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Abstract 

Eelectromagnetic pollution has become an increasingly prominent problem and electromagnetic 

wave absorbing materials have received widespread attention. Metal organic frameworks (MOFs) 

derived materials work as wave absorbing materials having the advantages of simple synthesis 

process, low production cost, high specific surface area and porosity, good thermal stability, and 

also have excellent impedance matching and various attenuation mechanisms, which have been 

widely studied in the field of electromagnetic wave absorption. In here, the classification and 

preparation methods of MOFs are summarized, their wave absorption mechanisms are analyzed. 

It also details the current research progress and analyses their advantages and disadvantages from 

the perspectives of monometallic MOF, multi-metallic MOF and wave absorbing materials derived 

from MOF compounded with other materials (including carbon materials, MXene and conductive 

polymers). This article aims to illustrate the application of MOFs and their derived composites in 

the research of electromagnetic wave absorption, and hopes to offer a reference for the further 

research based on these promising materials. 

Keywords: Progress; Metal organic frameworks; Composite materials; Microwave absorption. 
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1. Introduction 

In recent years, technologies such as invisible technology, information technology and 

electronic equipment have achieved unprecedented development. And with the advent of the 5G 

era, it will result in a new technological revolution. However, while these technologies bring 

infinite convenience to human life, they will also be accompanied by a series of hazards. The 

widespread use of electronic equipment and communication equipment inevitably leads to the 

deterioration of the electromagnetic environment. The electromagnetic waves can cause serious 

electromagnetic pollution[1-5]. On the one hand, electromagnetic waves will cause interference to 

some precision equipment, which gives rise to the failure of the instrument and the interruption of 

the signal not only interrupting the normal work, but may also causing immeasurable harm[6-10], 

on the other hand, the leaked electromagnetic waves cause certain harm to human health such as 

cancer[11-14]. Human beings urgently need to solve electromagnetic waves pollution. In addition, 

in the military field, the electromagnetic waves stealth technology on the basis of microwave 

absorbing materials[15-18]. Hence, the research on microwave absorbing materials has become a 

hot topic in the current society[19-22]. 

Microwave absorbing materials are able to dissipate electromagnetic waves into different 

forms of energy[23, 24]. However, the current research on them faces many challenges, such as 

insufficient absorption capacity of each waveband, and insufficient research on each waveband. 

More importantly, there are disadvantages for the currently prepared various absorbers, including 

inappropriate thickness, narrow effective absorption bandwidth (EAB) and inferior practical 

application value. Therefore, the research on microwave absorbing materials puts forward the 
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requirements of thin thickness, light weight, strong absorption and wide EAB characteristics with 

multiple losses[25-27]. 

Microwave absorbing materials can be divided into three categories according to the 

attenuation mechanism of electromagnetic waves, each of which has its own advantages and 

disadvantages[28]. The first is conductive materials based on carbon, typically including 

graphene[29-32], carbon nanotubes (CNTs)[33, 34] and carbon nanofibers[35-37]. The advantages 

of them are low density, high stability and conductivity. However, their impedance mismatch 

hinders their further development and application[38, 39]. The second is dielectric materials 

represented by inorganic ceramics and semiconductors. High thermal stability is a significant 

advantage, but these materials are accompanied by low attenuation capacity, which limits the 

absorption of electromagnetic waves[40-42]. The last is magnetic materials, and ferrites and other 

magnetic metals are typical magnetic absorbers. Such materials inevitably have the disadvantages 

of high density and inherent impedance mismatch [43-47]. It can be seen from the above results 

that microwave absorbing materials with a single attenuation mechanism are far from meeting the 

needs of the current society for electromagnetic wave absorption[48]. In order to overcome the 

shortcoming of a single attenuation mechanism, the research and design of composite microwave 

absorbing materials with multiple components realizing multiple absorption mechanisms has 

become an important task[49-52]. 

The porous and periodic network-like metal-organic frameworks (MOFs) consist of  

inorganic metal ions or clusters as centers and organic ligands[53-56]. The former almost covers 

various metal ions such as main group, transition, lanthanide and rare earth metals, etc. In terms 
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of the latter, they are polyamines, carboxyl, pyridine, porphyrin, cyano, crown ethers and 

phosphoric acid. So far, more than 20000 MOFs have been prepared since the first one is proposed 

by Yaghi in 1951, and common MOFs[57] include isoreticular metal-organic frameworks 

(IRMOFs), coordination pillared-layer (CPL), imidazole zeolite frameworks (ZIFs)[58], materials 

of institute lavoisier (MIL)[59], university of Oslo (UIO), porous coordination network (PCN)[60], 

etc. 

In recent years, MOFs have attracted a lot of interest because of regular porosity, ultra-high 

specific surface area, diverse topological structures, and tunable structural units[61, 62]. Moreover, 

the MOFs fabrication is environmentally friendly[63]. These materials can be used in various fields, 

such as adsorption[64], medicine, catalysis[65, 66], etc. Especially in the aspect of electromagnetic 

waves absorption, MOFs with the coexistence of metal and organic components and the highly 

tunable microstructure, create favorable conditions to be used as absorbing materials. It can not 

only obtain MOFs-based absorbing materials through further processing such as carbonization, but 

also combine with other materials to form MOFs-based composite absorbing materials with 

multiple absorption mechanisms. Compared with other absorbing materials[67], magnetic and 

dielectric losses as well as impedance matching for MOFs are able to be tuned by in-situ generated 

metal/metal oxide nanoparticles or clusters, facilitating electromagnetic wave absorption. 

Meanwhile, their uniform dispersion enhances the reflection ability. 

Until now, Zhang et al[68] summarizes in detail the various types of monometallic MOF-

derived absorbing materials. Zhang et al[69] focuses on magnetic metal MOF-derived absorbing 

materials. Zhu et al[70] takes the structure of MOFs as an entry point and introduces different 
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structural wave absorbing materials derived from MOFs. However, there are few papers for a 

comprehensive introduction of the classification and preparation of MOFs and MOFs-based 

composites, as well as their wave absorption performances. This paper discusses in detail the 

classification and preparation methods of MOF-based functional materials, and explains the 

electromagnetic wave absorption mechanism. It introduces the research progress in recent years 

of wave absorbing materials derived from monometallic MOFs prepared from magnetic metals 

such as Fe, Co, Ni and non-magnetic metals such as Cu and Mn as metal sources, and multi-

metallic MOFs prepared from bimetallic and trimetallic sources. In addition, a summary of the 

recent literature on absorbers derived from MOFs compounded with other materials, such as 

carbon and MXene, is also presented. Finally, the problems faced in the research and the future 

development trend of MOFs-derived absorbers have been elucidated. 

2. Classification and preparation of MOFs 

2.1 Classification of MOFs 

2.1.1 UIO series materials 

UIO series materials have 3D porous structures coordinated by Zr4+ and dicarboxylic acid 

organic ligands. UIO-MOFs series materials prepared from Zr4+ and carboxylic acid as raw 

materials possess the advantages of regular size, high porosity, large specific surface area and good 

stability, and have been widely studied and applied. Fig.1 shows the atomic structures of UIO-66, 

UIO-67 as well as UIO-68[71], and these materials with different sizes and morphologies can be 

prepared by changing ligands and reaction conditions. The face-centered cubic crystal structure of 

UIO-66 formed by the linking of Zr6 with 12 terephthalic acid ligands, which is widely used in 



7 

photocatalysis[72-74], heavy metal adsorption[75] and photovoltaic cells[76]. UIO-67 is 

composed of Zr ions coordinated with 4,4-biphenyldicarboxylic acid, which can be widely used in 

plasma catalytic reforming[77] and targeted drug delivery[78]. Moreover, the MOFs of this series 

possessing large specific surface area and excellent stability due to special linking units, can be 

widely used in supercapacitors[79-81] and gas storage[82]. 

 

Fig. 1 Atomic structure diagrams of (a) UIO-66, (b) UIO-67 and (c) UIO-68[71].Copyright 2015, Elsevier B.V. 

2.1.2 ZIF series materials 

ZIF series materials are prepared by the coordination reaction of Co2+ or Zn2+ with imidazole 

ligands based on aluminosilicate zeolite meshes, where bridged Si(Al) units and tetrahedral Si(Al) 

units consist of imidazole-based ligands and transitional Si(Al) units, respectively. Substituted by 

metal ions, the framework endows ZIFs with excellent stability. Fig. 2 shows the structural 

topology of ZIF-7 and ZIF-8[83]. Among them, ZIF-8 is synthesized by a hydrothermal method 

from zinc ions and imidazole-like ligands, which has unique composition and stability, and can be 

widely used in adsorption[84, 85] and lithium-sulfur batteries[86-88]. Fig. 3 displays the atomic 

structures of common ZIF samples[89]. Thereinto, ZIF-67 is synthesized by stirring cobalt ions 
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and imidazole ligands in an organic solvent. It has good structural stability and multiple active 

sites, and is also able to be prepared by high temperature carbonization. Carbon-wrapped cobalt 

element and cobalt oxide exhibit shows great potential in wave absorption[90]. 

 

Fig. 2 Structural topology of (a) ZIF-7, (c) ZIF-8, and their corresponding molecular structure of (b) ZIF-7, (d) ZIF-8[83]. 

Copyright 2016, Elsevier Inc. 

 

Fig. 3 Atomic structures of ZIF-25, ZIF-71, ZIF-93, ZIF-96 and ZIF-97, ZnN4 cluster: orange polyhedra, C: cyan, O: red, 

N: blue, Cl: green, H: white[89]. Copyright 2015, American Chemical Society. 

https://www.acs.org/
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2.1.3 PCN series materials 

PCN series materials are prepared by the coordination reaction between metal ions and 

porphyrin-like ligands. Tetrakis (4-carboxyphenyl) porphyrin (TCPP) is very popular because of 

its excellent stability and various functions. Some of these Zr-MOFs are prepared by the 

coordination reaction between ZrCl4 and TCPP under different reaction conditions. For example, 

the planar tetracarboxylate compound TCPP is combined with twelve linked hexagonal Zr6-SBUs 

and six linked hexagonal Zr6-SBUs to obtain PCN-223 and PCN-224, respectively. Fig.4 

demonstrates the preparation of different topological Zr-based porphyrin MOFs under similar 

solvothermal conditions[91]. MOF-545 having large pore channels is composed of Zr6 flower 

clusters and TCPP. PCN series materials exhibited herein have good stability in air, boiling water 

and hydrochloric acid, which can be widely used in catalysts[92]. 

 

Fig. 4 Zr-based porphyrin MOFs obtaiend with the addition of TCPP, Zr: green, C: black, O: red and N: blue spheres[91]. 

Copyright 2021, The Korean Institute of Chemical Engineers. 
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2.1.4 CPL series materials 

CPL series materials are composed of Cu2+, 2,3-pyrazine dicarboxylic acid and neutral 

nitrogen-containing heterocycles of phenol, 4,4-bipyridine, pyrazine and 1,2 (or 2,2)-bis(4-

pyridyl)ethylene. 2-bipyridine and other ligands are prepared by coordination reaction. CPL-

MOFs are easily prepared and their pore size can be modified by changing the columnar ligands. 

Columnar layered MOFs can be considered as a type of Hofmann clathrates, which have a 3D 

porous framework directly utilizing the connection of 2D layered and columnar structures through 

metal nodes. Fig.5 shows an illustration of CPL-n prepared using various linker ligands [93]. CPL-

2 and CPL-5 are typical MOFs in the family of CPL-MOFs series MOFs. The above two MOFs 

have mesoporous morphology, which can be widely used in the adsorption and separation of gases 

by loading metal nano-ions on them[94, 95]. 

 

Fig. 5 illustraion of the CPL-n prepared using various linker ligands as pillars[93]. Copyright 2015, Springer 

Science+Business Media New York. 

2.1.5 MIL series materials 

MIL series materials can be divided into two categories. One is prepared by the coordination 
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reaction of trivalent iron, vanadium, chromium and aluminum and other metals with trimesic acid 

or terephthalic acid. Another type is MIL-MOFs formed by the coordination of transition metals 

and lanthanide metals with succinic acid and glutaric acid, respectively. Fig.6 presents the structure 

diagram of two representative MIL-100 and MIL-101 MOFs[96]. Both of them exhibit large pore 

sizes, and have good application prospects in the preparation of catalysts to enhance pollutant 

adsorption[97] and to enhance visible light-driven photocatalysis[98, 99]. 

 

Fig. 6 Schematic representation of the MIL-101 and MIL-100 structures[96]. Copyright 2014, Elsevier B.V. 

