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A B S T R A C T   

Two-dimensional materials refer to materials in which electrons can only move freely on the nanometer scale in 
two dimensions and have more diverse structures and diverse properties than solid-phase materials. In the past 
decade, two-dimensional materials have attracted considerable attention due to their most excellent physical 
properties, such as graphene, molybdenum disulfide (MoS2) and MXenes. Meanwhile, due to their special 
structures, excellent electrical conductivity, rich surface and good mechanical strength, two-dimensional ma-
terials have unique electromagnetic properties and have potential applications in electromagnetic wave ab-
sorption, shielding and radar stealth. In this review, the progress in two-dimensional microwave absorption 
materials is reviewed objectively, including graphene, MoS2 and MXenes, as well as their composites, focusing on 
the achievements of the past few years and the current challenges. In addition, the performances of two- 
dimensional microwave absorption materials in different frequency ranges and the application in electronic 
communication and radar stealth will also discussed.   

1. Introduction 

1.1. Microwave absorption materials 

Microwave absorption material, also known as radar absorption 
material or radar stealth material, which can absorb microwave energy 
without scattering and reflection [1]. The essential principle of micro-
wave absorption is to convert the microwave energy into thermal energy 
that dissipates into the environment through various absorption mech-
anisms. Microwave absorption materials should have sufficiently high 
microwave absorption rate and wide absorption bandwidth for appli-
cations [2,3]. In addition, they should also have other characteristics, 
such as small thickness, low surface density, high mechanical strength 
and environmental friendliness [4–10]. 

In general, microwave absorption materials can be divided into 
interference type and absorption type, depending on their working 
principles[11–13]. When the incident electromagnetic wave enters the 
interior of the material, the reflection, absorption and transmission of 
electromagnetic waves generally occur[14]. Under normal circum-
stances, when considering the evaluation of electromagnetic wave ab-
sorption performance, two points that must be considered are 
impedance matching and attenuation characteristics[15]. According to 
the type of losses, there are conductance loss, dielectric loss and mag-
netic loss. In order for electromagnetic waves to enter the material as 
much as possible, the material should match the impedance of free 
space. According to the transmission line theory[16], the reflection co-
efficient Γ of electromagnetic waves on a material, the impedance (Z0) of 
the free space and the impedance (Zin) of the material are given the 
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following respective equations: 

Γ = (Zin − Z0)/(Zin +Z0) (1)  

Zin =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(μr/εr)

√
,Z0 =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(μ0/ε0)

√

(2)  

where µr and εr represent the complex permeability and permittivity of 
the material, while µ0 and ε0 represent the permeability and permittivity 
of free space, respectively. The impedance of the material can be as close 
as possible to the that of the free space to minimize reflection of the 
electromagnetic waves[17]. When electromagnetic waves enter the 
interior of the material, they will interact with the material. In other 
words, the material should have large internal losses, including dielec-
tric loss and magnetic loss[18]. 

1.2. Two-dimensional microwave absorption materials 

Graphene is a typical two-dimensional material, which has attracted 
great attention since its discovery, due to its potential applications in 
various scientific fields, such as energy storage, energy delivery, elec-
trochemistry, catalysis and optoelectronic, due to its excellent chemical 
and physical properties and ultra-thin thickness[19]. With the devel-
opment of technology and science, the influence of electromagnetic 
radiation on environment is increasing[20]. Therefore, development of 
electromagnetic wave absorption materials to suppress electromagnetic 
pollution becomes a major subject of material science. In this regard, 
two-dimensional microwave absorption materials have become a 
research hotspot because of their light weight and excellent physical and 
chemical properties. 

Fig. 1 shows publication data of two-dimensional materials in the 
field of microwave absorption, while a significant increase is observed in 
the last two years. Currently, two-dimensional microwave absorption 
materials basically include graphene[21], MoS2[22], MXene[23,24] and 
their combination with other dielectric or magnetic materials. Fig. 2 
shows schematic diagrams of the preparation process based on several 
typical composites materials. The structures of the composites are 
dependent on the structures of the two-dimensional materials, with 
layered, yolk-shell and nanowire morphologies. Such composites ma-
terials could have excellent electrical, thermodynamic and mechanical 
properties, together with the advantages of small density, large specific 
surface area and high thermal stability[21,23]. Most importantly, they 
have promising microwave absorption performances, with the so-called 
“thin, light, wide, and strong” requirements[25]. 

