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ABSTRACT

Microwave absorbing materials (MAMs) are playing an increasingly essential role in the development of wireless
communications, high-power electronic devices, and advanced target detection technology. MAMs with a broad-bandwidth
response are particularly important in the area of communication security, radiation prevention, electronic reliability, and military
stealth. Although considerable progress has been made in the design and preparation of MAMs with a broad-bandwidth
response, a number of challenges still remain, and the structure—function relationship of MAMs is still far from being completely
understood. Herein, the advances in the design and research of MAMs with a broad-bandwidth response are outlined. The main
strategies for expanding the effective absorption bandwidth of MAMs are comprehensively summarized considering three
perspectives: the chemical combination strategy, morphological control strategy, and macrostructure control strategy. Several
important results as well as design principles and absorption mechanisms are highlighted. A coherent explanation detailing the
influence of the chemical composition and structure of various materials on the microwave absorption properties of MAMs is
provided. The main challenges, new opportunities, and future perspectives in this promising field are also presented.
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frequencies; MAMs with a narrow-bandwidth response are
insufficient to meet the growing demand for electromagnetic
protection. Furthermore, for use in military stealth-related
applications, MAMs are widely used to absorb radar waves and
reduce the radar cross section of a given object. However, different
radar systems, long-range surveillance, and guidance technologies

1 Introduction

Microwave absorbing materials (MAMs) are a class of materials
that have the capacity to convert the energy of microwaves within
a certain frequency range into other forms of energy, such as
dielectric, magnetic, or thermal energy. In doing so, these
materials reduce the scattering cross section of microwaves or

attenuate the energy of incident microwaves. With the rapid
development of wireless networks, fifth-generation (5G)
communications, high-power electronic devices, new-type radars,
intelligent transportation systems, and portable digital hardware,
MAMs have attracted increasing attention in the fields of
communication security, electronic reliability, healthcare, and
military stealth [1-11]. In the past decades, research on the design
and construction of various novel MAMs with enhanced
performance has progressed substantially [12-25]. As shown in
Fig. 1, the number of publications related to MAMSs shows a trend
of accelerating increase year by year, indicating the importance of
MAMs.

For practical applications, the ideal MAM should be lightweight
and small in thickness, have a strong absorption ability, and have a
broad-bandwidth response. Of these characteristics, the broad-
bandwidth response is of particular importance. With the
development of the 5G technology and the advent of the Internet
of Things, the environments in which humans live are
increasingly subject to large quantities of microwaves of different

can be designed to work with different frequencies, such as the L
band (1-2 GHz), S band (2-4 GHz), C band (4-8 GHz), X band
(8-12 GHz), Ku band (12-18 GHz), K band (18-27 GHz), and Ka
band (27-40 GHz). With the scientific progress in
microelectronics and other fields, novel advanced anti-stealth
radars, such as ultrawide band radars, frequency agile radars,
phased array radars, and passive radars, have gradually matured;
these technologies lead to new requirements for counter-detection
MAMs. Therefore, the development of high-performance MAMs
with a broad-bandwidth response is of great significance in both
military and civil fields.

When microwave is incident on a material surface, it
experiences three processes: reflection, absorption, and
transmission. The reflection coefficient is defined as the ratio of
reflected wave to incident wave at a reference plane. Bandwidth is
the range of frequencies and defined as the difference between the
upper and lower frequency components present in a signal (AL =
Apax — Ami» Where AL, A, and A, are bandwidth, maximum
waveband, and minimum waveband, respectively). In most of the
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Figure1 By December 2022, the statistical data comes from the Web of Science, and the retrieval subject is microwave absorption. Some main applications of MAMs

are also shown schematically in the figure.

practical applications, due to the existence of backed metal plate,
the transmitted wave is reflected at the absorber/metal plate
interface and re-enters the absorber. Thus the essence of
microwave absorption (MA) by microwave absorbers is anti-
reflection. Microwaves in the frequency range of 2-18 GHz are
commonly used in the majority of the electronic instruments and
military equipment. For example, the operating frequencies of
most aviation and marine radars are in the range of 2-18 GHz.
Accordingly, MAMs operating in this band have become a focus
of considerable research. Usually, the absorption bandwidth with
an absorption efficiency greater than 90%, a reflection loss (RL)
lower than —10 dB, or a reflectivity below 0.1 is defined as the
effective absorption bandwidth (EAB). Considering the effect of
microwave absorber on microwave, the broadband microwave
absorption means that the absorber can obtain EAB in the wide
working band through inherent loss mechanism of the
components of the absorber to the microwave, the resonance loss
of the thickness of the absorber and the specific microwave
frequency, and the reflection cancellation of the microwave at the
absorption-reflection interface within the tested frequency range.
The largest possible relative bandwidth for a normally incident
wave is given by Rozanov et al: AMAg = QR)/((rd/Ay)|e — ul),
where AL, A, Ry, d, €, and y are bandwidth of a radar absorber, the
middle of the operating band of wavelengths, reflectance level,
thickness, permittivity, and permeability, respectively [26, 27]. It is
shown that the wideband of microwave absorption depends on
the thickness, permittivity, and permeability of the absorber within
a given operating frequency range. This requires the material to
obtain well-match between permittivity and permeability in a wide
frequency range [28]. The electromagnetic parameters of the
absorber are determined by the shape, size, and content of the
MAMs. It is very difficult for a single-layer absorber to achieve
multiband absorption at a thin thickness [29]. A nonmagnetic
broadband absorber cannot provide effective absorption unless its
thickness exceeds A,,,,/17.2 [27]. For thin absorbers, there are two
main performance limitations: One is the matching of the input
impedance to the free-space impedance of any passive absorber
that can only be achieved at a specific frequency resulting from the
reactance theorem; and the other is the sensitivity of the absorber
to incident angle and polarization [30, 31]. In terms of impedance
matching, the electromagnetic parameters of materials vary with

frequency, so the impedance matching of materials under different
frequencies of the same thickness is not the same. Materials
usually only have good impedance matching in a specific
frequency range, which makes them unable to achieve full-band
microwave absorption in 2-18 GHz. As far as the attenuation
capability is concerned, it is also true that the material cannot
maintain the same attenuation capability at different frequencies.
In addition, according to the quarter-wavelength relationship, the
impedance matching can only be satisfied in a narrow frequency
band near the matching frequency [32, 33]. When the frequency
deviates greatly from the matching frequency, the matching
performance deteriorates sharply. Thus, it is not easy for a single
material to realize broadband and effective MAMs with a small
thickness. Therefore, it is difficult to realize effective absorption in
broadband. As a result of considerable research efforts, the design
of MAMs with a broad-bandwidth response has made great
progress in recent years. For example, the EAB of Fe encapsulated
within carbon nanotubes (CNTs) can cover the range of
2-18 GHz utilizing a 1.2-mm-thick layer coated on a 180 mm x
180 mm Al substrate [1]. The EAB of Fe;O,@Zn-N-carbon
microspheres can reach 11.5 GHz using a 2.5-mm-thick layer [34].
Dendrite-like Fe microstructure-based samples have been found
to have an EAB of more than 15 GHz in the frequency range of
2-18 GHz [35]. Optimized multiwall CNT (MWCNT)/graphene
foam (GF) structures have been found to have an EAB of up to
16 GHz [36]. A microwave metamaterial absorber combining a
dual-band absorber and a single-band absorber has achieved an
EAB from 1.4 to 17.31 GHz [37]. Considering the type of MAMs,
the coating-MAMs are usually composed of absorbent particles
and matrix, and the performance is highly dependent on the
material composition, morphology, particle size, and distribution
of the absorbent [38,39]. Although the performance of multi-
component composites is generally better than that of single-
component materials, there are still unclear interactions between
different components (which may be synergistic or containment),
and the interaction mechanism between materials and
microwaves is not clear. Therefore, the coating-absorbents
achieved broad-bandwidth response are mainly based on trial-and-
error method, so it is urgent to obtain reliable summary from
existing experience. For structural-MAMs, enough space can be
used to improve the impedance matching, extend the interaction
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time between microwaves and structural components, thus
improve the performance. However, the actual application
scenarios have not plenty of space usually, and it is difficult to
obtain the required microwave absorption performance in a
specific environment at the expense of the volume of the structural
member. In addition, the optimization of the structure, the
material composition of the filling structure, and how to reduce
the influence of the structure on the shape of the object requiring
the use of the absorbing parts also need to be studied. For
metamaterials in special structural-MAMs, metamaterial-based
absorbers can only display near-perfect absorption at either one
frequency or several discretized frequencies due to the inherent
resonance-based mechanism of metamaterials and their attendant
dispersive characteristics [40]. In addition, the data acquisition
from simulations is expensive in terms of time and effort [41].
Therefore, it is necessary to summarize the research points of
structural-MAMs with broad-bandwidth response for their future
applications and development.

There are already some excellent reviews concerning the
advances of MAMs, and most of them focused on introducing
MAMs on basis of material categories and structure types, such as
metal-organic framework (MOF)-based MAMs [8, 18], graphene-
based MAMs [12,17], and core—shell-structured MAMs [3, 20].
Whereas, the rules and key points for the synthesis and
mechanism of MAMs with broad-bandwidth response have not
been systematically summarized. Herein, we focus on the recent
progresses in the design and construction of MAMs with a broad-
bandwidth response, especially related materials that can be used
with a specific thickness whose EAB is greater than 8 GHz in the
frequency range of 2-18 GHz. We also highlight the methods that
can be used to expand the EAB of MAMs. The main body of this
review is divided by the typical strategies used in the design and
construction of MAMs with a broad-bandwidth response,
including the chemical combination strategy, morphological
control strategy, and macrostructure control strategy. We present
a coherent overview of the influence of the chemical composition
and structure of various materials on their MA performances, and
some key findings in the field of MAMs as well as the related
design principles are discussed. In the last section, we present the
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challenges and future trends in this research field. This review
presents valuable insights into the design and fabrication of high-
performance MAMs, especially those with a broad-bandwidth
response.

2 Design and construction of MAMs with broad-
bandwidth response

21 Chemical combination strategy for MAMs with
broad-bandwidth response

Traditional MAMs mainly include dielectric materials and
magnetic materials. Dielectric materials have a certain absorption
of electromagnetic waves due to their high dielectric loss tangent
values. However, their permittivity and permeability are usually
quite different, resulting in the impedance mismatch and large
reflection of electromagnetic waves. Therefore, dielectric materials
often need a large thickness to achieve a broad absorption, which
are usually used in structural MAMs or microwave anechoic
chambers that have low requirements on the thickness of
materials. Compared with dielectric MAMs, the permeability
dispersion effect and additional magnetic loss of magnetic
materials make them more favorable for impedance matching and
microwave absorption. Typically, the absorbent composed of flaky
carbonyl iron (FCI) particles can achieve more than 85%
absorption in the range of 8-18 GHz (corresponding to reflection
loss less than —8 dB) at a thickness of only 1.4 mm [42].
Nevertheless, there is still a problem that the high and low
frequency absorption cannot be taken into account at the same
time, especially the absorption in the range of 2-4 GHz [43-48].
Single-component MAMs have been extensively studied, and the
advantages and disadvantages of typical materials have been
summarized in Table 1. A practical method to enhance the
properties of materials consists of compounding a variety of
chemical components into a material system. For example, Li et al.
developed a confined liquid-solid redox reaction strategy to
fabricate FeCoNi ternary alloy particles with a u-channelled
spherical morphology. Owing to the multiple polarization
relaxation and magnetic resonances generated by the unique

Table1 The advantages and disadvantages of typical materials for microwave absorption

Category MAMs Advantages Disadvantages
Carbon High conductivity, low density, large aspect ratio, and excellent
nanotubes mechanical strength Poor dispersion, complicated synthesis process,
Extraordinary electrical, thermal, and mechanical properties, high improper conductivity, high cost, and poor impedance
Carbon Graphene specific surface area, low content, ultrathin thickness, and abundant matching
. defects
materials

Biomass-derived
carbon materials

MOF-derived  Tunable chemical structures, diverse properties, large specifc surface

area, uniform pore distribution, and strong dopability
Good temperature stability, high saturation magnetization

(~ 191 emu/g), and strong magnetic loss

carbon materials

Carbonyl iron

Plentiful resources, low density, and highly environment-friendly

Disordered pore structure and limited EAB
Simple loss mechanism and limited EAB

High density, corrosion susceptibility, easy to
aggregate, strong eddy effect, and snoek’s limit of

Magnetic  Metals and High saturation magnetization, high conductivity, and high Curie bili
materials alloys temperature permeability
ITron Good magnetic loss ability, environmental stability, strong spin

oxides/ferrite polarization, half-metallic character, corrosion resistance, and low cost
Good isolation, effective protection of the substrate materials, and low

