EMI shields (like graphene-based composites) usually are
multifunctional. In comparison to incorporating functional
shields in/on a given structure so as to achieve a structure
proficient enough for the intended shielding, multifunctional
structural EMI shields are drawing researchers’ attention owing
to their high durability, low-cost, and high functional surface
area (large functional volume) along with enhancement in
mechanical performance. Considering the restricted volume of a
device like a mobile phone, functional EMI shields have to be
compelled to be effectual even at low thickness.

Moreover, in order to reduce the mass of the device,
functional EMI shields with low density are fascinating.
Nevertheless, being effectual even at low overall material density
is not important in the actual application unless there’s extra
effectiveness even at low thicknesses. Conversely, because of the
large size of infrastructures, multifunctional EMI shielding
materials do not have to be compelled to be effective at low
thicknesses. Moreover, except for lightweight structures like
airplanes, multifunctional EMI shielding materials do not have
to be mandated for effectual performance at low density. Mainly,
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low density is not typically required for civil engineering
structures where cement-based shields are foremost.

3.1.1. Metal-Based EMI Shields. For a long time, metals in
their bulk form and/or glaze forms have been utilized for
shielding EM waves. The only typical instance of bulk kind of
metal is film Al custom created electronic enclosures. In the
instance of metals in coatings, a typical instance is electroplated
Ni on electronic components that require shielding from EMI, as
Ni is conductive as well as ferromagnetic. These coatings face
the challenge of being scratched even though the scratches, to
some extent, tend to be tolerable as a result of the long radiation
wavelength.® The majority of these materials are faced with the
challenge of their large mass and volume. Additionally, the
enclosures are challenged by EMI shielding deficit at the joints/
seams at intervals inside the enclosure, for instance, the joint on
an EMI shielded room door, where EMI gaskets are used to
eliminate this challenge. EMI gaskets must be robust (springy),
additionally, to being an effective EMI shield.’ Metals/alloys
possessing magnetic properties are outstanding for EMI
shielding via absorption. Magnetic alloys such as permalloy
(Ni (80 wt %)—Fe (20 wt %) alloy having comparative MP of
20000 (at 1 kHz)), mu-metal (Ni—Fe ferromagnetic alloy:
comparative MP of 100000 (at 1 kHz)), along with stainless
steel (#430, ferritic, having comparative MP 500) are some of
the instances in this niche, though these alloys possess large
weight/mass, owing to their high densities. Nickel presents itself
as a magnetic metal also, but the relative permeability being 100
is somewhat low.” Nevertheless, it is attention-grabbing to
researchers and industrialists considering its ease of coating onto
predetermined surfaces via electroplating.

The harmonious utilization of magnetic alloys and conducting
but nonmagnetic materials (such as carbon) is a practical
approach toward EMI SE. For instance, magnetic alloys like
FeNi micro/nanoparticle CNTs are more effective than
magnetic alloys as particles unaccompanied or CNTs unaided
as active reinforcement in the polymeric-matrix nanocompo-
site."® Also, a mu-metal magnetic alloy and graphite flakes have
been reportedly utilized as a blend in EMI shielding material. By
utilizing a much lower magnetic constituent compared to the
conductive constituent in a polymeric-matrix composite, the
EMI SE is higher than that of the composite possessing the
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magnetic constituent alone or the conductive constituent solely
as the reinforcement.'” The magnetic constituent of the material
is effective toward enhanced EMI shielding as long as the
composite electrical resistivity is <10 Q cm.”’

A broadly acknowledged notion is that EMI shields having
high conductivity provide a status quo where the SE is
principally reliant on reflection instead of absorption.”>"*
High conductivity, however, may be connected to the SE being
predominantly caused by absorption, as discussed in the
following paragraph with respect to Al; thus this idea is not
necessarily true;”’ Al is known to be the foremost metal used in
EMI materials with good SE. In order to comprehend the
features/factors governing the EMI shielding of these materials,
it is significant to compare the SE of these materials with their
nano/microstructural parameters, ma%netic, electrical, and
dimensional characteristics/properties.” ® This relationship
has been studied for nickel, which is conductive and
ferromagnetic. The SE, magnetic properties,'” electrical
resistivity,'* and nano/microstructure'” are presented in Table
2 for fibrous nickel having three diverse diameters of 20, 2, and
0.4 pm. The 0.4 ym fibrous Ni diameter is Ni-glazed CNFs,
where the carbon core diameter is ~0.1 ym. At similar filler
weight content (19 vol %) and similar nonconductive poly(ether
sulfone) polymeric-matrix, the EMI SE at 1—2 GHz, hysteresis
energy loss, and coercive force wholly decline unchangingly with
increasing diameter of Ni. Nevertheless, the DC resistivity is the
lowermost around 2 pm diameter, due to the two contending
influences, (i) reduced resistivity via improved contact of the Ni
filament units, empowered by a lower cross-section (larger
aspect ratio) and/or (ii) increased resistivity via the presence of
a higher number of touch points, due to reduced diameter.
Hence, a concession among the two influences, as revealed by
the transitional thickness, presents the smallest possible
resistivity.

The 0.016 and 0.018 pm grain size is analogous for the widths
of 0.4 and 2 ym but higher for the 20 ym diameter. The number
of grains per unit or grain size does not correlate with the
diameter and/or resistivity. The relative findings in Table 2
disclose that higher EMI SE relates to higher hysteresis E loss
along with the coercive force values and minimal diameter. Still,
the SE does not relate to their resistivity or grain size, along with
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the number of grains per unit diameter. At a similar filler
concentration, a small diameter correlates to a higher specific
interfacial area; owing to skin-effect, SE is enhanced by a higher
specific interfacial area. Skin-effect impacts and governs the
conductivity effect toward regulating the shield’s SE.

In the same way, the energy loss due to hysteresis and coercive
force is enhanced by a higher specific interfacial area; as
absorption takes place within the shield’s interior, the
contribution from absorption is increased with increasing
material thickness." Likewise, higher conductivity produces a
significant mismatch in impedance between air and the
specimen, thus resulting in significant incident EM radiation
reflection. Aluminum EMI shields have been reported to be
significantly dominated by the absorption mechanism,'> where
the SEg is lower than SE,; for instance, at 1 GHz, SE, was 43 dB,
whereas the SE; was reported to be 5 dB.

The dominance of absorption occurs notwithstanding the
high conductivity coupled with the lower thickness of aluminum
foil applied. The domination is partially ascribed to the higher
value of the comparative electric permittivity of 54,800 at a
frequency of 2 kHz.'> The resultant higher permittivity is a result
of a small portion of free e~ within the Al atoms, while the
permittivity-aided polarization enhances the absorption. Re-
cently, a group of researchers synthesized a 12% Al-doped
MoS,/rGO nanohybrid by a facile and highly responsive
hydrothermal technique. The nanohybrid showed high AC
electrical conductivity and EMI SE values.'* Also, a 3D porous
nickel metal foam/polyaniline heterostructure having out-
standing EMI SE and absorption based on the predetermined
construction of its macroscopic conductive network has been
reported.”’ Heinf8 and Fietzke”' have shown in their work that
the thickness of the layered composite EMI shield and specific
electrical resistance increased with the increasing thickness of
the samples, as shown in Figure 4.

