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ABSTRACT: Electromagnetic waves are the foundation of modern communication and information
transmission which take advantage of strong penetration and fast propagation. To prevent electromagnetic
radiation pollution and improve application efficiency, the development of new types of electromagnetic
wave absorption and shielding materials that can convert electromagnetic wave energy into thermal energy
for absorption and shielding has become increasingly important. Although progress in different
electromagnetic wave-absorbing and shielding materials is exciting, there are few reviews of new materials,
especially two-dimensional materials. By analyzing the structure and loss mechanism of two-dimensional
materials, this review systematically summarizes the current research status and unique advantages of two-
dimensional materials in electromagnetic wave absorption and shielding. By extending traditional synthetic
two-dimensional materials to natural two-dimensional mineral materials, the potential applications of these
materials in future green development havee been explored. Based on different application scenarios, new
challenges and future directions for highly efficient electromagnetic wave absorption and shielding
materials are presented. The prospects for the development of two-dimensional materials are also clarified
from aspects of macroscopic and microscopic structural design and functional integration.
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1. Introduction

Electromagnetic waves (EMW) possess the advantage of efficient communication, which has greatly
promoted the progress of human society and provided a solid foundation for advanced technological fields
such as national defense, aviation, and medicine [1-4]. However, the potential harm to the human body and
the interference effects on electronic devices that EMW may cause have made people increasingly attach
importance to necessary protective measures and functional materials [5—8]. Among them, the process of
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absorbing and shielding EMW through specific materials is regarded as the most effective countermeasure
against the hazards of EMW at present [9—11].

The development of EMW absorption and shielding materials is closely related to the evolution of
electronic technology and military demands. The early EMW shielding materials were mainly made of
metallic materials, which achieved shielding of EMW through reflection. With the increasing demand for
radar detection, specific materials such as ferrites and carbon powders that can absorb EMW and convert
them into heat energy have become the focus of research [12—14]. With the advancement of technology for
multifunctional EMW protection, the integration of multifunctional EMW absorption and shielding
materials has become a big necessity [15—18]. In order to meet the high EMW protection standards required,
people have focused on exploring new structures or new synthetic methods for materials at present.

Two-dimensional (2D) materials are one of the widely used materials in EMW absorption and shielding
materials, which possess many advantages such as large specific surface area, excellent dielectric properties,
and vacancy defects [19-22]. Their specific characters make the 2D materials inherently possess good
EMW absorption properties. When 2D materials with unique multi-layer structures are combined with other
metals or magnetic materials, they can achieve very attractive EMW absorption and shielding effects. All
these make 2D EMW absorption and shielding materials a research hotspot in the fields of civilian and
military uses [23—25]. So far, although there have been many advancements in the research on 2D materials
in EMW AS, there are few comprehensive reviews that include both 2D synthetic materials and mineral
materials, especially 2D natural mineral materials. In this regard, we think it is urgent to conduct a
systematic review on the structural design, loss mechanism, and specific applications of 2D EMW
absorption and shielding materials, which may provide useful theoretical support and design basis for the
green development of EMW protection materials.

This review first provides a comprehensive explanation of the loss mechanisms of 2D materials in
EMW absorption and shielding, establishing the theoretical basis for the design of these materials. Second,
by analyzing the characteristics and advantages of different 2D materials, the key points of structural design
in principle are clarified. Third, to open up new routes for the effective utilization of economical fillers in
functional composite materials with sustainability, the functionalization design and the synthesis with 2D
natural minerals in EMW absorption and shielding are discussed in detail. Recent progresses on the
application of 2D EMW absorption and shielding materials is comprehensively summarized. Finally, new
challenges and future directions on the development of highly efficient 2D EMW absorption and shielding
materials are presented.

2. Mechanism of Electromagnetic Wave Loss in 2D EMW Absorption and Shielding Materials

When EMW enters the surface of a material, three phenomena usually occur: reflection, absorption,
and transmission. The key to achieving EMW absorption and shielding lies in absorbing and reflecting the
EMW to the greatest extent, converting them into thermal energy, minimizing the transmission of the EMW,
and thus protecting the internal objects [26].

The shielding effectiveness (SE) is usually used to measure the shielding performance of materials
against EMW, which is defined as the logarithmic function of the ratio of incident power density to
transmitted power density [27]. The formula is as follows:
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where P; and P: are the incident and transmitted power densities; E; and E: denote the incident and
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In addition to the aforementioned absorption loss and reflection loss, there are also multiple reflection
losses in the electromagnetic wave shielding mechanism. Hence, the SE can be expressed as the sum of the
reflection loss (SER), absorption loss (SE4), and multiple reflection loss (SEwm) (Figure 1). The expressions
are as follows [28,29]:

SE = SEx + SE, + SEj, @)
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where o represents the electrical conductivity, u represents the magnetic permeability. f, d, and o
respectively denote the frequency of the EMW, the thickness of the shielding material, and the skin (or
penetration) depth.

From Equation (3), the reflection loss of EMW is directly proportional to the conductivity of the
material and inversely proportional to its magnetism. Therefore, materials with weak magnetism and high
conductivity are crucial for enhancing reflection loss. For some non-magnetic metals, such as gold, silver,
and copper, they are the best materials for achieving high reflection loss. However, merely reflexive actions
can also cause secondary pollution of EMW, which does not meet the actual application requirements and
environmental protection standards. Therefore, the absorption function of EMW is an indispensable aspect
in material design. For absorption loss, the primary mechanisms are magnetic loss and dielectric loss, which
arise from interactions between the electromagnetic field and the electric or magnetic dipoles within the
material. As indicated by Equation (4), with a fixed material thickness and EMW frequency, the absorption
loss is proportional to both the electrical conductivity and the magnetism of the material. Consequently,
incorporating a higher content of conductive and magnetic components can effectively enhance absorption
performance. Multiple reflection loss generally refers to the loss that occurs when EMW is reflected and
absorbed multiple times at material interfaces, then converted into heat energy. This loss mechanism usually
requires a specific layered material structure to form a large number of adjacent layered interfaces. This is
also a unique advantage that 2D materials possess in the field of EMW absorption.

=——p Incident Wave = =esee » Absorption Wave
----- > Reflection Wave = Transmitted Wave
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Figure 1. The mechanism of EMW absorption and shielding in the material.

