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A review on composite strategy of MOF derivatives
for improving electromagnetic wave absorption
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SUMMARY

To address the electromagnetic wave (EMW) pollution issues caused by the
development of electronics and wireless communication technology, it is urgent
to develop efficient EMW-absorbing materials. With controllable composition,
diverse structure, high porosity, and large specific surface area, metal-organic
framework (MOF) derivatives have sparked the infinite passion and creativity
of researchers in the electromagnetic field. Against the challenges of poor
inherent impedance matching and insufficient attenuation capability of pure
MOF derivative, designing and developing MOF derivative-based composites
by compounding MOF with other materials, such as graphene, CNTs, MXene,
and so on, has been an effective strategy for constructing high-efficiency EMW
absorbing materials. This review systematically expounds the research progress
of MOF derivative-based composite strategies, and discusses the challenges and
opportunities faced by MOF derivatives in the field of EMW absorption. This
work can provide some good ideas for researchers to design and prepare high-
efficiency MOF-based EMW absorbing materials in applications of next-genera-
tion electronics and aerospace.

INTRODUCTION

With the rapid development of modern technology, electronics or communication technology are em-
ployed in all aspects of society, which inevitably causes adverse electromagnetic wave (EMW) radiation
or pollution."”® This not only results in significant electromagnetic interference to electronics themselves
but also endangers human health.”"" To address this issue, EMW absorbing materials that can absorb
EMW energy by converting it into heat or other forms of energy are highly desired.”” The ideal EMW
absorbing materials require the characteristics of low matching thickness, light weight, wide effective ab-
sorption bandwidth (EAB), and high absorption strength.n'M Nevertheless, for traditional EMW absorbing
materials such as dielectric or magnetic materials, the challenges such as the narrow EAB and low absorp-
tion strength at high frequencies exist, which impedes their practical applications.

In general, EMW absorbing materials can be divided into dielectric loss materials and magnetic loss ma-

> and

terials.”® The former is mainly made of various carbon materials, conductive polymers, and so on,
the latter are mainly composed of various magnetic particles and ferrite materials.'> EMW absorbing ma-
terials with a single loss type usually have poor absorbing performance due to impedance mismatch.'’"®
Such as dielectric materials due to the high conductivity and dielectric constant, the impedance matching is
not satisfactory. Researchers have found that the combination of dielectric loss materials and magnetic loss
materials is one effective way to improve EMW absorbing performance.’” " The traditional combination
strategy includes electroless plating,””?*
immersion or solvothermal followed by high-temperature carbonization treatments.”*?® After immersing
carbon precursors in a magnetic metal salt solution followed by the calcination, the carbon precursors are
converted into carbon and the metal ions are reduced to magnetic metal particles. However, the dispersion

such as coating the magnetic particles on carbon fiber, and

of magnetic particles prepared in such methods is not uniform, and the microstructure and performance
cannot be accurately controlled.

Metal-organic frameworks (MOFs) are a type of material with periodic network crystal structure, large spe-
cific surface area, high porosity, and some characteristics formed by the self-assembly of excessive metal
ions and organic ligands.”’~*' Since the first MOF was synthesized by Yaghi et al. in 1995, MOFs and MOF

derivatives have been widely used in catalysis,”*° energy storage,”®”” and separation.***” Since 2015,
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Figure 1. MOF derivative composites for EMW absorption

Reprinted and adapted with permission from ref.*/~°¢

MOF materials have gradually been used in the field of EMW absorption. Lv et al. prepared Co/C nanocom-
posites for EMW absorption by carbonizing ZIF-67 for the first time.*? After carbonizing the MOF at 500°C
under inert gas, the optimal reflection loss (RL) of Co/C-500 reached —35.3 dB and the EAB was 5.8 GHz.
The good EMW absorption properties benefited from the multi-component properties and high porosity
which effectively adjusted the impedance matching. Compared with other magnetic carbon materials, the
MOF derivatives have some advantages as follows: firstly, due to the periodic framework structure of MOFs,
magnetic particles can be uniformly dispersed in a carbon matrix, creating more heterointerfaces while ex-
erting better magnetic effect.*'*? Secondly, the electrical conductivity of MOF derivatives can be conve-
niently adjusted by controlling the carbonization temperature.”® The appropriate conductivity enables
the material to have conductivity loss capability with efficient impedance matching. Thirdly, the retained
high porosity of MOF derivatives not only facilitates impedance matching but also improves EMW loss ca-
pacity through multiple scattering or reflections.’” Besides, the composition of the MOF derivatives can be
changed by controlling the thermal pyrolysis condition. These advantages of MOF derivatives are
extremely attractive for the exploration of ideal EMW absorbing materials, and thus numerous reports
consider developing the MOF derivatives of EMW absorption materials as one most promising candidates

in this field.

However, EMW absorbers prepared from MOF derivatives still suffer from large filling amounts, and narrow
EAB due to the severe agglomeration of the MOF derivative particles. Researchers usually employ the
strategy of combining MOF derivatives with other components to address the issues. The composites
exhibit variable morphology and improved EMW absorption performance. Reviewing the composite strat-
egy of MOF derivatives for preparing EMW absorbing materials is highly desired for understanding the
structure-property-method relationships, advancing the development of MOF-based high-performance
EMW absorbers. However, rare reports have been devoted to the progress, and a lot of MOF-related re-
view articles focus on the type or structural design of MOF derivatives.“>*® Herein, the research progress of
MOF derivatives combined with other loss materials including graphene, carbon nanotubes (CNTs), tran-
sition metal carbides/nitrides (MXenes), biomass-derived carbon (BDC), conductive polymers and
magnetic nanoparticles (NPs) for EMW absorbing materials is reviewed (Figure 1). Particularly, the intro-
duction of graphene, CNTs, MXenes, and BDC makes the independent MOF derivatives be efficiently con-
nected. This builds a sufficient network to improve the conductive loss ability of MOF derivates, promoting
the EMW absorbing performance. The performance and EMW loss mechanism of these composites are
illustrated by analyzing the typical examples. Finally, the challenges and development directions of
MOF-derived composites in the field of EMW absorption are prospected.
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THEORIES OF MICROWAVE ABSORPTION

EMW radiated to the surface of a material has three main destinations. First, a portion of the wave is re-
flected into free space, called reflected waves. Part of it enters the material and is attenuated by various
loss mechanisms under the electromagnetic properties of the material, which is called an absorption
wave. The remainder penetrates the material into free space again.”” An ideal EMW absorber needs to
attenuate the EMW as much as possible while generating as few reflected waves as possible.

Performance evaluation

The EMW absorption performance is determined by electromagnetic parameters, namely complex permit-
tivity (e, = € — j¢') and complex permeability (u, = ' — ju”). The real part of the complex permittivity and
the complex permeability represents the energy storage capacity, and the imaginary part represents the
energy attenuation capacity.*”®" The performance of EMW absorbing materials is evaluated by the RL

value, which is calculated by the following equations based on transmission line theory:%4?

Zin = ZO\/E'tanh (@x/u@,) (Equation 1)
Er

— ZO
Zm ZO

where Z;, and Zpare the input impedance of absorber and the impedance of free space, respectively, u,and
¢, are the relative complex permittivity and permeability, respectively, fis the frequency of microwave, d'is
the thickness of the absorber, and cis the velocity of light in vacuum. The smaller the RL value, the stronger
the EMW absorption ability. When the RL value is less than —10 dB, it means that 90% of the EMWs are ab-
sorbed, and the frequency range of RL < —10 dB is defined as an EAB.%* At present, the research on EMW
absorbing materials mainly focuses on the frequency range of 2-18 GHz.

