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Research progress and future
perspectives on electromagnetic wave
absorption of fibrous materials
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SUMMARY

Electromagnetic waves have caused great harm to military safety, high-frequency electronic components,
and precision instruments, and so forth, which urgently requires the development of lightweight, high-ef-
ficiency, broadband electromagnetic waves (EMW) absorbing materials for protection. As the basic
fibrous materials, carbon fibers (CFs) and SiC fibers (SiCs) have been widely applied in EMW absorption
due to their intrinsic characteristics of low density, high mechanical properties, high conductivity, and
dielectric loss mechanism. Nevertheless, it has remained a great challenge to develop lightweight
EMW-absorbing fibrous materials with strong absorption capability and broad frequency range. In this re-
view, the fundamental electromagnetic attenuation mechanisms are firstly introduced. Furthermore, the
preparation, structure, morphology, and absorbing performance of CFs and SiC¢-based EMW absorbing
composites are summarized. In addition, prospective research opportunities are highlighted toward
the development of fibrous absorbing materials with the excellent absorption performance.

INTRODUCTION

Electromagnetic wave (EMW) within the gigahertz range is increasingly applied in the military field, wireless technology, high-frequency elec-
tronic components, communication instruments, and others. The needs of stealth performance for moving targets and constructions under
radar detection, less interference for high precision wireless equipment, and health-care for people in daily life urgently require the develop-
ment of highly effective microwave absorption (MA) materials." In the field of EMW absorption, material with the unique characteristics of
thin thickness, light weight, wide bandwidth, and strong absorption is the goal always pursued by many scholars.”” For the MA materials, the
traditional metals have inherent limitations such as impedance mismatching, large size, high density and lack of corrosion resistance, such as
Fe, Co, Ni,® and Fe30,°'? hinder their practical application. Recently, fibrous materials, e.g., carbon fibers'®'* and silicon carbide fibers'*'®
have attracted extensive attentions and show a great potential in MA beneficial from light weight, high conductivity, good mechanical prop-
erties, as well as the structural featured with large specific surface area easy to compound with other materials.

Carbon fiberis a carbon-based fiber material, mainly made from raw materials such as polyacrylonitrile (PAN) fiber, viscose fiber, and pitch-
based fiber. There are many ways to prepare carbon fiber. Generally, some carbon-containing organic fibers such as nylon, acrylicfiber, rayon,
and other raw materials are used. The organic fibers and plastic resin are combined together and placed in a rare gas environment. After a
certain time of pre-oxidation, carbonization, graphitization, and other strong thermal treatments, carbon fibers can be made under certain
tension, temperature, and pressure conditions. Among traditional methods, carbonization and pyrolysis are mainly techniques for preparing
carbon fibers."”~"” By taking advantages of their low specific mass, large specific surface area, high conductivity, good chemical stability and
superior mechanical strength, CFs have attracted extensive attentions in the field of EMW absorption. In addition, relatively low price and
ease of use make CFs as a promising candidate absorber compared with other carbon-based materials for this application. As we well-known
that CFs have outstanding dielectric loss properties attributed from the electrical conductivity. Nevertheless, the contribution of fibrous struc-
ture to the magnetic loss is usually overlooked.”® " Qi et al.”’ demonstrated that the graphite defects can be introduced in CFs when the
amorphous carbon or graphite carbon fiber carbonized in high temperature. They determined the type of graphite defects by the intensity
ratio of the D and D’ peaks in the Raman spectra, and analyzed detailly the contribution of different defect types to electromagnetic wave
absorption. Their work indicated CFs with predominantly boundary-type graphite defects have excellent EMW absorption. Although the
magnetic loss mechanism induced by the graphite defects in CFs has been demonstrated, the dielectric loss is the main attenuation mech-
anism of CFs that is widely accepted. Good electrical conductivity is beneficial to dielectric loss, however, the high conductivity of carbon
materials especially for CFs (~10” $/m)* causes the lower impedance matching between air and the surface of CFs, which results in a
huge portion of reflection of the incident microwave and leads to poor EMW absorption performance.””* Therefore, combining CFs with
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other dielectric loss and/or magnetic loss materials (e.g., CNTs, conductive polymers, transition metal oxides, ferrites, magnetic metals, and
metallic alloys) to prepare CFs-based composites is considered as a promising approach for refining impedance matching and improving
EMW absorbing properties.

Generally, graphene and carbon nanotube, as representative lightweight carbon-based absorbers, exhibit superior EMW absorption per-
formance at room temperature due to the excellent dielectric loss. However, their poor oxidation and corrosion resistance are not suitable for
practical applications at high temperatures and/or under harsh working conditions. Silicon carbide (SiC) is one of the representatives of wide
band gap semiconductor and is regarded as an attractive candidate in the field of MA due to its designable dielectric properties combined
with outstanding thermal stability, chemical stability, high tension strength, and low density.”*"?° There are several methods to prepare silicon
carbide fibers, including precursor conversion, chemical vapor deposition, ultrafine powder sintering, and activated carbon fiber conversion.
Among these methods, precursor conversion is a commonly used method. The basic steps of precursor conversion including: synthesizing
organic precursors containing silicon, carbon, oxygen, and other elements such as polycarbosilane and polysiloxane. The precursor is then
fused and spun to obtain continuous organic fibers. Next, the organic fiber is pyrolyzed at high temperature in an inert atmosphere to grad-
ually volatilize the oxygen atoms in the precursor molecules and form amorphous ceramic fibers containing carbon and silicon. Finally, the
amorphous ceramic fibers are crystallized into silicon carbide fibers by high-temperature heat treatment in an inert or reducing atmosphere.
This method has the advantage of producing high-strength, high-modulus, and high-temperature-resistant silicon carbide fibers that can be
controlled by adjusting the composition and structure of the precursor.?*?’

Compared with bulk SiC and SiC particles, one-dimensional (1D) SiC materials including of fibers (SiCy), nanowires, and whiskers with bet-
ter EMW absorbing property has been demonstrated and developed.”’*" In addition, one-dimensional (1D) carbon and 1D silicon carbide
fibrous materials have higher specific surface area, which can provide more surface reaction active sites for material modification. Flexibility

16,20.26-29 Yowever, low con-

and plasticity are others advantages for the better application in flexible electronic devices and wearable devices.
ductivity and single polarization (intrinsic electric dipolar polarization) of the intrinsic SiC prevents them from becoming an excellent absorber.
So, the improvements of EMW absorbing performance of these 1D SiC materials are highly desirable, and much approaches such as intro-
ducing the multiple interfacial polarization and enhancing dielectric loss have been conducted in this respect. Among the efforts, compos-
iting dielectric and/or magnetic loss materials with 1D SiC has attracted considerable attention in recent years.*”** According to the energy
dissipation mechanism, itis well known that EMW can be dissipated via eliminating the energy of electric or magneticfields, high performance
in EMW absorption can be achieved when the absorbing materials possess both of magnetic and dielectric loss mechanisms together. Conse-
quently, the fabrication of CFs or SiC-based EMW absorbing composites that are decorated with dielectric and/or magnetic materials is an
effective way to enhance the impedance matching and promote the EMW attenuation.

Based on energy dissipation mechanisms, EMW absorbing materials can be classified into dielectric loss and magnetic loss types. The
conductivity and polarization originating from the defects, interfaces, and functional groups are the main reasons for the dielectric losses.
For magnetic loss materials, the loss mechanisms are mainly based on eddy current loss, natural resonance, domain-wall resonance, and
exchange resonance. Recently, EMW absorbing performance of magnetic materials has been summarized by Kong and co-workers.*’
EMW absorption performance of conductive polymers and carbon-based composites has been reviewed by different researchers.”**4?
However, there is no comprehensive review article focusing on fibrous materials for EMW absorption applications in general. Therefore,
this review highlights the recent progress of CFs and SiCy-based EMW absorbing composites by evaluating their vital EMW absorption
parameters. First, the fundamentals of MA are introduced, followed by the effects of chemical composition on the EMW absorbing per-
formance and associated mechanisms. Also, the recent research progresses in EMW absorption performances concerning fibrous compos-
ites including of fiber/CNTs, fiber/conductive polymers, fiber/MXene, fiber/nonmagnetic oxides, fiber/Fe;O,, fiber/cobalt derivates, and
fiber/MOFs derivates are summarized. The effect of components, structure, and morphology on the minimum reflection loss (RLyn)
and effective absorption bandwidth (EAB) of the resultant composites are discussed in detail. Finally, the research direction of fibrous
absorbing materials has been prospected.

FUNDAMENTALS OF EMW ABSORPTION

Microwave is a radiation with the interaction of the magnetic field (H) and an electric field (E) in the frequency range of 300 MHz-300 GHz.
MaxwellL's equations are undoubtedly the most basic and universal theory about the relationship between electric fields and magnetic fields,
as well as the interaction law between magnetic/electric fields and absorbing materials using mathematical methods, but the complex inter-
action mechanisms make Maxwell's equations powerless.”*™/ Therefore, scholars have developed many mathematical theories and methods
for explaining the interaction between EMW and materials based on Maxwell's equations. At present, transmission line theory is a widely used
analysis method with easy understanding, convenient calculation, and high precision characteristics.”®"? So, the evaluation of absorbing
properties in this review is also based on transmission line theory.

Schematic in Figure TA shows the interaction process when the EM wave propagates in space and reaches the surface of EMW
absorbing materials based on transmission line theory, including reflection on the material surface, multiple reflection inside the material,
absorption, and transmission. In order to achieve perfect EMW absorption, developers hope that EMW can be absorbed maximum and
dissipated almost without reflection and transmission, which depends on the impedance matching between EMW in free space and EMW
absorbing materials.”®*" If the impedance is mismatched, most of the incident EMW will be reflected on the surface of absorbing mate-
rials, even though they exhibit excellent absorption capabilities. Therefore, good impedance matching is the prerequisite for highly effec-
tive EMW absorbers.
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Figure 1. Schematic of the EMW absorption mechanisms

(A) The interaction relationship between EMW and EMW absorbing materials.

(B) Main types of dielectric loss including ohmic loss, dipole polarization, and interface polarization. Reproduced with permission from Kong et al.,”” Copyright
2022, ELSEVIER.

