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Recent developments on nanocomposites based on spinel ferrite and carbon
nanotubes for applications in electromagnetic interference shielding and
microwave absorption

Raghvendra Singh Yadav () and Ivo Kuritka
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ABSTRACT KEYWORDS
Several carbon nanotubes and spinel ferrite-based nanocomposites have been created in Carbon nanotubes; spinel
recent years and are considered to be viable options for an effective electromagnetic inter- ferrite; electromagnetic

interference shielding;

ference (EMI) shielding and microwave absorber material. The current development of car- ; .
microwave absorption

bon nanotube and spinel ferrite-based nanocomposites for EMI shielding and microwave
absorption is the topic of this study. The fundamental mechanism of EMI shielding and
microwave absorption is described. The EMI shielding and microwave absorption properties
of carbon nanotubes and spinel ferrite, as well as their numerous components such as gra-
phene, MXene, semiconductor nanoparticles, polymer, rubber, and so on, are thoroughly
examined. This paper also discusses potential problems and solutions for creating new
nanocomposites for the next generation of shielding applications.
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1. Introduction

Nowadays, widespread use of mobile communication
devices and electronic equipment, which emit electro-
magnetic (EM) waves as a byproduct, raises the possi-
bility of EM radiation pollution (Figure 1).['~*
Electromagnetic (EM) waves cause signal distortion,
malfunction of electrical equipment, and harm to
human health./*” Various electromagnetic interference
(EMI) shielding materials have been developed to miti-
gate or limit the harm caused by EM wave pollu-
tion.™ The mechanism of EMI shielding materials
was generally comprised of reflection, absorption, and
multiple reflections."”! Traditional shielding materials,
such as metals, have been employed as shielding mate-
rials because to their high conductivity; however, metals
have a high density, are prone to corrosion, and are dif-
ficult to handle."" Furthermore, EM radiation is not
completely decreased since EM waves are reflected
from the metal surface and interact with surrounding
electronics, causing additional interference.'?! The
approach to filter out harmful EM radiation is absorp-
tion shielding.""* Impedance matching and EM energy
attenuation are essential considerations in the creation

of high-performance EM wave absorber materials.!'*

The relative complex permeability, relative complex
permittivity, EM impedance matching, component, and
structure of the EMI shielding material influence the
reflection and attenuation of EM waves.!"”) The inci-
dent EM waves are strongly absorbed in green EMI
shielding material, preventing reflections and transmis-
sions and maximizing shielding effectiveness while
minimizing secondary EM pollution."® Magnetic
materials are frequently added to enhance impedance
matching and adjust multiple attenuation in order to
achieve green shielding. A multi-component composite
with magnetic-dielectric synergy exhibits effective green
EMI shielding and excellent microwave absorption.!”!
Carbon-based materials with varied structures and
phases are the most promising candidates for electric-
ally conductive materials due to their low density,
plentiful resources, strong electrical properties, ease of
synthesis, and high chemical and thermal stabil-
ities.''®2"1 Carbon materials, especially carbon nano-
tubes (CNTs), have attracted increased attention in
recent years for their high-performance electromag-
netic wave absorption qualities because to their light-
weight, high aspect ratio, remarkable mechanical

Figure 1. Schematic illustration of an intelligent world, including wearable devices, intelligent bodies, and autonomous vehicles.
EM absorption materials are a bridge connecting the micro and macro world. Reproduced with permission from Ref. [3]. Copyright
2022. Elsevier Publication.



strength, and high electrical conductivity.'****! Suman
Kumar Ghosh et al.*®! reported carbon nanotubes
and carbon nanofibers based co-continuous thermo-
plastic elastomeric blend composites and noticed EMI
shielding performance of —36.7dB for 15wt% of
nanofiber loading. Palash Das et al.'*”) reported a self-
healable and super-stretchable conductive elastomeric
nanocomposite and noticed that the nanocomposite
with MWCNTs (15 phr) exhibited an excellent EMI
shielding effectiveness of —27.4dB. G. Sang et al,,[2%!
demonstrated effective electromagnetic interference
shielding of nickel@multiwalled carbon nanotubes/alu-
mina composites. The high-performance EM absorp-
tion feature linked with the innovative structure and
the double losses of magnetic Co and dielectric CNTs
was reported by Xiangyun Xiao et al.?*! When Ming-
Ming Lu et al.”®! created a multiscale assembly of car-
bon nanotubes and grape-like ferroferric oxide, they
discovered that the unique combination of MWCNTs
and magnetic loss nanocrystals offered a practical
method for realizing excellent absorbers at high tem-
peratures. In a layered structure of carbon foam
coated with carbon nanotubes and a FeNi alloy,
Yangjun Zou et al.’"! found the best reflection loss to
be —64dB with an effective absorption bandwidth
(EAB) of 7.4 GHz. Due to synergistic magnetic-dielec-
tric effects, unique structural merits, and heterostruc-
ture tailoring of carbon nanotubes grown on
prismatic NiCo clusters, Jiajun Xu et al.**! reported
remarkable EM absorption performance with a min-
imum reflection loss of —46.2dB at 1.5 mm and broad
bandwidth of 5.8 GHz. Longqi Yang et al.**! created a
multi-dimensional NiCo/C/CNT/rGO aerogel using
a metal-organic framework (MOF) derivative, and at a
filler loading of 20 weight percent, with a thickness of
1.8mm and an effective absorption bandwidth of
7.6 GHz, they achieved the best electromagnetic wave
absorption performance of —58.8dB. Jiana Hu
et al.®¥ created a double-layered MXene-Fe/carbon
nanotube/silicone rubber composite and recorded a
reflection loss value of —65.9dB at 12GHz and an
effective absorption bandwidth up to 8.24GHz at
2.86 mm thickness. CuCo nanocube/N-doped carbon
nanotube composites were created by Zhigian Yao
et al,**! and noticed that at an annealing temperature
of 850°C, the minimum reflection loss (RL.;,) of
CuCo/NCNT could reach 54.13dB with an effective
absorption bandwidth of 4.01 GHz.

Metal oxides known as spinel ferrites have a spinel
structure with the general formula AB,O,, where A
and B are metallic cations located at two different
crystallographic sites, tetrahedral (A site) and
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octahedral (B site), respectively.*®) Both positions’
cations are octahedrally and tetrahedrally coordinated
to oxygen atoms, respectively. Iron (III) must be pre-
sent in the chemical formula for the substances to be
called ferrite, at least. MFe,O, is a common example
of a ferrite, where M stands for Mn, Fe, Co, Ni, Cu,
and Zn. There are 64 tetrahedral and 32 octahedral
positions available for cations in a single unit cell of
ferrite, but only 8 tetrahedral and 24 octahedral posi-
tions are occupied by cations. Depending on their
affinity for both positions, the distributions of each
metal cation over both sites vary, which is dependent
on the conditions used during the synthesis time, the
types of synthesis, the ionic radii of the cations, the
size of the interstices, and the stabilization energy. A
normal spinel structure results from completely occu-
pying the tetrahedral site with a divalent transition
metal, whereas an inverse spinel structure results from
completely occupying the octahedral site with the
divalent transition metal ions. The structure is mixed
or disordered if divalent transition metal ions are pre-
sent on both the A and B sub-lattices. Due to their
useful optical behavior, improved mechanical strength,
enhanced diffusivity and suitable specific heat, high
electrical and high magnetic properties, spinel ferrite
nanoparticles with a high surface to volume ratio have
drawn a lot of interest.”*”)

Spinel ferrites have been identified as a possible
contender within the range of EM wave absorber
magnetic materials owing to their abundant raw
material, cheap cost, high dispersibility, environmental
benignity, nontoxicity, and remarkable electromag-
netic properties.®® However, because of the low
impedance matching requirements, these single-phase
spinel ferrite magnetic materials have the disadvan-
tages of having a limited absorption bandwidth,
requiring a high thickness, and being dense, limiting
their practical utility as an EMI shielding material. As
a result, combining additional electrically conductive
materials to create multiphase composite spinel ferrite
magnetic materials may be an effective technique for
absorption. The
increased permittivity of conductive material com-
bined with the low dielectric value of spinel ferrite
magnetic material will result in a sufficient permittiv-
ity value, which necessitates a better impedance
matching level.*” This study will concentrate on the
most recent advancements in the EM wave absorption

achieving excellent EM wave

application accomplished by carbon nanotubes and
spinel ferrites, as shown in Figure 2. This is the first
review of carbon nanotube and spinel ferrite-based
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Carbon Nanotubes

EMI
Shielding

Materials

Spinel Ferrite

Figure 2. Schematic illustration of carbon nanotubes and spinel
ferrite-based nanocomposites for electromagnetic interference
shielding applications. Reproduced with permission from Ref.
[74]. Copyright 2022. Elsevier Publication. Reproduced with per-
mission from Ref. [90]. Copyright 2022. Elsevier Publication.
Reproduced with permission from Ref. [95]. Copyright 2022.
Elsevier Publication. Reproduced with permission from Ref. [113].
Copyright 2019, ACS Publication. Reproduced with permission
from Ref. [102]. Copyright 2022. Elsevier Publication. Reproduced
with permission from Ref. [110]. Copyright 2021, RSC Publication.

nanocomposites for EMI shielding and microwave
absorption.