2.1.6 IRMOF series materials 

IRMOF series materials are 3D stereo porous network MOFs consisting of Zn4O6+ tetrahedra 

coordinated with aromatic carboxylic acid ligands. Fig.7 displays the characteristic maps of 

IRMOF-1, IRMOF-10 and IRMOF-14[100]. The first one is a microporous material having a large 

specific surface area, used to prepare electrode materials[101, 102] and gas adsorption[103]. 
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IRMOF-14 also has a high specific surface area used for gas adsorption too[104]. 

 

Fig. 7 Characterization maps of IRMOF-1, IRMOF-10 and IRMOF-14[100]. Copyright 2016, the Owner Societies. 

2.1.7 Other series materials 

NTU series materials are named after the abbreviation of Nanyang University of Technology, 

and the main representative materials includes NTU-Z30, NTU-Z31 and NTU-Z32. The synthesis 

process and reaction time of the above three MOFs are the same, but different ratios of raw 

materials are used, resulting in different coordination modes and the different morphologies. In 

addition, another MOFs named NTU-9-NS has great prospects for application in sensing field[105]. 
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DUT series materials are named after the abbreviation of Dresden University of Technology. There 

are many kinds of materials and many ligands in this series. The main representatives are DUT-6, 

DUT-8, DUT-9, DUT-25, DUT-49, DUT-58, DUT-67, DUT-68 and DUT-69. For example, DUT-

49 can be used for gas negative adsorption transitions[106]. HKUST series materials are 

synthesized by Chui in 1999 and named after the acronym of Hong Kong University of Science 

and Technology. 

2.2 Preparation method of MOF materials 

2.2.1 Solvothermal method 

The solvothermal method is carried out under the conditions of high temperature and high 

pressure, which is beneficial to improve the dissolution rate of metal salts in organic solvents and 

accelerate the progress of the reaction. And the main driving force for the reaction is intermolecular 

contact. Li[107] et al. prepared ultrathin bimetallic Ni-Fe-MOFs nanoparticles by solvothermal 

reaction of FeSO4·7H2O, Ni(OAc)2·4H2O, 1,4-H2BDC (molar ratio of 0.3:1:0.5), as shown in 

Fig.8(a). In this process, Fe2+ is spontaneously oxidized to Fe3+. And MOFs with different 

morphologies are synthesized by changing the solvent. In Fig.8(b)(c), in the case of only water as 

solvent, nanoflowers are produced, and when only DMAC is employed, porous and fluffy powders 

are prepared. Wang[108] et al. prepared MIL-125 and NH2-MIL-125 through using DMF and 

methanol mixed solvent, in the conditions of BDC and H2ATA separately as ligands in Fig.8(d)-

(f). The white sample is dominated by well-crystallized particles with a size of about 2 μm, while 

the yellow sampe is dominated by well-crystallized particles having 400-600 nm size. Pan et al. 

[109]prepared carbon quantum dots (CQD)/Ni MOFs composites using a mixture of DMF and 
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deionized water with terephthalic acid as the ligand via a one-pot hydrothermal method. The 

preparation diagram, the sample morphology and the XRD patterns are separately displayed in Fig. 

8(g)-(i). 

 

Fig. 8 (a) Ultrathin organometallic skeleton nanosheets prepared by solvothermal method, TEM images of Ni-Fe-MOFs 

synthesized with (b) water as solvent and (c) DMAC as solvent[107]. Copyright 2019, Wiley-VCH Verlag GmbH & Co. 

KGaA, Weinheim. SEM photos of (d) MIL-125(Ti), (e) NH2-MIL-125(Ti) and their (f) XRD patterns[108]. Copyright 2019, 

Elsevier B.V. (g) schematic hydrothermal synthesis of CQD@Ni MOFs-0.5, and the corresponding (h) SEM image and (i) 

XRD patters[109]. Copyright 2022, Elsevier Ltd. 

2.2.2 Microwave-assisted synthesis 
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The microwave-assisted preparation uses microwave radiation for providing energy, which 

can quickly heat the reactants to high temperature, accelerate the nucleation rate, shorten the 

reaction time, and improve the conversion rate. It is a green and environmentally friendly synthesis 

method. In Fig.9(a)-(c), Li et al.[110] synthesized trimetallic MOFs (NixCoyFez-UMOFNs, where 

xyz represent different ratios of metal precursors) using a microwave-assisted method. It is fund 

that the fabricated MOFs possess significantly improved OER activity. Chen et al.[111] used PTA 

as ligand to synthesize Zn-doped Ni-MOFs by microwave-assisted synthesis, and different 

microspheres can be seen in Fig.9(b)-(f). One can find that the size of the undoped microspheres 

is 1-3 mm, and each microsphere consists of a mass of nanosheets. However, for the doped 

microspheres, the diameter becomes smaller about 1.5 mm, and the size of the nanosheets also 

becomes smaller. Choi et al.[112] used terephthalic acid as a ligand to synthesise FeMo-MIL-88B 

in a hexagonal rod shape using a microwave-assisted synthesis in Fig. 9(g)-(i). 
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Fig. 9 (a) Schematic microwave-assisted synthesis of ultrathin trimetallic organometallic backbone nanosheets, (b) SEM 

and (c) TEM images of US-Ni4Co4Fe2-UMOFN[110]. Copyright 2021, Elsevier Inc. SEM images of (d) with and (e) without 

Zn doping and (f) XRD patterns of Zn-doped Ni-MOFs[111]. Copyright 2018, Elsevier Ltd. (g) schematic synthesis of FeMo-

MIL-88B and its (h) SEM images and (i) XRD patterns[112]. Copyright 2021, Elsevier Ltd. 

2.2.3 Electrochemical synthesis 
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In 2005, the first case of electrochemically synthesized HKUST-1 was reported. In 

electrochemical synthesis, the yield and the structure of materials are constrained by electrolyte, 

solvent, voltage, density and temperature. Compared with traditional methods, this method has a 

faster reaction speed, lower temperature, and the metal source does not come from salt. Besides, 

it is a non-discontinuous process and is able to achieve higher yield. Aisha Asghar et al. [113] used 

2,5-diaminoterephthalic acid as the ligand, and NaNO3 aqueous solution as the electrolyte to 

prepare Mn-MOFs (Fig.10(a)). In comparison with that obtained by the solvothermal method 

(Fig.10(b)), the MOFs prepared herein have a better rod-like crystal structure, which is larger and 

more regular (Fig.10(c)). Liu et al. [114] successfully fabricated Cu3(HHTP)2 MOFs film onto Cu 

foil by employing electrochemical synthesis method (Fig.10(d)(e)). The conductivity and the 

mobility of the films are superior to those prepared by the liquid-liquid interface method. Qin et 

al. [115] prepared multilayer 3D MOFs ZIF-8 anti-protein structures by cathodic electrodeposition 

(Fig. 10(f)-(h)). 
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Fig. 10 SEM images of (a) Mn-MOFs synthesized by electrochemical synthesis and (b) solvothermal method, and (c) the 

corresponding XRD patterns[113]. Copyright 2021, The Royal Society of Chemistry. (d) schematic diagram of 

electrochemical reaction cell and coordination reaction between Cu2+ and HHTP ions for the preparation of Cu3(HHTP)2 

films on copper foil, (e) TEM images of Cu3(HHTP)2 films[114]. Copyright 2021, Wiley-VCH GmbH. (f) schematic diagram 

of electrochemical preparation of 3D ordered large microporous MOFs, (g) (h) TEM images of 3D MOFs ZIF-8[115]. 

Copyright 2022, The Royal Society of Chemistry. 

2.2.4 Ultrasonic method 

Ultrasonic method is a simple, inexpensive and effective method to prepare MOFs. The study 

finds that the frequency of 20 KHz-1 MHz can make the molecules in the solvent react chemically. 

During the sonication process, bubbles are formed, grown and collapsed. And this process results 

in local heating of the solution. The metal ions and the organic ligands are dissolved in an organic 
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solvent, followed by the coordination of preparing MOFs in the presence of ultrasonic waves. 

Meghdad Karimi et al. [116] used 1,4-phthalic acid as ligand to prepare Ce-UiO-66 under high-

density ultrasonic irradiation at 305 W. Fig.11(a)(b) shows the preparations by two different 

methods. It can be clearly seen that the Ce-UiO-66 synthesized by ultrasonic method has a more 

regular morphology. Li et al. [117] prepared CoFe-MOF using the ultrasonic method (Fig.11(c)), 

which can effectively promote the dispersion of particles compared with physical mixing and 

magnetic stirring methods, thus improving the charge transfer between Co and Fe ions. Shen et al. 

[118] successfully synthesized U-CD-MOF with the assistance of ultrasound and tuned the crystal 

morphology and size by varying the ultrasound power, as shown in Fig. 11(d-k). 
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Fig. 11 (a) Preparation of Ce-UiO-66 by sonochemical route and the corresponding (b) XRD patterns[116]. Copyright 2021, 

Elsevier Inc. (c) schematic diagram of CoFe-BDC prepared by sonication[117]. Copyright 2021, The Royal Society of 

Chemistry. (d-k) SEM images of U-CD-MOF prepared at different sonication powers[118]. Copyright 2022, Elsevier B.V. 

2.2.5 Mechanochemical synthesis 
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MOFs are thermodynamically more stable than other solid substances due to their structural 

characteristics. Unlike solvent-based reactions, in solids, metal ions are bound and need to be 

released by external forces. The metal cations released under external force undergo coordination 

reactions with available adjacent organic molecules to form MOFs. In the absence of solvent, the 

use of a small amount of solvent can provide the necessary mobile ions for metal ions and organic 

ligands to complete the coordination reaction. Without solvent, the reaction cannot proceed 

spontaneously, and the metal source and organic ligand cannot undergo coordination reaction. So 

in order to trigger the reaction, additional energy has to be applied in some way, such as by ball 

milling and extrusion. Wang et al[119] synthesized Im@NENU-3 by mechanochemical synthesis 

using homophthalic acid as the ligand (Fig.12(a)-(c)). And the synthesized samples shows a 

significant increase in proton conductivity over the normal NENU-3. Yi et al[120] synthesized 

PtZn-MOF-74 through applying 2,5-dihydroxyterephthalic acid as the ligand (Fig.12(d)-(f)). It is 

noteworthy that the metal ions are all able to cooperate with the ligand due to the limited diffusion 

coefficient, which can effectively avoid their agglomeration. Liu et al[121] prepared a series of 

HKUST-1 MOFs by mechanical grinding method (Fig.12(g)). It is found that this method can 

greatly shorten the preparation time and reduce the particle size of the prepared MOFs in 

comparison with those prepared by hydrothermal method, as shown in Fig.12(h)(i). 
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Fig. 12 (a) Synthesis processes of Im@NENU-3 by one-pot mechanochemical method, the corresponding (b) SEM image 

and (c) XRD patterns[119]. Copyright 2021, The Royal Society of Chemistry. (d) schematic diagram of the hydrothermal 

preparation of Pt-ZnO and PtZn-MOF-74, and the cprresponding (e) XRD patterns, (f) SEM images of PtZn-MOF-74[120]. 

Copyright 2021, Elsevier Ltd. (g) schematic diagram for praparing HKUST-1, SEM images of (h) HKUST-1 synthesized by 

hydrothermal method and (i) mechanical grinding method[121]. Copyright 2022, Elsevier B.V. 

3. Electromagnetic wave absorption theory 

According to Maxwell's electromagnetic wave theory, the electric and magnetic fields are 

perpendicular to each other and are alternately generated in the time-varying electromagnetic field. 

The electromagnetic wave absorbing materials are able to transform electromagnetic wave energy 

incident into other forms of energy via different losses including ohmic, dielectric and magnetic 

losses inside the material, thereby reducing the reflected echo signal of the electromagnetic wave. 
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When an incident electromagnetic wave comes into the absorbing material, three things can 

happen, as shown in Fig.13. Some of them is reflected by the material (reflected wave), part of 

them is absorbed by the material (absorbed wave), as well as the rest of the electromagnetic wave 

passes through the material (transmitted wave). The electromagnetic wave interacts with the 

material and is converted into different sorts of energy during the propagation process, or is 

consumed by interference cancellation, so as to achieve the purpose of stealth and loss of 

electromagnetic wave energy. When designing absorbing materials, researchers hope that incident 

electromagnetic waves are dissipated as much as possible inside the materials rather than be 

reflected and transmitted. Therefore, an excellent electromagnetic wave absorbing material 

commonly meet two requirements: one is excellent impedance matching; the other is powerful 

electromagnetic wave attenuation ability. 

 

Fig. 13 Schematic diagram of the electromagnetic wave absorption principle. 