(C) Eddy current loss, nature resonance, and exchange resonance are the dominant factors for magnetic loss. Reproduced with permission from Cao et a
Copyright 2018, Springer.
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Impedance matching

For EMW absorption, the EMW enters and interacts with the absorbing material, converting the electromagnetic energy into electrical en-
ergy, heat energy and mechanical energy. Therefore, the prerequisite for excellent absorption is that maximum EMW enters the material.
However, when EM wave propagates through the air and meets the material, if the impedance of the absorbing material does not match
that of the free space (or air), the EMW will reflects and transmits at the interface between the air and the material. So, the key to the absorp-
tion is the impedance matching between the absorbing material and the free space. The reflection coefficient (R) of the single-layer absorbing
material meets the follows:

Zo—Zin .
= 2017, (Equation 1)
Z = J% 7z, = \/E (Equation 2)
=) Er
e=¢ —je,u=p — ju (Equation 3)

Where Z,, stands the normalized input impedance of the absorber, Z; is impedance of free space. ¢, and u, are the relative complex permit-
tivity and permeability, € (8.854x107"2 F/m) and uo (4tx 1077 H/m) are the permittivity and permeability constant of EMW in free space,
respectively. ¢ and u’ are the real part of permittivity and permeability, which represent the storage capability of electric and magnetic energy,
respectively. €’ and u'" are the imaginary part of permittivity and permeability, which describe the energy dissipation capability of the mate-
rials during the interaction with EMW.>*>¢

When the impedance of absorbing material completely matches with that of the EM wave in free space, zero reflection on the surface can
be achieved:

_ ZO_Zin _ _ Mo M _ .
=721z, - 0=7y — Zin= 0:5 — e_r =0 (Equation 4)

However, if the absorbing material with zero reflection on the surface, this characteristic is consistent with the feature of wave transmitting
material, which is not conducive to strong the absorption efficiency of EMW absorbing material. Therefore, the values of impedance mismatch
degree are close to zero (|A|<0.4) that is regarded as a good impedance matching as follows.

1= 120 - 2ol = |\ B
t=lo) Eyr

Many scholars have deduced many mathematical theories and methods to describe the interaction between EMW and materials to
improve the related quantitative calculation more precisely. Among the reported mathematical theories and methods, Steffensen accelera-
tion method is the most widely recognized. When the energy loss is realized on the surface of the absorbing material, the reflection loss (RL)
can be calculated according to Equations 6 and 7:%~*7

<0.4 (Equation 5)
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Zin — ZO
Zm +Zo

Zin = Zo\/Etanh {j (@)Ju,e,} (Equation 7)
&

Where frepresents the frequency of the EMW, d is the thickness of the tested material, and cis the propagation velocity of EMW in vacuum
condition. According to the above equations, based on the ¢ and ¢ " of complex permittivity, as well as u’ and u " of complex permeability, the
reflection loss of materials to EMW can be calculated indirectly. Generally, a material with RL less than —10 dB can be regarded as qualified
absorbing material, it can be considered that more than 90% of the EMW is absorbed, and the frequency range that meets this condition is
called effective absorption bandwidth (EAB). %042

RL(dB)= 201g (Equation 6)

Electromagnetic wave attenuation mechanisms

As mentioned before, EMW consists of electric and magnetic fields, and EMW absorbing materials can be divided into dielectric loss and
magnetic loss types. The absorbing capability of EMW absorbing materials can be understood by calculating attenuation constant (&) based

on the evaluation of dielectric properties and magnetic properties of materials according to Equation 8:4%7¢°
2nf .
a = \C \/(,u/e' - u’s’)+\/(,u/s’—,u’e’)2+(u’e’+u’e’)2 (Equation 8)

Dielectric loss mechanisms

Dielectric loss is mainly determined by ohmic loss and polarization loss,*“*® and the polarization loss can be caused by electron polarization,

ion polarization, dipole polarization, and interfacial polarization. In general, electron polarization and ion polarization can be easily excluded
from microwave absorption because they usually occur in the higher frequency region of 103-10° GHz.*” Therefore, the EMW loss mechanisms
for dielectric loss materials are mainly attributed to dipole polarization, interfacial polarization, and conduction loss,” as shown in Figure 1B.
Dipolar or dipole polarization refers to the motion of a dipole in a polar or non-polar molecule under the changing electromagnetic field. For
non-polar molecules, dipole polarization is also displacement polarization because this phenomenon is induced by the displacement of pos-
itive and negative charges owing to no intrinsic dipoles in the material. With respect to polar molecules, the rearrangement of intrinsic dipoles
will occur under an external electromagnetic filed, thus is also known as orientation polarization usually related to defects and residual groups
of material. The dipoles reorient repeatedly depleting the EMW energy effectively. Due to the restriction of defects and residual groups, the
dipoles cannot reorient timely in response to the high-frequency alerting electric field, and the polarization relaxation phenomenon appears.
According to Debye's dipole relaxation theory, the relationship between ¢ and &" can be can be described according to Equation 9.9

(8’+85+%>2 + (€)Y = (%}2 (Equation 9)

Where ¢, €. represent the static permittivity and the relative dielectric permittivity at the high frequency limit, respectively. Interfacial polar-
ization effect has been widely applied in absorbing materials to enhance their EMW attenuation capacity. The differences in dielectric char-
acteristics and electrical conductivities of different components cause the accumulation and unevenly distribution of charges at the interface
of two different materials, which generates a macroscopic electric moment. In the process of charge separation, the rearrangement of charges
depletes the EMW energy effectively. The plot of €—¢" is a single semicircle related to a Debye relaxation process, which is called the Cole-
Cole semicircle. For EMW absorbing composites, multiple semicircles may be detected because more than one polarization mechanisms
occur. However, for highly conductive materials, semicircles may not be observed because dielectric losses are dominated by conduction
loss. Conduction loss is caused by the fact that the energy of EMW being converted into an electric current as it travels through absorbers.
The instinctive resistance of absorber will produce Joule heat during the current transmission process, thus consuming the electromagnetic
wave energy. Recently, dielectric loss mechanisms in EMW absorbing materials have been summarized detailly by Wu's group.”*

Magnetic loss mechanisms

For magnetic losses, the energy of EMW in the magnetic material is irreversibly converted into thermal energy during the magnetization and
re-magnetization process. Generally, magnetic losses are mainly induced by domain wall resonance loss, hysteresis loss, eddy current loss,
natural resonance, and exchange resonance loss. Among these mechanisms, the domain wall resonance loss usually occurs in the lower fre-
quency range (1-100 MHz). Hysteresis loss consumes the energy by overcoming the coercive force during magnetization, and with increase of
the coercive force of material the more energy will be consumed. However, the hysteresis loss mainly occurs in the strong electromagnetic
field and can be ignored in the weak electromagnetic field. Therefore, eddy current loss and natural resonance are commonly regarded as two
dominant factors that contribute to the magnetic loss (Figure 1C).”* Eddy current loss is the result of Faraday's law, namely, electromotive
force is induced by a changing magnetic flux in the coil of wire, so the generation of current called as eddy current in the conductor is the

4 iScience 26, 107873, October 20, 2023



iScience ¢? CellPress
OPEN ACCESS

way of energy attenuation under an altering magnetic field. The eddy current loss (Co) is only related to the electrical conductivity (o) and
thickness (d) of the material, and their relation can be expressed as Equation 10.”*

Co=p(w) " = gwuod 25 (Equation 10)

According to Equation 10, Cy should be a constant value in theory because the electrical conductivity (o) and thickness (d) are the intrinsic
parameters of the material. If the value of i/ (/) *f~ " keeps constant with the change of frequency, the eddy current loss is the only atten-
uation mechanism of magnetic loss. However, in many cases, the value of Cy often changes, indicating that eddy current loss plays a minor
role, while natural resonance and exchange resonance play a major role in magnetic loss.”>’® Moreover, Equation 10 suggests that eddy cur-
rent loss could be significantly influenced by the size of material. When the thickness surpasses a critical value, the skin effect, caused by a
strong eddy current, will degrade the internal magnetic field, and then reduce the relative complex permeability.”’’® Natural resonance is
the result of shape anisotropy and magnetic crystal anisotropy, while exchange resonance is attributed to energy exchange between particles
and surface anisotropy.”? According to the natural resonance theory,?” the natural resonance loss can be expressed by Equations 11 and 12.

fo = %He (Equation 11)
4 |ky| .
P _ (Equation 12)

3 uoMs L

Where f, is the resonance frequency, J- represents the gyromagnetic ratio, H. is the effective anisotropy field, k; is the magnetic crystalline
anisotropy co-efficient for a magnetic material, Ms is the saturation magnetization. As the effective anisotropy enhanced by the small size
effect and the confinement effect, decreasing the size of magnetic particles can regulate natural resonance in frequency range.”'

ELECTROMAGNETIC WAVE-ABSORBING FIBROUS MATERIALS
Dielectric losses fibrous materials
Fiber/carbon nanotubes

Carbon nanotubes (CNTs), the most representative 1D nanoscale materials, can be divided into crystalline CNTs and amorphous CNTs
(ACNTs) based on their crystalline structures. In the field of EMW absorption, many unique characteristics including light weight, high elec-
trical conductivity, wide frequency bandwidth absorption, good compatibility, and excellent thermal conductivity make CNTs as an important
candidate absorber.?"% However, pure CNTs display an inferior EMW absorption ability because of their distinct impedance mismatch
caused by the high dielectric constant.*® So, numerous studies have focused on designing CNTs -based EMW absorbing composites with
proper complex permittivity and moderate conductivity to match the required impedance for high-performance EMW absorption.®¢
Although multiple methods and various matrix materials can be applied, the primary and efficient methods for the preparation of CNTs are
8791 and chemical vapor deposition (CVD),”” % which requires expensive equipment and costs. By applying the induction
heating method based on the CVD method, Xia et al.” fabricated light weight and excellent flexibility carbon nanotubes/carbon fibers
(CNTs/CFs) composites, as shown in Figures 2A and 2B. Under low filling content (1%), the resultant CNTs/CFs composites exhibited excel-
lent EMW absorbing performances characterized with strong absorption, thin absorption thickness, and wide absorption bandwidth. With
increasing the mass ratio of ferrocene used as carbon source, the content of CNTs conductive network increases, the RLi, value reaches
—44.46 dB at 14.16 GHz with a fill ratio of 1% and a 3.0 mm matching thickness. The bandwidth of 7.44 GHz is ranging from 10.48 to 17.92
GHz, covering the entire X-band and quarter of the Ku-band. Furthermore, the EAB of samples with different thickness range of 0.5-
6.0 mm is as high as 14.24 GHz. The EMW absorbing mechanisms analysis indicated that the dielectric loss is the main mechanism for the
EMW dissipation, although the magnetic loss realized by the eddy current loss contributed slightly to the absorbing performance of the com-

the laser ablation

posite material (Figure 2C).

For EMW absorption, reflecting EMWs as little as possible in order to match the impedance matching and building rich polarization
center to control the conductivity are essential for high-performance CNTs-based EMW absorbing materials. Microstructure design and
composition control are generally considered as effective solution for achieving the above objects. Kong and co-workers™ simulated
the dense and regular hierarchical structure of pine branches and constructed CNTs/CFs composites with hierarchical architecture like
to pine leaves in nanoscale, as shown in Figure 3. These reported CNTs/CF composites are composed of carbon nano fiber converted
from bacterial cellulose (BC) and the amorphous CNTs in situ growth on its surface. Pine leaves-like hierarchical architecture not only im-
proves interface polarization capability through hierarchical nano structure, but also has moderate conductivity attributed to the amor-
phous CNTs network, leading a well impedance mismatch. The RL,;, of CNTs/CFs composite with a CNTs content of 63.2 wt % and a
thickness of 2.7 mm can reach —68.2 dB at frequency of 11.4 GHz, and the maximum EAB of CNTs/CFs composite is 5.4 GHz correspond-
ing a thickness of 2.3 mm.