2. The basic theory of EMI shielding and
microwave absorption

2.1. EMI shielding effectiveness

The material’s total EMI shielding effectiveness (SErt)
is stated as the ratio of incoming EM radiation power
to transmitted radiated power!*);

Pin Ein Hin
t t t

where Py, Ei,, and Hj, indicate incident power, elec-
tric field intensities, and magnetic field intensities on
the shielding materials, respectively; whereas, P,, E,
and H, represent transmitted power, electric field
intensities, and magnetic field intensities, respectively.
The frequency dependence of SEr is investigated. A
high SE; value indicates that less energy passes
through the shielding material. The overall EMI
shielding efficacy is characterized by the following
relation*!! according to Schelkunoff's theory:

SET = SER + SEA + SEM

Surface reflection, internal absorption, and multiple
interior reflections are denoted as SEg, SEA, and SEyy,
respectively. SEr is the contribution from the imped-
ance mismatch between the incident EM wave and
the shield’s surface impedance. Furthermore, the
reflection of an incoming EM wave is related to the
surface charge in the shielding material, which
requires the shielding material to be electrically con-
ducting in nature.*? It is also worth mentioning that
SE4 is related with high electrical conductivity for
shielding material ohmic loss, dielectric loss, and mag-
netic loss. Surprisingly, the impact of SE,; may be
avoided when the shield thickness is close to or more
than the skin depth, or when the SEy is greater than
10dB.1**

The reflection and transmission coefficient, as well
as the overall shielding effectiveness (SEt), can be typ-
ically evaluated using the scattering parameters S;j,
S,a, S12, and S,; that can be obtained from the Vector
analyzer. Here, Sy, S;5, and S,; stand for the forward
reflection coefficient, reverse transmission coefficient,
and forward transmission coefficient, respectively. The
following equations can be used to determine the
transmission coefficient (T), reflection coefficient (R),
and absorption coefficient (A) of electromagnetic

T=|Sul = IS
R=1[Su[* =[S/’
A=1—-R-T
SEt can be evaluated by the following relation:
1 1
SEr (dB) = 10log T = 10log —— = 10 log——

Following equations can be utilized to evaluate SE,
(absorption) and SEg (reflection) parameters:

r1 1-R
Lt~ Oeff

=10 log 7]

1 1
SEr(dB) = 10 log 1—] =10 log L — 5%1]

The first interaction that takes place at the surface
of a conductive shielding material when EM waves
strike, it is reflection. Strong EM wave reflection is
caused by the impedance mismatch between the
shield’s conductive surface and the air; consequently,



the more electrically conductive the shield is, the
more electrons there are near the surface, increasing
the EM wave reflection. The SEr value can be eval-
uated as!*l;

o
27fp

where u and ¢ are the magnetic permeability and
electrical conductivity of the shielding material,
respectively; and f is the frequency of the incident
EM Waves. According to this equation, the reflection-
based shielding is enhanced by greater electrical con-
ductivity or decreased magnetic permeability.

Some EM waves can pass through the shield’s sur-
face and propagate its interior after impact. As a func-
tion of penetration depth, waves that are propagating
are exponentially attenuated. The conducting, dielec-
tric, and magnetic characteristics of the shield are
responsible for the attenuation (absorption loss), and
an attenuation constant (o) value is given ast®l:

2
£

°“=w e 1—|—<i) -1
2 we

where o is angular frequency, u is magnetic perme-
ability, ¢ is dielectric permittivity and ¢ is electrical
conductivity. The outstanding absorption loss is gen-
erally attributed to high p, ¢ and ¢ values, which
refers higher magnetic, dielectric and conductance
losses. It’s crucial to note that while a higher electrical
conductivity value reduces the absorption ratio, how-
ever, it will increase the effectiveness of the absorption
through eddy current or conductance loss. The SE,
value can be estimated as!*);

SEr(dB) = 39.5 + 10 log

SEA(dB) = 8.68 t \/nfuc

here t denotes thickness. The equation tells us that
conductivity, sample thickness, and material perme-
ability are the three main variables that affect absorp-
tion loss.

2.2. Microwave absorption

In general, the reflection loss (RL) is used to compute
the material’s microwave absorption characteristic.
Based on transmission line theory,*! it may be
assessed as follows:

|Zin - Zo|

|Zin + Zo|

Zin = Zon\/ 11,/ & tanh [j(and/c) V 8,//4,}

RL = 20log
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Impedance Mat:

High E;A Wave/i\bso’ ption

Figure 3. Dependence of EM Wave Absorption Characteristics
on Impedance Matching.

where ¢, f, d, Z;,, and Z, are the light velocity, fre-
quency, absorbing material thickness, input impedance,
and free space impedance (377), respectively. The
aforementioned relationships explain that if a micro-
wave absorption material is produced with an input
impedance equal to that of free space, there will be no
reflection at the material’s surface, implying that all
incoming EM waves will transmit into the material. It’s
called impedance matching.W] However, in the Z;, ~
Z, condition, the transmission coefficient is unity, indi-
cating that the incident EM wave will transmit out
without any dissipation from the material’s back sur-
face.*®] As a result, not only are the essential imped-
ance matching conditions needed, but also strong EM
wave absorption by the material (Figure 3).147~*"]

2.3. Influencing factors on EMI shielding and
microwave absorption characteristics

2.3.1. Dielectric loss

Conductivity loss and polarization loss are the pri-
mary causes of dielectric loss.*® Polarization loss is
further classified as dipole orientation polarization,
electronic polarization, ionic polarization, and inter-
facial polarization.”"! Based on free electron the-
ory," ¢ = 1/2mpfe,, where p is the resistivity. A
high degree of electrical conductivity, corresponding
to a low value of resistivity, raises the value of the
imaginary portion of relative complex permittivity. As
a result, conductivity loss plays a crucial part in
dielectric loss. Ionic and electronic polarization may
simply be ignored in EM wave absorption since they
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occur at significantly higher frequencies (10°-
10° GHz).**) Dipoles, or bound charges in a dielectric
media, are often constrained on the defects and
residual groups and, like electrons in an applied elec-
tric field, cannot travel freely. Under a high-frequency
alternating electric field, the dipoles cannot reorient
themselves quickly enough to respond to the external
electric field, resulting in dipole orientation polariza-
tion and, as a result, relative complex permittivity (¢
and ¢&”) begins to decline, resulting in distinct fre-
quency dispersion characteristics. In a heterogeneous
system, interfacial polarization and associated relax-
ation persist at all times, and the accumulation and
unequal distribution of space charges at the interfaces
provides a macroscopic electric moment that may
absorb incoming EM energy well.®* The relaxation
mechanism can be explained by the Cole-Cole semi-
circle, which can be construed according to the Debye
dipolar relaxation and it can be explained by the fol-
lowing relation between the real part (¢/) and imagin-
ary part (¢”) of complex permittivity'>!:

(8/ _ 800)2 + (8//)2 — <8s _ 800)2

where & and e, are the static permittivity, and the
relative dielectric permittivity at the high-frequency
limit, respectively. Under the polarization relaxation
mechanism, the curve of ¢’ and ¢ will be a single
semicircle, known as the Cole-Cole semicircle.

2.3.2. Magnetic loss

Magnetic loss is related to the energy used to transfer
magnetic moments in the shielding material, as well
as the hysteresis characteristics in response to alternat-
ing magnetic field magnetization reversal.”>®
Furthermore, resonances such as domain wall reson-
ance, which normally occurs primarily within the
1MHz — 100MHz frequency range, and natural
ferromagnetic resonance contribute to the increase of
this magnetic loss at certain frequencies. The natural
resonance is associated with an anisotropic field and
is represented by the natural-resonance formula!®”’;

fr=7Ha/2m

where f,, v and H, are the resonance frequency, gyro-
magnetic ratio, and anisotropy field. The resonance
frequency may be modified by varying the anisotropy
field of the magnetic nanoparticles, which varies with
particle size. The function of eddy current in magnetic
loss may be studied by looking at the frequency
dependence of u” () 'f1.% If the value of
(" (W)'f~! remains constant with frequency vari-
ation, eddy current loss is the primary contributor to

magnetic loss. Further, eddy current loss, is associated

with the material’s magnetic permeability (u), fre-
quency (f), and conductivity (o), as follows:

Co= w'(W)f =§ np,d’o.
2.3.3. Skin depth
At high frequencies, the incoming EM wave only pen-
etrates near the surface of an electrically conductive
substance. It is known as the skin effect. The penetra-
tion of an electric field of a plane wave into an elec-
trically conductive material decreases exponentially
with increasing depth into the electrically conductive
shielding material. Skin depth () is the depth at which
the field reduces to 1/e, or 37% of the incident value of

the field, and it may be calculated using the relation>"):

6= (nfu o)’
where 0, f, u are the skin depth, frequency, per-
meability of the shielding material. The aforemen-
tioned relationship indicates that the skin depth (J)
decreases as the frequency and permeability/electrical
conductivity of the shielding material rise. The thick-
ness (t), magnetic permeability (u), and electrical
conductivity (o) of a shield determine its skin
depth (9), which is closely related to SE, by the rela-

tion, 6 = 1//nfu = —8.68(t/SEx).

2.3.4. Impedance matching

The synergistic effects of magnetic and dielectric loss
may generate a favorable impedance matching situ-
ation and strong EM wave attenuation in the interior
of the shielding material, resulting in substantial EM
wave absorption.[®” The modulus of the normalized
characteristic impedance Z = |Z;,/Z,| may also be cal-
culated, which represents the ability of the EM wave to
penetrate the shielding material and convert to thermal
energy.'®! A value of Z equal to or near to 1 is neces-
sary for high-performance EM wave absorption.

2.3.5. Attenuation constant

After the incident EM waves penetrate the shieldin-
g/absorber material, the EM energy is converted to
thermal energy by substantial magnetic and dielectric
loss. Furthermore, EM wave attenuation in the inter-
ior of the shielding/absorber material is crucial due to
multiple reflections and scattering in the shielding/ab-
sorption material, which may lengthen EM wave
propagation routes. The attenuation constant o]
may be used to represent the shielding material’s dis-
sipation characteristics:

2
Cx:\/_nf\/(u”s”—,u’s’)—l—\/ (,Ll”S”—,u/8/)2—|-<8//1//+8”ﬂ/)2
Cc



where f and ¢ are the EM wave propagation frequency
and light velocity, respectively. The aforementioned
relationship indicates that a higher value of u” and &’
of the shielding material might result in a greater
value of the attenuation constant.

2.3.6. Another factor

A quarter-wavelength matching model may be used to
illustrate the EM wave absorption dependency on
shielding material thickness. According to this con-
cept, the following equation'® may explain the rela-
tionship between shielding material thickness (t,,) and
peak frequency (f,):

t = nc/(4 fulles] 1, )"?);

where [¢,| is the modulus of the measured ¢, and ||
is the modulus of the measured u, at the peak fre-
quency (f,). If the computed t,, agrees with the
observed matching thickness t,,, the EM wave absorp-
tion adheres to the quarter-wavelength matching
model.

n=135,..