3.1.2. Carbons. Carbon materials (such as graphene,
graphite, coke, carbon nanofibers (CNFs), carbon fibers
(CFs), and carbon nanotubes (CNTs)) do not seem to be
solely conductive electrically; they are smart EM absorbers over
a broad frequency.”**~** Differing kinds of carbon vary greatly
in conduction, structure, morphology, and price challenges as
premised by some researchers.” CNFs (mentioned above) have
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originally also been referred to as C-filament. A principally
striking category of graphitic material referred to as exfoliated
graphite, as typically shown in Figure §, is obtainable through
intercalation of graphite flakes, followed by swift heating (direct
or indirect), which resulted in graphite exfoliation.”” ° Every
single piece of exfoliated C is wormlike, owing to the severe
enlargement along the c-axis and the succeeding length in the
same path.”>* Mechanical interlockings took place as the worm-
like materials were compressed among the neighboring worms,
resulting in a sheet without the inclusion of a polymeric matrix.
Owing to the sheet’s flexibility, it was denoted as “flexible
graphite”. As a result of its high extent of compression
throughout the preparation of the versatile C, the sheet
exhibited robust crystallographic most favored positioning of
the carbon layers within the sheet axis. Owing to the prevalent
orientation, these sheets are very anisotropic, having an electrical
conductivity profusely higher within the sheet axial plane
compared to the perpendicular direction.

Additionally, the method of exfoliation leads to a degree of
open porosity along with blocked pores within its structure,
leading to an enhanced surface area. Higher surface area is
desired for enhanced EMI shielding, due to skin-effect: lookin%
at these factors, flexible graphite displays EMI SE of ~130 dB,”
being the higher threshold of the power loss measurement. What
is more, because of the cellular structure and most favorable
alignment, the sheet is robust along the path perpendicular to
the sheets’ plane; the resiliency permits versatile C to function as
an associate EMI seal. Further lures of exfoliated flexible graphite
are high thermal conductivity and chemical inertness along with
low thermal expansion coefficient, all principally treasured in
microelectronics fabrication. Regarding versatile C, SE1 and SE,
are enhanced with the progressive increase in frequency;
specified SE exceeding 49 dB and SE, exceeding 44 dB are
obtainable. The frequency dependency is weak for each SE, and
SEg. The SE, is far bigger than SEjy, indicating the absorption
influence increasing with cumulative frequency.'> Due to the
cellular structure, there is a hefty body in versatile C, as its
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density is high in the case of ideal C. The thickness of carbon
denotes its thickness arising from the carbon itself, the
specimens’ portion excluding its pores. The SE, relative to the
unit thickness of the specimen will increase with rising
frequency, with its value compared to the thickness of carbon
that is close to the specimen thickness.'® It demonstrates how
vital the consideration of the body within the shielding material
is.

The SE, relative to unit thickness is far lower for versatile C
than AL"® This is often partially because the Al is far less thick
than the versatile C. Moreover, both conduction and
permittivity of versatile C are measured lower than those of
AL°® Carbon activation encompasses the reaction (chemical)
resulting in its surface evolved porosity. Because of the higher
surface area along with the skin-effect, CFs (activated) are
simpler as shielding material compared to unactivated carbon.’
This activation process reduces the carbon fibers’ mechanical
properties; precisely, the decrease is additionally substantial for a
higher extent of activation. Hence, its activation ought to be light
for instances where the carbon fiber is aimed at structural
application. However, if the fiber is not for structural utilization,
the activation extent does not have to be restricted. Partly
because of the higher surface area along with their skin-effect,
nanocarbons (nCs) especially graphene, CNFs, and fullerene are
considered effective as reinforcing fillers in EMI shields. Rather
than dispersing the nC in an exceedingly bound matrix, it is
possible to create nC paper (like fullerene paper), as reinforcing
fillers in nanocomposite systems.

Hybrid nCs and porous nCs are chiefly synthesized for EMI
shielding by augmenting their surface area and reducing
impedance mismatch among the shield and the surrounding
air. Reduction in the impedance mismatch aids the reduction of
the SEy, boosting the absorption loss, a primary essential
mechanism for shielding in carbons. The amalgamation of
continuous CFs and fullerene has drawn great attention because
the nanotubes are aligned on the axis of the CF.”” These hybrids
shields may be made of carbons and/or metals as active fillers,
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whereas an associated instance may be a hybrid made of CFs, Ni
nanoparticles, and graphene.30 For polymeric matrices that are
primarily clear to radiation, a NF reinforced composite presents
superior properties to its microfiber (MF) counterpart in EM
wave shielding. Once the NFs and MFs are taken at an equal
volume fraction, a phenomenon often due to the skin-effect
along with higher interfacial interaction within the NF-
reinforced composite occurs. Metal-glazed CF has been
reported to be more efficient in EMI shielding compared to
unglazed CF." Owing to the skin-effect, metal-glazed nC like
nickel-glazed CNFs (referred to as Ni-glazed C-filament, or Ni-
filament) are measured even easier.' """ Nickel coating of CF/C
provides higher conductivity and magnetic behavior in
comparison to uncoated CF. The application of nickel-coated
CF as a functional reinforcement in a matrix resulted in a
composited EMI shield that exhibited SE of 87 dB (1—2 GHz) at
a filler volume fraction of 7 vol %."*'> In EMI seals/ gaskets, the
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volume fraction of the filler should be continuous/unbroken and
low, as resiliency arises from the polymer matrix and it decreases
with an increase in filler content;”! hence, in EMI seals, the
reinforcing filler is expected to be effectual at even low volume
fraction.

Continuous CF polymer matrix and/or carbon matrix
(nano)composites have been proven to possess extremely
excellent SE. The latter is additionally called carbon—carbon
(C—C) (nano)composites. In this kind of material, SE is
partially because of the CF continuity in the composites.
Though electrical conductivity continuity is effective, even at
high frequencies, the amplitude of the charges is not massive.
Because of the carbon matrix’s physical phenomenon and the
nonconductive nature of the compound matrix, the C-matrix
composite seems to be more practical compared to its polymer
matrix counterpart for EM wave shielding.’> The C-matrix
boosts the electrical continuity, which additionally contributes
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Table 3. EMI SE Properties of Graphene Polymer Composites within the X-Band Frequency Region