A single carbon material has a single absorption mechanism, and it is difficult to achieve the two requirements of impedance matching
and strong EMW loss at the same time.”””® Therefore, hybridizing fiber/CNTs with other dielectric and/or magnetic materials is a promising
approach to significantly enhance their EMW absorption capacity. For instance, Qiu’s group’’ designed and prepared Fe304~CNTs-HPCFs

iScience 26, 107873, October 20, 2023 5




¢? CellPress iScience
OPEN ACCESS

Immersion in I B Hydrocarbon !
Acetone Solution Put CFs into Solution | Molecular Group .‘L Dlss:lvlng 1
. I Ferrocene .. .U & !
\
I?_::l::it:;n | Bare Ferrocene coated ~ *ce® o c'top Growth :
' : Fiber Matrix Carbon Fiber W ool > \ . :
-2 g R . : I :
I
| I

Ipnailng

ﬁgﬂ Dissolve Ferrocene in
Benzene Solution

CNT/CFs Composites
Carbon -2
Nanotube: . -
Carbon ~
Fibers -
Matrix 3

Figure 2. CNTs/CFs fibrous composites with excellent EMW absorbing performances

(A) Schematic illustration of the preparation process of the CNT/CFs composites.

(B) Schematic diagram of the growth mechanism of CNTs on the surface of CFs.

(C) The EMW absorption mechanisms the CNT/CFs composites. Reproduced with permission from Wen et al.,”> Copyright 2021, ELSEVIER.

composites with "tree-like” structures by chemical vapor deposition technique and chemical reaction. The designed composites are
composed of hollow porous carbon fibers (HPCFs) acting as ““trunk”, carbon nanotubes (CNTs) as “branch’ and magnetite (Fe304) nanopar-
ticles playing the role of "“fruit” structures. By tanking advantages of porous structures of carbon fibers, dangling bonds of CNTs, the dielectric
polarization arising from the defects and the synergetic interactions exist between Fe3O, and CNTs-HPCFs, the prepared composites
possessed outstanding EM wave absorbing performances. The bandwidth with a reflection loss less than —15 dB covers a wide frequency
range from 10.2 to 18 GHz with the thickness of 1.5-3.0 mm, and the RL,;, is —50.9 dB at 14.03 GHz with a 2.5 mm thickness.

Taking advantages of the multiple interfacial polarization, constructing heterostructure with multiple components and abundant interface
is an effective approach for improving attenuation coefficient and impedance matching of 1D SiC nanomaterial. Wang's group'* fabricated
CNT/SiCs composites by growing CNTs on the surface of SiC fibers based on an effective new method. In this new approach, ferrocene was
utilized as both carbon source and catalyst to massively prepare the CNT/SiC; composites, which is far more efficient than the traditional
scheme, as shown in Figure 4A. CNTs with Fe particles on the tips form a unique conductive network with a mass of interfaces
(Figures 4B-4D). On the one hand, the formation of conductive network is beneficial for electron transportation and conduction loss (Fig-
ure 4E), on the other hand, the interfaces between the inner walls of CNTs and Fe particles, as well as the defects in CNT walls easily generate
dipoles resulting in the dipole polarization for an effective absorption of EM wave (Figures 4G and 4H). These factors together improve the
impedance matching and EMW attenuation capability of CNT/SiC; composites. The RL of paraffin composite at 4 mm with 20 wt % CNT/SiCs
filler loading reaches —62.5 dB. The broad effective absorption bandwidth is 8.8 GHz, which covers almost the entire Ku band and three-quar-
ters X band (Figure 41). Moreover, the EMW absorption performance can be easily tuned in a wide range by changing the mass ratio of ferro-
cene powder and SiC fibers.

In the past few years, biomass materials especially for biomass-derived carbon materials can be easily obtained by directly carbonization,
which have been drawing increasing research attentions as low-cost sustainable raw materials for fabricating various lightweight and high
performance EMW absorber.'%"'%° The natural morphology such as well-organized porous structure, hollow tube-like structure and hierar-
chical structure could be maintained in these biomass-derived carbon materials,'°*~'% which are very helpful for improving the EMW absorp-
tion ability and reducing composites weight. Meanwhile, defects and heteroatoms doping are easily introduced into natural structure during
carbonization, leading to improve EMW dissipation capability by inducing abundant dipole polarization sites. Li and co-workers'®" coated
hierarchical hollow carbon fiber with Co/C particles and villus-like CNTs forming multicomponent composites (HCF@CZ-CNTs), as shown
in Figures 4J-4L. In the preparation process, dodecahedron ZIF-67 particles were firstly grown on the surface of cotton fibers, and then cotton
fibers carbonized, pyrolysis of ZIF-67 and in situ growth of CNTs were performed simultaneously. The resultant HCF@CZ-CNTs possesses
ultra-lightweight (0.0198 g/cm?®) and excellent EM wave absorption ability. RLi, of —53.5 dB at 7.8 GHz with the thickness of 2.9 mm and
EAB of 8.02 GHz at 2 mm are achieved (Figure 4M), which is significantly higher than pure carbonization cotton with RL.;, of —18.9 dB
and bandwidth of 2.26 GHz. The hierarchical fibrous structure and the synergetic effect of polarization relaxation and magnetic loss contribute
to the excellent broadband EMW absorption performance.

In summary, the reasonable incorporation of fiber with CNTs and other dielectric or magnetic components has proven to be an effective
strategy for enhancing the EMW absorption capacity of fiber/CNTs fibrous absorbing materials. However, considering that the typical

6 iScience 26, 107873, October 20, 2023



iScience ¢? CellPress
OPEN ACCESS

o

1 pm

F 0016 —

. 3
o H 12 L 3
(0 wt% CNTs) 3, s
= = +—Co@CNF %, &
o012 LS Owt% CNTs) § 10 g
2 {0 2 10 AICHF, 8 el
p 6s]” £ & o [l 1|
£0.008 sleo 22 =8 N 6 —a—CNF —&— CNTS/CNF
z 5" 8% % (Owi% CNTs) (139 wi% CNTs)
g 4l = 6 +—Co@CNF  —v— CNTSCNF
) <140 4 (@
£0.004 =
© 2 {200 4 —4— CNTYONF
2 2 9 wi% CNTs)
0.000f (S5 i 0 (1] aasspontadil
CT;F('B(!(':F('VT!/:‘S\H‘\'Tl/('\F('N':;‘("F 00 2 4 6 8 10 12 14 16 18 20 z 4 6 8 Io |2 |4 ]6 ls 2(]
Catalytic growth time (min) Frequency (GHz) Frequency (GHz)
| J K

CNTs/CNF (63.2 wt% CNTs)

1% CN
, “ io wt% CNTs) " w'l‘s) 0

I
I
|
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
(0 wi% CNTs) (63.2w1% CNTs) | |
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I

1
1
1
1
I
1
1
I
|}
1
1
}
]
1
1
1
}
]
]
1
1
1
}
1
1
I
I
1
1
1
I
1
1 3 15 3 15
" 2 10
1
I
1
1
1
|}
1
I
1
1
1
)
1
I
}
]
}
1
]
I
1
1
I
1
1
1
1
I
1
I
]

—~ | o~ o~
-] =) g ) — =20
S0 A 2 Za0 e h
— 2 A - =50
= e 2 LG (2 = 14 GHz27 mm |0
20 : 3 M0 >
4 4 . -3.0dB 4 : P
2 R 10 y 5 3 2 s W B
d (mm) Frequency (GHz) d (mm) Frequency (GHz) d (mm) Frequency (GHz)
4 4 A CNF (63.2 wt% CNTSs)
23 119GHzdo 3 3 2%
= -3.9dB g g 1
S < =t} 11.4 GHz,2.7 mm -40,
=2 <2 -68.2 dB |
-601
1 1 1 1
5 10 15 5 5 10 15 1
Frequency (GHz) Frequency (GHz) :
L Y] N o !
——CNF (O wi% CNTs) :
240 +— Co@CNF (0 wt% CNTs) 1
1
200F 7 CNTSs/CNF (13.9 wt% CNTs) |
- _ —+— CNTS/CNF (63.2 wt% CNTs) 1
a : g —+— CNTS/CNF (74.9 wt%,CNTS) :
= i =160}
- —#—Co@CNF | (0 wt% CNTs) N |
& —4— CNTS/CNF| (13.9 wt% CNTs) :
—¥— CNTS/CNF| (63.2 wt% CNTS) 120 i
—#— CNTS/CNF| (74.9 wt% CNTs) 1
1
" i 1 1 L 1 2 L 1 80 i A A i i " " i
2 4 6 8 10 12 14 16 18 0 2 4 6 8 1012 14 16 18 20 :
Frequency (GHz) Frequency (GHz) |

Figure 3. Hierarchical structured CNTs/CFs fibrous absorbing composites

(A-D) SEM images of CNTs/CNF obtained on different CNF matrix.

(E) TEM of CNTs/CNF-30 min.

(F=H) conductivity (F), polarization loss (G) and conductivity loss (H) of CNF, Co@CNF and CNTs/CNF with different CNTs content.

(I-K) Three-dimensional RL of CNF (I), Co@CNF (J) and CNTs/CNF (K) composite with 63.2 wt % of CNTs (20 wt % mass ratio with paraffin).

(L-N) RL of different samples with 2.7 mm (L), module of characteristic impedance of different samples (M), 3D histogram (N) for comparison of thickness, |RLmin|
and EAB. Reproduced with permission from Huang et al.,”® Copyright 2023, ELSEVIER.

synthesis methods for CNTs are chemical vapor deposition (CVD) and arc discharge, which require special equipment, the development of a
relatively simple method for the fabrication of fiber/CNTs-based composites is greatly urgent but challenging.

Fiber/conductive polymers

109,110 111,112

As the most special class of polymer materials, conductive polymers (CPs), such as polyaniline (PANI), polypyrrole (PPy), and poly-

thiophene (PTh), exhibit excellent potential for EMW absorption by tanking advantages of high conductivity, adjustable structure, low density,
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Figure 4. Multiple interfacial interactions enhanced EMW absorption properties

(A) Schematic diagram of the synthesis process of CNT/SiC¢ composites by using ferrocene as both carbon source and catalyst. (B-C) SEM image (B) and TEM
image (C) of CNT/SiCs composite.

(D-E) Schematic diagrams of the overlapped CNTs (D) and the defects in graphite layer of the CNT wall (E).

(F-H) Schematic illustration of EM wave absorption mechanism for the CNT/SiC¢ composite by the generation of dipoles (F) and the formation of conductive
networks (G-H).