High density, lack of dielectric loss, and limited EAB

High density, poor conductivity, and narrow EAB

Poor dielectric property and narrow EAB

Si0,
cost
. Favorable dielectric, semiconductor properties, low cost, large-scale
Oxides ZnO . Prop s §
synthesize, and morphology versatility
Tio Excellent chemical stability, semiconductor properties, non-toxic, and
2 low cost
Ceramics SiC Adjustable resistivity, strong oxidation resistance, and high strength
Perfectly layered structure, extraordinary electric conductivity, tunable
Others MXene active surface, adjustable layer spacing, and excellent mechanical

strength

Polymers polyaniline

Polyprrole and Environmental stability, simple preparation, controllable conductivity,
non-toxic, strong composability, and high mechanical strength

Simple loss mechanism and limited EAB

Poor high-temperature resistance, single loss
mechanism, and narrow EAB
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structure and multiple magnetic components, the proposed
2.0-mm-thick absorber showed an ultrawide EAB of 9.2 GHz [49].
To construct an effective composite material, the properties and
functions of the different components should be complementary
or synergistic. The ingenious combination of dielectric loss
materials and magnetic loss materials aids the optimization of the
impedance matching in a wider frequency range, thus broadening
the response bandwidth. For instance, Darvishzadeh and Nasouri
coated magnetic Ni particles on the surface of carbon fibers via an
electroplating process. The magnetic Ni layer on the carbon fibers
not only resulted in the establishment of magnetic properties and
an evident magnetic loss performance but also enhanced the
electrical conductivity of the composites. Therefore, a wide EAB
(52-180 GHz) of the optimized Ni-coated carbon fiber
composite was achieved at a thickness of only 3.0 mm [50].
Traditional magnetic loss materials, such as CI powder, magnetic
metals (Fe, Ni, Co, etc., and their corresponding alloys), metal
oxides (y-Fe,Os, Fe;O,, etc.), and ferrites (MFe,0,, with M = Co,
Ni, Mn, etc.), generally possess a large saturation magnetization
and a high complex permeability in the GHz band and thus have a
strong magnetic loss capacity. Among the various dielectric loss
materials, graphene and MXene are often used as alternative
materials for MAMs due to their large aspect ratios, active
chemical surface, tunable electrical properties, abundant functional
groups, and varieties of synthesis processes. These features make
them the ideal nanosubstrates for hybridization with other lossy
materials to realize high-performance microwave attenuation.
Thus, the effective assembly of the above materials to obtain
MAMs with a broadband response has become an important
research direction. The main research results on the design of (1)
graphene/magnetic composites, (2) MXene/magnetic composites,
and (3) other dielectric/magnetic composites are highlighted
below.

2.1.1 Graphene/magnetic composites

Graphene is a type of two-dimensional (2D) carbon nanomaterial
with a hexagonal honeycomb lattice structure that consists of sp>-
bonded carbon atoms, and its outstanding intrinsic properties
(such as ultrathin thickness, light weight, high dielectric constant,
and electrical conductivity, as well as good chemical and thermal
stability) have made it a research hotpot [51, 52]. The 2D nature
and large specific surface area of graphene are conducive to the
capture and attenuation of incident microwaves. Furthermore, the
multiple polarization relaxation processes induced by the layered
structure, functional groups, and residual defects contribute to the
significant dielectric loss [53-55]. Therefore, graphene-based
materials have become one of the most interesting materials in the
field of MA [56-58]. The microwave absorption process in
graphene is a result of combined effects of polarization, conductive
losses, interfacial, and multiple scattering [29]. However, being a
non-magnetic material, sole graphene exhibits a limited loss
mechanism, while its high dielectric constant and improper
electrical conductivity can easily cause interfacial impedance
mismatch without modification or structural optimization, which
prevents microwaves from entering the absorbing material [59].
Combining graphene with magnetic materials is the most effective
strategy to optimize its impedance matching because the
introduction of magnetic components can directly improve the 4,
of the composite and change its input impedance (Z,). At the
same time, the magnetic component can provide additional
magnetic loss and enhance the attenuation of incident
microwaves. For example, Wang et al. prepared G-Fe;O,
composites with Fe;O, nanoparticles (NPs) decorated on the
surface of graphene sheets [60]. Their results demonstrated that
the RL values of the G-Fe;O, nanohybrids were considerably
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larger than those of pure graphene sheets at 2 mm. Such improved
properties are assigned to the interfacial polarization of the
Fe;O,/graphene interfaces, the uniform distribution of the
magnetic NPs and their small size effect, and the cooperation
between dielectric loss and magnetic loss. Therefore, introducing
magnetic nanostructures into graphene represents a very attractive
strategy to develop lightweight high-performance MAMs.

Due to the high electrical conductivity of graphene, the ¢, of the
magnetic component/graphene composites is very sensitive to the
graphene content; this phenomenon provides a very effective
method to adjust the ¢, of the composite and reduce its reflectivity
to microwaves [61,62]. Recently, we successfully fabricated
Co,sFegs;@C/reduced graphene oxide (RGO) multicomponent
composites (Figs. 2(a)-2(c)) using Co,_/Fe,, O, spheres, phenolic
resin (PR), and GO sheets as raw materials. The MA performance
of the composite can be easily tailored by controlling the weight
ratio of the Co,_,Fe,,, O, spheres to the GO sheets. The ¢, and
attenuation constant of the Co,sFei;@C/RGO composites were
found to be increased continuously with increasing GO ratio in
the raw materials. However, an excessive GO content resulted in a
poor impendence matching if ¢, was too high. Only 2 wt.% GO in
the raw materials is required for the Co,sFeg;@C/RGO composites
to achieve an optimal EAB of 9.2 GHz at 2.5 mm [61].

To construct magnetic component/graphene composites, one
obvious and simple approach is to deposit or grow magnetic
particles on the surface of graphene-based nanosheets. Many
composites, such as MnFe,0,/RGO [63], a-Fe,0;-RGO [64],
RGO-carbonyl iron [65], and CoFeAl-layered double hydroxide
(LDH)/graphene hybrids [66], have been obtained in this way.
Wang et al. synthesized Fe-Co/NC/RGO composites with a
hierarchical structure by first growing an Fe-Co MOF on a cocoon-
like RGO and subsequently annealing the obtained system [67].
The introduction of Fe-Co alloys in RGO improved the
impedance matching of the composite and increased considerably
its magnetic loss ability via hysteresis loss and magnetic resonance;
thus, a wide EAB of 9.29 GHz was achieved at 2.63 mm.
Additionally, several polymers can be introduced into the
composite to obtain MAMs with a broad bandwidth. For example,
Liu’s research group synthesized CoFe,O,@polypyrrole (PPy)
core-shell structures and bound them to RGO via covalent bond
linking to form filled biscuit-shaped CoFe,O,@PPy-RGO
composites (Figs. 2(d)-2(f)) [68]. Benefiting from the synergy of a
suitable magnetic loss due to the cobalt ferrite core, a good
conduction loss due to the PPy shell, a good dielectric loss due to
the RGO, and multiple reflections resulting from the unique
structure, the EAB of the as-prepared composites could reach
13.12 GHz at 3.6 mm. Weng et al. synthesized a series of ternary
CI/RGO/polyvinyl pyrrolidone (PVP) composites with tunable
electromagnetic parameters by simply controlling the PVP
content [69]. Thanks to the cooperation of the dielectric and
magnetic constituents with the ternary nanostructure, the
optimized carbonyl iron/RGO/PVP composites could achieve an
EAB of 13.8 GHz at 2.5 mm.

If the magnetic component is in the form of magnetic
metal/alloy NPs, a better strategy to increase the oxidation
resistance of the composites consists of encapsulating the magnetic
NPs in graphene (or few-layer graphite) via chemical vapor
deposition (CVD) or high-temperature carbonization. The highly
dielectric graphene shell can not only improve the complex
permittivity of magnetic NPs, but also prevent to a certain extent
the magnetic metal NPs from aggregating, thereby retaining the
magnetic loss ability of metal cores at high frequency [70]. For
example, Afghahi and Shokuhfar synthesized FeCo@C core-shell
NPs via the microemulsion technique and the alcohol catalytic
CVD method [70]. Benefiting from the multiple dielectric
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Figure2 (a) Scanning electron microscopy (SEM) image, (b) TEM image, and (c) RL curves of sandwich-like Co,sFeg;@C/RGO composites. Reproduced with
permission from Ref. [61], © The Royal Society of Chemistry 2020. (d) SEM image, (¢) TEM image, and (f) RL curves of CoFe,O,@PPy-RGO. Reproduced with

permission from Ref. [68], © Elsevier Inc 2021.

relaxation resulting from the nanocapsules and the magnetic
resonance due to the FeCo NPs, the optimized sample exhibited
an EAB of 13.4 GHz at 2.5 mm. Chen’s group synthesized nickel
NPs wrapped in six-layer N-doped graphene anchored to carbon
sheets by heating a mixture of urea and nickel acetylacetonate
under Ar atmosphere and then treating it in a hot H,SO, solution.
The resulting Ni@N-doped graphene NPs were found to have
superior acid corrosion resistance and oxidation resistance, and
the EAB of the optimized Ni@NG/NC composite could reach
8.5 GHz at 3.0 mm with a filling ratio of 20 wt.% [71].

Aiming to reveal the enhancement mechanism of graphene
coating on the MA performance of magnetic metals, Cui et al.
synthesized FeCo-alloy NPs wrapped with single-layer graphene
(FeCo@Cs) via the SBA-15 template-assisted CVD method [72].
By varying the absorber thickness, the as-prepared FeCo@Cs
could achieve full absorption in the range of 4-18 GHz (Figs.
3(a)-3(c)), while the EAB could reach 83 GHz at 2.1 mm.
Furthermore, numerical simulations revealed that the tangent
direction at the contact point between spheres can largely affect
the propagation of the electromagnetic field (Fig. 3(d)). Due to the
considerable dielectric loss of graphene, the electric field loss
mainly originates from the graphene layer (Fig. 3(e)), while the
magnetic field loss is mainly caused by the FeCo core (Fig. 3(f)).
Notably, the reflection coefficient of the FeCo spheres
encapsulated by multilayer graphene (FeCo@Cm) was
significantly larger than the reflection coefficient of FeCo@Cs (Fig.
3(g)). In contrast, the loss density of the electric field (Fig. 3(h))
and the magnetic field (Fig 3(i)) of FeCo@Cm decreased
significantly. These results indicated that a thick graphene shell
does not promote microwaves entering the composite; only a
single graphene layer can achieve the best match between electric
and magnetic fields and lead to a considerable enhancement of the
MA performance.

2.1.2  MXene/magnetic composites

MXene is a newly-emerged 2D carbon/nitride material, which is
usually obtained by removing the A-atom layer of the precursor
from the MAX phase of a ternary ceramic [73, 74]. Owing to its
perfectly layered structure, extraordinary electric conductivity,

tunable active surface, adjustable layer spacing, and excellent
mechanical strength, MXene has attracted widespread attention
for use as an electromagnetic-interference (EMI) shielding
material and a MAM [75-77].

Pure MXene does not exhibit any magnetic loss mechanism,
and its MA ability cannot easily meet the requirements of practical
applications [77]. In order to obtain MAMs with good impedance
matching and strong attenuation ability, it is necessary to add
magnetic components to widen the EAB of MXene-based MAMs.
As reported by He et al., pure laminated Ti;C, MXene achieved an
EAB of only 3.2 GHz because of the lack of magnetic loss and
impedance mismatch, while the EAB of CoFe,O,-decorated Ti;C,
MXene composites was up to 8.5 GHz (Figs. 4(a)-4(c)) [78], and
FeCo-alloy decorated Ti;C, MXene composites displayed a broad
EAB of 8.8 GHz at 1.6 mm [79]. Yan et al. demonstrated that the
combination of magnetic NPs and MXene is helpful to expand the
EAB of MXene-based materials by introducing magnetic loss
mechanisms. By thoroughly blending Ti,C, MXenes with milled
FCI using an ultrasonic bath, they fabricated hybrid Ti,C,/FCI
powders with an optimal EAB of 8.16 GHz at 1.0 mm [80].

Besides incorporating magnetic components to improve the
magnetic loss ability, the impedance matching of MXene-based
materials can be further optimized through the introduction of
oxides and amorphous carbon to realize an excellent MA
performance. Feng et al. synthesized an amorphous carbon-
supported laminated magnetic composite through the
hydrothermal oxidization of nickel-ion-intercalated Ti;C,. During
the low-temperature oxidation, TiO, and NiO NPs were
embedded in highly disordered carbon sheets to obtain a
sandwich-like structure. The EAB of the layered hybrid
NiO&TiO,@C could reach 11.1 and 9.0 GHz at 3.0 and 2.0 mm,
respectively (Figs. 4(d) and 4(e)) [81]. It is believed that the
incorporation route is effective to obtain MXene-based MAMs
with a broad-bandwidth response.