3.1 Evaluation of absorbing properties of materials 
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Vector network analyzer is employed to measure four electromagnetic parameters of materials, 

namely complex permeability (𝜇𝜇𝑟𝑟 = 𝜇𝜇′ − 𝑗𝑗𝜇𝜇") and complex permittivity (𝜀𝜀𝑟𝑟 = 𝜀𝜀′ − 𝑗𝑗𝜀𝜀"), where 

𝜇𝜇′ and 𝜀𝜀′ represent the storage of magnetic field energy and electric field energy, respectively, 

and 𝜇𝜇" and 𝜀𝜀" represent the energy dissipation capability[122, 123]. In general, the larger the 

values of 𝜇𝜇" and 𝜀𝜀" are, the stronger the dissipation of incident electromagnetic wave energy is. 

And the composition regulation in composite materials is also based on the improvement of 𝜇𝜇" 

and 𝜀𝜀" . The magnetic loss tangent (𝑡𝑡𝑡𝑡𝑡𝑡𝛿𝛿𝜇𝜇 = 𝜇𝜇"

𝜇𝜇′
 ) and the dielectric loss tangent (𝑡𝑡𝑡𝑡𝑡𝑡𝛿𝛿𝜀𝜀 = 𝜀𝜀"

𝜀𝜀′
 ) 

separately represent the magnetic and dielectric losses of the material to electromagnetic 

waves[124, 125]. 

According to transmission line theory, the reflection loss (RL) value is widely applied to 

assess the electromagnetic wave absorption characteristics of absorbing materials, and the value is 

calculated by the following formulas[126-129]: 

𝑍𝑍𝑖𝑖𝑖𝑖 = 𝑍𝑍0�
𝜇𝜇𝑟𝑟
𝜀𝜀𝑟𝑟

tan ℎ �
𝑗𝑗2𝜋𝜋𝜋𝜋𝜋𝜋
𝑐𝑐 × �𝜇𝜇𝑟𝑟𝜀𝜀𝑟𝑟� (1) 

𝑅𝑅𝑅𝑅 = 20𝑙𝑙𝑙𝑙𝑙𝑙 �
𝑍𝑍𝑖𝑖𝑖𝑖 − 𝑍𝑍0
𝑍𝑍𝑖𝑖𝑖𝑖 + 𝑍𝑍0

� (2) 

in which Zin and Z0 are separately the input impedances of absorbing material and free space, f is 

the electromagnetic wave frequency, d is the material thickness, as well as c is the light speed. If 

the RL value is below -10 dB, meaning that 90% electromagnetic wave is dissipated, and the 

related frequency range is called the EAB. 

On the basis of equations (1) and (2), it can be known from the above theory that the reflected 

wave impedance is not only related to the complex permittivity and permeability, but also directly 
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affected by the thickness of the material. Especially as the absorbing material thickness is equal to 

the odd multiple of 1/4 wavelength of the electromagnetic wave, the excellent impedance matching 

is obtained. The thickness d of the material satisfies[130, 131]: 

𝜋𝜋 =
𝜆𝜆𝑒𝑒
4 =

𝑡𝑡𝑐𝑐
4𝜋𝜋�|𝜇𝜇𝑟𝑟||𝜀𝜀𝑟𝑟|

 (3) 

At this time, the phase difference between the reflected wave onto the material and the reflected 

wave at material/substrate interface reaches π, which satisfies the condition of interference 

cancellation, resulting in a low electromagnetic wave reflectivity peak at this frequency. This is 

the so-called 1/4 wavelength of the thickness of the absorbing material matching theory. Under the 

matching thickness of 1/4 wavelength, the corresponding matching frequency generate a strong 

absorption wave, and part of the absorption is caused by the interference cancellation of the 

reflected waves on the upper and lower surfaces of the absorbing material. The final absorbing 

effect of the absorbing material is the result of the combined effect of the interference cancellation 

of 1/4 wavelength and the intrinsic loss of the material. In addition, the optimized electromagnetic 

wave absorption performance of materials needs to focus on two points: impedance matching 

characteristics and attenuation capability. 

3.2 Impedance matching 

From the reflectivity expression in formula (1), in order to achieve the ideal absorbing effect 

of electromagnetic waves with zero reflectivity, the impedance matching Z is required to satisfy 

the following formula[132]: 

Z =
𝑍𝑍𝑖𝑖𝑖𝑖
𝑍𝑍0

 (4) 
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when Z is 1, the impedance of the absorbing material is in consistence with that of the free space, 

that is, the electromagnetic wave incident is able to completely access the absorbing material 

without reflection. In this case, the impedance matching is good, favoring the further 

electromagnetic wave attenuation. Conversely, impedance mismatching can lead to strong 

reflections and reduced absorption. Therefore, lower RL values occur as the absorbing material 

has excellent attenuation capabilities. Sometimes equation (4) is also written as 𝑍𝑍 = �𝑍𝑍𝑖𝑖𝑖𝑖
𝑍𝑍0
� , a 

revision to take into account the fact that in practice, the real and imaginary parts of Zin and Z0 can 

appear inconsistent[133]. 

According to equations (1) and (4), if Z = 1, and the input impedance Zin is required to satisfy 

the following equation[134, 135]: 

�
𝑍𝑍𝑖𝑖𝑖𝑖
𝑍𝑍0
� = �

𝜇𝜇𝑟𝑟
𝜀𝜀𝑟𝑟

tan ℎ �
𝑗𝑗2𝜋𝜋𝜋𝜋𝜋𝜋
𝑐𝑐 × �𝜇𝜇𝑟𝑟𝜀𝜀𝑟𝑟� (5) 

Therefore, by calculating the �𝑍𝑍𝑖𝑖𝑖𝑖
𝑍𝑍0
� value of the absorbing material under different thicknesses, the 

evaluation of the material's electromagnetic wave impedance matching can be achieved. However, 

Equation (5) is obviously a complex equation, and complex operations bring difficulties to the 

calculation and evaluation of the impedance matching degree. Therefore, based on equation (5), 

complex number equation theory removes the imaginary unit, and obtains the equivalent real 

number formulas as follows[136, 137]:  

sin ℎ2 (Kfd) = M (6) 

K =
4𝜋𝜋�𝜇𝜇′𝜀𝜀′

𝑐𝑐

sin �
�𝛿𝛿𝜀𝜀 + 𝛿𝛿𝜇𝜇�

2
� �

cos𝛿𝛿𝜀𝜀 cos𝛿𝛿𝜇𝜇
 

(7) 
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M = �4𝜇𝜇′ cos𝛿𝛿𝜀𝜀𝜀𝜀′ cos𝛿𝛿𝜇𝜇� ��𝜇𝜇′ cos𝛿𝛿𝜀𝜀 − 𝜀𝜀′ cos𝛿𝛿𝜇𝜇�
2

+ �tan
𝛿𝛿𝜇𝜇 − 𝛿𝛿𝜀𝜀

2 �
2

�𝜇𝜇′ cos𝛿𝛿𝜀𝜀 + 𝜀𝜀′ cos𝛿𝛿𝜇𝜇�
2�
−1

 

(8) 

And the Δ (equation (9)) is further defined as a function of impedance matching degree[138]: 

∆= |sin ℎ2 (Kfd) − M| (9) 

The Δ represents the degree of that the electromagnetic wave input impedance of the absorbing 

product deviates from the optimal matching state. With the decrease of Δ, the impedance of the 

product gets closer to that of the free space, and at the same time, a lower reflection coefficient is 

presented. Especially when Δ tends to 0, the product possesses the best impedance matching, and 

the reflectivity of electromagnetic waves is close to 0. 

3.3 Electromagnetic wave loss mechanism 

3.3.1 Interference cancellation 

In the situation of that the thickness d is the odd multiple of the quarter wave of incident 

electromagnetic wave, there is phase difference π between the incident wave and the reflected 

wave. Because of the amplitude is equal, the interference phenomenon will occur. The basic 

principle can be based on the quarter wave, and the formula is described as follows[139-141]: 

𝜋𝜋𝑚𝑚 = 𝜆𝜆𝑒𝑒
4

= 𝑖𝑖𝑛𝑛
4𝑓𝑓�|𝜇𝜇𝑟𝑟||𝜀𝜀𝑟𝑟|

（n=1，3，5···） (10) 

in which dm, f and c are matching thickness, frequency, and light speed in vacuum, respectively. 

The interference cancellation mechanism shows that the electromagnetic wave can also be 

attenuated by designing the structure of the material. 

3.3.2 Absorption loss 
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Absorption loss mechanisms mainly include dielectric and magnetic losses, in which the 

former further includes conductivity and polarization losses. 

(1) Conductivity loss 

In the alternating electric field, conductivity loss is the dissipation of the induced current into 

other form of energy. As the electromagnetic wave enters the interior of the conductive medium, 

the electrons and holes form a microcurrent, which in turn consumes the energy of the 

electromagnetic wave. On the basis of the free electron theory (ε" ≈ σ⁄(2π𝜀𝜀0f), σ: conductivity, 𝜀𝜀0: 

vacuum dielectric constant), it can be known that the value of ε" increases with increasing the 

conductivity, followed by enhancing the conductivity loss. 

(2) Dielectric loss 

Polarization loss is mainly due to the polarization relaxation processes caused by alternating 

electric fields. These processes typically contains interfacial polarization, dipole polarization, ion 

polarization and electron polarization relaxations. The first relaxation is the result of defects, 

heterojunctions and non-homogeneous charge distribution in the phase interface. The polarization 

relaxation of dipoles is because of the generation of dipoles (e.g. functional groups) and defects, 

induced by the electric field. When the electric field disappears, the dipole returns to its original 

state and this dipole moment with the constant deflection or displacement of the alternating electric 

field can consume the electric field energy and thus dissipate the electromagnetic wave. However, 

ion and electron polarizations generally occur in the high frequency range (103-106 GHz). Hence 

they are often neglected. The mechanism of dielectric loss can be explained by the Debye 

polarization relaxation model, which defines the complex permittivity as follows[142-144]: 
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𝜀𝜀𝑟𝑟′ = 𝜀𝜀∞ +
𝜀𝜀𝑠𝑠 − 𝜀𝜀∞

1 + (2𝜋𝜋𝜋𝜋)2𝜏𝜏2 (11) 

𝜀𝜀𝑟𝑟" =
2𝜋𝜋𝜋𝜋𝜏𝜏(𝜀𝜀𝑠𝑠 − 𝜀𝜀∞)
1 + (2𝜋𝜋𝜋𝜋)2𝜏𝜏2 +

𝜎𝜎
𝜀𝜀0𝜔𝜔

 (12) 

Among them, εr', εr", ε∞ and εs are real and imaginary parts of the permittivity, relative permittivity 

at the high frequency limit, and static permittivity, respectively, f is the test frequency, and τ is the 

polarization relaxation time. 

When ignoring electrical loss, the following equation can be obtained by combining the above 

two equations[145, 146]: 

�𝜀𝜀𝑟𝑟′ −
𝜀𝜀𝑠𝑠 + 𝜀𝜀∞

2 �
2

+ �𝜀𝜀𝑟𝑟"�
2

= �
𝜀𝜀𝑠𝑠 − 𝜀𝜀∞

2 �
2
 (13) 

Therefore, the Debye polarization relaxation is obtained via a semicircular ε'-ε" curve (Cole-Cole 

curve). If the conductivity loss cannot be ignored, the upward tail of the curve can be regarded as 

the conductivity loss. And the longer the tail is, the stronger the conductance loss is. 