(I RL of the 4 mm paraffin composite with 20 wt % CNT/SiC¢ filler. Reproduced with permission from Wang et al.,'”’ Copyright 2020, American Chemical Society.
(J) Schematic illustration of the synthesis procedure for HCF@CZ-CNTs composites.

(K-L) SEM images of HCF@CZ-CNTs.

(M) Reflection loss curves and the corresponding 2D contour plots of HCF@CZ-CNTs. Reproduced with permission from Li et al.,'*" Copyright 2020, ELSEVIER.

and easy preparation.'"*"'* Among the known intrinsic CPs, the conductivity of CPs can be further improved from insulators, semiconductors
to conductors through doping to meet the requirements of good conductivity. In addition, the 7t-conjugated chains of CPs have a delocalized
electronic structure and endow extraordinary electronic performances of low ionization potential, high electron affinity, as well as energy op-
tical transitions.''®>"'"” On the other hand, the overall dielectric and/or magnetic loss capacity of fiber/CPs composites can be enhanced by
introducing dielectric loss and/or magnetic loss components, which is also the focus of this review.

Polyaniline (PANI) is undoubtedly the most attractive conductive polymer as a potential candidate of absorbing materials because of their
peculiar physical and chemical advantages of high conductivity, easy synthesis, and good environmental stability. In addition, employing
PANLI is not only expected to enhance the dielectric loss and impedance matching, but also to protect other dielectric loss and/or magnetic
loss components from corrosion, and expand fiber/PANI-based composites application in harsh environments. The factors affecting the phys-
icochemical properties of pure PANI and composites include the concentration of aniline monomer, reaction temperature and so on.''®'%9

According to the EMW absorption mechanisms, fabrication of a novel composite composed of PANI, dielectric loss, and magnetic loss
materials is expected to obtain better impedance matching and absorption performances than single components. Zhang's group'?' pre-
pared SiCnws@NiCo,0,@PANI one dimensional hierarchical nanocomposites through coating NiCo,04 nanosheets and PANI as skin layer
on the surface of SiC nanowires, as shown in Figures 5A and 5B. Due to the peculiar hierarchical microstructure, the incident EMW is firstly
reflected by the networks constructed by adjacent SiC\ws@NiCo,O4@PANI hierarchical nanocomposites and NiCo,O,4 nanosheets. Besides,

the synergistic effect of dielectric loss of the SiC nanowire, magnetic loss from the eddy loss and natural resonance of the NiCo,O4
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Figure 5. Hierarchical structured SiCyws@NiCo,0,@PANI composites

(A) Schematic illustration of the preparation process of SiCyws@NiCo,O4@PANI 1D hierarchical nanocomposites.

(B and C) SEM image (B) and Cole-Cole semicircles (C) of the resultant SiC\ws@NiCo,O4@PANI hierarchical nanocomposites.

(D and E) Cq curves (D) and impedance matching curves (E) of different samples.

(F and G) 2D RL plots (F) and the RL curves (G) of the samples at their optimum thickness. (H) Schematic illustration of the electromagnetic wave absorption
mechanisms of SiCyws@NiCo,04@PANI nanocomposites. Reproduced with permission from Zhang et al.,'*' Copyright 2022, ELSEVIER.

nanosheets, as well as conductive loss of the PANI skin layer improve the impedance matching and EMW absorption performances
(Figures 5C, 5D, and 5H). The RL i, value of SiC\ws@NiCo,O4@PANI composites with matching thickness of 1.96 mm achieves —53.74
dB, meanwhile, the EAB of 4.16 GHz corresponded ultra-thin matching thickness of 1.18 mm is obtained, as shown in Figures 5F and 5G.

Generally, a synergistic attenuation mechanism based on multiple reflection/scattering, dipole polarization, interface polarization, eddy
current and magnetic resonance is usually a reasonable way for improving EMW absorption performances. Meng and co-workers'?° reported
a CFs@PANI@Fe;0,4 hybrid nanocomposites composed of CFs core, PANI coating and dispersed Fe3O4 nanoparticles. Compared with bare
CFs, the systematic characterization results indicated that both PANI lay and Fe3O4 played positive roles in enhancing the microwave absorp-
tion properties. The resultant CFs@PANI@Fe30,4 hybrid nanocomposites exhibit remarkable microwave absorption performances owning to
the combined action of CFs, PANI, and Fe30y. Its RL i, value of —46.86 dB is achieved under 10 wt % filler content, and the matching thickness
is 2.7 mm.

PANI can be widely used as an effective component of EMW absorbers owning to the extremely simple preparation method. In contrast,
polypyrrole (PPy) is considered the other attractive candidate for EMW absorbers due to its simple synthesis, good conductivity, and stable
chemical properties.'?” In addition, the higher mass density could provide higher performance to the absorber with a smaller volume of PPy,
and the better flexibility is beneficial for forming different forms easily, such as fibrous, tubular, and spherical structure. However, conductivity,
thermal stability, and morphology of PPy, the key factors for excellent fiber/PPy-based absorber, are mainly affected by the polymerization
methods and polymerization conditions.'* In addition to the intrinsic characteristics of pure PPy and fibers, choosing the reasonable
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Figure 6. Core-shell structured SiC,,,s@MnO,@PPy nanocomposites

(A) Schematic illustration of the synthesis process of SiC,,,s@MnO,@PPy nanocomposite.

(B-D) SEM images (B-C) and TEM image (D) of SiC,,s@MnO,@PPy nanocomposite.

(E-G) The real part (E) and imaginary part (F) of the complex permittivity and the dielectric loss tangent (G) of various samples.

(H-1) Cole-Cole semicircle (H) and impedance matching (I) of SiC,,,s@MnO,@PPy nanocomposite.

(J) The minimum RL values of various samples at their optical thickness. Reproduced with permission from Li et al.,'”” Copyright 2023, Springer.

components of the desirable composites is an important for refining impedance matching characteristic and excellent absorption perfor-
mances. In order to get optimal impedance matching, the ideal relation between real (¢') and imaginary (¢") parts of permittivity should
be established for dielectric loss absorbing materials, which can provide reliable reference for the fabrication of high-efficiency microwave
absorbing materials. Based on Material Genome Initiatives, Meng et al.'** selected PPy and cotton non-woven fabrics (CNFs) as dielectric
medium and flexible matrix, respectively, and introduced polydimethylsiloxane (PDMS) to balance the impedance matching of the produced
PPy/CNFs/PDMS composites. Under the guidance of ideal &-¢ " relationship, the designed PPy/CNFs/PDMS composite with good imped-
ance matching possesses outstanding absorption performance. The RL,;, reaches —25 dB at the thickness of 4 mm and the EAB covers
the whole X-band. What's more, the RL of PPy/CNFs/PDMS composite measured by arched reflecting method is consistent with the simu-
lation result by the waveguide method.

To improve EMW absorbing property of 1D SiC-based material by enhancing impedance matching, conductive loss and interfacial polar-
ization, Li and co-workers'?° prepared ore-shell SiChws@MNnO,@PPy nanocomposites by coating dielectric MnO; nanosheets and conductive
PPy polymer on the surface of SiC nanowires (SiCps) core through chemical vapor deposition and two-step electrodeposition process, as
shown Figure 6A. Introducing MnO, nanosheets and PPy coating results in more interfacial polarization and relaxation phenomenon gener-
ation induced by the heterogeneous interfaces between SiC nanowires, MnO; nanosheets, and PPy (Figures 6B—6D), which is beneficial to
improve electromagnetic parameters. Therefore, the values of ¢/, ¢ " and tané, of SiC,,,,s@MnO,@PPy nanocomposites are higher comparing
with that of SiC,,s and SiC,,,s@MnO, samples (Figures 6E-6H). Besides, the SiC,,,,s@MnO,@PPy nanocomposites exhibits good impedance
matching with a larger practicable area of [A|<0.4 (Figure 6l). By combining the synergistic effect of peculiar network structure, the intrinsic
dielectric loss of various components, multiple interfacial polarization and dipole polarization, the resultant SiC,,,s@MnO,@PPy nanocompo-
sites displays excellent electromagnetic wave absorption performances with RL,i, of —50.59 dB when the matching thickness of 2.41 mm, and
the EAB value reaches to 6.64 GHz covering almost the entire X band and half of the Ku band at a matching thickness of 2.46 mm, as shown in
Figure 6J.

As discussion above, there are mainly two ways to improve the EMW absorbing performance of fiber/CPs composites. One is focusing on
the refinement of the conductivity, structure, and surface morphology of pure fiber or CPs. The other is the fabrication of composites by

combining fiber/CPs with other dielectric loss materials such as graphene,'#~'*! 132137
138-140

carbon nanotubes and others, as well as the magnetic
magnetic nanoparticles. The aim of these approaches is to enhance the impedance matching and EMW absorp-
tion performances by taking advantages of the synergistic effects on the dissipation of the EMW energy. However, the issues of easy oxidation
and stability especially in high temperature should be concerned. Due to the length and theme, it cannot be described in detail in this review.
Readers in need can refer to the relevant review and literature.'*''#?

materials, e.g., ferrite,

Fiber/MXenes

MXenes, a new and fast-growing family of two-dimensional (2D) carbides and nitrides of transition metals materials with graphene-like struc-
ture, were firstly synthesized by Naguib et al. in 2011."*" They normally possess a formula of M, 1X, Ty, where M represents an early transition
metal, X is the carbide and/or nitride, T refers to the terminating groups on MXenes surface such as O, OH, F and/or Cl resulted from the
etching process.'**'*> Due to the greater absorption advantages attributed to the characterizations including of high specific surface
area, efficient dielectric loss from multiple polarization mechanism, and enhanced interfacial loss from unique 2D nanostructures, multilayered
and/or delaminated MXenes have been extensively used in EMW absorption.

10 iScience 26, 107873, October 20, 2023



iScience ¢? CellPress
OPEN ACCESS

A TiyC,T, Nanosheets

’ HOUF B sonication | el
«. Etching j -

: X , g I

g e | )
o

Dip-coating In-situ polymerization
A /’T-,— /’T—- MXene Aniline
3 L € wer & T\
—
- e Freeze drying
y /){ A | —
- -
—d ‘/’\A ~ /].\

M/CF Fabric PANUM/CF Fabric (PANIM)*n on a fiber

TiyC,T,/CNF aerogel Cellulose Nanofibers.

B :
- S R W S W :; ;
QSN L NN ¥
m.&}t i\iing ¥
» e B N i
Multiple Scattering : :
Conductive Loss Interfacial polarization Dipole polarization ::
C wf 10D e - - -
g’
E ; g-!.
& iyl
5 3
[P
|- M2 449 d8B

S ™ . N N . L - TR el T

Figure 7. Fiber/MXenes absorbing composites

(A) Schematic drawing illustrating the fabrication of the TizC,T,/CNF composites.

(B) Schematic illustration showing the mechanisms involved during the EMW absorption for the Ti3C,T,/CNF composites.