2.1.3  Other dielectric/magnetic composites

Besides graphene and MXene, TiO, NPs [82-86], CNTs [87, 88],
porous carbon materials [89-91], and ZnO NPs [92-94] are other
representative dielectric materials that can also be rationally
combined with magnetic components to prepare high-

i’f ? * “é i @ Springer | www.editorialmanager.com/nare/default.asp

Tsinghua University Press



Nano Res. 2023, 16(8): 1105411083

/}/ ,\\
/ Layer

“thickness %,
L34 A

H0lnm:
| —

Poynting vector
(9) 50 (h)

g 40 Multilayers

2

3 30

g 20 Single layer

©

x 10

4 8 12 16
Frequency (GHz)

Electric field

Electric field

11059

Frequency (GHz)

(W/m®)
10I4
10"
]012
lOlI

Magnetic field

Magnetic field

Figure3 (a) Typical TEM image, (b) a schematic illustration, (c) RL curves of the FeCo@Cs sample, (d) the Poynting vector, (e) the electric field loss and vector, and
(f) the magnetic field loss and vector of the FeCo@Cs sphere. (g) The reflection coefficients of FeCo@Cm and FeCo@Cs. (h) The electric field loss and vector and (i)
the magnetic field loss and vector of FecCo@Cm. Reproduced with permission from Ref. [72], © Elsevier Ltd. 2021.

performance MAMs.

Pure TiO, is not a traditional MAM candidate because of its
poor response in the GHz region [95-97]. However, the dipolar
polarization and associated relaxation phenomenon induced by
polar groups, ions, and oxygen vacancies in TiO, can contribute to
the occurrence of considerable loss [86-99]. Xia et al. obtained
hydrogenated TiO, with a strong MA performance by introducing
disordered/anatase/rutile interfaces into crystalline TiO, via a high-
temperature hydrogenation reaction [95]. A creative MA
mechanism was proposed, namely the fact that the accumulation
and assembled movements of collective interfacial dipoles at the
rutile/anatase and crystalline/disordered interfaces are beneficial to
the absorption of the electric field energy, thereby further
enhancing the MA ability. As a result, the hydrogenated TiO, NPs
with 8% rutile exhibited outstanding absorption in the range of
4-16 GHz. Furthermore, encapsulating magnetic particles in the
TiO, shell to form core-shell structures is helpful to enhance the
capture and attenuation of the incident microwaves and leads to
remarkable MA properties. For example, Che and coworkers
prepared Fe;O,@TiO, core-shell microspheres via a solvothermal
reaction and subsequent high-temperature treatment [82]. Due to
the cooperation of multiple components and the special core-shell
structure, the Fe;O,@TiO, microspheres possessed an EAB of
more than 14 GHz, which is considerably wider than that of pure
Fe;O,. Hua et al. synthesized dual-shelled Fe;O,@TiO, hollow
nanospheres via a template method [84]. Besides the Debye
relaxation and magnetic loss, the accumulation of free charge
carriers within multiple heterogeneous interfaces (Fe;Oy/air and

TiO,/air) promotes the absorption of electric fields by distorting
the electric field and increasing the capacitance and loss of the
composite. An EAB of 10.5 GHz (7.5-18 GHz) was realized at
only 1.8 mm by adjusting the thickness of TiO, and the width of
the shell gap in the Fe;O,@TiO, nanocomposites.

CNTs have been widely used as MAMs for their good
conductivity, large aspect ratio, and excellent mechanical strength.
These features endow them with a tailorable ¢ and permit the
construction of lightweight MAMs with good mechanical
properties [100, 101]. The combination of CNTs with magnetic
metals, magnetic metal oxides, or ferrites has been explored as a
strategy to achieve broadband MA through both dielectric and
magnetic losses [102-107]. Cao et al. fabricated Fe;O,/MWCNT
heterostructures by co-precipitating Fe** and Fe* ions [87]. The
introduction of Fe;O, promoted both the interfacial polarization
and the magnetic loss, thus widening the EAB. As a consequence,
Fe;0,/MWCNT composites exhibited a broad EAB of 11 GHz in
the range of 2-18 GHz. By introducing conductive polymers as
the matrix, several issues can be solved, such as the oxidation of
the magnetic raw materials, poor dispersion, and lack of control of
the decoration process of magnetic particles on the surface of the
CNTs, while the dielectric loss can be tailored by rationally using
the low electrical conductance of polymers. Saeed et al. prepared
Fe,0,/Fe;O,/polyaniline (PANI)/MWCNT quaternary
nanocomposites, wherein the Fe,0,/Fe;O,/PANI nanocomposites
were uniformly decorated on the entire surface of the MWCNTs
[108]. The different spinel arrangements between Fe;O, and Fe,O,
and the noncontinuous arrangement of the Fe,O,/Fe;O, NPs in
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permission from Ref. [81], © Feng, W. L. et al. 2019.

polyaniline led to an enhanced attenuation of the magnetic field
and multiple reflections between the discrete NPs, respectively.
The Fe,0,/Fe;O,/PAN/MWCNT with an optimized ratio of
Fe,0,/Fe;O,/PANI to the nanotubes showed a wide EAB of
8.3 GHz (9.7-18 GHz) at 3.0 mm.

Porous carbon materials with abundant free space and
conductive networks, such as porous carbon nanofibers [109],
ordered mesoporous carbon [110], biomass-derived porous
carbon materials [111], and MOF-derived porous carbon
materials [112-114], have been proven to have excellent MA
performance because of their strong interfacial polarization and
multiple reflections. Among these, MOF-derived porous carbon
materials are preferred because of their simple fabrication process,
adjustable aperture, and topological diversity [115]. By using
MOFs containing magnetic metals as the precursors,
nanocomposites with a broad EAB can be obtained. For instance,
Wu et al. fabricated nanoporous Co/CoO particles containing
hexagonal close packed (hcp)-Co and face centered cubic (fcc)-Co
phases via a two-step method [89]. The numerous interfacial
polarization processes generated by the existence of many
heterogeneous interfaces contribute to the attenuation of the
incident microwaves. The optimized sample showed the widest
EAB of 8.2 GHz (9.8-18 GHz) at 1.5 mm. Wang et al. synthesized
hierarchical nest-like CoFe@C composites using CoFe-MOF-74 as
the precursors [90]. An ultrabroad EAB of 9.2 GHz (8.8-
18.0 GHz) was achieved by changing the Co/Fe molar ratio in
CoFe-MOF-74  (Figs. 5(a)-5(c)). This outstanding MA
performance was assigned to the improved impedance matching,
increased number of reflections and diffractions of incident

% £ % i
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microwaves, and multiple polarization relaxation processes due to
the residual groups, defects, and different interfaces. On the other
hand, the MAMs obtained via the pyrolysis of MOFs usually have
a low content of the magnetic components and a poor oxidation
resistance, which leads to a poor magnetic loss ability. Therefore, a
further modification of metal/carbon composites is required for
improving MA properties.

ZnO nanostructures are also considered as promising
candidates of MAMs owing to their semiconductor properties,
environmentally stable dielectric properties, surface electric
polarization effect, morphology versatility, and low cost of their
preparation process for commercial application [116-118]. The
numerous different morphologies of ZnO nanostructures provide
researchers with a sufficiently broad range of materials.
Particularly, tetra-needle-like ZnO (T-ZnO) whiskers show
excellent MA performance due to the networks formed by T-
ZnO, the piezoelectric character of T-ZnO, and the diffuse
reflections caused by quasi-antenna [119]. To further improve
their MA performance in a wide frequency range, ZnO
nanostructures were doped with transition metals or combined
with magnetic materials [120, 121]. For example, with increasing
dopant concentration, both the ¢"and the ¢” of the Mn- and Ni-
doped rodlike ZnO samples decreased, and the resonance peaks
shifted toward higher frequencies; a wide EAB of 8.6 GHz could
be achieved for the 10% Ni-doped sample [120]. Benefiting from
the cooperation of dielectric dissipation and magnetic attenuation,
the ZnO nanotubes/CoFe,O, nanocomposite with 40 wt.% ZnO
displayed an EAB of around 9 GHz (Figs. 5(d)-5(f)) [122].

The combination of dielectric and magnetic materials can not
only optimize the impedance matching characteristic of materials

@ Springer | www.editorialmanager.com/nare/default.asp
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Figure5 SEM images of (a) CoFe-MOF-74 precursor and (b) CoFe@C composites, and (c) RL values of the CoFe@C composites. Reproduced with permission from
Ref. [90], © Elsevier Ltd. 2020. SEM images of (d) ZnO nanotube bundles and (e) ZnO nanotubes/CoFe,O, composites, and (f) RL curves of the composites with
different contents of ZnO. Reproduced with permission from Ref. [122], © American Chemical Society 2009.

but also combine two forms of energy attenuation mechanisms.
Especially, the interface plays an important role in improving the
properties of the dielectric/magnetic composites. On the one hand,
the difference in Fermi energy levels between two materials will
produce an internal electric field, which can greatly promote the
migrating and hopping of electrons at the interface and inside the
materials, and further enhance the conduction loss [123, 124]. On
the other hand, the uneven distribution of positive and negative
charges inside the composite can induce the generation of space
charge regions. The resulting spatial electric dipoles and generated
lattice defects in the composite further excite dipole polarization
and interface polarization [125,126]. Furthermore, the existence
of multiple interfaces contributes to the further attenuation of
incident electromagnetic waves by enhancing the scattering effect.
Consequently, MAMs with a broad-bandwidth response can be
obtained through a rational design by effectively controlling the
material composition [127,128]. Some typical cases of MAMs
with  broad-bandwidth response designed by chemical
combination strategy are summarized in Table 2.

2.2 Morphological control strategy for MAMs with
broad-bandwidth response

Being able to control the permittivity and permeability is very
important to expand the EAB of MAMs. In addition to the
intrinsic physical properties of the materials, the microstructure,
morphology, grain size, and other characteristics of the individual
particles are also closely related to the ¢ and y, of materials
[129-132]. A reasonable adjustment of these parameters can
enhance the attenuation behavior and broaden the EAB of the
MAMs [133,134]. Among the various parameters that can be
controlled, the absorbent morphology is one of the most
extensively studied features because of its intuitive and adjustable
characteristics. For example, materials with a one-dimensional
(1D) structure have a larger complex permittivity than zero-
dimensional (0D) materials due to the multiple polarization effects
[135]; the increased shape anisotropy will improve the ¢, and y, of
2D flaky magnetic metals [136]; and the hybrid composites with
hollow structures or voids have a better impedance matching
performance [137]. The most significant advances in MAMs with

specific morphologies, namely the (1) 1D morphology, (2) 2D
morphology, and (3) hybrid structure with cavities, are presented
below.

2.2.1 Broadband MAMs with the 1D morphology

The space charge polarization of a 1D structure is greater than that
of a 0D structure due to the high surface ratio of the 1D structure
[138]. The high surface atomic utilization, multiple surface
hanging bonds, and large unsaturated coordination originate from
the higher surface ratio and result in more heterogeneous
interfaces and an enhancement of the interfacial polarization [139,
140]. Cheng et al. assembled Cu/ZnO core-shell composites with
different morphologies via a simple one-pot process by controlling
the heating rate. They demonstrated that the aspect ratio of the
hybrid Cu/ZnO nanocomposites has a significant effect on the
MA performance because of the anisotropy effect. Compared with
the spherical-shaped sample, the intrinsic shape-dependent field
induced by charge accumulation at the edge of rod-shaped sample
interacts more strongly with the incident microwaves. Therefore,
the EAB of rod-shaped Cu/ZnO core-shell composites is wider
than that of the spherical Cu/ZnO core-shell nanocomposites
[141]. Liu et al. obtained an EAB of around 9.8 GHz using the
dipolar polarization and interfacial polarization of helical carbon
nanofiber-coated carbon fibers [142]. In addition, the orientation
polarization of the 1D structure resulting from the shape
anisotropy further improves the complex permittivity of the
materials [143]. For example, the complex permittivity of rod-like
Fe;0, is considerably higher than that of spherical Fe;O, (Figs.
6(a)-6(d)) [135]. The enhanced interfacial polarization and dipole
polarization endow 1D SiC@C hybrid nanowires with an EAB of
8 GHz (Figs. 6(e) and 6(f)) [144]. Huang et al. synthesized a
ternary core-shell heterostructure by embedding Fe,Sq NPs
between S-doped carbon nanoshells and carbonized bacterial
cellulose nanofibers. Owing to the enhancement of the multiple
interfacial polarization and sulfur dipolar polarization, the ternary
composites achieved an EAB of 8.5 GHz at a low loading content
(5.0 wt.%) [145].