This review systematically summarizes the research progress of two- 
dimensional materials in the field of microwave absorption. By discus-
sing the microwave absorption properties of graphene, molybdenum 
disulfide, Mxene and their composites materials, the effective method to 
improve the microwave absorption properties of composite materials 
was found. Finally, we put forward some directions and prospects for 
future development. 

2. Microwave absorption mechanisms 

Microwave absorbers can be divided into three categories according 
to their loss mechanisms, i.e., (i) resistive absorber, (ii) dielectric loss 
absorber and (iii) magnetic loss absorber, which are presented and 
discussed in this section. 

2.1. Conductive microwave absorption materials 

Resistive absorbers, such as conductive carbon black[32], graphite 
[33], silicon carbide and high conductivity polymers[34], mainly absorb 
electromagnetic waves through their interaction with the electric field. 
With the addition of conductive fillers such as carbon black and 
graphite, the performances of microwave absorption materials could be 
largely enhanced[35]. The presence of the conductive fillers leads to the 
formation of a local conductive network or conductive chain inside the 
materials[36,37]. At the same time, the particles of the conductive fillers 
have very small sizes, so that they can be evenly distributed in the 
matrix, forming a large number of scattering sites to consume the elec-
tromagnetic waves[38–43]. 

Owing to its promising microwave absorption performances, silicon 
carbide has been extensively studied[44]. Yin’s team has made 
outstanding contributions in this field[45]. Silicon carbide belongs to 
impurity type semiconductor, whose resistivity is between metal and 
normal semiconductor. In order to explain the conductive microwave 
absorption[46], the Debye relaxation law is usually used, which is 
expressed as[47,48]: 

[ε’ − (εs + ε∞)/2 ]2 +(ε’’)2
= [(εs − ε∞)/2]2 (3)  

where ε∞ and εs are the high and low frequency limit permittivities, 
respectively. Typically, the ε’-ε’’ curve is a single semicircle represent-
ing the Debye relaxation process, which with regard to the effects of 
interfacial polarization and conduction loss[49]. The ε’-ε’’ curve is also 
called Cole-Cole curve, and each semicircle represents a relaxed polar-
ization process, indicating that the dielectric loss at this time is caused 
by the relaxed polarization loss. When the Cole-Cole curve is a straight 
line, it means that the dielectric loss is mainly caused by the conductance 
loss. 

2.2. Dielectric microwave absorption materials 

Dielectric absorbers attenuate electromagnetic waves mainly 
through the polarization relaxation of the media. When electromagnetic 
waves enter dielectric materials, energy is lost due mainly to constant 
polarizations, including ion displacement polarization, electron cloud 
displacement polarization and ferroelectric domain conversion polari-
zation[50,51]. 

Ceramic microwave absorption materials have good mechanical and 
thermal properties, such as high temperature resistance, low coefficient 
of thermal expansion, high strength, chemical stability and corrosion 
resistance[50,52,53]. Currently, the most common ceramic microwave 
absorption materials are BaTiO3[54], SiO2[55,56] and silicon carbide 
[57]. The microwave absorption of dielectric materials like BaTiO3 is 
closely related to the electron polarization, ion polarization and mo-
lecular polarization[58,59]. 

Fig. 1. Publication data of two-dimensional materials in the field of microwave 
absorption from Web of Science. Inset: structures of GO (Reproduced with 
permission from Ref. [26]), MoS2 (Reproduced with permission from Ref. [27]) 
and MXene (Reproduced with permission from Ref. [28]). 
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Fig. 2. (a) Schematic diagrams for the production process of yolk-shell ZnO-Ni-C/rGO composite materials (Reproduced with permission from Ref. [29]). (b) 
Illustration of growth mechanism of PANI@MoS2@Fe3O4 nanowires (Reproduced with permission from Ref. [30]). (c) Schematic illustration of the fabrication 
process of ZnO-Ti3C2Tx nanocomposites (Reproduced with permission from Ref. [31]). 