(C and D) dielectric loss tangent (C) and RL (D) of Ti3C,T,/CNF composites with virous TizC,T, mass ratios of 0, 25.0, 50.0, and 75.0 wt %, respectively. Reproduced
with permission from Wu et al.,"*” Copyright 2022, American Chemical Society.

(E) The schematic illustration for the manufacturing process of PANI/MXene/CF fabric via layer-by-layer (L-b-L) assembly.

(F-G) SEM images of PANI/MXene/CF fabric after five-cycle L-b-L assembly.

(H) The surface resistance and electrical conductivity of virous samples.

(I and J) The average values of SEt, SE, SEg and specific EMI SE values (I) and SEx and SEg versus the electrical conductivity (J) for PANI/MXene/CF fabrics.
(K) Schematic drawing illustrating the shielding mechanism of PANI/MXene/CF fabric. Reproduced with permission from Yu et al.,">" Copyright 2020, ELSEVIER.

Fibrous absorbing composites are usually prepared by electrospinning the mixture of polymer with dielectric and/or magnetic loss ma-
terials. However, the addition of dielectric and/or magnetic loss materials will significantly influence the viscosity, electrical conductivity, sta-
bility of solution, as well as the elastic moduli, coefficients of thermal expansion, crystallization of polymer matrices, which finally determines
the structure, morphology, and performance of the as-prepared fibrous absorbing composites.**® Schauer and co-workers'” electrospun
poly(acrylic acid) (PAA), polyethylene oxide (PEQ), poly(vinyl alcohol) (PVA), and alginate/PEO with delaminated Ti3C,T, MXene flakes. They
investigated the effect of small additions of delaminated MXene (1% w/w) on the structure and properties of the nanofibers. The results indi-
cated that MXene has an effect on the solution properties and a greater effect on the average fiber diameter. The TisC,T,/PEO solution ex-
hibits the largest change in viscosity and conductivity with an 11% and 73.6% increase over the initial polymer, respectively. A high degree of
crystallization for Ti3C,T,/PEO and a slight decrease in crystallinity for TisC,T,/PVA were observed.

Combining MXene with conductive fibrous materials is an effective approach to construct conductive network and improve interface in-
teractions for enhancing EMW absorption based on conductive loss and interfacial polarization. Wu et al."™” fabricated flexible MXene/cel-
lulose nanofibers (TisC,T,/CFs) composites via selective etching and freeze-drying, as shown in Figure 7A. The addition of appropriate con-
tent of MXene formed a continuous network providing numerous conductive pathways for enhanced electron migration, which effectively
regulates the dielectric constant and impedance matching, as well as enhances conductive loss. Besides, polarization relaxation including
interfacial and dipole polarization between MXene and CFs also has a synergistic effect on EM wave dissipation (Figures 7B and 7C). Among
these produced composites, the sample with 50.0 wt % MXene addition has optimal absorption with RLy;, of —44.9 dB and EAB of 5.7 GHz at
a thickness of 2.0 mm (Figure 7D). Importantly, compared with the performance at the natural state, after 50 cycles of bending deformation,
the absorption property can be maintained due to the stress dilution by the resilient porous structure and interlayer slipping owning to the
existence of TizC,T, nanosheets.

Athick coating is necessary on textile surface to shield forceful penetration of electromagnetic interference (EMI) waves, limiting their prac-
tical applications owing to the defective air permeability and flexibility. Therefore, how to achieve effective EMI shielding performance while
retaining the inherent characteristics of textile substrate remains a daunting technical challenge. Yu and co-workers'' fabricated a
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lightweight, wearable, and durable PANI/MXene/CFs fabric with exceptional electromagnetic interference shielding performance via layer-
by-layer (L-b-L) assembly approach (Figure 7E). Morphologic observation exhibits the CFs is coated by PANI/MXene rough layers with a large
number of particles, which made some of the narrow voids filled and construct more perfect conducting networks between interconnecting
the adjacent fibers (Figures 7F and 7G). The excellent electrical conductivity higher than 1 S/m is beneficial to the highly efficient EMI shield-
ing, a high EMI shielding effectiveness (26.0 dB) and favorable specific EMI SE (135.5 dB cm?®/g) of the PANI/MXene/CF fabric with only
0.55 mm thickness can be achieved after five-cycle L-b-L assembly (Figures 7H-7K). The PANI/MXene interfaces facilitates the internal multiple
reflections and interfacial polarization and attenuated EMW conductivity loss and dielectric loss.

In terms of morphology, MXene-based microwave absorbing materials are mainly two-dimensional (2D) nanosheets directly obtained after
exfoliation. Spherical and 3D sponge-like MXene assemblies for microwave absorption are less reported. However, wrinkled porous micro-
spheres have been proved to exhibit excellent microwave absorption ability due to its special surface structure.’®”'*? In order to combine the
dual advantages that 1D materials form a conductive network giving dielectric loss and surface wrinkled microspheres cause multiple reflec-
tion. Zhang et al.">* fabricated two kinds of MXene-based materials. One is the 1D MXene@Fe;0, magnetic nanofibers with a diameter of
25 nm obtained by the self-assembly of single-layer TisC,T, MXene nanosheets and coating Fe3O,4 nanoparticles via thermal decomposition
method. The other is the micro-scale surface wrinkled porous MXene@Fe3;0, composite microspheres. By blending microspheres and nano-
fibers with the optimal ratio of 7:3, the resultant composite shows high efficiency microwave absorbing performance. The RL,;, of —63.3 dB
and EAB of 5.2 GHz (12.8-18 GHz) are achieved at a filler content of 40% corresponding to thickness of 1.8 mm.

In summary, due to its unique physical and chemical properties, MXenes has demonstrated its enormous potential in field of microwave
absorption. However, to achieve the goal of the practical application of MXene materials in the MA some problems still need to be overcome.
The first one is the development of high-yield, low-cost and environmentally friendly methods for preparing high-quality MXene products.
Then, the surface modification and structure construction of MXene materials with specifical surface terminations should be paid more atten-
tions. Furthermore, the understanding of the role of MXene in MA is still immature.

Fiber/nonmagnetic oxides

Zinc oxide (Zn0O), as an important semiconductor material (Eg = 3.37 eV), is considered as a potential EMW absorbing material due to light-
weight, low cost, facile preparation and environment friendly.'>> "> The dipole polarization and dipole moment along the polarity direction in
ZnO nanocrystals are the mechanisms for EMW absorption. The interfacial polarization derived from the newly formed heterogeneous inter-
faces caused by the introduction of ZnO nanocrystals would also improve microwave absorption.'” In addition, geometrical effect and less
eddy current loss can be realized due to the formation of 3D crosslinked network of ZnO nanocrystals.'®'*%'" Qi and co-workers'®* designed
and fabricated the CFs/ZnO composites with unique 3D cross-linked network based on the strategy of constructing the heterostructure in-
terfaces, as shown in Figures 8A-8E. Results indicate that the carbonization temperature has significant influence on the absorption perfor-
mances of the produced CFs/ZnO nanofiber composites, and the composites carbonized at 700°C have strong EMW absorbing properties
derived from the synergy of the interface polarization, geometrical effect and the less eddy current loss. The RLin of —61.91 dB at 11.44 GHz s
achieved under the corresponding thickness of 2.59 mm, meanwhile, the EAB is as wide as 5.60 GHz and covers almost Ku bands (Figures 8F
and 8G).

Asis well known, pure CFs suffer from poor interfacial impedance matching and weak microwave absorption performance attributed to the
limitations of improper electrical conductivity and extremely high complex permittivity. Forming coaxial multilayer coatings on CFs with a
well-controlled, gradually increasing conductivity leading to well-matched input impedance is expected as an effective approach to improve
absorption properties of CFs-based absorbers. ZnO can be doped and deposited forming a doped ZnO coating on CFs to match the imped-
ance matching by the atomic layer deposition (ALD) method, which is the other advantage compared with nonmagnetic oxides. Qin's term'“?
coated CFs using Al-doped ZnO with specifically designed gradient multilayer through ALD method to gradually increase electric conduct-
ibility. The gradient coatings composed of five layers of dielectric films serve as intermediate layers to adjust the impedance matching of CFs
(Figure 8H). For all the above reasons, the obtained composites exhibit remarkably enhanced microwave absorption performance, and the
RLin reaches —58.5 dB at 16.2 GHz with the gradient films of rationally selected thicknesses of only 1.8 mm (Figures 8l and 8J). This reported
strategy can be applied to improve the absorption properties of the dielectric loss materials by improving the impedance matching.

Similarly, TiO, as a semiconductor has been extensively investigated in photocatalysis, supercapacitor, biomedicine, seawater desalina-
tion and other fields owning to its chemical and thermal stability.'**""®” For EMW absorption, benefiting from the relatively smaller real part of
its permittivity value (¢ = 8) and dipolar relaxation polarization, TiO, can be used as an additive phase to improve the impedance matching of
the absorber and to enhance the dielectric loss of a microwave absorber. For instance, Wu's group reported'®® a broccoli-like composite
(CFs@TiO,) composed of short carbon fibers and TiO,, where TiO, was grown vertically on the surface of short carbon fibers forming an in-
dependent broccoli-like conductive network. The unique structure is beneficial to improved impedance matching, the conduction loss, as well
as strong interfacial polarization, leading to enhanced EM wave absorption capability. Besides, the eddy current loss is also found caused by
the ring current produced in the conductive network, resulting in the magnetic loss mechanism. The RLyi, of —58.63 dB at 4.56 GHz is
achieved, and EAB of 3.4 GHz can be obtained even if at the ultra-thin thickness of 1.1 mm. The flower-like heterostructure is good for imped-
ance matching, interfacial polarization, dipole polarization, conductance loss, and multi relaxation that had been demonstrated by Tang and
co-workers."*” The wave absorbing performance of the produced flower branch-like TiO,@SiC/C composite nanofibers is achieved in the X
and Ku bands, and the RL;, reaches —45.3 dB with the thickness of less than 3 mm when the composite nanofibers absorber content is
10 wt %.
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Figure 8. Fiber/nonmagnetic oxides absorbing composites

(A) The schematic illustration for the synthesis processes of the CFs/ZnO nanofiber composites.

(B) Field emission electron probe image of the CFs/ZnO nanofiber composites carbonized at 700°C.

(C-E) C, Zn, and O mapping, respectively.

(Fand G) The 3D plots of RL values (F) and RL curves (G) of the CFs/ZnO nanofiber composites carbonized at 700°C. Reproduced with permission from Qi et al.,'*?
Copyright 2021, ELSEVIER.

(H) Schematic of the synthesis process of the gradient films/CFs via ALD.

(I) RL curves of the CFs and coated CFs with an absorbent layer thickness of 1.9 mm in the frequency range of 2-18 GHz.

(J) Three-dimensional representations of the RL curves of the coated CFs. Reproduced with permission from Qin et al.,'®® Copyright 2018, Springer.

