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ARTICLE INFO ABSTRACT

Keywords: The electromagnetic interference shielding and microwave attenuation capabilities of ZnO semiconductor
ZnO semiconductor nanocomposites have recently been improved using a variety of approaches by correctly modifying their
Composites

permittivity. To improve microwave attenuation, ZnO semiconductor nanostructures have been combined with
graphene, multi-wall carbon nanotubes, metal nanoparticles and their alloys, two-dimensional MXene, spinel
ferrite magnetic nanoparticles, polymer systems, and textiles. This paper covers the opportunities and constraints
that these cutting-edge nanocomposites in the field of electromagnetic wave absorption encounter as well as the
research progress of ZnO semiconductor-based nanocomposite. The structure-function relationship of electro-
magnetic wave absorption nanocomposites, design strategies, synthesis techniques, and various types of
advanced nanocomposites based on ZnO semiconductor are also covered. In order to design and prepare high
efficiency ZnO semiconductor based electromagnetic wave absorbing materials for use in applications of next-
generation electronics and aerospace, this article can offer some useful ideas.

Electromagnetic interference shielding
Microwave absorption

1. Introduction

The modern lifestyle is heavily reliant on electromagnetic (EM) ra-
diation, which has a wide range of applications depending on its
wavelength [1-3]. Microwaves and radio waves, which have fre-
quencies lower than those in the far-infrared spectrum, are widely
employed in broadcasting, information, and communication technolo-
gies to transmit signals [4]. Due to the rapid rise in mobile phone usage,
the development of the internet of things (I0T), and the growing usage of
a number of other electrical and electronic devices, high-frequency
electromagnetic waves, also known as microwave and radiofrequency
waves, are continuously emitted through a variety of antenna types all
around us [5]. Electromagnetic radiation from nearby sources can
combine and disrupt the regular functioning of adjacent electronic
components. When two signals interact and produce unintentional
changes, it is known as electromagnetic interference (EMI) [6]. EM
interference (EMI) is the term used to describe this kind of coupling or
interference. Electromagnetic interference (EMI) can cause electronic
devices to malfunction or perform poorly. The growing reliance of
modern civilization on computers, digital electronics, and low-voltage
signal circuits has resulted in an increase in EMI-related issues [7]. For
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example, personal electronic devices must be switched off during takeoff
and landing in order to prevent electromagnetic interference (EMI) from
impairing the pilot’s communication with ground stations or even
interfering with the regular operation of the aircraft’s instruments.
Electromagnetic interference (EMI) can originate from natural phe-
nomena like solar flares, thunder, and electrostatic discharge. It can also
arise from nearby electronic devices that create electromagnetic waves
as a result of flaw or design. Strong electromagnetic fields produced by
MRI machines have the potential to interfere with nearby electrical
devices, including medical ones [8]. Strong EM radiation used in
broadcasting and telecommunications can be harmful to people’s health
over time. It can change the blood flow to the brain and can lead to
serious illnesses including leukemia and brain tumors [9]. Fig. 1 shows a
few potential electromagnetic wave sources as well as some potential
interference-affected equipment. Thus, the urgent need to reduce
harmful EM pollution and radiation drives the development of high-
performance microwave absorption and EMI shielding materials in the
GHz range [10,11].

Designed to act as a barrier, EMI shielding keeps away electromag-
netic radiation that could otherwise interfere with communications and
electronics [12]. Magnetic fields can easily interfere with some electrical
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equipment because of the very low voltages and currents they use. The
two basic ways to protect against EMWs are by absorption and reflec-
tion. Since the surrounding region may be harmed by the reflected
EMWs, the absorption method is recommended for shielding from a
safety standpoint. Therefore, EMI shielding-especially in the military
and civil divisions-is one of the finest methods for protecting the envi-
ronment and the health of living things from the harmful effects of
electromagnetic waves [13-14].

Zinc oxide (ZnO) semiconductor nanoparticle, a type of superior
multifunctional material, have exceptional physico-chemical charac-
teristics such high chemical stability, high electrochemical coupling
coefficient, wide radiation absorbance range, and high light stability
[15]. It is one of the most widely used semiconductor metal oxide
[16-17]. In fact ZnO exhibits a rare combination of excitonic stability
and a high band gap energy of approximately 3.4 eV. It can be consid-
ered for light emission applications due to its high excitonic energy of
approximately 60 meV [18]. ZnO is an n-type semiconductor whose
intrinsic defects, such as oxygen vacancies and interstitial zinc atoms,
are primarily responsible for its electrical conductivity. It is possible to
increase electrical conductivity by doping with different group III or
group VII elements [19]. Because of its strong pyroelectric and piezo-
electric properties, ZnO is a good choice for applications including the
manufacturing of piezoelectric sensors and mechanical actuators [20].
As a result of its great biocompatibility and antibacterial qualities, ZnO
has also found widespread application in biosensing and biomedical
applications [21].

Currently, materials based on ZnO provide ideal options for reducing
electromagnetic wave pollution because of their superior dielectric loss
characteristics [22]. It has been demonstrated that the electromagnetic
wave absorption properties may be successfully modified by controlling
the grain size, morphology, and microstructure of ZnO semiconductors
by adjusting the preparation approach and also constructing creative
nanocomposites [23]. Currently, most studies combine ZnO semi-
conductor with graphene, multi-wall carbon nanotube, metal nano-
particles and its alloys, two-dimensional MXene, spinel ferrite magnetic
nanoparticles, polymer systems, textiles, etc. to acquire excellent mi-
crowave absorption properties. For example, Gaihua He et al. [24]
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reported superior electromagnetic wave absorption based on ZnO cap-
ped MnO; nanostructures. In comparison to pure ZnO or MnO,, the
compositions improved the electromagnetic wave attenuation perfor-
mance, improve relative permittivity, and meet impedance matching
requirements. A design guide for binary heterogeneous transition metal
oxide dielectric-dielectric loss type electromagnetic wave absorption
composites with improved microwave absorption performance over a
wide frequency range is provided by heterogeneous nanostructures with
large specific surface area and rich interfaces. Additionally, ZnO nano-
wires were used to modify three-dimensional reduced graphene oxide
foam by Xin Liu et al. [25] for improved microwave absorption capa-
bilities. Due to optimized impedance matching, increased polarizations,
numerous residual oxygen functional groups, and defects of N doped
reduced graphene oxide (N-RGO), the composite’s electromagnetic
wave absorption properties were improved.

This review article describes the recent research progress on ZnO
semiconductor nanostructures and its nanocomposites for electromag-
netic interference shielding and microwave absorber (Fig. 2). This is the
first review of ZnO nanocomposites for microwave absorption and EMI
shielding. More attention is paid to innovative nanocomposites such as
ZnO-graphene based nanocomposites, ZnO-MXene based nano-
composites, ZnO-carbon nanotubes-based nanocomposites, ZnO-metal
and its alloys-based nanocomposites, ZnO-spinel ferrite-based nano-
composites, ZnO-polymer based nanocomposites, ZnO-textile based
nanocomposites and its designs strategies on the electromagnetic
properties and electromagnetic wave absorption mechanisms. Finally,
future research and development in ZnO based nanocomposites for
electromagnetic absorption are discussed.

2. Electromagnetic wave absorption theory

The electromagnetic shielding and microwave absorber materials
either interact with one of the oscillating electric and magnetic fields (i.
e., electromagnetic waves) or with both, which results in interactions in
the gigahertz range of the electromagnetic waves. The oscillation of the
electromagnetic fields interacting with the material will produce a
relative response, leading to the dissipation of the entire electromag-

Fig. 1. Schematic illustration of the possible source of EMI and influenced devices.
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Fig. 2. Schematic illustration of ZnO nanocomposites for electromagnetic
interference shielding and microwave absorption. Reproduced with permission
from ref. [72]. Copyright 2016, Elsevier Publication. Reproduced with
permission from ref. [85]. Copyright 2021, Elsevier Publication. Reproduced
with permission from ref. [89]. Copyright 2022, Elsevier Publication. Repro-
duced with permission from ref. [105]. Copyright 2022, ACS Publication.
Reproduced with permission from ref. [115]. Copyright 2020, Elsevier Publi-
cation. Reproduced with permission from ref. [116]. Copyright 2023, Elsevier
Publication. Reproduced with permission from ref. [126]. Copyright 2020, ACS
Publication.

netic waves. This interaction fits in Maxwell’s eqs. [26]. According to
Maxwell’s equations, the bulk permittivity and permeability of materials
that absorb electromagnetic wave energy determine their responses to
electromagnetic waves, with the complex values representing an
assessment of the materials’ combined energy storage and dissipation
[27]. The complex relative permittivity and permeability that pro-
foundly affect the materials’ capacity for absorption are expressed in
following egs. [28].
€
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The real components (¢ and x') stand in for polarization and
magnetization, which are related to the capacities for storing energy.
The loss and attenuation properties are represented by the imaginary
parts (¢ and u"), respectively [29].

2.1. Dielectric loss and conduction loss

The oscillatory polarity of the electric field produced by the elec-
tromagnetic waves initially causes the charge distribution of the mate-
rial’s particles. Intrinsic potential is created by the movement of
electromagnetic waves through the material, which is different from its
initial state [30]. Polarization is the term used to describe this phe-
nomenon, which attenuates electromagnetic waves. The lossless inter-
action between the electromagnetic waves and material is quantified in
this manner by the real part of permittivity ¢’, and imaginary part of
permittivity ¢” can be thought of as the friction between the polarized
particles that results in the energy conversion of electromagnetic waves
into other types of energy [31]. In addition, the relaxation peak con-
nected to the material’s dielectric resonance, where energy dissipation is

fi=
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at its greatest, is described by the imaginary part of permittivity, €’.
Polarization and conduction losses account for the majority of the
dielectric loss [32]. In line with the free electron theory [33]:

" o
- 2ne.f

where ¢ is the conductivity. Since higher conductivity ¢ results in a
higher imaginary part of permittivity ¢’, conduction loss ¢ is a significant
contributor to dielectric loss and has a significant impact on the reflec-
tion coefficient. Due to the elastic nature of the associated motions and
the low energy dissipation in the gigahertz range, electronic polarization
and atomic polarization are ineffective [34]. Therefore, the dipole
orientation polarization and interfacial polarization are the main cause
of dielectric dispersion, which is very important to broaden the ab-
sorption bandwidth of the electromagnetic wave absorbers [35]. The
orientation of a dipole polarization can influence the dielectric constant,
and defects and functional groups in materials can amplify this effect.
Dipoles cannot respond quickly to changing electric fields at high fre-
quencies because they are bound charges and limited [36]. In hetero-
geneous systems, interfacial polarization and related relaxation are
widespread. Space charge accumulates at the surface and is unevenly
distributed, resulting in the formation of a macro dipole moment, which
effectively reduces incident electromagnetic energy [37]. In order to
describe the relaxation process and clarify the relationship between &’
and ¢’, Debye’s theory introduces Cole-Cole semicircles [38]:

(53 ey - 25

where, the static dielectric constant is denoted as ¢, and the dielectric
constant at infinite frequency is denoted as €. If a polarization relax-
ation process exists based on Debye’s dipole relaxation, the curve of €’
and ¢” will be a semicircle, denoted as the Cole-Cole semicircle, repre-
senting the Debye relaxation [39]. The strength of the polarization
relaxation can be determined by counting the number and radius of
semicircular curves. The semicircle will typically take on the shape of an
arc when there are several relaxation processes. Additionally, the Cole-
Cole curve’s straight line at the end indicates the existence of conduction
loss. Additionally, the following relationship is used to describe the
frequency-dependent dielectric loss [40]:
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where o is the electrical conductivity, 7 is the relaxation time, e; is the

. . LY .
polarization loss and, ¢, is the conduction loss.

