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State-of-the-art in carbides/carbon composites
for electromagnetic wave absorption

Bo Hu, Lixue Gai," Yonglei Liu," Pan Wang," Shuping Yu,' Li Zhu," Xijiang Han,"* and Yunchen Du'*

SUMMARY

Electromagnetic wave absorbing materials (EWAMs) have made great progress in the past decades, and
are playing an increasingly important role in radiation prevention and antiradar detection due to their
essential attenuation toward incident EM wave. With the flourish of nanotechnology, the design of
high-performance EWAM s is not just dependent on the intrinsic characteristics of single-component me-
dium, but pays more attention to the synergistic effects from different components to generate rich loss
mechanisms. Among various candidates, carbides and carbon materials are usually labeled with the fea-
tures of chemical stability, low density, tunable dielectric property, and diversified morphology/micro-
structure, and thus the combination of carbides and carbon materials will be a promising way to acquire
new EWAMs with good practical application prospects. In this review, we introduce EM loss mechanisms
related to dielectric composites, and then highlight the state-of-the-art progress in carbides/carbon com-
posites as high-performance EWAMs, including silicon carbide/carbon, MXene/carbon, molybdenum
carbide/carbon, as well as some uncommon carbides/carbon composites and multicomponent compos-
ites. The critical information regarding composition optimization, structural engineering, performance
reinforcement, and structure-function relationship are discussed in detail. In addition, some challenges
and perspectives for the development of carbides/carbon composites are also proposed after comparing
the performance of some representative composites.

INTRODUCTION

Electromagnetic (EM) pollution refers to the interference and harmful radiation from natural and man-made EM wave. The extensive
developments of radio, television, communication, and microwave technologies multiply various radiofrequency equipment, and especially
with the arrival of 5G era, EM radiation on the ground will be increased significantly, which may even reach the level of a direct threat to human
health." In virtue of the characteristic function in energy dissipation, EM wave absorbing materials (EWAMs) have been considered as one of
the most promising candidates for the precaution of EM pollution.”” What's more, EWAMs also play an extremely important role in the field
of military stealth, because they can effectively reduce the cross-section of a target under Radar detection to achieve the goal of confusing the
enemy.®? The intrinsic attenuation mechanisms of EWAMs originate from their interactions with the magnetic and electric field branches of
incident EM wave, and thus EWAMSs, in most cases, are customarily divided into magnetic loss materials and dielectric loss materials.'%"!
Magnetic loss materials ever dominated the practical application of EWAMs due to their powerful EM absorption, and some of them,
such as ferrite, carbonyl iron, and Fe-Si-Al alloy, have been successfully developed as commercial EWAMs.'*"'* However, the attenuation
amplitude of incident EM wave is highly dependent on the filler loading of magnetic EWAMs in resin matrix,'> and thus an excellent EM
absorption coating usually has very large areal density due to extremely high filler loading even up to 80 wt %."° In addition, some native
drawbacks, including weak oxidative resistance and low corrosion potential, as well as the limitation of Curie temperature, make it impossible
for magnetic EWAMs to serve for a long time under harsh conditions.”*'’'® These difficulties force the related researchers to have to reorient
their attention to dielectric loss materials in order to explore the oncoming generation of EWAMs that can meet high-performance and
durable application requirements.

As compared with magnetic loss materials, the family of dielectric loss materials is very large, and many members, e.g., carbon mate-
rials,”?° conductive polymers,zw'22 metal oxides,”>*** metal sulfides,”>*° carbides,”’**® can consume incident EM energy to a certain extent
through conductive loss and polarization loss. Thanks to good chemical stability, tailorable dielectric property and low density, carbon
materials attract wide-ranging interest in the past decade and are always recommended as potential substitutes for conventional magnetic
EWAMSs.?"" However, in most cases, single-component carbon materials easily suffer from mismatched impedance and insufficient loss
capability,** and thus the construction of carbon-based composites by introducing some other components with compatible and compen-
satory EM functions has become a very popular mode to realize desirable EM absorption performance.®***** Of note is that although it is still
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of greatinterest to fabricate various magnetic carbon-based composites as high-performance EWAMs, magnetic components therein cannot
produce effective magnetic contribution as expected, especially in the case of low filler loading, because the coupling effect among different
magnetic particles will be drastically weakened by non-magnetic carbon matrix.***’ In this context, dielectric carbon-based composites are
receiving more and more attention, and many combinations, such as conductive polymers/carbon, metal oxides/carbon, metal sulfides/car-
bon, carbides/carbon, and even carbon/carbon, have demonstrated their significant contribution to the dissipation of EM energy.”*?
Carbides are a kind of compounds from carbon and other elements with similar or inferior electronegativity, and both covalent carbides
(e.g., SiC) and interstitial carbides (e.g., ZrC, WC, TiC) usually have strong corrosion resistance, ultra-high melting point, excellent hardness,
and mechanical strength.”*** The research on the EM absorption of carbides was launched at the end of last century,”>*® while the relative
complex permittivity of pristine carbides was usually small in gigahertz range at room temperature, resulting in insufficient dielectric loss and
undesirable EM absorption performance.”®*’~*? Therefore, carbides were ever considered as potential high-temperature EWAMSs.**? Along
with the flourish of nanotechnology, many effective strategies, including phase engineering, morphology design, size control, heteroatom
doping, have been successfully applied to the regulation on EM properties of carbides,*”?° and the emergency of some new carbides,
e.g., MXenes, further provides tremendous potential for the application of carbides as high-performance EWAMs.?’***’ In particular
when carbides are rationally integrated with carbon materials, there will be comprehensive performance improvements, not limited to EM
absorption characteristics.”® Literature search results indicate that more and more articles are focusing on the fabrication of carbides/car-
bon composites in the field of EM absorption, and thus a state-of-the art summary will be very helpful to understand and further promote the
development of carbides/carbon composites as a new generation of EWAM . In this review, we not only introduce the related loss mecha-
nisms of carbides/carbon composites, but also pay more attention to the recent advances of some typical carbides/carbon composites, i.e.,
SiC/carbon, MXene/carbon, and Mo,C/carbon, as well as the composites with some rare carbides and with some additional electromagnetic
components. Furthermore, the shortcomings, challenges, and prospects of carbides/carbon composites are also proposed and discussed.

BRIEF ELECTROMAGNETIC ABSORPTION MECHANISMS

As we mentioned above, dielectric loss and magnetic loss are two main pathways for EWAMs to consume the energy of incident EM wave.
However, in the family of carbides, except for a few members, such as Fe3C, NisC, and CosC, most of them cannot produce obvious magnetic
response characteristics under room temperature.®’ Even for the carbides with magnetic properties, their saturation magnetization and
magnetic loss capacity are usually less than those of their corresponding magnetic metals.®” Therefore, magnetic loss is not the primary
mode that we pursue in carbides/carbon composites, and in contrast, the regulation on dielectric loss is the key point for the design of car-
bides/carbon composites in most cases, which makes us pay more attention to the mechanism of dielectric loss in this review.

Classical theory in solid-state physics believes that dielectric loss originates from conductive loss and polarization loss.®* > When a dielec-
tric medium is placed in an electric field, the residual carriers (usually electrons) therein will generate a weak current (i.e., leakage current)
through directional migration or hopping driven by this external field,*****’ as illustrated in a conductive network from crosslinked multi-
walled carbon nanotubes (MWCNTSs, Figure 1A).°* Such a process can continuously consume the energy of the applied field. In carbides/car-
bon composites, carbon components often undertake the formation and transmission of leakage current due to their unique structural
properties. Although strong leakage current is favorable for highly effective EM absorption from a theoretical perspective, the actual perfor-
mance of EWAMs does not always depend on the strength of leakage current. This is because there is another important concept, impedance
matching, related to the performance of EWAMSs.®® In usual, the prerequisite for EM absorption is that EM wave can enter a loss medium, and
however, if this medium does not have good impedance matching, EM wave will be reflected off at the transmission interface.'’ As a result, no
matter how strong leakage current or dielectricloss capability is generated in EWAMSs, their absorption performance will be limited. This is the
reason why many single-component carbon materials, such as CNTs, carbon black (CB), carbon fibers (CFs), graphite, cannot produce desir-
able EM absorption performance.””~"" The ideal situation for good impedance matching is that EWAMSs can produce very close complex
permittivity and complex permeability,®’ while it can be only achieved in wave-transparent materials with negligible absorption characteris-
tics. In most EWAMS, especially for dielectric EWAMs, their complex permittivity is obviously larger than complex permeability, and thus the
key to improve impedance matching is to control the gap between complex permittivity and complex permeability.®® The overlarge gap leads
to poor impedance matching and EM absorption.

According to the categories of dipoles, polarization loss is generally divided into electronic polarization, ionic polarization, dipole orien-
tation polarization, and interfacial polarization.®”’* Electronic polarization and ionic polarization are caused by the displacements of electrons
or ions under the action of an applied electric field, and both of them are elastic and complete in a very short time (107°~107"%5),""*? which
means that they hardly produce obvious contribution to EM absorption. Dipole orientation polarization can be described as the process that
many permanent dipoles in a dielectric medium overcome thermal motion and gradually tend to be in the same direction with the guidance of
an applied electric field (Figure 1B)."" However, when an alternating EM field is employed, permanent dipoles cannot reorient themselves in
time with the frequency of the EM field, and especially with the increase of the frequency, the lag will be longer, resulting in an obvious
decrease of relative complex permittivity in high-frequency range, which is also known as frequency dispersion effect.*>’® Interfacial polar-
ization is a loss mechanism due to the different electrical properties (e.g., dielectric constant and conductivity) of two phases in a medium,
the uneven accumulation of free charges occurs at the interface of these two phases caused by an applied electric field (Figure 1C), thus
contributing to the overall polarization response.®>’*
with different chemical compositions or physical states, but can be even created at the interface of two same phases as long as they have

7 The formation of interfacial polarization is not limited at the interface of two phases

distinguishable crystalline structures and crystallinities.”®’? Dipole orientation polarization and interfacial polarization can make solid
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Figure 1. Schematic illustrations of some dielectric loss mechanisms

(A) Electron transport in MWCNT network. Reproduced with permission.®® Copyright 2013, Elsevier Ltd.

(B) Dipole orientation polarization.

(C) Interfacial polarization.

(D) Defect induced polarization. Reproduced with permission.®” Copyright 2022, Wiley-VCH.

(E) Electron transfer from ZnO to Ni@C. Reproduced with permission.”” Copyright 2020, Elsevier Ltd. Surface electric fields of (F) metal nickel and (G) Ni-C bonded
Ni-CNT composite. Reproduced with permission.”*

(F and G) Copyright 2017, American Chemical Society.

contribution to the consumption of EM energy in gigahertz range, and thereby, they are two important factors that should be concerned in the
design process of ENVAMs.

Apart from these conventional mechanisms, some new dielectric loss pathways are also proposed in recent years. First, defect-induced
polarization gains more and more attention in EM absorption. It is well known that defect sites, including vacancy, heteroatom, dislocation,
can play the role of carrier traps, which suggests that they can break the balance of charge distribution in EVAMs and then induce various
polarization processes to dissipate EM energy (Figure 1D).°>%%%" The introduction of more defect sites in semiconductors and carbon mate-
rials has been proved to be an effective strategy for the improvement of EM absorption.® % Second, Schottky heterojunction, a common unit
consisted of metal and semiconductor, not only works for the regulation on electron transfer widely in catalysis field,?”*® but also is found to
be highly contributive to EM absorption.®””" Wang et al. designed multiple core-shell Ni@C@ZnO as EWAMs, and proposed that Ni@C unit
with high conductivity could be regarded as a metalloid, and thus Schottky heterojunction was created at the interface between Ni@C and
ZnO.”” The irreversible electron transfer from ZnO to Ni@C brought obvious charge unbalance at the interface (Figure 1E), which could be
understood as another form of interface polarization. Of note is that carbon materials usually have good conductivity and many types of
carbides also have the characteristics of semiconductors,”” " and thus it is very feasible to construct Schottky heterojunction in carbide/car-
bon composites. Third, plasmon resonance was recently utilized to explain the consolidation of EM absorption in some recent studies.”’”
Sha et al. even proclaimed that they enhanced such surface plasmon resonances through a chemical interaction between metal Ni and CNTs
(Figures 1F and 1G), thus harvesting better EM absorption performance.”® By considering that plasmon resonance usually occurs in visible
region or near-infrared region, this is still a temporary speculation obtained through the size-dependent EM properties, and more convincing
data are needed to be acquired to validate this conclusion. If it is true, the prospect of carbides/carbon composites in EM absorption can be
further expected because some transition metal carbides, such as WC and Mo,C, possess comparable plasmon resonance effect as those
metal-based plasmonic absorbers.”*"’

In this section, we briefly introduce some potential dielectric loss mechanisms that may work for EM absorption in carbides/carbon com-
posites, and with respect to the mechanisms related to magnetic loss, they can be consulted in other references about magnetic EWAMs.' %%

SiC/C COMPOSITES

As one of the typically functional ceramic materials, SiC receives considerable attention in the past decades because it shows some amazing
superiorities of light weight, good chemical inertness, wide band gap, controllable thermal conductivity, low thermal expansion, high wear
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resistance, and strong hardness, which endow it with very wide applications ranging from separation and purification to thermal regulation,
catalysis, corrosion protection, lubrication, wafer, and so on.””1%? |n addition to those conventional applications, the utilization of SiC in EM
attenuation is also gradually recognized in recent years,”%*/4%/19%
cannot generate powerful EM absorption. The introduction of other EM components is a popular way to strengthen EM absorption perfor-
mance of SiC.>%'%*~1% Among various combinations, SiC/C composites almost account for more than half of SiC-related composites applied
for EM absorption, not only for good chemical stability of carbon materials and their significant contribution to dielectric loss, but also for their

while the polarization loss caused by the inherent dipoles and defects alone

abundant resource and diversified forms, as well as designable microstructure.’% %4119 |n this section, we will introduce the application of
SiC/C composites as high-performance EWAMs in terms of their combination mode and microstructure design.