In a word, the CFs/ZnO or CFs/TiO, composites with controllable size, unique morphology, and formula designability can be easily pre-
pared by simple electrospinning technology and one-pot hydrothermal method. Besides, the raw materials are environment friendly without
pollution, green, and low cost. Therefore, hybriding CFs/ZnO or CFs/TiO, with other magnetic loss-based materials is a promising strategy for
preparing EMW absorbers with excellent characteristics.

Combined dielectric and magnetic losses fibrous materials
Fiber/FegO4

In terms of the EMW absorbing materials, FesO, as a traditional magnetic metal oxide has attained a special attention due to its excellent
magnetic and dielectric properties,wo‘m but in some cases, brittleness, heavy weight (about 5.18 g/cm3), and narrow bandwidth'’? of a
pure Fes0y significantly limit its usage as an EMW absorber.'”* Therefore, Fe30, is often used as a magnetic loss material to prepare
EMW absorbing composites with carbon-based materials, such as CFs.

Generally, the temperature of Fe3O, layer coating and CFs pretreatment significantly influence the compositions and morphology of the
resultant CFs/FesO4 composites, leading to a great difference in EMW absorbing performances. Osouli-Bostanabad et al.'’* investigated the
influence of temperature on the structure, morphology, magnetic and microwave absorption properties of the prepared composites via a
multi-step cathodic method in an aqueous alkaline solution at 60°C-80°C. They found that a more homogeneous and denser Fe30, coating
could be obtained by using multi-step electro-deposition method rather than the single step method, which improves the EMW absorption
properties (Figures 9A-9D). The RL of the three steps coated carbon fibers (MCCFs-lll) is found to be under —5 dB in the whole range of
X-band. In addition, a porous flake-like layer of Fe30,4 can be formed uniformly under the reduction of Fe(lll)-Triethanolamine complex at
60°C. While, a dense and discontinuous layer with globular nano-particles deposited on the surface of CFs when the temperature increased
to 80°C, and the optimum deposition time was demonstrated by the RL of —10 dB at 12.27 GHz occurred in sample deposited for 4 min, as
shown in Figures 9E and 9F. Similar work was reported by Luo and co-workers.'’* They also found that temperature and fiber surface pretreat-
ment had a significant influence on the composition and morphology of Fe;O, coating. Uniform and compact Fe;O, layer could be prepared
at75°C, while the coating is continuous and rough when the reaction was taken at 60°C. The CFs/Fe3O,4 composites prepared at 75°C exhibits
a good absorption property with RL of lower —20 dB in wide matching thickness ranges.

Although compositing CFs with Fe3Qy is an attractive way in preparing EMW absorbing materials with excellent performances, the high re-
ductivity of CFs easily reduce Fe3O4 to FesC resulting in the increased degree of graphitization of CFs, which enhances the conductivity and
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Figure 9. CFs/Fe30, absorbing composites

(A-D) SEM images of the Fe3O4 layer deposited on the surface of CFs at 60°C (A), 80°C (B), as well as during 4 min (C) and 4 min at 80°C (D) for three times.
(E and F) RL curves of samples coated in 2-12 min with a three steps deposition process (E) and with different thickness (F). Reproduced with permission from
Entezami et al.,'”® Copyright 2021, ELSEVIER.

(G and H) SEM images of original CFs (G), CFs/Fe304 core-shell structure composites (H), and the corresponding schematic diagram of the designed structure.
(I'and J) Raman spectra of carbon nanofibers (I) and the representative CFs/Fe3O, composite (J).

(K) (D)/I(G) vs. ratio I(D')/I (G) of the virous samples.

(Land M) RLvalues at different thicknesses (L) and frequency-dependent reflection loss (M), simulations for the t,, vs. frequency subject to the A/4 model, as well as
impedance match.

(N) Cole—Cole semicircles of the representative CFs/Fe3O, composite.

(O) Magnetic properties of the as-prepared composites. Reproduced with permission from Dai et al.,'’” Copyright 2022, AIP Publishing.

weakens the impedance matching and interfacial polarization. To improve the interfacial polarization and conductivity losses, Dai and co-
workers'”® synthesized CFs/Fe;O, nanocrystal core-shell composites by using an extended heterostructure interface strategy (Figures 9H
and 9l). CFs as one component of the prepared composites, the cross-linked structure is beneficial to the conductive loss and macroscopic
eddy current loss, besides, the heterogeneous interface formed by graphite nanocrystals and amorphous carbon in CFs has a strong EMW ab-
sorption capacity attributed from the boundary-type defects mechanism. Moreover, a new heterogeneous interface was formed between the
CFs and the Fe3O,4 nanocrystal particles existed on the surface of which, improving the electromagnetic wave absorption properties due to the
strong magnetic loss and interfacial polarization of the composite (Figures 9J-9L). By taking advantages of multiple loss mechanisms, the RLyn
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of —=51.11, —42.99, and —55.98 dB at 9, 12 (X-band), and 17 GHz (Ku-band) are achieved, respectively, corresponding to the thicknesses of 2.0,
1.5, and 1.0 mm. In addition, the EAB is 3.3 GHz in frequency range of 14.7-18 GHz with the thickness of only 1.09 mm (Figures 9M-9P).

Although the application temperature of CF-based composite materials can reach 400°C, attention should be paid to the improved
comprehensiveness properties of durability, oxidation resistance and EM wave absorption at high temperatures.'”*
high-temperature resistance and EMW absorption capability, Ye et al."’® prepared a three-layers EMW absorbing material (CFs/Fe304/
BN) by depositing a Fe30, and boron nitride (BN) coating onto the surface of a CFs through in situ hybridization. SEM images show that
Fe30,4 was distributed along the axial direction of the fiber, whereas BN was found in the outermost coating layer. Compared with the sample
without outermost BN layer (CF/Fe30y), the decomposition temperature (550°C) of the prepared CF/Fe304/BN increased by more than
200°C after soaking composites into the metal salt solution (20 g/100 mL), which is attributed to the excellent corrosion and oxidation resis-
tance performances of NB layer. In addition, the prepared CFs/Fe30,4/BN had an absorption bandwidth of 9.2 GHz (8.8-18 GHz) with EMW
loss of less than —5 dB, and its effective EMW absorbing bandwidth (RL < —10 dB) is 4.2 GHz (11.2-15.4 GHz).

The above-mentioned works increase the wave absorption performance of CFs/Fe304 composites, however, the EAB of the as-prepared
CFs/Fe304 composites is narrow. Covering the surface of CFs/Fe3O,4 composites with a layer of conductive material is an effective approach
to broaden the EAB."” Alanagh et al.”® fabricated CFs@nano-Fe3O,@PANI composites by firstly depositing FesO, particles on CFs via a
modified multi-step electrophoretic deposition (EPD) and then coating PANI layer on the surface of CFs@nano-Fe3;O,4 through in situ poly-
merization. With the reduction in the effective mass/volume percentage of nano-Fe3Q, particles in composites, the saturated magnetization
(Ms) of the resultant CFs@nano-Fe30,4 and CFs@nano-Fe3O,@PANI are 8.934 emu/g and 0.191 emu/g, respectively. The composite contain-
ing 1 wt % CFs@nano-Fe304@PANI shows a RLy,;, of —11.11 dB with an EAB of about 6 GHz in the frequency range of 8.2-18 GHz under the
thickness of 1.5 mm.

7 In order to improve

Fiber/cobalt derivates

The impedance mismatching and low magnetic loss limit the pure carbonaceous materials practical applications in EM wave absorption. Fer-
rites are accepted as an excellent EMW absorbing materials owning to their magnetic loss, ease of synthesis, and low cost.'®'~'®? However,
because of the Snoek’s limit, the natural resonance of traditional ferrites is usually in the range from megahertz frequency (MHz) to low giga-
hertz frequency (<3 GHz), which makes the complex permeability reduced quickly in the gigahertz range, hindering their practical applica-
tions.'® Besides, high density and poor impedance matching also block their wide application as EMW absorbing materials. Therefore, hy-
bridization of carbon-based fiber materials with ferromagnetic metal/alloy materials is a reasonable approach for designing absorbing
fibers./#'-190 |n comparison, as significant ferromagnetic and alloy materials, cobalt, cobalt oxide, cobalt-based ferrites, and alloy generally
have larger complex permeability, broader resonance frequency and bigger magnetic loss in the GHz frequency range owing to their larger
Snoek'’s limit, which is more beneficial for absorbing microwaves in GHz range.'”'"'?

In previous study, the combination of carbonaceous fibrous structure and magnetic substances was confirmed to effectively improve the
EM wave absorption capacity of composite materials.””'"*'? Lj et al.'” reported a nanofibrous membrane composed of flexible carbon
nanofibers and magnetic cobalt oxide (Co304) nanoparticles by the combination of electrospinning, stabilization and carbonization process
(Figures 10A-10D). The nanofiber membrane (PAN/AAc) was formed by electrospinning the precursor solution of polyacrylonitrile (PAN, Mw =
150 000) polymer with different concentrations of cobalt acetylacetonate (AAc, Co(acac)s). Afterward, the obtained PAN/AAc membrane was
stabilized in an oven with external tension and annealed in a tube furnace under N, flow at 800°C to complete the carbonization process for
obtaining the black magnetic CNFs/Co30, nanofibrous membrane. The study of electromagnetic absorbing behavior of the CNFs/Co30,
nanofibrous membranes in the frequency range of 2-18 GHz shows that the resultant samples exhibit improved absorbing performance to-
ward higher frequencies with an increase in the cobalt nanoparticle concentration. Due to the reduction of magnetization and coercivity of
cobalt nanoparticles by carbon nanofibers decreasing magnetic permeability of CNFs/Co30,4 nanofibrous membrane, the optimal RL is
36.27 dB with sample thickness of 2 mm in 13.76 GHz which is mainly considered as a result of the dielectric loss (Figures 10E-10J).

Generally, reasonably designing the chemical component of the hybrids to obtain high magnetic loss and dielectric loss is an efficient
approach to constructing high-performance EMW absorbing materials.®''?’-'7® Besides, modifying the nano-micro structures of the compos-
ites to achieve multiple reflection can also effectively improve properties.®%'7?°° Via electrospinning and in situ self-assembly strategy, a 3D
hierarchical core-shell NC@Co/NC nanofiber network (NC@Co/NC-900) was fabricated by Che's team.””" In order to enhance the polariza-
tion loss and magnetic loss, N-doped carbon fibers with diameter of ~250 nm built a 3D-conductive network, and Co@C nanoparticles (diam-
eter of ~20 nm) embedded into N-doped Carbon (Co/NC) shell in situ assembles on the surface CFs network, as shown in Figures 11A-11D.
More importantly, the size of Co@C nanoparticles with a narrow particle size distribution in the range of 15-25 nm are easily controlled by
modulating the calcination temperature. The NC@Co/NC composites with optimal impedance matching and uniformly multiple reflection
in core-shell structure enhances the EMW attenuation and displays RLi, of —55.82 dB at 11.60 GHz. Wide EAB of 7.44 GHz in a low filler
loading of 15 wt % is achieved, which fully covers the whole X and Ku bands in different thickness of 4.0 and 3.0 mm (Figures 11E-11G).