2.2. Magnetic loss

Magnetic materials will experience magnetization and reversal
magnetization in an electromagnetic field. During these processes, the
incident electromagnetic energy is converted to thermal energy and
ultimately dissipates as magnetic loss. Magnetic loss is caused by reso-
nances, including natural resonances, eddy current loss, and exchange
resonances. By comparing the resonance peaks with an analysis of
anisotropy fields, it is possible to determine the magnetic loss caused by
the natural resonance, and this loss can be expressed as a function of the
gyromagnetic ratio y and the anisotropic field H, [41]:

7H,
2

where f; is the resonance frequency. Due to the small size effect and
binding effect when the particle size is in the nanoscale range, H, will
significantly increase. As a result, altering the anisotropic field helps to
change the frequency. It makes sense to assume that natural resonance is
what causes the resonance peaks at low frequencies [42]. A material
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experiences eddy current loss when a changing magnetic field causes
conduction current. This leads to the production of Joule heat [43]. The

coefficient C, = y'(#) 2 ! can be used to analyze how eddy current
contributes to magnetic loss, where, if C, stays constant during varia-
tions in frequency (f), eddy current loss will be the only contributing
factor [44]. When particles reach the submicron or nanometer scale,
exchange resonance is typically ignored, and as particles get smaller, the
exchange resonance frequency rises [45].

2.3. Impedance matching

The majority of the electromagnetic wave will be reflected at the
surface of the absorbing material as a result of impedance mismatch
[46-47]. Thus, attenuation of electromagnetic wave entering the
absorbing material requires adequate impedance matching [48]. A
mathematical model for linking the reflection coefficient I' and trans-
mission coefficient t© to the input parameters of permittivity and
permeability in terms of the input impedance Z;, was developed by
classical electromagnetic theory, as expressed in the following relation
[49]:

Zin —Z,
=2n"%
Zin+ 27,

27,

— 1 r _ in
! * Zin+ 2,
z,= [t

e()
Zin - &
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where Z, is the free-space impedance, 4, is the free-space permeability,
€, is the free-space permittivity, 4, is the permeability of material, ¢, is
the permittivity of material. The input impedance Z;, can also be eval-
uated by using electromagnetic parameters and the thickness of the
material as expressed in the following relation [50]:

2
Zin =12, \/sznh <j—ﬂf d, /y,.e,)
, c

In the above equation, f is the frequency of the electromagnetic
wave, c is the speed of the light, and d is the absorber material thickness.
According to the transmission line theory (TML), the reflection loss (RL)
of a material can be measured under a normal incidence by using
following eq. [51]:

RL = 20log|I"| = 20log Zn—2Z,
Zin+ 72,

This equation is most frequently employed to express the material
response despite some validity concerns. The value of the RL approaches
to negative infinity as the reflection coefficient’s value leans toward 1,
and this is where the logarithmic function reaches its limit - co. This idea
is known as impedance matching [52]. Perfect materials can completely
absorb the incident microwave, therefore since I' = 0, Z;, matches Z.
However, the transmission coefficient T will improve to almost 1, which
indicates that there will be no dissipation of the microwave as it passes
through the material. A delta-function method has also been widely used
recently to assess the degree of characteristic impedance matching [53]:

|A] = |sink* (Kfd) — M |

where the relative complex permittivity and relative complex perme-
ability can be used to evaluate K and M:
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when the delta value is near to 0, the impedance matching is ideal.
Additionally, the value of |A|between 0.4 and O implies a good
impedance match. It implies that the characteristic impedance will be
better the larger the area of this small value is.

The following equation can be used to compute the attenuation co-
efficient’s value [54]:

a= @ \/ (e —ue) + \/ (e —pe) + (e +ue)

The equation shows that as x4 and € grow, the value of the attenu-
ation coefficient also rises. However, an impedance mismatch results
from too high 4 and ¢ values. Since both the impedance matching and
attenuation coefficient requirements must be fulfilled in order to achieve
the best electromagnetic wave absorption performance, the values of 4
and ¢ must be kept within a suitable range.

The effective absorption bandwidth (EAB) is the term used to
describe the frequency band coverage when the RL value is less than
—10 dB, which generally indicates that at least 90% of the electro-
magnetic waves are absorbed [55].

2.4. Geometric effect

Multiple electromagnetic waves reflections and scattering effects
will occur in the gap structure at the micron scale. The electromagnetic
wave propagation path will be effectively extended by this phenome-
non, improving the electromagnetic wave absorption efficiency by
expanding the window for electromagnetic wave attenuation loss. The
other significant geometric effect for absorbing electromagnetic waves is
interference elimination. The reflected electromagnetic waves in the
metal-backed model will form at the air-absorber and absorber-metal
back-plate heterogeneous interface.

d, ="

4 4t/ lulle

The phase difference between these two reflected electromagnetic
waves is precisely 180 degrees when the thickness of the electromag-
netic wave absorber material (d;;) and the frequency of the incident
electromagnetic waves (f;;) match the equation above. At this point, the
interference elimination effect will start to manifest itself, allowing for
the achievement of more impressive electromagnetic waves’ attenuation
absorption properties [56].

The distinct electromagnetic waves absorption property, it may be
established, is determined by impedance matching, attenuation coeffi-
cient, dielectric loss, magnetic loss, multiple reflections and scattering,
and interference elimination (Fig. 3).

(n=1,3,5,...)

3. Electromagnetic interference shielding

EMI shielding functions as a wall that is constructed to keep out
electromagnetic radiation that may otherwise interfere with electronics
and communications. Some electrical gadgets are easily affected by
magnetic fields due to the extremely low voltages and currents they use.
Absorption and reflection are the primary methods for electromagnetic
wave protection [57]. Shielding efficiency (EMI SE), total shielding ef-
ficiency, or shielding effectiveness (SEr) are terminology used to
describe how well EMI shielding materials function.

It is a function of the logarithm of the ratio of the power P, electric E,
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Fig. 3. The schematic illustration of electromagnetic waves attenuation mechanism.

or magnetic field strengths H before and after EM attenuation and is
given in decibels (dB) as a measure of the material’s capacity to block
EM waves [58].

Pr Er Hy
SE (dB) = 101 — ] =201 — | =201 —
(45) 0g<P1> og(E1> og(H1>

where I and T are incident and transmitted components.

Additionally, SEt represents the total of the shielding effectiveness
owing to reflection (SER), absorption (SEA), and multiple internal re-
flections (SEym) [59]:

SEr = SEgr + SE, + SEy

SEwm no longer matters and can be disregarded in the equation above
when SE, is higher than 10 dB. The following equation gives the
magnitude of reflection, which depends on surface conductivity [60]:

c
SEr = —1 —_
R 0810 (160)8,,/1,.)

where ¢ is the total conductivity, y, is the relative permeability, w is the
frequency in Hz. As a result, the ratio of conductivity to permeability
will be constant for a steady value of ¢ and y,, and SEr will therefore be
inversely proportional to frequency. However, absorption can diminish
across the thickness and is determined by the following relation [61]:

SE, = —8.681 (%)

where t is the thickness. Shielding mechanisms are linked to relative
permittivity and permeability values because total conductivity is
related to the permittivity. The SE of 20 dB is regarded as a benchmark
for industrial and commercial applications of an EMI shielding material
and can attenuate 99% of EM waves [62].

The scattering parameters, or “S-parameters,” of a two-port network
analyzer in the form of S11, S22, S21, and Sy values are measured in order
to experimentally determine the EMI SE values. The first and second

subscripts denote the receiving and transmitting ports, respectively. For
example, Sp; stands for the scattering parameter value that was
measured when electromagnetic waves were transmitted from port-1
and received at port-2. The following equations provide the co-
efficients of reflection (R), transmission (T), and absorption (A) using S-
parameters [63]:

R=1[Sul" =[Snl’
T= |521|2 = |Slz\2

A=1-R-T

Using the measured parameters, the following formulas are used to
obtain the SEt, SEg, and SE values:

1 1

SEr = 10log <7> = 10log| —
T [S2|”
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4. Recent progress on ZnO nanocomposites for EMI shielding
and microwave absorption

4.1. ZnO semiconductor nanostructures

The microstructural parameters of ZnO crystals, such as their size,
orientation, shape, aspect ratio, and crystalline density, have a signifi-
cant impact on their electromagnetic properties. Recent research by Mei
Cai et al. [64] revealed that ZnO nanoparticles may be easily manu-
factured and had high-performance electromagnetic microwave ab-
sorption. Zinc acetate dihydrate and ammonia water were used as the
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primary ingredients in the sonochemical method that effectively pro-
duced ZnO nanoparticles (Fig. 4). Systematically, ZnO nanoparticles
with various heat treatment processes were investigated for their
dielectric and microwave absorption properties. With heat treatment at
120 °C for 8 h, the microwave absorption characteristics of the as-
prepared ZnO particles were greatly improved. ZnO powders and
paraffin were mixed consistently to create samples with a toroidal shape
(outer diameter of 7.0 mm and inner diameter of 3.0 mm) for electro-
magnetic wave parameter measurements. With a thin thickness of 2.1
mm, the minimum reflection coefficient was —37.7 dB at 8.96 GHz
(Fig. 4). Superior microwave absorption was achieved through the
combination of oxygen vacancies, dipole polarization, and Debye
relaxation.

Current research has focused in particular on the controlled synthesis
of complex ZnO nanostructures with specified characteristics. ZnO
nanostructures with hierarchical tree-like structures were created in one
step and exhibit good microwave absorption, according to Renfu Zhuo
et al. [65]. A large area of uniform and intriguing ZnO hierarchical tree-
like nanostructures were synthesized by a simple one-step chemical
vapor deposition (CVD) process using pure zinc powder and O gas as
source materials. Pure zinc powder and O gas were used as the source
materials for a straightforward one-step chemical vapor deposition
(CVD) procedure that produced a large area of uniform and fascinating
ZnO hierarchical tree-like nanostructures. While the reactions were
occurring, ZnO nanowires was developed on the silicon substrate. Reg-
ular nanorods then uniformly grew on the ZnO nanowires to produce
tree-like nanostructures when the flow rate of Oy was increased. At 5
GHz and 4.0 mm in thickness, the composite with 40 vol% ZnO hier-
archical tree-like nanostructures had a minimum reflection loss of
—27.5 dB.
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Further, ZnO nanotrees’ microwave absorption characteristics were
published by R. F. Zhuo et al. [66]. In a typical horizontal tube furnace,
ZnO nanotrees were created using a two-step chemical vapor deposition
procedure. In comparison to ZnO nanowire composite, ZnO nanotree
composite exhibited superior microwave absorption characteristics, and
the maximum absorption was improved as the concentration of the
nanotrees in the composite rises (Fig. 5). At 4.2 GHz and 4.0 mm in
thickness, the composites with 60 vol% ZnO nanotrees had a minimum
reflection loss of -58 dB. Furthermore, crossed ZnO netlike micro—/
nanostructures’ microwave absorption properties were reported by
Huifeng Li et al. [67]. Without the use of a catalyst, metal zinc and
graphite powders were directly evaporated at 910 °C in Ar and O, to
create three-dimensional ZnO micro/nanorod networks. According to
calculations of the reflection loss (RL) of netlike structures and
nanotetrapod-shaped ZnO, the minimum RL for a composite containing
50% ZnO netlike structures was —37 dB at 6.2 GHz and a thickness of
4.0 mm (Fig. 6). The 3D netlike ZnO structures’ exceptional microwave
absorption capabilities and distinctive shape point to possible uses for
them in practical electromagnetic shielding technology.