(3) Magnetic loss 

Magnetic loss originates from natural, alternating, eddy current, hysteresis effect and domain 

wall resonances. The hysteresis effect is caused by irreversible magnetization in the high frequency 

field, so it can be neglected in the low frequency range. Domain wall resonance commonly happens 

in the frequency below GHz and is also negligible. Natural resonance mainly occurs in 2-4 GHz, 

and exchange resonance mainly happens in 4-12 GHz. Eddy current loss is the energy loss caused 

by the closed-line current caused via the magnetic field of the electromagnetic wave (𝐶𝐶0 =

𝜇𝜇"(𝜇𝜇′)−2𝜋𝜋−1 = 2𝜋𝜋𝜎𝜎𝜇𝜇0𝜋𝜋2)  [147, 148]. The value of C0 is generally used to evaluate the eddy 

current loss. If C0 is constant, the magnetic loss is ascribed to the eddy current loss. However, this 

loss will generate a lot of heat, which can reduce the service life of the absorbing material. The 
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eddy current can be suppressed to improve the utilization rate of the wave absorber. In addition, in 

the GHz range, the magnetic permeability decreases due to the small Snoek limit, which can limit 

the application of magnetic materials. The Snoke limit is described as follows[149-152]: 

(𝜇𝜇𝑖𝑖 − 1)𝜋𝜋𝑟𝑟 =
1

3𝜋𝜋 𝛾𝛾𝑀𝑀𝑠𝑠 (14) 

in which γMs, γ, Ms, μi and fr separately denote to Snoek’s constant, magnetic spin ratio, 

magnetization, initial permeability, and natural resonance frequency. According to formula (14), 

because the magnetic spin ratio and the saturation magnetization of the material are constant, μi is 

negatively correlated with fr. As the frequency increases, the initial permeability inevitably 

decreases, which limits the applications in high frequency. Compared with other magnetic 

materials, typical soft magnetic materials including Fe, Co and Ni have higher Snoek limit, so they 

are more and more widely used for electromagnetic wave absorption. On the other hand, it is also 

a meaningful method to destory the Snoek limit by adjusting the anisotropy. The Snoek limit is 

described as follows[150]: 

(𝜇𝜇𝑖𝑖 − 1)𝜋𝜋𝑟𝑟 =
1

3𝜋𝜋 𝛾𝛾𝑀𝑀𝑠𝑠�
𝐻𝐻𝜃𝜃
𝐻𝐻∅

 (15) 

Among them, Hθ and 𝐻𝐻∅ separately represent the anisotropic equivalent magnetic field in the 

easy and hard magnetization directions. Therefore, as these values are large, magnetic permeability 

and resonant frequency simultaneously increase, which further enhance the magnetic loss at high 

frequencies, compared with magnetically anisotropic materials. According to Kittel's equation (16), 

the natural resonant frequency is determined by[153-155]: 

𝜋𝜋𝑟𝑟 =
𝛾𝛾|𝐻𝐻𝑘𝑘|

2𝜋𝜋  (16) 



31 

where γ is magnetic spin ratio and Hk is energy of magnetocrystalline anisotropy, which can be 

described as follows: 

𝐻𝐻𝑘𝑘 =
4|𝐾𝐾1|

3𝜇𝜇0𝑀𝑀𝑠𝑠
 (17) 

where K1 is the anisotropy coefficient. In addition, K1 is determined by: 

𝐾𝐾1 =
𝜇𝜇0𝑀𝑀𝑠𝑠𝐻𝐻𝑛𝑛

2  (18) 

where Hc is the coercivity. Therefore, according to the above three formulas, when Hc increases, 

the value of fr moves to the high frequency. Accordingly, the magnetic loss at high frequency 

increases. 

3.4 Decay constant 

The attenuation capability of the absorbing material is usually evaluated by two points. On 

the one hand, dielectric and magnetic losses are evaluated by using the tangent of dielectric loss 

(𝑡𝑡𝑡𝑡𝑡𝑡𝛿𝛿𝜀𝜀 = 𝜀𝜀"

𝜀𝜀′
 ) and the tangent of magnetic loss (𝑡𝑡𝑡𝑡𝑡𝑡𝛿𝛿𝜇𝜇 = 𝜇𝜇"

𝜇𝜇′
 ). On the other hand, the total loss 

capacity is evaluated by the attenuation constant (α)[156-158]: 

α =
√2𝛱𝛱𝜋𝜋
𝑐𝑐

�(𝜇𝜇"𝜀𝜀" − 𝜇𝜇′𝜀𝜀′) + �(𝜇𝜇"𝜀𝜀" − 𝜇𝜇′𝜀𝜀′)2 + (𝜇𝜇′𝜀𝜀" + 𝜇𝜇"𝜀𝜀′)2 (19) 

From equation (19), one can find the larger ε" and μ" are, the larger α is, and the stronger the 

attenuation ability of the absorbing material is. However, due to the limitation of matching 

characteristics, ε" and μ" should be in a moderate range. 

4. MOF-derived absorbing materials 

4.1 MOF-derived single metal absorbing materials 

4.1.1 MOF-derived magnetic monometallic absorbing materials 

Materials such as metal, carbon, ferrite and conductive polymers are used to adsorb 
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electromagnetic waves. Metal and the corresponding alloys possess a power absorption intensity, 

however, the frequency range is generally narrow. Carbon materials contain carbon nanofibers, 

CNTs as well as graphene belong to well-light absorbing materials. If a single metal is combined 

with the carbon-based materials, the prepared material has advantages of high absorption strength, 

light texture and wide absorption frequency. MOFs synthesized by Fe, Co, Ni magnetic metal is a 

good precursor, which can be converted to a magnetic monolithic/carbon-based composite 

materials at different temperatures[159]. A comparison of the absorbing properties of the MOFs 

derived from magnetic metals is detailed in Table 1. 

Xiang et al [160] used 1, 4-phthalic acid as the ligand to prepare Fe-MOFs precursor with 

regular octahedral shape, as shown in Fig 14(a)(b). Afterwards, the precursor was calcined at 

700 °C to obtain Fe3O4@NPC composites (Fig 14(c)). The prepared sample (40 wt%) was evenly 

dispersed in a paraffin matrix, and the wave absorbing properties of the material are tested (Fig 

14(d)(e)). At 9.8 GHz and 3 mm, the RLmin and the EAB can reach -65.5 dB and 4.5 GHz, 

respectively. And the EAB reaches 13.8 GHz in the case of 2-5 mm, covering 4.2~18 GHz. Fig 

14(f) explains the wave absorption mechanism of the Fe3O4@NPC composite. After carbonization, 

Fe-MOF produces a porous carbon structure with a large number of mesopores producing dipole 

polarization, while Fe3O4 also produces magnetic losses such as natural resonance and exchange 

resonance. And after carbonization, a heterogeneous interface of Fe3O4/C is created, producing 

interfacial losses, so that the whole material has good absorption performances under the 

synergistic effect of Fe3O4 and porous carbon. Yang et al.[161] used fumaric acid as the ligand and 

prepared rod-like Fe-based MOFs precursor MIL-88A (Fig 14(g)(h)). Then, thiourea and MIL-
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88A precursor were heated at 650 °C under nitrogen atmosphere to prepare Fe7S8/C composite, as 

shown in Fig 14(i). The prepared Fe7S8/C sample was uniformly combined with paraffin (filling 

rate of paraffin of 65 wt%) to test the absorbing performances (Fig 14(j)(k)). At 1.67 mm, the RLmin 

is -68.86 dB at 12.08 GHz. At 1.45 mm, the EAB reaches 4.56 GHz in the ragne of 12.32-16.88 

GHz. 

 

Fig. 14 (a) Preparation processes of Fe3O4@NPC composites. SEM images of (b) Fe-MOFs and (c) Fe3O4@NPC, (d) RL of 

Fe3O4@NPC composites at different thicknesses and (e) the corresponding 3D reflection image, (f) schematic diagram of 

the mechanism of Fe3O4@NPC composites[160]. Copyright 2018, Elsevier Ltd. (g) Flow chart of the preparation of Fe7S8/C 

composites, SEM images of (h) MIL-88A precursors and (i) Fe7S8/C, (j) 3D RL and (k) 2D RL of Fe7S8/C composites[161]. 
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Copyright 2020, Elsevier Ltd. 

In Fig. 15(a)(b), Huang et al.[162] took 2-methylimidazole as the ligand to synthesize the 

eighteen face shape ZIF-67 precursor. After calcination at 500 °C, Co@NCNT composite was 

obtained (Fig. 15(c)). In Fig. 15(d)-(f), its RLmin can reach -53.0 dB at 16.8 GHz and 1.8 mm 

thickness. In the case of 2.0 mm, the EAB reaches 6.2 GHz (11.6-17.4 GHz). Fig 15(f) 

demonstrates the wave absorption mechanism of Co@NCNT. After carbonization, ZIF-67 

produces a large number of Co/C heterogeneous interfaces generating interfacial polarization, and 

also a large number of ion transport channels making the material more conductive and more likely 

to dissipate electromagnetic waves. Wu et al. [163] used 2-methylimidazole as the ligand in Fig. 

15(g) to prepare the ZIF-67 precursor with dodecahedral appearance. The precursor was calcinated 

at 400 °C to obtain Co3O4 particles (Fig. 15(h)). Then, the Co3O4 particles were reduced at different 

temperatures to obtain porous Co particles, which would be slowly passivated in air to produce 

CoO layer, thus obtaining porous Co/CoO particles (Fig. 15(i)). The prepared particles (50 wt%) 

was formed a mixture with paraffin to test wave absorption performances (Fig. 15(j)(k)). The RLmin 

of the Co/CoO particles reduced at 200 °C can reach -87.2 dB at 14.26 GHz and 1.0 mm. And at 

1.0 mm, the EAB is 6.2 GHz (11.5-17.7 GHz). 
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Fig. 15 (a) Flow chart of the preparation of Co@NCNT composites, SEM images of (b) ZIF-67 precursor and (c) Co@NCNT 

composite, (d) RL of Co@NCNT, (e) RL and EAB of Co@NCNT, (f) the absorbing mechanism of Co@NCNT[162]. 

Copyright 2020, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (g) Flow chart of the preparation of Co/CoO 

particles, SEM images of (h) Co3O4 particles and (i) Co/CoO particles, (j) 3D RL and (k) 2D RL of Co/CoO particles at 

different frequencies and thicknesses[163]. Copyright 2021, Elsevier B.V. 

Jin et al[164] used terylene acid as the ligand and doped with pyridine (Fig 16(a)), and Ni-

MOFs precursor with hexagonal sheet was prepared (Fig 16(b)). Afterwards, the N-doped Ni@NC 

nanoparticles were obtained by pyrolysis under argon at 650 °C (Fig.16 (c)). The prepared sample 
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and paraffin wax were mixed evenly (sample filling rate of 30%), and the wave absorption 

performances are exhibited (Fig. 16(d)-(f)). It is found that the absorption performances are the 

best in the situation of 2 mL pyridine. At 17.28 GHz and 2.3 mm, RLmin can reach -37.29 dB, and 

the EAB is 6.21 GHz (11.79-18.0 GHz), covering the whole Ku band. Fig 16(f) shows the wave 

absorption mechanism of Ni@NC. The carbonization produces a heterogeneous structure, 

conductive network, carbon defects that can effectively generate conduction loss and polarization 

relaxation, and the dispersed Ni nanoparticles also provide some magnetic loss. Qiu et al[165] 

using homobenzoic acid as the ligand synthesized Ni-MOF hollow microspheres as precursor in 

the presence of PVP (Fig. 16(k)(g)). Then, the Ni/C composite was obtained by pyrolysis under 

Argon atmosphere at 600 °C, as shown in Fig. 16(h)-(j). 30 wt% Ni/C composite was mixed evenly 

with paraffin to test its absorbing performance (Fig. 16(l)(m)). At 16.1 GHz, the RLmin can reach -

57.25 dB. In the situation of 1.8 mm, the EAB is 5.1 GHz. 
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Fig. 16 (a) flow chart of the preparation of Ni@NC composites, SEM images of (b) Ni-MOF precursors and (c) Ni@NC, (d) 

2D RL and (e) reflection curves at different thicknesses of Ni@NC composites, (f) absorption mechanism diagram of Ni@NC 

composites[164]. Copyright 2021, Elsevier B.V. SEM images of (g) Ni-MOF precursors and (h) Ni/C, (i) (j) TEM images of 

Ni/C, (k) flow chart of the preparation of Ni/C composites, (l) the reflection profile plots and (m) corresponding 3D RL of 

Ni/C at different thicknesses[165]. Copyright 2019, Elsevier B.V. 

4.1.2 MOF-derived non-magnetic monometallic wave-absorbing materials 

In recent years, non-magnetic metal-based MOFs such as Cu, Mn and Zr have also been 

attempted as precursors for wave-absorbing materials[166, 167], but they do not inherently have 
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the same magnetic loss mechanism as magnetic metal-based MOFs. Therefore, the preparation of 

such precursors has mostly focused on the modulation of morphology and dielectric loss. A 

comparison of the absorbing properties of wave absorbing materials derived from MOFs from non-

magnetic metals is detailed in Table 1. Li et al[168] synthesized the rod-like CU-MOF-74 precursor 

with 2,5-dihydroxy terephthalic acid as the ligand (Fig 17(a)(b)). Then, the precursor was treated 

in KOH solution for 180 min to transform it into a circular dodecahedron. After the calcination at 

300 °C and the treatment in aqueous Na2S solution, the final product with hollow dodecahedron 

shape with Cu2S shell was obtained, as shown in Fig. 17(c). 20 wt% sample was mixed evenly 

with paraffin. In Fig. 17(e)(f). At 2.3 mm, the EAB can reach 6.2 GHz covering 11.8-18.0 GHz. 