Hierarchical nano-micro structures are beneficial for improving performance. However, if the granulometry of metal/alloy material larger
than 2 um, eddy current effect existed in the metal/alloy material may greatly decrease the complex permeability and degrade the microwave
absorption efficiency at GHz frequency range.”’?** To solve this issue, Zheng et al.”*” reduced the size of metal/alloy particles into nanoscale
to weak the influence of eddy current effect and enhance the microwave absorption properties. In their work, one-dimensional FeCo/CFs
difunctional magnetic/dielectric absorbents were fabricated by electrospinning method and subsequent anoxic annealing treatment
(Figures 12A-12J). Due to the large aspect ratio of CFs, tiny magnetic FeCo nanocrystals are uniformly decorated in the amorphous dielectric
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Figure 10. Fiber/cobalt derivates absorbing materials

(A) Schematic illustrating the preparation process of PAN/AAc nanofiber membrane.

(B and C) FE-SEM images of CNFs-800 (B) and of CA4-800 (C).

(D) The digital images presenting the flexibility of CA4-800 samples.

(E-H) Frequency dependence of the real part (E), imaginary part (F) of the relative complex permittivity, the real part (G) and imaginary part (H) of relative complex
permeability of the absorbers in the frequency range 2-18 GHz.

(I) Magnetization curve of CA4-800 sample measured at room temperature. Inset is the magnified image of the considered magnetic property.

(J) RL of virous CNFs/Co30, composite samples. Reproduced with permission from Cai et al.,'”® Copyright 2018, Nature Publishing Group.

CFs. The as-prepared FeCo/CFs composites exhibit boosting microwave absorption performance benefited from the good impedance
matching, and synergistic effect between ferromagnetic FeCo and dielectric CFs. The optimal FeCo/C/paraffin composites with 40 wt %
of functional fillers show RL,;, value of —59.9 dB with EAB of 6.0 GHz at 13.2 GHz corresponding to thickness of 2.6 mm (Figures 12K-
12Q). Moreover, the FeCo/C composites have a small density of only about 1.1 g/cm®, which is much smaller than that of the bulk FeCo
(7.4-7.6 g/cm®).

Similar work was reported by Ye's group.'” The reported CFs/FeCoNi hybrid fibers were prepared by impregnating polyacrylonitrile
(PAN)-based pre-oxidized felt in the metal salt solution containing Fe, Co, and Ni then heating in high-temperature. These magnetic particles
include Fe304, NiFe,O4, CoFeyOy, and NisFe on the surface of carbon fiber as the magnetic loss agents distribute uniformly along the axial
direction. At the same time, the EM wave absorbing fiber is soft and can be bent arbitrarily. By tanking advantages of the synergistic effect of
electric loss and magnetic loss, the as-prepared CFs/FeCoNi hybrid fibers exhibit excellent performances. The RL.,;, at 11.74 GHz is
—30.62dB, and the absorption bandwidth is 7.4 GHz in frequency range of 8.7-16.1 GHz with 1 h of heat treatment at 650°C.

In addition to the reasonable combination of magnetic and dielectric components, the morphology is another factor for enhanced EM wave
absorption properties.”” Luo et al.””’ coated magnetic Fe-Co alloy on the surface of carbon fibers by a conventional and facile electrodepo-
sition to prepare carbon fiber-based hybrid EMW absorption materials (FeCo@CFs). The different Fe-Co coating morphologies including of
thin plate, irregular particle, and pyramid obtained at different plating temperatures of 25, 35, and 50°C, respectively, has significant impact
on magnetic properties, complex permittivity, and microwave absorption properties of FeCo@CFs. The FeCo@CFs with plate-like Fe-Co
coating obtained at 25°C plating temperature possesses lower complex permittivity and better microwave absorption properties in comparison
to other FeCo@CFs hybrid composites. Due to plate-like morphology with larger surface-to-volume ratio and the existence of the special core/
shell structure, the FeCo@CF-25-paraffin sample exhibits strong absorption (RL < —10 dB) over the whole frequency range of 2-18 GHz at all
thicknesses. The absorption bandwidth (RL below —20 dB) is 7.9 GHz, as well as RL, at 9 GHz with a matching thickness of 1.8 mm is —37.7 dB.
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Figure 11. Hierarchical core-shell structured cobalt derivates fibrous absorbing materials

(A) The illustrated synthesis route of NC@Co/NC composites.

(B-D) SEM, TEM and HR-TEM images of of NC@Co/NC-900.

(E and F) The optimal |Zi,/Zo| values (E) and RL;, values (F) of various samples.

(G) Schematic diagram of the EMW absorption mechanisms for NC@Co/NC-900. Reproduced with permission from Che et al.,””’ Copyright 2022, ELSEVIER.

In a word, the high saturation magnetization, greater dielectric properties, high electrochemical performance of cobalt, cobalt oxide, co-
balt-based ferrites and alloy make them an attractive candidate for excellent EM wave absorbers.'®~'%" At present, carbon fibers are usually

surface modified using cobalt-based ferrites to improve the EMW absorbing properties.?%¢?%¢-21

Fiber/metal-organic frameworks derivates

Metal-organic frameworks (MOFs) features large pore volume and periodic network and consist of metal ions or clusters as centers and
organic ligands.”'? The centers contain various metal ions such as main group, transition, lanthanide and rare earth metals, and the poly-
amines, carboxyl, pyridine, porphyrin, cyano, crown ethers and phosphoric acid usually work as the organic ligands.”'**'® MOFs can be
divided into imidazole zeolite frame works (ZIFs),”" isoreticular MOFs (IRMOFs),?'® materials of institute lavoisier (MIL),”'” and so forth. In
terms of EMW absorption, MOFs have attached more attentions as self-sacrificing precursors of microwave absorbers due to the regular
porosity, ultra-high specific surface area, and tunable structural units resulted from the coexistence of metal and organic components. In
addition, easy and mass production via hydrothermal or solvothermal methods followed by thermal decomposition are also their advan-
tages.””>??? Compared with other absorbing materials, the absorption performance of MOFs-derived materials can be enhanced easily
through in situ generated metal/metal oxide nanoparticles or clusters by improving impedance matching, magnetic and dielectric losses.
For all the above reasons, combing MOFs derivates with other fibrous materials is an effective way to fabricate composites with multiple ab-
sorption mechanisms and excellent properties.

ZIF series materials can be synthesized by the coordination reaction of Co?* or Zn?* with imidazole ligands based on aluminosilicate zeolite
meshes. In terms of EMW absorption, ZIF materials are an important MOFs derivate because carbon-wrapped cobalt element and cobalt
oxide exhibit shows great potential in wave absorption.””* Among them, ZIF-67 has attracted much interesting due to good structural stability
and multiple active sites, as well as simple preparation method. According to the mechanisms of EMW absorption discussed above,
compared with the physical mixing, the reasonably designed heterostructure is beneficial to improve the EMW absorbing properties. Among

iScience 26, 107873, October 20, 2023 17




¢? CellPress iScience
OPEN ACCESS

s00 C ‘
.
CoFe,0, /C nanofiber
6 -
00 v y

.
Co?/Fe*/PVP nanofiber FeCo/C nanofiber

D

——CoFe,0/C¢’
——CoFe,0/Ce"
——FeCo/C &'
—=—FeCo/C &"

o
>

=

Permittivity
o

L)

2 4 6 8 10 12 14 16 1
Frequency (GHz)

FeCo Core

18k —=—CoFe,0/C p'
——CoFe,0/C "
15
= FeCol/C p'

—— FeCo/C p"

PI SN VI [ERTY [ETTRY [N TN A KT

Miééén'o{z]k.'e;s 24 6 8 10 12 14 16 18
Frequency (GHz) Frequency (GHz) :

Figure 12. Hierarchical nano-micro structured cobalt derivates fibrous absorbing materials

(A) Schematic illustration for the fabrication process of CoFe;O,4/CFs and FeCo/CFs.

(B-D) SEM images of Co?*/Fe3*/PVP precursor (B), CoFe,0,4/CFs (C) and FeCo/CFs (D).

(E and F) TEM image of FeCo/CFs (E) and a single FeCo nanocrystal in the nanofibers (F), inset shows the HRTEM image of FeCo nanocrystal.

(G-J) HAADF-STEM image (G) and corresponding EDX elemental mapping (H-J) of FeCo/CFs.

(K and L) Three-dimensional RL representations of the paraffin-based microwave absorbents with 40 wt % functional fillers CoFe,O4/CFs (K) and FeCo/CFs (L).
(M and N) Complex permittivity (M) and complex permeability (N) for CoFe,O,4/CFs and FeCo/CFs.

(O) Two-dimensional RL curves of FeCo/CFs absorber (40 wt %) with different thicknesses.

(P) Simulations of the relationship between thickness (t) and frequency of peak (f) under /4 condition.

(Q) Impedance matching condition (2). Reproduced with permission from Zheng et al.’% Copyright 2022, ELSEVIER.

the reported heterostructures, core-shell structure can not only realize the complementary advantages of components but also induce unique
heterogeneous interface characteristics owing to close fit, especially in EMA absorbing materials.?*® Li's group”?® reported a series of core-
shell CFs@C/Co composites assembled by using CF as the core and cubic ZIF-67-derived C/Co as the shell with controllable structure and
adjustable graphitization. The effects of shell coverage ratio and micro-morphology influenced by calcination temperature on the absorbing
properties were analyzed. The roughness and thickness of the shell increase significantly with increasing coating number of MOFs, as shown in
Figures 13A-13E. When the calcination temperature kept at 700°C, the obtained sample (A3-700) achieves RL;, of —58.42 dB with thickness
of 1.8 mm and reaches EAB of 4.24 GHz corresponding to the thickness of 1.91 mm (Figures 13F and 13G). However, the resultant composite
with obvious multi-polarization effect prepared under the calcination temperature of 600°C exhibits super absorbing properties. RLy;, rea-
ches up to —58.42 dB with the thickness of 1.78 mm, and EAB improves to 6.26 GHz at1.71 mm (Figures 13H and 13I). The increased polarity
difference in the heterogeneous interface between the core and shell, as well as the increased number of graphite/disordered interfaces in
the shell are responsible to the prefect EMW absorption. This dual strategy of shell design and graphitization control may be an effective
method to coordinate electromagnetic matching and construct multi-polarization.

It is generally recognized that the EW absorption performance is highly dependent on structure and morphology. Layered metal hydrox-
ides (LDHs) have attracted more and more attentions because adjustable interlayer spacing allows them to flexibly tune the conductivity and
the reduced layer spacing can effectively improve the conductivity by shortening the electron migration path with filling other materials (e.g.,
CFs).??/~??? Cobalt-based layered hydroxides can take the advantages of layered structure, cobalt element, and interface polarization for
enhancing absorption performance. In addition, ZIF-67, as a hard template, is a good source of Co element through slowly release Co
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Figure 13. Fiber/MOFs derivates absorbing materials

(A) Schematic diagram of synthesis of CF@ZIF-67 and CF@C/Co.