Fig. 3. Frequency dependent real (a) and imaginary (b) parts of permittivity and real (c) and imaginary (d) parts of permeability of the Ni0.4Zn0.4Co0.2Fe2O4-rGO 
nanocomposites. (Reproduced with permission from Ref. [73]). 
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2.3. Magnetic microwave absorption materials 

Magnetic microwave absorption materials attenuate electromagnetic 
waves mainly through magnetic effects[60]. Till now, Due to their high 
magnetic loss and dielectric loss, magnetic microwave absorption ma-
terials have strong electromagnetic wave absorption capabilities, but 
their high density limits their applications in some areas[61–64]. The 
loss mechanisms of magnetic microwave absorption materials mainly 
include hysteresis loss, eddy current loss, dimensional resonance, nat-
ural resonance and so on[65,66]. Generally, the level of the hysteresis 
loss can be evaluated by using the parameters derived from the hyster-
esis loop, such as saturation magnetization and the coercive force. 
Magnetic aftereffect refers to the delay of magnetic induction with 
respect to the change of external magnetic field[67]. Eddy current loss is 
generated when an alternating magnetic field is applied to a conductor 
[53,68]. Natural resonance occurs in the absence of an external stable 
magnetic field due to the existence of an equivalent magnetic crystal 
anisotropic field inside ferromagnetic materials[63,69,70]. 

Compared with other microwave absorption materials, ferrites have 
the advantages of high working frequency, wide frequency band and 
small coating thickness[71,72]. Almost all soft ferrites can be used as 
microwave absorption materials, such as NiCoZn and hexagonal ferrites 
[73–75]. For example, Fig. 3 shows complex permittivity and perme-
ability of the Ni0.4Zn0.4Co0.2Fe2O4-rGO nanocomposites, in which the 
NiCoZn ferrites possess promising electromagnetic performances, and it 
could be seen that the best group distribution ratio could obtain the best 
real and imaginary values of the dielectric constant. The amount of 
NiCoZn ferrites could effectively control the complex permittivity and 
complex permeability of the composites, thereby further improving the 
electromagnetic wave absorption performance of the composites. Mag-
netic metal microwave absorption materials are mainly in the forms of 
fine powders or fibers, including Fe, Co, Ni and their alloys[76], which 
absorb and attenuate electromagnetic waves mainly through eddy cur-
rent loss and hysteresis loss[64,77–79]. 

3. Two-dimensional materials for microwave absorption 

Represented by graphene, two-dimensional materials generally have 
high values of dielectric constant[39,80]. Graphene is the thinnest ma-
terial in the carbon family and has great potential as microwave ab-
sorbers[20,21,23,81,82]. Similarly, MoS2-based and MXenes-matrix 

composite materials also possess excellent microwave absorption per-
formance, due mainly to their functionalized surfaces, abundant defects 
and large interlayer distances, leading to dipole polarizations 
[28,36,83,84]. 

3.1. Graphene-ferrite composites 

3.1.1. Microwave absorption properties of graphene 
Two-dimensional graphene has various unique properties, such as s 

high room-temperature carrier mobility, large theoretical specific sur-
face area, high optical transparency, excellent mechanical properties 
and high thermal conductivity[69,85,86]. The structure of graphene is a 
two-dimensional single layer of carbon atoms stacked into a hexagonal 
structure. The C–C bond is sp2 hybridization, the in-plane C–C bond is 
one of the strongest bonds in the material and the π bond of the out of 
plane contributes to the delocalized electronic network. It is not only 
responsible for the electronic conduction of graphene, but also provides 
the graphene layer with the weak interaction between the layers or 
between the graphene and the substrate. Shen et al.[87] prepared gra-
phene oxide (GO) films through direct evaporation of GO suspension at a 
mild temperature. Fig. 4 shows schematic representation of fabrication 
process of the GO-films and GO-foams. The GO-foam had lower con-
ductivity, but a shielding performance was better than that of the GO- 
film. This is simply because the microwaves experienced multiple 
reflection in the pores of the GO-foam[88]. 

3.1.2. Microwave absorption properties of graphene-based composites 
Graphene-based microwave absorption composite materials mainly 

include graphene/nano metal, graphene/conductive polymer and gra-
phene/nano metal/conductive polymer. The coaxial transmission 
method was used to evaluate microwave absorption properties of the 
composite materials. The RL is determined according to the following 
equations[27,89,90]: 

RL(dB) = 20log|(Zin − 1)/(Zin + 1)| (4)  

Zin =
̅̅̅̅̅̅̅̅̅̅
μr/εr

√
tanh[j(2πfd/c) ̅̅̅̅̅̅̅̅εrμr

√
] (5)  

where c is the velocity of microwaves, f is the microwave frequency and 
d is the absorb layer thickness. Generally speaking, when the RL value 
reaches below − 10 dB, the absorption of the electromagnetic wave 