Since the 3D porous ZnO architectures can not only provide the high
surface accessibility and more free space to form the multi-interface
reflection, but also offer point defects to cause another additional
pathway for the highly efficient steady absorption of EM waves, hollow
and open porous structures are desirable for the application in the
shielding absorbing materials. Microwave absorption enhancement of
porous and hollow ZnO spheres was reported by Yanyan Ren et al. [68].
One-pot solvothermal processing was used to create porous ZnO nano-
structures. It was noticed that the synthetic porous and hollow ZnO
calcined at 500 °C utilized as microwave absorbents had greater mi-
crowave absorption characteristics than the ZnO that had not been

Fig. 4. (a) Schematic of preparation of ZnO. Reproduced with permission from ref. [64]. Copyright 2020, Elsevier Publication. (b-1) RL as function of frequency and
thickness of ZnO; (b-2) The three-dimensional plots of the RL as function of frequency and thickness of ZnO; (c-1) RL as function of frequency and thickness of N-ZnO;
(c-2) The three-dimensional plots of the RL as function of frequency and thickness of N-ZnO; (d-1) RL as function of frequency and thickness of H-N-ZnO; (d-2) The
three-dimensional plots of the RL as function of frequency and thickness of H-N-ZnO. Reproduced with permission from ref. [64]. Copyright 2020, Elsevier

Publication.
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Fig. 5. Simulation of RL of ZnO nanotree composites with different thicknesses for (a) 50 vol% and (b) 60 vol% ZnO nanotrees, respectively. (c) RL of ZnO nanotree
composite with a thickness of 3.0 mm of different loadings vs frequency. Reproduced with permission from ref. [66]. Copyright 2008, AIP Publication.

Fig. 6. (a) Simulation of reflection loss of 50 vol% ZnO nanotetrapod and 50 vol% ZnO netlike micro/nanostructures composites with a thickness of 2.0 mm. (b)
Simulation of reflection loss of 50 vol% ZnO netlikes micro/nanostructures composite of different thickness. Reproduced with permission from ref. [67]. Copyright

2010, ACS Publication.

calcined and that had been calcined at 600 °C. With a thickness of 2.5
mm, the porous ZnO calcined at 500 °C reached a minimum RL value of -
5.62 dB at 16.24 GHz. In addition, by calcining the hollow ZnCOj3, which
was created using bubble CO; as a soft-template, Biao Zhao et al. [69]
created the porous hollow structural ZnO with a straightforward,
affordable process. The wax-composite with 25 wt% porous hollow ZnO
had a minimum reflection loss of —36.3 dB at 12.8 GHz and a thickness
of 4.0 mm. Further, a summary on recent progress on ZnO semi-
conductor nanostructures for EMI shielding and microwave absorption
is tabulated in Table 1.

4.2. ZnO and graphene based nanocomposites

Graphene or reduced graphene oxide (RGO), one of those conductive
loss materials, has exceptionally high surface areas and carrier mobil-
ities together with a wealth of defects and hydroxyl, epoxy, and carboxyl
groups, making it very promising as a lightweight and highly effective
microwave wave absorber [70]. The microwave absorption efficiency of
RGO is still constrained by the agglomeration effects and inadequate

Table 1
Summary on recent progress on ZnO semiconductor nanostructures for EMI
shielding and microwave absorption.

No. Material Frequency Optimum RLpin Ref.
band thickness /SEr
1. ZnO nanoparticles 4-18 GHz 2.1 mm -37.7 [64]
dB
2. ZnO nanostructures with 0-18 GHz 4.0 mm —27.5 [65]
hierarchical tree-like dB
structures
3. ZnO nanotrees 0-18 GHz 4.0 mm - 58 dB [66]
4. ZnO netlike structures 2-18 GHz 4.0 mm —37 dB [67]1
5. ZnO porous hollow 2-18 GHz 4.0 mm —36.3 [69]
structure dB

impedance matching of pure RGO sheets. Decorating RGO with more
microwave absorbers is the most viable solution, as concerns about the
issues grow. It is well known that the importance of interfacial polari-
zation in microwave attenuation can be increased by enlarging the
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interface between various dielectrics in the absorber material [71]. The
homogeneity and dispersion of composites contribute to the improve-
ment of the interface of heterostructure. By doping ZnO on the surface of
reduced graphene oxide (RGO), the electromagnetic wave impedance
matching of RGO can be altered, which would lessen the reflection of
electromagnetic waves. Wei Feng et al. [72] reported enhanced micro-
wave absorption properties of reduced graphene oxide decorated with
in-situ growing ZnO nanocrystals (Fig. 7). In order to improve the
interfacial polarization of RGO/ZnO composites by an in-situ growing
technique, this research team’s work increases the interface in ZnO/
RGO heterostructure by reducing the grain size of the ZnO nanocrystals
and avoiding the aggregation of ZnO nanocrystals. Graphene oxide (GO)
sheets absorbed zinc ions through interactions with functional groups in
pure ethanol. The precursor of ZnO crystallized on GO sheets following
the addition of hydroxyl ions and thermal treatment that reduced the
GO. To evaluate the microwave absorption capabilities, wax was com-
bined with RGO/ZnO nanocrystal composites at various mass fractions
(5, 10, 15, 20 wt%). The sample’s minimum RL value was —54.2 dB at
15.2 GHz when the loading concentration was 15 wt%, and its effective
microwave absorption bandwidth was up to 6.7 GHz (from 11.4 GHz to
18 GHz) with the sample thickness of just 2.4 mm (Fig. 7). However, the
microwave absorption capabilities decline as the loading concentration
exceeds 15 wt%. It is well known that an excessively high permittivity
affects impedance matching and causes a strong microwave reflection
[73]. The impedance matching and sample microwave absorption are
both hampered by the high loading concentration of RGO/ZnO com-
posites. The expanded interface polarization at the RGO/ZnO interface,
the improved impedance matching of RGO as a result of the adhering
ZnO nanocrystals, the residual functional groups of the reduced gra-
phene oxide, and the defects of ZnO formed in inert atmosphere are
primarily responsible for the enhanced microwave properties of the
composites.

Reduced graphene oxide-ZnO (rGO-ZnO) nanocomposite was easily
synthesized by Ashwani Kumar Singh et al. [74] for superior electro-
magnetic interference (EMI) shielding application. ZnO nanoparticles
between 40 and 50 nm were created in the first step of the synthesis
using a straightforward reaction between zinc nitrate and sodium hy-
droxide (Fig. 8). The rGO/ZnO nanocomposite was made using as-
synthesized ZnO nanoparticles and a solvothermal process mediated
by ethylene glycol. The ZnO nanoparticles on the surface of the rGO
exhibited a very high dispersion in the developed rGO/ZnO nano-
composite. The samples for the EMI shielding performance evaluations
were hydraulic press-formed from the as-synthesized powder into rect-
angular pellets with dimensions of 15 x 8 x 1 mm®. The rGO-ZnO
nanocomposites’ EMI shielding properties were examined, and it was
found that the composite (SEr ~ 38 dB) displayed good shielding
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compared to its individual components (SEt =~ 22 dB for rGO and ~ 4 dB
for ZnO nanoparticles, respectively) (Fig. 8). The ZnO nanoparticles that
have been formed across the surface of the rGO matrix to create the
heterostructure with polarization centers may be responsible for these
intriguing characteristics.

In a supporting framework made of reduced graphene oxide (RGO),
zinc oxide nanoparticles (ZnO NPs) were immobilized using a straight-
forward one-step technique, according to Shouchun Bao et al. [75]. ZnO
NPs performed a crucial function as a catalyst for the acceleration of GO
deoxygenation as compared to a blank GO sample in a mild aqueous
environment. GO sheets were reduced to RGO with ZnO NPs enclosed
during this process, and a Zn-O-C linkage bond was established between
the ZnO NP and RGO sheet. In terms of electromagnetic microwave
absorption, the ZnO/RGO composite performed well, with a maximum
reflection loss value of —67.13 dB at 3.2 mm thickness and an effective
absorption bandwidth of 7.44 GHz at 2.8 mm.

It has been demonstrated that the microwave absorption properties
may be successfully adjusted by controlling the morphology and
microstructure of ZnO by changing the preparation approach. Using a
hydrothermal process, Jun-Zhe He et al. [76] created a special structure
of axiolitic ZnO rods wrapped in reduced graphene oxide and showed
extremely effective microwave absorption. Due to the addition of axio-
litic ZnO rods and the creation of unique structures, the composites
demonstrated impressive microwave absorption capability with a min-
imum RL of —55.7 dB for a thickness of just 2.0 mm and an effective
absorption bandwidth covering the whole Ku band (Fig. 9). Conduc-
tivity, interface polarization, and dipole polarization work in concert to
increase the microwave attenuation capacity. The synergistic effect of
dipole polarization, interface polarization and conductivity manifestly
boost the microwave attenuation capacity. A study on the optimization,
design, and microwave absorption characteristics of reduced graphene
oxide/tetrapod-like ZnO composites was published by Long Zhang et al.
[77]. Reduced graphene oxide (RGO) and tetrapod-like ZnO (T-ZnO)
were mixed together to create a novel microwave absorption composite.
Dielectric loss significantly increased with an increase in RGO content.
However, the absorption peaks first rose and then fell. At 2.9 mm in
thickness, the composites containing 5 wt% RGO and 10 wt% T-ZnO
exhibited the best microwave absorption capabilities, and the corre-
sponding minimum reflection loss was —59.50 dB at 14.43 GHz. The
RGO’s dielectric relaxation and polarization, the electronic polarization
occurring at the needle-like tips of the T-ZnO, electrical conduction loss,
and multiple scattering were primarily responsible for the remarkable
microwave absorption capabilities.

The superior properties of the three-dimensional (3D) structure
graphene materials, such as their low density, high porosity, large spe-
cific surface area, and excellent electrical conductivity, make them

Fig. 7. (a) A schematic illustration of the formation process of ZnO nanocrystals/RGO composites. Reproduced with permission from ref. [72]. Copyright 2016,
Elsevier Publication. (b) Reflection loss calculated for the samples loading different content of RGO/ZnO composites with a thickness of 2.4 mm. Reproduced with

permission from ref. [72]. Copyright 2016, Elsevier Publication.
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Fig. 8. (a) Schematic illustration of the synthesis of rGO/ZnO nanocomposite. Reproduced with permission from ref. [74]. Copyright 2019, Elsevier Publication.
Variation of SE, (b) SEgr(B), and SEt(c) of rGO, ZnO nanoparticles, and rGO/ZnO nanocomposite (d) variation of skin depth of rGO/ZnO nanocomposite. Reproduced

with permission from ref. [74]. Copyright 2019, Elsevier Publication.

Fig. 9. (a) Reflection loss of axiolitic ZnO/r-GO with different mass ratios at 2.0 mm thickness; (b) Reflection loss of axiolitic ZnO/r-GO with 60 wt% mass ratio at
different thickness. Reproduced with permission from ref. [76]. Copyright 2019, Elsevier Publication.

desirable and promising candidates for the development of a portable
and effective microwave absorber [78]. Sen Yang et al. [79] used a novel
and simple two-step synthetic technique that combined modified
template-assisted preparation and in situ crystallization method in an
aqueous solution to create a distinctive structure of 3D graphene/ZnO
composite incorporating 3D graphene with shuttle-like ZnO. The
shuttle-shaped ZnO nanoparticles were uniformly scattered on and
incorporated into 3D graphene without any aggregation, according to
morphology study, which was advantageous for enhancing the interfa-
cial polarization. The RL surpassing —10 dB were recorded throughout
the frequency range spanning from 12.98 to 17.06 GHz at a given
thickness of 1.5 mm, and a minimum reflection loss of - 48.05 dB was
obtained at 11.71 GHz with a thickness of 1.82 mm.