3. Carbon nanotube and spinel ferrite based
nanocomposites

3.1. Carbon nanotube and Fe;0, based
nanocomposites

In recent years, Fe;O, has received a lot of attention
among spinel ferrite magnetic loss materials because
of its effective electromagnetic wave absorption prop-
erties, cheap manufacturing cost, and good environ-
mental friendliness. Furthermore, numerous carbon
nanotubes based on Fe;O, magnetic nanocomposites
with excellent impedance matching and strong EM
absorption capacities have been reported
(Table 1). Lingyu Zhu et al. 'Y for example, demon-
strated a programmable modification of complicated
permittivity by connecting uniform Fe;O, magnetic
porous spheres onto carbon nanotubes (CNTs) to
build a 3D network. Fe;O,/CNTs nanocomposites
were created using a simple one-pot solvothermal
technique that was both time and energy efficient. To
explore the effect of CNT content on EM wave
absorption properties, four samples were developed:

wave
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Fe;0,4 Fe;04/3wt% CNTs, Fe;04/5wt% CNTs, and
Fe;04/7wt% CNTs, each comprising 0, 3, 5, and
7wt% CNTs. The produced nanocomposite (50 wt%)
and paraffin wax (50wt%) were evenly mixed and
compacted into toroidal forms with 3mm internal
diameter and 7mm outer diameter for EM wave
absorption measurements in the frequency range 2-
18 GHz. The thickness of the generated sample was
used to study reflection loss (RL) and effective band-
width (RL —10dB), which are important factors for
assessing the application possibilities of EM wave
absorption materials. Fe;O4/5wt% CNTs composites
demonstrated excellent EM wave absorption, with a
minimum RL value of —51.32dB at 5.52GHz and
44mm sample thickness (Figure 4). Fe;O4/5wt%
CNTs composites had an effective bandwidth of
39GHz. It was attributable to the produced
Fe;0,/5wt% CNTs composites material’s superior
polarization relaxation and high dielectric loss.
Furthermore, when the sample thickness of
Fe;0,4/CNTs composites increased, the absorption
peak became sharper and the matching frequency (f,)
migrated to a lower frequency. These observed phe-
nomena were in accordance with the quarter-wave-
length cancelation rule.*”!

To further understand the EM process for EM
wave absorption, the impedance matching of pro-
duced nanocomposites was examined. The value of Z
(Zin/Z,) for Fe;04/5wt% CNTs composite was almost
equal to 1, indicating that the materials had excellent
impedance matching (Figure 5a). The excellent
impedance matching level was linked to synergistic
interactions between Fe;O, magnetic spheres and
high-conductivity CNTs. Because of the substantial
dielectric loss as well as interfacial polarization, elec-
tron hopping (Figure 5d), and magnetic loss from
magnetic Fe;O, porous spheres, the produced
Fe;0,/CNTs composites EM wave absorber (Figure
5b) can attenuate practically all EM waves (Figure 5c).
This study group developed a simple way for improv-
ing the EM wave absorption properties of
Fe;04,/CNTs composites and encouraged its future use
in the area of efficient EM wave absorber materials.

In addition, Xiaojun Zeng et al.'* studied the EMI
shielding properties of a three-dimensional (3-D)

Table 1. Summary of recent progress on carbon nanotube and Fe;04 based nanocomposites.

No. Shielding material Frequency band Optimum thickness Effect of shielding Ref.
1. Fe304/5wt% CNTs 2-18 GHz 44 mm —51.32dB [52]
2. Fe304/CNTs 2-18GHz 2.15mm —56.8dB [54]
3. Fe304,/MWCNTSs 2-18 GHz 4mm and 2mm —36dB [67]
4, Fes04/ MWCNTs 2-18 GHz 6.8mm —52.8dB [68]
5. Fes0,/ MWCNTs 2-18GHz 34mm —41.61dB [69]
6. Si0,@Fe30,/MWCNT 8-12GHz 4mm —41dB [70]
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Figure 4. RL curves of Fes0, sample (a), Fes04/3 wt% CNTs (b), Fes04/5wt% CNTs (c), and Fe304/7 wt% CNTs (d) composites. The
dependence of t,, on f,, for Fe;0, sample (e) and Fe;0,/CNTs composites (f-h) at wavelengths of 1/4 and 31/4. Reproduced with

permission from Ref. [64]. Copyright 2017. RSC Publication.
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Figure 5. (a) The frequency-dependent Z values of Fes0, sample and Fe304/CNTs composites. (b) Image of the real product for
the absorber. (¢, d) Scheme of primary EM microwave attenuation processes involved in Fe30,/CNTs composites absorber.
Reproduced with permission from Ref. [64]. Copyright 2017. RSC Publication.

hierarchical urchin-like Fe;0,/CNTs design. A simple
hydrothermal approach was used to create the 3-D
hierarchical urchin-like Fe;O,/CNTs constructions.
Fe;0,4/3CNTs, Fe;0,/5CNTs, and Fe;0,/7CNTs were
the names given to composites made with 0wt%,
3wt%, 5wt%, and 7wt% CNTs. CNTs serve as con-
ductive skeletons in the proposed system, forming
enormous contacts with Fe;O,4. The addition of CNTs
significantly improved the dielectric properties and
impedance matching level of the constructed design.

As shown in Figure 6, the developed Fe;O,/CNTs
design had a reflection loss (RL) of — 56.8dB at
11.12GHz and a thin thickness of 2.15mm.
Furthermore, the synergistic influence of conduction
loss, interfacial polarization, natural resonance, eddy
current loss, and multiple reflection/scattering was
connected with the high EM wave absorption proper-
ties of hierarchical Fe;O,/CNTs design. Using mag-
netic Fe;O, and carbon nanotubes, this study
developed a robust technique for 3-D hierarchical
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Figure 6. The 2-D RL (a,

b) and 3-D RL (e, f) curves for Fe304 (a, €) and Fes0,/5CNTs (b, f). Corresponding tm dependences of f,

at wavelengths of A/4 and 34/4 (c, d). 2-D RL curves for Fe304/3CNTs (g) and Fe304/7CNTs (h). Reproduced with permission from

Ref. [66]. Copyright 2022. Elsevier Publication.

structure building for high-performance EM wave
absorption. It was also noticed that the relationship
between matching thickness (t,,) and matching fre-
quency (f,,) of Fe;0,/5CNTs matched well with the
quarter-wavelength matching conditions (Figure 6).
Fe;0,/MWCNTSs nanocomposites were described
by Honglei Yuan et al®” as having noticeably
improved EM wave absorption properties in the high
frequency (Ku-band) range. For nanocomposites with
thicknesses of 1.5 - 5mm and a frequency range of 2—
18 GHz, it was observed that all minimal RL values
were less than —20dB; however, at 5GHz and
12.6 GHz, where the thickness was 4 mm and 2 mm,
respectively, the minimal RL was reduced to —36dB.
The detailed contour map of reflection loss values
versus frequency at various thicknesses for Fe;O,/
MWCNTs hybrids (Figure 7) shows two strong RL
sections at high frequency and low frequency ranges,
respectively. Additionally, it was clear that the simu-
lations (Figure 7b) using the 1/4 condition for
Fe;04/MWCNTs hybrid were in good agreement with
the relationship between the experimental matching
thickness and peak frequency (Figure 7a). The

observed results showed that the quarter-wave theory
can adequately explain the relationship between
matching thickness and frequency for the EM wave
absorption.

Yi-Hua Chen et al.[® reported 3D Fe;O, nano-
crystals decorating carbon nanotubes to modify elec-
tromagnetic properties and improve microwave
absorption capacity. In the frequency range of 2-
18 GHz, the minimum reflection loss values at 20 wt%
loading and a thickness of 6.8 mm of —23.0dB and
—52.8dB were observed at 4.1 GHz and 12.8 GHz,
respectively, which were superior to those of pure
MWCNTs as well as other hybrids of Fe;O4. The
improved absorption capacity arises from the synergy
of dielectric loss and magnetic loss, as well as the
enhancement of multiple interfaces among 3D Fe;O,
nanocrystals. Zhijiang Wang et al!®! reported a
hybrid material consisting of magnetite (Fe;O4) nano-
crystals grown on multiwalled carbon nanotube
(MWCNT) as a high-performance microwave
absorber in the 2 — 18 GHz band. The hybrid material
exhibited considerable electromagnetic absorbing abil-
ity, with minimum reflection loss reaching —41.61 dB
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at a frequency of 5.5GHz and thickness of 3.4 mm.
Hoda Hekmatara et al.”") investigated the microwave
absorption properties of core-shell composites con-
taining; iron oxide decorated carbon nanotubes
(CNT) and silica (SiO,@QFe;0,/MWCNT) with various
thickness of silica shell (7, 20 and 50nm). It was
noticed that the minimum reflection loss decreased
with increasing SiO, thickness. The minimum reflec-
tion loss of the composite with an optimized thickness

g 6 & 10 12 e 16 16 =0 of silica shell (7 nm) exceeded —41dB at 8.7-9 GHz.
(b) " Frequency (GHz) RUdB
N 3.2. Carbon nanotube and CoFe,0, based
£ 5 nanocomposites
E
g 4t Cobalt ferrite (CoFe,O,) has been extensively explored
£ as an EM wave absorber material among the spinel
B ferrites. CoFe,O, has moderate saturation magnetiza-
Al tion, strong anisotropy, high resistivity, high hysteresis
i loss, excellent chemical stability, high oxidation resist-

2 4 6 8 10 12 14 16 18

Frequency (GHz) ance, good corrosion resistance, and cheap manufac-

turing costs.”!! Furthermore, because to its high

Figure 7. (a) Color map of the RL values calculated from the
J @ P density, narrow absorption bandwidth, and poor

measured electromagnetic parameters, and (b) dependence of
I/4 thickness on frequency for the nanocomposite. Reproduced
with permission from Ref. [67]. Copyright 2016. RSC Publication.

impedance matching, its technical uses are limited.!”?!
Furthermore, owing to their low density, strong

Table 2. Summary of recent progress on carbon nanotube and CoFe,0,4 based nanocomposites.