Fig. 4. (a) Schematic representation of fabrication process of the GO-films and GO-foams. (b-c) Cross-sectional SEM images of the GO-films and (d) the GO-foams. 
(Reproduced with permission from Ref. [87]). 
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materials could reach 90%, and we think that the microwave absorbing 
material has achieved effective absorption. Wu et al.[26] prepared 
reduced graphene oxides (rGO) with polypyrrole with RL of − 54.4 dB. 
Kuang et al.[91] used natural biopolymer cellulose nanofiber to form 
composites with rGO, leading to maximum RL of − 40.64 dB, with 
effective absorption bandwidth of 7.72 GHz showed in Fig. 5a-c. Be-
sides, in order to eliminate or even convert the negative effects of heat 
energy into other electromagnetic energy, Cao et al.[92] first proposed a 
simple and versatile “material gene sequencing” method. It focused on 
converting and harvesting the waste electromagnetic energy in the 

environment, providing a better way against the electromagnetic 
pollution, which was different from other method. 

It is expected the combination of graphene and magnetic compo-
nents could result in composite materials with high microwave ab-
sorption performances. For instance, Ding et al.[94] prepared Co 
nanosheets@rGO composites with maximum RL of − 45.15 dB while the 
optimal absorption bandwidth was 7.14 GHz. Composites prepared by 
using chemical methods usually have higher microwave absorption 
performances. For example, as demonstrated in Fig. 5d-e, Cao et al.[93] 
prepared Co3O4-rGO composites exhibited excellent microwave 

Fig. 5. (a) Schematic illustration of self-assembly process of the CNF/rGO composites. (b) SEM image of the 0.75-CNF/10rGO composite. (c) RL values of the CNF/ 
10rGO composites with different contents of CNF. (Reproduced with permission from Ref. [91]) (d) Formation process and (e) SEM image of the Co3O4-rGO hybrid- 
architectures. (Reproduced with permission from Ref. [93]). 
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absorption performances, with a minimum RL of − 61 dB. The authors 
claimed that the interfacial polarization and dipole polarization of the 
composites could be adjusted, so that the electromagnetic characteris-
tics of the Co3O4 flowers could be tailored. Similarly, novel porous 
flower-like NiO@graphene composites[95] and rGO/MnOx composite 
aerogels[96] have been shown to have promising microwave absorption 
properties. 

Ferrites, especially spinel ferrites, have been used form composites 
with graphene, in order to develop high performance microwave ab-
sorption materials. Examples include NiFe2O4-rGO[72,97], CoFe2O4/ 
rGO[98], ZnFe2O4-rGO[99], Ni0.4Zn0.4Co0.2Fe2O4-rGO[73,100], rGO/ 
porous LiFe5O8[100] and so on. Numerous research results indicate that 
relaxation loss, electrical loss, and magnetic loss are likely to be the main 
reasons for the excellent microwave absorption performance, which is 
closely related to the magnetic particles with multi-interfaces and 
improved impedance matching. For instance, Liu et al.[98] prepared 
CoFe2O4/rGO (CFO/rGO) composites that possessed an ultra-wide 
bandwidth of 5.8 GHz and the maximum RL of − 57.7 dB as the 
absorbing layer thickness was 2.8 mm. Meanwhile, other ferrites have 
also been studied in terms of microwave absorption properties in addi-
tion to spinel ferrites[101–103]. 

3.1.3. Microwave absorption properties of ternary graphene composites 
From the above results, the combination of the magnetic materials 

and graphene did increase the RL of the composite to some extent, but 
the absorption bandwidth did not seem to change much. In order to 
further improve the attenuation characteristics and impedance match-
ing inside the material, organic materials can be added to the composite 

material to form a ternary composite material. 
For example, Zhang et al.[104] prepared rGO/MnFe2O4/PVDF 

composites and the results show the most excellent wave absorption 
properties. Gradually, ZnO@Fe3O4[105], MoS2/Fe3O4/rGO[106], 
Fe3O4@LAS/rGO[29,107], rGO-CNT-Fe3O4[108], rGO/BaFe12O19/ 
Fe3O4[109] have been researched and possessed excellent absorption 
properties respectively. In addition, Zhu et al.[110] successfully 
designed the flower-like CoS2@MoS2@rGO with the minimum RL of 
− 58 dB and an effective absorption bandwidth of 6.24 GHz in Fig. 6 
[38,111]. In summary, graphene-based materials have been greatly 
progressed for microwave absorption applications, as listed in Table 1. 

Fig. 6. (a) The schematic illustration for CoS2@MoS2/rGO composites. SEM images of (b) CoS2, (c) CoS2@MoS2, (d) CoS2@MoS2/rGO. (e) the corresponding three- 
dimensional representation and (f) RL of CoS2@MoS2/rGO composite with 20% loading in the frequency range of 2–18 GHz. (Reproduced with permission 
from Ref. [110]). 