For improved microwave absorption capabilities, Changqing Song
et al. [80] proposed 3D reduced graphene oxide foam modified with ZnO
nanowires. By using a direct freeze-drying and hydrothermal procedure,
a flexible and high-performance electromagnetic absorbent material was
created from 3D hierarchical reduced graphene oxide (RGO) foams
embellished with in-situ generated ZnO nanowires (ZnOnws). In addi-
tion to substantially decreasing RGO agglomeration and composite

density, the distinctive structure also significantly improved the
impedance match, dielectric loss, and inner scattering, leading to
improved microwave absorption performance. The complex permit-
tivity could be controlled by changing the RGO foam concentration,
which also provided the ZnOnws/RGO foam with a tunable EM wave
absorption property. To create the samples for microwave absorption,
the ZnOnws/RGO foam and poly (dimethylsiloxane) solution were
combined, which were then impregnated in vacuum for 30 min and then
cured at 80 °C for 4 h. The ZnOnws/RGO foam/PDMS composite, when
RGO foam was 0.8 mg/mL, achieved a minimum reflection loss value of
—27.8 dB at 9.57 GHz with a thickness of 4.8 mm and a broad effective
absorption bandwidth of 4.2 GHz encompassing the entire X band
(8.2-12.4 GHz).

A high porosity, broad surface area, and tunable electromagnetic
property can be achieved by heat treating graphene-like materials,
which is a cost-effective, environmentally friendly, and scalable
approach to increase their microwave absorption capacity. In recent
years, researchers are paying a lot of attention to thermally expanded
RGO (TERGO), which is produced by heating and expanding GO [81].
The porous structure of TERGO is identical to that of expanded graphite
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(EG). It’s interesting to note that TERGO has additional benefits in
addition to its porous structure, such as: (i) the residual oxygen func-
tional groups on TERGO can improve the conduction loss of electro-
magnetic waves. As free ions are drawn to the surface of graphene by the
oxygen functional groups, oxides are formed, enhancing the interfacial
polarization of the absorbent material [82]; (ii) RGO has superior
impedance matching since it has a lower permittivity than graphite
[83]; Additionally, (iii) TERGO has substantially smaller pores than EG,
which causes higher microwave scattering and reflection. Microwave
absorption characteristics of TERGO/ZnO porous composites produced
by the method of heat treatment and hydrolysis process, which were
easy to make and had a more uniform porous structure, were reported by
Xin Liu et al. [84]. The interfacial polarization and impedance matching
of the composites were enhanced by the development of ZnO on the
TERGO sheets, which also enhanced their microwave absorption capa-
bilities. With an effective absorption bandwidth (EAB) of 4.2 GHz,
covering the whole x-band (8-12 GHz), and an RL;, of —19 dB at 10.0
GHz, the produced composites demonstrated good microwave absorp-
tion at 3.9 mm thickness.

Zn0/ZnO nanocrystal-modified rGO foam composites for microwave
absorption application were designed logically, according to Xin Liu
et al. [85]. These composites were created utilizing the hydrothermal
and freeze-drying methods, and they have a variety of morphologies and
mass ratios. The aggregation of rGO was effectively prevented by the
growth of ZnO between the rGO sheets, and the ZnO nanocrystals
developed and were dispersed uniformly on the surface of the rGO
sheets. Due of the higher polarization loss, the composite with an 8:1
ZnO/rGO mass ratio showed greater permittivity. With an effective
absorption bandwidth (EAB) in the frequency ranges of 8.7-11.1 and
11.5-12.4 GHz, an RL,j, of —21 dB at 11.5 GHz, and a thickness of 3.4
mm, it displayed good capabilities as a microwave absorption material.
Due to the composite’s foam structure, appropriate impedance match-
ing, improved polarization, capacitor-like structure, residual oxygen
functional groups, and defects in the rGO sheets, it exhibited good mi-
crowave absorption performance (Fig. 10). In addition, a summary on
recent progress on ZnO and graphene-based nanocomposites for EMI
shielding and microwave absorption is tabulated in Table 2.

4.3. ZnO and other carbon source material based nanocomposites

Recently, due to their exceptional physicochemical properties, car-
bon materials, particularly multi-wall carbon nanotubes (MWCNTS5),
have garnered a lot of attention. The nanocomposites of MWCNTs
exhibit a low percolation threshold and good dielectric loss due to their
high conductivity and one-dimensional tubular structure. The resulting
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Table 2
Summary on recent progress on ZnO and graphene based nanocomposites for
EMI shielding and microwave absorption.

No.  Material Frequency Optimum RLmin Ref.
band thickness /SEr

1. ZnO nanocrystals/ 2-18 GHz 2.4 mm —54.2 [72]
RGO composites dB

2. rGO/ZnO 8.2-12 GHz 1 mm 38 dB [74]
nanocomposite

3. ZnO/RGO 2-18 GHz 3.2 mm —67.13 [75]

4. Axiolitic ZnO rods 2-18 GHz 2.0 mm —55.7 [76]
wrapped in RGO dB

5. RGO and tetrapod-like ~ 8-12 GHz 2.9 mm —59.50 [771
ZnO (T-ZnO) dB

6. graphene with shuttle-  1-18 GHz 1.82 mm —48.05 [79]
like ZnO dB

7. ZnO nanowires/RGO 8.2-12.4 4.8 mm —-27.8 [80]
foam GHz dB

8. Zn0O/ZnO nanocrystal-  8.2-12.4 3.4 mm —-21dB [85]
modified rGO foam GHz

nanocomposites may have improved electromagnetic interference (EMI)
shielding and microwave attenuation due to the addition of MWCNTSs
with ZnO semiconductor nanoparticles. Multi-wall carbon nanotubes
decorated with ZnO nanocrystals for a highly effective microwave
absorber were reported by Ming-Ming Lu et al. [86]. ZnO nanocrystals
were used to decorate multi-wall carbon nanotubes (ZnO@MWCNTS)
during a mild solution-process synthesis. The dielectric loss was also
influenced by the polarization at the ZnO-MWCNT and ZnO-ZnO in-
terfaces as well as the defect dipoles resulting from oxygen vacancies in
ZnO. The composites had a minimum RL of —20.7 dB at a sample
thickness of 2.5 mm. By creating more interfaces, the created
ZnO@MWCNT hybrids demonstrated greater dielectric loss and
extremely effective microwave absorption.

According to Xiaohui Li et al. [87], ZnO nanocrystals embedded in
CNTs have numerous polarization sites that contribute to their improved
microwave absorption performance. This research team described a
novel confined space synthesis method for coating CNTs with a poly-
pyrrole (PPy) layer in order to embed ultra-fine ZnO crystals made of
zeolite imidazole framework-8 (ZIF-8) into the CNTs. Through a novel
confined space synthesis, ultra-fine ZnO derived from ZIF-8 was uni-
formly dispersed and tightly embedded in multi-wall carbon nanotubes
(C-ZnO@CNTs). By adjusting its thickness, C-ZnO@CNTs showed
improved microwave absorption capacity with an RL value of up to -
48.2 dB and an effective bandwidth of 14.9 GHz. This result can be
attributed to the local charge field and the resulting interfacial polari-
zation loss as well as conductive loss, as shown by electronic

Fig. 10. Schematic for the microwave absorption properties mechanisms of hexagonal cylinder ZnO/rGO modified by ZnO nanocrystals foam composites. Repro-

duced with permission from ref. [85]. Copyright 2021, Elsevier Publication.
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holography. The distinctive architecture encourages multiple scattering
and reflection to dissipate energy. The ultra-fine ZnO, on the other hand,
contributes to interfacial polarization, dipole polarization, and
improved synergistic effects and impendence matching in the compos-
ites (Fig. 11), which resulted in a superior microwave absorption
performance.

The porous carbon has a special channel structure with a large sur-
face area that lowers density, creates conductive networks for good
conductive loss, increases the channel distance for the incident wave to
allow for more scattering and multiple reflections, and gives the medium
more chances to absorb and attenuate microwave energy [388].

Innovative lightweight carbon foam (CF) embellished with zinc
oxide nanofibers (ZONF) was created by Anushi Sharma et al. [89] for
high-performance electromagnetic interference (EMI) shielding. Prior to
being decorated by ZONF using the electrospinning technique, the CF
was first created from the phenolic resin using the polyurethane (PU)
foam impregnation method, followed by carbonization (Fig. 12).
Different electrospinning times, i.e. 15, 30, and 45 min, were selected for
the ZONF on CF. With a thin thickness of 2 mm, the neat CF had a low
density of 0.25 g/cm?, a high porosity of 83.5%, and an EMI shielding of
23.2 dB at 8.2 GHz. ZONF was applied to the CF for 45 min, resulting in
the CF-ZONF45, which had a thickness of 2 mm, a porosity of 81.2%,
and the highest EMI shielding of 58.6 dB at 8.2 GHz. Due to a higher
dielectric constant, better impedance matching, and interfacial polari-
zation, the decoration of ZONF on CF improves absorption performance.
Additionally, a connected ZONF network and decorated foam with high
open porosity are helpful in attenuating the EM wave with greater
absorption.

The enhanced microwave absorption of ZnO/porous carbon was
demonstrated by Qi Chen et al. [90]. The production of zinc oxide
nanoparticles (ZnO NPs) embedded in porous carbon from the reaction
of sucrose and zinc nitrate hexahydrate was described as a simple
solvent-free process. This research team used zinc nitrate hexahydrate as
a foaming agent along with sucrose to create ZnSuc in a solvent-free
environment. The distinctive hierarchically porous carbon composite
with plentiful ZnO NPs was created through additional heat treatment.
Numerous polar OH groups in the bio-based sucrose support the trans-
port function through reversible binding. The prerequisite for the uni-
form mixing of zinc ions and sucrose is provided by bio-based sucrose
due to its high affinity for divalent zinc ions. By adjusting the ratio of
zinc nitrate hexahydrate and sucrose, the structural properties and ZnO
NPs content were controlled. The final products were labeled as ZnO/C-

Fig. 11. Microwave absorption mechanisms for C-ZnO@CNTs. Reproduced
with permission from ref. [87]. Copyright 2019, RSC Publication.
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x, where x = 0.5, 1, 2, and 3, respectively, and were made using four
different weight ratios of zinc nitrate hexahydrate to sucrose: 1:2, 1:1,
2:1, and 3:1. With a frequency of 14.5 GHz and a thin thickness of 2 mm,
the best-designed ZnO/C-2 carbon material showed the strongest ab-
sorption of —41.7 dB, and its widest effective absorption was close to 6
GHz (12.2-17.8 GHz), as shown in Fig. 13. This easily accessible high-
performance porous composite material had notable interface polari-
zation, conductive loss, and impedance matching, emphasizing its ca-
pacity for attenuation.