RL = 20 log (Equation 2)

Influence factors

Impedance matching and attenuation coefficient are the most important influence factors on
EMW absorbing materials.”’**® The impedance matching determines whether the EMW can enter the
EMW absorbing material, and the attenuation coefficient determines the attenuation ability of the EMW
absorbing material. According to the Fresnel theory, when an EMW is irradiated vertically onto the surface
of a material from free space, its reflectivity can be described by the following expression:®

Zr'n - ZO
Zin+ZO
It can be seen from the aforementioned equation that to minimize the reflectivity, the value of (Z, — Zp) is
required to be 0. Namely, the input impedance of the absorber and the impedance of the free space should
be equal (Zin/Zy = 1). However, for a real material, the real and imaginary parts cannot be kept consistent.
Therefore, in some calculations, an absolute value of |Z;, /Zy| = 1 is usually introduced to judge the imped-

ance matching of the absorbers.”® The equation is shown as follows:*®

2012 = | [Ecanh | 22 s |

However, due to the introduction of the absolute value, there still exists a situation where the absolute

R = (Equation 3)

(Equation 4)

value is equal to 1 even when the values of Z,, and Z are very different.®® Therefore, some studies introduce

the delta function to evaluate impedance matching. The equation is shown as follows:*"*’
|A] = ’sinhz(de) - M‘ (Equation 5)
0ct+0
4 ,u’e’sin%
K=——< (Equation 6)

C COS 0 COS Oy

Au' cos 6.€ cos O,

(' coS s — € COS by )2+ [tan (% - 6—;)]2(“’ COS Bo+e' COS by )?

M = (Equation 7)
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where de and 6m refer to the dielectric loss angle and the magnetic loss angle, respectively. The mall delta
value close to zero indicates a good impedance matching. If |A| tends to be far from zero, EMW absorption
is poor.

The value of the attenuation coefficient can be calculated by the following equation:*/*¢7
2nf .
a = \/_c \/(,u”e” - ,u’s’)+\/(,u”e” — we )P (we+ure' ) (Equation 8)

It can be seen from the equation that the value of the attenuation coefficient increases with the increase of
' and €’; however, too large values of u” and ¢” will cause the impedance mismatch. Therefore, the best
EMW absorption performance can only be achieved if the values of u” and ¢” are kept in a suitable range
and both the impedance matching and attenuation coefficient requirements are satisfied.”

EMW loss mechanism

The loss mechanism of EMW absorbing materials is mainly divided into two types: dielectric loss and mag-
netic loss, and their loss capability can be evaluated by the dielectric loss tangent (tan 6. = ¢”/¢') and the
magnetic loss tangent (tan 6, = w”/u'), respectively.”’ Dielectric loss involves conductive loss and polari-
zation-relaxation loss.”” Conductive loss means that the holes and electrons in the material will reciprocate
in the presence of alternating electric field, and the microcurrent generated will be dissipated in the form of
heat energy due to the resistance of the material.”® For highly conductive materials, the imaginary part of
the permittivity can be influenced by the conductivity as follows:”*

&' =a/2meof (Equation 9)

where &g is the permittivity of the vacuum. Therefore, improving the electrical conductivity of the material
benefits the conductive loss of the absorber. But it is worth noting that too high conductivity will cause the
skin effect, which leads to impedance mismatch so that more EMWs are reflected on the surface of the
EMW absorbing material, which reduces the EMW absorption performance.’”

Polarization can be divided into dipole polarization, interfacial polarization, ionic polarization, and elec-
tronic polarization.”® However, ionic and electronic polarizations usually occur at higher frequencies
(103-10° GHz), which are usually not considered as the loss mechanism of microwave absorbing materials.
Dipole polarization refers to the periodic rotation and arrangement of polar molecules and polar functional
groups in the material under the incident EMW.'® Compared with the applied periodically changing alter-
nating electric field, these periodic motions of polar units have a certain relaxation when the electric field
energy is converted into thermal energy and dissipated. Interfacial polarization refers to the accumulation
of charges at the interfaces of different materials or defects.”” In the presence of an alternating electric
field, charges undergo repeated polarization-relaxation processes to attenuate the EMW. According to
Debye theory, complex permittivity can be described by the following expression:”®

£ = €n +£15+——2£°20 (Equation 10)
s

g = wf% (Equation 11)
w2T

where e, €, and g represent the permittivity at the high-frequency limit, static permittivity, and permit-
tivity of vacuum, respectively. w is the angular frequency, and 7is the polarization relaxation time. By merg-
ing and simplifying the process, the relationship between ¢ and ¢’ can be expressed in the following
form:”?

<g, B es+2€w>2 F (& = (%)2 (Equation 12)

The graph plots by the relationship between the ¢ and ¢’ are usually called the Cole-Cole plot whose radius

and center is (&%=, 0). In the Cole-Cole plot, each semicircle represents a polarization-relaxation

pI’OCeSS.80

is

& —Ew
2

Magnetic loss can be divided into natural resonance, exchange resonance, eddy current loss, hysteresis,
and domain wall resonance.®’ In EMW absorbing materials, since the magnetic field is too weak to induce
hysteresis and the domain wall resonance occurs at a lower frequency, the magnetic loss mainly originates
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from natural resonance, exchange resonance, and eddy current.®” Whether magnetic losses are caused
only by eddy current loss can be determined by the following equation:**

Co = wW'(W) 2" = 2mpgod? / 3 (Equation 13)

The value of Cy is a constant that does not change with frequency if eddy current is the only factor contrib-
uting to the magnetic loss. On the contrary, magnetic loss exists not only in the form of eddy current but
also in other forms of magnetic loss.

The natural resonances result from ferromagnet maximally absorbing the energy of alternating magnetic
fields, which are usually regarded as the most important magnetic attenuation mechanism in high fre-
qguency. The damping motion of the magnetic moment around the magnetic anisotropy field is the essence
of natural resonances. The natural resonance effect can be expressed by the following equations:®°

(w — D, = ;—WVMS (Equation 14)
= 31“(’{/" (Equation 15)
oMs

where f, is the natural resonance frequency, v is the gyromagnetic ratio, H, is the anisotropy energy, Kj is
the anisotropy coefficient, uo is the permeability of free space, and M is the saturation magnetization. Thus,
the anisotropy energy determines the frequency of natural resonance. Meanwhile, Snoek’s limit restricts
the application of magnetic materials at high-frequency range, which can be described as a followed equa-
tion for isotropic ferromagnetic materials:*®

(uj — D, = 31—7r')/MS (Equation 16)

where yM; represents the Snoek constant and p; is the initial permeability. For a given ferromagnetic ma-
terial, Ms has a ceiling and v is a constant. Thus, if ; shifts to a higher frequency range, the ; will inevitably
decrease, resulting in a reduction of magnetic loss. Hence, the Snoek’s limit restricts the application of
ferromagnetic materials at high-frequency. Choosing soft magnetic metals with higher M; values, such
as Fe, Co, and Ni, is a considerable method to break the Snoek’s limit.

Interference cancellation principle

When the phase difference between the two electromagnetic waves reflected from the air-absorber inter-
face and the absorber-metal back reflection interface is 180°, the two electromagnetic waves will interfere
and cancel at the front interface of the monolayer absorber.®” It can be expressed by the following

equation:85

d, = nA = L(n =1,3,5..) (Equation 17)

4 4/ ||
where d,, and f., are the thickness and corresponding frequency of maximum RL values, respectively, and
|| and |e,| are the modulus of complex permeability and permittivity at f,,, respectively. Using the interfer-
ence cancellation principle, the optimal thickness that can achieve interference cancellation conditions at
different frequencies can be designed, which is important for designing the matching thickness of the EMW
absorbers. Most reports usually judge whether there exists interference cancellation by comparing the
thickness calculated with the thickness obtained by the experiment tests.