Additionally, a crosslinked network can form more easily in a
1D structure than in a 0D structure, which may cause the
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Table2 Typical cases of MAMs with broad-bandwidth response designed by chemical combination strategy

Chemical combination strategy MAMs Max EAB (GHz) Thickness (mm) Filling ratio References
Co,5Fegs@C/RGO 9.2 GHz 2.5mm 60 wt.% [61]
Fe-Co/NC/RGO 9.29 GHz 2.63 mm 25 wt.% [67]
CoFe,0,@PPy-RGO 13.12 GHz 3.6 mm 25 wt.% [68]
Graphene/magnetic composites CI/RGO/PVP 13.8 GHz 2.5mm 50 wt.% [69]
FeCo@graphite 13.4 GHz 2.5 mm 40 wt.% [70]
Ni@NG/NC 8.5 GHz 3 mm 20 wt.% [71]
FeCo@Cs 8.3 GHz 2.1 mm 50 wt.% [72]
CoFe,0,-Ti;C, 8.5 GHz 1.5 mm 40 vol.% [78]
FeCo-Ti;C, 8.8 GHz 1.6 mm 70 wt.% [79]
MXene/magnetic composites
Ti;,C,/FCI 8.16 GHz 1.0 mm 60 wt.% [80]
NiO&TiO,@C 11.1 GHz 3.0 mm 33.3 wt.% [81]
Fe,0,@TiO, >15 GHz 2.0 mm 16.7 wt.% [82]
Fe;0,@TiO, yolk-shell >14 GHz 2.0 mm 16.7 wt.% [83]
DS-Fe;0,@Ti0,-HNs 10.5 GHz 1.8 mm 20 wt.% [84]
Co0,;0,@TiO, ~12.5GHz 5.0 mm 30 wt.% [85]
Fe;0,/MWCNTs 11 GHz 3.0 mm 20 wt.% (87]
HCF@CZ-CNTs 8.02 GHz 2.0 mm 10 wt.% [88]
CoFe@C 9.2 GHz 2.8 mm 10 wt.% [90]
C/Co 9.0 GHz 2.9 mm 10 wt.% [91]
Ni-P coated T-ZnO 10.0 GHz 3.4 mm 90 wt.% [93]
Fe;0,@b-TiO,_, 13 GHz 2.9 mm 75 wt.% [97]
CNT@BaTiO;@PANI 10 GHz 4.0 mm 20 wt.% [100]
NZCoF-CNT 10 GHz 1.0 mm — [103]
Other dielectric/magnetic composites Fe;0,-Coated CNTs 8.3 GHz 1.75 mm 30 wt.% [104]
MWCNTS-SDBS/Fe;0, 8 GHz 2.5 mm 25 wt.% [105]
FeNi-CNTs 11.3 GHz 3.5mm 16.7 wt.% [106]
Fe,0;/Fe;O,/MWCNTSs 8.80 GHz 2.4 mm 25 wt.% [107]
Fe,0,/Fe;0,/PANI/MWCNT 8.3 GHz 3.0 mm 25 wt.% [108]
FeCo@C-PCF 8.3 GHz 2.5 mm 30 wt.% [109]
C/Coys 8.4 GHz 2.9 mm 20 wt.% [111]
LDH@C 9.0 GHz 3.35mm 20 wt.% [113]
Co/NPC 9.4 GHz 3.2 mm 20 wt.% [114]
CC@ZnO 10.6 GHz 2.0 mm 40 wt.% [117]
Ni-doped ZnO 8.6 GHz 2.0 mm 70 wt.% [120]
ZnO/CoFe,O, ~9 GHz 1.5 mm — [122]
CoFe/C 8.4 GHz 1.65 mm 60 wt.% [127]

electrons to transform easily and increase the electrical
conductivity [146]. Niu et al. found that the dielectric properties of
Co-Ni-P  nanoalloys could be significantly improved by
introducing a suitable amount of 1D SiC nanowires [147].
Similarly, Si-C-N nanofibers could reach an EAB of 8.9 GHz at
3.0 mm due to the fact that the continuity and alignment of the Si-
C-N nanofibers might form crosslinked networks with an
enhanced conductive loss [148]. Yang et al. reported the
fabrication of FeCo/ZnO nanofibers via electrospinning and a
hydrogen reduction process. Within the 1D nanospace, the
magnetic FeCo alloy and dielectric ZnO show a good synergistic
effect. In addition, the 1D nanofibers form a three-dimensional
(3D)-network  hierarchical  structure  with  distributed
microcurrents and multiple reflections. The as-prepared
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FeCo/ZnO nanofibers exhibited outstanding MA performance
with an effective absorption frequency ranging from 10.0 to
18 GHz at 1.3 mm [149].

For ferromagnetic materials, the elongated shape of 1D
structures can provide an additional shape anisotropy to the
magnetocrystalline anisotropy, which results in an increase in the
effective anisotropy and the anisotropy field H, [135]. According
to the natural resonance equation 2mnf, = yH, (where y is the
gyromagnetic ratio) [150], a larger H, will cause the natural
resonance to shift toward a higher frequency, which is beneficial to
the attenuation of microwaves at higher frequency. Usually, the
natural ferromagnetic resonance of bulk Fe;O, is around 1.2 GHz.
He et al. found that Fe;O, nanotubes have a higher f; (4 GHz) than
bulk Fe;O, and other Fe;O, nanostructures due to their large
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Figure6 SEM images of (a) goethite spherical nanoparticles and (b) goethite nanorods. (c) and (d) the permittivity of the spherical nanoparticles and nanorods.
Reproduced with permission from Ref. [135], © Elsevier B.V. 2015. (¢) TEM image and (f) RL curves of SiC@C hybrid nanowires. Reproduced with permission from

Ref. [144], © American Chemical Society 2017.

shape anisotropy, which leads to a higher magnetic loss and a
better MA performance in the range of 2-18 GHz [151]. Among
the series of CoyNig alloys with different morphologies
synthesized by Che’s research group, chain-like particles showed
the best MA performance; their optimal EAB could reach 13 GHz
at 5 mm [130].

2.2.2  Broadband MAMs with the 2D morphology

For 2D materials, the increase in the aspect ratio, number of point
defects, and number of interface dangling bonds leads to an
enhancement of the dipole polarization, interface polarization, and
space charge polarization, which improves the permittivity and
loss ability of the materials [152-155]. Different from graphene,
MXene, and other non-metallic 2D materials [156, 157], 2D
magnetic metal materials for MAMs have unique characteristics
and enhancement mechanisms [157].

Firstly, 2D magnetic materials with a large shape anisotropy are
promising candidates for exceeding Snoek’s limit in the GHz
range and limiting the skin effect under the excitation of external
electromagnetic fields [158-160]. Liu et al. demonstrated that
when ball milling bulk FeCoNi Kovar alloy to flaked powders, the
permeability increased significantly by increasing ball milling time
[159]. The enhancement of the complex permeability can
substantially enhance the properties of MAMs. Zhang et al.
synthesized mesoporous hexagonal cobalt nanosheets through the
reduction of Co(OH), precursors. The nanosheets are beneficial
for breaking Snoek’s limit, giving rise to a considerable
permeability in the high-frequency range. The mesoporous
structure can decrease the permittivity and suppress the eddy

current effect. The synergistic effect of the attenuation capability
and the impedance matching yielded an EAB of 8.5 GHz [161].

Secondly, the 2D morphology can affect the natural resonance
and exchange resonance of magnetic metal materials, and even
result in multiple resonance peaks, which effectively enhance the
attenuation of microwaves and broaden the EAB of the materials
[162-164]. The natural resonance frequency depends on the
effective anisotropy field [165, 166]. Flaky materials usually have a
high in-plane anisotropy due to their low geometric symmetry,
high aspect ratio, and small thickness [136]. An exchange
resonance often results from the small size effect, surface effect,
and spin wave excitation [167, 168]. Peng et al. demonstrated that
an increasing number of flake-like particles could enhance the
shape anisotropy field H, and cause the natural resonance
frequencies of the (FeCo);_,Ni, particles to shift toward higher
frequencies. Additionally, the wide distribution of particle sizes
and shapes induces multiple exchange resonances [169].

Thirdly, a proper stacking of the 2D materials may lead to a
strong magnetic coupling and the formation of a significant
magnetic network, which may enhance the MA performance
[170]. You and Che synthesized NiO-Ni nanoplates by reducing
Ni(OH),@polydopamine precursors. Due to the
antiferromagnetism of NiO, the NiO-Ni nanoplates showed a
strong micromagnetism. The strong external magnetic stray field
and the magnetic coupling greatly enhanced the magnetic loss.
The EAB of the NiO-Ni nanoplates could reach 10.2 GHz (Figs.
7(a) and 7(b)) [170]. They also constructed 1D/2D Fe composites
by assembling Fe nanosheets along the axis orientation of the Fe
chain [171]. The multidimensional composites exhibited the large
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planar anisotropy of the Fe nanosheets in combination with the
anisotropy field of the Fe chains, which endowed the composites
with a strong anisotropy for magnetic response enhancement. The
high-density magnetic flux lines resulting from the ultrathin
magnetic nanosheets formed 3D coupling nets. The 3D network
formed by iron-chain crosslinking could also improve the loss
capacity. Therefore, the multidimensional Fe composites could
achieve an EAB of 11.5 GHz at 1.9 mm.

Finally, the parallel-oriented structure formed by a 2D magnetic
material under application of an external magnetic field can
trigger a higher complex permeability, which can further improve
the MA performances [172]. Zheng et al. designed a
magnetorheological elastomer film by mixing Fe flakes into a
silicone rubber matrix [173]. The Fe flakes in the matrix can be
well rearranged under curing magnetic fields. Due to the oriented
structure, the reinforced anisotropic permittivity/permeability of
the composites could substantially improve the dielectric/magnetic
loss. Furthermore, the discontinuous network perpendicular to the
curing magnetic field could also improve the impedance
matching. With a filler loading of 28 wt.%, the optimal EAB was
12.5 GHz at 5.0 mm (Figs. 7(c)-7(e)). Min et al. prepared oriented
FCl/epoxy resin composites using a magnetic field to realize the
parallel arrangement of FCI [174]. They demonstrated that the
electromagnetic parameters could be optimized by tuning the FCI
orientation, which improved the impedance matching and
broadened the EAB of the composites. The widest EAB of these
oriented samples was 12.5 GHz (5.5-18.0 GHz) at 1.4 mm.

2.2.3 Broadband hybrid structures with cavities for MAMs with
broad-bandwidth response

Cavities are ubiquitous in all natural and engineered materials.
Introducing cavities into material units is an effective strategy to
optimize the impedance matching, which is crucial for expanding
the EAB of MAMs. For example, the air (cavity) in

RL (dB)

RL (dB)
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CoNi@Air@TiO, microspheres ensures that most incident
microwaves penetrate the magnetic cores without undergoing
reflection; therefore, an EAB of around 8 GHz can be obtained
[175]. On top of optimizing the impedance matching to improve
the penetrability of incident waves, cavities also confer several
interesting functionalities on MAMs. Firstly, the existence of
cavities enhances the interface polarization and improves the
charge density fluctuations between the medium and the cavity
[176]. Li et al. fabricated yolk-shell-structured Co;Fe,@C
composites by annealing (CoyoFe,;)Fe,0,@PR spheres. In
addition to the complementary and synergistic features of the
different components, the presence of cavities can increase the
number of multiple interfaces among the amorphous carbon
shells, CosFe, cores, and cavities, which results in additional
interfacial polarizations and improves the MA performance. The
optimized Co;Fe,@C composite could achieve an EAB of 9.2 GHz
(8.8-18.0 GHz) at 1.6 mm (Figs. 8(a)-8(c)) [177]. Liu et al
fabricated Fe/C hollow microspheres with a 3D interpenetrating
network and multidomain structures using a solvothermal
method and H,/Ar gas reduction. This unique structure not only
promoted the generation of abundant Fe/C interfaces for
interfacial polarization relaxation but also endowed the
composites with a high magnetic loss. The EAB of the optimal
sample was 12.5 GHz at 2.5 mm [178]. Secondly, the empty
regions and additional interfaces originated from the cavities
caused an increase in the number of reflection and refraction
interfaces for the microwaves in the materials, which is conducive
to extending the transmission path of the microwaves in the
material, thereby enhancing the microwave loss [179]. Zeng et al.
prepared Fe;O,-embedded RGO hollow microspheres via a W/O
emulsion technique and a calcination treatment [180]. Acting as a
resonator, the hollow structure can trap the incident microwaves
and improve the attenuation capacity of the material through
multiple scattering behaviors. Thus, the widest EAB of the as-
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Figure7 (a) TEM image and (b) RL curves of NiO-Ni nanoplates. Reproduced with permission from Ref. [170], © American Chemical Society 2018. (c) SEM image
of flaky Fe particle, (d) SEM image, and (e) RL curves of F-Fe/MREF. Reproduced with permission from Ref. [173], © American Chemical Society 2020.
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Figure8 (a) SEM image, (b) TEM image, and (c) RL curves of CosFe,@C yolk-shell structures. Reproduced with permission from Ref. [177], © American Chemical
Society 2018. (d) SEM image, (e) The MA mechanism schematic diagram, and (f) RL curves of ZnO/MoS, composites. Reproduced with permission from Ref. [92],
© Elsevier B.V. 2019. (g) TEM images and (h) RL curves of y-Fe,0,@C@a-MnO, nanospindles with different etching time. Reproduced with permission from Ref.

[184], © Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 2016.

prepared hybrid microspheres was around 9 GHz at 3.5 mm.