In practical applications, the ability to effectively absorb EMW while minimizing reflection and
transmission is crucial. Evaluating absorbing materials solely based on their SE does not accurately
represent their real-world performance. The performance of absorption of EMW primarily depends on
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impedance matching, which reduces reflection and enables strong electromagnetic attenuation through
absorption. According to Maxwell’s equations, the response of the absorber to EMW is closely related to
the complex permittivity (&,) and the complex permeability (u,-) [30]. The specific equations are as follows:

g =¢ —¢" (6)

pr =p —p" )
where €' and &' represent the real parts of the permittivity and permeability, respectively, reflecting the
material’s ability to store electromagnetic energy. The loss factors & and u'' represent the
corresponding imaginary parts, which characterize the material’s dissipation of EMW energy. To achieve
optimal absorption performance and minimize surface reflection loss, the material’s input impedance must
be matched to the free-space impedance, thereby maximizing the transmission of EMW into the material.
When a transverse wave propagates in a homogeneous medium, the wave impedance is equal to the intrinsic
impedance of the medium, which is denoted by the symbol Z:. The calculation formula is as follows:

7, :\/E: Holly ®)
£ ’ Eo&r

where u, pg, K, represent the magnetic permeability of the material, the vacuum magnetic permeability,
and the relative magnetic permeability, respectively. €, &y, & denote the permittivity of the material, the
vacuum permittivity, and the relative permittivity, respectively. In order to accurately measure the
absorption performance of EMW, the academic community introduced reflection loss (RL). The RL value
is determined based on the relative complex permeability and relative complex permittivity at a specific
frequency and material thickness. The specific formula is as follows [31,32]:

Zin _ZO

Pg
RL=10log— =20log |=——
P, Zin +Zy
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where Prrepresents the incident power of the EMW, while Pr represents the reflected power of the EMW.
Zin and Zo respectively denote the absorption impedance and the free-space impedance. Usually, the RL
value for measuring the absorption of EMW is negative. Therefore, the more negative the RL value is, the
higher the reflection degree is. According to the single-layer absorber transmission line theory, Zi» can be
defined as [33,34]:

Zin = Z; tanh(yd) = Z, ?tanh(yd) (10)

T
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where y represents the propagation constant of the EMW, j is the imaginary unit, and c is the propagation
speed of the EMW. In an ideal absorption-dominant electromagnetic interference (EMI) shield, the ratio of
input impedance to free-space impedance, |Zin/Zo|, should approach 1. This indicates that nearly all incident
EMW enters the material and is dissipated without significant reflection. While achieving perfect
impedance matching is challenging, a key design strategy for such EMI shielding structures is to use
materials with closely matched values of - and &;.

When evaluating the performance of the absorption of EMW, the attenuation capability of the absorber
for penetrating EMW also needs to be taken into consideration. The stronger the material’s ability to
dissipate energy, the easier it is to convert EMW into heat and dissipate it. Therefore, RL is always
explained together with a, where a quantifies the attenuation capability of the structure [35,36]:
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where o represents the vacuum permittivity. The above Equation (12) indicates that the attenuation constant
of EMW is directly related to the complex permittivity and complex permeability. For dielectric loss, it
dissipates the EMW energy through the movement of electric dipoles and charge carriers. Dielectric loss
mainly consists of two main aspects: the conductive loss caused by the movement of electrons, such as
jumping and migration, and the polarization relaxation loss, mainly including dipole polarization and
interface polarization. From Equation (13) of the free-electron theory, the electrical conductivity of the
material increases the conductive loss of EMW, thereby increasing the dielectric loss. For polarization
relaxation loss, the Cole-Cole semicircle and Debye relaxation theory can be used to analyze these
polarizations and the related relaxation phenomena [37—40]:
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where &, and &, respectively represent the permittivity in static conditions and at infinite frequency.
Additionally, 7 is the relaxation time (in seconds). In this context, the relaxation time refers to the specific

144

duration for a polarizing substance to transition from the polarized state to the normal state. &, and &/
represent the energy dissipation of the material for EMW in the form of polarization and conduction,
respectively. For 2D composite materials, dipole polarization is mainly caused by factors such as lattice
defects and heteroatoms doping; interface polarization is mainly due to different hierarchical interface
structures and heterogeneous structures at the interface surface. The dissipation of EMW within the
shielding material is accompanied by various relaxation polarizations, which can be evaluated using the &’
— &' diagram. This diagram is based on the Debye theory and can be simplified using Equation (16).

The response of magnetic media to an electromagnetic field is manifested as magnetic loss, which
encompasses hysteresis loss, natural resonance, domain wall resonance, exchange resonance, and eddy
current loss. This serves as another key energy dissipation mechanism for EMW absorbers. Domain wall
resonance generally occurs in the low-frequency range (1-100 MHz), while magnetic hysteresis loss is
typically negligible under weak magnetic fields. When the magnetic field varies near a magnetic material,
circulating currents—known as eddy currents—are induced within the material. These eddy currents
generate an opposing magnetic field that counteracts the change in the original magnetic field. The
interaction between these opposing magnetic fields eventually leads to energy dissipation and the
subsequent generation of heat. In the 2—18 GHz frequency range, the formula for eddy current loss (Co) can
be expressed as follows [41-43]:

2T

Co = Hoot” = u"(W)*f " (17)

where o and ¢ represent the vacuum conductivity and the diameter of the magnetic particles, respectively.
When the frequency varies within the aforementioned range, the eddy current loss remains constant, and it
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largely depends on the electrical conductivity, magnetic permeability, and the diameter of the magnetic
particles of the material. It is worth noting that when the frequency of the electromagnetic field is in
harmony with the rotational motion of the magnetic moment around the equivalent anisotropic field, natural
resonance occurs. According to the ferromagnetic principle, the natural resonance frequency governs the
magnetic anisotropy of the material, which is commonly referred to as anisotropic energy. The specific
relationship is as follows [44,45]:

14
I =on e
where f, represents the self-resonance frequencys, y is the spin magnetic moment ratio, and H. represents the
out-of-plane anisotropic field. Due to the small size effect and confinement effect, the natural resonance
frequency increases significantly as the size of the magnetic particles decreases. Furthermore, similar to
natural resonance, exchange resonance is also related to the size of the magnetic particles. Surface effects
caused by small size also affect the frequency of exchange resonance. The specific equation is as follows [28]:
2nf, Cuz, 41 2K,

=T L H ——M,+— 19
Y R2M5+ ° 3 S+MS (1)

(18)

where fe represents the exchange resonance frequency, i is the root of the derivative of the spherical
Bessel function, C is the exchange constant, R is the particle radius, M; is the saturation magnetization, Ho
is the strength of the applied magnetic field, and K1 is the anisotropy constant of the crystal.