nature of composite concentration/loading EMI SE
polymers thickness nature of graphene of graphene preparation technique (dB) ref
PVC 1.80 mm graphene Swt % solution intercalation—solvent casting 13.0 35
PVDF graphene 7 wt % in situ polymerization 28.0 36
PEI 2.30 mm graphene 10 wt % in situ intercalation—solvent casting 11.0 17
PU 20.00 mm rGO 3 mg/mL dip-coating 12.4 37
PU 2.00 mm graphene 7.7 wt % solution mixing—solvent casting 35.0 38
PEDOT- 1.1S mm graphene 58% weight fraction  chemical vapor deposition (CVD) 91.9 39
PSS
PMMA 0.79 mm graphene S.0wt % solution blending—melt compounding— 19.0 40
batch foaming process
PMMA 3.40 mm graphene 4.23 vol % batch foaming process 30.0 41
PS 2.80 mm graphene 10.0 wt % compression molding 18.0 42
PS 2.50 mm graphene 7.0 wt % high-pressure solid-phase compression 45.1 43
molding
Epoxy rGO 15.0 wt % in situ intercalation—solvent casting 21.0 16
Epoxy 3 mm GNPs/rGO 20.0 wt % in situ intercalation—solvent casting— 51.0 44
templating method
PDMS 1.00 mm graphene 0.8 wt % template-directed chemical vapor deposition ~ 30.0 4S
(CVD)
Polyimide 0.80 mm rGO 16.0 wt % solvent casting via in situ polymerization 17.0-21.0 46
(P1)
UHMWPE 2.50 mm rGO 0.66 vol % melt compounding/hot press 28.3-324 47
PVDF 2.00 mm graphene 15.0 wt % water vapor induced phase separation 45.6 48
PS 2.50 mm graphene 30.0 wt % high-pressure compression molding plus salt ~ 64.4 49
leaching
PMMA 2.00 mm graphene 20.0 wt % solvent casting 21.0 S0
PVC 2.00 mm graphene 20.0 wt % solvent casting 31.0 S0
PPY graphene S5.00 wt % in situ polymerization 53.0 S1
PPY 2.50 mm rGO in situ polymerization 48.0 52
PANI 5.00 ym graphene 1.00 wt % in situ polymerization—solution 32.0-420  S3
intercalation—casting
PANI 2.00-7.00 mm GO 25 wt % in situ polymerization—conventional 20.0-33.0 54
painting technique
PU 2.44 mm graphene 20 wt % solution intercalation—solvent casting 17.0-20.0  SS
PS TrGO 2.24 wt % solution mixing—solvent casting— 30.0 56
compression molding
Epoxy 3.00 mm 3D grapheme Nanoplatelets template method 30.0 S7
(GNPs)/rGO
PDMS 0.1 mm graphene 10.00 wt % solution mixing—solvent casting—microwave  130—134 S8

irradiation

Reproduced with permission from Orasugh et al.> Copyright 2022 Elsevier.

to the EM wave shielding. Conjointly because of the electrical
continuity, continuous CF unit area is more practical in
comparison to discontinuous CFs in EMI shields.”’

The fiber-like platelike arrangement®® and stacking arrange-
ment** within the macroscale will greatly influence the SE.
Figure 6 depicts the SE of three planar arrangements of a
continuous carbon fiber chain consisting of ~12,000 fibers. With
regard to arrangement 1, the chain is within a kind of a placoid
coil, where the chain is continuous all over the coil. The chain in
arrangement 2 is within parallel straight lines; such a chain is
continuous between one line and the adjacent arrangement. In
Figure 6, arrangements 2A and 2B match the chain direction,
which is 0° and 90° apart on two reverse sides of the paper upon
which the chain is attached. Hence, the 2A arrangement is
delineated as unidirectional, and the 2B arrangement is defined
as a cross-ply. Owing to its physical phenomenon and
magnetism, Ni is an efficient coating material for CFs aimed at
enhancing the SE.”>** Unglazed and nickel-glazed continuous
CFs are compared with reference to the three planar
prearrangements (Figure 6¢).>® As depicted in Figure 6a,b, the
2B arrangement offers an abundantly higher SE; than 2A,
whether or not the fiber is coated: this concurs with the way that
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the EM waves are unpolarized. The unpolarized EM waves
comprise the electrical field of EM waves directly centrifugally
and haphazardly within the sample plane. It is very unremarkably
applied relative to polarized EM radiation. Arrangement 1 offers
a lower SEr compared to its counterparts in arrangements 2A
and 2B in uncoated fibers while providing a similar SEy as
arrangement 2A for the Ni-coated CFs. The inferiority of
arrangement 1 to the second arrangement is clearer when the
glaze is not applied. For sure, from magnetic attraction theory,
the planar coil arrangement (as in arrangement 1) is more
practical compared to the linear configuration (as in arrange-
ment 2) with respect to magnetic interaction. Hence, the
magnetic interface has less contribution to the shielding of EM
waves over the electrical interface, although the magnetic
interface is augmented once the fibers are coated with Ni.”>****

With regards to the unidirectional arrangement 2A, SE
specifies that the electrical field interaction is greater in
comparison to the magnetic field; meaning, arrangement 2A
offers better SE compared to arrangement 1 with reference to
the uncoated fibers. The cross-ply arrangement 2B offers much
more interfacial interaction with the electrical field compared to
arrangement 2A. Consequently, arrangement 2B offers abun-
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dantly greater SE; and SE, than its counterpart (arrangement
2A) for unglazed and Ni-glazed fibers (Figure 6).7%%

Hybrid-based (nano)composites comprising two or more
fillers are expected to exhibit superior EMI shielding properties
compared to their counterparts having just one variety of
reinforcing active or nonactive material, e.g.,, dual reinforcing
filler may be fibers and/or particles.”* Owing to the massive ratio
of the fibers in comparison to particles, the existence of fibers
augments the electrical connectivity within the (nano)-
composite.

Multiscale (nano)composites (multifunctional composites)
involving the amalgamation of diverse fillers of varying scales
have currently been engaged by researchers globally. For
example, fillers like microcarbon “mC” (CFs) and nC (CNTs)
have been greatly utilized: the microcarbon is continuous
whereas the nC is not continuous, and the inclusion of nC to mC
might not end in a considerable improvement of the SE,***°
because of the dominating SE of the continual fibers. In the
meantime, the mechanical characteristics are unrivaled for
continuous C-nanocomposites compared to noncontinuous
counterparts; the expansion of an irregular nC to continuous
mC results in reduced wt % of the well-connected microcarbon
therefore decreasing the composites’ mechanical properties or
even conjointly decreasing the shield’s SE.”* The effect of the
reinforcing filler should be considered within the panache of a
multifunctional hybrid/composite structure. As our focus is on
graphene-based polymer composite materials, selected literature
reports of such materials are shown in Table 3.