Physical mixing-prepared SiC/C composites

Both SiC powder and carbon powder (e.g., CB, CNTs, graphite) are commercially available raw materials, and thus the simplest and the most
direct method for the preparation of SiC/C composites is physical mixing." ="' For example, Liu et al. mixed commercial SiC and CB through
ball milling, and investigated the change of EM properties dependent on their filler loadings in epoxide resin.” They found that CB had much
higher relative complex permittivity than SiC, and as a result, the introduction of CB could enhance dielectric loss of the final composites
remarkably. When the mass fractions of SiC and CB in epoxide resin were 50 wt % and 5 wt %, respectively, the minimum reflection loss
(RL) intensity would be as low as —41.0 dB at 9.0 GHz. Li et al. and Hu et al. finely regulated the content of MWCNTs in the composites
from 0 to 20 wt %, and both two groups confirmed the optimum mass ratio of SiC to MWCNTs was about 250."">""® Under such circum-
stances, SIC/MWCNTs composites could produce minimum RL intensity less than —40.0 dB and effective absorption bandwidth (EAB, the
frequency range with RL less than —10 dB) more than 2.0 GHz with an absorber thickness of only 1.6 mm. Although the facilitation of carbon
materials to dielectric loss and EM absorption have been witnessed in many SiC/C composites, it is still difficult for a physical method to
disperse SiC and carbon materials uniformly in final composites,''*""” which suggests that such EM enhancement is more dependent on
the intrinsic loss capabilities of individual components, and the synergy between SiC and carbon materials have not been developed effec-
tively. Therefore, some advanced methods are always considered to be the key for the fabrication of high-performance SiC/C composites in
the follow-up studies.

In situ derived SiC/C composites

Polymer-derived ceramics (PDCs) process is one of the important methods to prepare SiC/C composites and the pyrolysis of single-source
precursor, polycarbosilane (PCS), can in situ generate SiC nanoparticles in carbon matrix, resulting in much better chemical homogeneity than
those composites from physical mixing.''®? Li et al. pioneered the investigation on the dielectric and EM absorption properties of SiC/C
composites derived from a liquid PCS with highly branched Si-CH,-Si chain, and Si-H, Si-CH3, CH = CH, functionalities.'?’ They found that
dielectric loss tangent of the resultant SiC/C composites would gradually increase with the pyrolysis temperature from 1100 to 1500°C, and
became inferior when the temperature was further increased to 1600°C. However, the composite from 1400°C generated the best EM ab-
sorption with the average RL intensity of —9.97 dB in the X band, and they attributed the enhanced EM performance to sufficient interfacial
polarization induced by numerous SiC nanocrystals (ca. 3.5 nm). Wang and his co-works employed commercial PCS powder as the precursor,
and they revealed that the transformation of residual carbon from amorphous to turbostratic structure would cause regional carbon
enrichment (Figures 2A-2C).'?? Meanwhile, the growth of SiC nanocrystals and the increased graphitization degree of carbon species played
two important factors to affect EM parameters and impedance matching, and the minimum RL intensity would reach —35.0 dB due to the
balance between dielectric loss and impedance matching (Figure 2D). Jia et al. also reported that SiC/C composites from PDCs process could
also exhibit good EM absorption performance in the Ka band,'”? whose strongest RL intensity and EAB were —53.1 dB and 2.43 GHz, respec-
tively. Of note is that PDCs process is a flexible strategy for SiC/C composites, and the chemical composition of final composites can be easily
regulated by introducing different additives before the pyrolysis of PCS.'?*"'?” For example, Han et al. manipulated the carbon content in
PCS-derived SiC/C composite through the pre-addition of GO, and thus promoted the minimum RL intensity from less than —5.0 to
—69.3dB."* Yu et al. even prepared multicomponent CNTs/Fe3Si/Fe/SIOCN ceramic nanocomposites by pyrolyzing the mixture of poly(me-
thylvinyl) silazane, ferric acetylacetonate, and carboxylic functionalized CNTs."*” The reinforcement of interfacial polarization and the forma-
tion of magnetic loss were believed to be responsible for strong RL of —65.3 dB and broad EAB of 6.0 GHz.

Along with the flourish of nanotechnology, electrospinning is widely couple with PDCs to produce SiC/C composites in recent years.
On one hand, the utilization of electrospinning technology can retain the advantages of PDCs, and on the other hand, electrospinning can

133-136

endow final composites with uniform one-dimensional (1D) morphology, facilitate the construction of conductive network, and achieve syn-
chronous composition manipulation by screening organic additives. For example, Huo et al. dissolved PCS and polyvinylpyrrolidone (PVP) in a
mixed solution of tetrahydrofuran/ethanol, and then this solution was inhaled into a medical syringe equipped in an electrospinning machine
(Figure 2E)."*" After electrospinning and high-temperature pyrolysis, crosslinked 1D SiC/C fibers could be obtained (Figures 2F and 2G). SiC
nanocrystals with average particle size of about 15 nm were evenly distributed in the fibers, and amorphous carbon derived from PVP could be
easily identified high-resolution TEM image (Figure 2H). The final composite not only displayed satisfactory EM absorption characteristics, but
also keep its performance in a very broad frequency range (Figure 21). EM analysis disclosed that the energy consumption of incident EM wave
came from electron migration and hopping in the conductive network assembled by 1D fibers, as well as interfacial polarization between SiC
nanoparticles and carbon scaffold (Figure 2J). Similarly, such a combined technology can also accommodate other inorganic additives, such

as rGO and CNTs, in order to further optimize the EM properties of final composites.''*
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Figure 2. Characterization results, preparative process diagrams, EM absorption performance, and possible absorption mechanism of SiC/C
composites from PDCs

(A and B) HRTEM images for the microstructure of SiC nanocrystals and carbon phase in PCS-derived SiC/C composites.
(C) The size of SiC nanocrystals pyrolyzed at different temperatures and schematic illustration of microstructural evolution of PCS-derived SiC/C composites.
(D) RL curves of PCS-derived PCS-derived SiC/C composites with a thickness of 1.5 mm.
(E) Preparative process.
(F) SEM.

(G) TEM.

(H) HRTEM images.
(I'and J) (I) RL curves, and (J) EM absorption mechanism of SiC/C nanofiber from electrospinning.
(K) Schematic diagram of plasma-synthesis process.

(L and M) (L) TEM images and (M) 2D RL map of EM absorption performance of SiC/C composites.
(A-D) Reproduced with permission.122 Copyright 2018, Elsevier Ltd.

(E-J) Reproduced with permission.’! Copyright 2020, Elsevier Ltd.

(K-M) Reproduced with permission.'*” Copyright 2022, Taylor & Francis.
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Although PDCs process, including the one combined with electrospinning, has been established as an effective strategy for the produc-
tion of SiC/C composites, pre-crosslinking at moderate temperature (200-400°C) and pyrolysis at ultra-high temperature (over 1300°C) are
always necessary steps to induce the formation of SiC nanocrystals,'?"'#%'%"33 \which determine the characteristics of large energy consump-
tion and high time cost of PDCs process. More recently, a new technique that can convert small organic molecules to SiC/C composites with
the assistance of atmospheric plasmas has been successfully developed by Xia’s group.'**"*”1%° The schematic diagram of this process can
be observed in Figure 2K, where hexamethyldisilane (HMDS) and methane are the precursors for SiC/C composites and Ar is utilized to
generate atmospheric plasmas. Very interestingly, SiC/C composites from this way usually present desirable core-shell configuration (Fig-
ure 2L), resulting in full contact between SiC nanoparticles and carbon shells. The composition and EM characteristics of SiC/C composites
can be easily tuned by the methane flowrate and the arc current.'**"*” The optimized SiC/C composite can also give considerable EM ab-
sorption performance, whose minimum RL intensity and EAB of the optimized SiC/C composite reach —65.7 dB and 4.6 GHz, respectively
(Figure 2M).

It is universally acknowledged that microstructure design plays a vital role in the reinforcement of EM absorption performance.
EWAMs have some special microstructures such as hollow structure, yolk-shell structure, porous structure and so on, better EM absorption
performance will be achieved through multiple scattering, improved impedance matching and enhanced dielectric loss.'*"'*° The abundant
voids in the medium can intensify the reflection of incident EM wave, which results in the repeated consumption of EM energy. Besides,
complex interior structure is also beneficial for impedance matching, which allows a major portion of EM wave to pass through the interface
between the free space and EWAMs."' Microstructure design is conducive to strengthen dielectric loss as well. Massive microcurrents will be
formed when the EM wave interact with the conductive networks formed by complex structure, transforming EM energy to joule heat.*” More-
over, abundant interfaces, defects and surface functional groups result in enhanced polarization loss under alternative electric field.”° With
core-shell SiO,@RF microspheres as the precursor, Liu et al. successfully fabricated hollow mesoporous SiC/C microspheres through high-
temperature pyrolysis and acid etching.'*® EM analysis revealed that the synergy between carbon shells and SiC nanoparticles was mainly
responsible for good EM absorption performance (minimum RL: —55.4 dB, maximum EAB: 5.6 GHz), while the hollow mesoporous structure
was also greatly beneficial to impedance matching, interfacial polarization, and multiple reflections of EM wave.

141 hc

Post-modified SiC/C composites

Although in-situ derived process significantly improves the dilemma of the random distributions of SiC and carbon components in the
composites from physical mixing, the microscopic heterostructure between SiC and C is still difficult to regulate, because the temperature
required for PDCs process is very high (over 1300°C), which easily leads to phase segregation in many cases.'?” In this context, the post-syn-
thesis scheme is developed in order to further strengthen the interaction between SiC and carbon components. There are two common kinds

147150 and the other is to create

of modes to conduct the post-synthesis scheme. One is to induce the growth of nanoscaled SiC units on CFs,
carbonaceous attachments on SiC fibers.''%"'~152

CFs have high electrical conductivity and powerful intrinsic loss capability, while the mismatched impedance with free space always brings
intensive reflection of incident EM wave rather than desirable absorption, and thus the core purpose of SiC growth on their surface is to
improve the impedance matching to allow the heterogeneous propagation of EM wave from free space to EWAMs.'*"°® Sy et al. coated
CFs with PCS layers and then converted the PCS layers in SiC nanowires.'>’ The results indicated that the formation of SiC nanowires indeed
narrowed the gap between relative complex permittivity and relative complex permeability, and thus the front-end reflection of EM wave was
largely suppressed. The EM characteristics of final products could be tailored by the times of PCS impregnation, and the optimum one ex-
hibited strong RL of —41.1 dB and EAB of 3.82 GHz. Of note is that such a method is still based on the PDCs process, which makes the growth
of SiC nanowires disordered, losing the advantages of CFs in uniformity and orderliness. Therefore, some groups attempt to plant SiC nano-
wires on CFs through chemical vapor reaction.””'*”"'** As shown in Figure 3A, Yan et al. impregnated pre-treated CFs in Ni(NOs); solution
and then reduced Ni?* into Ni nanoparticles, and after feeding CH3SiCls as both Si and C sources in this chemical vapor infiltration (CVI) sys-
tem, SiC nanowires would be finally harvested on the surface of CFs with the assistance of Ni nanoparticles.’*® SEM images confirmed that this
was an effective way to modify CFs with SiC nanowires, and the intersectional SiC nanowires loosely wrapped smooth CFs (Figures 3B-3D).
TEM image identified a small droplet at the end of a single SiC nanowire (Figure 3E), indicating that the growth of SiC nanowires was in a
vapor—liquid—solid mode."*® The comparison in EM absorption manifested that the formation of SiC nanowires reinforced the performance
of CFs remarkably, where the minimum RL was decreased from less than —5.6 to —33.1 dB and the EAB was correspondingly broadened from
0 to 3.1 GHz with an absorber thickness of 1.5 mm (Figures 3F and 3G). Zhou et al. deposited Ni nanoparticles on CFs (Toray T700) with an
electroplating method, and then introduced CH3SiCls at 1000°C under the pressure of 600 Pa for 4h.”° The as-prepared SiC/CFs composite
also showed good EM absorption characteristics (minimum RL: —28.3 dB, maximum EAB: 2.5 GHz), and the improvement on impedance
matching and electron hopping was considered to be primarily responsible for such performance.