Fig 17(g) shows the wave absorption mechanism of hollow Cu2S. The material has a large number 

of defects and heterogeneous interfaces, which can effectively generate polarization relaxation. 

And the hollow structure can generate multiple reflections, which can effectively dissipate 

electromagnetic waves into thermal energy. Ma et al. [169] fabricated ZIF-67 precursor with 2-

methylimidazole as the ligand (Fig. 17(h)). Afterwards, the precursor was carbonized at 700 °C 

for preparing Co@NPC composite. The composite was soaked in HF to remove Co atoms and 

only NPC was left. The resulting NPC was then combined with Cu(NO3)·3H2O and calcined at 

different temperatures to obtain the final CuO@NPC composite, as shown in Fig. 17(i). The 

resulting composite (50 wt%) was mixed evenly with paraffin, and its absorbing performances 

were displayed in Fig. 17(j). One can find the RLmin can reach -57.5 dB at 14.9 GHz, and the EAB 

is 4.7 GHz (13-17.7 GHz) at 1.55 mm. 
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Fig. 17 (a) Fabrication flow chart of Cu-MOF-74-K180, SEM images of (b) MOF-74 and (c) MOF-74-K180, (d) TEM images 

of MOF-74-K180, (e) 3D RL diagram and (f) 2D mapping diagram of MOF-74-K180, (g) loss mechanism diagram of the 

MOF-74-K180[168]. Copyright 2021, Elsevier Inc. (h) preparation flow chart of CuO@NPC composite, (i) SEM image of 

the composite, (j) 3D RL diagram of the composite[169]. Copyright 2016, The Royal Society of Chemistry. 

Yang et al. [170] took 2, 5-dihydroxy terephthalic acid as the ligand and prepared the MN-

MOF-74 precursor, as shown in Fig.18(a)(b). Then, the prepared precursor was calcined at high 

temperature to obtain MnO@NPC composite (Fig.18(c)). After that, the MnO@NPC composite 

was oxidized with KMnO4 in an acidic environment to obtain MnO2@NPC composite (Fig.18(d)). 

The prepared MnO2@NPC composite (50 wt%) was mixed evenly with paraffin to test its 

absorbing performances. From Fig.18(e)-(g), it can be seen that the RLmin and the EAB can 
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separately reach -63.21 dB and 4.04 GHz at 12.48 GHz and the matching thickness is 2.05mm. 

Zhang et al[171] prepared the UIO-66 precursor with terylene acid as the ligand, which was 

calcined at different temperatures to obtain the ZrO2/C composite (Fig.18(h)-(j)). 50 wt% 

composite was mixed evenly with paraffin to test its absorbing performances. Fig.18(k)(l) show 

that the RLmin can reach -58.7 GHz when the thickness is 1.5mm at 16.8 GHz, and the EAB is 5.5 

GHz at 1.7mm. 

 

Fig. 18 (a) preparation flow chart of MnO2@NPC composite, SEM image of (b) MN-MOF-74, (c) MnO@NPC and (d) 

MnO2@NPC, (e) RL curve of MnO2@NPC composite at different thicknesses, (f) 3D RL of all samples, (g) EAB plots of 
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MnO2@NPC composite at different thicknesses[170]. Copyright 2020, Elsevier B.V. (h) synthesis schematic of UIO-66, (i) 

and (j) SEM images of ZrO2/C, (k) 3D RL diagram and (l) 2D mapping diagram of ZrO2/C composite[171]. Copyright 2019, 

the Partner Organisations.
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Table 1 Wave absorption properties of monometallic MOF-derived absorbing materials. 

Microwave 

absorbing materials 
Loading (wt%) 

RLmin EAB 
Ref 

Value (dB) fm (GHz) Thickness (mm) Value (GHz) Range (GHz) Thickness (mm) 

Ni@NC 30 -37.29 17.28 2.3 6.21 11.79-18.00 2.3 [164] 

Cu-MOF-74-K180 20 -15.1 - 2.3 6.2 11.8-18.0 2.3 [168] 

ML-Ni/C 20 -65.33 - 2.4 7.6 10.4-18 2.8 [172] 

Co/C 25 -30.31 11.03 3 4.93 8.31-13.24 3 [173] 

Co@C 30 -62.12 11.85 2.4 13.9 4.1-18 3 [174] 

MOF-160 30 -73.5 13.8 3.3 6.1 9.8-15.9 3.3 [175] 

Fe3O4@NPC 60 -65.5 9.8 3 4.5 - 3.0 [160] 

Ni@C-ZIF 40 -86.8 7.25 2.7 7.4 4-11.4 2.7 [176] 

Fe7S8/C 65 -68.86 12.08 1.67 4.56 12.32-16.88 1.45 [161] 

Co-LDHs 5 -40.4 - 2 6.5 - 2.1 [90] 

Co/C 40 -35.3 5.8 4 5.8 8.4-14.2 2.5 [177] 
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Ni/C 30 -57.25 16.1 1.8 5.1 12.9-18 1.8 [165] 

ZrO2/C 50 -58.7 16.8 1.5 5.5 - 1.7 [171] 

Co/C 50 -59.8 - 3.0 5.7 8.7-14.4 3.0 [178] 

H-Ni/C 30 -32.3 - 1.61 4.4 13.6-18.0 1.61 [179] 

Co@NCNT - -53 16.8 1.8 6.2 11.6-17.4 2.0 [162] 

CuO@NPC 50 -57.5 14.9 1.55 4.7 13-17.7 1.55 [169] 

MnO2@NPC 50 -63.21 12.48 2.05 4.04 - 2.05 [170] 

Ni-MOF 50 -58 6 4.2 6.2 5-11.2 4.6 [180] 

Ni@C 50 -46.9 - 3.3 6.8 - - [181] 

HFNC 25 -59.38 - 3.0 6.4 11.6-18 2.4 [182] 

Co/CoO 50 -87.2 14.26 1.0 6.2 11.5-17.7 1.0 [163] 

Co/CNTs 30 -49.16 - 2.5 4.2 12.4-16.6 2.5 [183] 

CNC 15 -27.2 3.4 6.68 5.97 12.0-18.0 1.88 [184] 

Ni@C 80 -51.9 10.5 2.5 5.6 8.9 14.5 [185] 

Co/C-HS 30 -66.5 17.6 1.53 4.4 11.0-15.4 2.0 [186] 
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Fe4N@C 40 -42.0 - 2.5 6.7 10.8-17.5 2.5 [187] 

MOF-74 40 -33.5 - 2.3 7.6 10.4-18.0 2.3 [188] 
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4.2 MOF-derived multi-metal absorbing materials 

4.2.1 MOF-derived bimetallic absorbing materials 

Compared with monometallic MOFs, bimetallic MOFs with various topologies in the center 

of metals with different electronic configurations are easier to adjust the microwave absorption 

properties. And their electromagnetic parameters can be easily optimized by reasonably controlling 

temperature. A comparison of the absorbing properties of absorbing materials derived from MOFs 

from polymetals is detailed in Table 2. Miao et al[189] synthesized Fe-Mn PBA and Fe-Co PBA 

MOFs prec ursors with hollow cage and solid box morphology, respectively (Fig.19(a)(b)). 

Fe/Co/C and Fe/Mn/C composites were obtained by annealing two precursors at different 

temperatures (Fig.19(c)(d)). Their absorbing properties were tested by mixing them evenly with 

paraffin (33 wt% filling). In Fig.19(e)(f), the RLmin of Fe/Co/C-900 composite at 16.1 GHz and 

2.0 mm is -54.6 dB, and the EAB at 2.5 mm is 8.8 GHz. The EAB of Fe/Mn/C-800 composite is 

6.7 GHz at 2.5 mm after treating at 800 ℃. Fig 19(b) demonstrates the wave absorption mechanism 

of the Fe/Co/C composite, where the graphitic carbon or nanorods in the complex provide 

additional interfaces and enhanced interfacial polarization, in addition to the magnetic loss 

provided by the FeCo core. And the combined effect of interfacial polarization and magnetic loss 

results in excellent electromagnetic wave attenuation. Pan et al. [190] synthesized rod-shaped 

CoZn-ZIF precursor with 2-methylimidazole as the ligand (Fig.19(g)). Afterwards, the precursor 

was returned at high temperature to obtain Co/NC composite (Fig.19(h)). The 15 wt% composite 

was mixed evenly with paraffin to test the wave absorption performances, as shown in Fig.19(j)(k). 

The composite prepared with the ratio of Co:Zn=3:1 has the best absorption performances. The 
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RLmin can reach -53.2 dB at 2.5 mm at 10.1 GHz. And in the case of 2.0 mm, the EAB is 5.0 GHz, 

which can cover the frequency range of 11.1-16.1 GHz. 

 

Fig. 19 (a) preparation flow diagram of solid box Fe/Co/C composites, (b) absorption mechanism diagram, (c) TEM images 

and (d) elemental mapping of solid box Fe/Co/C, (e) RL curves of solid box Fe/Co/C composites as well as (f) hollow cage 

Fe/Mn/C composites[189]. Copyright 2020, Science China Press and Springer-Verlag GmbH Germany, part of Springer 
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Nature. (g) preparation flow diagram of Co/NC composites, (h) SEM image and (i) TEM image of Co/NC composites, (j) 

RL diagram and (k) 3D RL diagram of Co/NC composites at different thicknesses[190]. Copyright 2021, The Royal Society 

of Chemistry. 

Qiao et al. [191] synthesized PCN-415 (TiZr-MOFs) precursor with octahedral structure 

using terephoric acid as the ligand (Fig.20(a)-(c)). After high temperature annealing, 

TiO2/ZrTiO4/C composite was obtained in Fig.20(b)-(e). 35 wt% composite was mixed evenly 

with paraffin to test its wave absorption performances (Fig.20(f)(g)). When the matching thickness 

of is 2.16 mm at 13.0 GHz, the RLmin can reach -67.8dB. When the thickness is 2.7 mm, the EAB 

covers 5.9 GHz. Wang et al[192] used 2, 5-dihydroxy terephthalic acid as the ligand (Fig.20(h)). 

By changing the ratio of Co2+ and Fe3+ ions, CoFe-MOF-74 precursors with different morphologies 

were fabricated (Fig.20(i)). After high temperature pyrolysis of CoFe-MOF-74 precursor, 

CoFe@C composite was obtained (Fig.20(j)). The CoFe@C composite material with bird's nest 

morphology only needs a filling ratio of 10 wt% to have good wave absorbing performances. In 

Fig.20(k)-(m), at 12.7 GHz and 2.8mm, the RLmin can reach -61.8 dB, and the EAB reaches 9.2 

GHz (8.8-18 GHz). 
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Fig. 20 (a) Flow diagram of fabrication of TiO2/ZrTiO4/C composites, SEM images of TiO2/ZrTiO4/C carbonized at (b) (c) 

700 and (d) (e) 800 °C, (f) 3D RL images of TiO2/ZrTiO4/C-800, (g) 2D RL of TiO2/ZrTiO4/C-700[191].Copyright 

2021,Springer. (h) flow chart of the preparation of CoFe@C composites with bird's nest morphology, SEM image of (i) 

CoFe-MOF-74 precursor and (j) CoFe@C, (k) 3D RL image of CoFe@C composites, (l) the RL of CoFe@C composites at 

different thicknesses, (m) the EAB of CoFe@C composites[192]. Copyright 2020, Elsevier Ltd. 

Wen et al. [15] synthesized MOF precursors with different morphologies (Co-MOF-11, 

CoCd-MOF-11 and CoZn-MOF-11) by hydrothermal method (Fig.21(a)). Then, the precursors 

were treated by annealing at high temperature. Among them, the Co@CNTs composite obtained 

by CoCd-MOF-11 precursor has the best absorbing performances. In Fig.21(e)-(g), at 2.0 mm, the 

RLmin can reach -76.6 dB, and the EAB is 6.2 GHz, which can cover 11.76-18 GHz. Yang et al[193] 

prepared CoZn-MOF precursors with hexagonal morphology (Fig.21(h)-(j)), with 2-

methylimidazole as the ligand. Then, the prepared precursors were processed at high temperature 

to obtain Co@ZnO@NC composites (Fig.21(k)(l)). The composite has good absorbing properties 
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at 30 wt% filling rate. In Fig.21(m)-(o), at 8.7 GHz, the RLmin can reach -61.9 dB at 3.4 mm. As 

the thickness is 2.3 mm, the EAB can reach 5.5 GHz (11.6-17.1 GHz). 