Table 1 
Performances of recently reported graphene-based microwave absorption 
materials.  

b Thickness(mm) RL(dB) Bandwidth(GHz) Refs. 

GO foam  – − 26.30  – [87] 
MoS2/rGO  2.30 − 50.90  3.00 [27] 
CoNSs@rGO  3.60 − 45.15  5.61 [94] 
Co3O4/rGO  2.40 − 61.00  4.00 [93] 
CoFe2O4/rGO  2.80 − 57.70  5.80 [98] 
NiO@graphene  1.70 − 59.60  4.24 [95] 
NiFe2O4-rGO  2.70 − 58.00  4.08 [97] 
rGO/MnFe2O4/PVDF  3.00 − 29.00  4.88 [104] 
rGO/Fe3O4/ZnO  2.00 − 57.00  4.50 [105] 
rGO/BaFe12O19/Fe3O4  1.80 − 46.04  5.68 [109] 
CoS2@MoS2/rGO  2.40 − 58.00  6.24 [110]  
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3.2. MoS2-based microwave absorption materials 

3.2.1. Microwave absorption properties of MoS2 
MoS2 is a new two-dimensional layered compound, similar to gra-

phene. Recently, MoS2 has become a research hotspot, due to its unique 
physical, chemical and photoelectric properties. Like graphene, MoS2 
also has a weak van der Waals force between adjacent layers. The 
structure of single-layer molybdenum disulfide is a sandwich layered 
structure formed by a layer of Mo atoms in the middle and a layer of S 
atoms on both sides. At the same time, one Mo atom is connected to six S 
atoms, and the Mo-S bond is a covalent bond. However, the distance 
between the layers of the multilayer molybdenum disulfide structure is 
0.65 nm, and there is only weak van der Waals force between the layers, 
so molybdenum disulfide has excellent lubricity. MoS2 can be prepared 
by using natural or chemical synthesis. Natural method refers to the 
removal of acid insoluble substances, such as SiO2, Fe, Cu, Ca, Pb and 
other impurities in molybdenites through certain physical and chemical 
interactions, followed by further refinement. The MoS2 obtained in this 
way can maintain the natural crystal shape of MoS2, thus having high 
lubrication performance. Chemical synthesis method can result in high 
purity, less impurity, fine particle size sulfides, which there can be used 
to prepare materials with different functionalities. Therefore, this 
method has been widely utilized to produce nanosized sulfides. There 
are many ways to prepare MoS2, but the most widely used method is 
hydrothermal process. In this case, molybdenum source directly reacted 
with sulfur to form nano-MoS2[112]. 

In 2015, Cao et al.[113] obtained few-layered MoS2 nanosheets and 
studied dielectric properties and microwave absorption performance of 
the MoS2 nanosheets. It was found that MoS2 nanosheets had higher 
imaginary permittivity than their bulk counterpart. Similarly, MoS2 has 
also been incorporated with other components in order to achieve 
composites with high microwave absorption performance. 

3.2.2. Microwave absorption properties of binary MoS2 composites 
Recently, Che et al.[114] reported hierarchical MoS2/FeS2 compos-

ites with a maximum RL value of − 60.2 dB and an effective absorption 
bandwidth of 6.48 GHz at only 2 mm. Due to the hollow porous structure 
and high specific surface area, multi-interface polarization was present 

and impedance matching was improved[115], so that the composite 
displayed excellent microwave absorption performances, with strong 
broadband microwave absorption. More recently, Fe@MoS2[116,117], 
MoS2@Bi2Fe4O9[118], and MoS2@CoFe2O4[119] have been reported in 
the literature, with promising microwave absorption performances. 

In addition to ferrites, conductive polymers have been combined 
with MoS2 to develop microwave absorption materials[27,113]. For 
example, Zhao et al.[120] prepared metal–organic framework-based 
PB@MoS2 core–shell microcubes with an effective bandwidth of 7 
GHz[121]. In addition, Bai et al.[122] fabricated MoS2/PANI composite 
with nano-flower structure, with multiple interfaces and multiple po-
larizations and reflections, thus leading to strong electromagnetic wave 
absorption capability. As shown in Fig. 7a-b, An et al.[34] prepared 
PPy@MoS2 heterostructures with bandwidths of up to 6.4 GHz at 2.5 
mm and a peak RL of − 49.1 dB. The outstanding performances were 
attributed to the good impedance matching and multifarious loss path-
ways in the materials, such as dipole polarization, interfacial polariza-
tions and conductive loss. 