3.1.3. Ceramics. Ceramic materials, when compared with
carbon or metals, are less commonly used materials to fabricate
EMI shields primarily considering their low conductivity
comparatively. Among ceramic materials, metal carbides are
reasonably adopted for their conductive ability. Of the same kind
as magnetic metals, ceramic magnetic materials are extremely
effective as EM wave shields as a result of absorption. Examples
are ferrite (Fe3O4, also called magnetite)*”°° and nickel ferrite
(NiFe,0,),"" known to be ferrimagnets. Nonconductive
ceramics having magnetic properties are preferred over metallic
counterparts because of their corrosion-resistant properties. In
this way, the amalgamative utilization of ceramics like Fe;O,
with the inclusion of conductive entities like metals or carbon
(rGO, CNFs, or CNTs)* and/or 1nherent1y conducting
polymers like PEDOT should prove effective.”” Characteristi-
cally, the magnetic, polarizability, and nonconductive properties
of ceramics alone make them ineffectual as EMI shields.
Accordingly, research on earthenware production for EM wave
shielding generally includes carbon—ceramic or clay—metal
(nano)composites. Systems that incorporate bifillers like
carbon—ceramic mixes® are silver—ceramic,63 ceramic—FeS-
iAL** and AL O;—metal.* Also, owing to this system’s capability
to stand high- temperatures, it is useful for high temperature
shields, like SiC—C,* and Ti;AlC,* nanocomposrtes ’ High
permittivity of ceramics (perovsklte) is eye- catchmg 9 §iC—
C,% SiC (nanowire), SiC—Si;N,,”" and SiC— SiCN°° are among
the reported structural-based EMI shields per the literature.
MXenes (2D inorganic materials), having good conductivity
(4000 S/m), polarizability, and large surface area, are an
emergent categorie of ceramic materials made of a small number
of atoms thick 2-layer transition metal carbides, metal
carbonitrides, metal nitrides, etc, which presents them as
excellent materials for the fabrication of EMI shields.”"”” Per the
literature, MXene-based materials have presented SE of <24
dB,”" 50—75 dB,”*70 dB,”® 66—69 dB,”* etc., within frequencies
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of 8.2—12.4 GHz. The SE values of MXene shields (>50 dB) are
comparably lower than those of carbon-based materials.
Literature reports inexpensive continuous-glass fibers as being
nonconductive and having poor EMI shielding properties.
Consequently, glass fiber-based polymeric matrix (nano)-
composites are largely adopted for cheap structures like boats,
concrete edifices, wind turbines, etc. Impacting glass fibers with
EM wave shielding properties entails coating/adding conductlve
entities like CNT and CNFs to polymeric matrices.”” An
associated report communicated the glazmg of glass fibers with
conductive constituents like Ni and rGO,”® which has also been
adopted for microsphere-based hollow glass fibers.”” Glass fibers
also provide radiation transmitting coating to moderate the
impedance mismatch.”®

3.1.4. Cement-Based EMI Shielding Materials. Within the
void of solid aggregates, cement is thought of as cement paste
when a natural process is adopted. The mortar could be cement-
based containing fine particle combinations, but no granular
combination. This fine combination is often sand-based, while
the coarse combination is often stone-based/gravel-based. The
whole combination comprises reinforcing materials and addi-
tionally functions to help in reducing the material shrinkage
effected by drying.®

Concrete admixtures are the constituents aside from water,
cement along with aggregates, which are used during a cement
amalgamation to boost definite properties in the interior of the
cured cement material. The solid mixtures are noncontinuous
materials as continuous fibers cannot be inclusively incorporated
during a cement mixing process in their continuously aligned
form. Cement shielding systems are ineffective as EMI shields
except when the admixtures are capable of enhancing the shields’
SE.

EMI shield-augmenting concoctions are principally con-
ductive diminutive fibers (like CFs, CNTs, and/or steel-fibers)
and semiconductive fillers (like coke, C, graphene, graphite,
nickel, etc.). C falls within the kind of nanoparticle aggregate and
it is much more cost-effective than CFs and CNTs. These
systems reduced price is necessary toward fabricating concrete
materials. EMI shielding components are presently led by C
materials, particularly CFs,”” CNTs,* C,*! coke,* etc.

Ceramic nano/microparticles like Fe,O; containing ash are an
alternative sort of EMI shielding-augmenting compounds,
though semiconductive blends’ extent of providing enhanced
EMI SE is better than ash by far.*"*%*

Adoption of the discontinuous fibers/particles for the
fabrication of continual conducting routes aids the SE of these
materials. The dispersive distribution of reinforcing fibers/
particles in a cement admixture presents a great challenge,
predominantly in an instance where the fiber/particle size is
nanoscale. An instance is CNFs which get entangled, making
their dispersion challenging in comparison to CFs.™

Nanoscale-based amalgamations as composites result in
reduction of the air voids within the final product, a decrease
necessary for enhancing the mechanical properties. Though the
decrease in void % is vital for enhancement in mechanical
properties, the utilization of an innovative nanofiller like CNTs
for this purpose is not economical, because of the similar impact
of carbon, which is way less costly than CNTs. The inclusion of
nanofillers for advanced SE could also be partly responsible for
the reduction of the air voids within the composite system. In
consequence, the enhancement in the SE of nanofiller reinforced
nanocomposite systems is chiefly based on the interfiller
interfacial interaction with themselves and the EM waves.
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Figure 7. Dielectric (a) permittivity (¢'), (b) loss (tan §), and (c) electrical conductivity (¢; S-cm™) of the (H-PVDF + S-CNT)/PLA and (L-PVDF +
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The challenge associated with nanoparticle dispersion
aforementioned can be mitigated by incorporating nSiO, (size
0.1 pum) added to the admixture cement. nSiO, could be
obtained as a waste product; thus, it is cheap.

On the other hand, steel microfibers (diameter 8 mm and
length 6 pm) having high surface area generally have an
enormous diameter, making their interaction with EM waves
high and consequently producing good SE of ~70 dB for 0.72
vol % in a cement-based system, whereas the SE for flat stainless
steel 304 material having a thickness of 4.12 mm is ~78 dB.** In
view of that, steel fiber cement is substandard to plate-like
stainless steel having the same thickness as EMI shields. Steel
microfiber’s supremacy over CMFs (carbon microfibers) in
augmenting SE of cement materials is associated with its high
conductivity in comparison to the CMFs.*' CFs possess a typical
size and are coated with suitable organic compounds toward
enhancing their processability in cement systems; unsized CMFs
are mostly used in this fashion.** The SE clearly will increase
with increasing fiber vol %. At constant CF vol %, the SE is
comparable between mortar and cement paste.**

3.1.5. Polymers and Their Composites/Hybrids. Conven-
tional polymeric materials are nonconductive and mainly
transparent to EM radiation. Nevertheless, metal-encapsulated
composite fibers are efficient as EM shields, with even better
effectiveness in comparison to unencapsulated CFs.>" On the
other hand, inherently conductive polymers produced via
modification of existing nonconductive polymers or direct
synthesis from standard monomers possess conductive proper-
ties, making them valuable candidates for EMI shielding
materials.”’ Examples include polypyrrole (PPy), polyacetylene
(PA), polyindole (PIn), polyaniline (PANI), and their
copolymers. Still, these polymers have a tendency to be
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disadvantaged by their characteristic mechanical properties
inferior to those of standard polymeric matrices; additionally,
they are costlier.’ Polymers are the main matrices used as
binding materials in nanocomposites/composites for EMI/EM
wave shielding materials. Conductive polymer matrices are
adopted in this vein considering their ability to enhance the
thermal and electrical conductivity along with electrical
continuity within the entire composite structure.”® Conducting
polymeric matrices are also utilized as supplementary
components in nonconducting nanocomposites/composites in
order to provide these systems with enhanced SE.”” On the
whole, the ability of a polymeric matrix or its rosin to permit
effective dispersal of fillers aimed at enhanced EM wave
shielding is vital toward effective employment of the reinforcing
filler: filler dispersion conjointly affects the conduction of the
nanocomposite. Polymer matrices having good resilience are
essential for EMI seals.