COMPOUNDING STRATEGY OF MOF DERIVATIVE COMPOSITE FOR EMW ABSORPTION
APPLICATIONS

Itis well known that MOF derivatives are widely used for EMW absorbing materials due to their advantages
of large specific surface area, controllable structure, and high porosity.® Especially, magnetic MOF deriv-
atives with both dielectric and magnetic loss can be prepared via simple calcination. Due to the existence
of the periodic framework structure, the magnetic particles are uniformly distributed in the carbonized
framework. The coordination of dielectric loss and magnetic loss endows the absorber with considerable
EMW absorption performance. However, the magnetic porous carbon obtained by directly carbonizing the
MOF suffers from poor impedance matching, a large filling amount, and a narrow EAB, which limits the
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Table 1. EMW absorption performances of various graphene/MOF composites

Minimum RL Maximum EAB

Filling Value Thickness o, Value  Thickness Range
Composite (precursor) ratio (wt %) (dB) (mm) (GHz) (GHz)  (mm) (GHz2) Reference
CeO,-x/RGO (Ce-MOF/GO) 50 —-50.6 1.5 15.9 4.24 1.5 13.76-18  Lietal®®
Co/C-RGO (Co-MOF/GO) 6 -52 4.1 9.6 7.72 3.2 10.28-18  Zhang'""
Co@C@RGO (Co-MOF/GO) 20 —67.5 2.6 8.8 5.4 2.0 10-15.4 Jinxiao et al.'%?
Co@NC@RGO (Co-MOF/GO) 50 —46.5 35 9.4 4.72 2.5 / Liuetal.'®
Fe-Co/NPC/RGO (Co-MOF/GO) 30 -52.9 25 10.1 3.1 2.5 8.6-11.7 Wang et al.'**
CoNi@NCPs-rGO 30 -58.2 25 10.62  4.03 2.5 8.8-12.83  Zhaoetal.'™
(ZIF-67@CoNi LDHs-GO)
CoNi@NC/rGO (CoNi-BTC/rGO) 25 —67.98  3.04 1062 6.7 2.5 / Xu et al.®’
RGO/biMDPC (CoZn-MOF/rGO) 40 -33.8 3.7 8.8 4.2 3.4 8.2-12.4 Xiao et al.”
Co/ZnO/RGO (CZ-ZIF/GO) 8 —-52.2 3.5 10.96 5.62 35 8.7-14.32  Liuetal.'®
Fe-Co/NC/rGO (FeCo-MOF/GO) 8 —4326 25 11.28 9.12 25 8.88-18 Wang et al.’”’
MCC/rGO (MIL-53/GO) 50 —62.53 2.6 8.8 11.68 3.6 6.32-18 Ding et al.*?
Fe304/C/rGO (FeZn-MOFs/RGO) 20 -79 1.8 9.3 5.8 2.76 6.32-18 Shu et al.®®
Ni/C@GF (Ni-MOF/GO) 15 —63 1.76 15.8 5.4 2.0 12.1-18 Wang et al.’
Zn-Co/C/RGO (ZnCo-MOF/GO) 20 -47.15 2.0 11.2 3.92 1.5 9.6-13.12  Wangetal.'”®
ZnO/ZnFe,04/C@PG (ZnFe-MOF/PG) 25 —54.6 2.7 9.04 5.36 1.8 12.64-18  Songetal.”’
NMC@GN (Ni-MIM/GO) 10 -53.99 39 4.82 4.39 1.4 9.6-13.12  Yietal.”®

practical application of such materials. The current study shows that compounding MOF derivatives with
other types of materials is an effective way to optimize MOF-based EMW absorbing materials.

MOF derivatives combined with graphene for EMW absorption

Nanocarbons are one type of most promising nanostructured materials due to their low density, chemical
stability, tunable dielectric properties, and diverse forms.®’~%” Given its large specific surface area, residual
defects, and oxygen-containing functional groups, reduced graphene oxide (RGO or rGO), which is an
exceptional representative of carbon nanomaterials, is a leading choice for EMW absorbers.”” 7 Therein,
graphene oxide (GO) is an ideal precursor for assembling monoliths with MOF nanocrystals for extended
structures, such as thin films, aerogels, or foams.”"?” However, due to the high conductivity and dielectric
constant of graphene, the impedance matching is not satisfactory, resulting in strong skin reflection and
weak attenuation for incident EMW.% 72190 An effective way to improve the EMW absorbing performance
of graphene is to adjust the impedance matching by incorporating magnetic or other dielectric materials.
The composite of graphene and other materials can not only achieve impedance matching but also have
good loss capability to achieve excellent absorption performance.®” When MOF derivatives are used to
improve the impedance matching of graphene, more interfaces can increase the dielectric loss capability,
while the inherent porous structure of MOFs can boost the multiple reflections of EMWs.®” The addition of
graphene can not only enable MOF derivative-based EMW absorbing materials with a lower filling fraction
and a wider EAB but also enhance the mechanical properties of the composites.”” The EMW absorption
performances of various graphene/MOF composites are summarized in Table 1. There are typically two
ways for combining graphene and MOFs, namely direct mixing and in situ growth.

Direct mixing method

In this method, MOF/graphene composites are prepared by simply mixing MOF crystals and graphene
precursors. For instance, Li et al. prepared the composites of accordion-like CeO,_,,RGO based on the
coordination of Ce-MOF and GO for tunable and optimized EMW absorption materials.®® The RLy, value
of the composites is —50.6 dB when the mass ration of GO reaches 50%. The EAB reaches 4.24 GHz at a
thickness of 1.5 mm. The excellent EMW absorption performance is attributed to the interfacial polarization
between rGO sheets and CeO,_, NPs, the conductivity loss derived from the different conductivities of
rGO and CeO,_,, and the 3D structure assembled from 2D rGO sheets prolonging the propagation

6 iScience 26, 107132, July 21, 2023
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Figure 2. The EMW absorption performance of MOF/rGO-derived magnetic and dielectric aerogels

(A) Schematic of the fabrication process of MOF/rGO hybrid aerogels.

(B) Rod length distributions of MIL-88A/rGO aerogels prepared at different gelation times.

(C) SEM of Ni-doped Fe30,@C/rGO.

(D and E) RL-f curves and EAB of Fe30,@C/rGO aerogels.

(F) Schematic of the associated EMW mechanism of the proposed MOF/rGO-derived magnetic and dielectric aerogels. Reprinted and adapted with
permission from ref.*® Copyright 2022 Author (s).

path of EMW and improving multiple scattering and reflections. Fan et al. synthesized RGO/bimetallic-
MOF-derived carbon with RLy, of —33.8 dB and EAB of 4.2 GHz.'"” Wang et al. synthesized Zn-Co/C/
RGO with RLpn of —47.15 dB and EAB of 3.93 GHz.'®

Graphene aerogels are widely used in the field of EMW absorption due to their high porosity and low den-
sity. Not only can the pores in the graphene aerogel improve the impedance matching but they can also
perform multiple reflections or scattering of the EMW to enhance the EMW absorption performance.
The current study shows that the combination of magnetic MOF and graphene aerogel can promote the
gelation of graphene due to the opposite potentials of GO and MOF particles while adding additional
magnetic loss.”®"'% Moreover, the interactions between MOF and GO lead to the uniform dispersion of
MOF. Huang et al. prepared Ni-doped Fe;0,@C/rGO aerogels by the MOF-induced GO gelation into
aerogels followed by carbonization as shown in Figure 2.® At an ultra-low loading of 0.6 wt %, the RLmin
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Figure 3. The EMW absorption performance of NMC@GN and NBC@GN
(A) Schematic illustration of the fabrication process of NMC@GN and NBC@GN.
(B) SEM images of NBC@GN.

(C and D) Conduction loss and polarization loss of NMC@GN and NBC@GN.

(E and F) Reflection loss with different thicknesses of NBC@GN and NMC@GN.
(

Frequency (GHz)

G) Possible EMW attenuation mechanism of the composites. Reprinted and adapted with permission from ref.”® Copyright 2021 Royal Society of Chemistry.

reached —59 dB at 2.85 mm and the EAB reached 7.92 GHz at 2.8 mm. The excellent EMW absorption per-
formance is attributed to the synergistic effect of impedance matching and attenuation capability derived
from the rational design of components and porous structure. Yu et al. prepared NizS,@NSGA (NisS,@N,
S-codoped graphene aerogel) aerogels in the same method."'? At an ultra-low loading of 1.75 wt %, the
RLmin value reached —46.9 dB at 17.1 GHz and the EAB reached 6.3 GHz with a thickness of 2.38 mm. Excel-
lent EMW absorption properties are attributed to the coordinated coordination of multi-component and
porous structure.