3. Structural Design of the 2D EMW Absorption and Shielding Materials

Due to the unique advantages of 2D materials in the absorption and shielding of EMW, some layered
materials have been investigated, such as transition metal carbides, nitrides, or carbon nitrides (MXenes)
[46-48], graphene [49-51], transition metal dichalcogenides [52—54], layered double hydroxide [55,56]
and efc. These materials usually have multiple reflection losses for EMW, and may have some other loss
characteristics, such as dielectric loss or magnetic loss. To meet the increasingly high requirements and
EMW protection standards at present, many magnetic or conductive materials are applied to prepare
composite 2D materials to achieve higher EMW absorption and shielding properties.

In the design of 2D EMW absorption and shielding materials, electrical conductivity serves as the
fundamental parameter for achieving high-efficiency shielding performance, as it is essential for inducing
EMW reflection. To prevent secondary pollution from reflected EMW, a common strategy is to encapsulate
conductive 2D materials with insulating polymers, forming composites with porous structures—such as
hybrid matrix films, foams, and aerogel. On the one hand, surfaces rich in pores and with good insulating
properties allow EMW to effectively penetrate the material. On the other hand, uniformly dispersed 2D
conductive materials can form a hierarchical conductive network, which supports multiple internal
reflections of EMW. To ensure that the EMW is absorbed as thoroughly as possible inside the material, the
combination of highly dielectric and highly magnetic components is essential. The structural design aligns
with contemporary green and sustainable development principles and meets the practical demands of
diverse application scenarios. Furthermore, if the 2D materials exhibit high dielectric properties but low
electrical conductivity, conductive materials such as MXene or conductive polymers are incorporated to
form a continuous conductive network within the composite. In addition, multilayer structures with gradient
wave-impedance interfaces can be created by stacking different 2D conductive materials and controlling
their interlayer spacing. Compared to the previously mentioned composites, such multilayer designs are not
constrained by requirements for uniform dispersion or polymer compatibility, allowing for more precise
control over the microstructure and morphology of the 2D materials.
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3.1. MXenes

The general formula for MXenes is M»+1Xx», where M represents a metal from the early transition metals,
X can be carbon, nitrogen, or both, and n can be any of the numbers 1, 2, or 3. Generally, the single-element
type MXenes without vacancies, such as Mo2C and Ti3Cz, are the most common types in previous reports
[57-60]. Among them, functionalized Ti3C2Tx with variable terminal groups (such as -O, -OH, -F) is a
research hotspot in MXene (Figure 2). The core feature of MXene lies in its unique layered structure,
adjustable surface chemistry, and excellent electrical conductivity. The material’s electrical conductivity
contributes to EMW absorption by enhancing dielectric loss, while simultaneously increasing reflection
loss, thereby providing effective electromagnetic shielding. The conductivity of MXene ranges from 5 to
2000 S/cm, which completely meets the requirements for high conductivity [61,62].

_____________________

_____________________

Figure 2. The structural design of MXene (Ti3C,Tx) with different functional groups.

Malik et al. [63] prepared flexible, cost-effective, and lightweight electromagnetic shielding
composites via solution casting. The composites were achieved by incorporating varying loadings of
MXene into a 50:50 blend of polyethylene-methyl acrylate (EMA) and ethylene-octene copolymer (EOC).
The characterization results showed that even though the MXene was non-uniformly distributed within the
polymer and there was no chemical interaction between MXene and the polymer matrix, the composite
material still exhibited excellent crystallinity and conductivity. At room temperature, its maximum AC
conductivity at 3 GHz was 19.63 S/m with the loading of Ti3C2Tx was 15 wt%. This high conductivity
resulted in an SE of up to 60.85 dB when the sample thickness was 0.5 um. However, while high reflectivity
brought about high SE, it also caused secondary pollution due to reflected waves. Meanwhile, the direct
mixing approach also failed to fully utilize the advantages of the multi-layer structure of MXene.

The multilayer structure of MXene shows a big potential for multiple reflections and absorption of
EMW. Therefore, the rational design of the interlayer structure of MXene in the composite material and its
uniform dispersion can effectively reflect and absorb EMW multiple times, presenting a better SE. Chen et
al. [64] used polymethyl methacrylate (PMMA) microspheres as templates to initially composite with pre-
layered MXene through electrostatic assembly, and then prepared three-dimensional lightweight porous
Ti3C2Tx MXene films by in-situ pyrolysis. The experimental results showed that the TisC2Tx MXene film
had excellent electrical conductivity (470 S/m). The Ti3C.Tx MXene film exhibited excellent shielding
performance in 18-26.5 GHz, with an excellent attenuation of over 60 dB, which was 1.5 times that of the
Ti3C2Tx sheet under the same conditions. The combined effect of conductive loss, multiple reflection
absorption, and interface polarization ensured the EMW shielding performance of the fabricated material.
The preparation method solved the problems of stacking and agglomeration of 2D materials, thereby
representing a promising, green, environmentally friendly strategy.

In order to further enhance the EMW absorption performance, more complicated structured MXene
composites were explored. Zhang et al. [65] combined the MXene layer with three-dimensional (3D) carbon
nanotube sponges to fabricate an EMW shielding material with dual control over structure and
electromagnetic properties. The different pore diameters on the surface of carbon nanotubes effectively
increased the path of EMW incidence and reduced direct reflection. The incident EMW was reflected by
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the underlying MXene layer and further attenuated by absorption within the internal structure of the carbon
nanotubes. This synergy resulted in a highly effective shielding material characterized by strong absorption
and minimal reflection. Performance tests indicated that the composite achieved a SE up to 90 dB at 18
GHz with a reflectivity as low as 0.3 1—approximately 64% lower than that of the pristine carbon nanotubes.
The facts prove that electromagnetic regulation strategy through surface engineering can achieve an
enhancement in SE and a reduction in reflectivity without involving complex synthesis processes, which
meet the requirements of various intelligent shielding materials for high absorption rate, low reflectivity,
and flexible shielding mechanisms. Xiang et al. [66] proposed a new controllable assembly strategy to
construct nano/microstructured 2D MXene encapsulated Ni@C layered microcubes (Figure 3), in which
they took the self-assembly of 2D metal-organic framework (MOF) templates and the thermal
decomposition of electrostatical 2D TisCNTx thin sheets. Attributed to multi-interface architecture, high
defect density, excellent electrical conductivity, notable nuclear magnetic resonance response, and layered
porous structure, the prepared composite material achieved outstanding EMW absorption and shielding
performance. Experimental results demonstrated that the TisCNTx/Ni@C composite attained a broad
effective absorption bandwidth (EAB) of 5.4 GHz along with strong absorption reaching 65.7 dB. Moreover,
the synthesized layered composite exhibited remarkable joule heating capability and multifunctionality,
including fire resistance, thermal insulation, and infrared shielding, making it suitable for practical
applications in harsh environments.
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Ni**  H,BDC  Ethanol Ni@C microcubes 4.