Additionally, carbon nanofibers embedded with ZnO nanocrystals
were found to have improved electromagnetic wave absorption prop-
erties, according to Jinyang Li et al. [91]. The C/ZnO nanofiber com-
posites carbonized at 700 °C can achieve a maximum RL of —61.91 dB at
11.44 GHz under the corresponding thickness of 2.59 mm, and the
effective absorption bandwidth reached 5.60 GHz. The graphite-like
carbon nitride/zinc oxide heterojunction for microwave absorption
was reported by Cong Chen et al. [92]. By placing the hierarchical ZnO
flowers on 2D g-C3Ny, it was possible to develop a g-C3N4/ZnO heter-
ojunction with controlled components. The ratio of the components
between g-C3N4 and ZnO was optimized to achieve the maximum po-
larization. The ideal heterojunction had a maximum effective absorption
region of 5.3 GHz under 1.5 mm, an RLy;, of - 43.3 dB at 2.0 mm
thickness, and a broad EM absorption ability. Moreover, a summary on
recent progress on ZnO and other carbon source material-based nano-
composites for EMI shielding and microwave absorption is tabulated in
Table 3.

4.4. ZnO and metal and metal alloys based nanocomposites

The ability of the materials to absorb microwave energy is generally
improved by the interactions between magnetic loss and dielectric loss
as well as by interfacial polarization. The characteristics of metal
(magnetic)/ZnO composites for microwave absorption, however, have
been the subject of relatively little research. Ni is currently the subject of
intensive research in the field of microwave absorption because of its
high permeability at GHz frequency ranges, simple preparation, and low
cost [93]. A simple design of a ZnO nanorod-Ni core-shell composite
with dual peaks to adjust its microwave absorption properties was re-
ported by Jiushuai Deng et al. [94]. In their study, Ni/ZnO composites
were made using a simple one-pot hydrothermal method. By adjusting
the solvents, the morphologies of the Ni/ZnO composites were modu-
lated. Absolute ethanol, 1,2-propanediol, and glycerol were used to
create the Ni/ZnO composites, which were designated as Samples A, B,
and C, respectively. It was discovered that the morphologies of the Ni/
ZnO composites were influenced by the solvents. The sizes and shapes of
the Ni/ZnO products were greatly influenced by the solvents’ viscosity
ratings. The core-shell Ni@ZnO produced in the ethylene glycol-
containing solvent demonstrated superior microwave absorption capa-
bilities (Fig. 14). With a 2.2 mm thick absorber, the optimal reflection
loss minimum was —30.2 dB at 10.8 GHz. With a low thickness of
1.7-2.5 mm, the effective bandwidth (RL less than —10 dB, or 90%
microwave dissipation) could be modulated in the frequency range of
9.6-14.3 GHz. An effective impedance match, high attenuation capacity,
an antenna receiver mechanism, and interfacial polarization were said
to be the causes of the superior absorption.

Cu/ZnO core/shell structures for improved microwave absorption
were reported to self-assemble in one pot under the influence of dual
ligands by Yi-Feng Cheng et al. [95]. The easy one-pot methods were
used to create the spherical Cu/ZnO core/shell (sample 1) and rod-
shaped Cu/ZnO core/shell (sample 2) nanocomposites. The heating
rate at 220-250 °C can be adjusted to change the size and aspect ratio of
the resulting Cu/ZnO core/shell nanocomposite. When compared to
pure ZnO, both Cu/ZnO core/shell nanocomposites performed signifi-
cantly better at microwave absorption, particularly the rod-shaped one
(Fig. 15). With a thickness of 3.5 mm, the maximum absorption was as
strong as - 40.98 dB at 6.54 GHz. Due to the anisotropy effect, the aspect
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Fig. 12. Schematic presentation for the synthesis of carbon foam (Scheme-I) and decoration of ZONF on carbon foam (Scheme-II). Reproduced with permission from

ref. [89]. Copyright 2022, Elsevier Publication.

ratio of hybrid Cu/ZnO nanocrystals plays a beneficial role in improving
microwave absorption.

By simply heating a mixture of boron and ZnO powders at 1300 °C
via chemical vapor deposition (CVD), Bo Zhong et al. [96] reported a
new simple method to fabricate Zn/ZnO core-shell nanocables on a
relatively large scale. The nanocables had a diameter of between 30 and
200 nm and a length of tens of microns. The shell was a 3-10 nm thick
epitaxially grown ZnO layer, and the core was a single Zn crystal. The
composite’s maximum reflection loss, which was —23 dB at 13.22 GHz,
was exceptional when compared to composites containing other ZnO-
related nanostructures (Fig. 16).

Tunable Co/ZnO/C@MWCNTs based on carbon nanotube-coated
MOF were reported by Zirui Jia et al. [97] and have excellent micro-
wave absorption properties. By pyrolyzing ZnCo-MOF@MWCNTs
(MOF@M), this research team demonstrated how to make Co/ZnO/
C@MWCNTs (CZC@M) composites. This research team discovered that
the MWCNT addition significantly affects the composites’ structural and
electromagnetic properties. CZC@M exhibited a wider effective ab-
sorption bandwidth, a lower reflection loss value, and a thinner
matching thickness with a 50% addition of MWCNTs. Its distinct multi-
component composite structure dissipated microwaves more efficiently
than the corresponding single component or derivative, whose RL value
was - 41.75 dB at a thickness of 2.4 mm and the maximum absorption
bandwidth was 4.72 GHz at a thickness of 2.2 mm. Further, ZnO/
nitrogen-doped carbon nanocomplex with controlled morphology for
extremely effective electromagnetic wave absorption was reported by
Zhen Yu et al. [98]. ZIF-8 precursors with yolk-shell and hollow archi-
tectures were prepared via one-step chemical etching. It was possible for
the resultant ZnO/NC nanocomplexes to keep their micro/nano-
structures during pyrolysis at 700 °C and 800 °C. Furthermore, the
samples with hollow structures showed superior microwave absorption
compared to those with yolk-shell construction; at 3.1 mm thickness, the
EAB was 4 GHz, the RCpj, was —52.4 dB, and the mass fraction of H-
ZnO/NC-800 absorber was 15 wt%.

In both the civil and military sectors, significant microwave ab-
sorption performance at high temperatures is highly desired. With its
high complex permeability, exceptional frequency stability, and supe-
rior Curie temperature, the magnetic alloy flaky-FeCo has an intriguing
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potential for use at high temperatures. The metal powder, however, is
frequently easily oxidized by raising temperatures and has an exces-
sively high conductivity that leads to poor impedance matching. In order
to create a powerful material with significant and stable microwave
absorption property at the temperature range of 298 K-573 K, Kangsen
Peng et al. [99] created a ZnO coated flaky FeCo alloy. ZnO’s coating
effect significantly increases the oxidation resistance of FeCo at high
temperatures. This research group noticed RLy, of —31.1 dB at 373 K
and — 22.8 dB at 573 K for developed FeCo@ZnO composite material.
FeCo/ZnO composite nanofibers for broad-spectrum, high-efficiency
microwave absorption have been reported by Jingnan Yang et al. [100].
Through electrospinning, followed by calcination, hydrogen reduction;
FeCo/ZnO NFs, a novel nanofibrous absorber made of FeCo alloy and
ZnO nanoparticles was created. With a thin matching layer of just 1.3
mm, the minimum RL was achieved —83.4 dB at 12.8 GHz, and the EAB
was as wide as 8 GHz (from 10.0 to 18 GHz). The developed FeCo/ZnO
NFs exhibited exceptional microwave absorption properties at a thin
coating thickness of just 1.3 mm, taking advantage of the benefits of
their distinctive hierarchical structure as well as the good synergistic
effect between magnetic FeCo alloy and dielectric ZnO.

Due to their unique atomic structure and composition, layered
double hydroxides (LDHs) are predicted to be a superior electromag-
netic wave (EMW) absorber. The creation of a 1D heterostructure
NiCo@C/ZnO nanorod with improved microwave absorption was
demonstrated by Jianwei Wang et al. [101]. This research team created
NiCo@C/ZnO composites by first designing heterostructure NiCo-
LDHs@ZnO nanorods and then heat treating them. At a matching
thickness of 2.0 mm, the EAB,,x value was 6.08 GHz, and the RLpyj,
value was —60.97 dB at a matching thickness of 2.3 mm. The main factor
influencing EMW’s excellent attenuation properties was the interaction
of magnetic and dielectric losses. In addition, a summary on recent
progress on ZnO and metal and metal alloys-based nanocomposites for
EMI shielding and microwave absorption is tabulated in Table 4.

4.5. ZnO and MXene based nanocomposites

Due to its innovative two-dimensional (2D) layered structure, high
specific surface area, high electrical conductivity, and plenty of terminal



R.S. Yaday and 1. Kuritka

Advances in Colloid and Interface Science 326 (2024) 103137

Fig. 13. RL versus frequency at various thicknesses for ZnO/C-0.5 (a, b), ZnO/C-1 (c, d), ZnO/C-2 (e, f), ZnO/C-3 (g, h). Reproduced with permission from ref. [90].

Copyright 2023, Elsevier Publication.

Table 3
Summary on recent progress on ZnO and other carbon source material-based
nanocomposites for EMI shielding and microwave absorption.

No. Material Frequency Optimum RLmin Ref.

band thickness /SEr

1. ZnO@MWCNTs 8.2-12.4 GHz 2.5 mm —-20.7 [86]

dB

2. C-ZnO@CNTs 2-18 GHz 3.0 mm —48.2 [87]

dB

3. ZnO/porous carbon 2-18 GHz 2 mm —41.7 [90]

dB

4. carbon foam (CF) 8.2-12.4GHz 2 mm 58.6 dB [89]1
embellished with zinc
oxide nanofibers
(ZONF)

5. carbon nanofibers 2-18 GHz 2.59 mm —61.91 [91]
embedded with ZnO dB
nanocrystals

6. 8-C3N4/ZnO 2-18 GHz 2.0 mm —43.3 [92]

dB
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functional groups, Ti3CoTx MXene has potential for use as a microwave
absorber [102,103]. The primary method for creating MXenes is to
selectively etch A layers from the MAX phases, a large family of phases
with more than 70 members. MXene is a type of dielectric loss absorber
that primarily realizes dielectric loss as an electromagnetic wave loss
due to its good dielectric characteristics. MXene has issues with
impedance mismatching, a constrained microwave absorption band-
width, and subpar microwave absorption performance because of its
high permittivity [104]. As a result, inorganic metal oxides are
frequently added to MXene in recent years to enhance microwave ab-
sorption capability. For instance, ZnO/MXene nanocomposites were
prepared, and their performances were reported by Yufei Huang et al.
[105]. This study team used an in situ composite approach to create a
variety of ZIF-8/MXene microwave-absorbing materials, which were
subsequently annealed under vacuum to create porous ZnO/MXene
dielectric loss composites (Fig. 17). The ZnO/MXene composite
annealed at 600 °C (Zn?t/MXene = 2:1) has the highest microwave
absorption capability, according to experimental observation in this
work. The effective absorption bandwidth was 3.47 GHz from 13.49 to
16.96 GHz, and the minimum reflection loss was —34.31 dB at 8.8 GHz
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Fig. 14. (a) Reflection loss (RL) of the different Ni/ZnO composites with a
thickness of 2.0 mm and (b) RL of the core-shell Ni@ZnO (Sample B) composite
with various thicknesses. Reproduced with permission from ref. [94]. Copyright
2017, RSC Publication.

(Fig. 17). The 3D porous structure of ZnO, which aids in the attenuation
of electromagnetic waves, and the inclusion of ZnO, which results in
optimal impedance matching, are credited with the device’s exceptional
microwave absorption capability.