Because of these clear advantages, researchers have extensively
investigated the design of hybrid structures with voids and the
selection of appropriate chemical components, and considerable
progress has been achieved, especially regarding MAMs with a
broad-bandwidth response. He et al. synthesized a series of
Co,Ni,_,-alloy hollow microspheres with tunable composition and
shell thickness via a liquid-phase reduction method; the optimized
sample could achieve an EAB of 10 GHz at 2.6 mm [181]. Cheng
et al. demonstrated that Fe;O,@C hollow spheres could achieve an
EAB of 80 GHz at 2.6 mm [182]. Liu et al. designed and
constructed hierarchical hollow CuS@CoS, nanoboxes with
double shells; their EAB could reach 8.2 GHz at 2.2 mm [183].
Luo et al. prepared ZnO/MoS, composites by decorating MoS, on
hollow porous ZnO microspheres; the optimal EAB was
10.24 GHz at 2.5 mm (Figs. 8(d)-8(f)) [92].

To further optimize the MA performance, in addition to
incorporating suitable chemical components and considering an
appropriate morphology, a fine balance between the core, cavity,
and shell should be maintained. Using y-Fe,0;@C composites as
precursors, You et al. synthesized a series of y-Fe,0;@C@a-MnO,
nanospindles with different cavity volumes by controlling the
etching time (Figs. 8(g) and 8(h)) [184]. The dipolar cavity was
beneficial for improving the impedance matching. The
magnetic—dielectric synergism could be optimized by controlling

the shell thickness and the cavity volume. An optimal EAB of
9.2 GHz could be achieved at 3.0 mm. Liu et al. prepared
yolk-shell-structured Fe;O,@CuSilicate microspheres with an
adjustable core size and shell thickness via a versatile sol-gel
process and hydrothermal reaction [185]. The optimized structure
with a 450-nm-diameter core and a 125-nm-thick shell could
achieve an EAB of 10.4 GHz at 2.5 mm.

Thus, building a hybrid structure with cavities is an approach
that can effectively optimize the impedance matching
characteristics, enhance the polarization relaxation, and promote
multiple scattering events. Combining the dielectric loss and/or
magnetic loss of the core-shell components, an appropriate void
structure can enhance the absorption capacity and expand the
EAB of the MAMs. In addition, materials with cavities are lighter
than solid materials, and are beneficial to the development of
lightweight MAM:s with a broad-bandwidth response.

Some typical cases of MAMSs with broad-bandwidth response
designed by morphological control strategy are summarized in
Table 3.

2.3 Macrostructure control of MAMs with broad-
bandwidth response

Through the rational selection of chemical components and a
good morphology control, the intrinsic characteristics of MAMs
can be tailored in order to adjust their electromagnetic parameters
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Table3 Typical cases of MAMs with broad-bandwidth response designed by morphological control strategy

Morphological control strategy MAMs Max EAB (GHz) Thickness (mm) Filling ratio (wt.%) References
HCNFs coated-CFs 9.8 GHz 2.5 mm 15 wt.% [142]
SiC@C 8.0 GHz 2.8 mm 50 wt.% [144]
SdC@Fe/CBC 8.5 GHz 3.51 mm 5wt.% [145]
1D morphology
Si-C-N 8.93 GHz 3.0 mm 10 wt.% [148]
FeCo/ZnO NFs 8.0 GHz 1.3 mm 50 wt.% [149]
Co,Nig, chains ~ 13 GHz 5mm 16.7 wt.% [130]
Co 8.5 GHz 2.0 mm 70 wt.% [161]
NiO-Ni 11.2 GHz 2.0 mm 75 wt.% [170]
2D morphology 1D/2D Fe 11.5 GHz 1.9 mm 75 wt.% [171]
F-Fe/MREF 12.5 GHz 5.0 mm 28 wt.% [173]
FCI/EP 12.5 GHz 1.4 mm 75 wt.% [174]
ZnO/MoS, 10.24 GHz 2.5mm 30 wt.% [92]
CoNi@Air@TiO, 8.1 GHz 2.1 mm 25 wt.% [175]
CosFe,@C 9.2 GHz 1.6 mm 65 wt.% [177]
Fe/C 12.5 GHz 2.5 mm 16.7 wt.% [178]
Hybrid structure with cavities Co,Ni,_, 10.08 GHz 2.6 mm 50 wt.% [181]
Fe;0, nanocrystals/ MCHS 8.0 GHz 2.6 mm 20 wt.% [182]
CuS@CoS, 8.2 GHz 2.2 mm 30 wt.% [183]
v-Fe,0;@C@a-MnO, 9.2 GHz 3.0 mm 16.7 wt.% [184]
Fe;0,@CusSilicate 10.4 GHz 2.5 mm 16.7 wt.% [185]

and optimize their absorbing performance. To use these absorbing
materials in practical application, the absorbing materials must be
processed into an absorbing plate, absorbing coating, absorbing
foam, or other structural parts. Therefore, it is very important to
control the macrostructure of these components. Lightweight
carbon foams (CFs) with a porous structure have attracted
significant attention due to their very high specific surface area,
diverse morphology, and chemical stability. Thanks to the large
interfaces generated by the highly porous nature of the material,
the attenuation capacity for incident electromagnetic waves can be
significantly increased by enhancing the interface polarization and
related relaxation loss. Single-layer absorbers that exhibit
broadband absorption are rare [186]. Multilayered structures
combine the MA properties of each layer at different frequencies,
and the EAB can then be expanded by adjusting the thicknesses
and properties of the different layers [187]. Recently, it has been
found that electromagnetic metamaterials consisting of resistive
element and dielectric substrates can overcome the limitations of
the intrinsic properties of a single component. The design and use
of metamaterials is expected to permit the realization of
broadband absorption ranging from microwaves to visible light
[188]. More importantly, the reflectivity of these large bulk
materials in a given frequency range can be tested directly using
the waveguide method or arch method without subsequent
processing. In this section, broadband MAM:s based on (1) porous
foam structures, (2) multilayer structures, and (3) novel
electromagnetic metamaterials are highlighted; their fabrication,
underlying mechanisms, and MA performance are also discussed.

2.3.1 Porous-foam-structured MAMs with broad-bandwidth

response

Besides the intrinsic properties of the building units, foam
structures with a low density and a light weight display a broad
bandwidth and tunable MA characteristics for many critical
applications [189]. Firstly, there is large amount of air in the cell

structures, and the overall impedance of the material is equivalent
to that of air (377 Q). The good impedance matching enables
most of the incident microwaves to enter the interior of the
material without being reflected from the surface. Secondly, the
large specific surface area of foam structures can increase the
number of multiple reflection events and trap the microwaves for
continuous attenuation, which results in a large attenuation
constant [190]. Simultaneously, the large specific surface area
provides the material with a strong interfacial polarization, which
can effectively enhance the polarization loss of the absorbing
material [191]. Finally, the substrate units of the foam or
honeycomb structure are interconnected. The energy transformed
by the microwaves, such as the thermal energy, can be conducted
rapidly, which can enhance the conduction loss of the absorbing
material [192].

Numerous carbon foams with a 3D interconnected network
have been developed based on graphene [193-195], CNTs [196],
biomass materials [191,197], ordered porous carbon [198],
polymers [199-201], and so on. Especially, 3D GFs have shown
great potential for achieving multiple absorption peaks and an
excellent MA performance in an ultrawide spectral range from the
GHz to the THz. The huge 3D intricate conductive network
realized through the 2D graphene is the primary reason for the
extraordinary MA properties of GFs [36]. Huang’s research group
obtained outstanding achievements in the preparation of graphene-
based foams with an excellent performance. As early as 2015, they
reported a macroscopic 3D free-standing GF with an excellent
MA performance in a wide frequency range [202]. The EAB of the
original GF could cover the frequency ranges of 4.1-18.0,
26.5-29.8, and 75-110 GHz for a sample with dimensions of
180 mm x 180 mm x 15 mm. The MA performance could be
further improved upon application of a compressive strain.
Especially, the total EAB of GF under 90% compressive strain was
60.5 GHz (6.0-18.0, 26.5-40.0, and 75-110 GHz) with a 1 mm
thickness. They demonstrated that the MA performance of GF
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depends strongly on the composition, conjugated carbon domain
size, and microstructure of the graphene framework. Benefiting
from the synergy between the good impedance matching and high
loss characteristics, the optimal sample with a density of
1.6 mg/cm’ achieved an EAB of 14.3 GHz (3.7-18 GHz) (Figs.
9(2)-9(c)). In order to expand the EAB to the low-GHz band,
MWCNT/graphene hybrid foams (CGFs) were prepared by
integrating 1D CNTs into a 3D GF [36]. The introduction of the
MWCNTs could effectively improve the bulk electrical
conductivity and polarization loss of GF by avoiding the stacking
of the graphene sheets and strengthening the crosslinked network.
The EAB of the optimized CGFs (CG7F-400) could cover the
entire tested range of 2-18 GHz (Fig. 9(d)-9(f)).

Furthermore, foam structure has been demonstrated to possess
excellent absorption properties in the THz frequency range
(0.1-10 THz) [203]. For example, Chen et al. prepared 3D
Fe;0,/graphene (3DFG) composites by combining Fe;O, NPs
with the highly porous graphene bulk material [204]. The huge
number of multiinterfaces and defects generated by the
introduction of the Fe;O, NPs can considerably improve the
interface polarization, resonance relaxation, and scatter response,
which can effectively enhance the microwave loss capability of the
composites. As a result, the macroscopic 3DFG exhibited strong
MA performance across an extremely wide spectral range, from
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3.4 GHz to 2.5 THz. Foam-structured MAMs can also maintain
well-EAB in a wide temperature range. Yang et al. prepared a
three-dimensional reticulated CI/CF composite. Resulting from
the structural magnetic loss of magnetic components in 3D
reticulated structure and well-defined conductive paths provided
by the complete reticulated structure, the composite showed
stable-wide EABs (8.32-8.48 GHz) in the temperature range of
298-573 K [205].

To further optimize the mechanical strength, bearing capacity,
and process ability of carbon foams, the combination of carbon
foams and polymer foams is a promising strategy to prepare
multifunctional MAMs for practical applications. The complex
relative permittivity of polymer foams can be easily tuned by
filling them with different types or different contents of carbon
materials [206]. Guo et al. fabricated CNT-filled polysiloxane
foams and demonstrated that the complex relative permittivity
and volume resistivity of the CNT/polysiloxane foams can be
easily adjusted by filling them with different types and/or amounts
of CNTs or applying different compression ratios [196]. The
3.5-mm-thick single-walled carbon nanotube
(SWNT)/polysiloxane foam with 1.8 wt% SWNTs and a
compression ratio of 30% could achieve an EAB of > 9.5 GHz in a
wide frequency range. Wu et al. prepared polypropylene
(PP)/carbon black (CB) foams using subcritical CO, as a blowing
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Figure9 The SEM images of (a) GF and (b) GF under 90% compressive strain, (c) RL curves for the GFs under different compressive strains. Reproduced with
permission from Ref. [202], © WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 2015. (d) Schematic diagram of microwave attenuation mechanism, (e) coupled
circuits of 3D CGFs, and (f) RL values of C@GFs and CGFs. Reproduced with permission from Ref. [36], © Elsevier Ltd. 2017. (g) SEM image and (h) RL curves of
PPCB composite foams. Reproduced with permission from Ref. [207], © Elsevier Ltd. 2020.
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agent via a bath-foaming process [207]. They demonstrated that a
certain amount of CB is required to construct effective networks
for achieving a good dielectric loss, but an excessive amount of
fillers deteriorates the impedance matching. The optimized 6-cm-
thick foam containing 25 wt.% CB exhibited an EAB of 14.1 GHz
over the 2.3-3.1 and 4.7-18 GHz ranges (Figs. 9(g) and 9(h)).

Besides carbon and polymers, several other materials, such as
SiC, metals, and metal oxides, can be used as the substrates of
foam-based MAMs. In addition to their light weight and broad-
bandwidth response, these foams may show good fire resistance
and high-temperature resistance, which is useful in extreme
working conditions [208-211]. Li et al. prepared ceramic foams
with a gradient SiC distribution and a high closed porosity by
sintering a powder blend containing quartz, talc, CaCOs, Si;N,,
and SiC [209]. The gradient SiC distribution and high porosity
improved considerably the impedance matching and energy
attenuation capability of the materials. The mean reflectivity of the
optimized sample was lower than —11.9 dB in the range from 8.0
to 18.0 GHz and remained almost unchanged after heating at
1000 °C for 20 h in air atmosphere. Qin et al. synthesized
NiFe,0,/NiO/Ni foam using the leaven dough route [211]. The
foam structure resulted in a good impedance matching and
provided abundant pathways for the propagation of the incident
microwaves. The interfacial polarization and defect-induced
polarization provided by the NiO/NiFe,O, structure endow the
material with considerable microwave loss. As a result, the sample
could achieve an EAB of 14.24 GHz at 0.6 mm.