In contrast to the first mode mentioned above, the growth of carbonaceous attachments on the SiC matrix is dedicated to the consolida-
tion of dielectric loss (conductive loss exactly) capability, because carbonaceous attachments are usually more favorable for electron
migration and hopping than SiC materials.”®"'%">%"1¢" |t has been reported that 1D SiC materials, e.g., nanowires and fibers, could produce
better EM absorption than those bulky and disordered SiC particles,”®'%? and thus they are widely selected as the scaffolds for carbonaceous
attachments. Liang and Wang coated SiC nanowires with resorcinol-formaldehyde (RF) polymers and then turned the immediate composite
of SIC@RF into final SIC@C nanowires under high-temperature inert atmosphere (Figure 3H).'"° The final composites exhibited typical core-
shell configuration and the relative content of carbon shells could be adjusted by the mass ratio of SiC to RF (Figure 3l). When the mass ratio
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Figure 3. Preparative process, microstructure characterization, and EM absorption performance of SiC/C composites from post-synthesis
(A) Schematic illustration for the fabrication of SiCnws-CF.

(B-D) SEM images of CFs, SiCnws-CF, and SiC nanowires respectively.

(E) TEM image of a single SiC nanowire.

(F and G) RL curves of CFs and SiCnws-CF.

(H) Synthetic route of SIC@C core-shell nanowires.

(I) TEM image of SiC@C nanowires.

(J) 2D RL map of EM absorption performance of SiIC@C nanowires.

(K) SEM image of CNTs on SiC fibers.

(L) RL curves of CNTs/SiC¢ composite.

(M) Engineering tensile stress-strain curves of pure PDMS and CNTs/SiC/PDMS composite.

(A-G) Reproduced with permission."*? Copyright 2017, American Chemical Society.

(H-J) Reproduced with permission.''® Copyright 2017, American Chemical Society.

(K-M) Reproduced with permission.'*” Copyright 2020, American Chemical Society.

was 2:1, the resultant SiC@C nanowires could generate very strong RL of —50.0 dB at 12.0 GHz and considerable EAB as broad as 8.0 GHz
(Figure 3J). More importantly, the authors addressed the significance of core-shell configuration to EM absorption by testing the performance
of a physical mixture of SiC nanowires and carbon. Although carbon shells derived RF enhance dielectric loss capability to some extent, the
overall loss capability of these composites is still limited due to their amorphous nature and inadequate thickness (less than 20 nm). To further
improve the situation, CNTs are being taken as promising carbon attachments on SiC matrix, because they have excellent conductivity and
desirable space extension.'®® For example, Xu et al. directed the growth of CNTs on SiC fibers with the assistance of ferrocene (Figure 3K), and
they found that even if the loading of CNTs was only 0.72 wt %, the final composite could increase EM absorption characteristics by tens of
times, especially for the EAB up to 8.8 GHz (Figure 3L). It was very interesting that the authors also mixed these SiC/CNTs composites with
polydimethylsiloxane (PDMS) to manufacture a flexible EM absorption film with good mechanical property (Figure 3M). More recently, Huang
et al. optimized the process for the growth of CNTs and harvested vertical carbon nanotubes arrays as thick as 46 um on SiC fibers.'®*
Although these unique composites have temporarily failed to achieve greater breakthroughs in EM absorption (minimum RL: —56.2 dB,
maximum EAB: 4.3 GHz), this interesting growth style of CNTs might be highly attractive and greatly helpful for the design of high-perfor-
mance EWAMs in the following studies. After analyzing the performance of these SiC/C composites prepared by the so-called post-synthesis
scheme, one can find the formation of carbonaceous attachments on SiC matrix seems a better strategy for EM absorption, which is possibly
attributed to stronger conductive loss benefited from external carbon species.

As compared with the physical mixing method and in situ derived method, the microstructure design in SiC/C composites through post-
synthesis will be relatively easy, and thus become a hot topic to enhance their EM absorption capabilities in the latest research. Lan et al.
impregnated porous SiC skeleton into CNTs paste and obtained binary porous SiC/C composites through high-temperature pyrolysis in
the presence of Si/SiO, powder.'®” Such binary porous composites displayed excellent high-temperature EM absorption performance in
Xband. Chen et al. directed the growth of SiC whiskers on the external of hollow carbon microspheres, and they concluded that hollow micro-
structure in carbon microspheres made a significant contribution to polarization loss and EM absorption enhancement.'®

Among conventional micro/nanostructures, aerogels are evolving into a fascinating architecture for EWAMs, not only for their highly open
skeleton contributive to EM wave propagation and multiple reflections, but also for their crosslinked network that may generate induced cur-
rent by promoting electron migration.””'¢’:"*® Such a situation greatly drives the research to develop SiC/C composite aerogels. Cai et al.
incubated SiC nanowires in glucose solution, and then obtained well-interconnected SiC@C nanowire foams (SCNFs) through partial-hot-
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Figure 4. Preparative process, microstructure characterization, and EM absorption performance of SiC/C aerogels
(A) Schematic illustration for the fabrication of SiC/C aerogel (SCNF).

(B) Digital photograph of SCNF with a volume of ~25 cm?® being supported by a spider web.
(C) SEM (Scale bar: 2 um) and (D) TEM images (Scale bar: 50 nm) of SCNF.

(E) Linear EDS scanning of an individual SiC@C nanowire (Scale bar: 50 nm).

(F) 2D RL map of SCNF.

(G and H) SEM images of the SiC/C composite aerogel.

(I) The RL curves of SiC/C composite aerogel.

(J) Digital photographs of GO@SiC and TGO@SIC aerogels.

(K and L) SEM images of TGO@SiC and GO@SIC aerogels.

(M) RL curves of TGO@SiC aerogel.

(A-F) Reproduced with permission.'®” Copyright 2020, American Chemical Society.

(G-1) Reproduced with permission.'®! Copyright 2019, American Chemical Society.

(J-M) Reproduced with permission.’”® Copyright 2017, Elsevier Ltd.

pressing treatment (Figure 4A)."” The density of final SCNFs could be manipulated from 36 to 180 mg/cm?, and the low density made SCNFs
be supported on a spider web (Figure 4B). The interconnected SiC nanowires therein were uniformly coated with amorphous carbon shells,
resulting in a profitable core-shell configuration (Figures 4C-4E). The structural effect and multiscale dissipation mechanisms rendered SCNFs
as high-performance EWAMs with ultra-wide EM response bandwidth (maximum EAB: 10.1 GHz, Figure 4F), which was obviously better than
single core-shell SIC@C nanowires (8.0 GHz, Figure 3L)."'° The formation of SiC-based aerogels usually requires some special treatment tech-
nique (e.g., hot pressing), and thus most studies on SiC/C composite aerogels prefer to employ carbon aerogel or foam as the structural scaf-
fold. Some carbon scaffolds or scaffold precursors, such as expanded graphite, commercial carbon foam, biomass, polyacrylamide, and cel-
lulose, have exhibited their potential in the construction of SiC/C composite aerogels.'’%'"* Among them, melamine foam receives much
more attention due to its extremely high porosity, open-cell network, commercial availability, and low cost.'’>'’® Chen’s group carried
out extensive relevant research and investigated the growth of SiC coatings on melamine-derived carbon foams in detail.””>"""~'8! Finally,
they concluded that a two-step heat treatment was necessary to achieve desirable EM absorption performance, where melamine foam
was firstly pyrolyzed at 1100°C and SiC/C composite aerogels after chemical vapor deposition were further treated at 900°C, and besides,
they also confirmed the optimum gas flow ratio of methyltrichlorosilane (MTS): Hp: Ar was 40:250:120."%" With these optimum conditions,
the resultant SiC/C composite aerogel could maintain open skeleton structure and present a cladding configuration with sufficient hetero-
geneous contact (Figures 4G and 4H). These salutary features broadened the EM response frequency range of SiC/C composites effectively,
and the maximum EAB could reach up to 10.84 GHz (Figure 4l).

In addition to the utilization of pre-obtained carbon scaffolds, some groups also developed a self-assembly strategy for SiC/C composite
aerogels through foaming or freeze-drying.'®* %" For example, Jiang et al. assembled GO and SiC whiskers through directional freeze-cast-
ing and then obtained rGO/SiC aerogels (TGO@SIC) by thermal reduction (Figure 4J).'% The final TGO@SIC presented typical spongy bone-
like hierarchical microstructure, and SiC whiskers were found to be closely attached on the skeleton of rGO (Figures 4K and 4L). The dielectric
properties of final aerogels could be easily controlled by the content of GO in initial SiC slurry, and when the concentration of GO was 5 mg/
mL, the corresponding TGO@SiC could produce good EM response in a broad frequency range (Figure 4M).

SiCis a kind of typical ceramics with good hardness and high temperature resistance, and it is also the first carbide for the application of EM
absorption. The combination of SiC and carbon materials not only boosts intrinsic EM absorption performance of final composites, but also
brings more opportunities for the microstructure design to increase the pathways of EM attenuation. In terms of EM absorption performance
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alone, some SiC/C composites can already meet the requirement of some specific application scenarios, while few studies comprehensively
evaluate the practical application potential of SiC/C composites. Besides, the presence of carbon components significantly reduces the pos-
sibility of the application of SiC/C composites under high temperature condition, and thus how to improve the thermal stability of carbon
components in SiC matrix is a challenging task in the following studies.

MXene/C COMPOSITES

MXene is the latest family of two-dimensional transition metal carbides and/or nitrides, and it is usually denoted with the formula of M1 X, T,
where M is an early transition metal, such as Ti, V, Zr, Mo, and so forth, X is either C or N, and T represents constitute the surface terminating
functional atoms or molecules (OH, O, and/or F groups).'® Since the discovery of MXene by exfoliating layered transition metal carbide
TizAIC, with hydrofluoric acid (HF), this new kind of materials has quickly attracted the attention of researchers around the world and become
a super star in many hot fields, including energy conversion and storage, catalysis, and sensor.'®~'%” Very interestingly, the inherent conduc-
tivity, good mechanical properties, and abundant surface terminations also make MXene good candidates for EM radiation pollution preven-
tion and control."””"'7? Although MXene can interact with electric field branch of incident EM wave and even produce desirable EM
attenuation to some extent,’ the total shielding effect is still established on EM reflection rather than EM absorption in most cases. Some
effective strategies, e.g., surface modification, element doping, defect control, microstructure design, have been successfully developed
to regulate EM characteristics of MXene and realize good EM absorption performance.’”*'?” Apart from these modification methods on
MXene itself, recent progress indicates that the combination of MXene and carbon materials may provide an alternative pathway to signif-
icantly promote EM absorption performance of MXene through synergistic attenuation mechanism and improved impedance match-
ing.'”*% By considering the complex preparation process of MXene, it is difficult to in situ direct the growth of MXene in carbon matrix,
and thus most MXene/C composites are constructed in the way of physical combination. In this section, we mainly discuss the EM absorption
performance of different MXene/C composites which are classified according to the dimension of carbon materials, and as for multicompo-
nent MXene/C composites with other additives, we will mention them in subsequent chapters.

Composites of MXene and 0 D carbon materials

The good electrical conductivity of MXene is a double-edged sword for its EM absorption performance. On one hand, it enables MXene with
powerful intrinsic loss capability, and on the other hand, it induces mismatched impedance with free space, resulting in strong reflection of EM
wave at their heterogeneous interface. Carbon nanoparticles with relatively low graphitization degree can appropriately suppress rather than
completely blocking carrier transmission in MXene, and thus they are taken as potential candidates to couple with MXene. For example, Fan
et al. embedded CB nanoparticles with an average size of 10 nm into MXene film, and they found that the dispersion of CB nanoparticles
brought porous structure, increased BET surface, and prevented intensive interface reflection.””! With increasing the dosage of CB nanopar-
ticles from 0 to 90 mg, the contribution of EM absorption in X band would enhance from —31 to —47 dB correspondingly. Xu et al. directed the
polymerization of polyaniline (PANI) on the surface of exfoliated MXene nanosheets, and then converted PANI into N-doped carbon nano-
particles under high-temperature inert atmosphere.”®” The formation of carbon nanoparticles not only optimized impedance matching of the
final composite, but also created additional polarization loss mechanisms, which effectively broadened its EAB to 5.0 GHz with a thin thickness
of 1.72 mm. Similarly, Huyan et al. replaced PANI with polydopamine (PDA) and tailored the loading amount of carbon nanoparticles through
the dosage of dopamine hydrochloride.””* It was clear that carbon nanoparticles were densely attached on the surface of MXene nanosheets,
and there were many heterointerfaces between crystalline and amorphous regions, as well as abundant lattice defects and discontinuous
grain boundaries (Figures 5A-5C). By regulating the pyrolysis temperature and dopamine hydrochloride dosage, the strongest RL intensity
and the broadest EAB of the optimal composite could reach —48 dB and 7.01 GHz, respectively (Figure 5D). Although carbon nanoparticles
promote EM absorption performance of MXene as expected, the large gap between their sizes determines that carbon nanoparticles cannot
modulate electron migration and hopping among different MXene nanosheets effectively, and thus the related studies on the composites of
MXene and carbon nanoparticles are still limited.