The application of composite materials to fabricate EMI
shielding materials has been broadly utilized by researchers
globally (see Table 3).'”*® One such example is studies
performed on CNTs in PLA/PVDF composites along with
their impact on the EMI SE, EC, and rheological performance.1
These authors showed that the processing time, PVDF viscosity,
aspect ratio of CNTs, and processing technique greatly affected
the EMI SE of the final composite materials. They revealed in
their study that SE of the composites/blends containing CNT's
was better/higher than that of the blends without CNTs; they
proved that the same trend was observed for the dielectric
permittivity ('), dielectric loss (tan §), and EC (6; S-cm™) asin
Figure 7.!

Zhang et al.” have also reported in their studies an innovative
approach for converting a guest material into a host, producing
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Figure 8. (a) Schematic illustration of preparation procedure of GC foam and GC/PDMS composite. (b) AFM image of initial GO sheets. (c) SEM
image of initial GO/C foam. (d, ) SEM images of GC foam at different magnifications. (f, g) SEM images of MWCNTs’ different distribution state in
the 3D skeleton. (i, j) Cross-sectional SEM images of GC/PDMS composites at different magnification (bright parts are graphene sheets and
MWCNTs, dark parts are PDMS matrix). Reproduced with permission from ref 23. Copyright 2020 Elsevier Science Ltd.

the unique WS, (tungsten disulfide)—rGO mountain-like
structural wall possessing efficient and green EMI SE. They
reported SE > 20 dB within a frequency range of 2—18 GHz, and
the maximum EMI SE they obtained was 32 dB along with an
appealing green index, gs & 1.0. The effective green EMI SE
obtained in their work was credited to the multilevel architecture
along with inherent dielectric properties of the fabricated WS,—
rGO structure, plus the relaxation and conduction synergy,
along with multiscattering among the voids and interface, and
the corresponding wedge effect.”

Jia et al.”’ in their work obtained SEr as high as 54.43 dB and
SSi of 87.86 dB-cm?/ g within the X-band at <0.98 wt % filler
loading for highly porous high-performance 3D graphene/
CNT/polydimethylsiloxane nanocomposites (using a simple
process as shown in Figure 8).

3.1.5.1. Structural Order for Polymer-Based Nanocompo-
sites/Composites for EMI Shielding. With reference to
Schelkunoff theory, EM wave shielding materials having isolated
structural architecture and foam-based structure encourage
multireflection along with attenuation of EM waves within the
material structure, which is a boundless advantage to the
enhancement in SE of structural materials.”” Structural order for
polymer-based nanocomposites/composites for EMI shielding
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encompasses uniform structure, segregated structure,
foamed structure,” and layered structure’**® as depicted in
Figure 9.

Regarding the deliberations about enhancing the SE; and SE,
of EMI shields, the architectural design of these materials affects
their macrostructure, microstructure, nanostructure, and/or
amalgamation and is a vital way to attain high SE. Hence, an
effective conductive filler is not the only factor to be considered,
but the structural design will also greatly influence the EMI
shielding ability of the fabricated shield. Exceptional conductive
attributes and good conductive networked structures are major
prerequisites in the design, fabrication, and application of EM
shielding nanocomposites/composites to obtain high SE,
efficient multi-interfacial absorption and reflection, along with
hysteresis loss features of the materials being imperative factors
toward attaining high and controllable shielding performance of
EMI shielding nanocomposites. Consequently, progressively
more consideration has been given to the architectural design
tuning of EMI composite shields.' "' ~*%® Polymer materials’
excellent plasticity and ease of processing play a progressively
vital role in the EMI shielding composite’s structural design.'
These structures are categorized into uniform, segregated,
foamed, and layered forms as aforementioned.
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Figure 9. Scheme showing structural order for polymer-based nanocomposites/composites for EMI shielding materials: (a) segregated structure, (b)
uniform structure, (c) layered structure, and (d) foamed structure. Reproduced with permission from refs 23, 92, 93, and 97, Jia et al,, Joseph et al, Yu
et al, and Hu et al. Copyright 2020, 2013, 2018, and 2022 Elsevier Science Ltd.

3.1.6. Other EM Wave Shields. Considering the continued
advancement of human civilization within the field of nano-
technology, an ever-increasing number of new sorts of EMI
shields are found and combined in progression, presenting new
ways toward the improvement of EM wave shielding and
fascinating materials. The systems possess unique structures
along with lightweight features, which could deftly change or
govern the EM wave shielding properties of these materials
through suitable fabrication approaches and part configuration,
making it possible to obtain a variety of different high-strength
and lightweight innovative materials having tunable EM
boundaries.

MZXene, a comparatively innovative and novel 2D material,
first announced in 2011, presents a metal-like conductive
character like transition metal carbides chiefly attributed to
—OH or terminal oxygen presence on its surface;”” hence, its
application in EMI shields has drawn wide consideration.

Various investigations demonstrate that MXene-based
hybrids/nanocomposite systems like titanium carbide/
MXene, % AgNW/MXene nanowire,'”’ MXene/aramid,'®”
and MXene/CNF/silver'”® present exceptional EMI SE. In
particular, diverse Ti;C,Tx MXene was fabricated by particle
grafting; then, permeable 3D Ti,C,Tx MXene/C having
assorted Ti;C,Tx MXene material thickness was synthesized
by compounding with epoxy toward acquiring MCF/epoxy
nanocomposite EMI shields. The subsequent MCF/epoxy
nanocomposites displayed a superior EC of 184 S/m along
with an extreme EMI SE of 46 dB, being 3.1 X 10* and 4-times
greater than MCF/epoxy composites without Ti;C,Tx MXene.
These authors observed that higher thickness of Ti;C,Tx
MXene was directly proportional to the corresponding EMI
SE.'”* Furthermore, the EM wave shielding performance of
MCEF/epoxy nanocomposites was chiefly attributed to SE,, even
though SEp was also weak.'”* Special 3D conductive
organizations of MCF could boost the extensive utilization of

MXene nanocomposite systems for the preparation of cutting-
edge EMI shields. Specialists have researched the connection
between MXene system (especially sheets) EC along with their
EMI SE and presumed that MXene EC could be changed by
changing their thickness/composition.'”> With regards to
metal—matrix nanocomposites/composites and carbon materi-
als utilized for EMI shielding as of late, the vast majority of them
require a specific component layer thickness (>0.1 mm) to
accomplish viable EMI SE.