2.3.2 Multilayer-structured microwave absorbers with broad-
bandwidth response

Multilayer absorbers have strong design ability and low surface
density, which can effectively improve the MA properties under
the same thickness restrictions with single-layer absorbers [212,
213]. The design of multilayer MAMs can be divided into two
types: the impedance gradient design and the impedance
alternation design. Multilayer absorbing structures with a
gradually changing impedance can improve the impedance
matching characteristics between the material surface and air as
well as between different layers, which are beneficial for the entry
and absorption of incoming electromagnetic waves [214]. The
impedance alternation structure refers to adding a lossless low
dielectric constant layer between the loss layers with high dielectric
constant and high permeability, and the multiple reflections and
absorption between the layers help to widen the EAB. Liu et al.
constructed a double-layer absorber composed of a Cl-filled
absorbing layer and a CoFe,O filled matching layer. They
demonstrated that the MA performance of these double-layer
absorbers is significantly better than that of single-layer absorbers.
With a 24-mm-thick matching layer and a 0.5-mm-thick
absorbing layer, the EAB of the double-layer absorber could
achieve 9.4 GHz (8.6-18 GHz) [186]. Liu et al. designed a dual-
layer absorber with an infiltrating activated carbon-paraffin
matching layer and a Fe/C—paraffin absorbing layer. With a 3-mm-
thick matching layer and a 1.5-mm-thick absorbing layer, the EAB
of the dual-layer absorber could reach around 10 GHz [215]. Bai
and collaborators reported on dual-layer absorbers composed of
epoxy foam with different GO-CNT contents. The impedance
layer consisted of an epoxy foam with 0.5 wt.% GO-CNTs, while
the absorbing layer comprised an epoxy foam with 3.0 wt.% GO-
CNTs. Compared with single-layer absorbers, the EAB of this dual-
layer absorber was significantly improved to 11.5 GHz
(6.5-18 GHz) using a 2.6-mm-thick impedance layer and a 1.3-
mm-thick absorbing layer [216].

Using multiple impedance layers or absorption layers is
expected to further broaden the response bandwidth and the input
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impedance of each layer can be easily adjusted by controlling the
type and proportion of absorbent in each layer. Yang et al
proposed a type of sandwich absorber with strontium ferrite
(SrFe,0,9) microfibers as the outer layer, a-Fe microfibers as the
interlayer, and NiZn ferrite (Ni;sZn,;Fe,O,) microfibers as the
inner layer. The small and similar values of the ¢, and g, of the
ferrite hollow microfibers enabled microwaves to enter the
adjacent layer, and the presence of the a-Fe interlayer resulted in a
strong absorption accompanied by significant reflection. The
optimal sandwich absorber composed of a 1.6-mm-thick outer
layer, a 0.2-mm-thick interlayer, and a 0.2-mm-thick inner layer
could achieve an EAB of 9.1 GHz (89-18 GHz) [217].
Furthermore, the gradient lamination of materials with matching
frequencies at different frequencies is conducive to achieving
broadband strong absorption of the total absorber under thin layer
conditions. Choi et al. reported a triple-layered absorber
containing a thin resistive layer (MWCNT-filled cotton
fabric/epoxy resin) sandwiched between two different dielectric
absorbing layers (MWCNT-filled E-glass fiber/epoxy resin layers
with different MWCNT concentrations) [218]. The different
dielectric properties of each absorption layer could lead to double
resonance absorption peaks. Additionally, the EAB of the total
absorber could be significantly improved by controlling the sheet
resistance of the resistive layer and the permittivity of the
absorbing layers. Thus, the EAB of the optimized triple-layered
absorber could reach 9.0 GHz (4.7-13.7 GHz). Wang et al.
prepared a CI composite/amorphous alloy slice/CI composite
sandwich structure. The thin amorphous alloy slice inserted
between the two CI layers led to double absorption peaks, which
could dramatically broaden the EAB to 11.7 GHz (Figs. 10(a) and
10(b)) [219]. Ling et al. prepared a multilayer absorber containing
a CI/polyurethane (PU) matching layer (layer 1), a MWCNT/PU
filtering layer (layer 2), and a Ce,Fe;N; ¢/PU absorbing layer
(layer 3). The microwave selective filtering effect resulted in the
appearance of double absorption peaks. With a total thickness of
2.3 mm, the EAB of the optimized multilayer absorber reached
12.6 GHz (5.4-18 GHz) (Figs. 10(c) and 10(d)) [187]. In addition
to the chemical composition and thickness of each layer, in some
cases, the overlap angle between the layers may also affect the MA
properties of the multilayer absorbing structures [220], which may
provide new opportunities to further optimize the performance of
multilayer microwave absorbers.

2.3.3 Metamaterial-based microwave absorbers with broad-
bandwidth response

Electromagnetic metamaterials are artificial structures composed
of periodically arranged resonant units with supernormal physical
properties that natural materials do not possess [213,221]. It has
been proved that metamaterials can achieve zero-reflection at a
specific frequency, and they can break through the limitation of
the influence of wavelength on absorption capacity in a certain
frequency range under a given thickness, and are expected to
expand the bandwidth to L band and S band, so as to achieve
wider absorption response [31]. Microwave absorbers based on
metamaterials can be mainly divided into three categories, namely
monolayer metamaterial absorbers, multilayer metamaterial
absorbers, and traditional/metamaterial composite absorbers. The
frequency-selective surface (FSS) consisting of 2D periodic
structures with a planar metallic array can also be attributed to
monolayer metamaterial absorbers [222,223]. The emergence of
metamaterials affords new theories and strategies for the design
and development of novel microwave absorbers. Changing the
material composition, shape, cell size, array period, and other
structural parameters of the metamaterials can effectively control
the transmission and reflection characteristics of incident
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Figure 10 (a) The structure of sandwich absorber and (b) RL curves of single layer CI composite and sandwich absorber. Reproduced with permission from Ref.
[219], © Elsevier Ltd. 2016. (c) SEM image of the cross section of multilayer absorbing structure and (d) RL curves of the absorbers with different L;, L,, and L,

thicknesses. Reproduced with permission from Ref. [187], © Elsevier Ltd. 2019.

microwaves [224].

The rational design of metamaterial absorbers can achieve
“perfect” absorption at certain resonant frequencies and provide
an opportunity to broaden the EAB of the currently available
MAMs [225]. The resonant units combining thin absorption
layers can effectively suppress the average reflectivity and result in
a strong absorption at different frequencies, which should
ultimately help in achieving broadband absorption. Hannan et al.
proposed a low-profile and application-targeted microwave
metamaterial absorber with polarization and angle insensitivity by
engineering the filling factor of the resonator of a hybrid FSS. The
absorber can be applied in multiple scenarios by adjusting the
resonance frequencies [226]. Zhang et al. demonstrated that
metamaterial absorbers containing windmill-shaped elements
display three absorption bands [227]. The optimal absorptivity
was greater than 90% in the range of 8.3-17.4 GHz. Pang et al.
designed a metamaterial absorber using water as the dielectric
substrate [228]. The MA characteristics of this metamaterial
absorber varied with the change in the environment temperature.
The metamaterial absorber with optimized geometry parameters
achieved an absorption efficiency exceeding 90% in the range
from 4 to 20 GHz. Qu et al. designed a metamaterial absorber
with hierarchical structures by introducing metallic ring structural
dipole resonances and realized an averaged reflection loss of —19.4
dB in the range of 3-40 GHz [40].

Compared with monolayer metamaterial absorbers, multilayer
metamaterial absorbers have more potential in broadening the
EAB of microwave absorbers [229-232]. By combining the
transfer-matrix method and the adaptive genetic algorithm, Li
et al. designed a series of microwave absorbers containing a
resistive FSS [233]. By inserting a layer of resistive ESS, the
5.0-mm-thick microwave absorber could achieve an EAB of
11.8 GHz. When the thickness of the absorption layer was
increased to 10 mm, the EAB could be further extended to
12.9 GHz. Based on an improved genetic algorithm, Zhang et al.
proposed a precise and comprehensive optimization method to
design broadband absorbing structures [234]. They also fabricated

several absorbing sandwich structures containing fiber-reinforced
epoxy face sheets, polyvinyl chloride (PVC) foam, and double FSS
films with square patterns of various periods. The FSS films
separated by the PVC foam were considered as the main
microwave absorbing components, and the EAB was proportional
to the pattern period. The EAB of the optimized absorber was
15 GHz (2-17 GHz). Shen et al. proposed a plasmonic absorbing
structure containing meandered/straight wire arrays. The
excitation of these meandered wire arrays made the adjacent
resonances close to each other, so the previously isolated
absorption bands could be merged into a whole band. Simulations
and experimental measurements demonstrated that this hybrid
plasmonic absorbing structure could achieve an EAB of 26.6 GHz
(5.0-31.6 GHz) [235].

The combination of microscopic and mesoscopic scale effects
can cause multiscale effects; the metamaterial design of a multi-
layer topological gradient structure can introduce more abundant
electromagnetic response [236]; the development of a multiscale
structural absorber combined with traditional MAMs and
metastructures may aid in the achievement of an efficient
broadband MA [237,238]. Lossy materials (such as CI, a-Fe,
RGO, and CNTs) are responsible for the dissipation of the
incident microwave energy through magnetic and/or dielectric
losses, while the metastructure helps to broaden the working
bandwidth by optimizing the impedance matching and
manipulating the electromagnetic field [239,240]. By
manipulating the content of lossy materials or changing the
geometry parameters of the macrostructures, the electromagnetic
parameters of the composites can be effectively controlled to
achieve superior impedance matching and wide-band absorption
[241]. For instance, Zhou et al. reported a double-layer periodic
microwave absorber, which was engraved by an a-Fe-reinforced
epoxy resin using a numerically controlled lathe [237]. Compared
with the flat structure, the impedance matching of the double-
layer periodic absorber was optimized in a wide frequency range.
Due to the synergy of the good impedance matching and the
strong edge diffraction effects, the optimized absorber showed an
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ultrabroadband absorption in the range from 2.64 to 40.0 GHz
(Figs. 11(a) and 11(b)). Huang et al. prepared a series of
CI/MWCNT/epoxy resin composites with different components
[240]. The permittivity and permeability could be controlled by
adjusting the contents of the MWCNTs and CI as well as the
macrostructure; the composites with the best geometrical
parameters achieved an EAB of 30 GHz. The broad-bandwidth
response is attributed to the synergism of the energy dissipation
due to the nano/micro design of the lossy composites, the
impedance matching, and the field concentration due to the
macro  geometrical design. Compared with traditional
manufacturing methods, the 3D printing technology has clear
advantages in the manufacturing of complex MA structures
[242-244]. Duan et al. fabricated a complex gradient composite
microwave absorbing metastructure using the 3D printing
technology; the microstructure was composed of flaky CI particles
and a polyether ether ketone composite [242]. The as-prepared
metastructure showed a wide EAB from 5.1 to 40 GHz but also
possessed good compression strength and mechanical stability.
Wang et al. used 3D printer to print a male resin mold with the
designed periodical structure, and used the mixture of hollow
carbon/MXene/Mo,C (HCMM) powder and silica gel as the filler
of the female mold. Such 3D metamaterial models based on the
HCMM with EAB in 3.7-40.0 GHz were fabricated via a multi-
scale design method [245].

The combination of metal-pattern metamaterials and
traditional MAMs is another effective way to expand the EAB of
microwave absorbers. Planar metal-pattern metamaterials on the
top layer of microwave absorbers can reduce the overall reflectivity
and improve the impedance matching, which helps to achieve
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broadband absorption [239]. Inserting planar metastructures into
traditional microwave absorbers can induce the occurrence of
electric and magnetic resonances, which can optimize the
absorption characteristics of MAMs [246]. Li et al. constructed a
four-layer microwave absorber. From the first to the fourth layer,
this absorber was composed of an FR4 dielectric material, SiC/C
foam, a combination of a periodic-array metal pattern and an FR4
dielectric material, and SiC/C foam, respectively [210]. The FR4
layer was wused for mechanical support and microwave
transmission; furthermore, it served as the impedance matching
layer. The metal pattern contributed to frequency-resonance. The
SiC/C foam rendered the structure lightweight and provided MA
capabilities. Through the adjustment of the geometric parameters
of the patterns (such as the side length, array period, line width,
and split width), a high-efficiency absorption at certain frequencies
could be realized. The optimized multilayer microwave absorber
modeled through simulations and investigated via experiments
could achieve a wide EAB of 14 GHz (4-18 GHz). In addition to
the planar metal pattern, traditional absorbers can also be
combined with metamaterials with a non-planar metal pattern. In
this hybrid absorbing structure, the top non-planar metamaterial
layer absorbs strongly low-frequency microwaves and allows high-
frequency microwaves to pass through without reflection. The
bottom layer of traditional absorbing materials absorbs strongly
high-frequency microwaves. Li et al. designed a double-layer
absorber with a non-planar metamaterial and flaky CI particles to
increase the absorption [247]. The hybrid absorber could achieve
90% absorptivity over the whole range of 2-18 GHz. Shen et al.
proposed a hybrid metamaterial absorber consisting of a
plasmonic  structure resistive ~ FSS, a
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Figure 11 (a) Schematic diagram of the periodic stepped radar absorbing structure (PSRAS) and (b) RL curves of the composites. Reproduced with permission from
Ref. [237], © Elsevier Ltd. 2017. (c) Schematic diagram of plasmonic metamaterial absorbers, (d) Fabricated sample, and (e) the absorption spectra of the hybrid
metamaterial absorbers. Reproduced with permission from Ref. [248], © Shen, Y. et al. 2018.
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polymethacrylimide foam spacer, and a metal backplane [248].
The plasmonic structure covering, which was based on a straight
wire array, could enhance the k-vector matching absorption in a
wider frequency band. These hybrid metamaterial absorbers could
achieve an EAB of 30.9 GHz (4.1-35.0 GHz) under normal
incidence (Figs. 11(c) and 11(d)).