LiF+HCI Sonication
— —
Etching é
e H
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_¢ Ti;AICN (MAX) ag Ti,CNT, (MXene) MXene sheets
1
W Al

Electrostatic
\ assembly
Core-shell
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\Q Ti;CNT, sheets

Layered Ti;CNT,/Ni@C composites

>,

Figure 3. The schematic diagram of the assembly strategy process of layered MXene composite materials. Reproduced with
permission of Ref. [66], Copyright 2022 Elsevier.

Besides the structured MXene composites, other composite materials have also been successfully
prepared by combining MXene with conductive polymers [61], metal powders [67], ferrites [68] and efc.
Adding new materials without reducing the conductivity of MXene to enhance the EMW absorption and
shielding performance of the raw material, or endowing the raw material with new functions by
multifunctional integration, becomes a new and effective approach to meet the current demand for high
EMW protection.
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3.2. Graphene

Graphene is a nanomaterial with a honeycomb-like hexagonal lattice and hybridized sp? orbitals
(Figure 4). Due to its high thermal conductivity (5000 W/mK), high electrical conductivity (6000 S/cm),
large surface area, and remarkable stability in chemical and thermal environments, graphene has attracted
extensive attention in vast fields. Incorporated into polymer composite materials, graphene can be used as
an excellent conductive and lightweight material for EMW absorption and shielding [69-71].

graphene rGO

Figure 4. The structure of graphene and rGO single layers.

He et al. [72] demonstrated a green strategy method without solvent melt treatment. By mixing
nanofillers to design custom PVDF composite materials, they obtained high EMW SE with low filler
loading (Figure 5). The multi-scale structure design utilized the one-dimensional (1D) ballistic electron
highway of carbon nanotubes and the 2D charge polarization interface of graphene nanoplates (GnPs).
Through a 3D permeable conductive network and a directional heterogeneous interface, they established a
dual-phase electromagnetic synergy, achieving multi-scale EMW scattering. The synergistic effect between
CNTs and GnPs not only optimized impedance matching but also constructed a continuous conductive
network, thereby improving EMW reflection loss. This combination leveraged interface polarization from
heterogeneous structures and intrinsic dielectric loss, enabling multiple reflections and absorption of EMW.
The resulting PVDF/CNT/GnP ternary composite exhibited a SE of 23.4 dB in the X-band. Similarly,
Taymaz et al. [73] prepared 1D CNTs and 2D GNPs-functionalized regenerated cellulose aerogels (RCA)
through simple methods such as freezing, solvent exchange, and environmental drying. To improve EMW
absorption, a conductive network was set up within the cellulose matrix by capitalizing on the synergistic
interaction between CNTs and GnPs. This network induced interface polarization loss due to the
conductivity contrast between the conductive network and the cellulose matrix. The prepared hybrid aerogel
exhibited a peak SE of 40.2 dB.

Graphene can be converted into reduced graphene oxide (rGO) through chemical oxidation and
reduction. The rGO nanosheets possess a large number of lattice defects and oxygen-containing groups,
which not only provide good dielectric loss but also can adsorb and fix metal particles to offer additional
EMW absorption loss [74,75]. Yao et al. [76] proposed a straightforward strategy for tailoring dielectric
and magnetic “genes” to optimize performance in EMWAS and electrochemical lithium storage. The
optimized NiO@NiFe204/15rGO composite benefited from its structural and compositional merits,
obtaining a SE of 8.69 dB. Moreover, NiO@NiFe204/15rGO demonstrated superior electrochemical
lithium storage capability, suggesting its potential for harvesting and storing wasted EMW energy to charge
lithium-ion batteries. Yan et al. [77] fabricated a highly conductive nickel foam/wood lignin/rGO dual-
network scaffold (LGN) through vacuum-assisted adsorption, freeze-drying, and thermal annealing. Owing
to its excellent electrical conductivity (1597.5 S/cm), the PLGN composite got a high SE of 69.9 dB in the
frequency range of 8.2—12.4 GHz, indicating strong potential for mitigating electromagnetic interference in
electronic devices. High electrical conductivity of GO and the interface polarization of dielectric materials
enabled the formed conductive network to have excellent effects on EMW reflection and absorption.
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Figure 5. Schematic illustration showing the fabrication process of GO composite materials. Reproduced with permission of
Ref. [72], Copyright 2025 The Royal Society of Chemistry.

3.3. Transition Metal Dichalcogenides

Transition metal dichalcogenides (TMDCs), represented by the empirical formula MX> (where M =
W, Mo, Ti, etc.; X = S, Se, Te, efc.), constitute a class of emerging materials with diverse application
potential (Figure 6). Their typical layered structure, active surface sites, and abundant defects offer a
substantial chance for polarization effects. Recently, TMDCs have gained much attention as promising
EMW absorption and shielding materials [78—80].

® Transition metal atoms:
W, Mo, Nb, Vetal

o Chalcogen atoms:
S. Se, Te

Figure 6. The structure and composition of the TMDCs single-layer.