In situ MOF synthesis

Another way to prepare MOF/graphene composites is by anchoring metal ions on the surface of graphene
by electrostatic interaction, and then synthesizing MOFs in situ on the graphene surface by adding organic
ligands. For instance, Yi et al. grew two novel petaloid nickel-based MOFs (denoted as Ni-MIM and Ni-
BDC) on the surface of graphene nanosheets by a hydrothermal method as shown in Figure 3, two
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Table 2. EMW absorption performances of various CNTs/MOF composites

Minimum RL Maximum EAB

Filling Value  Thickness f, Value Thickness Range
Composite (precursor) ratio (wt%) (dB) (mm) (GHz) (GHz) (mm) (GHz2) Ref
Co-C/MWCNTs (Co-MOF/MWCNTs) 15 —48.9 2.99 / / / / Yin et al.®®
Co-C/MWCNTs (Co-MOF/MWCNTSs) 20 -33.4 6.0 / 3.8 / 10.8-14.6  Zhangetal.""
CoFe;04@CNTs (CoFe-MOF/CNTs) 40 —34.6 2.5 13.4 7.1 2.5 10.0-17.1  Liuetal.'’
Co/MWCNTSs (Co-MOF/MNWCTs) 10 —50.2 1.84 14.3 4.3 1.84 12.3-16.6  Luetal.'®®
CBM 70.29.1 (Co-MOF/MNWCTs/BAM) 55 —26 2.5 12.4 4.32 2.2 8.2-12.4 Peibo et al.'?’
Co-C/MWCNTs (CoZn-MOF/MNWCTs) 25 -50 2.4 / 4.3 1.8 / Shu et al.®®
MW/MOF (FeCoNi-MOF/MNWCTs) 30 -36 2.0 8.7 5.0 2.0 / Mirzaee et al.'??
CNT/FeCoNi@C (FeCoNi-MOF/MNWCTs) 30 —57.1 3.0 / 6.8 1.0 / Hu et al.*”
CNT/MOF (Ni-MOF/CNT) 25 -2432 50 45 / / / Liu etal.'”
ZnO@MWCNTSs (Zn-MOF/MNWCTs) 20 —47.4 2.7 7.68 3.7 1.5 / Lietal.”®

absorbers of NMC (MOF derivatives derived from Ni-MIM)@GN and NBC (MOF derivatives derived from
Ni-BDC)@graphene (GN) were obtained after calcination treatment.”® The corresponding EMW absorbing
performance was deeply analyzed by changing the filling ratio of the absorber in the matrix. The RL i, value
of NMC@GN reached —53.99 dB at 4.82 GHz under a low load of 10 wt % and the EAB was 4.39 GHz. The
RLinin value of NBC@GN reached —49.58 dB at 9.42 GHz. The extraordinary EMW absorption performance
mainly came from four parts: the unique petal-like porous carbon framework of MOFs, the three-dimen-
sional (3D) conductive network formed by the connection of GNs, the polarization process between the
interfaces of multiple heteroelements, and the impedance matching derived from the magnetic Ni. By a
similar synthesis, Wang et al. prepared FeCo-MOF/rGO composites by in situ growth of MOF on silkworm
chrysalis-like graphene.'”” FeCo-MOF/rGO composites were transformed into Fe-Co/Ni/N-doped carbon
(NC)/rGO composites with a hierarchical pore structure after high-temperature carbonization.'®” The com-
posites had an ultra-wide EAB of 9.12 (8.88-18) GHz at a low loading of 8%. Shu et al. prepared Fe304/C/
rGO composites by growing in suit FeZn-MOFs on the GO sheets and followed by carbonization
approach.é’6 The RLpin reached —79 dB at 9.8 GHz with a thickness of 1.8 mm. The EAB reached 5.8
(6.32-18) GHz at 2.76 mm. Song et al. prepared ZnO/ZnFe,04/C@ porous graphene (PG) composites using
ZnFe-MOF/PG as a precursor.”” The RLnin reached —54.6 dB at 9.04 GHz, and EAB reached 5.36 GHz with a
thickness of 1.8 mm. Summed up, in situ growth has better uniformity, but direct mixing can better control
the relative ratio of graphene and MOFs and can extend more functions of MOFs, such as promoting the
gelling and crosslinking of graphene.

The combination of graphene and MOF derivatives has great advantages in improving conductive loss and
optimizing interfacial polarization, in filling ratio when forming aerogels with integrated structure and func-
tion. In addition, the functional groups of graphene can induce polarization loss as polarization centers.
However, the high conductivity of graphene often leads to impedance matching.

MOF derivatives combined with CNTs for EMW absorption

Owing to their light weight, high conductivity, and large aspect ratio and specific surface area, CNTs are widely
used in preparing EMW absorbing materials with significant conduction loss."'" Nevertheless, the single-
component CNT absorber has poor matching and a large matching thickness as a result of excessive conduc-
tivity and a single loss mechanism, which limits its further development in the field of EMW absorption.''#"">
Moreover, it is difficult for CNTs with low magnetic loss to obtain better impedance matching by directly tun-
ing the loss mechanism."'*""" Therefore, introducing additional magnetic particles has become an effective
way to improve the EMW absorbing properties of CNTs. Therein, the introduction of magnetic MOF
derivatives has greater advantages than the direct introduction of conventional magnetic particles. Particu-
larly, constructing the 3D electromagnetic network composed of MOF derivatives as nodes and CNTs as wires
is beneficial for improving impedance matching and loss capability. The EMW absorption performances of
various CNTs/MOF composites are summarized in Table 2. Compared with graphene, 1D CNTs can better
connect the MOF particles, thus avoiding agglomeration, which can reduce the filling amount.
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Figure 4. The EMW absorption performance of alignment Co-C/MWCNTs

(A) Synthesis of Co-C/MWCNTSs and alignment of Co-C/MWCNTSs in paraffin matrix under an external magnetic field.
(B) TEM image of Co-C/MWCNTs composite.

(C) SEM image of Co-C/MWCNTSs dispersed in paraffin with a magnetic field.

(D) Reflection loss of oriented Co-C/MWCNTs composite.

(E-I) Scheme of primary EMW attenuation models of Co-C/MWCNTs composite. Reprinted and adapted with permission
from ref.®® Copyright 2017 American Chemical Society.

Co-based MOFs are most widely used among MOF-based EMW absorbing materials, and thus a series of
Co-MOF/CNTs composites have been prepared for EMW absorbers.®®'""'?%12% For example, Yin et al.
used multi-walled CNTs (MWCNTs) as templates for ZIFs growth and obtained the Co-C/MWCNTs com-
posites by pyrolysis as shown in Figure 4°® ZIF-derived Co-C porous particles were interconnected by
MWCNTs, building a conductive network for electron hopping and migration. The alignment of the
Co-C/MWCNTs composite in the paraffin mechanism was adjusted by applying an external magnetic field
so that the MWCNTSs were aligned along the direction of the magnetic field. At 15% filling ratio, the RLyi,
reached —48.9 dB with a thickness of 2.99 mm. The excellent EMW absorption properties benefited from
the conductive network, directionally enhanced dielectric loss, and synergistic effects between the mag-
netic and dielectric components. Hu et al. used Fe-doped CNTs and FeCoNi-MOF as precursors to obtain
CNT/FeCoNi@C composites after calcination at different temperatures.49 The RLnin reached —51.7 dB with
athickness of 3mm, and the EAB reached 6.8 GHz with a thickness of 1.0 mm. Similarly, a series of N-doped
porous Co-C/MWCNTSs nanocomposites with different MWCNT contents were prepared by calcination at
700°C using CoZn-MOF/MWCNTs as a precursor by Shu et al.®° The RLy, reached —50 dB with a thickness
of 2.4 mm and the EAB reached 4.3 GHz with a thickness of 1.8 mm. The excellent EMW absorption per-
formance can be attributed to the synergistic effect of porous structure, dipole, and interfacial polarization,
dielectric loss, magnetic loss, excellent impedance matching, and good electromagnetic attenuation
capability.
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Table 3. EMW absorption performances of various BDC/MOF composites