(B-E) SEM (B) and element mapping (C-E) of CF@C/Co composites carbonized at 700°C.

(F-H) Three-dimensional (F, H) and two-dimensional EMA absorption diagrams (G, 1) of A3-700 and A3-600, respectively. Reproduced with permission from Li
et al.,** Copyright 2021, ELSEVIER.

(J) Crystal structure of Co-LDHs-1, ZIF-67 and Co-LDHs-2.

(K) Schematic illustration of the synthesis process of Co-LDHs/SCFs composites.

(L and M) SEM image and EDX mappings of S2.

(N-O) RL values and Cole-Cole plots of S2.

(P) The comparisons of sample performance.

(Q) Impedance matching (2) at a thickness of 2.0 mm and attenuation constant (&) of S1-S4. Reproduced with permission from Wu et al.,”* Copyright 2021,
ELSEVIER.
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ions in an acidic environment to fabricate cobalt-based layered hydroxides. For example, Wu et al.””" prepared hydrangea-like Co-LDHs-1

and rod-like Co-LDHs-2 with different interlayer spacing grown Co in situ on surface of CFs by using ZIF-67 as template (Figures 13J-13M).
Because of the strong coordination interaction between the cobalt ion sites in ZIF-67 and the C=0 groups in PVP, hydrangea-like Co-LDHs-1
and rod-shaped Co-LDHs-2 were successfully synthesized by simply tuning the doping amount of PVP in ZIF-67 template. The mechanism
analysis indicated that the Co-LDHs-1 and Co-LDHs-2 with different conductivities and morphologies are coordinated to optimize the exces-
sively high complex permittivity of CFs, refining attenuation constant and impedance matching. As a result, the EAB of optimal electromag-
netic reaches 6.5 GHz at 2.1 mm with low filling ratio (5 wt %) in paraffin matrix (Figures 13N and 13Q).

MOF-derived carbon fibers or bundles show prefect properties in EIWM absorption. However, it is very difficult to combine simultaneously the
properties of broad bandwidth and thin thickness for single dielectric material or magnetic material, this issue could be solved by prepared com-
posites through hybriding dielectric and magnetic materials by adjusting permittivity and permeability over a broad range. Zhang et al.”* syn-
thesized firstly Y,CogFeg by an alloy smelting method, and then the MOF-derived carbon fiber bundles (MCFB) were fabricated via hydrothermal
and catalytic carbonization. The composites (MCFB/Y,CogFes) with various weight ratios of MCFB (0%, 0.1%, 0.3%, 0.5%) were prepared by mix-
ing MCFB and Y,CogFey with paraffin. For these as-prepared composites, the hierarchical porous structure of MCFB is beneficial to dissipate EM
energy due to the multiple scattering and dipole polarization, and Y,CogFes is responsible for the magnetic loss. Moreover, MOF-based hier-
archical porous carbon was innovatively doped into the rare earth material with high magnetic permeability to achieve synergy effect, and the
optimal impedance matching was also acquired by tuning doping amount, obtaining a broadband absorber with thin thickness. The resultant
sample with 0.1% MCFB/Y,CogFey exhibited prefect EMA absorption performance with broaden band and thin thickness. RL,, of —64.79 dB
and EAB of 5.02 GHz was obtained corresponding the thickness of 1.44 mm, increasing the thickness to 1.6 mm leads to EAB of 6.52 GHz.

Among the MOFs materials, Fe"'-MOF-5 derivative is usually used as a source for preparing magnetic metal particles and is composited
with CFs for fabricating light weight absorbing materials with great EM wave attenuation characteristics. For example, Ji's group”®' prepared
Fe"-MOF-5 derived Fe magnetic particles modified CFs by using Fe""-MOF-5 and PAN as the raw materials via electrospinning method fol-
lowed with further heat-treatment. Based on the rational design strategy, the multiple attenuation mechanisms including of conductivity loss
resulted from CFs, interface polarization loss between Fe particles and CFs, and magnetic loss because of Fe particles were introduced into
the as-fabricated composites (FMCFs). Therefore, the reluctant FMCFs preformed excellent EM wave absorption performance with a RL;, of
—39.2 dB at a bandwidth of 4.44 GHz under a small thickness of 1.4 mm. In addition, the calculation of the radar cross section (RCS) was con-
ducted by applying ANSYS Electronics Desktop 2018 (HFSS), and the material coatings with FMCFs contribute to the RCS values with the
strongest RCS reduction value up to 32 dBm.” So, combining simulation technology (HFSS) and material design is beneficial to evaluate
absorbing materials for practical application.

In a word, by adjusting the morphology and composition of MOFs and MOF-based absorbers, the high absorption and loss of incident
EMW can be achieved. Besides, the advantages of porosity, high specific surface area, simple preparation process, low cost and high thermal
stability make MOF-derivates an attractive candidate in field of EMW absorption. Although the development of MOF-derived absorbing ma-
terials and some meaningful results have been obtained, several significant challenges such as new routes for the preparation, enhanced con-
ductivity, morphology diversity and strict carbonization temperature control, and so forth. should be improved. MOF-derivates as a new star,
is a very promising high-efficiency EMW absorption material at present and in the future.

CONCLUSIONS AND PROSPECTS

In recent decades, fibers or fibrous absorbers have continued to attract the increased interesting in electromagnetic wave absorption due to
their advantages of simple preparation process, low cost, high thermal stability and high specific surface area. This work proposes recent
development of CFs and SiC-based composites as a promising absorption candidate for providing a basis for the future study of fibrous mi-
crowave absorption materials. Adjusting the composition, structure and morphology can fabricate absorbing materials with suitable imped-
ance matching, strong absorption and broadband (Table 1). In terms of the composition, pure CFs or SiC¢ has poor impedance matching and
absorption properties owning to the high conductivity. Compositing conductive fiber with other dielectric loss and/or magnetic loss materials
into one is an efficient way to significantly improve the performance. For the microstructure, the crosslinked structure between fibers could
provide abundant conductive pathway leading to much conduction loss. Porous and layered structure can effectively reduce the density of the
resultant composites and increase the capability of EMW absorption through multiple reflection. Core-shell heterostructure and flower-like
structure coated on the surface of fiber not only increase the specific surface area but enhance interfacial polarization for dissipating micro-
wave energy. Different compositions and/or structures has their own unique advantages for attenuating microwave energy, the multi-dimen-
sion control strategy break the shackles and get more desirable performance.

Although some prefect results for the research and development of fibrous absorbing materials have been demonstrated, they still faced
several significant challenges. Firstly, current fibrous materials tend to composite more and more other dielectric and/or magnetic loss ma-
terials, leading to fibrous composites with very complex composition, which pushed by the too much pursue of RL and EAB. On the one hand,
many blind spots exist in the preparation of multicomponent composite fibrous absorbing materials because of the lack of detailed research
on the significance of these materials combinations. On the other hand, the preparation of multicomponent MA materials is complicated and
involves some toxic or polluting reagents, which goes against the requirements of practical application characterized with easy preparation,
loss cost and friendly environment, and so forth. Due to the inherent characteristics, the structure of CFs and SiC; obtained by direct carbon-
ization has a single morphology and is not easily adjustable, and the carbonization process requires strict temperature control. Therefore, the
parameters of various synthetic fibrous absorbing materials need to be further investigated. Secondly, multiple factors including of
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Table 1. Summarized EMW absorption data for different fibrous materials

EAB (RL < —10dB)

Absorber Thickness (mm) RLmin (dB) (GHz2) Reference
CNT/CFs 2.5 —-42.0 2.7 Singh et al.”*?
CNT/PANI/CFs 2.0 —-45.7 5.6 Wang et al.”*
CNT/Fe;04/CFs 15 —59.9 / Lietal.®®
CNTs/Fe;04/PANI/CFs 2 —22.4 6.9 Zhang et al.”**
CNT/CFs 3.0 —44.46 7.44 Zhan et al.”
CNTs/SiC¢ 3.35 -37.6 1.5 Xie et al.>*®
CNT/SiCy 4.0 —62.5 8.8 Xu et al.'®
SiOC/CFs 2.3 —47.9 4.6 Liu et al.?**
MWCNT/PPy/CFs 3.5 -17 6.12 Zhang et al.”*’
MWCNTs/PEDOT/CFs 2 -39 45 Jiao et al.”*®
rGO/SiCt 3.7 -35 4.2 Han et al.”*’
rGO-SiCy/SiOC 1.4 —69.3 3.4 Han et al.”*°
rGO/FeNis/CFs 4.8 —43.17 6.2 Ding et al.”*!
C/SiCy 3.0 -36 4.1 Huo et al.?*?
Graphite/SiCs 1.7 —22.0 4.7 Wang et al.”*?
Graphite/SisN4/SiCe 2.5 -323 6.4 Wang et al.”**
TizC,Tx/SiCy 35 —55.7 4.2 Li et al.”**
TisC,T,/NiCo,0,4/CFs / —~50.96 / Li et al.?*
TisC,T,/CNTs/CFs 1.55 —52.9 4.46 Li et al.?**
TisC,T,/PPy/CFs 3.2 —49.2 4.9 Wei et al.?*’
TisC,T,/SiCs 3.7 —55.7 4.2 Han et al.?*®
TisC,T,/CFs 1.8 —56.3 / Wu et al.?*”
Ti3C,T,/Co-CZIF 2.7 —60.09 9.3 Wang et al.”*°
TisC,T,/CoNi/CNTs 1.6 ~51.6 4.5 Qian et al.”™®
TizC,T/MoS,/CFs 2.1 —61.51 7.6 Hua et al.””"
TisC,T,/CNFs 2.0 —44.9 5.7 Singh et al.”*?
Al,C5@Crws 1.9 —471 55 Wang et al.”*

impedance matching, multiple reflections, dielectric and magnetic losses together effect the final absorbing capability, the quantitative esti-
mation of the effect of various factors still lacks sufficient theoretical support. Therefore, the parameter contribution degree and absorption
mechanism of fibrous absorbing materials need to be further clarified. Finally, the wide band feature of fibrous absorbing materials with are
usually occurred in the high frequency region, while the study of how to control frequency band toward to low-frequency is still not enough.
Besides, the materials can be broadly used in harsh environments such as strong acid, high humidity and high temperature.

In summary, fibrous materials have infinite possibilities in the field of microwave absorption, although there are still many problems and
most of the research is still at the experimental development stage. Fibrous materials characterized with light weight, high mechanical prop-
erties and pore structurer are a very promising high-efficiency EMW absorption material at present and in the future.

Limitations of the study

It should be noted that this review emphasized only the preparation, structure, morphology, and absorbing performance of the representative
CFs and SiC-based EMW-absorbing fibrous materials, without any discussion for their practical applications. In addition, EMW absorbing
performance need to be tested by diverse test methods according to distinct application scenarios, which should be taken into full
consideration.
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