Interestingly, MXene EMI SE could adequately achieve up to
20 dB even at a thickness of ~40 nm. Nanocomposites made of
MZXene systems present endless potential outcomes to the
lightweight characteristics of EMI shields. According to the
viewpoint of “waste to abundance” and feasible turn of events, it
is extraordinary to plan and fabricate EMI shields from waste
biomass or homegrown waste. As the most well-known bundling
material, layered board, has a low reuse rate in the wake of
disposal, causing genuine contamination of the climate.
Considering the uncommon construction of layered paperboard
(crisscross collapsed structure sandwiched between two equal
planes), a group of scientists designed and fabricated a
carbonized corrugated board (CCB, 0.07—0.17 g/cm?® thick)
composite system for lightweight EMI shields prepared via
direct carbonization along with epoxy coating as support.'*° The
prepared material presented an astounding EMI SE of ~46.0—
82.0 dB."%° From another group of researchers,'*® hollow straw
permeable CNT clusters (SCAs) have been manufactured by
straight carbonization of wheat straw followed by efficient
gathering. SCAs with a thickness of just around 33—72 mg/cm®
display magnificent EMI SE (~44—57.7 dB), which principally
relies upon the dielectric loss and solid reflection loss (within
porous cell structures). Further, GO aerogel (GA) is full of pores
in the GA/SCA nanocomposite structure. The EMI SE of GA/
SCA nanocomposites was enhanced to ~66.1-70.6 dB
contrasting with unadulterated SCAs.'"’
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Figure 10. (a) EMI SE; of pure SiC fiber and ZrC/SiC nanofiber mats (3 layers, 1.8 mm) at room temperature; (b) comparison of SEr, SE,, and SEy
for ZrC/SiC-3 sample (3 layers, 1.8 mm). (c) SE of ZrC/SiC-3 samples with different thicknesses. (d) Electrical conductivity variations of pure SiC
fiber and ZrC/SiC nanofiber mats. (e, f) EMI SE of pure SiC fiber and ZrC/SiC nanofiber mats (3 layers, 1.8 mm) at different evaluated temperature.
(g) Schematic illustration of EM wave shielding for ZrC/SiC nanofiber mats. Reproduced with permission from ref 108. Copyright 2021 Elsevier

Science Ltd.

We hope for something else, more innovative in this regard
and more magnificent EMI shields to be found for a single
polymer matrix or a blend of matrices toward innovative systems
within the next decades.

4. EMI SHIELDING BEHAVIOR OF DIVERSE
MATERIALS WITH RESPECT TO STRUCTURAL AND
PERFORMANCE PROPERTIES ON THE SE AT
COMBINATIONS OF FREQUENCY AND
TEMPERATURE

Recently, a handful of researchers have shown interest in the
study of the EMI shielding behavior of diverse shielding
materials with respect to magnetic, filler, and conductivity
behavior and the specific interfacial interactions on the SE at
numerous combinations of frequency and temperature.'**'%
A report from Hou et al.'’" reveals that environmental
temperature can have a great influence on the average SE at 25
°C to 600 °C and specific SE at 25 °C being 18.9, 20.1, and
315.0 dB, at a material density of 0.061 g/ cm?>. With the variation
of the temperature from 25 to 600, these authors have revealed
in their report a corresponding change in the SE; of the
composite fiber mat (ZrC/SiC-3 nanofiber mat) they fabricated
as shown in Figure 10.'% This trend has been supported by
other researchers.'”’Table 4 shows some of the reports from
different research works. Mu et al.'”” have established in their
work that an increase in temperature led to a corresponding
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enhancement in the electrical conductivity and consequently the
SE7 of fabricated SiC;/SiC composites as in Figure 11a,b, a trend
supported by other scholars too as in Figure 10d.*”'*® The
electrical conductivity of materials aimed at EMI shielding is a
vital factor influencing the SE performance where the SE; and
SE, are largely dependent on the electrical conductivity as
expressed in the following equations (eqs 6 and 7):%'%’

SEx = 39.5 + 10log(c/(27fu)) (6)
SE, = 8.7d/nfuc (7)

An innovative approach toward designing high-performance
EMI shields by fabricating a stratified double-percolated
architecture of PS/PVDF/MXene nanocomposites has been
proposed by Wang et al.''* where the S-PS/PVDF/M,,
nanocomposite (0.45 mm thick) exhibited EMI SE of 32.0 dB
within the X-band while the H-PS/PVDF/M,, nanocomposite
(1.35 mm thick) exhibited 36 dB SE at a frequency of 10.51
GHz. They ascribed the chief influence on the SE to the
enhanced absorption effectiveness being credited to the
improved EC and robust multiple reflections along with less
dipolar polarization loss."'* A look at the afore-discussed works
established that the thickness, number of layers, conductivity,
structural morphology, density, and other undiscussed proper-
ties of materials aimed at EMI shielding application greatly
influence the EMI SE ultimately. Researchers should carefully
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Table 4. Structure and EMI Shielding Performance Reports of Different Materials As Per Literature”

Material Density SEr (dB) as per Temp. (°C) Electrical Surface/interface Ref.
(g/em?) conductivity structure or
(S/cm) morphology
Av. SET Av. SEt1 Spec. SE1
dB cm® g!

25°C 600°C 25°C
Z1C/SiC-3 0.061 18.9 20.1 315.0 1.3 x 10! AGS
nanofiber mat
Porous SiC foam 0.87 222 24.0 25:5 2070 x 10 102
Graphene/ >1.78 294 - <16.5 2.3 % 10 110
S1Caanowire/ PVDEF
composites
SiC  encapsulated | 0.60 36.6 35.0 61.0 1.91 L
Fe@CNT sponge
CNF/ - 25.1 - 322 262.7 S/m Hi2
TRGO@NIi film
multilayered  PU | - 17-21 single | - - ~3.0 S/m 22
graphene layer
composites 23-24,

multi-

layered
Graphene nanoplate | - 27.1 - - 0.938 S/ Lk}
(GNP)/carbonized m
loofah fibre
(CLF)/polyether-
ether- ketone
(PEEK) composites
polystyrene (PS)/ - 36 - 407 0.5 14
polyvinylidene
fluoride (PVDE)/
MZXene composite
3D graphene | 0.0020- 28.55-38 - 10,556 - 12
microtubes 0.0036
membrane

Photographs reproduced with permission from Hou et al,'®® Copyright 2021 Elsevier; Mu et al,'®” Copyright 2015 Elsevier; Liang et al,''’

Copyright 2020 Elsevier; Mei et al,'! Copyright 2019 Elsevier; Han et al,'? Copyright 2021 Elsevier; Li et al,>® Copyright 2017 Elsevier; Li et
al,""> Copyright 2019 Elsevier; Wang et al,,'** Copyright 2021 Elsevier; and Yin et al,""® Copyright 2020 Elsevier. “Frequency (GHz): 8.2—12.4.

consider the combination of these parameters when designing A research report on CNF/TRGO@Ni (50 wt % reinforce-
and fabricating an EMI shield. ment) which exhibited improved electrical conductivity up to
8148 https://doi.org/10.1021/acsomega.2c05815
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Figure 12. (a, e) Schemes of two- and three-layered PUG composites and conclusions resulting from panel b—d and f—h. (b—d) SEr, SE,, and SEj of
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20—16, 16—12—20, 16—20—12, 20—12—16, 20—16—12, and 16—16—16 (the control). Reproduced with permission from ref 5. Copyright 2015

Elsevier Science Ltd.