3.2.3. Microwave absorption properties of ternary MoS2 composites 
Of course, MoS2 based ternary composites have also attracted at-

tentions for microwave absorbing applications. With the combination of 
graphene and MoS2, Prasad et al.[123] reported Ni-Cu@MoS2@rGO 
composites with enhanced dielectric loss and thus microwave shielding 
capability. Moreover, there are various composites that possessed 
similar microwave absorption performances[110]. For example, poly-
aniline@MoS2@Fe3O4 nanowires exhibited the minimum RL value of 
− 49.7 dB[30]. Graphene nanoplatelets-based multi-component com-
posites (GNPs@NixSy@MoS2) could achieve a RL value of − 43.3 dB 
with a thickness of 2.2 mm, as observed in Fig. 8a-b[124]. Besides, 
composite materials[125], such as polystyrene/polyaniline(PANI)/ 
MoS2 hybrid[51], MoS2/TiO2/Ti3C2Tx[84], MoO3/MoS2/PVDF hybrids 
[126], Fe3O4@C@MoS2[127], also displayed excellent microwave ab-
sorption performances. 

The relationships between effective bandwidth and thickness of the 
MoS2-based microwave absorption materials reported in the open 
literature are summarized in Fig. 8c-d. The RL value of most MoS2-based 
microwave absorption materials could exceed − 40 dB, which are much 

Fig. 7. Schematic diagram to illustrate preparation of the core–shell PPy@MoS2 with nanotube-like composite. (Reproduced with permission from Ref. [34]).  
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higher than that of pure MoS2. Besides, the MoS2/CoFe2O4 composites 
had much better performance, with a RL level of − 55.3 dB at the 
thickness of 1.6 mm[119]. In this case, the ferrites played an important 
role in improving the microwave absorption behaviors of the compos-
ites. As shown in Fig. 8d, the absorption bandwidth (<-10 dB) of almost 
all MoS2-based microwave absorption materials exceeds 4 GHz and the 
corresponding thickness is less than 3 mm. Similarly, MoS2/FeS2 com-
posite exhibited an effective absorption bandwidth of 6.48 GHz when 
the thickness was only 2 mm[114]. Therefore, MoS2 and its hybrids are 

potential candidates as microwave absorption materials with wide 
bandwidth. 

3.3. MXene-based microwave absorption materials 

3.3.1. Microwave absorption properties of MXene materials 
MXenes are metal carbides or nitrides with two-dimensional layered 

structures, which are similar to that of laminated potato chips, MXene 
synthesized by hydrofluoric acid etching has a morphological structure 

Fig. 8. (a) RL curves and (b) 3D surface plots of the GNPs@NixSy@MoS2 composite at different thicknesses. (Reproduced with permission from Ref. [124]) Per-
formance assessment diagram of typical MoS2-based microwave absorption materials: (c) minimum reflection loss and (d) effective absorption bandwidth 
versus thickness. 

Fig. 9. (a) Schematic illustration of fabrication of the hydrophobic and flexible MXene foams. (b) XRD patterns of Ti3AlC2, unexfoliated Ti3C2Tx and the MXene films. 
(c) SEM image of the Ti3C2Tx MXene sheets. Cross-sectional SEM images of the MXene films (d, e) and the MXene foam (f, g). (Reproduced with permission 
from Ref. [28]). 
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similar to an accordion, and they are multilayered[83]. MXenes have a 
general chemical formula of Mn+1AXn, with n = 1–4, where M is the 
transition metals, such as Ti, Mn, Nb or Mo and so on, in general A is the 
elements of the third and fourth main groups and X represents C or N 
[128]. MXenes are considered a promising alternative to graphene, due 
to their excellent metal conductivity, MXene materials with different 
structural designs have also made the latest progress in wireless 
communication, electromagnetic interference shielding and electro-
magnetic wave absorption[24]. Zhang et al.[28] fabricated hydropho-
bic, lightweight and flexible MXene foams, which were the first 
hydrophobic and porous MXene based materials, as shown in Fig. 9. 
They achieved an outstanding electromagnetic shielding effectiveness 
with the lightweight MXene foams, due to the favorable porous struc-
ture. In addition, microwave absorption performances and electromag-
netic shielding of MXene nanosheets are also reported by Yin[129], He 
[130] and others[83,128]. 