 

Fig. 21 (a) Flow chart of the fabrication of Co@CNTs composites, SEM images of (b) CoCd-MOF-11 precursors and (c) 

Co@CNTs composites, (d) TEM images of Co@CNTs composites, (e) 3D RL, (f) 2D contour maps and (g) RL at different 

thicknesses of Co@CNTs composites[194]. Copyright 2021, Elsevier Inc. (h) schematic illustration of Co@ZnO@NC 

composites, (i)(j) SEM images of CoZn-MOF precursors, (k)(l) SEM images of Co@ZnO@NC composites, (m) 3D RL, (n) 

RL at different thicknesses and (o) EAB of of Co@ZnO@NC composites[193]. Copyright 2022, Elsevier Ltd. 

4.2.2 MOF-derived trimetal absorbing materials 

Cui et al.[195] using 2-methylimidazole as the ligand fabricated ZIF-67@ZIF-8 precursor 

(Fig.22(a)-(c)). After adding Ni(NO3)2·6H2O, the ZIF-67@ZIF-8/Ni2+ precursor was prepared, as 

shown in Fig.22(d)(e). Finally, the Co@ZnO/Ni@NC composite was obtained at 600 °C 
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(Fig.22(f)-(n)). 27% wt% composite was mixed evenly with paraffin wax, and its absorbing 

performances were measured, as displayed in Fig.22(o)(p). The composite at 4.1 mm and 8.2 GHz 

has the RLmin up to -55.0 dB and the EAB up to 12.6 GHz (5.4-18 GHz). In Fig.22(q)(r), Ouyang 

et al.[196] used 2, 5-dihydroxyterephoric acid as the ligand and fabricated FeCoNi-MOF-74 

precursor. After pyrolysis at high temperature, the FeCoNi@C composite was obtained (Fig.22(s)-

(x)). 38 wt% composite material was mixed with paraffin wax evenly, and the wave absorption 

performances were presented in Fig.22(y)(z). The RLmin and the EAB of FeCoNi@C composite 

can reach -64.75 dB and 8.08 GHz at 15.44 GHz and 2.1 mm covering 9.92-18 GHz. 

 

Fig. 22 (a) Flow chart of the preparation of Co@ZnO/Ni@NC composites, (b) SEM and (c) TEM images of ZIF-67@ZIF-8 

precursors, (d) SEM and (e) TEM images of ZIF-67@ZIF-8/Ni2+, (f) SEM and (g) TEM images of Co@ZnO/Ni@NC, (h-n) 

elemental mapping images, (o)(p) 3D RL maps and corresponding contour maps[195]. Copyright 2021, Elsevier Inc. (q) 

preparation flow diagram of FeCoNi@C composites, SEM image of (r) FeCoNi-MOF-74 precursors and (s) FeCoNi@C 
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composites images and (t-x) corresponding elemental energy spectra, (y) the RL and (z) 3D RL of FeCoNi@C 

composites[196]. Copyright 2019, American Chemical Society. 

Wu et al. [197] prepared a DUT-52@Co-doped MIL-88B (UM) precursor using terephthalic 

acid as the ligand (Fig.23(a)-(c)). Then, this precursor was become DM-700 composite at 700 °C 

(Fig.23(d)-(f)). DM-700 was mixed with paraffin wax (42.5 wt% filling) and its absorbing 

properties and mechanism were displayed in Fig.23(g)-(i). DM-700 achieves an RLmin of -65.2 dB 

at 13.0 GHz and 2.0 mm and an EAB of 4.8 GHz. Fig 23(i) shows the wave absorption mechanism 

of DM-700. The synergistic effect of multiple metals and the excellent magnetic loss optimize the 

impedance matching. The porous carbon structure and the rich heterojunction surface can increase 

the dipole polarization. And the special structure makes the material have a 3D conductive network, 

which increases the conduction loss, making DM-700 have excellent wave absorption 

performances. Yan et al. [198] faricated BMOFs ZnxCoyFe precursor using 2-methylimidazole as 

ligand (Fig. 23(j)). This precursor was treated in a mixed atmosphere of H2 and N2 at 800 °C to 

obtain ZnxCoyFe composites (Fig. 23(k)-(n)). The composite was mixed well with paraffin (15 wt% 

filling) and tested for its wave absorption properties. In Fig. 23(o)(p), the final sample of Zn6CoFe 

exhibiting the best performances with the RLmin up to -66.0 dB at 9.43 GHz and 2.8 mm and the 

EAB of 4.79 GHz. 



52 

 

Fig. 23 (a) Flow chart of the preparation of DM(DUT-52@Co-MIL-88B)-700 composite, SEM images of (b)(c) DUT-52@Co-

doped MIL-88B (UM) precursor and (d)(e) DM-700, (f) elemental mapping diagrams of DM-700, (g) 3D and (h) 2D RL of 

DM-700, (i) absorption mechanism map of DM-700[199]. Copyright 2021, Elsevier Ltd. (j) preparation flow chart of 

ZnxCoyFe composite, (k) (l) SEM and (m) (n) TEM images of Zn6CoFe, (o) RL map and (p) 3D RL of Zn6CoFe[198]. 

Copyright 2022, Elsevier Ltd. 
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Table 2. Wave absorption properties of polymetallic MOF-derived absorbing materials. 

Microwave absorbing materials 
Loading 

( wt%) 

RLmin EAB 

Ref Value 

(dB) 

fm 

(GHz) 

Thickness 

(mm) 

Value 

(GHz) 

Range 

(GHz) 

Thickness 

(mm) 

NiCo@C 20 -55.4 15.3 2.5 7.2 11.8-18 2.5 [200] 

Co@ZnO/Ni@NC 27 -55 8.2 4.1 12.6 5.4-18 4.1 [195] 

Fe-ZnO - -33.22 14 2.6 4.24 13.76-18 2.6 [201] 

Ni/NiO/Cu@C 10 -38.1 - 3.2 - - - [202] 

Cu/C 40 -52.44 6.76 4.2 6.8 11.2-18 2.3 [203] 

CoFe alloys@ZnO@C 30 -40.63 - 2.2 5.84 - 2.2 [197] 

Co/ZnO/C 30 -52.6 12.1 3.0 4.9 - 3.0 [204] 

Co/Ni/C 40 -49.8 - 2.6 7.8 - 2.6 [205] 

ZnO/Fe3C/C 60 -30.4 14.5 1.5 4.96 - 1.5 [206] 

Cu/Co/C 40 -25 13.72 1.95 5.68 - 1.85 [207] 



54 

Fe/Co/C 33 -54.6 16.1 2.0 8.8 - 2.5 [189] 

FeCoNi@C 38 -64.75 15.44 2.1 8.08 9.92-18 2.1 [196] 

Co/NC 15 -53.2 10.1 2.5 5.0 11.1-16.1 2.0 [190] 

TiO2/ZrTiO4/C 35 -67.8 13.0 2.16 5.9 - 2.7 [191] 

Co@C@MnO 20 -64.4 13.5 4.0 6.7 - 4.0 [208] 

FeCo/MnO@NPC 50 -54.07 12.00 2.37 7.72 10.28-18 1.63 [209] 

N-Ni-CoxSy/NixS@C 25 -48.3 11.7 2.0 3.95 13.99-17.94 1.5 [210] 

Co@NC-ZnO 25 -69.6 17.5 1.9 6.8 11.2-18 2.4 [211] 

Ni1-xCox@C 25 -59.5 - 4.5 4.7 9.9-14.6 2.5 [212] 

CoFe@C 10 -61.8 12.7 2.8 9.2 8.8-18 2.8 [192] 

Ni@C@ZnO 25 -55.8 - 2.5 4.1 - 2.5 [213] 

CoMn@CN 25 -39.9 - 2.5 5.24 - 2.0 [214] 

CoNi/C 10 -61.02 13.68 2.0 5.2 - 2.0 [215] 

CoFe@C 40 -44.1 4.08 5.8 5.2 9.7-14.9 2.3 [216] 

Co@CNTs - -76.6 - 2.0 6.2 11.76-18 2.0 [194] 
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DM(DUT-52@Co-MIL-88B)-

700 
42.5 -65.2 13.0 2.0 4.8 - 2.0 [199] 

CoNC/CNTs 20 -15.37 15.49 1.5 4.5 13.5-18.0 1.5 [217] 

ZnxCoyFe 15 -66 9.43 2.8 4.79 - 2.8 [198] 

Co@ZnO@NC 30 -61.9 8.7 3.4 5.5 11.6-17.1 2.3 [193] 

Co/ZrO2/C 50 -57.2 15.8 3.3 11.9 6.1-18 3.3 [218] 

Cu/NC@Co/NC 35 -54.13 9.84 3.0 5.19 10.18-15.37 2.5 [219] 

Zn6CoFe 15 -66 9.43 2.8 4.79 - 2.8 [198] 

Zn@Co-C 30 -34.99 - 3.3 5.52 12.48-18.0 2.0 [220] 
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4.3 MOF-based composite absorbing materials 

4.3.1 MOF-carbon composite absorbing materials 

After carbonization MOFs form a composite of metal or metal oxide and carbon with good 

dielectric and magnetic losses, but there is an inherent disadvantage in that they do not have a good 

conductive network of their own. Therefore, although MOFs have excellent electrical conductivity 

after carbonization, the absence of a conductive network limits the ion transfer rate and prevents 

further enhancement of their wave absorption performances. Carbon-based materials with good 

attenuation properties for electromagnetic waves, good stability and low density can effectively 

improve this disadvantage when compounded with MOFs[221]. Common carbon materials include 

carbon black[222], carbon fibers[35, 223], CNTs[224-226], and graphene[227-230], as well as 

derivatives. The introduction of carbon materials not only forms a conductive network and 

increases ion transport channels, but the defects in its own structure and the heterogeneous 

interfaces formed with MOFs also increase the dielectric loss, further enhancing the wave 

absorption properties of the overall material. A comparison of the absorbing properties of the 

absorbing materials prepared by combining MOFs with carbon materials is shown in Table 3. 

4.3.1.1 MOF-CNTs composite absorbing materials 

Fang et al. [231] prepared CNTs with adsorbed metal Co2+ using floating catalyst CVD. The 

prepared CNTs were then mixed with 2-methylimidazole as ligand to obtain ZIF-67/CNTs 

precursors, and the precursors were heat-treated at high temperature to obtain Co-CNTs 

composites. The resulting Co-CNTs composites were mixed with paraffin wax at 20 wt% in order 

to test their wave absorption properties. The composite prepared at 500 °C declares the optimal 
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performances, with an RLmin of -30 dB at 14.2 GHz and an EAB of 7.8 GHz (10.2-18.0 GHz) at 

1.5 mm. The absorbing material can even maintain its good performances at -40 °C. Hu et al [232] 

synthesized Fe filled CNTs using a CVD process, which was mixed with C10H10O4 ligand to 

prepare the CNT/FeCoNi-MOF precursors (Fig.24(a)). The prepared precursors were charred at 

high temperature under argon atmosphere to obtain CNT/FeCoNi@C composites (Fig. 24(c)(d)). 

The CNT/FeCoNi@C composite (30 wt% filling) was mixed well with paraffin wax and tested for 

its wave absorption properties. In Fig.24(i), the composite obtained at 700 °C shows the best 

absorption performances, with the RLmin up to -51.7 dB at 3.0 mm, as well as the EAB up to 6.0 

GHz at 1.0 mm. Li et al [233] prepared MOF-5@MWCNTs precursors by using terephthalic acid 

as the ligand and adding multi-walled carbon nanotubes (MWCNTs) (Fig. 24(e)). Then, the 

precursors were calcined at 500 °C for different times to obtain ZnO@MWCNTs composites (Fig. 

24(g)(h)). 20 wt% ZnO@MWCNTs composites were mixed with paraffin to test their wave 

absorption properties (Fig. 24(j)(k)). The sample obtained at 500 °C for 4 h displays the optimal 

performances, with an RLmin of -47.4 dB at 7.68 GHz at 2.7 mm and an EAB of 3.7 GHz at 1.5 

mm. Fig 24(f) demonstrates the wave absorption mechanism of ZnO@MWCNTs. The introduction 

of MWCNTs forms a conductive network, which enhances the conduction loss, and a 

heterogeneous interface between ZnO and MWCNTs, which enhances the polarization relaxation 

and facilitates the dielectric loss. The multidimensional structure also increases the multiple 

reflection loss of electromagnetic waves, which is conducive to improving the wave absorption 

performances of the material. 
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Fig. 24 (a) Flow diagram of preparation of CNT/FeCoNi@C composites, (b) digital photograph of a flexible iron-filled CNT 

sponge, (c) (d) SEM image of CNT/FeCoNi@C[232]0. Copyright 2021, American Chemical Society. (e) flow diagram of the 

preparation of ZnO@MWCNTs composites, (f) the wave absorption mechanism of ZnO@MWCNTs composites, (g)(h) 

SEM images of ZnO@MWCNTs SEM[233]. Copyright 2020, Elsevier Ltd. (i) RL plot of CNT/FeCoNi@C composites[232]. 