Minimum RL Maximum EAB

Filling Value Thickness f, Value Thickness Range
Composite (precursor) ratio (wt%) (dB) (mm) (GHz) (GHz) (mm) (GHz) Reference
Carbon-cotton/Co@NPC (Biomass 25 —60 2.55 8.48 4.4 1.65 / Zhao et al.>®
cotton/Co-MOF)
HCF@CZ-CNT (Biomass cotton/Co-MOF) 10 —-53.3 2.9 7.8 8.02 2.0 9.98-18 Yang et al.®o
N-Ni-CoxSy/NixSy@C (ZIF-67/S-Ni(ll)-CMC) 25 —48.3 20 1.7 3.9 1.5 14.0-17.9  Song et al.?
FeCo/C@WC (ZIF-67/Fe304/WA) 15 —47.6 1.5 15.7 8.9 1.96 9.1-18 Zhao et al.”®
Ni/NC/C (Ni-MOF/Loofah) 16 —63.1 20 13.84 5.1 2.0 11.3-16.4  Zhouetal.'”
MPC@Ni/C (Ni-MOF/The pine nutshell) 20 -738 22 16.3 5.8 2.2 12.2-18 Dietal.'*
Co@C/C sheets (CoZn-MOF/Oroxylum 12 —66.9  1.66 / 5.6 1.9 9.8-15.3  Zhangetal.'*
indicum)

1D CNTs as wires can connect MOF derivatives to construct the 3D electromagnetic network, which is
beneficial for improving the dispersion of MOF derivatives and their loss capability. The functional groups
of CNTs can induce polarization loss as polarization centers as well as graphene. CNTs also face the prob-
lem of impedance not being easily matched due to high conductivity, but the problem is not as serious as
with graphene due to the zero bandgap of graphene.

MOF derivatives combined with BDC for EMW absorption

The complex preparation process and high cost of carbon materials such as graphene and CNTs hinder
their manufacture and application in EMW absorbing fields.'?*'?> Therefore, it is imperative to discover
alternatives for cost reduction and mass production. BDCs have received extensive attention due to their
low cost, environmental friendliness, sustainability, ease of manufacture, and non—‘coxicity.w”134 In addi-
tion, BDCs can maintain their natural morphology after the carbonization process, including large specific
surface area, porous structure, hierarchical structure, and hollow structure, which is advantageous for
boosting the attenuation of EMWSs.#*"*>""* Up to now, biomass materials such as carbonized spinach
stems, '’ 141 142 eggshell membranes, '** and waxberries'**
have been reported to be widely used in EMW absorbing materials. Using BDC as the substrate for MOF
deposition, on the one hand, the hierarchical porosity and other features inherited from biomass materials
will enhance the loss of EMW, on the other hand, the self-agglomeration of MOF can be effectively pre-
vented, thus ensuring the uniform dispersion of NPs. Furthermore, the synergistic effect of dielectric
loss and magnetic loss not only optimizes impedance matching but also facilitates loss capability. The
combination of biomass and MOF provides a low-cost and sustainable strategy for the preparation of light-
weight EMW absorbers with excellent absorption properties. As summarized in Table 3, the EMW absorp-
tion performances of various BDC/MOF composites were significantly improved due to optimized imped-
ance matching and multiple reflection and scattering based on the hierarchical porous structure of BDC.

wood,"” walnut shells,'*° loofah sponges, " rice,

Cotton is used to prepare EMW absorbing materials due to its unique hierarchical macro- and microporous
structure.”™® Yang et al. prepared layered hollow carbon fibers by calcining hollow cotton fibers coated
with Co-MOF as shown in Figure 5%° Due to the layered fiber structure and the synergistic effect of polarization
relaxation and magnetic loss, the EAB of composite reached 8.02 GHz at 2.0 mm. Zhao et al. deposited ZIF-67
particles on cotton as a substrate for the development of carbon cotton/Co@nanopores carbon (NPC) absor-
bents.”® The prepared composites showed superior EMW absorption performance than the MOF derivative
Co@NPC due to better impedance matching after calcination at 700°C. The RL,;, reached —60 dB at 8.48
GHz. Carboxymethyl cellulose sodium (CMC-Na) derived from natural cellulose has the advantages of good
biocompatibility, low cost, good biocompatibility, rich functional groups, etc. Song et al. prepared N-Ni-
Co,S,/Ni,S,@C composites by annealing ZIF-67 with thiourea-infiltrated CMC-Ni beads at high tempera-
tures.®” The synergistic effect of in situvulcanized ZIF-67 and CMC (carboxymethyl cellulose) not only prevented
the aggregation of magnetic components but also improved the impedance matching of carbon materials.

Wood can achieve anisotropy due to the uneven shape, size, and distribution of pores. As such, wood offers a
wide variety of design alternatives for layered porous materials.'®” Xiong et al. prepared a tomato-like
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Figure 5. The EMW absorption performance of HCF@CZ-CNT (Hierarchical carbon fiber coated with Co/C nano-
dodecahedron particles where CNTs were anchored)

(A) Schematic illustration of the synthesis procedure for HCF@CZ-CNT.

(B and C) SEM images for HCF@CZ-CNT.

(D and E) Reflection loss curves and the corresponding 2D contour plots of HCF@CZ-CNT.

(F) Possible EM wave attenuation mechanisms HCF@CZ-CNT. Reprinted and adapted with permission from ref.*
Copyright Elsevier Inc.

hierarchical porous FeCo/C@ wood carbon aerogel using natural wood, ZIF-67, and Fe3O4 as raw materials.”®
Compared with single-pore structures assembled from 1D/2D materials, hierarchical porous structures derived
from natural wood and MOFs had the synergistic advantage of multi-scale building blocks, which can provide
better performance. The combination of the macroporous wood shell and mesoporous carbon nanocages pro-
vided an excellent hierarchical dielectric network for the composite. The uniformly dispersed FeCo NPs
enhanced the magnetic loss of carbonaceous substrates. The RLy;, reached —47.6 dB at 1.5 mm, and the
EAB reached 8.9 GHz at 1.96 mm. Zhou et al. used Ni-MOF and loofah plants as precursors to prepare "tree
flower" NC/carbon (C) composites by in situ pyrolysis under an argon atmosphere.'*> The RLy, of Ni/NC/C
reached —63. dB. Zhang et al. used 2D ZnCo-MOF and Oroxylum indicum as precursors to prepare a Co@C/
C composite with a hierarchically porous structure and large specific surface area by hydrothermal and pyrolysis
for EMW absorption.'”* The optimal RL value reached —66.9 dB at 1.66 mm and the EAB reached 5.6 GHz
at 1.9 mm.

The advantage of BDC is that it can inherit the multi-level structure of natural materials after carbonization,
which is conducive to impedance matching and improved loss capability through multiple reflections and
scattering. In addition, compared with materials such as graphene and CNTs, BDC comes from a wide
range of sources, which can significantly reduce the production cost of EMW-absorbing materials.