No. Shielding material Frequency band Optimum thickness Effect of shielding Ref.
1. CoFe,0,/MWCNTs 2-18 GHz 4.2mm —50.80dB [58]
2. CoFe,0,/MWCNTSs 1.5mm —46.65dB [60]
3. CoFe,04/CNTs 2-18GHz 1.7mm —37.39dB [61]
4. CoFe,04/MWCNTs 2-18GHz 1.9mm —36.52dB [78]

Reflux at 120°C/ HNO,

> -

MWCNT
Addition of Co*¥/Fe*?
Solvothermal reaction

200 °C

@ creo, ®cot o Fer

«

MWCNTY CoFe,0, composite

Figure 8. Schematic diagram explaining synthesis of CoFe,0,/MWCNTs composites. Reproduced with permission from Ref. [74].
Copyright 2022. Elsevier Publication.
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model, and (c) impedance matching (Z) as a function of fre-
quency with different thicknesses for S2 composite. Reproduced
with permission from Ref. [74]. Copyright 2022. Elsevier
Publication.

chemical stability, and high conduction loss, multi-
walled carbon nanotubes (MWCNTSs) have been iden-
tified as EM wave absorbers. As a result, MWCNTs
with high conductivity, surface area, and light weight
were added to CoFe,O, magnetic spinel ferrite to cre-
ate nanocomposites with excellent EM wave absorp-
tion capabilities (Table 2).1731

M. Zeeshan Ashfaq et al.”*! recently disclosed a
cobalt ferrite/ MWCNTSs (CoFe,O,/ MWCNTs) hybrid
composite for expanded bandwidth EM wave absorp-
tion. This study group used a simple and controlled
solvothermal  process  (Figure 8) to create
CoFe, 0,/ MWCNTSs composites and then investigated
the influence of MWCNTSs content 0 mg, 10 mg, and
20mg on microwave absorption properties for sam-
ples indicated as S1, S2, and S3, respectively. The wax,
which is transparent to electromagnetic waves, was
mixed homogeneously with composites in a weight
percentage of 50% and then pressed into a toroidal
ring-shaped sample 2.0mm in diameter for electro-
magnetic parameter measurements. The S2 composite
has an RL,;, of —50.80dB at 4.2 mm thickness and
an effective absorption bandwidth (EAB) of 3.36 GHz
at 1.6 mm thickness. The quarter-wavelength matching
theory!””! was used to study the connection between
absorption peak frequency (f,,) and coating thickness
(tm) for S2 composite, as illustrated in Figure 9(a) and
9(b). The RL peaks in the S2 composite sample moved
to lower frequencies as the t,, increased (Figure 9a).
Furthermore, it had the best RL peak (3.68 GHz at
42mm) at the ideal impedance (Z~1), (Figure 9c).
Conduction loss due to free electrons hoping inside

(a)

-OH

Dipole -COOH
polarization

Migrating electrons.
Dipole polarization

Conduction loss

CoFe,0,

(b)

Co Fe,0,

Eddy currents

Electrons
Ll ~COOH

ec -OH
) @  Hopping electrons

Figure 10. Schematic illustration of the possible microwave
absorption mechanisms of CoFe,0,/MWCNT composites.
Reproduced with permission from Ref. [74]. Copyright 2022.
Elsevier Publication.

the conducting network of the MWCNTs, dielectric
loss, magnetic loss, electromagnetic attenuation,
impedance matching, dipole, interfacial, and defect
polarization were all connected with EM wave absorp-
tion (Figure 10).

Furthermore, Hongmei Liu et al.”®! discovered that
cobalt ferrite microspheres/multi-walled carbon nano-
tube composites had high-performance EM wave
absorption properties. A simple one-step solvothermal
process was used to create CoFe,O, and MWCNTs
composites. The produced composites were evenly
mixed with paraffin (50 wt%) and pressed into a cylin-
drical toroid shape with 3.04 mm inner diameter and
7.00 mm outside diameter for EM parameter measure-
ments. The dielectric constant was found to rise dra-
matically as the loadings of MWCNTs in the
composites increased. At 14.4 GHz, the RL_;, of a
composite containing 3wt% CNTs was — 46.65dB,
with an effective absorption bandwidth of 4.91 GHz
(12.41 to 17.32 GHz) at a thin thickness of 1.5mm.
Yue Yuan et al.””) also explored the effect of CNTs
on the EM wave absorption properties of CoFe,O,
nanoparticles. A simple solvothermal technique was
used to create CoFe,0,/CNTs nanocomposite materi-
als. At a thickness of 1.7mm, the reflection loss of
CoFe,O,/CNTs was —37.39dB, and the effective
absorption bandwidth was 5.2 GHz. In compared to
pure cobalt ferrite, the produced composite demon-
strated superior microwave absorption. Dangiang
Huang et al”® reported MWCNTs wrapped in
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Table 3. Summary of recent progress on carbon nanotube and NiFe,0, based nanocomposites.

No. Shielding material Frequency band

Optimum thickness (mm)

Effect of shielding Ref.

1. NiFe,0,/MWCNTSs 2-18 GHz

1.5mm —19dB [80]

Table 4. Summary of recent progress on carbon nanotube and mixed spinel ferrite based nanocomposites.

No. Shielding material Frequency band Optimum thickness Effect of shielding Ref.
1 Mg-Ni spinel ferrite-MWCNT /Cu 8-18 GHz 1.5mm —39.72dB [82]
2. MWCNTSs/Nig sZno.sNdo.oaFe1 0604 2-18GHz 1.6 mm —35.05dB [83]
3. MWCNTs/Nig sZng sFe;04 8-12GHz 3mm —19.34dB [84]
4 Nig:3ZNn 4C00.2Cug.1Fe;04/ MWCNTS 8-18 GHz 1T mm —25.71dB [85]
5 Lig.3Zng.4Fe;304@QCNT 0.2-20 GHz 5mm —34dB [87]
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Figure 11. The reflection loss of the Mgy ¢Nig4Fe,04 nanopar-
ticles (NP: x=0.0) and Mgq¢«Nig 4Cu,Fe;04,-MWCNT nanocom-
posites (NC: x=0.0, 0.2, 0.4 and 0.6). Reproduced with
permission from Ref. [82]. Copyright 2019. Elsevier Publication.

hollow with open holes of CoFe,O, as an outstanding
electromagnetic wave absorber. Multiwalled carbon
nanotubes (MWCNTSs) induce dipole polarization
when incorporated, and when wrapped around
CoFe,0, particles, this increases interface loss. The
maximum electromagnetic wave absorption character-
istic was attained at 25% filling with a RL,;, of —
36.52dB at a thickness of 1.9mm and an effective
absorption bandwidth (EAB) of 3 GHz.

3.3. Carbon nanotube and NiFe,0, based
nanocomposites

Nickel ferrite (NiFe,O,4) is a good dielectric material
as well as an EM wave absorber in the spinel ferrite
family.[”"!
NiFe,O, spinel ferrite may be enhanced further by
increasing dielectric loss by including MWCNTSs with
the ferrite. Lei Guo et al.®® used the hydrothermal
technique to describe microwave absorption properties
of NiFe,O,/MWCNTs hybrids. At 11.3 GHz, the opti-
mized sample had a RL.;, of —19dB and a band-
width of 2.5 GHz at a thickness of 1.5 mm (Table 3).

The EM wave absorption properties of

3.4. Carbon nanotube and mixed spinel ferrite
based nanocomposites

Doping/substitution of various elements in spinel fer-
rite might result in an effective augmentation of mag-
netic properties as well as an improvement in EM
wave absorption.[gll Because of its superior EM wave
absorption qualities, mixed spinel ferrite with
MWCNTs has been intensively explored in EM wave
absorption materials in recent years (Table 4). M.
Rostami et al.'®? examined the EM wave absorption
properties of Mg-Ni spinel ferrite-MWCNT nanocom-
posites with Cu substitution. It was discovered that
replacing Cu with MWCNTs may considerably
improve the EM wave absorption of nanocomposites
(Figure 11). At a thickness of just 1.5 mm, the greatest
reflection loss was —39.72 dB, which was related with
proper impedance matching and the coexistence of
both dielectric and magnetic loss.

Ningyu Chen et al.'® also looked into the EM
wave absorption properties of Nd-doped Ni-Zn ferri-
te/multi-walled carbon nanotubes (MWCNTSs) compo-
sites. The MWCNTs/Nig 5Zny sNdg g4Fe; 9604 composites
were created using the sol-gel method and sintered at
high temperatures with argon gas. SO signified pure
Nig 5719 5Ndg g4Fe; 0604 (NZNF), whereas S1, S2, and S3
denoted composites containing 1wt%, 1.5wt%, and
2wt% MWCNTSs, respectively. The S2 sample has an
RL,,in of —35.05dB at 1.6 mm thickness and an effective
absorption bandwidth of 4.55GHz (Figure 12). The
reflection loss curves of the samples at various thick-
nesses showed that the RL,;, that moves to the lower
frequency with the thickness increases. The 4/4 match-
ing theory can be used to shed light on the connection
between thickness and frequency. It was observed that
the RLy,i, of S2 moves to low frequency when the thick-
ness increases (Figure 13). Particularly when all match-
ing thickness (t,,) were close to the 4/4 curves, as Z;, at
1.6 mm was close to 1, indicated that the material with
such thickness had the outstanding absorption perform-
ance. Overall, there was high consistency in the RL,;,,
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Figure 12. Reflection loss with a series of thickness, contour maps of reflection loss, and three-dimensional reflection loss for (a—c)
S0, (d-f) S1, (g-i) S2, (j-I) S3. Reproduced with permission from Ref. [83]. Copyright 2021. Elsevier Publication.

quarter-wavelength, and impedance matching relation-
ships of S2.