Composites of MXene and 1 D carbon materials

1D carbon nanomaterials, i.e., CNTs and CNFs, also have excellent electrical conductivity such as MXene, and thus in principle, the combi-
nation of MXene and 1D carbon nanomaterials cannot realize the optimization on impedance matching, but may further strengthen EM
attenuation ability through some synergistic effects. There have been some reports that attributed to the enhancement of EM shielding effec-
tiveness to the dominant absorption contribution in MXene-based composites with 1D carbon nanomaterials.”**~*'° In addition, 1D carbon
nanomaterials are well-known for their reasonable mechanical strength, which offers a great potential to fabricate various MXene-based
electronic devices to meet the requirements in practical applications.”’ '™?'> However, simply physical mixing of MXene and 1D carbon nano-
materials only brings small EM reinforcement, because the synergy from the randomly dispersed components is very limited,”'* and thus
rational design on the composite mode is usually necessary to achieve remarkable EM performance. Cui et al. demonstrated the synthesis
of porous MXene/CNTs microspheres through ultrasonic atomization and freeze drying.”®* MXene and CNTs could uniformly dispersed in
each microsphere (Figures 5E-5G), and their weight ratio could be manipulated from 1:1 to 5:1, which affected EM properties of the final
composites in turn. The best weight ratio of MXene to CNTs was 3:1 in these microspheres, and the minimum RL intensity and the maximum
EAB under this circumstance were —45.0 dB and 4.9 GHz, respectively (Figure 5H). Another common method is to decorate the pre-prepared
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Figure 5. Microstructure characterization and EM absorption performance of MXene-based composites with 0D carbon nanoparticles and 1D CNTs
(A-C) SEM and (B and C) HRTEM images of carbon nanoparticles/MXene composite.

(D) RL curves of carbon nanoparticles/MXene composite.

(E) SEM and (F and G) TEM images of porous CNTs/MXene microspheres.

(H) 3D RL map of porous CNTs/MXene microspheres.

(I) Schematic illustration of nacre-like and loofah-like CNFs/MXene membranes.

(J) RL curves of nacre-like and loofah-like CNFs/MXene membranes.

(A-D) Reproduced with permission.””* Copyright 2022, Elsevier Ltd.

(E-H) Reproduced with permission.” Copyright 2021, Elsevier Ltd.

(I and J) Reproduced with permission.””” Copyright 2021, Elsevier Ltd.

CNTs/CNFs matrix with MXene suspension, so that MXene nanosheets can uniformly deposit on the surface of CNTs/CNFs.?'%?"> With a
simple electrophoretic deposition technique, Yang et al. made MXene nanosheets highly disperse in CNTs buckypaper, and the full contact
of MXene nanosheets and CNTs matrix resulted in strong shielding performance in X band, where the contribution of EM absorption reached
up to 69%.°'° Weng et al. assembled TisC,T, MXene-CNTs composite films through spin spray layer-by-layer technique, and when the
composite film contained 300 MXene-CNTs bilayers, it could extremely high shielding effectiveness of 58187 dB cm? g~ with overwhelming
absorption contribution in X band.?®

Earlier in this review, we mention more than once the positive role of microstructure in promoting EM absorption, and thus it is also of great
interest to assemble MXene and CNTs into composite aerogel.”'#*'"?'® For example, Hu et al. mixed TisC,T, suspension and CNTs suspen-
sion, then induced the assemble of TisC,T, and CNTs by adding HCl solution, and finally harvested TizC,T,/CNTs composite aerogel‘219 The
final composite aerogel could display minimum RL of —44.4 dB and EAB of 5.44 GHz with an absorber thickness of 1.92 mm. More recently,
Peng et al. compared EM absorption performance of nacre-like and loofah-like CNFs/MXene membranes, which were prepared through
oven-drying or freeze-drying, respectively (Figure 51).°% The results indicated that the maximum EABs of nacre-like and loofah-like CNFs/
MXene membranes were 7.12 and 7.32 GHz, respectively, and the corresponding absorber thicknesses were 3.6 and 2.5 mm, which again
verified that the presence of loose and porous microstructure was helpful to produce good EM absorption performance (Figure 5J).

The stability of MXene is always one of the issues concerned by worldwide researchers, and the abundant O-containing terminating
groups and the thin size are easily responsible for the oxidation of MXene nanosheets at high temperature even under inert
atmosphere.””%??! Therefore, many studies typically do not induce the growth of CNTs on MXene nanosheets directly, and instead, they pre-
fer to conduct the growth of CNTs on some intermediate supports, i.e., ZIF-67, CoNi LDH, Ni(OH),, and then embed these resultant CNTs
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clusters into MXene matrix.”?*??> Although the combination of MXene nanosheets and CNTs in this way can also promote EM absorption to
some extent, itis essentially not different from physical mixing. In situ growth of CNTs in MXene matrix is still a desirable manner to power the
EM performance of MXene, because researchers always expect the growth of carbon nanotubes to further enlarge the interlayer distance of
MXene nanosheets, creating crosslinked and porous microscopic networks favorable for the propagation and attenuation of incident EM
wave. To date, several groups have made some breakthroughs on the suppression of MXene oxidation during the growth of CNTs through
vacuum pretreatment to remove O-related molecules as far as possible.”**"**” For example, Li et al. selected Ni nanoparticles as the catalyst
and C,Hj, as the gaseous carbon source to conduct the growth of CNTs on MXene nanosheets, and the resultant MXene/CNTs composite
gave EAB of 4.5 GHz with the thickness of only 1.55 mm”?%; Che's group utilized the “seed-germination” effect of Ni?* to breed CNTs with
melamine as carbon source, and they also found strong RL (ca. —40.0 dB) and moderate EAB (ca. 4.0 GHz) with a small absorber thickness
(1.5 mm).””’ It has to be pointed out that the in situ growth of CNTs do not proceed perpendicular to the surface of MXene nanosheets
as expected, and conversely, they curve and grow approximately parallel to the surface. This situation leads to a deviation in EM absorption
performance of final composites from the expected results, and also remains a challenging task for the following studies.

Composites of MXene and 2 D carbon materials

Both MXene and rGO are very famous 2D functional materials rising in this century.”*>?*! The unique lamellar microstructural morphologies
determine that there is a great possibility to construct MXene/rGO composites with face-to-face configuration, and their quite different
composition, phase, and property may create remarkable interfacial synergy to produce extraordinary EM performance. Due to the negative
charges on the surface of MXene and GO/rGO, small organic amine molecules are always necessary to eliminate their strong repulsive inter-
action during their combination process.”**?** For example, Wang and his co-works assembled MXene and rGO in the presence of dopamine,
and they found that dopamine could promote the dispersion and combination of MXene and rGO nanosheets effectively.”*” The resultant
MXene/rGO composite could exhibit better EM absorption performance than the counterpart without dopamine, including stronger RL in-
tensity (—62.6 dB vs. —16.0 dB) and broader EAB (5.6 GHz vs. 4.3 GHz). Yang et al. successfully created a covalent amide bond between
rGO and amino-functionalized MXene through an amidation reaction.”** The formation of this amide bond was confirmed to be favorable
for electron migration and impedance matching, and after locating the mass ratio of MXene/rGO at 2: 1, the optimal composite could display
RL intensity of —48.0 dB at 6.4 GHz with a thickness of 2.7 mm and wide EAB of 4.1 GHz just with a small matching thickness of 1.4 mm.

In an effort to highlight the microstructure contribution to EM absorption, some elaborately designed schemes have also been applied to
the combination of MXene and rGO. As shown in Figure 6A, Li et al. firstly assembled few-layered MXene (2-8 layers) with polymethyl meth-
acrylate (PMMA) nanospheres through hydrogen bonding and van der Waals force, and then the intermediate hybrids were further wrapped
by GO nanosheets and treated under high-temperature inert atmosphere.”*> The final MXene/rGO composite presented uniformly spherical
morphology and typically hollow microstructure (Figures 6B and 6C), and thus it had ultra-light feature with the density as low as 0.0033 g/cm?®
(Figure 6D). The unique heterogeneous interface associated with core-shell configuration and hollow microstructure rendered the rGO/
TizCyTx hybrid as promising EWAMSs, and especially, its EAB could almost cover the whole X band with the minimum RL intensity of —23.0
dB (Figure 4E). The construction of 3D porous aerogel is also attractive for MXene/rGO composites. For example, Wang et al. obtained
3D porous MXene TisC,T,/rGO composite aerogel through hydrothermal self-assembly and freeze-drying treatment.”** The optimal RL
and EAB of this composite aerogel could reach —31.2 dB and 5.4 GHz, respectively, and if the absorber thickness was accumulated from
1to 4 mm, the corresponding integrated EAB would cover the frequency range of 4.9-18.0 GHz. By considering the poor mechanical stability
of Ti3C,T,/rGO composite aerogels from freeze-drying treatment, some groups prefer to employ organic polymers as a flexible matrix for the
combination of MXene and rGO.”*** Lj et al. introduced polyurethane containing Diels-Alder bonds (PUDA) into MXene/rGO composite
aerogel with a vacuum assisted impregnation method, and the resultant not only showed good EM absorption contribution (over —30 dB) in X
band, but also maintained its EM function after 5000 bending cycles.”*” Besides those homogeneous MXene/rGO composites, there are also
some interests in the fabrication of heterogeneous MXene/rGO composites in recent years. Liao’s group prepared 2D porous double-layered
carbon nanosheets and then conducted their assembly with TizC,T, MXene flakes to generate heterogeneous films with laminated
structure.”’” The obtained heterogeneous film displayed the specific shielding effectiveness as high as 33143 dB cm? g~ in X band, which
was mainly attributed to the unique porous layer-by-layer architecture and the corresponding enhancement in the absorption of EM
wave. Du and his co-workers alternately deposited rGO layer and MXene/PMMA microspheres to produce multiple-layers composite film
with sandwich-like structure rather than wrapping MXene/PMMA hybrid microspheres with rGO nanosheets.”*' Such a heterogeneous film
even could produce good absorption (over 90%) in THz range (0.2-2.0 THz). Li et al. demonstrated the preparation of macroscopic Janus
film by filtering MXene suspension on GO film.?*? This Janus film exhibited absorption-dominant EM shielding performance in X band,
and more interestingly, it could possess multi-responsive actuation capability, including humidity, light, and electricity.

Itis worth noting that some novel techniques are involving into the preparation process of MXene/rGO composites, which may bring about
enhanced and even unprecedented properties for final composites. Zheng et al. coupled coaxial wet spinning with freeze-drying treatment to
produce an interfused core-shell heterogeneous MXene/rGO aerogel (Figure 6F),”*? and the final aerogel was composed of crosslinked and
wrinkled fibers, where MXene nanosheets with poor oxidization resistance were densely coated by rGO nanosheets. The resultant MXene/
rGO aerogel had better EM shielding effectiveness (absorption contribution was over 75%) than individual MXene film in X band, and its per-
formance could maintain over 80% after 120 days, indicating hydrophobic rGO sheath provided effective protection for internal MXene nano-
sheets (Figure 6G). Very interestingly, the resultant MXene/rGO aerogel also showed good compressibility and ultra-low density, as well as
excellent oil/water separation and thermal insulation (Figures 6H-6L). Zhang's group designed resilient and lightweight MXene/rGO scaffolds
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Figure 6. Preparative process, digital photographs, various properties of MXene/rGO aerogels

(A) Schematic illustration for the fabrication of RGO/TizC,Tx foam.

(B and C) (B) SEM and (C) HRTEM images of RGO/Ti3C,Tx foam.

(D) The photograph of free-standing RGO/Ti3C,Tx foam (about 23 x 45 x 11 mm 3).

(E) 2D RL map of EM absorption performance of RGO/TizC,Tx foam.

(F) SEM image of core-shell rGO/MXene fiber.

(G) EMI shielding durability of GMA and MXene film.

(H) Digital images of GMA before and after 100 g loading.

(I) Digital photograph of rtGO/MXene fiber aerogel supported on dandelion.

(J) Recyclability of GMA in absorbing organic solvent.

(K and L) Infrared thermal images of naked palm and GMA.

(M) The lightweight MXene/RGO scaffold on a dandelion tip has reversible compressibility.
(N) Top-view and cross-sectional view of the MXene/RGO scaffolds.

(O) The SET, SEA and SER values of MXene/RGO scaffolds.

(A-E) Reproduced with permission.”*> Copyright 2018, Wiley-VCH.

(F-L) Reproduced with permission.** Copyright 2022, Elsevier Ltd.

(M-O) Reproduced with permission.”** Copyright 2013, The Royal Society of Chemistry.