MOF derivatives combined with MXene for EMW absorption

MXenes, as typical two-dimensional materials, have been widely used due to their low density, large spe-
cific surface area, good conductivity, and unique accordion structure ®*'*/~1>" MXenes are usually obtained
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Table 4. EMW absorption performances of various MXenes/MOF composites

Minimum RL Maximum EAB

Filling Value  Thickness f, Value  Thickness Range
Composite (precursor) ratio (wt%) (dB) (mm) (GHz) (GHz) (mm) (GHz) Reference
TizCNT,/HCF (Co-MOF/TizCNT,) 15 —55.2 1.43 13.4 4.4 1.43 13.6-18 Caietal.”’
CFMM (CoFe-MOF/Ti3C,T,) 50 / / / 6.1 2.0 / Lietal.”
MXene/Co-CZIF (Co-MOF/TizC,T,) 50 —-60.09 2.7 7.36 9.3 2.7 / Han et al.”
MXene/Ni-CZIF (Ni-MOF/Ti3C,T,) 50 —64.11 3.4 5.12 4.56 3.4 / Han et al.”?
Co/TiO2-C (Co-MOF/Ti3C,T,) 45 —41.1 3.0 9.0 4.04 2.0 / Wang et al.'*®
Co/CNTs-MXene@CF (Co-MOF/Mxene/CF) 10 —64.61 2.52 / 5.04 1.5 / Wang et al.">*
MMC (CoNi-MOF/MXene) 50 —51.6 1.6 15.1 4.5 1.6 13.2-17.7 Wuetal.'”’
MXene/CoNi/N-CNTs (CoNi-MOF/MXene) 30 —52.64 3.8 3.12 0.72 3.8 2.8-3.52 Zhou et al.”’
CN10OT (CoNi-MOF/MXene) 5 —47.17 2.9 / 5.44 2.9 / Wang et al.®
TMOT (CoNi-MOF/MXene) 5 —67.22 1.7 / 3.84 1.7 / Wang et al.”?
Fe&TiO,@C (MXene/Fe-MOFs) 50 —-51.8 3.0 6.6 6.5 1.6 / Deng et al.®®

by selectively etching certain atoms in the MAX phase.'*>'*® The excellent conductivity of MXenes and the
dipole polarization induced by abundant surface terminating functional groups (e.g., -O, -OH, and -F) are
favorable for the formation of dielectric loss.”"”"">*"*> The accordion structure facilitates multiple scat-
tering of EMW."*° On the one hand, the weak magnetic properties and excessively high electrical conduc-
tivity of the laminated MXene sheets lead to impedance mismatching, on the other hand, due to the van der
Waals force and hydrogen bonding, the 2D MXene sheets have the phenomenon of agglomeration and
self-stacking, which seriously reduces the effective surface and electron transport speed.”” To simulta-
neously address the above mentioned issues, researchers typically introduce magnetic particles between
2D MXene sheets.'®"*” Compared with conventional magnetic particles, the introduction of magnetic
MOF derivatives can generate more heterointerfaces, and the structural designability of MOFs (such as hol-
low cores) is beneficial to optimizing EMW absorption performance.®>“?'°° Therefore, the combination of
magnetic MOF derivatives with MXene is an effective way to prepare high-performance EMW absorption
materials. The EMW absorption performances of various MXene/MOF composites are summarized in Ta-
ble 4, and the large permittivity caused by the high conductivity of MXene gives it a great advantage in the
field of low-frequency absorption.

Deng et al. constructed sandwich-like 2D layered Fe&TiO,@C nanocomposites derived from MXene/Fe-
MOFs hybrids via a fast microwave-assisted heating reaction and appropriate thermal treatment as shown
in Figures 6A - 6D.%* Fe and TiO, particles were generated in situ between the MXene-derived carbon
sheets during the thermal treatment, which enriched the heterointerface. Due to the high interfacial polar-
ization and the synergistic cooperation of the EMW attenuation mechanisms, Fe&TiO,@C nanocomposites
exhibited strong electromagnetic energy attenuation and good impedance matching. The RLy,;, reached
—51.8 dB. To achieve the purpose of low-frequency absorption and selective absorption, Zhou et al. re-
ported a 3D heterostructure constructed from multi-dimensional components (MXene/CoNi/N-CNTs)
for low-frequency microwave absorption as shown in Figures 6E - 6J.”" The optimal absorption peak could
be adjusted between the S-band and the C-band by adjusting the content of alloy components. The RLin
value was around —50 dB in both S-band and C-band which exhibited excellent low-frequency absorption
performance. The MOF-derived 1D N-CNTs acted as bridges to connect the MXene and CoNi alloys while
serving as the basic unit of the 3D conductive network, greatly enhancing the path of the excited-state elec-
tronic transitions. In addition, the multi-components formed abundant interfaces, which facilitated inter-
face polarization. Wang et al. constructed hierarchical Co/CNTs-MXene@CF (Co/CNTs-MXene@cotton
fiber) heterostructure composites derived from vertical Co-ZIF nanosheet arrays via self-assembly process
and thermocatalytic treatment.'> The RLy,, reached —64.61 dB at 2.52 mm, and the EAB was 5.04 GHz.
Wang et al. synthesized MOF derivatives/MXene cross-linked network by linking flower-like MOF deriva-
tives and 2D flexible MXene sheets.® At a low fill of 5 wt %, the RLyi, reached —47.17 dB at 2.9 mm. Wu
et al. fabricated MOF-loaded MXene fibers by electrostatic self-assembly and used a one-step catalytic
self-deposition (CSD) method to construct double 1D heterostructures for EMW absorption.’”’ At a thick-
ness of 1.6 mm, the RLi, reached —51.6 dB.
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Figure 6. The EMW absorption performance of Fe&TiO,@C and MXene/CoNi/N-CNT

(A) Schematic representation of the facile synthesis route of the Fe&TiO,@C.

(B) SEM image of Fe&TiO,@C.

(C) 3D maps of RL values for Fe&TiO,@C at different thicknesses over 2-18 GHz.

(D) lllustration of EMW absorption mechanisms for Fe&TiO,@C nanocomposites. Reprinted and adapted with permission from ref.”* Copyright 2020
Author (s).

(E) Schematic illustration of the synthesis process of the MXene/CoNi/N-CNT superstructure.

(F and G) TEM images of MXene/CoNi/N-CNT.

(H and 1) RL curves of the samples.

(J) Schematic diagrams of the potential microwave absorption mechanisms of MXene/MOF-CoNi/N-CNTs. Reprinted and adapted with permission from
ref.”" Copyright 2022 Royal Society of Chemistry.

The hollow structure not only played a crucial part in realizing lightweight EMW absorption but also served
as a medium to balance the impedance between the absorber and air, allowing the EMW absorption per-
formance to be precisely tuned.?’"'¢""%> Wang et al. prepared hollow NiCo compound@MXene networks
by etching ZIF (Zeolitic imidazolate framework) 67 templates and subsequently anchoring TisC,T, nano-
sheets via electrostatic self-assembly as shown in Figure 7’ The electromagnetic parameters of the com-
posites were adjusted by changing the amount of MXene. The layered structure effectively prevented the
stacking of 2D MXene sheets, which was beneficial to enhancing the conduction loss and increasing the
effective surface area. Based on the synergistic effect of multiple components and special structures,
the composite exhibited excellent EMW absorption properties. When the amount of MXene was 9.0 mL
(1 mg/mL), LDHT-9 reached an EAB of 6.72 GHz. The RLuy;, of TMOT-21 reached —67.22 at a thickness
of 1.7 mm obtained by calcining LDHT-21 at 350°C in an argon atmosphere. It indicates that the combina-
tion of MXene with hollow structures is a promising effective candidate for the development of ultralight
and ultrathin EMW absorbing materials.
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Figure 7. The EMW absorption performance of LDHT (NiCo layered double hydroxides@TisC,T,) and TMOT (After calcination, transition metal
oxide@TizC,T,)

A) Schematic diagram of synthetic process for LDHT and TMOT.

B and C) TEM images of NiCoLDH nanocage and LDHT.

D) Element mapping images of TMOT.

E) EAB with the filler content of 15 wt% of LDHT.

F) 3D plots of RL value for TMOT.

G) Schematic illustration of microwave absorption mechanism for TMOT. Reprinted and adapted with permission from ref.”” Copyright 2021 Author (s).
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As a highly conductive material, Mxene is able to improve the conductive loss capacity of MOF derivatives.
In addition, a high dielectric constant is beneficial to the research and development of low-frequency
absorbing materials. However, the problem of oxidation limits its further practical applications.