Hierarchical Ti3CoTx@ZnO hollow spheres with superior microwave
absorption were described by Yan-Qin Wang et al. [106]. Through the
use of in-situ self-assembly and template sacrificial techniques, the
biomimetic urchin-like Ti3CoTy@ZnO hollow microspheres were
created. The ZnO nanospines principally “shield” the incident electro-
magnetic wave in the urchin-like hollow spheres, while the TizCyTx
hollow spheres also “conduct and process” the electromagnetic wave
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that the ZnO spines are unable to dissipate. Because of this, the urchin-
like TisCoTx@ZnO hollow spheres displayed exceptional electromag-
netic wave performance with absorption as high as —57.4 dB and
effective absorption band as wide as 6.56 GHz. Therefore, high-
performance electromagnetic absorption composites can be created by
constructing orientated ZnO nanospines, highly conductive TizCyTx
cores, hollow structures, gradient impedance, and hierarchical urchin-
like heterostructures.

A fabrication of urchin-like ZnO-MXene nanocomposites for high
performance electromagnetic absorption was reported by Yue Qian et al.
[107]. Through the use of a straightforward coprecipitation technique, a
new urchin-like ZnO-Ti3CyTx nanocomposite was created. The ZnO-
Ti3CyTx nanocomposite had a maximum reflection of —26.30 dB at 17.4
GHz, which was significantly better than that of the reported MXene
materials. By altering the ZnO growth duration, the EM wave absorption
performance in the range of 14.0-18.0 bands may be efficiently
managed.

For excellent microwave absorption, Mingyue Kong et al. [108]
created Co/ZnO/TizCyTy composites produced from metal-organic
frameworks. Metal ions serve as the nodes of metal organic frame-
works (MOFs), which are joined by organic ligands. MOFs have drawn a
lot of interest in many study domains due to their benefits of high
porosity, large specific surface area, tunable pore size, and topological

Fig. 16. Simulation of the reflection loss of the Zn/ZnO nanocable-paraffin
composite with different thicknesses. Reproduced with permission from ref.
[96]. Copyright 2015, RSC Publication.

Fig. 15. Microwave reflection loss curves of (a) p-ZnO, (b) sample 1 and (c) 2 in the series of thicknesses: 2.0 mm, 2.5 mm, 3.0 mm, 3.5 mm, 4.0 mm and 5.0 mm,
respectively. Reproduced with permission from ref. [95]. Copyright 2016, RSC Publication.
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Table 4
Summary on recent progress on ZnO and metal and metal alloys-based nano-
composites for EMI shielding and microwave absorption.

No. Material Frequency Optimum RLmin Ref.
band thickness /SEr
1. Ni/ZnO composites 0.1-15 GHz 2.2 mm -30.2 [94]
dB
2. rod-shaped Cu/ZnO 2-18 GHz 3.5 mm —40.98 [95]
core/shell dB
3. Co/Zn0O/ 2-18 GHz 2.4 mm —41.75 [97]
C@MWCNTs dB
4. H-ZnO/NC-800 2-18 GHz 3.1 mm -52.4 [98]
dB
5. FeCo/ZnO 2-18 GHz 1.3 mm —83.4 [100]
composite dB
nanofibers
6. NiCo@C/ZnO 2-18 GHz 2.3 mm —60.97 [101]
composites dB

structure variety. Through self-assembly, a two-dimensional hetero-
bimetallic (Zn, Co)-based MOF was formed on a layered Ti3CyTy, and
after a subsequent annealing procedure, the Co/Zn0O/Ti3C2Tx compos-
ites were created (Fig. 18). The best reflection loss value —44.22 dB
could be achieved at a thickness of 2.4 mm when the annealing tem-
perature was 750 °C, and the greatest effective absorption bandwidth
was 5.28 GHz. Dielectric loss, magnetic loss, many reflections, and
scattering are thought to be the causes of the microwave absorption
mechanism (Fig. 18). The carbon framework created during the calci-
nation of MOF and MXene has many interfaces between the Co and ZnO
nanoparticles in the material, which can cause various interface polar-
izations and significantly increase the material’s ability to improve
dielectric loss. The incident microwaves are scattered and reflected
numerous times as a result of the material’s unique structure, consuming
the microwave energy. The introduction of defects and heteroatoms,
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which might shift the position of the dipolar and increase the loss of
dipolar polarization. The conduction loss is increased by the presence of
carbon, Co, and ZnO particles embedded in the carbon. Finally, the
structure’s magnetic Co nanoparticles produce magnetic losses. In
addition, a summary on recent progress on ZnO and MXene based
nanocomposites for EMI shielding and microwave absorption is tabu-
lated in Table 5.

4.6. ZnO and spinel ferrite based nanocomposites

Numerous research revealed that ferrite and ZnO together improved
the complex dielectric parameters, optimized impedance matching and
may significantly improve electromagnetic wave absorption. For
example, three-dimensional (Fe304/Zn0O)@C double-core@shell porous
nanocomposites with improved broadband microwave absorption were
reported by Xun Meng et al. [109]. By using a solution self-propagating
combustion method, heat treatment, phenolic polymerization, and a
subsequent in-situ carbothermal reduction process, the 3D (Fe304/Zn0)
@C double-core@shell porous nano composites were created. It was
discovered that adjusting the zinc content can alter how well the
nanocomposites absorb microwaves. The effective absorption band-
width of the double-core@shell nanocomposite was 6.4 GHz with 2 mm
thickness and 7.11 GHz with 1.9 mm thickness when the molar ratio of
Zn to Fe was 1:2. The double-core@shell nanocomposite, which had a
Zn:Fe ratio of 1:1, had a wideband effective absorption of 6.5 GHz and
an efficient absorption bandwidth of 3.4 GHz, and a minimum RL value
of - 40 dB at 15.31 GHz (Fig. 19). The electromagnetic wave (EMW)
absorption performance is enhanced by the dielectric loss caused by the
carbon shell (multiple interfacial polarization, dipole and defect polar-
ization), the magnetic loss (eddy current loss and magnetic resonances)
primarily produced by the Fe3O4 core, and the dielectric loss caused by
the ZnO core (Fig. 19). The foam-like absorber’s porous structure offers
a large number of channels for the EMW’s scattering and propagation,

Fig. 17. (a) Synthesis Process of the ZIF-8/MXene Nanocomposite; (b) Preparation Process of the ZnO/MXene Nanocomposite. Reproduced with permission from ref.
[105]. Copyright 2022, ACS Publication. RL values of (c) ZIF-8 and (d — h) a series of ZnO/MXene: the mass ratio of Zn%*/MXene = (d) 1:1; (e) 2:1; (f) 3:1; (g) 1:2;
and (h) 1:3 at various thicknesses (600 °C). (i) RL values of MXene without annealing. Reproduced with permission from ref. [105]. Copyright 2022, ACS Publication.
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Fig. 18. (a) Schematic illustration of the fabrication process of the Co/ZnO/Ti3CTx. Reproduced with permission from ref. [108]. Copyright 2020, Elsevier Pub-
lication. (b) The illustration of the microwave absorption mechanism for the Co/ZnO/Ti3C,Tx. Reproduced with permission from ref. [108]. Copyright 2020, Elsevier

Publication.

Table 5
Summary on recent progress on ZnO and MXene based nanocomposites for EMI
shielding and microwave absorption.

No. Material Frequency Optimum RLpin Ref.
band thickness /SEr

1. ZnO/MXene 2-18 GHz 1.8 mm —34.31 [105]
nanocomposites dB

2. urchin-like 2-18 GHz 2.0 mm —-57.4 [106]
Ti3CoTx@ZnO hollow dB
spheres

3. urchin-like ZnO- 10-18 GHz 4.0 mm —26.30 [107]
MXene dB
nanocomposites

4. Co/Zn0O/TizCyTy 2-18 GHz 2.4 mm —44.22 [108]

dB

which improves microwave attenuation. The proper ZnO composition
and the cooperative action of the magnetic Fe3O4 core, conductive
carbon shell, and ZnO can produce the optimal impedance values for the

absorbers.

It is very important to use various approaches to create a special
structure in order to enhance the electromagnetic wave absorption ca-
pabilities of absorbing materials for application in crucial domains. Wei
Ma et al. [110] announced Fe3O4 nanoparticle-decorated ZnO nanorod-
based microflowers for electromagnetic wave absorption. The hydro-
thermal method and annealing procedure were used to create three-
dimensional (3D) ZnO nanorods that had sphere-shaped Fe3O04 nano-
particles added to give them distinctive microflower-like shapes and
high-performance microwave absorption (Fig. 20). When the compos-
ites contained 11.3 wt% Fe30y4 as the filler, the best reflection loss (RL)
value was —36.2 dB at 9.35 GHz with an absorber thickness of just 2.7
mm, and the corresponding absorption bandwidth was 4.02 GHz
(6.81-10.83 GHz) in the range of 2-18 GHz. The ideal concentration of
Fe304 nanoparticles and the increased polarization of the interface be-
tween ZnO nanorods and Fe3O4 nanoparticles established a material’s
superior electromagnetic wave absorption property. Further, the
distinctive structure of ZnO/Fe304 composites can be attributed for the
good compatibility and synergistic effect between Fe3O4 and ZnO.

Fig. 19. Reflection loss values of the (Fe304/Zn0O)@C nanocomposites at different thicknesses of 1-5.5 mm. (a and b): FZC1, (c and d): FZC2, (e and f): FZC3, (g and
h): FZC4. Reproduced with permission from ref. [109]. Copyright 2020, Elsevier Publication. (i) Schematic representation of the EMW absorption mechanisms for 3D
(Fe304/Zn0)@C double-core@shell nanocomposites. Reproduced with permission from ref. [109]. Copyright 2020, Elsevier Publication.
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Fig. 20. Synthesis schematic illustration for ZnO/Fe304 nanorods. Reproduced with permission from ref. [110]. Copyright 2020, ACS Publication.

Furthermore, after heterogeneously growing with a ZnO nanoshell,
Zhijiang Wang et al. [111] found improved microwave absorption of
Fe304 nanocrystals. Heterogeneous nucleation on Fe3O4 nanocrystals
resulted in the formation of a ZnO shell through the process of hydro-
thermal synthesis. The ZnO nanoshell coating significantly improves the
material’s capacity for microwave absorption. FesO4 nanocrystals alone
previously had a minimum reflection loss of —3.31 dB; this was
enhanced to —22.69 dB, with an effective absorption band covering the
frequency range of 10.08 to 15.97 GHz. The findings showed that the
dielectric property as well as the oxidation environment and distribution
of Fe ions on the surface of Fe304 were both altered by the decorating of
the dielectric ZnO shell. This effectively balances the nanomaterials’
permeability and permittivity and makes it easier to impedance match
the microwave absorber in free space. As a result, compared to FezO4
nanocrystals alone, the microwave absorption of the Fe3O4@ZnO
nanohybrids was greatly enhanced.

Moreover, Yu-Lan Ren et al. [112] produced quaternary nano-
composites with good electromagnetic absorption capabilities made of
graphene, Fe3O4@Fe Core@Shell, and ZnO nanoparticles. The G/
Fe304@Fe/ZnO quaternary nanocomposites were synthesized, in which
Fe304@Fe core/shell nanoparticles and ZnO nanoparticles were uni-
formly deposited on the graphene. The G/Fe3s04@Fe/ZnO quaternary
nanocomposites were prepared, which consisted of Fe3O4@Fe core/
shell nanoparticles and ZnO nanoparticles with uniform deposition on
the graphene. The ternary nanocomposites’ EM wave absorption capa-
bilities were further enhanced after ZnO nanoparticles were deposited
on them. The quaternary nanocomposites have multiple interfaces and
triple junctions, which considerably improved their EM absorption ca-
pabilities. The quaternary nanocomposites’ minimum RL value was
—38.4 dB at 5 mm thickness, and the absorption bandwidth with RL
values less than —20 dB reached up to 7.3 GHz (Fig. 21). The improved
EM wave absorption was attributed to enhanced Debye relaxation pro-
cess, the synergistic effects between the magnetic and dielectric losses of
the quaternary nanocomposites, and the charge-carrier transfer between
Fe304 and ZnO.