Copyright 2021, American Chemical Society. (j) 3D RL and (k) RL plot of ZnO@MWCNTs[233]. Copyright 2020, Elsevier 

Ltd. 

4.3.1.2 MOF-carbon fibers composite absorbing materials 

Chen et al.[234] prepared FeIII-MOF-5 using terephthalic acid as the ligand. Afterwards, 

FeIII-MOF-5 and PAN were mixed in different ratios to obtain electrostatic spinning solutions and 

spun using an electrostatic spinning device, and finally the spun product was annealed at 700 °C 

to obtain the final product FeIII-MOF-5-derived/carbon fibers composites (FMCFs). The prepared 
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FMCFs mixed with paraffin wax (40 wt% filling ratio) were tested their absorbing properties. The 

RLmin reaches -39.2 dB at 1.4 mm and the EAB was 4.44 GHz (13.56-18 GHz). Guo et al.[235] 

prepared hollow loofah fibres (HLF) from loofah sponges, and then grew ZIF-67 on HLF using a 

hydrothermal method with 2-methylimidazole as the ligand to prepare HLF@ZIF-67(Fig.25(a)-

(c)). And finally high temperature calcination was carried out in N2 environment to obtain 

HCF@NC/Co, as shown in Fig.25(d). HCF@NC/Co was mixed well with paraffin wax to test its 

wave absorption performance (14 wt% filling rate), and the results are shown in Fig.25(e)(f). At 

2.25 mm thickness, the RLmin at 17.04 GHz can reach -50.14 dB, and at 2.7 mm, the EAB is 7.36 

GHz (10.64-18 GHz). Tao et al.[236] used 2-methylimidazole as a ligand to prepare ZIF-67 onto 

the treated CF, and the CF@C/Co composite was obtained after a one-step high temperature 

calcination treatment (Fig.25(g)-(i)). The CF@C/Co composites mixed well with paraffin (20 wt% 

filling rate) were measured the performances (Fig.25(j)(k)). The results show that the composite 

achieves an RLmin of -71.95 dB at 1.78 mm and an EAB of 6.25 GHz at 1.71 mm. 
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Fig. 25 (a) Flow chart of preparation of HCF@NC/Co composites, SEM images of (b) hollow lucerne fibres, HLF@ZIF-67 

and (d) HCF@NC/Co, (e) RL curves and (f) 2D RL[235]. Copyright 2021, American Chemical Society. (g) flow chart of 

preparation of CF@C/Co composites, SEM image of (h) CF@ZID-67 precursor and (i) CF@C/Co, (j) 3D RL and (k) 2D 

RL of CF@C/Co composite[236]. Copyright 2021, Elsevier Ltd. 

4.3.1.3 MOF-graphene (GO) composite absorbing materials 

Li et al.[237] prepared the Ce-MOF using 2-aminoterephthalic acid as the ligand 

(Fig.26(a)(b)). The prepared graphene oxide (GO) was mixed with Ce-MOF and calcined at 500 °C 

to prepare accordion-like CeO2-x/RGO composite nanosheets (Fig. 26(c)). The CeO2-x/RGO 

composite nanosheets were mixed with paraffin wax (50 wt% filling rate) and the absorption 

properties were tested in Fig. 26(e)(f). It is found that the EAB is up to 5.84 GHz, covering 12.16-

18 GHz. Fig 26(g) demonstrates the wave absorption mechanism of CeO2-x/RGO composites. 

Firstly, CeO2-x generates a large number of contact interfaces with the RGO surface, which 
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enhances the interfacial polarization. Secondly, CeO2-x/RGO composites have a good conductive 

network with good dipole polarization. Finally, the accordion-like RGO also effectively enhances 

the dielectric loss, and the synergistic effect of CeO2-x and RGO makes CeO2-x/RGO has good 

wave absorption properties Wang et al.[238] prepared multistage porous-like ZIF-67 precursors in 

the presence of GO using 2-methylimidazole as ligand (Fig.26(h)), after which the precursors were 

pyrolyzed in situ at high temperature to prepare honeycomb-like Co/C composites (Fig.26(i)). The 

prepared Co/C composites were mixed well with paraffin (10% mass ratio). And the results in 

Fig.26(k) display that the Co/C composites achieve an RLmin of -50.7 dB at 2.9 mm and an EAB 

of 4.6 GHz (8.6-13.2 GHz). 

 

Fig. 26 (a) Flow chart of the preparation of Ce2-x/RGO composite nanosheets, SEM images of (b) Ce-MOF, (c) Ce2-x/RGO 

(d) GO, (e) RL profile of Ce2-x/RGO, (f) EAB of Ce2-x/RGO composite nanosheets at different RGO contents, (g) absorption 

mechanism of Ce2-x/RGO composite nanosheets[237]. Copyright 2020, Wiley-VCH GmbH. (h) flow chart of the preparation 

of Co/C composites, (i) SEM images and (j) TEM images of Co/C composites, (k) RL curve plots of Co/C composites[238]. 
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Copyright 2019, Elsevier Ltd. 

In Fig. 27(a), Wang et al.[239] fabricated Fe-doped Co-MOF/rGO precursors in the presence 

of rGO using 2-methylimidazole as the ligand, in Fig. 27(b), after which the precursors were 

calcined at high temperature to obtain graded porous Fe-Co/NC/rGO composites. The prepared 

composite was mixed well with paraffin (25% mass ratio) and its wave absorption properties were 

tested in Fig. 27(d)-(f). The RLmin at 11.28 GHz at 2.5 mm can reach -43.26 and the EAB can reach 

9.29 GHz at 2.63 mm (8.71-18 GHz). Zhao et al [240] prepared a ZIF-67@CoNi LDHs-GO 

precursor by using 2-methylimidazole as the ligand (Fig. 27(g)), where ZIF-67 was formed on the 

periphery of GO with different contents and CoNi LDHs were fabricated on ZIF-67 (Fig. 27(h)(i)). 

This precursor was then annealed at 600 °C under argon to obtain the final product CoNi@NCPs-

rGO (Fig. 27(j)(k)). 30 wt% CoNi@NCPs-rGO was mixed well with paraffin and the related 

properties was exhibited in Fig. 27(n)-(p). At 2.5 mm and 10.62 GHz, the RLmin is up to -58.2 dB 

with the EAB of 4.03 GHz (8.80-12.83 GHz). 
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Fig. 27 (a) Preparation diagram of Fe-Co/NC/rGO composites, (b) SEM and (c) TEM images of Fe-Co/NC/rGO, (d) RL 

profile, (e) 2D projection and (f) 3D RL[239]. Copyright 2019, Springer. (g) illustration of preparation of CoNi@NCPs-

rGO, SEM images of (h)(i) ZIF-67@CoNi LDHs-GO precursors and (j)(k) CoNi@NCPs-rGO, (l)(m) TEM images of 

CoNi@NCPs-rGO, (n) RL profiles of CoNi@NCPs-rGO, (o) 3D RL maps and (p) 2D projection maps[240]. Copyright 2020, 

Elsevier Ltd. 

4.3.1.4 MOF-other carbon composite absorbing materials 

Liu et al.[241] synthesized CC@NPC/CoS2 composites using 2-plus-methylimidazole as the 

ligand on the surface of CC (Fig.28(a),(c)-(e)). 30 wt% composite was mixed with paraffin as well 

as tested for its wave absorption properties. In Fig.28(f)(g), at 2.5 mm the composite has a 9.2 GHz 

EAB, covering 8.8-18 GHz. Xiong et al.[242] obtained FeCo/C@WC composites through using 2-
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methylimidazole as ligand by growing ZIF-67 on the surface of the now-prepared degreased wood 

aerogel embedded with Fe3O4 particles and charring the sample at 800 °C under argon atmosphere 

(Fig. 28(h)-(l)). The prepared composites achieved an RLmin of -47.6 dB at 1.5 mm and 15.7 GHz, 

and an EAB of 8.9 GHz (9.1-18 GHz) at 1.96 mm, as shown in Fig. 28(m)(n). And the absorbing 

mechanism is presented in Fig. 28(b). The excellent dielectric loss of FeCo/C@WC composites is 

ascribed to the dipole polarization from the introduction of FeCo/C and the interfacial polarization 

generated by the heterogeneous interface among FeCo/C, FeCo/C and WC. Besides, WC retains 

its original porous structure, and the excellent porous conductive network is more conducive to the 

transmission of electrons, allowing the electromagnetic waves to be dissipated quickly. Zhang et 

al.[243] prepared NiCo2S4@C/PC composites by growing ZIF-67 on the surface of porous carbon 

(PC) using 2-methylimidazole as ligand and after carbonization, introduction of Ni elements and 

sulfidation. The RLmin of the prepared composites can reach -59.36 dB at thickness of 2.1mm and 

15.28 GHz, and the EAB can reach 6.8 GHz (10.96-17.76 GHz). 
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Fig. 28 (a) preparation diagram of CC@NPC/CoS2[241], Copyright 2020, Elsevier Ltd. (b) absorbing mechanism diagram 

of FeCo/C@WC[242], Copyright 2020, The Royal Society of Chemistry. (c)-(e) SEM images of CC@NPC/CoS2, (f) 3D loss 

diagram and (g) RL curve of CC@NPC/CoS2[241]. Copyright 2020, Elsevier Ltd. (h) flow diagram of the preparation of 

FeCo/C@WC, (i-l) SEM images of natural wood, WA, Fe3O4/ZIF-67@WA and FeCo/C@WC, (m) 3D RL diagram and (n) 

EAB diagram of FeCo/C@WC[242]. Copyright 2020, The Royal Society of Chemistry. 

4.3.2 MOF- MXene composite absorbing materials 

MXene is a new 2D nanomaterial discovered in recent years, prepared by etching an A-layer 

from the former phase MAX[244-247]. The 2D layered structure and the abundance of surface 

functional groups, as well as having a controlled layered structure and the high electrical 

conductivity makes it have strongly dielectric and polarization loss, which exhibits a huge potential 
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in microwave absorption[248-251]. The introduction of MXene into MOFs effectively improves 

the impedance matching and increases the polarization sites of the material, and the multilayer 

structure of MXene increases the multiple reflection loss of electromagnetic waves. A comparison 

of the absorbing properties of the absorbing materials prepared by combining MOFs with MXene 

is shown in Table 3. Chen et al. [252] prepared CoFe-MIL-88A spindle precursors using fumaric 

acid as the ligand, and a MXene sheet layer was grown on its surface by electrostatic self-assembly, 

and finally the whole composite was charred at high temperature to obtain CoFe/C@TiO2/C 

composites (Fig. 29(a)-(f)). The composite was mixed well with paraffin wax (5 wt% mass ratio) 

and tested for the wave absorption properties (Fig. 29(g)(h)). The results show that the composite 

can achieve an RLmin of -20 dB at 2.5 mm and an EAB of 6.1 GHz at 2.0 mm, which can cover 

11.9-18 GHz. Wang et al.[253] prepared flower-like CoNi-MOF precursors as using 2-

methylimidazole as the ligand (Fig. 29(i)(j)). Afterwards, a layer of Ti2C3Tx MXene was coated on 

its surface by electrostatic self-assembly and annealed at 350 °C under argon to obtain 

CoO/NiCo2O4/Ti2C3Tx composites (Fig. 29(k)). The CoO/NiCo2O4/Ti2C3Tx composites were 

mixed well with PVDF (5 wt% mass ratio). In Fig.29(l)(m), the results show that the composite 

realizes an RLmin of -47.17 dB at 2.9 mm and a 5.44 GHz EAB. Figure 29(n) shows the absorption 

mechanism of the CoO/NiCo2O4/Ti2C3Tx composite. The good absorption performances rely on 

the multiple reflections of electromagnetic waves by the porous structure and the optimization of 

the impedance matching throughout the material, which is rich in heterogeneous interfaces and 

defects that enhance interfacial polarization and dipole polarization, and a good conductive 

network that facilitates conductive losses. 
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Fig. 29 (a) preparation diagram of CoFe/C@TiO2/C, (b-e) SEM images of Ti2C3Tx MXene, CoFe-MIL-88A, CoFe-MIL-

88A/MXene precursors and CoFe/C@TiO2/C, (f) TEM images of CoFe/C@TiO2/C, (g) 2D RL of CoFe/C@ TiO2/C, (h) RL 

profiles of CoFe/C@TiO2/C at different carbonization temperatures[252]. Copyright 2021, Elsevier B.V. (i) preparation 

diagram of CoO/NiCo2O4/Ti2C3Tx composite, (j) SEM image of CoNi-MOF precursors, (k) TEM image of 

CoO/NiCo2O4/Ti2C3Tx, (l) 3D RL of CoO/NiCo2O4/Ti2C3Tx, (m) EAB of different samples, (n) absorbing mechanism of 

CoO/NiCo2O4/Ti2C3Tx[253]. Copyright 2021, The Royal Society of Chemistry. 