M. S. Mustaffa et al.®! went on to examine the
EM wave absorption properties of multiwalled carbon
nanotubes/Nig sZn, sFe;O,4. At a thickness of 3 mm,
the produced composite had a maximum reflection
loss (RL) of —19.34dB at 8.46 GHz and a bandwidth

of 124 GHz. M. Dalal et al.®! also looked into the
microwave absorption capabilities of Nig3Zngy
Cog,Cug Fe;O, nanoparticles enclosed in multi-
walled carbon nanotubes. The greatest value of reflec-
tion loss was —25.71dB at 15.24 GHz for an enclosed
composite sample with a layer thickness of 1 mm. M.
Chahar et al.®® have looked into the microwave
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absorption characteristics of MWCNT/zinc-doped
nickel ferrite nanocomposites. Co-precipitation and
physical mixing were used to create MWCNTs and
Nig 5sZny sFe,O4-based nanocomposites. The greatest
reflection loss (RL) for a nanocomposite synthesized
using the physical-mixing technique was — 51.2dB at
11.2 GHz with a bandwidth of 0.45 GHz. Furthermore,
Yu Gao et al.’®”) examined the microwave absorption
characteristics of a combination of Li-Zn ferrite and
carbon nanotubes. A simple mechanical mixing
approach was used to create a nanocomposite made
of carbon nanotubes and Lig3Zng4Fe; 30,4 nanopar-
ticles (LiZn@CNT). At a thickness of 5 mm, the lowest
reflection loss (RL) was — 34dB and the absorption
bandwidth was 5.2 GHz.

4. Graphene, carbon nanotube, and spinel
ferrite based nanocomposites

In recent years, graphene has been used with spinel
ferrite and carbon nanotube composite systems to
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Figure 13. (a) Reflection loss curve, (b) matching of thickness
under the 4/4 models, and (c) |Zi, — 1| of different thickness
for S2 with different thicknesses. Reproduced with permission
from Ref. [83]. Copyright 2021. Elsevier Publication.

increase microwave absorption (Table 5). The ternary
composite system demonstrated superior microwave
absorption features such as low reflection loss and
absorption bandwidth. Y. Zhou et al.,'®8 for example,
reported the microwave absorption characteristics of
RGO/MWCNT/Fe;0O,4 hybrids (GMFs) manufactured
using an in situ one-pot solvothermal approach
(Figure 14). GMF0, GMF1, GMF3, GMF5, GMF7, and
GMF15 samples were indicated as GMF0, GMF1,
GMEF3, GMF5, GMF7, and GMF15, respectively, based
on raw material ratios of 0.00, 0.01, 0.03, 0.05, 0.07,
and 0.15g of GO.®® Toroidal samples with inner
diameters of 3.04 mm, exterior diameters of 7.00 mm,
and sample thicknesses of 2.00-3.50 mm were created
by homogeneously combining paraffin wax with
hybrids (mass ratio = 4:6). GMF5 hybrid produced at
a solvothermal reaction time of 24 h with a mass ratio
of 5:1:73 of GO, MWCNT, and Fe;O, displayed a
maximum RL value of —61.29dB at 10.48 GHz at a
thickness of just 2.6 mm (Figure 15).

For GMF5, the numerous Fe;O, cluster crystal
interfaces, the numerous combined Fe;O,, RGO, and
MWCNT interfaces, the porous GMF structure, and
the suitable RGO and MWCNT contents regulate the
electromagnetic parameters, which were advantageous
for wave attenuation, energy conversion, and ﬁtting to
an excellent MA property.

Furthermore, R. Shu et al.[*®! examined the micro-
wave absorption properties of a hybrid composite of
reduced graphene oxide/multi-walled carbon nanotu-
bes/zinc ferrite (RGO/MWCNTs/ZnFe,0,). A simple

O 00 Solvothermal
X XN X Reaction
A
A A I

N

GO Fe** EG

W

MWCNT RGO Fe,0,

Figure 14. Schematic of the Synthesis Procedure of the GMFs.
Reproduced with permission from Ref. [88]. Copyright 2020.
ACS Publication.

Table 5. Summary of recent progress on graphene, carbon nanotube, and spinel ferrite based nanocomposites.

No. Shielding material Frequency band Optimum thickness Effect of shielding Ref.
1. RGO/MWCNT/Fe30,4 2-18GHz 2.6 mm —61.29dB [88]
2. RGO/MWCNTSs/ZnFe,04 2-18GHz 1.0mm —22.2dB [89]
3. Fe30,@MWCNTs/RGO 8.2-124GHz 0.6 mm 45.9dB [90]
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with permission from Ref. [90]. Copyright 2022. Elsevier
Publication.

solvothermal approach was used to create the ternary
composite. By twisting MWCNTs around ZnFe,O,
microspheres and interconnecting them with RGO, a
highly connected three-dimensional conductive net-
work was created in the ternary composite. At a thick-
ness of just 1.0mm, the created ternary composite
system had a minimum reflection loss of —22.2dB
and a maximum absorption bandwidth of 2.3 GHz.
The microwave absorption mechanism of such a com-
posite was related with enhanced conductivity loss, a

synergistic impact of magnetic and dielectric loss,
moderate impedance matching, and significant attenu-
ation loss.

Juanjuan Zhou et al.®! have explored the EMI
shielding properties of an advanced ternary nanocom-
posite paper system comprising graphene and Fe;O,
with multi-walled carbon nanotubes (MWCNTSs). As
shown in Figure 16, advanced Fe;0,QMWCNTs/RGO
nanocomposite paper was created via evaporation-
assisted self-assembly and hydrazine hydrate vapor
reduction. It was discovered that the filling amount of
Fe;0,@MWCNTs and the thickness of the paper may
be used to modify the EMI shielding efficiency (SE).
The total SE of the composite paper in the X-band
was 45.9dB, with a thickness of about 0.6 mm and a
mass percentage of Fe;O,@MWCNTSs of 2%; it was
also 31.14% greater than the pure RGO paper
(~35dB) (Figure 17). Fe;0,@MWCNTs/RGO com-
posite papers’ increased SE., was primarily due to
increased absorption rather than reflection. According
to the proportion of EM wave transmission (T),
absorption (A), and reflection (R); the absorption effi-
ciency-rather than reflection efficiency-plays a major
role in the SE of composite papers (supplementary
material’®’). It was also observed that the average
SEtota of Fes0,@MWCNTs/RGO changed with the
thickness of the paper (Figure 17). Because of the
impedance mismatch between the composites and air,
some of the incident EM waves were reflected on the
surface of the developed paper; nevertheless, the
remainder of the incident EM waves entered the pro-
duced paper. The Fe;0, particle-induced conduction
channel in the Fe;0,@MWCNTs heterostructure may
promote the connection of MWCNTSs in the compos-
ite to build a conductive network, and it can be
cooperative to consume the EM wave within this
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Figure 17. EMI shielding property of different composite papers: (a) SEtar, (b) SEa, and (c) SEg values; (d) SEioa Values with differ-
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trical conductivity of composite papers; (g) schematic diagram of EMI shielding mechanism. Reproduced with permission from Ref.
[90]. Copyright 2022. Elsevier Publication.

Table 6. Summary of recent progress on carbon, carbon nanotube, and spinel ferrite based nanocomposites.

No. Shielding material Frequency band Specimen thickness Effect of shielding Ref.
1. Fes0, /MWCNTs@C 2-18 GHz 2.0mm —52.47 dB [91]
2. (Zng 5C0g.5F€,04/Mng 5Nig sFe,0,4)@C-MWCNTS 0-3 GHz 5mm —35.14dB [92]

composite paper. Additionally, the presence of Fe;O,
nanoparticles might increase dielectric and magnetic
losses. The attenuation of electromagnetic waves
caused by repeated internal reflections in cavities
formed between composite paper layered structures
cannot be overlooked.

5. Carbon, carbon nanotube, and spinel ferrite
based nanocomposites

Carbon has recently been combined with carbon
nanotubes and spinel ferrite to improve EM wave
absorption qualities (Table 6). K. Zhang et al,,'*"! for
example, studied the EM wave absorption properties
of Fe;O, nanoparticles with MWCNTs@C ferrite

nanocomposites. These nanocomposites were created
using a co-precipitation and calcination approach.
Fe;0, nanoparticles with MWCNTs@C ferrite nano-
composites with Fe;0, nanoparticle contents of about
50%, 60%, and 68% were created and designated as
samples-1, sample-2, and sample-3, respectively.
Toroid form samples were generated for microwave
characteristics assessment by combining 20% of the
prepared composite with 80% paraffin wax. The
Fe;0, nanoparticles with MWCNTs@C ferrite com-
posite systems with roughly 60% Fe;O, nanoparticles
had a maximum reflection loss of —52.47dB at
10.4 GHz and a bandwidth of 3.6 GHz at a thickness
of 20mm (Figure 18). The magnetic spinel ferrite
nanoparticle composition has an effect on the EM



CRITICAL REVIEWS IN SOLID STATE AND MATERIALS SCIENCES . 17

8 .. 8,
-, |
g | £
| - -
$*1 . . $
% 1 - - i
& ,c1| » 37mm e 41mm * ¥
{
© + . . - - - 0 - . - . - - -
2 4 ) L] w ” 4 6 AL ] 2 4 . e w ” " e "
Frequency (GHz) Frequency (GHz)
b
0
3.36GHz,
4
- 1 -
|
g = g =
" { » .
i
k] i 3 % b
1| - “~
‘Ml - 1. . 2 - 40 4 .
o 4 24mm v 28mm -4
0+ * 32mm < Simm. 04 $ 52.47
{ » 40mm « 4.4mm 2.0mm
© - 0 - . - y - - -
2 “ e L] AL 2 “ L) L) 2 “ . L] » ” " e ALY
Frequency (GHz)
Ic
°
2.88GHz
w04 -3
1 ‘ - ® b4
8 | % 8 v
| % T
§ 2 4 Yy e 17mm + 2.1mm § 2 4 p &3
s | v 4 25mm v 2.9mm s v
S 1I - ¢ 33mm <« 3.7mm ® Yy
€ w0 ¢ » 41mm e 4.5mm & w Y 122
{ 2.9mm
v
B0 o ——————————— B0 e ———————————
2 “ e Ll "0 7 “ e " 2 “ LS L] E] 2 “ ° L]
Frequency (GHz) Frequency (GHz)

Figure 18. Reflection loss curves and the corresponding bandwidth of the maximum reflection loss that was below —10dB of the
prepared composites: sample-1 (a); sample-2 (b) and sample-3 (c). Reproduced with permission from Ref. [91]. Copyright 2018.

Elsevier Publication.

Table 7. Summary of recent progress on MXene, carbon nanotube and spinel ferrite based nanocomposites.