262.7 S/m and EMI SE of 32.2 dB has been discussed."'” The
researchers also revealed that the composite exhibited excellent
mechanical flexibility results such that the electrical conductivity
and EMI SE only decayed by 7.5% after 1000 bending cycles.
They attributed the EMI shielding mechanism to the
combination of improved impedance mismatch, multireflection
in “brick-mortar” lamellar structure, and bestowing of synergetic
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loss by TRGO and Ni nanoparticles.''” The number of layers of
an EMI shielding material has been reported to highly influence
the EMI SE at constant density and material composition.>> Li
and co-workers observed their materials’ results as in Figures 12
and 13 and concluded that the gradient architecture had an
incredible impact on the microwave-absorbing characteristics of
polymeric matrix nanocomposites, in terms of their EMI SE, and
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there exists an optimum gradient architectural morphology
capable of endowing the materials with the robust microwave-
absorbing character; in comparison to gradient morphology/
structures, the sandwich architecture holds more advantages
toward enhancing the SE of polymeric (nano)composites, and
the augmented design helps the nanocomposites absorb extra
EMI energy. Also, the enhancement in the SE of the
nanocomposites with sandwich structure is attributed to the
special morphological interference between two parallel-layered
shields and is extremely reliant on the depth of the wave
transmitting stratum d (Figure 13). When the d is 0 and 1/4, the
equivalent SE values are at a minimum and maximum,
correspondingly. The above-given information is decisive for
the fabrication of high-performance polymeric nanocomposites
with robust microwave-absorbing character.” Again, it is known
that the gradient percentage of shield active components within
the polymer nanocomposites is capable of increasing the
dielectric constant more and more, thereby helping to diminish
the reflected wave energy at the material boundary of the
respective layers and increase the wave absorbed energy through
conductive degeneracy.” Li et al. in their study of the EMI SE of
GNP/carbonized loofah fiber CLF/PEEK nanocomposites
established enhanced EMI SE of the nanocomposites implicitly
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owing to the steady establishment of conductive-network

morphology of CLF along with GNP;'"* where the shielding

mechanism of the nanocomposites was attributed to absorption,

as a result of the absorption contribution to the SE being much
113

greater compared to the reflection.

5. EMI SHIELDING MATERIAL APPLICATION AREAS

RWs (or MW radiation) are vital for telecommunication
technology, together with global positioning systems (GPSs),
antennas, radios, cell phones, Bluetooth technology (a wireless
protocol for swapping knowledge/information between elec-
tronic/telecommunication devices), Wi-Fi (IEEE-802.11-based
radiocommunication devices), and MW system devices.

EMI shielding systems are intimately associated with EM
pulse (EMP) shielding systems. EMP refers to a transitory
boosting of EM energy, like nuclear explosions or lightning
strikes.

Exceedingly conductive substances typically for EMI shields
are appropriate for antennas that conjointly perform within the
radio wave and MW regimes. In the present civilized world,
antennas are greatly required for wireless telecommunications
appropriate for networking, autonomous automobiles, RF
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permission from ref 97. Copyright 2022 Elsevier Science Ltd.

identification device (RFID) labels, wearable (stretchable)
smart devices, and virtual reality.

Conservative concrete systems have not at present developed
to the level of replicating radio radiation shielding devices.
Nevertheless, concrete-based materials have often demonstrated
their potential via the inclusion of conductive elements (like
CNF-reinforced compounds) to the concrete admixture.”” This
is helpful for the crosswise steering of automobiles on automatic
highways.*” As an example, the paving of the central part of a
highway lane with RW-reflecting concrete material and inclusion
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of a radio radiation transmitter and receiver on every automobile
would allow detection of when the automobile is not traveling in
the middle of its predetermined lane. By exploiting response
management, the target automobile can be sustained within its
lane, in that way realizing a programmed/automated steering
system. The suggested approach is smarter than the substitute
style of implanting magnets on the lane and controlling the

automobile via sensing the force field.
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6. DRAWBACKS IN THE ANALYSIS OF EMI SHIELDS

There exist various frequent downsides in the analysis of EMI
shield targeted materials as addressed. One drawback is that the
SE reports are lacking the SEg or SE, in many works. In a few
instances, the SEy report is not provided, while the SE, is. A
taxonomy problem relates to the usage of the term “reflection
loss” with reference to the absorption loss where the reflection
technique of SE, measurement is adopted.*”

Another drawback is that the SE per unit density and/or per
unit thickness has been technologically considered more
important than the SE. This is often not even reflective of
technological desires. A high worth of SE per unit thickness
permits a wafer-thin shield to produce sufficient SE. Yet, skinny
materials are restricted to applications involving radiation
predominantly at traditional incidence. Flexibility is efficacious
for EMI shields for gaskets; however, terribly skinny shields do
not exhibit resiliency adequate for shields requiring this
character. The SE (better represented in terms of the absorption
loss) per unit thickness portends to decline with growing shield
thickness,”* partly because of the result of the thickness on the
microstructural architecture, as we know that the SE, is directly
associated with the shield’s thickness. However, in reality, a
straightforward correlation might not occur or may occur to
some extent. The assumption of the quotient without acceptable
experimental support could be a pitfall. Additionally, the fabric
manufacturability might restrain the shield’s thickness; hence a
high worth of the SE cannot be attained despite a high worth of
the SE per unit thickness. EMI shields (e.g, carbon-based
shields) known to possess low density in comparison to metals
are abundantly available. EMI shields that are exceptionally
lightweight do not seem to be in vital technological demand.

Also, the absorption frequency dependence is a rumored but
not an adequate rationalization of the comparatively advanced
absorption loss frequency dependence.

An SE of 20 dB is adequate for a few applications, but
considering the reported SE for varied materials (as high as 130
dB*®), 20 dB is not a high level of shielding as the case of
uncommonly high shielding is not even enough.

When the shielding testing technique is not represented,
specifically also, the specimen/sample which is electrically
associated with the waveguide and usually not represented, this
is a significant drawback. Inadequate quality of this association
may result in the escape of the incident EM waves by the side of
the joint so that the estimated SE is not up to real-life worth.”

In the case of permeable EMI shields, the drawback is that the
fraction of solid does not interact properly. This volume fraction
is altered with modification of the material. For instance, the
solid volume fraction will be changed with the inclusion of an
extra entity (like graphene). Increased volume fraction unaided
will also result in enhanced SE. A connected drawback is the SE
within a unit solid volume fraction is not the same throughout.

Again, the discussion about the skin-effect by researchers is
rare or not even performed. However, it is a fundamental
material property providing insight into the SE, significantly for
materials that do not seem to be magnetic.

Also, the variation in property within (anisotropy) the
shielding material is not considered: this is because the material
properties will occur among a plane and may conjointly take
place in the plane and across the thickness. For instance,
graphene flakes are more favorably aligned within the shield
plane, therefore inflicting anisotropy sandwiched between in-
plane and across the thickness routes. Also CFs are aligned in a
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specific plane within the shield direction; thus, anisotropy exists
within the plane. The anisotropy affects the SE in the varied
planes of the prevalence of the energy. The polarization of the
incident radiation conjointly plays a part in the result due to
anisotropy.

There is insufficient consideration of the macroscale
structural architecture (e.g, the alignment of the CFs).”?
Primarily all attention has been given to microstructural or
nanostructural architecture.