Sharma et al. [81] utilized a unique method of water vapor-induced phase separation to fabricate a
microporous structure of layered rGO/molybdenum disulfide reinforced TPU foam. Their results showed
that the total SE of the 7 wt% rGO/MoS2/TPU foam was 32 dB. The foam material’s layered heterogeneous
structure promoted the formation of electric dipoles and facilitated efficient carrier hopping. Combined
with the multiple internal reflections induced by its micro-porous architecture, the prepared foam achieved
a maximum wave attenuation of 99.9% and a significant absorption-dominated shielding contribution,
accounting for 92% of the total SE. Zhu et al. [82] successfully synthesized a multifunctional WSe2/Co3C
composite material with a multi-dimensional structure through the hydrothermal method. The prepared
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material exhibited excellent electromagnetic properties with a rich electromagnetic response mechanism.
Benefiting from the synergistic contribution of dielectric and magnetic losses, the WSe2/Co3C composite
displayed outstanding EMW SE, obtaining an average SE of 28.97 dB, which accounted for approximately
70% of its total attenuation. The SEa contributed over 80% of the SE, significantly reducing the reflection
of electromagnetic waves. Ghosh et al. [83] explored a cross-dimensional composite system composed of
dielectric phase and magnetic phase (WS2/dual-phase lithium iron oxide) for EMW shielding applications.
WSz, a 2D material with distinctive dielectric properties and sheet-like morphology, exhibited a pronounced
surface effect. In contrast, the dual-phase lithium iron oxide nanocomposite possessed a crystalline structure
and higher magnetic loss. Incorporating WSz into the dual-phase lithium iron oxide markedly enhanced the
overall SE of the nanocomposite. Results indicated that the composite held a maximum SE of 55.6 dB at
12.4 GHz.

3.4. Layered Double Hydroxide

Layered double hydroxide (LDH) is a new type of 2D inorganic layered nanomaterial, which is a
natural or artificially synthesized anionic clay. Its general formula is [M"1—x M (OH)2]** (A" )xn-yH20,
where M" and M represent divalent and trivalent ions, respectively, A" denotes an anion, and x
corresponds to the molar ratio M"/(M"+M") (Figure 7). LDHs take advantage of high quality, low cost,
good thermal stability, and environmental friendliness. LDH is widely used in many fields such as
adsorption, catalysis, and stabilizers. In addition, the unique layered structure of hydrotalcite easily forms
multiple interfaces, which can obviously enhance the loss of EMW [84-86].

® -OH

®  MZ/M3*

Figure 7. The structure and component composition of the LDH mainboard layer.

Lyu et al. [87] developed a multifunctional cotton fabric (PPy/NiCoAl-LDH/cotton) with a layered
array architecture. They initially grew NiCoAl-layered double hydroxide (NiCoAl-LDH) nanosheet arrays
on cotton fibers, and subsequently conducted in-situ polymerization to deposit a continuous and dense
conductive polypyrrole (PPy) layer. The resulting fabric exhibited excellent SE of 38.83 dB, as well as
notable flexibility and durability. Duan et al. [88] took in situ growth of LDH on the surface of MXene
through electrostatic self-assembly, resulting in an approximately 5 um-diameter ball-shaped intermediate
product (LDH@MXene). The prepared LDH@MXeneHT500 material showed soft magnetic behavior,
which promoted the transport of induced charges and facilitated the dissipation of electromagnetic energy.
As a result, the LDH@MXeneHT500 nanohybrid obtained a high SE of 47.2 dB in the X-band. To extend
its applicability, a polydimethylsiloxane (PDMS)/LDH@MXeneHTS500 nanocomposite was further
developed. The composite demonstrated improved mechanical strength (9.48 MPa) and effective
electromagnetic protection, sustaining an electromagnetic wave shielding effectiveness above 50 dB over
the 3—18 GHz frequency range.
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3.5. Others

In addition to the materials mentioned above that are widely used, some other two-dimensional
materials have also been employed in the fields of electromagnetic wave absorption and shielding, such as
black phosphorus [89], hexagonal boron nitride [90-93], 2D-MOF [94-97], etc. The relevant data from
reports in the literature are listed in Table 1. The respective characteristics of different materials and their
approaches in the structural design of composite materials are presented (Table 1). Artificially synthesized
two-dimensional materials have demonstrated excellent performance in the field of electromagnetic wave
protection [98—102]. In some cases, the complex preparation methods, high cost of raw materials, and the
significant environmental impact of solvent use may have significant impacts on industrial applications
[103—-107]. Research is now increasingly focused on developing alternative, low-cost raw materials and
greener synthesis routes.

Table 1. The shielding performances of typical 2D EMW absorption and shielding materials.

Frequency SE (dB)

2D Materials Sample Structure Range (GHz) Other Functions Refs.
EMA/EOC/Ti3C, Ty Film 2-4 60.8 Lightweight [63]
Ti3C,Tx MXene@PMMA 3D film 18-26.5 60.3 Lightweight [64]
CNTS/MXene Sponge 812 80 / [65]
MXene Ti3C T/ Ni@C Multilayer 8-12 66.7 Flame-retardant [66]
SMPU-MXene/AgNWs Membrane 812 60 Infrared stealth [108]
AgNW/MXene Film 8-20 60.2 High mechanical strength  [109]
PVDF/SiCnw/MXene Foam 12.4-18 32.6 Lightweight [110]
MXene(Ti3CoTx)/ANFs Aerogel 8.2-124 56.8 High mechanical strength  [111]
PVDF/CNT/GnP Film 18-26.5 23.4 Extreme flexibility [72]
C7G7 Aerogel 8.2-12.4 20 Lightweight [73]
NiO@NiFe,04/15rGO Multilayer 2-18 8.7 Energy storage [76]
PEG/Ni—F/LN-rGO Foam 8.2-12.4 69.9 Superior light absorption  [77]
Graphene EP/AgNW/TAGA Aerogel 8.2-124 84 High mechanical strength [112]
graphene/AgNWs Multilayer 8.2-12.4 76.6 / [113]
Ag/tGO-AF/rGO-F/PDMS  Aerogel- Foam 8.2-124 68.9 / [114]
MS A1000 Aerogel 8.2-124 55.8 High mechanical strength  [115]
RGO/CNT@Epoxy/AgNW Film 8.2-12.5 40 / [116]
rGO/MoS,/TPU Foam 8.2-12.4 32 High mechanical strength  [81]
TMDCs WSe»/CosC Multilayer 8.2-12.4 29 / [82]
W(33)L(67) Multilayer 8.2-12.4 55.6 / [83]
PPy/NiCoAl-LDH/Cotton Cotton fabric 8.2-12.4 38.8 Photothermal conversion  [87]
LDH@MXenenursoo Multilayer 3-18 50 High mechanical strength  [88]
APP@CoAl-LDH@Si Film 8.2-12.4 43.6 Flame-retardant [117]
LDH CM;HTA Film 8.2-12.4 43.5 Flame-retardant [118]
PILs/MOF-LDH-Zr Fibers 8.2-12.5 58 High mechanical strength [119]
MLPC Film 8.2-124 30 High mechanical strength [120]
LZCFM Foam 8.2-12.4 439 High thermal stability [121]
PILs/MOF-LDH-Zr Leather 8.2-124 323 Flexibility [122]
Black CMB Film 8.2-12.4 58 Flame-retardant [123]
phosphorene M-B-M(Ni) Film 8.2-12.4 50 Infrared stealth [124]
2D-MOF CoFe/CoCu-PCFs Film 2-18 73.5 Flexibility [125]
CoNPs/NrGO Film 8.2-124 335 High mechanical strength  [126]
M,0PPFBs Multilayer 8.2-124 58.1 Remarkable stability [127]