No. Shielding material Frequency band Optimum thickness Effect of shielding Ref.
1. MWCNTSs/Fe304/Ti3C, T 8-18GHz 52 um 49dB [94]
2. Ti3Cy/Cog.7Zng3Fe204/MWCNT 8.2-12.4GHz 2.5mm 83.7dB [95]

wave absorption capabilities. The unique structure,
interfacial polarization, dielectric loss, magnetic loss,
and impedance matching were all related with better
EM absorption properties.

P. Yin et al.”?! created a hybrid of (Zng5CogsFe,O,/
Mny sNij sFe;0,)@C-MWCNTs to improve EM wave
absorption properties. A simple two-step solvothermal
approach was used to create this composite structure.
At a thickness of 5mm, the maximum RL was
—35.14dB, with an effective absorption bandwidth of
0.74 GHz. The high-performance EM wave absorption

feature was linked to the synergistic impact of magnetic
and dielectric loss, excellent impedance matching cir-
cumstances, and high attenuation qualities.

6. MXene, carbon nanotube and spinel ferrite
based nanocomposites

MXene has recently been identified as a typical repre-
sentative 2D material with excellent electrical conductiv-
ity for substantial electromagnetic wave attenuation.”*!
Nonetheless, various problems continue to impede
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MZXene’s use. The EMI shielding capability across a
broad bandwidth is insufficient, and this is also owing
to high electrical conductivity, which causes a consider-
able reflection loss in the shielding mechanism, resulting
in unwanted secondary electromagnetic pollution.
MXene is used in conjunction with magnetic spinel fer-
rite and carbon nanotubes to address these issues (Table
7). Heguang Liu et al,4 for example, reported broad-
band EMI shielding characteristics of MWCNTs/Fe;O,/

" > \llxml., ,
+ -
e “'-o‘

'l‘i_,(‘ T, MXene Fe;O4 Ti;C, T, @Fe;0,4 suspension

"~

‘\‘”%ABD . 5

MWCNTs

MWCNTSs suspension

(S

'*g 1

ndwich-like film m filtration

Figure 19. Schematic diagram of the composite film prepar-
ation process. Reproduced with permission from Ref. [94].
Copyright 2022. Elsevier Publication.

Ti;C,Tx MXene multi-layer films. This study team used
ultrasonic compounding and layer-by-layer vacuum-
assisted filtering to create a MWOCNTs/Fe;0,/Ti;C, Ty
MXene composite film, as shown in Figure 19. MFT7
was assigned to the composite film made of 4-layer
Fe;0,/Ti;C,Ty MXene and 3-layer MWCNTs for con-
venience, whereas MFT11, MFT15, and MFT19 were
assigned to the 11, 15, and 19-layer composite films,
respectively. As shown in Figure 20, the created com-
posite film MFT19 has an EMI SE of 49dB in both the
X and Ku bands. When an EM wave interacts with a
composite film containing a large number of mobile
charge carriers, a portion of the EM wave is promptly
reflected, while the remainder goes within the formed
composite film for further attenuation, as shown in
Figure 21. The introduction of Fe;0, magnetic nanopar-
ticles significantly reduced the impedance mismatch
between the composite film and air, improving magnetic
loss even more. The created multilayer design length-
ened the transmission route of EM waves inside it and
produced a dense conductive network, resulting in inter-
facial polarization and ohmic loss.

Sumit Kumar et al.®! have looked into the EMI
shielding properties of MXene-based heterostructure
composites filled with ferrites and MWCNTs. This
study team used a sol-gel technique to create Nij,Zn, 3
Fe,O, (NZFO) and Co,,ZngsFe,04 (CZFO) ferrite
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composites via chemical route. Reproduced with permission
from Ref. [95]. Copyright 2022. Elsevier Publication.

MWCNT

nanoparticles, which were subsequently chemically
mixed with Ti;C,Ty MXene and MWCNTs, as shown
in Figure 22. The created Ti3C,/Cog7Zng3Fe;04/
MWCNT composite has a high SE of 83.7dB, which
was attributed to its hybrid structure, high conductivity,
and strong magnetic properties (Figure 23). Because of
the presence of two-dimensional conductive Ti;C, and
MWCNTs, the produced composites had a high con-
ductivity due to the formation of hybrid dissipative
networks and the development of extra charge carriers.
The incorporation of ferrite nanoparticles into MXene
layers and MWCNTs increases the dielectric and mag-
netic losses, which cause substantial radiation attenuation.

7. Doped carbon nanotubes and spinel ferrite
based nanocomposites

Nitrogen doping in MWCNTs may improve defect/di-
pole polarization and dielectric loss properties, and a
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b) consisting due to reflection and absorption for the compos-
ite samples along with the shielding mechanism (shown in c)
in the 8.2-12.4 GHz frequency range. Reproduced with permis-
sion from Ref. [95]. Copyright 2022. Elsevier Publication.

high-performance EM wave absorber composite made
of nitrogen-doped MWCNTs and spinel ferrite could
be created.”®**! For example, Ruiwen Shu et al.!**"]
examined the EM wave absorption properties of nitro-
gen-doped multi-walled carbon nanotubes/cobalt-zinc
ferrite hybrid composites (NMWCNTs/Cog 5Zn, sFe;Oy).
A straightforward solvothermal technique was used to
create NMWCNTs/Cog 5Zng sFe,O, composite structures
(Figure 24). These NMWCNTSs/CogsZngsFe,O4 hybrid
composites with varying NMWCNT concentrations
were designated as S1 (0mg), S2 (10mg), and S3
(20 mg), respectively. The proposed hybrid composites
demonstrated strong EM wave absorption qualities, with
an RL,,;, of —64.7 dB at 3.1 mm thickness and an effect-
ive absorption bandwidth (EAB) of 4.3 GHz at 2.1 mm
thickness (Figure 25, Table 8). Amazingly, by modifying
the appropriate thicknesses of absorbers, the RL,,;,, that
corresponds to the maximum microwave absorption,
could be located at different frequencies. As shown in
Figure 26, various EM wave absorption processes of cre-
ated hybrid composites were presented, which were
related with the synergistic impact of conduction loss,
dielectric loss, and magnetic loss. Furthermore, nitrogen
doping in MWCNTSs enhanced defects and dipole polar-
ization loss capacity while also optimizing impedance
matching.
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nanotubes and spinel ferrite based nanocomposites.

No. Shielding material Frequency band

Optimum thickness Effect of shielding Ref.

1. NMWCNTS/Cog sZng sFe;04 2-18 GHz

3.1 mm —64.7dB [100]
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Figure 26. Schematic illustration of the possible microwave absorption mechanisms of NMWCNTs/Cog.sZng.sFe,04 hybrid compo-
sites. Reproduced with permission from Ref. [100]. Copyright 2019. Elsevier Publication.

Table 9. Summary of recent progress on coated carbon nanotubes and spinel ferrite based nanocomposites.

No. Shielding material Frequency band Optimum thickness Effect of shielding Ref.
1. nano-Fe;0, compact-coated CNTs 2-18 GHz 1.5mm —43dB [101]
2. CNT-NiFe,0,GMnO, 2-18 GHz 2.5mm —17dB [102]
3. CuS/CoFe,0,/MWCNT 2-18GHz 4.64mm —58.74dB [103]

8. Coated carbon nanotubes and spinel ferrite
based nanocomposites

CNTs® EM wave absorption properties may be
enhanced by covering their surfaces with magnetic
nanoparticles (Table 9). Na Li et al 'l for example,
evaluated the effect of magnetic coating on microwave
absorption performance. A simple solvothermal
approach was used to create two kinds of samples:
nano-Fe;0, compact-coated CNTs (FCCs) and Fe;O,
loose-coated CNTs (FLCs). The FCCs have much
superior microwave absorption characteristics than
the FLCs. The RL,;, value was — 43dB at 1.5mm
thickness and an effective frequency bandwidth of up
to 8.5GHz for FCCs with a CNT to Fe’" mass ratio

of 1:4 at 1.75mm thickness. The generated FCC sam-
ple’s high-performance EM wave absorption proper-
ties were related to the following dielectric relaxation
process and the improved magnetic loss. As a result,
the link between structure and electromagnetic param-
eters is important in the creation of CNT-based nano-
composite materials with high-performance EM wave
absorption capabilities.

The aggregation of magnetic and dielectric nano-
particles on carbon nanotubes offers a method for
improving EM wave absorption. Huifang Pang
et al,[" for example, evaluated the high-perform-
ance EM wave absorption properties of a hierarchical
multi-layered CNT-NiFe,0,Q@MnO, composite. The
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Table 10. Summary of recent progress on polymer, carbon nanotube, and spinel ferrite based nanocomposites.

No. Shielding material Frequency band Optimum thickness Effect of shielding Ref.
1. (PDMS)/CeFe,04/MWCNTSs 0.5-18 GHz - —47dB [108]
2. polycarbonate / MWNTs /Fe;0,@QC 2-18 GHz Tmm —413dB [109]
3. CoFe,0,/CNTs/WPU 2-18GHz 6.8mm —45.8dB [110]
4. TPU/Ti3C,T,/MnFe,0,/MWCNTS 8.2-124GHz 2.1 mm 31.2dB [111]
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Figure 29. (a) SE;, (b) dc electrical conductivity, and (c) absorption, and reflection part at 18 GHz of various blends. Reproduced

with permission from Ref. [107]. Copyright 2018, ACS Publication.

CNTs-NiFe,0,0Mn0O, composites were made up of
hierarchical multi-layered microstructures that were
created using a two-step chemical deposition process
and then heat treated at 200°C (Figure 27). NiFe,0O,
spinel ferrite nanoparticles were initially precipitated
on CNT surfaces before being uniformly coated by a
MnO, layer. When compared to CNTs and CNT-
NiFe,O, composite systems, the CNT-NiFe,0,@MnO,
composite system had an RL=—17dB and an effect-
ive absorption bandwidth of 3.8 GHz (Figure 28). The
created composites benefited from both magnetic and
dielectric components. The presence of dielectric and
magnetic elements on CNTs improved impedance
matching, dielectric attenuation, and magnetic attenu-
ation. The quarter-wavelength matching model was
satisfied by all samples, as shown in Figure 28. By
means of a geometric effect, the composites as pre-
pared attenuated electromagnetic waves. The counter-
balance of incident and reflected microwave also
contributed to absorption when the phase difference
between the air-absorber and absorber-metal interface

was 180°. It was intriguing to note that the CNT-
NiFe,0,@MnO, had two RL peaks in the range of 2
to 18 GHz, which significantly contributed to the
absorption bandwidth. The quarter-wavelength
matching model states that if the electromagnetic par-
ameter (u and ¢) is increased properly, it may result
in the two-peaks curve of RL in the frequency range
of 2-18 GHz.

