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ABSTRACT

Microwave absorbing materials (MAMs), which have been highly developed in

the past two decades, are being regarded as a kind of functional materials to

combat electromagnetic (EM) pollution, because they can provide sustainable

energy conversion rather than simple reflection of incident EM waves. Although

traditional magnetic materials can dissipate EM energy effectively, they always

suffer from some intrinsic drawbacks, such as high density, easy corrosion, and

skin effect, which make them unpopular in many practical applications.

Therefore, the rational design of pure dielectric system without any magnetic

components is becoming a new frontier topic for MAMs. Among various can-

didates, carbon-based dielectric system almost dominates the development of

non-magnetic MAMs. This review presents a comprehensive introduction on

the recent advances of carbon-based dielectric system composed of carbon

materials and other dielectric components, including metal oxides/carbon,

metal sulfides/carbon, conductive polymers/carbon, carbides/carbon, car-

bon/carbon, and various ternary carbon-based dielectric composites. Thanks to

the synergistic effects between different components and the elaborate

microstructure design, these carbon-based dielectric composites can produce

superior microwave absorption performance to traditional magnetic materials.

Moreover, the challenges and prospects are also proposed to indicate some new

insights for the further research of carbon-based dielectric system.
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Introduction

Since Maxwell published his great paper ‘A dynam-

ical theory of the electromagnetic field’ in 1865, the

heart of twentieth and twenty-first century physics,

as elaborated by Einstein and others, electromagnetic

(EM) theory has rapidly evolved into one of the most

important sources of science and technology for

human beings, which motivated us to make contin-

uous breakthroughs in the field of wireless commu-

nication [1]. Especially with the advent of 5G era,

there will be drastically increasing numbers of elec-

tronic devices in all aspects of people’s life. However,

while enjoying the convenience of life, we must pay

attention to the accompanied EM pollution, because

it may pose considerable threats to EM interference,

information security, and public health [2, 3]. To date,

there are two popular strategies used for the pre-

caution of EM pollution, i.e. shielding and absorption

[4, 5]. Compared with traditional shielding strategy

established on reflection principle, microwave

absorption is receiving more and more attention for

its tackling these adverse effects through sustainable

conversion of EM energy [6, 7]. Microwave absorbing

materials (MAMs), as the core component of this

advanced pathway, are expected to make a solid

contribution to progressively serious EM pollution

[8–10].

In the past decades, magnetic materials, including

magnetic metals and ferrites, have been extensively

studied as powerful MAMs as they could block the

transmission of EM waves by interacting with the

magnetic branches, and in many cases, magnetic

metals could even provide compatible dielectric loss

mechanism [11, 12]. It is unfortunate that some

intrinsic drawbacks, such as easy corrosion, low

Curie temperature, and high density, make them

undesirable for practical applications [13, 14]. In view

of these shortcomings, different strategies have been

adopted to modify magnetic materials, such as

magnetic anisotropy adjustment, surface coating,

microstructure design, and so on [15–17]. Although

some achievements have been achieved in the

implementation of those modification strategies,

corrosion or oxidation of magnetic particles is still

inevitable. What’s worse, the introduction of non-

magnetic components may weaken the interaction

between magnetic particles, resulting in a significant

decrease in magnetic loss [18]. As a result, some

groups attempted to develop absolute dielectric loss

system that is free of any magnetic components, and

a lot of successful examples demonstrated that a

single dielectric system may not only produce com-

parable microwave absorption performance to con-

ventional magnetic materials, but also untangle some

intrinsic drawbacks of magnetic materials [19, 20].

Such a situation renders absolute dielectric loss sys-

tem as a kind of promising candidates that may cater

to the high demands for the next generation of

MAMs, i.e. lightweight, thin thickness, strong

absorption, and wide-frequency response [21, 22].

Among various dielectric loss media, carbon materi-

als always reside at the frontier of high-performance

MAMs due to their unique advantages in low den-

sity, chemical stability, tailorable dielectric property,

good processability, and diverse forms [23–25]. In an

effort to reinforce microwave absorption perfor-

mance of carbon materials, many secondary dielectric

components are purposefully introduced to enrich

loss mechanisms, improve impedance matching, and

broaden response bandwidth [26, 27].

It is widely accepted that an EM functionalized

medium can dissipate EM energy through magnetic

loss and dielectric loss [28–30]. However, magnetic

components are always excluded in absolute carbon-

based dielectric system, and thus dielectric loss will

be the only mechanism for its microwave absorption.