M7G3

with 3D printing (Figure 6M), and the scaffolds were built up with periodic and porous fibers (Figure 6N).*** The hierarchical and robust
architectures delivered unexpected mechanical properties, and more importantly, they established a broadband tunable and absorption-
dominant EM shielding performance (over 60 dB) in 8.2-26.5 GHz (Figure 60). These eye-catching results can inspire the following studies

on the construction of MXene/rGO composites effectively.
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Composites of MXene and 3D carbon materials

Although the superiority of 3D porous microstructure toward EM attenuation has been demonstrated in many EWAMs, including MXene/C
composites, the assembly of MXene nanosheets and various carbon nanomaterials (i.e., CNTs, CNFs, GO, rGO) usually requires complex pro-
cesses, especially hydrothermal treatment and freeze-drying treatment in most cases. This situation drives some research groups to employ
carbon aerogel/foam with unique 3D porous microstructure as a ready-made scaffold to support MXene nanosheets. A popular method to
produce such carbon scaffold is to pyrolyze melamine foam.”*>?® For example, Sun et al. immersed melamine-derived carbon foam into
MXene suspension and regulated the loading of MXene nanosheets by controlling MXene concentration, and after solvent removal under
vacuum condition, the composite of MXene and carbon foam was further immobilized with epoxy resin.?*> The EM properties of such
MXene/carbon foam were highly dependent on the loading of MXene nanosheets, and when the concentration of MXene was 5.0 mg/
mL, the corresponding composite would exhibit the strongest RL of —41.5 dB (17.7 GHz, 1.83 mm) accompanied by an EAB of 4.7 GHz
(10.6-15.3 GHz). The effective improvement on EM absorption performance was again linked with the unique 3D foam structure, as well
as interfacial polarization and dipole polarization in the composite. Biomass-derived carbon materials are another kind of attractive scaffolds
for MXene nanosheets. Liang et al. obtained 3D porous carbon scaffold with natural larch wood as the precursor.'”" After loading MXene
nanosheets, the composite could produce absorption-dominant shielding effectiveness up to 71.3 dB in X band, and meanwhile, it had a
density as low as 0.197 g/cm? but anisotropic compressive strength as large as 1.8 MPa. Different from hard carbon scaffold derived from
natural larch wood, Jia et al. selected balsa wood as the precursor and removed lignin and hemicellulose therein before high-temperature
pyrolysis, so that they harvested compressible carbon foam.”*” The embedment of MXene nanosheets coated with trans-1,4-polyisoprene not
only increased EM absorption and total shielding effectiveness of the composite, but also endowed the composite with fascinating shape-
memory characteristic. In addition to natural wood, recent progress indicated that starch was also a qualified precursor to generate carbon
foam.?*® The composite of MXene and starch-derived carbon foam also produce high EM absorption capability over 40 dB in X band, and
besides lightweight (0.32 g/cm®) and compression resistance (4.9 MPa), it presented surprising flame retardancy, suggestive of a new and
potential application field of such composite in the future.

As one of the most popular functional materials at present, the studies about MXene-based EWAMs are increasing by exponential growth.
The good electrical conductivity of MXene nanosheets means that the required filler loading of MXene-based EWAMs in resin matrix will be
drastically decreased, and thus the combination of MXene nanosheets and various carbon materials is considered as one of promising modes
for the construction of lightweight EWAMs. However, the stability of MXene nanosheets may be an obstacle for their practical applications,
because they easily suffer from phase destruction during preparative processes, especially in those under high-temperature condition. There-
fore, an effective method to produce stable MXene nanosheets will further expand their application in the field of EM absorption.

MOLYBDENUM CARBIDE/CARBON COMPOSITES

The achievements made in SiC/C and MXene/C composites cannot completely conceal the dilemmas arising from their production and appli-
cation processes. On one hand, the formation of SiC and MXene phases always requires rigorous conditions, especially high temperature over
1400°C in most cases, and on the other hand, the large size SiC and MXene may suppress their synergies with carbon components to some
extent due to the limited heterogeneous contact. Therefore, the exploration of new carbides/carbon composites becomes an attractive topic
in the field of EM absorption in recent years.”*”*°' As one of the earth-abundant transition metal carbides, molybdenum carbide with multiple
phases has been extensively studied in electrochemical capacitors, hydrogen evolution, and lithium-ion storage due to its unique electronic
structure such as those of noble metals,”** > and compared with conventional SiC and MXene, the synthesis of molybdenum carbide can be
realized under relatively mild conditions (600~800°C), and thus it is more easy to accommodate ultra-small molybdenum carbide nanopar-

256-258 These merits suggest that molybdenum carbide/carbon composites may also work for EM attenuation

ticles in carbon matrix.
effectively, because the tunable electronic structure, small particle size, and uniform dispersion of molybdenum carbide nanoparticles are
quite favorable for sufficiently synergistic effects and interfacial polarization.

Dai et al. firstly reported the EM absorption performance of Mo,C/C composites, which were prepared through Cu-Mo-MOFs transfor-
mation and Cu etching.””” The results indicated that Mo,C/C composites could produce minimum RL of —49.0 dB at 9.04 GHz (2.60 mm) and
maximum EAB of 4.56 GHz (1.7 mm), and such good performance indeed benefitted from the synergistic effect between Mo,C nanoparticles
and carbon matrix. Thanks to the relatively low temperature for the formation of molybdenum carbide phase, molybdenum carbide/carbon
composites can be easily obtained through a solid-phase reaction between carbon matrix and Mo-containing salts/oxides. For example, Fan
et al. impregnated cotton fiber textile into (NHz)sMo7024-4H,0 solution and then obtained EM functionalized Mo,C/C compositesZé’Q; Wang
et al. mixed MoO3 with CNTs or CB, and harvested MoC/CNTs and MoC/CB composites, where MoC/CNTs could generate RL of —42.2 dB
and EAB of 4.0 GHz with an absorber thickness of 1.5 mm.?®" In order to stimulate the microstructural contribution to EM attenuation, Che's
group employed hollow N,P-doped carbon microspheres derived from dry yeast as the carbon matrix, and loaded (NH4)sMo7;024-4H,0
through hydrothermal treatment and then converted the intermediate products into final Mo,C/C composites.”*” It was found that in final
composites, hollow N,P-doped carbon microspheres were decorated by heterogeneous nanoflowers with a diameter of ~50 nm that
were actually composed of core-shell Mo,C@C nanoparticles (~5 nm). The interfacial polarization between Mo,C@C nanoflowers and hollow
carbon microsphere was clearly recorded by electron holography images, and the optimal composite had minimum RL of —50.6 and
maximum EAB of 5.4 GHz. Although the synthesis of Mo,C/C composites through solid-phase reaction is relatively simple, this way fails
to disperse molybdenum carbide nanoparticles uniformly in carbon matrix, and the agglomeration or sintering of nanoparticles is easily
detected in final composites, which is essentially unfavorable for EM absorption. Our group realized homogeneous-like dispersion of
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Figure 7. Preparative process, microstructure characterization, and various properties of Mo,C/C compsoites
(A) Schematic illustration for the preparation of Mo,C decorated carbon polyhedrons through MOFs transformation.
(B) TEM image of Mo,C/C composite.

(C) 3D RL map of Mo,C/C composite.

(D-F) SEM, (E) TEM, and (F) HRTEM images of flower-like Mo,C/C composite.

(G) RL curves of flower-like Mo,C/C composite.

(H) SEM and (I) TEM images of MoC,.,/C composites.

(J-M) 3D RL maps of MoC_/C composites.

(N) 3D RL map of Mo,C/rGO aerogel.
(
(
(
(
(
(
(

z

O) Photograph of Mo,C/rGO aerogel resting on setaria viridis.

P) Water contact angle test of Mo,C/rGO aerogel.

Q) Thermal insulation test of Mo,C/rGO aerogel.

A-C) Reproduced with permission.”** Copyright 2018, American Chemical Society.
D-G) Reproduced with permission.”** Copyright 2023, Elsevier Ltd.

H-M) Reproduced with permission.”*” Copyright 2022, Wiley-VCH.

N-Q) Reproduced with permission.®” Copyright 2023, Springer Nature.

Mo,C nanoparticles by pyrolyzing Mo-substituted ZIF-8 (Figure 7A),**® and the resultant Mo,C nanoparticles were evenly distributed
throughout the whole carbon skeleton and their average size was only 4.5 nm (Figure 7B). The content of Mo species in initial ZIF-8 just
changed the dispersity of Mo,C nanoparticles, but not their average size. The homogeneous-like dispersion of Mo,C nanoparticles brought
good EM absorption performance (Figure 7C), and with a small thickness of 1.5 mm, it could generate strong RL (—60.4 dB) and broad EAB (4.8
GHz). More importantly, the final Mo,C/C composite displayed excellent environmental tolerance, and its EM absorption performance was
almost unchanged after being treated at 473 K under air atmosphere and in strong acid solution (HCI, 3.0 mol/L) for 24 h.

With the increasing concerns on molybdenum carbide/carbon composites, some novel methods have been continuously developed. For
example, we triggered the room temperature polymerization of pyrrole monomer by phosphomolybdic acid (PMo+,), and then converted the
intermediate PMo1,/polypyrrole (PMo;2/PPy) nanospheres into pomegranate-like Mo,C@C nanospheres, where an individual nanosphere
was composed of many Mo,C nanoparticles and a very thin carbon shell less than 10 nm.?*® EM analysis revealed that conductive loss
from carbon shells played a dominant role in dielectric loss, and interior Mo,C nanoparticles improved impedance matching and provided
auxiliary polarization loss effects. In addition to these intrinsic loss features, the homogeneous chemical composition, core-shell configura-
tion, and uniform spherical morphology all contributed to the consumption of EM energy to some extent, and thus the final composite
showed qualified absorption effectiveness in a very broad frequency range (3.5-18.0 GHz) by manipulating the absorber thickness from
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1.0 to 5.0 mm. Similarly, Wang et al. designed flower-like Mo-PDA precursor through the electrostatic interactions between dopamine and
[Mo;04]%, and further obtained flower-like Mo,C/C composites assembled by carbon nanosheets and ultra-small Mo,C nanoparticles
(Figures 7D-7F).?** After refining the loading of Mo,C nanoparticles, the composite with unique morphology could broaden its EAB up to
7.04 GHz (Figure 7G). More recently, Zhao et al. and Deng et al. almost simultaneously reported the synthesis of double-shell Mo,C/C hollow
microspheres with PDA-coated molybdenum glycerate microspheres as the precursor.”*>?*’ It was worth noting that Zhao et al. also induced
a phase transformation from hexagonal Mo,C to cubic Moy, C by changing the pyrolysis atmosphere (Figures 7H and 71), and they believed
that such a phase transformation strengthened RL intensity from —39.3 to —50.6 dB and extended EAB from 3.68 to 5.36 GHz (Figures 7J-
7M).?*> Huang's group manipulated 8- and n-phases of molybdenum carbide with different guest clusters (MoQ, and PMoy,) in the precur-
sors, and concluded that n-MoC might be helpful for stronger RL and broader EAB.?*® However, these temporary conclusions cannot serve as
the final conclusions yet to guide the fabrication of molybdenum carbide/carbon composites, because they are not based on a strict and
systematical comparison, where the influences of carbon content and graphitization degree have not been excluded completely. That is
to say, the phase engineering for molybdenum carbide/carbon composites is still a rather challenging task in the following studies.

The advantages of aerogel structure for EM absorption are mentioned more than once earlier in this review, and thus the creation of
aerogel structure in molybdenum carbide/carbon composites is also significant. Following this direction, we conducted the assembly of
ammonium molybdate and GO with the assistance of glucose through a hydrothermal reaction, and then converted the intermediate
MO,/GO aerogel into Mo,C/rGO aerogels under high-temperature inert atmosphere.*” The attachment of Mo,C nanoparticles enhanced
EM absorption performance of rGO aerogel remarkably, and with a low filler loading (9 wt %), Mo,C/rGO aerogel could produce strong
RL of —63.3 dB and EAB of 5.1 GHz (Figure 7N). It was more interesting that the resultant Mo,C/rGO aerogel did not lose the lightweight
feature of pristine rGO aerogel, but also consolidated its hydrophobicity and thermal insulation obviously (Figures 70-7Q). However,
such aerogels from hydrothermal assembly usually have relatively large Mo,C nanoparticles (ca. 20-50 nm) and poor nanoparticles dispersion,
and thus some advanced methods are still desirable to produce high-quality molybdenum carbide/carbon composite aerogels with better
performance.

Molybdenum carbide has the advantages of ultra-small particle size and uniform dispersion in carbon matrix, which endows molybdenum
carbide/carbon composites with strong interfacial polarization. However, the corresponding composites does not exhibit obvious enhance-
ment in EM absorption performance as compared with SiC/C and MXene/C composites, and thus some specific studies on absorption mech-
anism, such as phase effect, needs to be carried out. In addition, the multifunction features of molybdenum carbide/carbon composites,
including hydrophobicity, thermal insulation, and thermal stability, should be fully considered when EWAMs are designed.