Xinyang Wang et al.'®®! also looked into the effect
of copper sulfide nanosphere shells on the EM wave
absorption characteristics of cobalt ferrite/carbon
nanotube composites. CuS adherence to the CoFe,O,/
MWCNT binary composite was shown to improve
EM wave attenuation capability. However, since the
impedance matching level was reduced, EM wave
absorption properties may be modified by varying the
number of CuS nanoparticles. At 1.77 mm matching
thickness, the CuS/CoFe;,O,/MWCNT composite had a
maximum EM wave absorption bandwidth of 5.26 GHz.
At 4.64mm matching thickness, this designed compos-
ite system has a minimum RL of —58.74 dB.

103
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9. Polymer, carbon nanotube, and spinel
ferrite based nanocomposites

Lightweight and flexible polymer-based nanocompo-
sites as EM wave absorber materials have recently gar-
nered a lot of interest due to numerous additional
advantages such as corrosion protection, large-area
manufacturing, cheap cost, and so on.!%*1%%
Polymer-based nanocomposites containing dielectric
and magnetic fillers have the potential to be extremely
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Figure 30. (a) Schematic representation of the shielding mech-
anism through the synergistic contribution of both filler nano-
and (b) characteristic parameters for effective
shielding of different blends containing different types of fer-
rite particles along with the MWCNTs. Reproduced with per-
mission from Ref. [107]. Copyright 2018, ACS Publication.

materials

efficient EM wave absorber materials (Table 10).[1%!
For example, Sourav Biswas et al.'”} used a biphasic
co-continuous mix of polycarbonate and polyvinyli-
dene fluoride (PC/PVDF) as the matrix and combined
it with conducting multiwalled carbon nanotubes
(MWCNTs) and magnetic inverse-spinel ferrites,
MFe,0, (M =Fe, Co, Ni) phases. All of the nanopar-
ticles were mixed with the blend components, and an
appropriate surface functionalization technique was
used to compel the nanoparticles to localize in the dif-
ferent blend components. A one-pot hydrothermal
synthesis technique was used to create ferrite nano-
particles such as Fe;O4, CoFe,O,, and NiFe,O, A
melt compounder was used to create polymer blends
comprising PC/PVDF and filler nanoparticles. As
shown in Figure 29, the total shielding effectiveness
(SEt) ranged from —21dB to —31dB with different
kinds of spinel ferrite nanoparticle fillers in the pres-
ence of MWCNTs. When ferrite nanoparticles were
combined with MWCNTs, the dc conductivity
decreased. It was discovered that the addition of fer-
rites to MWCNTs resulted in shielding via absorption
rather than reflection. Furthermore, it was found that
the synergistic contribution of both conducting and
magnetic nanoparticles is significant for improving
overall shielding efficacy through absorption, as
shown in Figure 30. The shielding efficiency of ferrite
nanoparticles is controlled by their interactions with
incoming microwave radiation. In the developed
blends, Fe;O, displayed the highest shielding efficacy,
which was attributable to high saturation magnetiza-
tion, high consolidated loss parameters, high attenu-
ation constant, superior impedance matching, and
reduced eddy current losses.

Xiaojun Chen et al.l'®®! also explored the micro-
wave absorption properties of polydimethylsiloxane
(PDMS)/CeFe,O,/MWCNTs  nanocomposites. The
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Figure 31. Reflective loss (a) and 3D map reflective loss (b) of PDMS/CeFe,0,/MWCNTs. Reproduced with permission from Ref.
[108]. Copyright 2022. Elsevier Publication.



greatest reflecting loss was —47dB at 11.3 GHz with
an effective absorption bandwidth of 6.9 GHz for the
PDMS/CeFe,O4/MWCNTSs coating with a mass ratio
of 51 (CeFe,04/MWCNTs:PDMS) (Figure 31).
Additionally, it was observed that, in accordance with
the theory of the quarter wavelength, the maximum
loss peak gradually decreases as the sample thickness

WpPU CoFe,0, CONTs

CoFe,0/JONTVWPU

CoFe,0/CNTYWPU acrogel

Figure 32. (a) Schematic diagram of the synthesis process of
CoFe,04/CNTs/WPU hybrid aerogels, (b) CCW-3 aerogel on top
of the stamen. Reproduced with permission from Ref. [110].
Copyright 2021, RSC Publication.
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increases. Shital P. Pawar et al.'®! discovered effect-
ive microwave absorption with a wide bandwidth for
polycarbonate composites including MWNTs and
“brick-like” lossy magnetic Fe;0, nanoparticles encap-
sulated in carbon (Fe;0,@QC). At a thickness of 1 mm,
the produced nanocomposites demonstrated an excel-
lent RL of — 41.3dB at 17.7 GHz and a remarkable
bandwidth of 4.4 GHz. Furthermore, Jiawei Luo
et al."*) examined the microwave absorption proper-
ties of hybrid cobalt ferrite (CoFe,O,)/carbon nano-
tubes  (CNTs)/waterborne  polyurethane (WPU)
aerogels. A simple directional freeze-drying procedure
was used to create the CoFe,O,/CNTs/WPU hybrid
(CCW) aerogels (Figure 32). CNTs and WPU were
used as the skeleton and crosslinker, respectively, to
create a porous framework in this produced hybrid
aerogel, and CoFe,O, nanoparticles were evenly
inserted inside this system. The generated aerogels
were labeled CCW-1, CCW-2, and CCW-3 based on
the quantity of CNTs added (0.15, 0.3, and 0.45g,
respectively). The hybrid aerogels’ optimal microwave
absorption characteristic was — 45.8dB at 11.68 GHz
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i) Curves of the attenuation constant. Reproduced with permission from Ref. [110]. Copyright 2021, RSC
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Figure 34. SE; of TMMM composites with 0% porosity and different MMM filler contents (a); SE; of TMMM composites with differ-
ent Mxene and MnFe,0, mass ratio (b); SEy, SEs, and SEg of TMMM composites with 75% porosity and various thicknesses (c, d);
Power coefficients (A, T, and R) as a function of frequency at 75% porosity (e); SEy, SEx and SEz of TMMM composites with differ-
ent porosity at fixed thickness of 2.1 mm (f, g); Skin depth as a function of thickness at 75% porosity (h); Diagram of the EM waves
shielding mechanism of TMMM composites (i). Reproduced with permission from Ref. [111]. Copyright 2022. Elsevier Publication.

with a matching thickness of 6.8 mm (Figure 33). It
was discovered that the CCW-3 aerogel has an imped-
ance near to one as well as an excellent attenuation
ability. In addition, the RL,,;, of the CCW-3 aerogel
reached a higher level of —45.8dB even though the
attenuation constant of the CCW-2 aerogel was very
similar to that of the CCW-3 aerogel. This phenom-
enon is caused by the CCW-3 aerogel’s impedance,
which could reach 1, while also having ideal attenu-
ation capabilities.

Thermoplastic polyurethane (TPU)/Ti5C, Ty
(MXene)/MnFe,O4/Multi-walled carbon nanotubes
(MWCNTs) (i.e., TMMM) composites with different
pore sizes and porosity by fused deposition molding
(FDM) printing were reported by Zhongming Li
et al.""") The increase of nanofiller led to an improve-
ment in EMI shielding performance (Figure 34). The
2.1 mm-thick printed composite’s average electromag-
netic interference shielding efficiency (EMI SE) value

was 31.2 dB, which indicates that 99.9242% of electro-
magnetic waves can be shielded. The SE,, which var-
ied in thickness and porosity, all contributed more to
the SEt than the SEg, indicating that the absorption
mechanism played a more significant role in the entry
of EM waves than the reflection mechanism.
Additionally, due to the impedance mismatch at the
interface brought on by the high conductivity of the
composite, R rises significantly with thickness. It was
important to note that SE, is higher than SEx and
that R was higher than A almost throughout the
entire frequency range. These results demonstrated
the distinction between SE, and SEgr, which repre-
sented the EM wave entering the composites, and A
and R, which were quantitative characteristics of the
entire incident EM wave on the composites. Because
reflection happens before absorption, the EM wave
shielding mechanism of the TMMM composite was
dominated by reflection. As soon as the EM waves
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Figure 35. (a) Total shielding effectiveness, (b) shielding effectiveness due to absorption, (c) % shielding effectiveness due to
absorption and reflection, and (d) skin depth of the composites. Reproduced with permission from Ref. [113]. Copyright 2019, ACS

Publication.
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Figure 36. Mechanism of EMI Shielding in PU-Dopa

Composites. Reproduced with permission from Ref. [113].
Copyright 2019, ACS Publication.

reached the composite material, absorption took com-
mand of the shielding mechanism.["'? In addition,
the skin depth decreased dramatically as the compo-
site’s thickness increased. Due to the impedance mis-
match between the two different media, a significant
amount of EM waves was reflected when they came
into contact with the front interface between the
TMMM and air space. Because the conductive fillers
used in MMM multidimensional hybridization

repeatedly reflected and absorbed electromagnetic
waves, the non-reflected wave propagated to the mate-
rial’s interior and experienced an exponential decline
in intensity. When the EM wave arrived at the back
interface, some of the EM wave passed through the
shielding materials while the EM wave that entered
had mechanisms that were dominated by absorption.