MOF derivatives combined with conductive polymers for EMW absorption

Conductive polymers are a class of widely used dielectric loss EMW absorbing materials based on the three
characteristics.'®® Firstly, the conductivity of conductive polymers can vary between insulators, semicon-
ductors, and metal conductors, satisfying various requirements for the conductivity of EMW absorbing ma-
terials. Conductive polymers in the semiconductor state can not only provide conductive loss but also avoid
the skin effect caused by excessive conductivity. Secondly, conductive polymers have the characteristics of
low density, which is typically between 1.0 and 2.0 g/cm?®. Thirdly, conductive polymers have good thermal
stability and environmental stability. Due to the advantages of the simple synthesis process, low density,
good conductivity, corrosion resistance, and stable chemical properties, polypyrrole (PPy) and polyaniline
(PANI) are two kinds of conductive polymers that are widely used.'®"%” Based on the advantages of
conductive polymers, the combination of conductive polymers and MOF derivatives can be used to
enhance the conductive loss capability while optimizing the impedance matching of MOF derivative-based
EMW absorbing materials.'’® The EMW absorption performances of various conductive polymers/MOF
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Table 5. EMW absorption performances of various conductive polymers/MOF composites

Minimum RL Maximum EAB
Filling Value  Thickness f, Value Thickness Range
Composite (precursor) ratio (wt %) (dB) (mm) (GHz) (GHz) (mm) (GHz) Reference
Co30,@PANI (Co-MOF/PANI) 50 -37.39 4.0 7.28 3.52 3.0 / Jia etal.”
Co/C@PPy (Co-MOF/PPy) 10 —44.76 2.0 1732 6.6 2.5 11.0-17.6  Sunetal.'”
CoZn/C@MoS,@PPy (CoZn-MOF/MoS,/PPy) 30 —49.18 1.5 15.88 4.56 1.5 / Bietal.”?
FON (Fe/Fe304/FeN)/NC@PPy (Fe-MOF/PPy) 30 —60.08 1.44 / 5.1 1.64 12.9-180 Maetal™

composites are summarized in Table 5. The advantage of conductive polymers is their adjustable conduc-
tivity, which can optimize impedance matching; however, the optimization of absorption performance is
not excellent compared with graphene and so on.

Bi et al. prepared CoZn/C@MoS,@PPy composites by MOF self-template method as shown in Figure 8’
MoS, sheets and PPy shells were used to optimize impedance matching of 2D CoZn/C composites.
CoZn/C@MoS,@PPy exhibited enhanced EMW absorption intensity compared to the directly carbonized
MOF derivative of CoZn/C. When the thickness of CoZn/C@MoS,@PPy was 1.5 mm, the RL,;, reached
—49.18 dB. The excellent EMW absorption performance was mainly attributed to the excellent dielectric
loss, conduction loss, and optimized impedance matching of the CoZn/C@MoS,@PPy composite. Ma
et al. synthesized a novel rod-like FON/NC (Fe/Fe;0,4/FeN/N doped carbon) composite by a two-ligand
strategy and subsequent calcination, then coated PPy on the FON/NC surface by simple polymerization.**
The PPy layer effectively optimized impedance matching and significantly improved EMW absorption
performance. The RL;, reached —60.08 dB with a thickness of 1.44 mm, and the EAB was 5.06 GHz.
The excellent EMW absorption properties benefited from a reasonable balance between the multi-com-
ponent depletion mechanism and the unique microstructure. MOF-derived nanoporous Co/C-modified
Co/C@ppy composites were prepared by self-assembly polymerization by Sun et al.'’" The RLy, value
reached —44.76 dB with a thickness of 2.5 mm, and the EAB was 6.56 GHz.

Conductive polymers are usually coated on the surface of the MOF derivative to enhance dielectric loss
while adjusting impedance matching. However, as can be seen from Table 5, this composite method
does not significantly optimize the absorption performance of MOF derivatives, both in terms of RL
and EAB.

MOF derivatives combined with magnetic nanoparticles (NPs) for EMW absorption

During carbonization, MOFs inevitably cause the reunion of magnetic particles in the carbon matrix, which
forms large magnetic particles. In this case, the advantages of nano-level absorption will be limited. In
addition, the formation of large-scale magnetic particles restricts magnetic response and reduces mag-
netic loss capacity. Taking advantage of the porous structure of MOFs to introduce additional magnetic
particles or replace metals in MOFs is one of the most effective ways to enhance the magnetic properties
of MOF derivatives. The EMW absorption performances of various magnetic NPs/MOF composites are
summarized in Table 6. Magnetic NPs/MOFs have great advantages in the field of high-frequency absorp-
tion due to the enhanced magnetic effect.

Wang et al. prepared nanoporous Co/C composites by thermal carbonization process using Co NPs/ZIF-67
composites as raw materials as shown in Figure 9.'"? After carbonization at 700°C, the Co/C composites
obtained the best EMW absorption properties. The RLy,;, reached —30.31 dB at 3.0 mm, and the EAB
reached 4.93 GHz with a thickness of 3.0 mm. Co NPs were embedded in the porous ZIF-67 matrix, which
effectively reduced the complex dielectric constant of porous carbon, and optimized impedance matching,
thereby improving the absorption performance. In addition, the porous Co NPs/graphite interface caused
more interface polarization, which was conducive to the dielectric loss of EMW. Liu et al. synthesized Fe
NPs (Fe/C) modified nanoporous carbons by mechanically mixing iron precursors (ferrous salts) with pre-
synthesized ZIF 8 and then converting them to Fe NPs at high temperature.'’® After a high-temperature
treatment of 1000°C, the Zn element evaporated, and the metal element in the carbon matrix was replaced
by iron. The RLin reached —29.5dB at 2.5 mm, and the EAB reached 3.0 GHz. The high porosity of graphitic
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Figure 8. The EMW absorption performance of CoZn/C@MoS,@PPy

(A) The schematic formation process of the CoZn/C@MoS,@PPy composites.
(B) SEM images of the CoZn/C@MoS,@PPy.

(C) The 2D reflection loss of CoZn/C@MoS,@PPy composites.

(D) Schematic illustration of microwave absorption mechanism for CoZn/C@MoS,@Ppy. Reprinted and adapted with permission from ref.”* Copyright 2021
Elsevier Inc.

carbon favors the uniform distribution of Fe NPs as well as the synergistic effect between Fe NPs and the
carbon matrix. Zhang et al. synthesized a novel FeCo NP-embedded nanoporous carbon by in situ carbon-
ization of dehydroascorbic acid (DHAA)-coated Fe30, NPs encapsulated in ZIF 67.°” The RLy,, reached
—21.7 dB at 1.2 mm, and the EAB was 5.8 GHz. Wang et al. exploited the pore structure of the MOF and
introduced additional Ni particles.'’* After carbonization at 800°C, the Rl reached —61.02 dB at
2.0 mm, and the EAB was 5.2 GHz.

The introduction of magnetic particles will make the minimum reflection absorption peak move to a higher
frequency and achieve better absorption performance at relatively low thickness, but the oxidation prob-
lem of magnetic particles also limits its further practical application.

MOF derivatives combined with other components for EMW absorption

Some transition metal oxides with excellent dielectric properties have the function of impedance adjustment.
MnO; is an important transition metal oxide that has received extensive attention due to its advantages of low
cost, diverse morphologies, and good thermal stability, and it can be used for impedance matching adjust-
ment of EMW absorbing materials.'’® Wang et al. fabricated cubic hollow Co/N/C@MnO, composites for

Table 6. EMW absorption performances of various magnetic NPs/MOF composites

Minimum RL Maximum EAB
Filling Value Thickness  f, Value  Thickness  Range

Composite (precursor) ratio (Wt%) (dB) (mm) (GHz) (GHz) (mm) (GHz) Reference
Co/C (Co-MOF/Co NPs) 25 -30.31 3.0 11.3 4.93 3.0 8.3-13.2 Wang etal.'’?
Fe/C(Zn-MOF/Fe?*) 15 -2950 25 17.2 4.30 3.0 13.7-18.0  Liuetal.'”?
FeCo/C (Co-MOF/Fe304) 50 -21.70 1.2 15.20 5.80 1.2 12.2-18.0  Zhang et al.”’
CoNi/C (Co-MOF/NiCo-LDH) 10 -61.02 20 13.68 5.20 2.0 / Wang etal."”*
Co0O/Co/C (Co-MOF/Co (OH),) 70 —-3846 15 16.12 4.8 2.0 9.7-14.5 Wang etal.'”®
Co/NPC@Void@Cl (Co-MOF/Fe (CO)s) 40 —-49.2 2.2 13.68 6.7 2.2 10.6-17.3  Quan et al.”®
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Figure 9. The EMW absorption performance of Co NPs/ZIF-67

(A) Synthetic route of Co NPs/ZIF-67 composites.