Pengfei Yin et al. [113] reported hierarchical ZnO flakes co-
decorated with CoFe/CoFe304 and rGO for enhanced electromagnetic
wave absorption. The magnetic CoFe/CoFe;O4 nanoparticles, ZnO
flakes, and rGO were combined to create the CoFe/CoFe204/Zn0O/rGO
composites, which were then calcined in a vacuum environment after
being aged simply (Fig. 22). The final samples were designated as S1, S2,
S3, and S4, respectively, in accordance with the amounts of GO added,
which were 0 g, 0.015 g, 0.025 g, and 0.035 g. The generated S3 sample
at 2.5 mm has a broader effective absorption band (EAB) (7.66 GHz)
than those of S1 (2.88 GHz at 2.5 mm), S2 (5.86 GHz at 3.0 mm), and S4
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Fig. 21. Reflection losses of the (a) G/Fe304@Fe ternary nanocomposites and
(b) G/Fe304@Fe/Zn0O quaternary nanocomposites with thickness 2-5 mm.
Reproduced with permission from ref. [112]. Copyright 2012, ACS Publication.

(5.78 GHz at 2.5 mm) due to its greater frequency range approaching at
impedance matching |Zin/Zo| =1 in the 2-18 GHz. Consequently, it can
be said that the S3 exhibited a better electromagnetic wave absorbing
performance (broader EAB and stronger RL intensity 20.66 dB) than the
S1, S2, and S4, primarily due to the synergistic effect of excellent elec-
tromagnetic wave attenuation capacity and superior impedance
matching caused by multiple constituents and hierarchical structures.
Ultra-light 3D reduced graphene oxide aerogels embellished with
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Fig. 22. (a) Schematic illustration for the synthesis of CoFe/CoFe204/Zn0O/rGO composites. Reproduced with permission from ref. [113]. Copyright 2023, Elsevier
Publication. Impedance matching |Zi,/Zo| and corresponding RL values of samples at 2.5 mm (b), 3.0 mm (c), and 3.5 mm (d). Reproduced with permission from ref.

[113]. Copyright 2023, Elsevier Publication.

CoFey04 and ZnO for high electromagnetic interference shielding
implementation, was reported by Shivam Gupta et al. [114]. For prep-
aration of aerogel composites, the flash pyrolysis approach was used to
prepare cobalt ferrite (CFO) nanoparticles and graphene oxide (GO) was
developed by the modified Hummers method (Fig. 23). The graphene
aerogel demonstrated total EMI shielding effectiveness of 25.07 dB at a
thickness of 5 mm due to its low density, high porosity, and wide surface
area. This value was increased to 42.10 dB with the addition of cobalt

Fig. 23. Schematic representation of the aerogel preparation. Reproduced with
permission from ref. [114]. Copyright 2019, Elsevier Publication.
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ferrite nanoparticles. The total EMI shielding effectiveness and power
absorption increased to 48.56 dB and 93.655%, respectively, by further
integrating ZnO nanorods along with cobalt ferrite nanoparticles into
the aerogels.

Fei Li et al. [115] reported ZnFe;04@ZnO@rGO nanocomposites for
enhanced electromagnetic wave absorption. It was possible to create
ZnFe;04 adorned with ZnO nanoparticles and combine them with
reduced graphene oxide (rGO) to create ZnFe;04@ZnO@rGO ternary
hierarchical nanocomposites. The ZnO crystals formed the ternary
nanocomposites by growing on the ZnFe;04 nanoparticles’ surfaces and
wrapping them with rGO nanosheets (Fig. 24). The ZnFe,04@Z-
nO@rGO nanocomposites exhibited reflection loss (RL) -35.2 dB at 12.0
GHz at a 2.0 mm thickness, and the effective absorption bandwidth 3.7
dB (Fig. 24). Controlling the amount of ZnO and rGO in the composites
efficiently control their permittivity and permeability, resulting in good
impedance matching. The ZnFe;04@ZnO@rGO nanocomposites dis-
played significant wave absorption and wide absorption bandwidth due
to the synergistic effect of dielectric loss and magnetic loss.

Wei Wang et al. [116] reported hollow ZnO/ZnFe;0,4 microspheres
anchored graphene aerogels as an enhanced electromagnetic wave
absorber. By using hydrothermal and lyophilization techniques, hollow
Zn0O/ZnFe;04 microspheres were enclosed and spread over the surface
of the reduced graphene aerogel (rGA) (Fig. 25). With a lowest RL of -
65.2 dB at 11.3 GHz and a widest EAB range of 9.1 GHz (8.9 GHz-18
GHz) at a mass ratio of 10 wt%, the developed ZnO/ZnFe;04/rGA
composite displayed exceptional EM absorption capabilities. This
outstanding performance was attributed to the excellent synergy
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Fig. 24. (a) Schematic illustration for the fabrication process of ZnFe;04@ZnO@rGO nanocomposites. Reproduced with permission from ref. [115]. Copyright 2020,
Elsevier Publication. RL of ZnFe,0,@ZnO@rGO with different rGO content (mixed with paraffin, the ZnFe,0,@ZnO@rGO content was 30 wt%) with a thickness of
1-5.5 mm in 2-18 GHz: (b) ZnFe,04@ZnO@rGO-I; (¢) ZnFe;04@ZnO@rGO-1I; (d) ZnFe,04@ZnO@rGO-III. Reproduced with permission from ref. [115]. Copyright

2020, Elsevier Publication.

Fig. 25. Schematic illustration of as-obtained ZnO/ZnFe,04/rGA composite. Reproduced with permission from ref. [116]. Copyright 2023, Elsevier Publication.

between the ZnO/ZnFe304 hollow microspheres and the rGA backbone,
the multiple reflections and scattering brought on by the aerogel’s 3D
porous structure, the dipole and interface polarization produced by the
heterogeneous interface, and the suitable magnetic loss offered by nat-
ural and exchange resonances.
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Due to their suitable impedance matching and robust attenuation
constant, hierarchical composites with both magnetic loss and dielectric
loss materials are quite desirable for high-performance microwave ab-
sorbers. Yan Wang et al. [117] reported hierarchical NiFe;O4/ nitrogen-
doped graphene(N-GN)/ZnO composite as an efficient electromagnetic
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wave absorber. By using an easy hydrothermal process to generate ZnO
nanoflowers on magnetically decorated graphene, the hierarchical
NiFe304/N-GN/ZnO composite was created. With a modest filler
loading of 20 wt% and a thickness of 2.7 mm, the NiFe304/N-GN/ZnO
composite exhibited dramatically increased EM absorption capability
with RLpax of —70.7 dB at 13.5 GHz. It was possible to produce an
effective absorption bandwidth of up to 3.5 GHz (11.7-15.2 GHz; RL <
—10 dB). Because of good impedance matching and a synergistic effect,
the NiFe304/N-GN/ZnO composite (20 wt%) demonstrated higher ab-
sorption characteristics when compared to other filler loadings. ZnO
nanoflowers help to facilitate multiple scattering and interfacial polar-
ization in voids, which enhances microwave absorption performance
(Fig. 26). The microwave absorption property is also significantly
influenced by other absorption mechanisms such as electron polariza-
tion relaxation, dipole polarization, and defect polarization relaxation
processes. NijxZnyFe;04/FeNi3/ZnO composite powders for electro-
magnetic wave absorption were described by S. Golchinvafa et al. [118].
A solution combustion approach was used to combine the precursor
solutions of Nij 4ZnyFe;04 and ZnO to in-situ create the composite ab-
sorbers with uniform phase distribution. The composite incorporating
amorphous ZnO phase demonstrated good microwave absorption
capability and exhibited the maximum RL of —41 dB in the X frequency
band at a matching thickness of 2.8 mm. In addition, a summary on
recent progress on ZnO and spinel ferrite-based nanocomposites for EMI
shielding and microwave absorption is tabulated in Table 6.

4.7. ZnO and polymer based nanocomposites

Researchers have recently paid a great deal of attention to the
coupling of polymers with ZnO semiconductor materials to improve the
reflection loss of EM waves. For instance, Leilei Zhang et al. [119]
discovered polypyrrole decorated flower- and rod-like ZnO composites
with increased microwave absorption performance. By using in-situ
polymerization and the hydrothermal technique, ZnO/PPy composites
with flower- and rod-like structures were created. The microwave ab-
sorption performance of the rod-like ZnO/PPy composites was better
than that of the flower-like ZnO/PPy composites. At a thickness of 2.7
mm, the rod-like ZnO/PPy composites exhibited RLy;, values of —59.7
dB and EAB values of 6.4 GHz. This work suggested that in order to
increase the dielectric properties of rod-like ZnO/PPy composites, create
multiple reflections of incident electromagnetic waves, and create an
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Table 6
Summary on recent progress on ZnO and spinel ferrite-based nanocomposites for
EMI shielding and microwave absorption.

No.  Material Frequency Optimum RLmin Ref.
band thickness /SEr

1. 3D (Fe304/Zn0)@C 2-18 GHz 2 mm —40 [109]
double-core@shell dB
porous nano composites

2. Fe304 nanoparticle- 2-18 GHz 2.7 mm —-36.2 [110]
decorated ZnO nanorod- dB
based microflowers

3. G/Fe304@Fe/ZnO 2-18 GHz 5 mm —-38.4 [112]
quaternary dB
nanocomposites

4. reduced graphene oxide 8.2-12.4 5 mm 48.56 [114]
aerogels embellished GHz dB
with CoFe,04 and ZnO

5. ZnFe;0,@Zn0@rGO 2-18 GHz 2 mm —-35.2 [115]

dB

6. Zn0O/ZnFe,04/rGA 2-18 GHz 3.3 mm - 65.2 [116]
composite dB

7. NiFe;04/N-GN/ZnO 2-18 GHz 2.7 mm -70.7 [117]

dB

8. NiyZnyFe,04/FeNis/ 2-18 GHz 2.8 mm -4 [118]

ZnO dB

interfacial polarization effect, as well as improve the microwave ab-
sorption properties of composite materials, PPy must be added, and the
composites must be stacked. Xiaoyun Ye et al. [120] reported poly-
pyrrole decorated hollow porous ZnO microspheres for enhanced mi-
crowave absorption. The ZnO hollow porous microspheres (ZnO HPM)
were made using a hydrothermal technique. PPy was then blended onto
the microspheres’ surfaces using the in-situ polymerization technique to
create ZnO@PPy hollow porous composites (ZnO@PPy HPC). At a thin
thickness of 2.2 mm, the ZnO@PPy composites displayed RLy,;, values of
- 48.5 dB and 6.2 GHz. The superior electromagnetic wave performance
was attributed to the enhanced impedance matching capability, effec-
tive multiple loss mechanism, and interfacial polarization.

Ali Olad et al. [121] reported the Epoxy-PPy/Fe304-ZnO nano-
composite for electromagnetic absorber. The Epoxy-PPy/Fe304-ZnO
nanocomposite with an iron oxide to zinc oxide ratio of 2:1 experienced
the highest reflection loss, which was —32.53 dB, at 9.96 GHz. The
absorption bandwidth, which covered the frequency range of 8.2-12.4
GHz, was up to 4.2 GHz with a reflection loss of less than —10 dB (90%

Fig. 26. Schematic illustration of microwave absorption mechanism based on NiFe;04/N-GN/ZnO hierarchical composite. Reproduced with permission from ref.