Some typical cases of MAMs with broad-bandwidth response
designed by macrostructure control strategy are summarized in
Tables 4 and 5.

3 Conclusions and outlook

With the rapid development of modern electronics and the
widespread use of microwave radiation in everyday life, high-
performance MAMs with a broad-bandwidth response have
received increased attention. Generally, the performance of
MAMs is highly dependent on the impedance matching and
attenuation constant, and the latter is affected by processes such as
dielectric loss, magnetic loss, and conduction loss. On top of the
intrinsic characteristics of the materials used for absorbing
structures, impedance matching can be controlled by constructing
hybrid structures, porous structures, multilayer structures, and
metamaterials. The attenuation constant can also be tailored by
carefully selecting the chemical components, morphology, and
microstructure/macrostructure of the materials used. Through
careful design, it is expected that high-performance MAMs with a
broad bandwidth and strong absorption, that are lightweight and
require only a small thickness, can be constructed. This review
outlines the recent progress in the design and construction of high-
performance MAMs with a broad-bandwidth response. The main
strategies for expanding EAB of MAMs are comprehensively
summarized from three aspects: chemical combination strategy,
morphological control strategy, and macrostructure control
strategy. Several important design principles have been
highlighted: (1) The material systems with multiple chemical
components, especially those combining dielectric loss materials
and magnetic loss materials, can not only optimize the
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characteristic impedance matching in a broad frequency range but
also effectively avoid the aggregation of magnetic particles and
lead to a synergy between the magnetic loss and dielectric loss of
the system; such combinations of materials can be used to
improve the absorption capacity and broaden the response
bandwidth of the system. (2) The interconnection of 1D or 2D
units gives materials more heterogeneous interfaces, which can
effectively improve the dielectric polarization and dissipation
capacity of the system. 1D or 2D magnetic materials can lead to a
high anisotropy and a strong magnetic coupling interaction, which
decrease the original permeation threshold, increase the cut-off
frequency, and enhance the magnetic loss capacity of the system.
To make full use of the advantages of 1D and/or 2D materials,
constructing 3D interconnected networks composed of 1D or 2D
materials is helpful to transfer heat and electrons, improve the
attenuation behavior of the system, and broaden the EAB of the
resultant materials. (3) The careful design and construction of
special structures including void regions or the inclusion of air,
such as yolk-shell structures, hollow structures, and foam
structures, can be used to effectively balance the electromagnetic
parameters and optimize the impedance matching of the materials
in order to broaden the EAB of the composites. The existence of
void regions will increase the proportion of heterogeneous
interfaces and lead to strong dipolar/interfacial polarizations,
which can further improve the MA properties of the material. (4)
The rational design and construction of multilayer structures can
be used to improve the impedance matching as well as provide
multiple resonance peaks at different frequencies; this can
significantly broaden the EAB of the microwave absorbers. (5)
Metamaterials provide new possibilities to design microwave
absorbers with a broad-bandwidth response. Controlling the
properties of metamaterials can effectively control the
transmission and reflection characteristics of incident microwaves.
The rational design of metamaterial absorbers can lead to a good
impedance matching over a wider frequency band, and combining
the resonant units with lossy materials can effectively decrease the
average reflectivity and produce strong absorption at several

Table4 Typical cases of MAMs with broad-bandwidth response designed by macrostructure control strategy

Macrostructure control strategy Foam-structure MAMs EAB Thickness (mm) References
MWCNT/graphene 16 GHz 10 mm [36]
Fish skin-derived 3D carbon 8.6 GHz 3.0 mm [191]
SWNT/polysiloxane >9.5 GHz 3.5mm [196]
Graphene ~ 13 GHz 10 mm [202]
3D graphene 0.1-1.2 THz 1 mm [203]
str};(lrtzlrl:iﬁl)\zzl-\/ls Fe;O,/graphene 3.4 GHz-2.5 THz 10 mm [204]
CNT/graphene/PI 8.5 GHz 3.3 mm [206]
Polypropylene/carbon black 14.1 GHz 60 mm [207]
Ceramic 10 GHz 11 mm [209]
NiO/NiFe,0,/Ni 14.24 GHz 0.6 mm [211]
CI/CF 8.48 GHz 1.0 mm [205]
(CoFe,0,)/(carbonyl iron) 9.4 GHz 2.4 mm/0.5 mm [186]
(CI)/(MWCNTSs)/(Ce,Fe ;N;_s) 12.6 GHz 1.3 mm/0.4 mm/0.6 mm [187]
(Activated carbon)/(Fe/C) ~10 GHz 3 mm/1.5 mm [215]
Multilayer-structured (GO-CNTs)/(epoxy foam) 11.5 GHz 2.6 mm/1.3 mm [216]
microwave absorbers (StFe;,015)/(Niy sZn sFe,0,)/(a-Fe) 9.1 GHz 1.6 mm/0.2 mm/0.2mm  [217]
(0.15 wt.% MWNT-filled E-glass fiber)/
(6.6 wt.% MWNT-filled cotton fabric)/ 9 GHz 3 mm/0.5 mm/2.5 mm [218]
(0.5 wt.% MWNT-filled E-glass fiber)
(CI composite)/(thin amorphous alloy slice)/(CI composite) 11.7 GHz 0.5 mm/20 pm/1.6 mm [219]
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Table5 Typical cases of metamaterial-based microwave absorbers with broad-bandwidth response

Unit cell Substrate Effective absorption range Thickness References
Square FCl/epoxy resin 4-40 GHz 3.7 mm [222]
Windmill-shaped elements Indium tin oxide + polymethyl methacrylate + 8.3-17.4 GHz 3.85 mm [227]
polyethylene glycol terephthalate
Square copper patch array Water + low-permittivity material 6.2-19 GHz 3.5mm [228]
Square Flake ferrous microwave absorbent + 3.19-18 GHz 5.0 mm [229]
‘ o polyurethane foam
Square loop + interdigitated Foam spacer - 6-22 GHz 5 mm (232]
Jerusalem cross element
Square Glass-fiber + polyvinyl chloride foam + 2-17 GHz 174 mm (234]
carbon-fiber
Meandered-wire-shaped Dielectric substrate 5.0-31.6 GHz 10.0 mm [235]
Two-layer PSRAS a Fe reinforced epoxy resin 2.64-40.0 GHz 5.5 mm [237]
Square-shaped PMI foam + graphene films 1-18 and 26.5-40 GHz 26.0 mm [238]
Cube RGO/PP 2-40 and 75-110 GHz 15 mm [239]
. 2-2.36, 6.54-19.36, 19.89-

Protuberant blocks MWCNT/Cl/epoxy resin 21,57, and 25.1-40 GHz 45 mm [240]
Central grafilent cut?es and four FCI/polyether-ether-ketone 5.1-40 GHz 10.0 mm [242]

surrounding gradient cubes
Cross-helix array Si-O-C ceramic 8.65-18.00 GHz 8.0 mm [244]
Split ring resonators FR-4 substrate 4.5-18 GHz 30 mm [247]
Straight wire array FR-4 substrate 4.1-35.0 GHz 8.0 mm [248]
Multilayer gradient superstructure S3PC 5.3-18 GHz 5.0 mm [236]
Multi-scale square Hollow carbon/MXene/Mo,C 3.7-40.0 GHz 5.0 mm [245]

resonant points. The use of a combination of metamaterials and
traditional MAMs may provide another approach to broaden the
EAB of the absorber materials.

Although considerable progress has been achieved in the design
and construction of MAMs with a broad-bandwidth response, a
number of challenges still remain in the characterization as well as
in the understanding of the absorption mechanism and dynamics
of MAMs: (1) In general, the electromagnetic properties and MA
properties of lab-scale samples are measured via the transmission
line method using a vector network analyzer (VNA). The
measured permittivity and permeability can be affected by many
factors such as the thickness of the tested sample consisting of
paraffin and absorbent, and the content and orientation of
absorbent [249,250]. Thus, the obtained results only reflect the
characteristics of the whole coaxial ring “device” (although we
note that paraffin is transparent to microwave radiation) instead of
the intrinsic properties of MAMs. The relationship between the
actual permittivity and the absorbent content in the composite can
be described by the percolation theory: & o< |f. . — fia| > Where
fea is the percolation threshold, f,, is the absorbent content, and ¢
is the dielectric critical exponent [251,252]. The percolation
threshold represents the critical filling content of absorbent when
the composite is transformed from insulator to conductor. That is,
there exists the best absorbent content in the paraffin/absorbent
composite to ensure an adequate conductivity and good
impedance matching, so as to achieve the best MA performance.
In some cases, the increase of absorbent content can greatly reduce
the matching thickness and adjust the strong absorption frequency
range. In addition, as the thickness of the absorbing material
increases, the RL peaks will move to low frequencies, and the MA
performances in the high frequency range will deteriorate
accordingly [32,33]. For these reasons, the calculated MA
properties of similar materials reported by different research
groups can be seen to vary considerably, which makes it difficult
to establish the relationship between the composition, structure,
and performance of MAMs. Thus, more reliable measurement
and theoretical investigation require further exploration. (2) The

loss mechanisms of MA primarily include dielectric loss, magnetic
loss, and conduction loss. Defect engineering, heterointerface
engineering, and polarization strategies have been proposed to
enhance the performance of MAMs [253-255]. The development
of off-axis electron holography and Lorentz transmission electron
microscopy (TEM) has provided insights into the intrinsic
micromagnetic properties of magnetic metal-based composites;
such measurements help to reveal the magnetic loss mechanism
within MAMs [256]. Some scholars have effectively combined
microscopic origin with macroscopic rules to explain and predict
microwave absorption behavior [257]. However, the absorption
mechanisms and dynamics of MAMs are still far from being
completely understood. Furthermore, it is difficult to quantify the
influence of the crystal structure, particle size, morphology, defect,
grain boundaries, interface, porosity, magnetic domains, and
random crystal orientation on the MA properties of a material.
This lack of quantification has significantly impeded the design
and development of high-efficiency MAMs with a broad-
bandwidth response. In order to accurately predict and control the
MA performance of a material, it is necessary to develop more
advanced technologies for the in situ measurement of the
electronic and magnetic domain structure of MAMs; such
measurements may reveal the dynamic response that dictates the
response to microwave radiation of a material. Artificial
intelligence, big data, and machine learning may play an
important role in addressing this shortcoming. (3) Numerical
simulations have been widely used in the design and analysis of
bulk MAMs. However, for the nanostructured materials, such
methods are not readily applicable. The wavelength of microwave
radiation is in the range of 1-1000 mm, whereas the structure unit
of a nanostructured material is primarily on the nanometer scale.
Thus, there is a difference of several orders of magnitude in the
eigenvalues of the system, and thus, it is difficult to obtain
numerical solutions using traditional simulation techniques [72].
The development of applicable numerical models and feasible
simulation strategies is expected to elucidate the actual absorption
mechanism and dynamics of the processes that occur in
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nanostructured MAMs. Furthermore, the absorption mechanism
and dynamic response of MAMs are extremely complex, and a
variety of absorption mechanisms and dynamic processes may
simultaneously coexist in a given microwave absorber. The
quantification of the influence of various factors on the
performance of microwave absorbers via simulation and the
design of new MAMs based on this understanding are expected to
be of great importance in this field.