OTHER CARBIDES/CARBON COMPOSITES

Although most studies about EM absorption performance of carbides/carbon composites focus on SiC, MXene, and Mo,C, there are also
several groups that attempt to construct novel composites with some uncommon carbides. As a kind of nonmetallic carbide, B4C has excel-
lent mechanical properties, thermal conductivity, and high hardness, which is widely utilized as abrasive grits, wear-resistance components,
bulletproof armors, neutron absorbers.?*”?’° Furthermore, extremely low density and tunable band gap render B,C as a potential attachment
of carbon materials to remedy their relatively poor impedance matching. Ma et al. prepared C-encapsulated B4C nanoparticles by pyrolyzing
the mixture of H3BO3 and Cy,H,,015 at 1550°C under vacuum condition.”’" The results revealed that B,C nanoparticles balanced the relation-
ship between attenuation ability and impedance matching, and when B/C atomic ratio in the initial mixture reached 1:1.25, the composite
could produce RL intensity as strong as —60 dB with a small thickness of 1.5 mm, while the corresponding EAB was only 1.5 GHz. Wang
et al. induced in situ growth of B4C nanowires on activated carbon felt (ACF), and they came to similar conclusion, that is the B,C/ACF com-
posite just worked for strong RL intensity (below —30.0 dB), but failed to realize broad frequency response.”’? Wang et al. conducted the
formation of a thin graphitic layer around B4C nanosheets with the assistance of NaCl, and they extended the EAB of these core-shell nano-
sheets to 4.0 GHz.””* From the limited results available, the EM absorption performance of B,C/C composites is temporarily lagging behind
those of the aforementioned composites, and thus an elaborate design on the composition and microstructure of B4C/C composites is still
necessary to further enhance their performance in the following studies.

Transition metal carbides, excluding 2D MXene, usually have similar properties, such as high melting point, low density, large rigidity, and
good environmental stability, and especially for that the occupation of interstitial sites by carbon atom will also change the d-band electron
density of metals at Fermi level.”/*?’> Therefore, in addition to molybdenum carbide (i.e., Mo1,C, MoC, Mo,C), many other transition metal
carbides can also produce EM absorption characteristics to some extent and emerge as promising EM additives in carbon matrix.”’*?"” The
arc-discharge method is widely utilized for the preparation of TiC/C composites, because final composites have desirable core-shell config-
uration in most cases.”’*?*° For example, Meng et al. obtained core-shell TIC@C nanocubes in this way, and they found that this composite
could produce RL intensity close to —30.0 dB and EAB of 3.9 GHz with the thickness of 2.0 mm and the filler loading of 50 wt %.?’® Very inter-
esting, Yu et al. realized the morphology transformation of TiC from nanocube (Sample A) to truncated octahedron (Sample B) and the prior
exposure of low energy (111) facet by adjusting the reaction atmosphere (Figures 8A and 8B).””” Both experimental data and theoretical cal-
culations identified that the stronger localization of polarized charge might be created at TiC(111)/graphite interface than that at TiC(100)/
graphite interface, thus enhancing dielectric loss capacity and absorption coefficient (Figure 8C). As a result, the minimum RL intensity and
maximum EAB of Sample B reached —45.1 dB and 5.1 GHz (Figure 8D), respectively, which were superior to those of Sample A (Figure 8E). Of
note is that the arc-discharge method is also applicable to the synthesis of VC@C and Er,C@C nanocomposites, and both of them can pro-
duce RL intensity less than —45.0 dB and EAB close to 5.0 GHz.”"?%? Although the arc-discharge method is universal and highly effective for
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Figure 8. Engineering phase, preparative process, and EM absorption performance of titanium carbide/carbon and tungsten carbide/carbon
composites

(A and B)TEM images of (A) Sample A and (B) Sample B.

(C) Charge transferring near different TiC/graphene interface structures.

(D) 3D RL map of sample B.

(E) The dependence of RLyax and fg on the thickness of samples A and samples B.

(F) Schematic illustration for solvent-free synthesis of different tungsten carbide/carbon composites.

(G) TEM image of tungsten carbide/carbon composite.

(H) 3D RL map of tungsten carbide/carbon composite.

(A-E) Reproduced with permission.”’” Copyright 2020, Elsevier Ltd.

(F-H) Reproduced with permission.”®> Copyright 2020, Springer Nature.

various carbides/carbon composites, the adjustability on the composition and microstructure of final composites is usually limited,”®® and
thus there still remains considerable interest in developing new methods for carbides/carbon composites. For example, Yuan et al. coated
carbon microspheres with TiO, and then conducted the conversion of TiO, into TiC at 1200°C.?** The content of TiC nanoparticles could be
tailored from 19.9 to 74.1 wt %, and with the optimal loading of TiC nanoparticles, the corresponding composite had minimum RL intensity of
—52.4 dB and maximum EAB of 4.3 GHz. Our group recently prepared a series of WC;_,/C composites through a very simple solvent-free
strategy, i.e., a direct pyrolysis of the grinding mixture of ammonium metatungstate (AM, tungstate source) and dicyandiamide (DCA, carbon
source, Figure 8F).*® The resultant composites were composed of thin carbon nanosheets and ultrafine WC, _, nanoparticles (3-4 nm, Fig-
ure 8G), and their relative contents could be changed just by the weight ratio of DCA to AM. Even with a small absorber thickness (1.50 mm),
the optimum composite could generate acceptable EAB of 4.9 GHz, and more importantly, it could maintain good performance in a very
broad frequency range of 3.6-18.0 GHz by accumulating the thickness from 1.5 to 5.0 mm (Figure 8H).

As typical transition metal carbides from VIII group, FesC, CosC, and Ni3C have unique magnetic response behavior, that is, they can
provide additional magnetic loss mechanism for incident EM wave, and thus they, especially FesC, also receive much attention in the con-
struction of carbides/carbon composites.”**"*”° In many cases, FesC is a usually commensal component with metal Fe with body-centered
36,291:292 and the for-
mation of FesC may moderately decrease the saturation magnetization and magnetic loss capability of metal Fe.?*?”*?* However, Chen'’s
group recently analyzed the density of states (DOS), the charge density differences, and the work function of the models for Fe3C/N-doped
graphene and Fe/N-doped graphene with density functional theory (DFT) and first-principle calculations.””> Although the results revealed

cubic structure from carbothermal reduction due to the occupation of carbon atoms at the interstitial sites of Fe crystals,

that both FesC and Fe could induce electron migration at their interfaces with carbon layers, the work function difference between Fe;C
and N-doped graphene (1.38 eV) was much higher than that between Fe and N-doped graphene (0.21 eV), which meant that the generation
of FesC in carbon matrix would bring stronger interfacial polarization and dielectric loss. Sun et al. further demonstrated the obvious contri-
bution of FesC nanocrystals to oxidation and corrosion resistance for Fe/C related composites.Z% Therefore, the rational construction of
Fe3C/C composites still has its own significance as compared to common Fe/C composites, and however, the controllable formation of
absolute FesC phase is always difficult because Fe easily becomes a dominant phase during carbothermal reduction. Literature review sug-
gests that if some polymers are involved in initial precursors, the formation probability of FesC may be remarkably increased,”®®**” which is
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possibly attributed to the fact that the gaseous small molecules released from those polymers can promote the infiltration of carbon atoms at
high temperature. Despite the lack of support from experimental and theoretical data, more and more groups harvest Fe3C/C composites
successfully following this direction, and one of the most popular strategy is electrospinning, where Fe salts and organic polymers are shaped

6 i i
276300 Eor example, Liu and his co-

into 1D fibers and then converted into final Fe3C/C composites under high-temperature inert atmosphere.
workers prepared 1D Fe3C/C composites with PVP and ferric nitrate as carbon and Fe sources in this way, and the resultant composite
displayed minimum RL intensity of —62.6 dB and maximum EAB of 6.5 GHz.*”’ Instead of electrospinning, Zhang et al. created 3D foam struc-
ture through PVP bubbling in the presence of ferric nitrate, and then converted this intermediate foam into final 3D Fe3;C/C composite by
high-temperature pyrolysis.*°' The composition of the composites could be easily manipulated by the weight ratio of PVP to ferric nitrate,
and when this ratio was 1:2, the corresponding RL intensity and EAB would be —37.4 dB and 5.6 GHz with an absorber thickness of
2.0 mm. They attributed the good EM absorption performance to the synergy between Fe3C nanoparticles and 3D carbon frameworks, as
well as the structure effect on the aggravated consumption of incident EM wave.

In this section, the EM absorption performance of some uncommon carbides/carbon composites are reviewed. Typical examples include
B4C/C, Fe3C/C, Er,C/C, TiC/C, VC/C, WC,_,/C, and so on. It has to be pointed out that these examples are usually from some isolated and
episodicreports, and their EM absorption performance is only at a moderate level. That is, more studies on these uncommon carbides/carbon
composites are highly encouraged to provide systematic and comprehensive experimental and theoretical data.

MULTICOMPONENT CARBIDES/CARBON COMPOSITES

In theory, each component in composites has its own EM characteristics, which implies that the more kinds of EM components are involved,
the stronger synergistic or complementary effects may be generated in final composites. Therefore, it is also of great interest to build multi-
component composites based on the combination of carbides and carbon materials.

Carbides/carbon/magnetic component composites

By considering that most carbides are non-magnetic, magnetic materials are extensively selected as the additional components for carbides/
carbon composites in a considerable portion of related studies.”’”***%” The introduction of magnetic materials can bring extra loss
mechanisms, such as eddy current loss, natural domain resonance, and ferromagnetic resonance. '’ These effects can irreversibly convert
EM energy into heat. More importantly, additional magnetic components can bridge the gap between ¢, and p,. When the loss capacities
of electric energy and magnetic energy are compatible, the input impedance will be close to the impedance of free space and the reflection
of incident EM wave at the interface between EWAMs and free space will be greatly reduced. That is to say, the introduction of magnetic
components is helpful to improve impedance matching.?** Besides, when additional magnetic components are uniformly dispersed in dielec-
tric substrates, there will be more heterogeneous interfaces between dielectric and magnetic components, and the contribution from inter-
facial polarization will be greatly enhanced.””® In some cases, the dispersed magnetic metal nanoparticles may also function as carriers for
electron migration to strengthen conductive loss.””” The simplest method is undoubtedly to integrate the as-prepared carbon materials, car-
bides, and magnetic particles in a physical way.***~"" Of note is that several groups pay special attention to the microstructure design and the
electrostatic interaction among different components for their uniform dispersion and full contact in the latest research,'7%297202212.313 por
example, Liang et al. assembled positively charged Ni nanochains with MXene and GO nanosheets, and created 3D macroporous skeletons
of MXene/GO through the hydrogen bond between MXene and GO and the guidance of unidirectional ice template (Figures 9A and 9B).'%®
The resultant ternary Ni/MXene/rGO aerogel exhibited uniform composition distribution, ultralow density and good mechanical property
(Figures 9C-9E), and more importantly, the presence of Ni chains brought obvious magnetic resonance behavior. All these merits endowed
the final composite aerogel with excellent EM absorption performance, including strong RL of —75.2 dB and broad EAB of 7.3 GHz (Figure 9F).
In addition, some unique technologies, such as spray drying,”'**'* electrospinning,®***'>*'¢ arc discharge,” "’
ployed to direct the morphology and composition of multicomponent composites. For example, Che's group fabricated hollow Fe;0,/
CNTs/MXene microsphere with a spray-drying method (Figures 9G and 9H), whose RL intensity and EAB with a thickness of 2.0 mm were
—40.1 dB and 5.8 GHz, respectively (Figure 91).>'* Electron holography images revealed that CNTs suppressed the re-stacking of TisC,T,

are also commonly em-

nanosheets and thus created rich polarization interfaces, and FezO,4 nanospheres confined in the microspheres were responsible for the
formation of interconnected 3D magnetic network to broaden response frequency bandwidth. It was interesting that this was a very universal
way to produce multicomponent composites, because the relative content of Fe30,4, CNTs, and Ti3C,T,, even the composition of magnetic
particles (FesO,4, FeCo alloy, CoNi alloy, FeCoNi alloy), could be easily manipulated. Zhang et al. demonstrated the synthesis of 1D
Feo 64Nio 36/MXene/CNFs composite with NiFe,O4/MXene/polyacrylonitrile (PAN) fibers from electrospinning as the precursor, and the com-
plementary loss mechanisms of different components resulted in strong RL intensity (—54.1 dB) and wide EAB (7.8 GHz).**

MOFs transformation is currently the most popular strategy to prepare carbon-based composites, and thus many successful examples
about magnetic multicomponent carbides/carbon composites are still established on this method. Literature review indicates that there
are three common ways to construct magnetic multicomponent carbides/carbon composites through MOFs transformation. The first one
is to couple magnetic carbon-based intermediates derived from MOFs with carbides.’”’?? Xiang et al. converted Co-MOFs into sea
urchin-like Co/CNTs nanocomposites and modified the intermediate nanocomposites with hexadecyl trimethyl ammonium bromide
(CTAB), so that the positively charged nanocomposites could be effectively assembled with MXene nanosheets.?”” The final ternary compos-
ites achieved strong RL of —85.8 dB and broad EAB of 6.1 GHz with a relatively small thickness of 1.4 mm. The second way is to induce the
growth of MOFs crystals on carbides, and then generate magnetic multicomponent carbides/carbon composites after high-temperature
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Figure 9. Preparative process and various properties of ternary composites

(A and B) Schematic illustration for the fabrication of Ni/MXene/RGO aerogel.