Hexagonal .
boron nitride PCM Cotton 8.2-12.4 23.4 Thermal regulation [128]
Ag(@BN/BN/PEI Multilayer 8.2-124 24 / [129]
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h-BN/SCG/quartz/Ag Film 812 28.8 Long-term stability [130]
TIMs Multilayer 8.2-12.4 29 Flame-retardant [131]

4. 2D Natural Mineral-Based EMW Absorption and Shielding Materials

Mineral-based EMW absorption and shielding materials have emerged as a research focus in EMW
protection, owing to their outstanding EMW absorption and shielding performance, robust mechanical
properties, and strong thermal and oxidation resistance. Among them, 2D natural mineral materials like
montmorillonite (MMT), graphite, talc, mica, and hydrotalcite have unique advantages in this field due to
their highly adjustable electromagnetic parameters. Surprisingly, they can precisely control impedance
matching through structural design. This characteristic enables the mineral-based materials to take “low
reflection and high absorption” effects over a wide frequency range. Once electromagnetic waves enter the
material, they will be converted into heat energy through mechanisms such as dielectric loss (such as
interface polarization, dipole relaxation) and magnetic loss (such as natural resonance, eddy current effect),
which is crucial for applications that require eliminating electromagnetic waves, such as radar stealth and
electromagnetic compatibility [132]. In addition, the layered structure of 2D mineral materials provides
them with unique advantages in EMW absorption and shielding. By taking advantage of the layered
properties of natural minerals, they can even be separated into 2D sheets through physical or chemical
methods. The sheet structure can increase the propagation path of EMW within the material, allowing them
to be reflected and absorbed multiple times, thereby greatly enhancing the shielding effect.

Compared with traditional metal-based or carbon-based materials, these 2D layered structures derived
from natural minerals not only possess low density, high flexibility, and good processing adaptability, but
also can achieve efficient attenuation, multiple scattering, and loss conversion of EMW through nano-scale
structural design (such as layer-by-layer assembly, intercalation composite, construction of three-
dimensional networks, etc.) in coordination. Although natural minerals are widely available, their inherent
properties may not be sufficient to meet the demands of high-end applications, so functional modification
is required.

Through the direct carbonization method, Wang et al. [133] prepared a phenolic resin-based carbon
foam composite material with a hierarchical porous structure for the first time by combining carbon
nanotubes and 2D montmorillonite (MMT) as multi-scale reinforcing agents with hollow microspheres.
The composite material (5 wt.% MMT) exhibited remarkable characteristics of multifunctional synergistic
strengthening. Its compressive strength reached 8.54 MPa, which was 116% higher than that of pure carbon
foam. The SE at the X-band was as high as 65 dB, and the shielding mechanism was mainly absorption.
The prepared material integrated high strength, high electromagnetic shielding, and good heat insulation,
making it an ideal multifunctional material for thermal protection. Dang et al. [134] employed an alternating
vacuum-assisted filtration (VAF) process to fabricate a multifunctional 2D MMT/aramid
nanofibers@MXene (MMT/ANFs@MZXene) nanocomposite with an alternating multilayer architecture
(Figure 8). They designed a structure where the “MXene layer (conductive layer)” and the “AT layer
(ANFs/MMT, mechanical reinforcement and insulation protection layer)” were alternately superimposed.
The prepared composite material had high mechanical strength (tensile strength of 154.66 MPa, strain of
14.22%), excellent EMI SE (58.4 dB), as well as strong fire-resistant protection performance. Even after
burning for 30 s, it still maintained an SE of approximately 34 dB. Generally, structural design with precise
functional modification can collaboratively optimize the mechanical, electromagnetic shielding, joule
heating, and flame retardant properties within a single system.
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Figure 8. Schematic illustration of the fabrication process of montmorillonite composite materials, showing (a—d) Ti;C,Tx
MXene nanosheets, MMT, ANFs and MMT/ANFs@MXene nanocomposite. Reproduced with permission of Ref. [134],
Copyright 2022 The Royal Society of Chemistry.

Jiang et al. [135] employed a simple, green, and cost-effective mechanical mixing heating compression
molding method to initially prepare a 2D natural graphite/ UHMWPE EMW shielding composite material
with a typical “isolation structure”. This process did not need high-strength dispersion or any organic
solvents. Graphite particles were selectively distributed on the polymer polyhedral interfaces, thereby
constructing an efficient isolation structure conductive network. The product achieved an outstanding SE
of up to 51.6 dB even with a low graphite content. Its electromagnetic shielding mechanism was mainly
based on absorption. Importantly, the uniqueness of this research lies in the successful production of high-
performance electromagnetic shielding material using inexpensive micron-sized natural graphite through
structural design rather than increasing the filler dosage. The progress may open up more new routes for
the effective utilization of economical fillers in functional composite materials.

In recently years, more and more 2D mineral materials have been explored to create mineral-based
EMW absorption and shieldingmaterials for the absorption and shielding of electromagnetic waves. Table
2 lists the shielding performances of several typical 2D mineral-based EMW absorption and shielding
materials. It can be seen from the table that the combination of mineral materials with magnetic or
conductive materials is currently a research trend. Moreover, most composite materials possess additional
functionalities such as flame retardancy and high strength, and there is a growing tendency towards
multifunctional integration, which is very important for the future development of highly efficient EMW
absorption and shielding.
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Table 2. The shielding performances of several typical 2D mineral-based EMW absorption and shielding materials.