In Fig.30(a)-(d), Deng et al.[254] prepared Fe&TiO2@C composites at high temperature by 

using terephthalic acid as the ligand to prepare Fe-MOF on the periphery of Ti2C3Tx MXene. 40 

wt% composites were mixed well with paraffin and tested for their wave absorption properties. In 
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Fig. 30(e), the results show that the composite can reach an RLmin of -51.8 dB at 6.6 GHz at 3 mm, 

as well as the EAB is 6.5 GHz (11.5-18 GHz) at 1.6 mm. Fig 30(f) shows the wave absorption 

mechanism of Fe&TiO2@C composites. The sandwich-like structure is conducive to the multiple 

reflection loss of electromagnetic waves, the large number of heterojunction surfaces can produce 

huge interfacial polarization, and Fe&TiO2 is able to produce certain natural resonance and 

exchange resonance. Moreover, the introduction of magnetic loss also optimizes the impedance 

matching of the material to a certain extent, which makes the composites have good wave 

absorption performances. Wu et al.[255] fabricated MXene/CoNi/CNTs composites at high 

temperature by applying terephthalic acid as the ligand to prepare CoNi-MOF on the surface of 

MXene fibers (Fig. 30(g)-(j)). In Fig. 30(k)(l), the MXene/CoNi/CNTs composites at 1.6 mm 

achieve an -51.6 dB RLmin at 15.1 GHz and a 4.5 GHz EAB (13.2-17.7 GHz). 
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Fig. 30 (a) Flow chart for preparing Fe&TiO2@C, (b) SEM image of Ti2C3Tx MXene, (c) SEM and (d) TEM images of 

Fe&TiO2@C, (e) 3D RL, (f) wave absorption mechanism of Fe&TiO2@C[254]. Copyright 2020, Springer. (g) Flow chart of 

the preparation of MXene/CoNi/CNTs, SEM images of (h) MXene fibers, (i) MXene@CoNi-MOF and (j) 

MXene/CoNi/CNTs, (k) 3D RL and (l) 2D RL of MXene/CoNi/CNTs[255]. Copyright 2021, Elsevier B.V. 

4.3.3 MOF-conductive polymer composite absorbing materials 

Conductive polymers[256] are also commonly compounded with MOFs as excellent 

absorbers due to their high dielectric, low density, flexibility, corrosion resistance, low cost and 

tunable absorbing frequency width properties[257-259]. Conductive polymers such as polyaniline 
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(PANI)[260-263] and polypyrrole (PPy)[264, 265] are usually used. Conductive polymers with 

adjustable conductivity when compounded with MOFs can modulate the electromagnetic 

parameters of the material so that the absorber can move towards lower fill rates and thinner 

thicknesses while still ensuring a good EAB. A comparison of the absorbing properties of wave 

absorbing materials prepared from MOFs compounded with conductive polymers is shown in 

Table 3. Bi et al.[266] prepared CoZn-MOF precursors using 2-methylimidazole as the ligand in 

Fig.31(a)(b), and the precursors were subjected to high temperature carbonization and then grown 

with MoS2 and PPy successively to obtain CoZn/C@MoS2@PPy composites (Fig.31(c)). The 

prepared material was mixed well with paraffin wax (30 wt% mass ratio). The results in Fig.31(d)-

(f) indicate that the prepared composite has an RLmin at 15.88 GHz of -49.18 dB and its EAB of 

4.56 GHz (13.44-18 GHz). Sun et al.[267] obtained Co/C@PPy composite by using 2-

methylimidazole as the ligand to grow PPy on the surface of ZIF-67 precursors (Fig. 31(g)-(j)). 

The composite was mixed well with paraffin (10 wt% mass ratio) and its wave absorption 

properties are presented in Fig.31(k)(l). The results show that the RLmin at 17.32 GHz is up to -

44.76 dB at 2.0 mm and the EAB is 6.56 GHz (11.04-17.6 GHz) at 2.5 mm. Wang et al.[268] 

prepared Fe-MOF precursors using terephthalic acid as the ligand, followed by PANI grown on 

the surface of them to prepare Fe-MOF@PANI composites. 30 wt% Fe-MOF@PANI composites 

were mixed with paraffin as well as their absorbing properties were tested. It is found that at 2.0 

mm, the RLmin at 11.6 GHz is -41.4 dB and the EAB is 5.5 GHz, covering 9.8-15.3 GHz. 
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Fig. 31 (a) flow chart of the preparation of CoZn/C@MoS2@PPy composites, SEM images of (b) CoZn-MOF precursors 

and (c) CoZn/C@MoS2@PPy, (d) RL profile, (e) 3D RL and (f) 2D RL of CoZn/C@MoS2@PPy composites[266]. Copyright 

2021, Elsevier Inc. (g) flow chart of Co/C@PPy aerogel, (h-j) SEM images of ZIF-67, Co/C and Co/C@PPy, respectively, (k) 

RL profile and (l) 2D RL of Co/C@PPy[267]. Copyright 2018, MDPI.
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Table 3 Wave absorption properties of MOF-based composite absorbing materials. 

Microwave absorbing 

materials 
Loading (wt%) 

RLmin EAB 
Ref 

Value (dB) fm (GHz) Thickness (mm) Value (GHz) Range (GHz) Thickness (mm) 

CoZn/C@MoS2@PPy 30 -49.18 15.88 1.5 4.56 13.44-18 1.5 [266] 

CoFe/C@TiO2/C 50 -20 - 2.5 6.1 11.9-18 2.0 [252] 

FMCFs 40 -39.2 - 1.4 4.44 13.56-18 1.4 [234] 

Fe&TiO2@C 40 -51.8 6.6 3 6.5 11.5-18 1.6 [254] 

Co-CNTs 20 -30 14.2 1.5 7.8 10.2-18 1.5 [231] 

HCF@NC/Co 14 -50.14 17.04 2.25 7.36 10.64-18 2.7 [235] 

MXene/Co-CZIF 50 -60.09 7.36 2.7 9.3 - 2.7 [269] 

CNT/FeCoNi@C 30 -51.7 - 3.0 6.0 - 1.0 [232] 

PPy/ZIFs 30 -31 - 2.6 7.24 10.76-18 2.6 [270] 

CeO2-x/RGO 50 -50.6 15.9 1.5 5.84 12.16-18 1.5 [237] 

ZnO@MWCNTs 20 -47.4 7.68 2.7 3.7 - 1.5 [233] 
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CoFe2O4@CNTs 40 -34.6 13.4 2.5 7.1 10-17.1 2.5 [271] 

CC@NPC/CoS2 30 -59.6 9.1 2.8 9.2 8.8-18 2.5 [241] 

Co3O4/CF 40 -46.58 10.72 3.3 5.4 - 3.3 [272] 

CNT/Ni@N-C 30 -55.1 10.56 2.5 11.2 6.0-17.2 1.5-4.0 [273] 

Co/C@PPy 10 -44.76 17.32 2.0 6.56 11.04-17.60 2.5 [267] 

CF@C/Co 20 -71.95 - 1.78 6.25 - 1.71 [236] 

CoO/NiCo2O4/Ti3C2Tx 5 -47.17 - 2.9 5.44 - 2.9 [253] 

Co/C 10 -50.7 - 2.9 4.6 8.6-13.2 2.9 [238] 

Fe-Co/NC/rGO 25 -43.26 11.28 2.5 9.29 8.71-18.0 2.63 [239] 

CoO@N/C-Co/Ni-NCO 30 -52.45 14.77 1.66 5.3 - 1.66 [274] 

CNT-CoFe@C 10 -40.00 9.86 3.0 5.62 - 2.0 [275] 

Fe-MOF@PANI 30 -41.4 11.6 2.0 5.5 9.8-15.3 2.0 [268] 

Co@SC@MNC 20 -72.3 - 2.6 6.0 - 2.3 [276] 

MXene/CoNi/CNTs - -51.6 15.1 1.6 4.5 13.2-17.7 1.6 [255] 

Ti3CNTX/Ni@C 8 -65.7 - 1.5 5.4 12.6-18 1.5 [277] 
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FeCo/C@WC 85 -47.6 15.7 1.5 8.9 9.1-18 1.96 [242] 

CoNi@NC/rGO 25 -68.0 10.9 - 6.7 - 2.5 [278] 

FeNi@CNTs/CNRs 20 -47.0 - 2.3 4.5 - 1.6 [279] 

Co/MnO/CNTs 35 -58.0 - 2.65 5.36 10-15.36 1.97 [280] 

CoS2/NCNTs 50 -65.0 - 1.6 6.2 13.8-18.0 1.6 [281] 

HCF@CZ-CNTs 10 -53.5 7.8 2.9 8.02 9.98-18 2.0 [282] 

SiC/Ni/NiO/C 20 -50.52 13.24 4.0 2.96 14.76-17.72 2.5 [283] 

NiFe@CNC@GO 30 -51.0 7.7 2.8 3.97 8.30-12.27 2.2 [284] 

NBC@GN 10 -53.99 - 3.9 4.39 - 1.4 [285] 

Co-C/MWCNTs 15 -48.9 - 2.99 - - - [286] 

NiCo2S4@PC 20 -59.36 15.28 2.1 6.8 10.96-17.76 2.1 [243] 

NiFe2S4@PC 25 -51.41 - 1.8 4.08 - 1.9 [287] 

CoAl-LDO@Co-C 30 -38.18 - 2.6 8.48 9.16-18.0 2.6 [288] 

CoNi@NPCs-rGO 30 -58.2 10.62 2.5 4.03 8.80-12.83 2.5 [240] 

ZnO-Co@N/C 30 -62.7 5.98 4.05 5.75 - 2.0 [289] 
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Ni/NC/C 16 -63.1 13.84 2.0 5.12 11.28-16.40 2.0 [290] 

ZIF-7@CNTs 10 -62.5 6.19 3.6 5.78 - 2.4 [291] 

HCoZnNC@MX 20 -76.40 7.50 2.92 3.9 - 2.92 [292] 

CZIF-PPy 40 -40.0 16.0 1.8 - - - [293] 
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5. Conclusions and prospect 

In recent decades, MOFs and MOF-based absorbers have continued to demonstrate their 

advantages in electromagnetic wave absorption, due to simple preparation process, low cost, high 

thermal stability, high specific surface area and porosity. The high absorption and loss of incident 

electromagnetic waves can be achieved by adjusting the microstructure and composition. At 

present, MOF-based absorbing materials have made great breakthroughs, opening up a new path 

for the pursuit of "thin, light, wide and strong". 

Although some results for the research and development of MOF-derived absorbing materials 

have been demonstrated, a number of significant challenges remain at this stage. Firstly, as the 

research continues, the traditional routes for the preparation of carbon materials faces many new 

issues when MOFs are directly severed as templates or precursors. Due to the inherent 

characteristics of MOFs, the carbon materials obtained are predominantly microporous, which is 

not conducive to mass/electron transfer. Moreover, the structure of carbon materials obtained by 

direct carbonization of MOFs has a single morphology and is not easily adjustable, and the 

carbonization process requires strict temperature control. Therefore, the parameters of various 

synthetic MOFs need to be further investigated. Secondly, because the absorption capacity is 

attributed to different mechanisms such as dielectric and magnetic losses, multiple reflections and 

impedance matching, etc., the quantitative estimation of the effect of various mechanisms still 

lacks sufficient theoretical support. Hence, the microwave absorption mechanism of MOF-derived 

absorbing materials needs to be further clarified.  
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In addition, many researchers currently pursue the RL and EAB of absorbers too much, 

making the development of MOF absorbing materials detached from practical applications. Finally, 

there are still many MOF composites that need more experimentation and exploration, and more 

structural shapes to be designed. In conclusion, there is still a long way to explore for MOF-based 

absorbing materials to industrial applications. 

In summary, MOF-based 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. MOF-based materials as a new star, is a very promising high-

efficiency electromagnetic wave absorption material at present and in the future. It will certainly 

continue to drive scientific and technological progress and industrial upgrade, and achieve the 

continued prosperity of human society. 
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