10. Semiconducting nanoparticles, carbon
nanotubes, and spinel ferrite based
nanocomposites

Electric dipoles derived from semiconducting nano-
particles, magnetic dipoles derived from magnetic spi-
nel ferrite, and electrical conductivity derived from
carbon nanotubes may all exhibit high-performance
EM wave absorption properties. Recently, MoS, has
been shown to be helpful for EMI shielding as a 2D
layered material with some intriguing electrical prop-
erties. The existence of mobile charge carriers in
MoS, may interact with the electric component of EM
waves, resulting in attenuation of incoming EM waves.
A. V. Menon et al."'"*! looked into the EMI shielding
properties of “mussel-inspired” dopamine functional-
ized polyurethane (PU) with multiwalled carbon
nanotubes (MWNTSs) and ferrite doped with MoS,
(Fe;0,@MoS,). Hybrid nanocomposite systems of
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Fe;O, and MoS, (Fe;0,QMoS,) combined with con-
ducting MWNTSs demonstrated — 36.6 dB EMI shield-
ing with up to 96% incident EM wave absorption
(Figure 35). EMI shielding properties were linked to
heterogeneous interface polarization losses, eddy cur-
rent losses, numerous internal reflections from
MWNTs, and polarization losses from defect sites in
the nanoparticles (Figure 36). In most cases, an inci-
dent EM wave degrades as it moves further into the

shield, and it does this by conductively fencing the
wave. The skin depth of the shield is the depth that
an incoming electromagnetic wave must travel
through in order to be reduced in intensity by 1/e, or
approximately 37%. The thickness (t), magnetic per-
meability (u), and electrical conductivity (o) of a
shield determine its skin depth (6), which is closely
related to SE, by the relation, ¢ =1/\/nfuc =
—8.68(t/SE4). The skin depths of the composites
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Table 11. Summary of recent progress on semiconducting nanoparticles, carbon nanotubes, and spinel ferrite

based nanocomposites.

No. Shielding material Frequency band Optimum thickness Effect of shielding Ref.
1. PU/MWNTSs/Fe30,@MoS, 8-18GHz - —36.6dB [113]
2. MWCNT/CuO/Fe;0,/PANI 8-18 GHz 2.2mm —87.4dB [116]

Table 12. Summary of recent progress on semiconducting nanoparticles, carbon nanotubes, and spinel ferrite

based nanocomposites.

No. Shielding material Frequency band Optimum thickness Effect of shielding Ref.
1. crumb rubber@CNT/Fe30,4 2-18 GHz 2.3mm 60.46 dB [117]
”Icro“ 2ve
Sishnc
NH,Fe(SO,), 12H,0
Mixin g
& —
l NH; H,0 Press mold
e N T & !%
& ) Co-precipitation
% 750"
CNT: “ecé
AL - CNT/Fe,0, CR@CNT/Fe;0,
(NH,),Fe(S0,),'6H,0

Figure 38. The schematic diagram of fabricating CR@CNT/Fe30, composites. Reproduced with permission from Ref. [117].

Copyright 2022. Elsevier Publication.

made solely of Fe;O, MoS,, and Fe;0,@MoS, were
10.1 mm, 14 mm, and 6 mm, respectively, as predicted
by the SE, values (Figure 35). The skin depth
decreased to 2.1 mm with the addition of MWNTs,
and the decrease was more pronounced when
MWNTs and Fe;0,@MoS, were combined in a syner-
gistic manner, manifesting in a skin depth as low as
1.2mm. The aforementioned findings support that the
presence of a complex heterogeneous shield enhances
the attenuation of EM waves, which can result in a
gradual decline in the incoming EM wave’s power.
One of factor that could cause magnetic loss is eddy
current loss, and is determined by the material’s mag-
netic permeability (u), frequency (f), and conductivity
(0), as follows C, = p"(¢/) ~*f ' =2 mp,do. It was
noticed that in all frequency ranges between 8 and
18 GHz, the composites containing both MWNT and
Fe;0,@MoS,; exhibit eddy current losses. Additionally,
the semiconducting MoS, and the conducting
MWNTs jointly contribute to eddy current losses.
Copper oxide (CuO), a narrow-gap semiconductor,
was used to create high-performance EM wave-
absorbing composites.[114’115] S.S. Afzali et al.,[116] for
example, studied the EM wave absorption characteristics
of MWCNT/CuO/Fe;04/Polyaniline nanocomposites.
These MWCNT/CuO/Fe;O,/PANI  nanocomposites

Jm

were created using three different weight ratios of
CuO/Fe;04/PANI to MWCNT (1:3, 1:4, and 1:5). As
shown in Figure 37, the minimal refection losses for
MWCNT/CuO/Fe;0,/PANI  nanocomposites  with
weight ratios of (1:3), (1:4), and (1:5) were 45.7, 58.7,
and 85.4, 87.4dB, respectively (Table 11). The unique
of the quaternary MWCNT/CuO/
Fe;04/PANI composite with numerous interfaces and
weight ratio analysis of each proposed composite system
resulted in a high-performance EM wave absorber,
according to this study group. Further, it was noticed
that the absorber’s thickness has a noteworthy impact
on the microwave absorption properties. As absorbent
thickness was increased, the RL,;, peak gradually
shifted to a lower frequency, and followed the formula
¢/2ny"d, where d is the sample thickness and
f is the frequency adapted to RL ;.

construction

11. Rubber, carbon nanotubes, and spinel
ferrite based nanocomposites

Recycling crumb rubber (CR) may be utilized to cre-
ate a unique composite that absorbs electromagnetic
radiation using carbon nanotubes and spinel ferrite
(Table 12). Jiajia Zheng et al."7! has explored the EM
wave absorption properties of crumb rubber@carbon
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Figure 39. The RL of CR@CNT/Fe;0, composites with different thicknesses and frequencies: (a, b) CR@CNT/Fe;0,~1:0.5, (¢, d)
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Reproduced with permission from Ref. [117]. Copyright 2022. Elsevier Publication.

nanotube/Fe;O, composites. A  co-precipitation
approach was used to create the CNT/Fe;0, compo-
sites. Furthermore, composite systems with CR and
varying CNT/Fe;O, concentrations (mass ratios =
1:0.5, 1:1, 1:1.5, 1:2, and 1:3) were created (Figure 38).
The resultant composite has an RL,;, of —60.46dB at
14.19 GHz and a thickness of 2.3mm, as well as a

5.5GHz effective absorption bandwidth (Figure 39).
The synergy impact of coordinated dielectric and
magnetic losses, efficient interface impedance match-
ing, and internal multiple reflections were connected
with high-performance EM wave absorption cha-
racteristics (Figure 40). The CR@CNT/Fe;0, com-
posite recycling from scrap tire rubber produced is a



Interface polarization

Dielectric loss

Magnetic loss

Figure 40. EMA mechanisms of CR@CNT/Fes0, composites.
Reproduced with permission from Ref. [117]. Copyright 2022.
Elsevier Publication.

low-cost microwave absorber for lowering both elec-
tromagnetic and black pollution.

12. Conclusion and perspective

Carbon nanotubes and spinel ferrite-based nanocompo-
sites as EMI shielding and microwave absorbers have
garnered a lot of interest from researchers and academ-
ics in recent years. We evaluated recent achievements
in EMI shielding and microwave absorber nanocompo-
site materials of carbon nanotubes and spinel ferrites in
this review paper, covering the influence of adding gra-
phene, MXene, semiconductor particles, polymer sys-
tems, rubber, coating, doped carbon nanotubes, and so
on. To develop efficient EM wave absorption materials
made of carbon nanotubes and spinel ferrites, good
integration of dielectric and magnetic losses is essential
to get the impedance matching level as well as the high
absorption properties of the composite materials. The
conduction loss, dielectric loss, magnetic loss, and
impedance matching of carbon nanotubes and spinel
ferrite-based nanocomposites can be effectively regu-
lated to achieve efficient attenuation and absorption of
incident EM waves by sensibly controlling the compo-
nents’ structural and morphology characteristics, dop-
ing in components, coating, and the addition of third
or fourth dielectric or magnetic components. This art-
icle also includes a discussion on lightweight, flexible,
and high-performance polymer nanocomposites com-
prising carbon nanotubes and spinel ferrites. However,
apart from these efforts on the EM wave absorption
examination of carbon nanotubes and spinel ferrite-
based nanocomposites, other important issues may be
addressed in the future.

1. Concentrate on improving EM wave absorption
via electromagnetic parameters controlled by crys-
tal structure, particle size, and morphology.
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2. Development of porous structure-based compo-
sites based on carbon nanotubes and spinel fer-
rites. The porous structure has a dynamic
influence on EM wave attenuation because
absorption occurs owing to an impedance mis-
match between the pores filled with air and the
many surfaces.

3. Development of diverse polymer nanocomposites
including carbon nanotubes and spinel ferrites as
fillers, as well as additional research into the func-
tion of filler dispersion, kinds, and contents.

4. Use of semiconductor particles as additional com-
ponents, such as ZnO, TiO,, SnO,, MoS,, WO;,
and others, as well as a thorough investigation of
the impact of interfacial polarization.

5. Use of 2D materials containing carbon nanotubes
and spinel ferrites, such as 2D nitrides (e.g.,
boron nitride and graphitic carbon nitride), tran-
sition metal dichalcogenides, and black phosphorus.

6. A number of important factors still need to be
taken into consideration when designing
advanced EMI shielding composite materials in
light of the current situation, including solid
mechanical properties, wide absorption frequency,
broad-band absorption capacity to prevent signal
detection, thermal stability behavior, antioxida-
tion, etc.

7. To fabricate novel composites and create new
opportunities to address problems in real-world
applications, it is necessary to develop various
engineering processing techniques, such as coat-
ings, screen and 3D printing.

8. Fabrication of novel composites of carbon nano-
tubes with spinel ferrite nanoparticles can offer a
workable solution with a wide range of control-
lable structural designs to meet the demands of
real applications while simultaneously achieving
efficient EMI shielding and high mechanical
strength.

9. The best option for facilitating a variety of
responses as microwave absorbers and opening
up new avenues may be multilayer composite
architectures made up of different combinations
of conducting polymers, carbon nanotubes, and
spinel ferrite magnetic nanoparticles.

The exploration of EM wave absorption on carbon
nanotubes and spinel ferrite-based nanocomposites is
currently ongoing, and there is still a lot to learn
about novel nanocomposites based on these compo-
nents that have good EM wave absorption capabilities.
Furthermore, research on ternary and quaternary
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component hybrid composites of carbon nanotubes
and spinel ferrites for further improvement in EM
wave absorption properties is still in its early stages.
This review study, we think, provides insight into
future problems and techniques for creating novel
materials as next-generation EM wave absorbers.
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