(C) SEM, photograph (inset), (D) TEM, HRTEM (inset) images of Ni/MXene/RGO aerogel.
(E) Digital photographs of Ni/MXene/RGO aerogel/PDMS after flexible bending for 180°.
(F) 3D RL map of Ni/MXene/RGO aerogel.

(G and H) SEM and (h) TEM images of Fe30,/CNTs/MXene.

(I) 3D RL map of Fe304/CNTs/MXene.

(A-F) Reproduced with permission.'”® Copyright 2021, American Chemical Society.

(G-1) Reproduced with permission.*'* Copyright 2021, Wiley-VCH.

pyrolysis.”'"#733%5 For example, Zou et al. directed the growth of ZIF-67 crystals on exfoliated MXene nanosheets and harvested 0D/1D/2D
architectural Co/CNTs/MXene composite under Hu/Ar atmospheres.””” The multiple synergistic effects and the proper magnetic loss
rendered the composite as a promising EM medium with good attenuation ability and impedance matching, whose strongest RL and
maximum EAB could reach —50.5 dB and 5.8 GHz, respectively. The third way usually excludes carbides with large particle size (i.e., SiC
and MXene), and the mixture of MOFs/metal oxides or MOFs/polyoxometalates will be taken as the precursors, and thus it is a quite flexible
route for microstructure design.?*?2¢%:304326-3%8 ji's group pioneered the synthesis of Mo,C/Co@C through the transformation of MoOs@ZIF-
67, and optimized EM absorption performance (RL: —48.0 dB, EAB: 6.0 GHz) of final composites by the pyrolysis temperature.”® Huang et al.
designed hollow Mo,C/Co@C polyhedrons with ZIF-8@CoMo-MOFs as the precursor, and further extended EAB to 6.6 GHz.**’ Inspired by
the advantages of MOFs transformation, Zhang et al. utilized the supramolecular self-assembly between PMo;, and PDA in the presence of
CoFe,O4 nanoparticles to produce hierarchical molybdenum carbide/iron-cobalt alloy/nitrogen-doped carbon (Mo,C/FeCo/NC).**’ They
found that the conductive-dielectric-magnetic loss coupling network generated favorable features for EM absorption, and thus the final
ternary composite not only displayed strong RL intensity up to —77.4 dB, but also had wide frequency response with EAB of 7.3 GHz.

Carbides/carbon/nonmagnetic components composites

The introduction of magnetic particles indeed makes solid contribution to EM absorption, while their role is not just the center of magnetic
loss, and in many cases, their impact on dielectric loss is much larger than magnetic loss. Inspired by this fact, the construction of multicom-
ponent dielectric media based on carbides/carbon composites also arouses great interest. In the family of dielectric loss materials, conductive
polymers are a popular kind of additives for carbides/carbon composites, because they are usually generated under mild condition through
the polymerization of organic monomer, and they preferably nucleate on the surface of solid particles at the initial stage of polymerization,
which may avoid phase segregation in final composites.**>** Yin et al. found that PANI layer on the surface of MXene/CF composite fibers
would increase the performance of EM absorption in X band remarkably with negligible influence on reflection performance, thus reinforcing
the total shielding effectiveness.”* Liu et al. directed the in situ polymerization of aniline monomer on the surface of hollow SiC/C
microspheres, and they harvested radial PANI nanorods with controllable content (Figures 10A-10C). When the weight ratio of hollow
SiC/C microspheres to aniline monomer reached 1:1.5, the final composite (SCP-1:1.5) could have EAB of 5.61 GHz with an absorber thickness
of 1.88 mm, and the integrated EAB could further broadened to almost 14.0 GHz by accumulating the thickness from 1.0 to 5.0 mm (Fig-
ure 10D).*** Hu's group firstly built up a carbon layer on SiC whiskers through hydrothermal carbonization of glucose, and further created
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Figure 10. Microstructure characterization and EM absorption performance of ternary dielectric composites
(A and B)SEM images of (A) SiC@C, (B) SiC@QC@PANI.

(C) TEM image of SiIC@QC@PANI.

(D) 2D RL map of EM absorption performance of SIC@C@PANI.

(E-G) Schematic synthesis process and (F and G) TEM images of MXene/C/MoQO, composites.

(H and I) Charge density distributions at the interfaces between MXene/carbon nanosheets and at the heterojunctions between MoO,/C and MoO,/MXene.
(J) The EABs of MXene/C/MoO, composites with different absorber thickness.

(K-M) SEM images of CFs, CFs@MXene and CFs@MXene@MoS,.

(N) 2D RL map of EM absorption performance of CFs@MXene@Mo$S, composites.

(A-D) Reproduced with permission.*** Copyright 2022, Elsevier Ltd.

(E-J) Reproduced with permission.”” Copyright 2021, American Chemical Society.

(K-N) Reproduced with permission.**® Copyright 2020, Wiley-VCH.

a PPy layer through the polymerization of pyrrole monomer.**** The EM characteristics of SIC/C/PPy could be manipulated by the dosage
of glucose and the polymerization time of PPy, and the optimized ternary composite had the strongest RL of —52.4 dB and EAB of 8.1 GHz,
which were superior to those of the best SiC/C composite (—24.6 dB and 6.8 GHz).**

Previous studies point out that transition metal oxides may consume incident EM energy through polarization effects generated from ionic
metal-oxygen bonds, non-metrological defect sites, heterogeneous interfaces, and even electron transition,”****” and thus some metal ox-
ides, such as ZnO, MoO,, TiO,, and Co30,, are usually designed as the inorganic additives for carbides/carbon composites.337'34o’342 For
example, Wu et al. embedded MXene nanosheets into flower-like Mo-PDA microspheres, and then converted the intermediate product
to final MXene/C/MoQ, composites with 2D/2D/0D heterojunctions at 600°C under Ar atmosphere (Figures 10E-10G).** They recorded
the re-equilibrium of charges with a maximum density range of +0.01 eV/nm? at the 2D/2D interfaces between MXene/carbon nanosheets
(Figure 10H), as well as the re-equilibrium of charges at the 0D/2D heterojunctions between MoO,/C and MoO,/MXene (Figure 10I). These
uneven distributions of charges brought intensive interfacial polarization in a wide frequency range, and thus the ternary MXene/C/MoO,
composites showed EAB as broad as 7.7 GHz (Figure 10J). Compared with those metal oxides, transition metal sulfides may be more favor-
able for energy consumption, because their relatively narrow band gap can promote electron transition and provide considerable conductive
loss.**** Therefore, transition metal sulfides are also popular additives in multicomponent carbides/carbon composites.****> Wang et al.
attached MXene nanosheets on CTAB-decorated CFs through electrostatic interaction, and further conducted the growth of MoS; nano-
sheets on the surface of CFs@MXene.™® SEM images clearly identified the change of surface morphology from CFs to
CFs@MXene@MoS,, where MoS; nanosheets were vertically anchored on the surface of CFs@MXene (Figures 10K-10M). Thanks to the
powerful synergy among different components, CFs@MXene@MoS, not only generated broad EAB (7.6 GHz), but also showed strong RL
intensity (—61.5 dB, Figure 10N). Of note is that in addition to metal oxides and sulfides, SiO, gradually receives attention in some recent
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articles about EM absorption performance of multicomponent carbides/carbon composites.'®'"7** Although SiO, is a kind of wave-trans-
parent materials in essence, it can still regulate the dielectric properties of various composites and improve their impedance matching.*"’=**?
It is precisely through the functions of SiO, that Deng et al. designed hierarchical core-shell SiCnws@SiO,-carbon foam hybrid composites
with highly efficient EM absorption, where the impedance gradient structure coupled with enhanced interfacial polarization made EAB of the
composite cover the whole X band.**

Inspired by the moderation effect of additional dielectric components, there is also interest in the construction of multicomponent car-
bides/carbon composites with two different carbon components or carbides.””*** It needs be mentioned that when two kinds of carbon
components are involved in final composites, one of them is usually utilized as 3D skeleton to afford microstructure effect while improving
dielectric properties.’’***'=%% Hou et al. firstly fabricated 3D rGO foams through bidirectional freeze-drying and pyrolysis treatment, and
then induced the growths of SiC and CNTs successively with CVI and CVD techniques.*” The final composites could produce qualified
EM absorption in the whole X band superior to many carbides/carbon composites, and the authors confirmed that the significantly enhanced
EM absorption performance benefited from multiple heterogeneous interfaces and multi-scale hierarchical architecture. Dai et al. designed
CFs-reinforced carbon aerogel with polyacrylamide (PAM) hydrogel as the precursor of carbon skeleton, and then introduced SiC particles
with a carbothermal reduction reaction (Figure 11A)."* The final composite not only inherited extremely low density from carbon aerogel
(Figure 11B), but also maintained hierarchically porous microstructure (Figures 11C and 11D), and more importantly, many favorable charac-
teristics, including strong attenuation capability, good impedance matching, and interconnected 3D networks, were together responsible for
its excellent EM absorption performance with RL of —52.6 dB and EAB of 8.6 GHz (Figure 11E). As for multicomponent composites with two
different carbides, one of them usually refers to those candidates that have very small particle size and are easily available under mild con-
ditions, e.g., Mo,C and ZrC.?%"-3035%35 For example, Yuan et al. obtained 1D Mo,C/SiC/C fibers by the pyrolysis of PCS/MoO,(acac),/PVP
co-electrospinning fibers, and the uniform dispersion of Mo,C and SiC nanoparticles could generate abundant interfaces, defects, and syn-
ergistic effect, thus resulting in broad EM response with EAB of 6.87 GHz.™ Yang et al. coated MoO3/PDA microspheres with MXene nano-
sheets, and converted the intermediate composite into ternary Mo,C/C/MXene composite, which also displayed strong RL intensity over —60
dB and moderate EAB.*>> More recently, Wang et al. prepared Hollow carbon/MXene/Mo,C microtubes (HCMM) with polyethylene tere-
phthalate (PET) non-woven fabric as a sacrificing template (Figures 11F=11H).?>' The obtained 1D hierarchical microtube produced a very
strong RL of —66.3 dB with an ultra-thin absorber thickness of 1.0 mm (Figure 111). In order to extend its EAB, the authors designed macro-
scopic 3D structural metasurface based on the HCMM, and the stimulated results revealed that it could realize an ultra-broad EAB in the range
of 3.7-40.0 GHz with a thickness of 5.0 mm (Figure 11J), which laid a solid foundation for the practical application of carbides/carbon com-
posites. Silicon nitride (SisNy4) as a kind of famous inorganic ceramics has superior mechanical properties but comparable dielectric properties
to SiC, and thus it is also taken as an additive in multicomponent composites sometimes, where the most popular combination is SiC/SizN4/
C.>*In many cases, carbon materials, such as CFs, graphene, carbon foams, still play as the matrix of final composites, and SiC and SizN,4 with
different morphologies can be introduced through physical mixing and in-situ generation.'*% /%5735 For example, Xiao et al. directed the
formation of porous ceramic composites with alternating SiC/C and SizNy4 layers, and the final composite could produce strong RL in
X band.**®

It is widely accepted that the synergistic effect between different EM media will produce positive contribution of EM absorption, and thus
the rational construction of EWAMs is not limited by binary or ternary composites, and some multicomponent composites with at least four
components are also sporadically reported in recent years. For example, Liu et al. employed CoNi-MOF/MXene as the precursor and con-
verted it into quaternary MXene/CNTs/TiO,/CoNi composites at high temperature under N, atmosphere,*” whose RL intensity and EAB
were —54.6 dB and 4.0 GHz, respectively. Although the performance of MXene/CNTs/TiO,/CoNiwas moderate, it required a relatively small
absorber thickness of 1.76 mm. Hou et al. conducted the selenylation of CoNi LDH/MXene to generate NiSe-CoSe,@C/TizC,T, composite,
and the EAB as broad as 5.68 GHz was attributed to the multi-interface polarization loss from the synergistic effects of different compo-
nents.”” Yu's group showed their interests in the construction of multicomponent composites with simple physical mixture."?®"*° For
example, they obtained quaternary CNTs/Fe3Si/Fe/SiOCN nanocomposites by pyrolyzing the mixture of poly(methylvinyl) silazane, ferric ace-
tylacetonate, and carboxylic functionalized CNTs, and the final composite could display minimum RL of —65.3 dB and maximum EAB of 6.0
GHz with the absorber thickness of only 1.6 mm."*° They could even produce hexahydric Co,Si@SiC/C/SiOC/SiO»/Co304 nanocomposites
with the mixture of pitch, Co,(CO)g, and low-molecular weight PCS as the precursor, and this composites with so many components indeed
showed the superiority in RL intensity in X band.?*°

Numerous results indicate that the construction of multicomponent composites based on carbides/carbon composites are helpful for EM
absorption. Both of additional dielectric and magnetic components can improve impedance matching and enhance RL characteristics of
carbides/carbon composites, especially when some unique microstructures are created in these composites. However, the studies on multi-
component composites is still in a blind stage, and it is extremely difficult to make clear the coupling effects of multiple components and
microstructure just by experimental data. In view of this fact, multicomponent carbides/carbon composites only exhibit limited extension
in EAB and are still incapable of low-frequency absorption. Therefore, it is urgently demanded to utilize machine learning methods to
help for the design of highly effective EWAMS.