(B) TEM images of Co NPs/ZIF-67 composites.

(C) The 2D reflection loss of Co NPs/ZIF-67 composites.

(D) 3D maps of RL values for Co/C-700. Reprinted and adapted with permission from ref.'’? Copyright 2017, American

Chemical Society.

EMW absorption via ZIF-67 self-templated strategy.'’” The introduction of MnO, improved the impedance
mismatching caused by the excessively high dielectric constant. Improved impedance matching and coordi-
nation of various components were the main reasons for the excellent EMW absorption performance. The
value of RLy, was —58.9 dB.

Graphitic carbon nitride (g-C3N,) is a semiconductor material widely used in the field of photocataly-
sis.'’%7'9! Recently, due to its unique 2D structure and dielectric properties, it has gradually been applied
to EMW absorbing materials.’®*"'% Since g-C3N, is unstable at high temperatures, it decomposes almost
completely into cyanide fragments at temperatures above 700°C, which can not only etch the carbon ma-
terial to increase porosity but also dope additional nitrogen to create polarization sites, increasing the
dielectric loss of EMW."®*®7 |n addition, g-C3Ny4 exhibits electronegativity due to the oxygen-containing
functional groups on the surface, which provide conditions for the deposition of metal cations. Therefore,
MOF/g-C3N,4 composites can be prepared by simple electrostatic self-assembly. Zhu et al. synthesized a
series of MOF-Co@CNTs by annealing the ZIF-67/g-C3N, precursor.?’ The organic framework of ZIF was
carbonized, and the cobalt ions in ZIF-67 were reduced to cobalt particles after heat treatment. Under
the catalysis of Co, g-C3N, formed CNTs grown on the surface of ZIF-67 derivatives. CNTs can protect
the Co particles encapsulated in them from corrosion while reducing the density of the material. In addi-
tion, the CNTs also formed a 3D network on the surface, which facilitated the absorption of EMW. After a
carbonization temperature of 700°C, the RL;, reached —59.5 dB at 1.6 mm, and the EAB was 5.27 GHz.

Silicon carbide (SiC) is an important wide-bandgap semiconductor material. SiC is used to prepare EMW
absorbing materials due to its good thermal stability, high strength, light weight, and special electrical
properties.mg’m However, the defects of non-magnetic, single-polarization, and low conductivity limit
the further optimization of its EMW absorbing properties. Combining magnetic MOF derivatives with
SiC can not only introduce magnetic loss but also improve conductive loss by carbon derived from
MOF. Yang et al. prepared multicomponent composites composed of SiC, Ni, NiO, and C NPs by anneal-
ing SiC NPs and Ni-MOFs in Ar."”” The RLyn of the SiC/Ni/NiO/C nanocomposite was improved compared
to that of single SiC NPs and Ni-MOF, reaching —50.52 dB due to the rich interface created by the multi-
component and the improved conduction path of the introduced SiC NPs. However, the EAB was only
2.9 GHz. Compared with SiC NPs, SiC nanowires can be used as wires to connect MOF derivatives, to solve
the problem of weak conductivity loss caused by the lack of continuous spatial structure between single
MOF particles.'* Zhang et al. connected MOFs in series through SiC nanowires by in situ growth to
form a kebab structure composite.”’ The introduction of SiC nanowires built a spatially continuous phase
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while increasing the MOF aspect ratio. Studies have shown that the composite achieved excellent EMW
absorption performance whether it was calcined in an inert gas (Ar) atmosphere or an air atmosphere.
The shrinking polyhedron remained in the air, but disintegrated into small particles under argon. The
RLmin reached —47 dB at 3 mm. In particular, the EAB was widened to 5.92 GHz with a thickness of
2 mm. The enhanced EMW absorption capability should be attributed to the combined effects of reduced
dielectric constant, increased aspect ratio, and enhanced interfacial polarization.

Transition metal molybdenum-based materials, such as MoO,, Mo,C, MoS,, and Mo,N, are promising as
EMW absorbers due to their low cost and chemical stability. Based on the excellent conductivity of Mo,N,
Xu et al. studied the EMW absorbers with Mo,N composition for the first time.'”® First, core-shell
MoOz@hollow-CoFe-PBA was generated through in situ self-assembly and ligand exchange reactions of
ZIF-67. Then, the final Mo,N@CoFe@C/CNT composites were obtained by calcination in the presence of mel-
amine. During the calcination process, CoFe NPs acted as a catalyst for graphitic carbon and melamine to
catalyze the growth of CNTs on the surface of Mo,N in situ, constructing a novel "tube-on-rod" structure.
Dielectric Mo,N acted as the core and magnetic CoFe NPs embedded in C/CNTs acted as the shell to
construct a special core-shell structure. Based on the rich interface of core-shell structure, unique electron
migration/hopping paths in graphitized C/CNT and Mo;N rods and multi-scale magnetic coupling and
enhanced magnetic responsiveness constructed by highly dispersed CoFe particles, the Mo,N@CoFe@C/
CNT exhibited excellent EMW absorption properties. The RL,,;, reached —53.5 dB, and the EAB was 5.0 GHz.

CONCLUSIONS AND PROSPECTS

The research progress of MOF derivative-based composites in the field of EMW absorption is reviewed in
terms of compounding strategy. The MOF derivative-based composites are mainly divided into six cate-
gories: MOF combined with graphene, MOF combined with CNTs, MOF combined with BDC, MOF com-
bined with MXene, MOF combined with a conductive polymer, and MOF combined with magnetic NPs.
Abundant studies have shown that the EMW absorption performance has been effectively improved after
the MOF derivatives are compounded with other materials. The introduction of graphene, CNTs, MXene,
and BDC makes the independent MOF derivatives efficiently connected, which builds a sufficient con-
ductive network to improve the loss capability. In addition, many heterointerfaces are generated in the
recombination process, which leads to high interfacial polarization. However, the introduction of magnetic
particles can enhance magnetic losses while adjusting the impedance matching of the dielectric material.
Combined with the intrinsic loss capability of MOF derivatives as well as some special structures such as
core-shell microstructure or hierarchically porous microstructure, the excellent EMW absorption perfor-
mance of the MOF derivative-based composites can be accomplished.

Although some achievements have been made for MOF derivative-based composite in the field of EMW
absorption, there are still many challenges and opportunities ahead. Firstly, the current research mainly fo-
cuses on the hybridization of materials, and the high-efficiency structural design of composites for
improving EMW absorption performance remains rarely reported. Furthermore, the EMW absorption
mechanism is generally expressed briefly as the synergy of various loss mechanisms in most reports, and
more attention should be paid to the research of these mechanisms. Moreover, the research on environ-
mental adaptability of the EMW absorbing materials for meeting complex application scenarios is still
insufficient. Thus, in addition to the design of components, it is also necessary to introduce structural
design to achieve the best absorption performance through the coordination of structure and compo-
nents. In addition, combining with the guidance of theoretical simulation to design EMW absorption ma-
terials is also worth considering. Furthermore, to promote adaptability in multiple scenarios, some other
functions such as heat insulation, thermal infrared stealth, and hydrophobicity should be considered.

To sum up, MOF derivative-based composites can efficiently improve the EMW absorption performance of
MOF derivatives by optimizing the impedance matching and loss ability. However, a lot of challenges in
MOF-based EMW absorbers still exist in practical applications, requiring increasing attention. We hope
this review can guide the study of MOF derivative-based composites for achieving high-performance
EMW absorption.

LIMITATIONS OF THE STUDY

MOF derivatives are widely used for EMW absorbing materials due to their advantages of large specific
surface area, controllable structure, and high porosity. However, the magnetic porous carbon obtained
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by directly carbonizing the MOF suffers from poor impedance matching, a large filling amount, and a nar-
row EAB, which limits the practical application of such materials. Further research that focuses on com-
pounding MOF derivatives with other types of materials to optimize MOF-based EMW absorbing perfor-
mance is needed. However, more attention should be paid to the research of these compound
mechanisms.
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