Mineral Single-Layer Structure Sample RFa;(;iu(Gé];I}]z ) SE Other Functions Refs.
(Ca,Na)x
montmorillonite [(Al,Mg)(Si4010)(OH)]: CNT/MMT 8.2-12.4 65 dB Heat insulation performance [133]
nH,O
(Ca,Na)x High mechanical strength,
montmorillonite [(Al,Mg)>(Si4010)(OH):]- MMT/ANFs@MXene 8.2-12.4 58.4dB thermal conductivity and [134]
nH,O flame retardancy
(Ca,Na)x . .
montmorillonite [(Al,Mg)z(Si401)o)(OH)2]- CMMPs 82124 56.1dp ighmechanicalstrength o
and fire resistance
nHZO
natural graphite C Graphite/ UHMWPE  8.2-124 51.6dB / [135]
natural
microcrystalline C MG@SiC-NWs 13.4-18 4294 dB / [137]
graphite
talc Mgs(Si4010) (OH)» MAS glass—ceramic 12.4-15 6 dB / [138]
mica Si0, EVA/GP/S%IE/OMMT/ 8.2-12.4 36 dB High temperature resistance [139]
hydrotalcite MesAL(OH)16C0y rigid foam composites  0.6-2.5 45 dB Sound absorption and heat [140]

4H,0 insulation properties

5. The Application of 2D EMW Absorption and Shielding Materials

To ensure electromagnetic compatibility and information security, 2D EMW absorption and shielding
materials, as the key functional materials, are critical in multiple cutting-edge fields with strict requirements
for the electromagnetic environment, such as electronic and electrical equipment, aerospace, medical
treatment and health, personal protection, and military defense. Among all the aforementioned areas, the
military and defense sector has the most stringent requirements for shielding performance, which not only
aims at high SE across a wide frequency band, but also needs to consider aspects such as stealth, radiation
resistance, extreme environment adaptation, and multifunctional integration [138,141]. It is the core driving
force and verification platform for promoting 2D microwave shielding materials towards high performance,
lightweight, and intelligent directions, and holds crucial strategic significance.

5.1. Electronic and Electrical Equipment

In the field of electronic and electrical equipment, the issue of electromagnetic compatibility (EMC)
has become increasingly prominent. 2D shielding materials, with their flexible controllable electromagnetic
properties and adaptable structural designs, perfectly match the development needs of modern electronic
devices for integration and miniaturization. These materials are mainly used to protect the internal precision
electronic components of the equipment from external EMW. They can effectively suppress the
electromagnetic radiation and leakage generated by the equipment during operation, and ensure the quality
of signal transmission and the stability of system operation.

Lu et al. [142] adopted a method combining mechanical mixing with subsequent chain extension to
prepare a series of environmentally friendly and renewable water-based polyurethane (ADWPU)/2D
MXene composite films based on castor oil used for EMW protection products. They mixed MXene
nanosheets with WPU emulsion containing dynamic and reversible disulfide covalent bonds, constructing
a controllable, similar to isolation, and conductive network within the material to protect the internal
materials from EMW interference. Due to the disulfide exchange effect, the composite material obtained a
mechanical strength of 15 MPa even when the elongation at break is relatively low, and it possessed self-
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repairing and shape-memory properties. Zhao et al. [143] uniformly fixed high-purity 1T phase 2D MoS:
petals on the wrinkled surface of rGO, successfully synthesizing 1T-MoS2@N-rGO nanocomposite. It
effectively optimized impedance matching by fixing the 1T-MoS: petals and synergized multiple EMW
attenuation mechanisms, thereby achieving “thin, wide, and strong” high-performance absorption. These
characteristics are capable of meeting the demands of highly flexible and lightweight products.

5.2. Personal Protection

In the field of personal protective, the increasingly complex electromagnetic radiation environment
demands efficient electromagnetic shielding. Electromagnetic radiation may pose potential hazards to
human health. Therefore, designs of new shielding materials are optimizing the fillers and innovating the
structures to provide technical paths for protective equipment, which combine high performance with
wearability to ensure the safety of personnel.

Xiang et al. [144] used the electrostatic self-assembly method to embed the 1D CNTs/Co
nanocomposite in the form of a sea urchin shape into the 2D Ti3C2Tx MXene layer, successfully preparing
Ti3C2Tx/CNT/Co cobalt nanocomposite with a 2D/1D/nanodimensional hierarchical structure. The
polydimethylsiloxane thin layer forms a hydrophilic layered TizCoTx/CNTs/Co hydrophobic structure,
which prevented the degradation/oxidation of MXene under high humidity conditions. Moreover, the
Ti3C2Tx/CNTs/Co film exhibited excellent photothermal conversion performance, with high thermal
cycling stability and sustainability. Zhang et al. [145] employed electrospinning technology to load zero-
dimensional Feo.c4Nio36 magnetic nanoparticles onto 2D MXene nanosheets and simultaneously embed
them into 1D carbon nanofibers, thereby constructing a novel Feo.64Nio36/MXene/CNFs flexible nanofiber
membrane with a multi-component heterogeneous structure network. As a result, this electromagnetic
protection fabric not only exhibited outstanding radiation-shielding performance but also possessed high
flexibility, hydrophobicity, and low density. These are indispensable elements for improving personal
protective measures.

5.3. Aerospace

Aerospace vehicles have extremely strict requirements for the properties of materials. They must
possess characteristics such as “lightweight, high strength, resistance to extreme environments, and multi-
functionality”. 2D natural mineral materials, with their inherent lightweight properties and the advantage
of functional design, can precisely meet these challenges. These materials are mainly used in aircraft to
protect sensitive avionics systems and may be used for functions such as stealth or thermal management.

Fan et al. [146] employed a straightforward strategy of integrating highly conductive 2D TizCaTx
MXene nanosheets with GO, successfully fabricating a highly conductive MXene/GO composite foam via
freeze-drying and heat treatment. Based on a 3D network structure with low density and high porosity, by
taking advantage of its high conductivity and the internally connected porous structure, it promoted the
effective attenuation of EMW and realized a perfect combination of lightweight, high conductivity, and
high specific shielding efficiency. As noticed, this kind of highly promising EMW shielding material holds
broad application potential in aerospace. Zhang et al. [147] successfully synthesized a CoNi@Ti3C2Tx
MXene composite material with a 0D/2D hybrid structure by depositing CoNi nanoparticles on both sides
of MXene through the hydrothermal method. Combined with the unique 0D/2D structure, enhanced
interface polarization, magnetic coupling effect, and multiple scattering mechanism, the prepared material
obtained outstanding comprehensive performance, namely “strong absorption, wide bandwidth, and
moderate thickness”. The lightweight and high-strength materials effectively reduced the design difficulty
of the new generation of aircraft, making them a hot topic of current research.
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5.4. Medical Treatment and Health

As for medical treatment and health, the application of EMW absorption and shielding materials mainly
focuses on two aspects: one is to protect highly precise medical diagnostic equipment (such as MRI and
CT) from external electromagnetic noise, ensuring imaging quality; the other is to protect the human body
or specific medical environments, reducing the potential impact of electromagnetic radiation. Due to the
characteristics of certain natural clay minerals and their ability to be processed into flexible films, they
demonstrate great potential in this field. Through functionalization design, these materials can be made into
flexible shielding fabrics, shielding coatings, or shielding room materials, achieving local or overall
electromagnetic protection while ensuring safety and comfort.