In order to satisfy the requirements of MAMs for use in
practical applications, further research into the following areas is
necessary. (1) Improvement of magnetic permeability in GHz
ranges. For MAMs, the impedance matching is an important
prerequisite for achieving excellent MA performance. At present,
the real part and imaginary part of the complex permittivity of
dielectric loss materials can reach a wide range, but the complex
permeability of magnetic materials is limited in small ranges,
making it difficult to achieve impedance matching. In addition,
the imaginary part of complex permeability often decreases with
the increase of frequency due to the Snoek’s limit. Therefore,
improving the permeability in GHz range is very important to
enhance the MA performance. So far, some measures have been
found to improve the permeability, such as compounding, nano-
materialization, and modifying shape anisotropy. However, the
structure of the material is associated with many parameters (such
as M,, K;, and internal strain (£)) that can affect the permeability.
A certain operation will cause multiple parameters to change at
the same time, which brings difficulties to studies. There is still a
lack of corresponding theories to guide the improvement of
permeability. (2) Magnetic metamaterials. Electromagnetic waves
in the low-GHz frequency range, such as the L band, S band, and
C band, are more difficult to be attenuated by absorbers due to
their long wavelengths [258-260]. Recent years, researchers have
made many beneficial attempts to develop MAMs with low-GHz
absorption, such as FeCoNiMn,sAly, high entropy alloys [261],
FeCoNi carbon fiber [140], and Fe;O,@polypyrrole [262].
Unfortunately, traditional MAMs based on magnetic or dielectric
materials usually have problems such as thick thickness, high
density, and narrow EAB in low-GHz due to the limitation of
their inherent properties. Although metamaterials have been
found to show better MA performances in low-GHz, their pure
dielectric properties usually result in excessive thickness.
Constructing magnetic metamaterials with both magnetic coatings
and high dielectric substrates to improve the effective permeability
of the absorber is conducive to improving the impedance
matching at low-GHz, which can further reduce the effective
absorption thickness and enlarge the EAB [263]. (3) Utilization of
data-driven methods. At present, the small-scale synthesis of
MAMs in the laboratory is difficult to meet the requirements of
industrial production. A systematic analysis method that can
guide the large-scale fabrication of MAMs and predict the MA
properties of materials is still missing. The data-driven method
combines numerical methods and machine learning, enabling
scientists to obtain the optimal formula of MAMs through
analysis automation, mathematical modeling, and material
simulation [264]. This method can not only reduce the
development cost and production time of known MAMs, but also
promote the exploration of new MAMs [265, 266]. Therefore, it is
a valuable research direction of using data-driven method to guide
the manufacture and production of MAMs. (4) Flexible
microwave absorbers. Flexible microwave absorbers can be used
to directly cover the complex shape of the target, and such
materials can be designed into wearable multifunctional stealth
combat and protective clothing; such developments are of great
significance in both military and civilian fields [253-269]. For
example, Cao’s group [24], Ji’s group [263,269], and others have
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made progress in this field. However, the development of flexible
microwave absorbers with a broad-bandwidth response is still in
its infancy; considerable work is still required in the material
design and preparation methods related to flexible microwave
absorbers. (5) Intelligent microwave absorbers. With the rapid
development of dynamic and multisource electromagnetic
equipment operating at a range of frequencies, intelligent
microwave absorbers with frequency tuning, adjustable structure,
and excellent performance are of particular importance [270]. The
design and realization of absorbing materials with a dynamic
adaptive structure and with structures that respond to a given
stimulus will help the development of novel technologies and
present new opportunities for the construction of microwave
absorbers with a broad-bandwidth response. (6) Multifunctional
MAMs. With the increasing complexity of electromagnetic
environment, robust MAMs should be developed to meet the
needs of military applications and harsh environmental
conditions. However, different functions may have conflicting
requirements for the application of MAMs, such as EMI
shielding-MA and infrared (IR) stealth-MA, which adds difficulty
to the development of multifunctional MAMs. For structural
absorbing materials, the mechanical properties and bearing
capacity of the material must also be considered. In order to
ensure that these materials can be used when they are subject to
high temperature, high humidity, and salt spray, it is imperative to
develop multifunctional MAMs with a broad-bandwidth response.

4 Appendix: basic concepts of MAMs

41 The Sparameter

Scattering parameters (S parameters) are used to describe the
frequency domain characteristics of the transmission channel;
their values are typically a complex number [271]. When tested
using the coaxial method, the VNA has two ports. The values S,
(port 2 to port 1) and S, (port 1 to port 2) represent the
transmission characteristics between the two ports. The S
parameters, given in dB, can be converted to magnitude using Eq.
(1); the frequency (f)-dependent absorption rate can be calculated
using Eq. (2) [272]

20log,|S| = S(dB) (1)

AN =1-R()—T() =1—|Su|" = |Su|’ )

where S;; (dB) is the reflection coefficient, S,, (dB) is the
transmission coefficient, and A, R, and T represent the absorption
rate, reflection rate, and transmission rate, respectively [273].

4.2 Electromagnetic parameters

4.2.1 Relative complex permittivity

The permittivity represents the polarizing capacity of a dielectric
material in an applied electric field. The relative complex
permittivity (¢) can be expressed as: ¢ = ¢ — je, where ¢
represents the capacity of electric energy storage from the external
electric field, and ¢" represents the loss capability of the electric
field energy. ¢' and &” can be expressed as a function of the
response of the dielectric constants at low frequencies (¢,) and high
frequencies (e.), the relaxation time constant (), and the
frequency (f), as given in Egs. (3) and (4) [274]
& — ¢

/:w S 3
e £+1+f212 (3)
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4.2.2 Relative complex permeability

The permeability indicates the ability of a material to obtain
internal magnetization under an applied magnetic field. The
relative permeability (y,) is given by the absolute permeability (4)
divided by the vacuum permeability (u4); the relative permeability
can be expressed as: y, = y' — ju", where ' and y" are defined in
Eqgs. (5) and (6), respectively. ' represents the capacity of the
material for magnetic energy storage, and p” represents the loss
capability of the material for magnetic energy based on the
existing relaxation mechanisms.

Bm

/

U= cosf (5)

0" m

"

B
= —" sinf (6)
” Au 0" m
where B, and H,, are the amplitudes of the induced and applied

magnetic fields, respectively, and 0 is the phase angle which B lags
behind H.

43 Loss mechanisms in MAMs

4.3.1 Dielectric loss

Dielectric loss refers to the process in which a dielectric converts
electrical energy into thermal energy and other energy under the
action of an external electric field. Dielectric loss is generally
divided into relaxation polarization loss, conductivity loss, and
resonance loss [275]:

(1) The relaxation polarization loss is due to the time required
to establish dipole polarization or space-charge polarization.
When the frequency of the external electric field is increased, the
changes in dipole polarization cannot occur at the same rate as the
change in the electric field; this results in polarization relaxation.
The polarization of the medium thus lags behind the electric field,
which consumes a proportion of the energy and induces the
dielectric loss.

(2) The conduction loss is due to the directional drift of
conductive carriers under the action of electric field, which forms
a conduction current in the medium, and this part of the
conduction current is consumed in the form of heat. The
magnitude of the conduction current is determined by the nature
of the dielectric itself.

(3) Resonance loss originates from the resonance effect of
atoms, ions, and electrons when they vibrate or rotate. The phase
velocity of the propagation of an electromagnetic wave in a
medium and the refractive index of that medium depend on the
frequency of the electromagnetic wave, and the refractive index
induces a dispersion phenomenon with the change in frequency;
this results in energy loss and absorption. The dispersion of the
resonant polarization of electrons or atoms (ions) in the optical
frequency range is considered to be a resonant dispersion, whereas
the dispersion of the relaxation polarization due to dipole steering
in the electrical frequency range is referred to as relaxation
dispersion.

4.3.2  Magnetic loss

The conversion of magnetic energy into heat due to magnetic
interactions between the magnetic components of a material and
incident electromagnetic waves is referred to as magnetic loss.
Generally, eddy current loss and resonance loss are the primary
sources of magnetic loss in the range of 2-18 GHz; this is because
the hysteresis loss is negligible under a weak electromagnetic field.

Nano Res. 2023, 16(8): 11054-11083

(1) Eddy current loss refers to the dissipation of magnetic
energy by the induced currents that are generated inside a
conductor within a changing magnetic field. If eddy current loss is
the only magnetic loss mechanism, the values of the eddy current
effect G, (Co=u"(¢') ") will be constant under frequency
variations.

(2) Resonance loss primarily includes natural resonance and
exchange resonance. Natural resonance occurs when the
characteristic frequency of the target material matches the cut-off
frequency of the incident electromagnetic wave. Restricted by
SnoeK’s limit, the natural resonance frequency and the initial
permeability cannot be increased simultaneously (see Eqgs. (7) and
(8)). According to Egs. (9) and (10), the natural resonance
frequency can be effectively increased by enhancing the anisotropy
field [276]. The exchange resonance induces energy loss via the
oscillatory motion of the electron spins; this effect often occurs at
higher frequencies than those at which natural resonance occurs
[277,278].

2y M

(‘ui _l)frl = 37T : (7)
_ YH,

=70 (8)

H, = 4|K1/3u,M. )

K=u,MH./2 (10)

where w4, y, f', M, and H, are the initial permeability, spin-
magnetic ratio, cut-off frequency, saturation magnetization, and
anisotropy field, respectively. K represents the crystal anisotropy
constant, and H, represents the coercivity of the material.

4.3.3 Impedance matching characteristics

There are three processes that occur after an electromagnetic wave
is incident on the surface of a material: reflection, absorption, and
transmission. To realize effective attenuation, it is necessary for
electromagnetic waves to enter the material to as large an extent as
possible. The impedance matching coefficient (Z) is usually used
to characterize the extent to which an electromagnetic wave enters
the absorber; this quantity is expressed in Eq. (11)

Z, 2nfd
7= '":1/&tanh(j—nf m) (11)
Z, & c

where Z, is the impedance of free space, Z, is the input
impedance of the absorber, ¢ is the velocity of light, and d is the
thickness of the absorber. According to the impedance matching
condition, the impedance is completely matched when Z is equal
to Z,, and in this condition, all electromagnetic waves can enter
the material. The smaller the proportion of electromagnetic waves
that are reflected from the surface of an absorbing material, the
more electromagnetic waves are able to enter the material. The
reflective properties of the material surface on microwave
radiation can be described using the reflection coefficient (I); a
smaller value of I means a stronger absorbing capacity [279].

% 1

r—v& (12)
B
&,

4.3.4 Attenuation constant

The attenuation constant represents the power attenuation of the
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electromagnetic wave in the transmission process; this parameter
indicates the extent to which a material attenuates microwave
radiation. The value of this parameter can be obtained using
Eq. (13)

\67‘[
o= — . f (‘LIHSH _‘ure/) + \/([4”8” _yle/)z_i_ (M’SHJ’_H”EI)Z
(13)

44 Testing methods for evaluating the MA performance

There are both direct and indirect methods to measure the MA
properties of materials. Direct measurement method refers to the
method of directly measuring the reflectance of a material or
calculating the reflectance from the measured data via approaches
such as the arch method and radar cross section measurements.
The indirect measurement method refers to measurements of the
impedance or electromagnetic parameters of the material; these
values are then used to calculate the reflectivity of the material;
indirect methods include the coaxial method and the waveguide
method. The coaxial method is more widely used in relevant
research articles due to its small sample demand and simple test,
and is taken as an example to introduce the indirect measurement
method.

4.4.1 Arch method

The arch method is primarily used to measure the reflectivity of
flat MAMs based on the plane wave reflection principle. The test
system is composed of a bow device, a signal source, a network
analyzer, background absorbing material, and other equipment.
The sample of appropriate size is placed at the center of the bow
frame to obtain approximate plane wave irradiation. The
electromagnetic waves emitted by the transmitting antenna are
reflected off the sample and accepted by the receiving antenna,
while the other electromagnetic waves are absorbed by the
background absorbing material. The two ports of the vector
network analyzer are connected to the transmitting and receiving
antennas respectively for reflectivity measurement. After
measuring the reflected power in the mirror direction obtained
from the tested sample and a good conductor with the same size,
the RL of the absorbing material can be obtained via the
expression RL (dB) = 10lg(P,/P,,), where P, is the reflected power
of the plate made of the absorbing material, and P, is the reflected
power of the metal plate that is a good conductor of the same size.
A large sample size or a short bow radius will cause the phase
distribution of the electromagnetic wave irradiated on the sample
to be different from the plane wave distribution. In order to
reduce the influence of edge diffraction, the edge length of the
square sample is generally required to be greater than three times
the electromagnetic wavelength. The edge length can be selected
according to the different test frequency range, for example, 50 cm
for 1-8 GHz, 30 cm for 2-18 GHz, and 18 cm for 6-40 GHz.

4.4.2 Coaxial method

The values of ¢, and y, of the absorbing material can be calculated
using the reflection and transmission coefficients of the tested
sample; this measurement can be undertaken using the coaxial
method based on the transmission line theory. The main device
used in this method is APC-7 mm circular coaxial line, which is a
guided system composed of two coaxial cylindrical conductors to
propagate TEM (transverse electromagnetic) wave. When TEM
wave propagates in the coaxial line, the direction of its
propagation is perpendicular to the section of the coaxial line,
which means the electromagnetic wave is vertically incident on the
surface of the sample. In addition, because the annular tube of the
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coaxial line is made of metal materials of high conductivity, the
reflectance of absorbing materials can be measured without
interference from external electromagnetic waves under laboratory
conditions. The test toroidal sample with an outer diameter of
7.0 mm, inner diameter of 3.0 mm, and thickness d is filled
between the inner and outer conductors of the circular coaxial line
with a material of impedance Z;. The electromagnetic wave will be
reflected and transmitted multiple times in the absorber, leading to
a phase shift and energy attenuation. The measured S parameters
can be converted into electromagnetic parameters by using data
processing software, and then the reflective loss of materials can be
calculated based on the transmission line theory, as described in
the following expression

Zin - ZO
Zin + ZO

RL (dB) = 20lg ’ (14)
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