Conclusions

Herein, we present a state-of-the-art review on carbides/carbon composites as high-performance electromagnetic wave absorbing materials
(EWAMs). Based on these reports, the combination of carbides and carbon materials is an indeed good pathway to enhance EM absorption
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Figure 11. Preparative process and EM absorption performance of ternary dielectric composites with unique microstructure
(A) Schematic illustration for the fabrication of CF-SC aerogel.

(B) Digital photograph of CF-SC aerogel supported on dandelion.

(C and D) SEM images of CF-SC aerogel.

(E) 2D RL map of CF-SC aerogel.

(F) Schematic illustration for the fabrication.

(G and H) SEM images, () RL curves of HCMM.

(I) The comparison of simulated and experimental reflectivity of single-layered and multiple-layered HCMM-based EWAMSs with metasurface.

(A-E) Reproduced with permission.'’* Copyright 2023, Elsevier Ltd.

(F-I) Reproduced with permission.”" Copyright 2023, Wiley-VCH.

significantly, because the synergy between them can generate rich EM loss mechanisms and improve impedance matching. To date, the most
widely used carbides include SiC, MXene, and Mo,C, and thus we spend a lot of words to discuss the EM absorption performance of binary
composites with these three kinds of carbides. In Table 1, we further filtrate some typical binary composites with excellent performance and
make a comprehensive comparison in the frequency range of 2.0-18.0 GHz. Although some SiC/C composites with OD or 1D morphology
(Entry 1-3) may produce good absorption characteristics especially in effective absorption bandwidth (EAB), their performance is still less
than those of 3D SiC/C composites (Entry 4 and 5), suggesting that microstructure design may be an important breakthrough point for
the fabrication of SiC/C composites. This is because SiC/C composites with 3D microstructure usually have high porosity, which facilitates
the reinforcement of interfacial polarization effect and multiple reflection behavior, and both of them can intensify the energy consumption
of incident EM wave. As a rising star in carbides, MXene nanosheets have demonstrated their prospect in EM absorption when they are
coupled with carbon materials (Entry 6-11). The resultant MXene/C composites have a little inferior performance to SiC/C composites, while
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Table 1. Recent progress in carbides/carbon composites as EWAMs

C-band X-band Ku-band
4-8 GHz 8-12 GHz 12-18 GHz
EAB (GHz) d Min RL EAB (GHz) d Min RL EAB (GHz) Filler

Entry Category Absorbers d(mm) MinRL(dB) (RL< —-10dB) (mm) (dB) (RL< —-10dB) (mm) (dB) (RL< —10dB) loading Reference
1 Sic/C SiC@C nanowires 4.0 —20.2 2.0 (6.0-8.0) 30 266 7.8(80-158 238 -50.0 8.0(8.2-16.2)  50.0wt% Liangetal.'””

composites
2 SiC/rGO nanowires - - - 30 -397 4178119 19  -563 6.2(11.8-18.0) 350wt% Wangetal.'¥’
3 SiC@C nanoparticles 3.5 —24.5 3.3 (6.6-9.9) 30 —249 3.9(8.1-12.00 2.1 -30.7 5.6(124-18.00 80wt% Chenetal.'®®
4 SCNF108° - - - 30 -525 10.1(7.9-180) 2.6  —40.2 8.2(9.8-18.0) 12.6wt% Caietal.'®’
5 SiC/C-900 = = = 36 —51.6 10.8(7.2-180) 3.6 —17.7 10.8(7.2-18.0) 50.0wt% Yeetal.'®
6 MXene/C PCM-50-700" 5.0 -18.5 3.2(5.2-8.4) 35 252 54(8.1-135 238 -357 7.0(10.8-17.8) 7.50wt% Huyan et al.’**

composites
7 MXene/CNTs 43 —29.1 2.1 (4.9-7.0) 2.7 -30.6 3.4(84-118) 1.9  —237 4.9(127-17.6) 30.0wt% Cuietal.**
8 TCF® 3.72 —29.2 2.1(5.7-7.8) 252 312 3.7(9.1-12.8) 1.92 —444 54(12.6-18.0) 4.00wt% Huetal?"’
9 loofah-like CCM* 5.0 —44.8 3.6 (5.4-9.0) 40  —63.8 50(64-11.4) 25 —242  7.3(10.7-18.0) 15.0wt% Peng etal.”>®
10 TisCNClL/rGO - - - 3.0 —21.4  7.6(10.4-18.0) 2.5 —62.6  56(12.4-18.00 0.70wt% Wang etal.”*?
1 TisC,T,@RGO 4.0 275 2.0 (5.1-7.1) 2.5 —27.2  3.6(8.8-12.4) 2.0 —260 54(11.5-16.9) 150wt% Wang etal.”*°
12 Molybdenum Mo,C/C - - - 2.6 —492  3.4(8.0-11.4) 1.85 -241  4.3(12.0-16.3) 200wt% Daietal”’

carbide/carbon

composites
13 Mo,C/C 35 —27.1 1.6 (5.1-6.7) 25  —422 25(7.4-97) 15  —60.4 4.8(13.2-18.00 50.0wt% Wang etal.”®’
14 Mo,C/C - - - 2.9 -16.1  7.0(11.0-18.00 2.3 -36.8 4.7(13.3-18.00) 10.0wt% Wang etal.”**
15 Mo;.,C/C 3.8 —14.3 1.5 (5.4-6.9) 28 174 2.2(7.4-9.6) 1.8  -50.6 4.5(13.5-17.0) 20.0wt% Zhao etal.’*®
16 Other carbides/  TiC/graphite 3.8 —26.4 2.0 (6.0-8.0) 2.6 —250 3.2(9.2-12.4) 1.8 -252  3.8(14.2-18.0) 50.0wt% VYuetal?’?

carbon

composites
17 ceriC 4.0 —50.3 2.2(5.7-7.9) 30 —269 30(8.1-11.1) 20 -19.8 4.1(13.0-17.1) 300wt% Yuanetal.”®
18 WC,,/C 3.03 —15.0 2.0 (6.0-8.0) 213 —205 3.2(8.8-12.00 15 -263  4.9(13.1-18.0) 450wt % Lian etal.”®
19 Fe;C/C 5.0 —19.4 4.4(58-10.2) 3.6 —626 65(8.6-151) 3.0 -272 6.8(11.0-17.8) 10.0wt% Sunetal.””’
20 FesC/C 35 —40.5 2.5 (6.0-8.5) 25 371 40(9.0-13.00 2.0 -37.4 56(11.4-17.00) 100wt% Zhang etal.’”'
21 Multicomponent ~ CSN® 3.1 —10.0 0.1 (7.9-8.0) 32 -184 40(8.0-12.00 32  -51.3 10.1(7.9-180) 0.55wt% Caietal.'”?

carbides/

carbon

composites
22 Ni/MXene/RGO 5.0 —20.2 2.6 (4.7-7.3) 35 226 43(7.2-11.5) 25 -37.0 7.3(10.7-18.0) 0.64wt% Liang etal.'”®
23 Feo.6aNio 36/ 35 —28.6 2.7 (6.1-8.9) 2.7 —54.1 54(8.0-134) 20 376 7.4(10.6-18.0) 125wt% Zhangetal "

MXene/CNF

(Continued on next page)
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Table 1. Continued

C-band X-band Ku-band
4-8 GHz 8-12 GHz 12-18 GHz
EAB (GHz) d Min RL EAB (GHz) d Min RL EAB (GHz) Filler
Entry Category Absorbers d(mm) MinRL(dB) (RL<-10dB) (mm) (dB) (RL< —10dB) (mm) (dB) (RL< —10dB) loading Reference
24 Fe30,@TizC,T,/ 35 —12.1 1.1 (5.8-6.9) 2.8 -16.1  1.9(8.1-10.0) 2.0 —40.1  5.8(10.3-16.1) 20.0wt% Zhangetal.*'*
CNTs
25 CoMo@HNCP' 4.0 ~18.1 2.3 (5.5-7.8) 25 448 52(9.1-143) 20  -222 6.9(11.1-18.0) 30.0wt% Huangetal.*”
26 Mo,C/SiC/C 4.5 —62.5 3.6 (6.1-9.7) 3.5 —34.3 5.0 (8.0-13.0) 2.75 —24.7 6.8(11.2-18.0) 15.0wt% Yuan et al.®*
27 Fes3Si/Fe/CNTs/ 3.43 —65.3 1.3 (5.0-6.3) 200 -204 2.4 (9.0-11.4) 1.35 —53.0 43(13.7-18.0) 60.0wt% Yuetal.'*®
SiOCN

2SiC@C nanowire foams with a density of 108 mg/cm?.

PPDA derived carbon nanoparticles@MXene composites.
“Ti3C,T,/carbon nanotubes (CNTs) foam.

dcarbonized cellulose nanofiber/MXene membrane.

°Carbon microtube@SiC nanowire/Ni nanoparticle aerogel.
fMoC,/Co embedded hybrid hollow N-doped carbon polyhedron.
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they usually require less filler loading in resin, and thus they may be a good choice for lightweight EWAMs. It is undoubted that excellent
electrical conductivity of MXene nanosheets can provide strong conductive loss capability and compensate for the negative effect caused
by the decrease in filler loading. Compared with SiC and MXene, Mo,C nanoparticles seem incapable of generating comparable effect in
binary composites, and Mo,C/C composites even cannot harvest EAB over 6.0 GHz unless the microstructure effect is fully utilized (Entry
14). Other binary composites with some uncommon candidates only produce moderate EM absorption performance and have not showed
any possible trends in performance breakthrough yet (Entry 16-20). Very interestingly, ternary composites display obvious enhancements in
EM absorption, and many of them can promise both strong RL intensity and broad EAB, and even realize extremely low filler loading (Entry 21
and 22). This is because most ternary composites are created based on elaborate design, and thus the multiple synergies can be developed
very well and lead to powerful attenuation capability toward incident EM wave. However, carbides/carbon composites with two or more ad-
ditives fail to present continuous reinforcement in EM absorption as expected, which may be attributed to the difficulty in the rational arrange-
ment and regulation of multiple components.

CHALLENGES AND PERSPECTIVES

As we introduced in the main text, carbides/carbon composites have made obvious progress in the past decade, while the improvements on
EM absorption are still far behind the requirements for practical application. Most composites usually have some advantages in one or two
aspects, and few of them can afford all features of small absorber thickness, low density, broad response frequency, and strong absorption.
Such a context indicates that there remain some challenges related to the composition and microstructure design on carbides/carbon com-
posites. First, the composition optimization of carbides/carbon composites is highly dependent on the feedback of testing results, while this
process is not only time-consuming, but also leads to some deviations from the optimum composition due to human and instrument errors.
Second, the EM characteristics of carbides/carbon composites are the results from the linkage effect of composition and microstructure, but
to date, there is no an available method to distinguish the contribution of each factor quantitatively, which hinders the design of high-per-
formance EWAMs to some extent. Third, one of the potential advantages in carbides/carbon composites is their excellent environmental
tolerance, while most current composites pay more attention to their EM absorption performance and do not fully develop their respective
characteristics. Carbon materials have good dielectric loss capability, but they will be burned off at high temperature in the presence of
oxygen, and in contrast, carbides are generally famous for their good stability under high-temperature conditions, but their dielectric loss
capability are relatively weak. Therefore, a composite that have both good heat stability and dielectric loss capability is highly desirable.
Fourth, the microstructure design of the reported carbides/carbon composites is mostly carried out in micro-/nano-scale. Although various
unigue microstructures can enhance the energy attenuation of incident EM wave to some extent, their effect is much less than that from
macroscopic 3D structural metasurface design, which may bring ultra-broadband EAB covering 3.7-40.0 GHz.

In an effort to obtain excellent carbides/carbon composites for EM absorption, some specific perspectives are further proposed at the end
of this review. First, some databases related to EM characteristics and machine learning method to assist composition optimization are ur-
gently required for the fabrication of high-performance carbides/carbon composites. With the help of artificial intelligence, the design of
EWAM s for different application scenarios will be simpler and more time-saving, and we can also understand EM absorption mechanisms
more clearly. Second, a desirable configuration that can simultaneously exert the advantages of carbides and carbon materials should be
developed for carbides/carbon composites. Possibly, a core-shell configuration with carbon cores and carbides shells may be useful, because
carbon materials as the cores can provide effective dielectric loss and the dense shells composed of carbides are helpful to protect carbon
cores at high temperature. It is unfortunate that such a kind of composites are rarely reported to date. At last, microstructure design and
macroscopic metasurface design are encouraged to be integrated, because the synergy among the structural effects from different scales
will be greatly helpful to realize ultra-broad frequency EM response.
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