[117]. Copyright 2019, Elsevier Publication.
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attenuation).

G.P. Abhilash et al. [122] described polymer composites with
dielectric BaTiO3 and semiconducting ZnO nanoparticles on rGO layers
for electromagnetic wave absorber. Acrylonitrile butadiene styrene
(ABS) polymer was combined with the nanofillers rGO-BaTiO3 and rGO-
ZnO with multiwall carbon nanotube (MWCNT) to create polymer
composites. The weight ratio and shield thickness were also adjusted to
manage total shielding effectiveness (SEt) (Fig. 27). The 10 wt% rGO-
BaTiO3 composite showed a SEr of 40.5 dB in the X-band and a
maximum SEt of 59.8 dB at 11.8 GHz. In the instance of rGO-ZnO
composites, 45.1 dB was displayed, and the highest SEr that was seen
57.9 dB at 9.6 GHz. Multicomponent composites enabled the attenua-
tion of electromagnetic waves. The multicomponent conductive
network of rGO sheets and nanoparticles that benefited from impedance
matching was synergistically enhanced by the composite films, which
demonstrated their excellent compatibility and potential for use in
electronics, electromagnetic countermeasures, and stealth materials. A
gradient EMI composite foam of MXene/Ag@ZnO/WPU/Melamine was
proposed by Tongcheng Zuo et al. [123]. It was made using a straight-
forward unidirectional evaporation technique in conjunction with a
vacuum-drying technique. The as-prepared M>AsF composite material
with an ultra-low volume ratio (2.72% MXene and 4.25% Ag), exhibited
a low reflectivity coefficient of 0.1423, and a high EMI SE of 39.90 dB
under the influence of “absorb-reflect-reabsorb.” Further, in order to
protect against electromagnetic energy, Palash Das et al. [124] created a
multifunctional, high-strength elastomeric nanocomposite that is
extremely flexible, self-repairing, recyclable, and has great temperature
management characteristics. The developed ZnO-XNBR/RGO nano-
composites exhibited an EMI SE of —34.2 dB in the X-band (8.2-12.4
GHz).

Fig. 27. Total shielding (SEt) of (a) rGO-BaTiO3 and (b) rGO-ZnO composites.
Reproduced with permission from ref. [122]. Copyright 2023, Elsevier
Publication.
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In addition, a summary on recent progress on ZnO and polymer-
based nanocomposites for EMI shielding and microwave absorption is
tabulated in Table 7.

4.8. ZnO and textile based nanocomposites

In a variety of recent applications, wearable functional materials and
gadgets have drawn a lot of attention. Because cotton fabrics have a long
history of use as clothing materials, they are regarded as the greatest
possibility for wearable electronics. However, because cotton fabrics are
naturally non-conducting and nearly transparent to EM waves, addi-
tional processing is necessary to obtain the needed qualities. For
instance, Shivam Gupta et al. [125] reported a wearable electrically
conductive cotton textile with reduced graphene oxide/zinc oxide
coating for strong microwave absorption. The cotton fabrics were first
evenly coated with ZnO nanoparticles using a straightforward and
affordable sol-gel approach, and then coated with rGO using a quick
spraying and drying procedure, followed by thermal annealing (Fig. 28).
The core-shell structure of the rGO/ZnO coated cotton, in which the
uniform layers of ZnO and rGO performed the roles of the double-
layered shell and the annealed cotton served as the core, was discov-
ered to be promising for the absorption dominated wearable EMI
shielding. The interactions between the highly conductive rGO nano-
sheets, highly dielectric ZnO nanoparticles, and interconnected
annealed cotton fiber networks were extremely advantageous for
absorption-dominant EMI shielding. The highest total EMI shielding
effectiveness of 99.999% (54.7 dB), which is shared by 17.783% of
reflection and 82.216% of absorption, is achieved by the as-prepared
rGO/ZnO coated cotton (ZnO + 7 wt% rGO).

For improved microwave absorption, Shijun Wang et al. [126] pre-
sented hierarchical TizCoTx MXene/Ni Chain/ZnO array hybrid nano-
structures on cotton fabric. Using simple dip-coating and hydrothermal
techniques, hierarchical Ti3CoTx MXene/Ni chain/ZnO array hybrid
nanostructures on cotton fabric were created (Fig. 29). Intensely coated
cotton fiber surfaces with conductive MXene nanosheets can give the
cotton fabric substrate exceptional dielectric characteristics. The or-
dered ZnO array construction has a large amount of empty space and a
high aspect ratio, which can produce different polarization and broaden
the EM wave propagation routes. In addition to adding magnetic loss to
textile-based microwave absorber materials, the magnetic Ni chains
incorporated into ZnO arrays can further enhance impedance matching.
By adjusting the quantity of Ni chains that are dip-coated, the electro-
magnetic properties of the fabric can be further tuned to enhance elec-
tromagnetic wave absorption performance. The developed fabric’s
effective absorption band can cover the entire X-band with only a 2.2
mm thickness, and its minimum RL value can reach —35.1 dB at 8.3 GHz
with a thickness of 2.8 mm. MXenes, Ni chains, and ZnO arrays all have
synergistic microwave absorption mechanisms that result from dielec-
tric loss, magnetic loss, multiple reflection, and scattering (Fig. 29).

Table 7
Summary on recent progress on ZnO and polymer-based nanocomposites for
EMI shielding and microwave absorption.

No.  Material Frequency Optimum RLmin Ref.
band thickness /SEr
1. rod-like ZnO/PPy 2-18 GHz 2.7 mm —-59.7 [119]
composites dB
2. ZnO@PPy 2-18 GHz 2.2 mm —48.5 [120]
composites dB
3. Epoxy-PPy/Fe304- 8.2-12.4 - —32.53 [121]
ZnO GHz dB
4. rGO-BaTiO3/ 8.2-12.4 3 mm 59.8 dB [122]
MWCNT GHz
5. MXene/Ag@Zn0O/ 8.2-12.4 4 mm 39.90 dB [123]
WPU/Melamine GHz
6. ZnO-XNBR/RGO 8.2-12.4 1 mm —34.2 [124]
GHz dB
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Fig. 28. Schematic representation of the preparation process for rGO/ZnO
coated cotton. Reproduced with permission from ref. [125]. Copyright 2020,
Elsevier Publication.

Therefore, the synergistic impacts of the aforementioned parameters,
which considerably increased the EM wave attenuation capacity and
optimized the impedance matching, were responsible for the produced
fabric’s superior microwave absorption performance. With potential
uses in flexible and wearable functional electronics, this research
group’s work offers insight into the logical design of textile-based mi-
crowave absorption materials.

Xiaopeng Han et al. [127] reported the flexible hierarchical carbon
cloth-based film for efficient microwave absorption. This study team
created brand-new integrated dielectric hybrid composites with ZnO
arrays embellished on a stretchable carbon cloth (CC) matrix with cus-
tomizable structure. Excellent RL values of - 47.3 dB at 2.5 mm and the
widest effective absorption band of 4.0 GHz in the whole X band were
demonstrated by the optimized CC@ZnO film. By coating cotton fabric
in a synergistic manner with reduced graphene oxide-magnetic ferrite
nanoparticles (RGO-MF) and vertically aligned zinc oxide nanorods
(ZnO NRs), Shivam Gupta et al. [128] presented a novel method to
improve EMI shielding. As a result of the exceptional conductivity of
RGO sheets, the strong magnetism of MF nanoparticles, the remarkable
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dielectric properties of ZnO NRs, and the enhanced core-shell structure
of the cotton fabric containing these materials, the RGO-MF/ZnO NRs
coated cotton exhibited a high total EMI shielding effectiveness of ~55
dB, reflection loss of 6.8 dB, and an absorption coefficient of 74.5%. In
addition, a summary on recent progress on ZnO and textile-based
nanocomposites for EMI shielding and microwave absorption is tabu-
lated in Table 8.

5. Conclusion and future prospects

In this review article, we reviewed recent advances on electromag-
netic wave shielding and microwave absorption of nanocomposites of
ZnO semiconductors, including preparation techniques; impact of
addition of graphene, carbon nanotube, MXene, spinel ferrite magnetic
nanoparticles, polymer and textile on the electromagnetic wave ab-
sorption performances of ZnO semiconductor material. The electro-
magnetic wave absorption properties, including minimum RL values and
effective absorption bandwidth of developed nanocomposites of ZnO
semiconductors are summarized. There is a detailed description of the
theoretical links between the created ZnO semiconductor nano-
composites’ magnetic, dielectric, and conductive properties and their
EMI shielding properties. ZnO semiconductor materials’ porous nano-
architectures are useful for producing numerous reflections, which
enhance EM wave absorption. Due to interfacial polarization and mag-
netic losses, the addition of magnetic nanoparticles with advanced
magnetic properties enhances the EMI shielding capabilities of ZnO
semiconductor materials.

Table 8
Summary on recent progress on ZnO and textile-based nanocomposites for EMI
shielding and microwave absorption.

No.  Material Frequency Optimum RLmin Ref.
band thickness /SEr

1. rGO/ZnO coated 8.2-12.4 - 54.7 dB [125]
cotton GHz

2. Ti3C2Tx MXene/Ni 8.2-12.4 2.8 mm -35.1 [126]
Chain/ZnO / cotton GHz dB
fabric

3. carbon cloth @ZnO 2-18 GHz 2.5 mm -47.3 [127]
film dB

4. RGO-MF/ZnO NRs 2-18 GHz - ~55 dB [128]

coated carbonized
cotton

Fig. 29. (a) Schematic illustration of preparation process of MXene/Ni chain/ZnO array cotton fabrics. Reproduced with permission from ref. [126]. Copyright 2020,
ACS Publication. (b) Schematic illustration of MA mechanisms of MXene/Ni chain/ZnO array cotton fabrics. Reproduced with permission from ref. [126]. Copyright

2020, ACS Publication.
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It is clear that there are still a number of difficulties associated with
using ZnO semiconductors as the principal components for EMI shield-
ing, despite the significant advancements that have already been made
in the field. The most urgent problems and some potential solutions are
as follows:

1. The researchers still need to have a better understanding of the idea
of impedance matching and its function in the context of EMI
shielding and microwave absorption for ZnO semiconductor
nanocomposite.

2. It is still challenging to develop effective EMI shielding nano-
composite materials using ZnO semiconductor having specific
nanostructures, and more study is required.

3. ZnO semiconductor materials’ electrical conductivity is improved by
doping. As a result, it is anticipated that adding appropriate foreign
elements will enhance the EMI shielding capabilities of ZnO
semiconductor-based nanocomposites.

4. The majority of the research on EMI shielding and microwave ab-
sorbers is conducted in laboratories. However, in addition to con-
ducting fundamental research, efforts should be made to create items
that are near to being used in real-world situations and being pro-
duced in large quantities.

5. By transforming electromagnetic radiation into heat, EMI shielding,
and microwave absorbers can provide electromagnetic protection.
Can the heat produced, nevertheless, be put to use? Thermoelectric
conversion theories are evolving, but there are only theoretical
studies, no relevant experimental data, and no usable equipment.

These obstacles must be overcome in order to produce ZnO
semiconductor-based EMI shielding and microwave absorber nano-
composites that are economically viable. On this goal should be the
focus of future research directions.
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