3.3.2. Microwave absorption properties of binary MXene composites 
Zhang et al.[131] demonstrated that Ni-modified MXene exhibited 

enhanced microwave absorption capability, due to the introduction of 
the additional magnetic loss. Liang et al.[132] and Jiang et al.[133] 
reported electromagnetic shielding properties of MXene-Ni composites, 
but the latter team added PVDF to adjust the loss mechanism and thus 
the attenuation mechanism of the materials. Qian et al.[31] and Deng 
et al.[134] fabricated the urchin-like ZnO-MXene composites and 
MXene/Co3O4 composite to further enhance electromagnetic absorption 
performances. FeCo-Ti3C2 MXene[135] and sandwich-like CoFe@-
Ti3C2Tx[136] were designed to modify the impedance matching and 
enhance interfacial polarization. At the same time, spinel ferrites were 
combined with MXene to develop microwave absorption composites, 
such as ZnFe2O4/MXene[137], Ni0.5Zn0.5Fe2O4/MXene[74], and 
Fe3O4@Ti3C2Tx[138]. 

In addition, dielectric and resistive absorbing materials are also 
widely used to combine with MXene, such as SiC[139], carbon[140] and 
polyaniline[141]. For example, Yin et al.[142] synthesized Ti3C2Tx/ 
SiCnws hybrid foams with ultralow density, with a minimum RL value of 
− 55.7 dB. The unique interaction between Ti3C2Tx and SiCnws, together 
with graded porosity, greatly reduced the degree of agglomeration of the 
particles, facilitating electromagnetic dissipation. 

3.3.3. Microwave absorption properties of ternary MXene composites 
Li et al.[36] fabricated graphite/TiC/Ti3AlC2 hybrids that showed 

enhanced EM absorption capability. The minimum RL reached − 63 dB 
and the absorption bandwidth was 3.5 GHz at 2.1 mm. At the same time, 
Ti3C2/Fe3O4/PANI[143,144], and MXene/CNF/sliver[42] have been 
claimed to reveal high microwave absorption performances. In these 
composites, the Ti3C2 of multilayer structure results in a large number of 
interfaces, which may greatly enhance the interface polarization within 
the materials. At the same time, the etching reaction triggered the for-
mation of abundant surface functional groups and localized defects, 
which would produce dipole polarization, resulting in high dielectric 
loss. Furthermore, the presence of conductive polymers can provide 
more conductive paths for the migration of charges, leading to 
conductive loss. 

MXene-based materials have to be modified to have stronger mi-
crowave absorption capabilities, as demonstrated in Table 2. The mi-
crowave absorption performances of the MXene-based materials after 
the combination with ferrites have not been greatly enhanced, implying 
that there could be other influencing factors, such as materials prepa-
ration process[135]. For example, different etching methods and reac-
tion temperature could bring out different results. 

3.4. Other two-dimensional microwave absorption materials 

Boron nitride (BN) has graphite-like structure, with density and 
chemical properties similar to those of carbon fibers. BN is a good 

insulator with a low dielectric constant, thus having weak influence on 
the dielectric properties of other materials. Wei et al.[152] prepared 
BN/SiC composite coating to modified carbon fibers via a chemical 
method. After the surface of carbon fiber was modified with the BN/SiC 
composite coating, the oxidation resistance, dielectric property and 
microwave absorption property of the carbon fiber were obviously 
improved. In addition, some researchers have begun to study the elec-
tromagnetic wave absorption properties of WS2[153], black phosphorus 
[154], and GeP5[155]. Cheng et al.[156] have synthesized WS2-rGO 
heterostructure nanosheets with the minimum RL of − 41.5 dB at 2.7 mm 
and the bandwidth of 13.62 GHz. The synergistic mechanism of inter-
face coupling effect and interface scattering after hybridization of WS2 
and rGO significantly enhances the microwave absorption properties of 
the composite. 

4. Applications of two-dimensional microwave absorption 
materials 

On one hand, electromagnetic waves can be used as information 
carriers for the applications in communications, TV, remote sensing, 
navigation and so on. On the other hand, they could also serve as energy 
carriers for applications microwave heating, electromagnetic confron-
tation, medical therapy so on. In both cases, there could be electro-
magnetic radiation that is not only harmful to human’s health but also 
interferences with various electronic instruments and equipment. In 
addition, electromagnetic waves have strong links with defense appli-
cations, such as microwave absorption for stealth[13]. Fig. 10 shows 
working principle of radars. With the development of a variety of radar 
detection technologies, the requirement of stealth performance will be 
gradually increased. For example, the lighter the microwave absorbing 
materials, the less the impact on the flight performance of aircraft and 
missiles will be. Additionally, in order to adapt to the harsh environ-
ment, microwave absorption materials also need to have high temper-
ature resistance, ocean resistance, strong environmental adaptability, 
radiation resistance, impact resistance and so on. 