Another issue is that comparing with previous works is
restricted to a definite frequency range, yet the art and
performance are comparable over a broad range of frequencies.
To advance the field, comparison with previous work ought to
cover a broader frequency range.

A shortcoming in this regard is that the standards for material
style aimed at attaining high SE do not seem to be adequately
comprehended.

7. SUGGESTED WAY FORWARD

The combination of structural and functional properties during
the design and engineering of an EMI shield should be the main
drive for researchers working in the field of EMI shielding
materials.

Structural and functional materials as EMI shields have
attracted very negligible attention despite the high SE of
continuous CF nanocomposites. Most attention has been
channelled to their functional counterparts. For instance, in a
recent report, Hu and his colleagues postulated and proved that
the design and fabrication of a well-engineered gradient
structure as depicted in Figure 14 would greatly enhance the
SE of the shield.”” They proved this concept by comparing the
EMI SE of their film samples (Figure 14a) where they revealed
EMI SE of 6.8 dB for the nanocomposite blend (CNF/rGO@
Fe;0,). The SE obtained herewith was reportedly primarily
caused by the efficient attenuation of electromagnetic waves by
rGO@Fe;0, via dielectric and magnetic losses. Also, the CNF/
rGO@Fe;0,/AgNWs-37 wt % blended nanocomposite film
had an average EMI SE of 63.1 dB compared to the CNF/
AgNWs-37 wt % blended composite film’s mean EMI SE of 31.2
dB, showing that the rGO@Fe;0, and AgNW synergism
improved EMI shielding effectiveness. The asymmetric 2-layer
composite film showed higher EMI SE values than the blended
composite with about the same composition as well as content,
as shown in Figure 14b. Without altering the composition and
other content of the CNF/rGO@Fe304&CNF/AgNW-37%-
2L asymmetric 2-layer composite film, they prepared nano-
composite films with asymmetric gradient varying 4- and 6-layer
structures to further enhance the EMI shielding performance of
the asymmetric layered composite. As anticipated, the
asymmetric gradient switching 4- and 6-layer structured
composite films’ EMI shielding characteristics were much better
than those of the CNF/rGO@Fe304&CNF/AgNW-37 wt %
asymmetric 2-layer composite film (Figure 14c) (average EMI
SE of 91.6 dB).””

Figure 14d shows the schematic diagram of the electro-
magnetic wave transmission process used by the CNF/rGO@
Fe;0,&CNF/AgNWs-37 wt percent —6L asymmetric gradient
alternating 6-layer nanocomposite film, according to these
scientists, in order to more effectively explain the unique EMI
shielding mechanism. Due to the dielectric and magnetic losses
of the _tGO@Fe;0,, a portion of the electromagnetic waves that
strike the strong absorption layer are absorbed, with a smaller
portion being reflected.”” A small percentage of the electro-
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magnetic waves are reflected at the interface between the strong
absorption layer and the weak reflection layer as a result of an
impedance mismatch, and then the strong absorption layer
reabsorbs the remaining electromagnetic waves as they pass
through the weak reflection layer. Meanwhile, some of the
electromagnetic waves that enter the weak reflection layer
interact with high-density carriers (such as electrons, holes, and
dipoles), which causes ohmic loss, attenuation of the energy of
the electromagnetic waves by the induced current, and
ultimately absorption of the electromagnetic waves. The
correlation between experimental data and EM theory is
insufficient. Primarily most present reports fail to provide this
relationship.

Fewer electromagnetic waves are absorbed by the secondary
strong absorption layer when electromagnetic waves passing
through the weak reflection layer reach it because of magnetic
loss as well as dielectric loss. A portion of the electromagnetic
waves are reflected back to the secondary strong absorption
layer, the weak reflection layer, and the strong absorption layer
where they are absorbed as they pass through the secondary
strong absorption layer as well as the secondary strong reflection
sheet. Ohmic loss as well as the attenuation of the electro-
magnetic wave energy by the generated current cause a portion
of the electromagnetic waves entering the secondary strong
reflective layer to be absorbed by the layer.

Only a very small fraction of the electromagnetic waves are
absorbed by the weak absorption layer as they pass through the
second strong reflection layer due to magnetic loss and dielectric
loss.

A portion of the electromagnetic waves is reflected back to the
weak absorption layer, the second strong reflection layer, the
second strong absorption layer, the weak reflection layer, and the
strong absorption layer, where it is reflected and absorbed
numerous times.”” This happens when the electromagnetic
waves passing through the weak absorption layer meet the
strong reflection layer. Due to the significant ohmic loss and
attenuation of the electromagnetic wave energy by the induction
current, the residual electromagnetic waves inside the strong
reflection layer are absorbed by the layer. The asymmetric
gradient alternating 6-layer structure nanocomposite film’s EMI
SE is significantly increased by this special EMI shielding
method, which subjects electromagnetic waves to continuous
gradient reflection but also gradient absorption. As a result, the
6-layer nanocomposite structure with an alternating gradient
pattern offers a useful method for creating electromagnetic
shielding materials with exceptionally high electromagnetic
shielding performance.”’

We, therefore, postulate that, the effective design and
engineering of novel gradient-based polymeric shielding
materials without neglecting the structural as well as functional
characteristics of the engineered shield will launch researchers
within the field of EMI shields into a new era of functional
materials which may also serve other needs such as UV shielding,
energy materials, etc.

8. CONCLUSIONS

This article could be an all-inclusive but nonexhaustive review of
important materials within the sphere of EMI shielding, to
enhance the growth of this niche. Functional, structural, and
multistructural shielding materials are herewith covered. Small-
scale utilization of functional shielding materials gained the
attention of researchers and industrialists recently, though
structural shielding materials enable multifunctional structures
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in extensive applications. The shielding materials dominant
among structural shielding materials are continuous carbon fiber
hybrids/composites and their cement-based counterparts.
These shielding materials include polymers, cement, ceramics,
carbons, metals, hybrids, nanocomposites, etc. The dominant
method adopted by researchers to fabricate these structures
toward the enhancement of SE is through hybrids/nano-
composites. Carbons and metals are the most functional
materials for offering efficient SE, while polymers (non-
conductive), ceramics, and cement are generally not effective
unless combined with functional components/materials. None-
theless, some ceramics (like Ti;AlC,, SiC, and MXene,) and
intrinsically conducting polymers like poly(para-phenylene),
polythiophene, PA, PANI, PPy, poly(phenylene vinylene), and
polyfuran are conductive and efficiently effective as shielding
materials to a large extent. Owing to the supply of various forms
of microcarbons and nanocarbons, shielding materials such as
cement—carbon, ceramic—carbon, metal—carbon, and/or poly-
mer—carbon mixtures have received much attention recently.
The philosophies of EMI shields, their design, and their
fabrication are herewith discussed, with the consideration of
the reflection and absorption loss contributions to shielding and
the structural architecture (nanoscale, microscale, and macro-
scale). Also, the drawbacks of EMI shielding materials research
are discussed. These EMI shields are beneficial microwave and
radio wave systems, too besides EMI SE.
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