Antonez et al. [148] employed a unique polishing technique to cut, bond, and finely polish the 2D
natural shungite stone (a type of shale rich in GO) rock, and then fabricated ultra-thin flexible GO-rich
shale shielding plates with a thickness of only 10 to 20 um. The most outstanding feature of this material
was that it integrated the natural structure, ultra-thin thickness, excellent flexibility, and outstanding
comprehensive shielding performance (combining efficient reflection and absorption capabilities) into one,
demonstrating great potential as a green, low-cost, and durable next-generation flexible electromagnetic
protection coating. Liu et al. [149] adopted a collaborative strategy of integrating in-situ growth, vacuum-
assisted filtration, and self-reduction to successfully prepare a multi-level hierarchical structure composed
of Fe3Os-Fe nanoparticles/carbon nanofibers/2D aluminum-Fe304-Fe nanosheets composite materials. The
multi-level hierarchical structure design enabled the integration of the material’s multiple functions and the
exertion of their respective effects, which was beneficial for the precision instruments and the protection of
human health.

5.5. Military Defense

In military defense, the control of EMW is one of the core capabilities, involving multiple key aspects
such as stealth, anti-interference, and information security. Through specific functionalization and
structural design, 2D materials can be utilized to develop new-generation wide-band, lightweight, and
weather-resistant stealth coatings, camouflage nets, or electromagnetic shielding compartments for military
equipment, thereby enhancing the survival capabilities and combat effectiveness of weapons and equipment.

Shan et al. [150] prepared three 2D MOF materials with inherent electrical conductivity, M3(HHTP)2
(where M = copper, zinc, and nickel). Among them, Cus(HHTP)2, which had higher electron conductivity
and a hexagonal prism rod-like morphology, exhibited the best performance. Under a matching thickness
of 2.1 mm, its minimum reflection loss reached —56.45 dB, with an EAB of up to 5.76 GHz, covering the
entire Ku band and having potential applications in the military field. Wu et al. [151] successfully prepared
2D MoS2/CoNi heterojunction composite materials by combining the ion insertion technique with the
simple hydrothermal method. The minimum RL of all samples was lower than —50 dB. This composite
material achieved impedance matching through the cooperative construction of the heterojunction and
simultaneously enhanced multiple loss mechanisms. These progresses provide a highly promising technical
path for the development of low-cost, customizable, lightweight, and broadband absorbing materials,
especially for the design of protective materials for high-tech weapons.

6. Summary and Outlook

Owing to their distinctive layered structure, abundant surface functional groups, and high specific
surface area, 2D materials have been successfully employed in EMW absorption and shielding applications.
This review elaborates on the fundamental mechanism and material structure aspects that explain why 2D
materials can significantly enhance the attenuation of EMW. Existing practices have shown that the
multiple reflection losses of the multi-layer structure require the combined effect of reflection by conductive
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materials and absorption by dielectric materials. Consequently, combining multiple materials has become
a prominent research focus in the field of 2D materials. In material design, a porous surface is essential to
reduce the direct reflection of EMW and enhance their absorption. The porous structure can trap incident
EMW within the material, thereby preventing their secondary pollution. Moreover, the high conductivity
of the material should be concentrated in the interior and the bottom to prevent direct reflection while
increasing the conductive loss of electromagnetic waves. Meanwhile, the high conductivity of the material
greatly enhances the multiple internal reflections of EMW. Most importantly, the interface polarization loss
generated at the interfaces of the 2D material and its internal defects, as well as the polarization loss arising
from the integration of magnetic or conductive components, constitute the key mechanisms for EMW
absorption. The combination of 2D multiple reflections and absorption can achieve a high absorption rate
and a high SE for EMW, and also enable efficient conversion of energy.

Although encouraging progress has been made in the development of 2D electronic-warfare protection
materials, the following aspects for further research are still required to accelerate and expand the
application of EMW absorption and shielding technology.

(1) Precise design and synthesis. The precise design and synthesis of target composites for highly efficient
EMW absorption and shielding based on 2D materials still face some big challenges. How to precisely
design the structure of materials from both microscopic and macroscopic perspectives to achieve
graded protection against EMW frequencies and wide-band protection requires more investigation. At
the microscopic level, to achieve ‘on-demand tailoring’ of the permittivity and magnetic permeability,
it is necessary to focus on the influence of factors such as crystal structure, crystal defects, dopant
atoms, and hetero-interface on the intrinsic electromagnetic parameters of materials. At the macro level,
the agglomeration and stacking of the lamellar materials, as well as the weak bonding forces at the
interfaces, are crucial problems to solve, which determine the material’s ability to exhibit high EMW
protection performance. Future efforts should focus on targeted functionalization at specific active sites
of 2D materials, enabling precise modification and grafting. By initiating from the controlled layer-by-
layer exfoliation of 2D materials, precise tuning of interlayer spacing will be realized.

(2) Multifunctional integration. Currently, the requirements for EMW absorption and shielding materials
are not limited to enhancing electromagnetic protection performance, but rather focus on integrating
multiple functions into a single comprehensive composite material. Moreover, the requirements for
functions vary across different fields of application. There are many other demands for EMW
absorption and shielding products such as flame retardancy and lightweight yet high-strength properties
in aerospace, tolerance to extreme environments in national defense, flexibility, comfort and low
toxicity in personal protection. These requirements for functionality are pushing the structural design
and multifunctional integration to a new level. More attention should be paid on developing new
materials with diverse functional properties, investigating their potential for synergistic combination
and integration; exploring novel modification and composite strategies, and investigating the
multifunctional characteristics of multi-dimensional composite materials.

(3) Green and sustainable synthetic process. To meet the higher application requirements for energy
conservation across diverse fields, the selection of materials and the preparation process should be
green and sustainable. Low-cost, green, and natural mineral materials are inevitably the focus of
research. Combining green production technologies with low-energy consumption processes is a
necessary requirement for future development. How to obtain a more efficient, high-value product with
considerable economic benefits lies in developing more green and sustainable synthetic strategies.
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