In addition to applications for radar wave absorption, two- 
dimensional materials also play a vital role in the field of electromag-
netic shielding[157–159]. Information appliances products would make 
noise owing to high frequency electromagnetic shielding, which affects 
public communication quality. Furthermore, if people are exposed to 
strong electromagnetic pollution in the environment for a long time, it is 
possible to develop cancer. The spraying technology is used to coat the 
material on the surface of electronic communication equipment, which 
can effectively improve the electromagnetic wave shielding effect of the 

Table 2 
Microwave absorption properties of MXene-based materials.  

Absorber Thickness 
(mm) 

RL (dB) Bandwidth 
(GHz) 

Refs. 

MXene 1.68 − 40.80 3.66 [128] 
MXene 1.80 − 30.00 2.80 [145] 
MXene/cellulose 

aerogels 
2.00 − 43.40 4.50 [146] 

CoFe@Ti3C2Tx 2.20 − 36.29 3.20 [136] 
carbon/TiO2 1.60 − 36.00 4.00 [140] 
FeCo-Ti3C2 1.60 − 17.86 8.80 [135] 
NiO&TiO2@C 2.00 − 25.00 9.00 [147] 
Ni/MXene 2.00 − 24.80 3.00 [131] 
MXene/Ni hybrid 1.75 − 49.90 2.10 [132] 
Ti3C2Tx/CNZF 3.60 − 58.40 2.10 [148] 
Fe3O4@Ti3C2Tx 4.20 − 57.20 1.40 [149] 
Ti3C2Tx/Ni-spheres 1.50 − 47.06 3.60 [150] 
Ti3C2Tx@NiCo2O4 2.18 − 50.96 1.00 [151] 
MXene/PANI 1.80 − 56.30 3.00 [141] 
TiO2/Ti3C2Tx/Fe3O4 1.90 − 57.30 2.00 [138] 
Ti3C2/Fe3O4/PANI 1.90 − 40.30 5.20 [143] 
PVB/Ba3Co2Fe24O41/ 

Ti3C2 

2.80 − 46.30 1.60 [144]  
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equipment. 
Basically, microwave absorption materials at the L, S and C bands 

were studied in early years[160–164]. Comparatively, materials for X 
and Ku bands have been extensively studied. The high frequency Ka 
band is usually used for satellite communications. At Ka-band, the an-
tenna size of the user terminal is mainly restricted not only by the an-
tenna gain, but also by the ability to suppress the interference of other 
systems. Therefore, the development of microwave absorption materials 
at this frequency band is important[165,166]. 

5. Overview 

In summary, we have systematically reviewed the recent advances in 
two dimensional microwave absorption materials and their application, 
including rGO, MoS2, Mxenes and their composites and others two 
dimensional materials. In order to meet the needs of the complex elec-
tromagnetic environment in the future, the absorbing performance of 
two-dimensional materials needs to be further improved. We believe 
that there is important research space in the following areas:  

(1) . Optimize the composition and structure of the composite 
absorbing material, enhance the polarization relaxation of the 
interface between the components, give full play to the synergy 
between the components, and pursue absorption Under the 
premise of strong absorption frequency bandwidth, the density 
and thickness of the composite wave absorber are minimized. For 
example, a suitable chemical method such as hydrothermal 
method could be used to combine the two-dimensional materials 
and the magnetic materials to obtain the composites with a spe-
cial microstructure and morphology.  

(2) . It can adapt to the various frequency bands corresponding to the 
working frequencies of most civilian wireless electronic equip-
ment and important military detection instruments, such as meter 
waves, centimeter waves, millimeter waves and infrared waves.  

(3) . Meanwhile, environmental friendliness, convenience in use and 
simple preparation process are additional requirements of mi-
crowave absorbing materials without sacrificing their perfor-
mances. Besides, the capability of two-dimensional microwave 
absorption materials to adapt complex environments, such as 
high temperature and corrosion resistance, should be further 
studied, so as to extend their applications in the harsh battlefield 
environments.  

(4) . It is necessary to further explore the relationship between the 
microstructure and morphology of two-dimensional materials 

and their composites at different scales. In addition, two- 
dimensional microwave absorption materials could find appli-
cations in flexible devices. 
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