According to the classical dielectric theory, dielectric

loss is mainly determined by conductivity loss and

polarization loss [31, 32]. High conductivity greatly

favors strong conductivity loss, because this loss

process originates from the heat effect of micro-cur-

rent induced by residual carriers in dielectric med-

ium [33]. In contrast, polarization loss is relatively

complicated, which can be further classified as ionic

polarization, electronic polarization, dipole orienta-

tion polarization, and interfacial polarization [34]. By

considering that ionic polarization and electronic

polarization are elastic and too fast

(10-15 * 10-12 s-1), they will not have considerable

contribution to microwave absorption, and thus

dipole orientation polarization and interfacial polar-

ization are two effective modes for microwave

absorption [35]. Some bound charges at the defective

sites and residual groups can act as the dipoles of

dielectric medium, and the energy consumption may

be triggered when they reorient themselves along

with the direction of an applied EM field [36]. As for

interfacial polarization, it comes from the uneven
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accumulation and distribution of space charges at the

interfaces, and these numerous microcosmic electric

moments will also produce considerable energy dis-

sipation [37, 38]. The overall dielectric loss capability

of absolute carbon-based dielectric system from

conductivity loss, dipole orientation polarization, and

interfacial polarization can be depicted by dielectric

dissipation factor (tande = er00/er0). Of note is that the

blind pursuit of a dielectric dissipation factor cannot

bring good microwave absorption performance,

especially in the absence of magnetic components,

because there is another important factor, impedance

matching, to determine microwave absorption [39]. If

the characteristic impedance of dielectric medium is

mismatched with that of free space, there will be

strong reflection of incident EM waves at the front

interface, and microwave absorption will be poor no

matter how powerful its intrinsic loss capability [40].

Only in the case of matched impedance can incident

EM waves be attenuated effectively [41]. Therefore,

all existing references about absolute carbon-based

dielectric system are devoted to powerful dielectric

loss capability and good impedance matching

simultaneously.

Although many high-performance MAMs have

been summarized and discussed in some important

reviews [42, 43], a systematic introduction of various

carbon-based dielectric composites is rarely reported.

With more and more publications in the related field,

a comprehensive review of the research results will

be greatly helpful to further accelerate the develop-

ment of carbon-based dielectric system for micro-

wave absorption. In this context, we highlight some

recent advances of non-magnetic carbon-based com-

posites as high-performance MAMs, including metal

oxides/carbon, metal sulfides/carbon, conductive

polymers/carbon, carbides/carbon, carbon/carbon,

and ternary carbon-based dielectric composites, and

we also propose some disadvantages, challenges, and

prospects in this field.

Metal oxides/carbon composites

Metal oxides are a kind of solid materials that are

composed of oxygen element and one or more metal

elements, and some intrinsic features make them

potentially effective in microwave absorption. First,

thanks to the nature of ionic metal–oxygen bonding,

there will be desirable polarization effect in metal

oxides under an applied EM field, driving the

transformation from ionic crystals to metallic/cova-

lent crystals [44–46]. Second, the existence of multi-

valence states in some P-zone metal elements and

transition metal elements may generate non-metro-

logical defect sites, which can also play as dipoles to

consume the energy of an applied EM field [47–49].

Third, the electronic transitions in some semicon-

ductors are further helpful to provide auxiliary con-

ductive loss through the formation of micro current

[50–52]. In the past decades, some groups paid much

attention to morphology design, defect creation, and

crystal phase optimization to consolidate the micro-

wave absorption performance of metal oxides

[53–55]. Although some improvements have been

achieved through these strategies, a gap to practical

application still exists due to their ordinary polar-

ization loss and conductive loss.

The combination of metal oxides and carbon

materials has been demonstrated as an effective way

to make up their drawbacks [56]. On one hand, car-

bon materials can increase the overall dielectric loss

capability of these composites through enhanced

conductive loss and dipole orientation polarization

[57], and on the other hand, metal oxides can remedy

their characteristic impedance to suppress strong

reflection of EM waves at the incident surface of

MAMs [58]. What’s more, such a combination also

brings sufficient heterogeneous interfaces between

metal oxides and carbon materials and results in an

additional loss mechanism, i.e. interfacial polariza-

tion, from the uneven space charges at these inter-

faces [59]. Therefore, high dispersion of metal oxides

nanoparticles on the surface of carbon materials is

becoming an important topic in determining the

microwave absorption performance of the related

composites [60]. Wu et al. tailored the size of MoO2

clusters on reduced graphene oxide (RGO) through a

supermolecular-scale cage-confinement route, and

they confirmed uniform dispersion of MoO2 clusters

made a solid contribution to microwave absorption.

The minimum reflection loss (RL) value of the

resultant composite could reach - 35.4 dB at

16.0 GHz with just 1.5 mm thickness, which is better

than many RGO-based composites, even those loa-

ded with magnetic nanoparticles [61].

As we mentioned above, carbon materials have

diversified morphology and microstructure, and thus

rational design on the morphology and microstruc-

ture is also a hot topic in metal oxides/carbon
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composites. As shown in Fig. 1, Duan et al. investi-

gated EM properties of peapod-like MnO@carbon

nanowires (MnO@CNWs), and they found that the

enhanced microwave absorption benefited from

dielectric polarization in conductive networks com-

posed of MnO nanoparticles and CNWs, as well as

multiple reflection and absorption behaviors of inci-

dent EM waves induced by internal void space

among CNWs [62]. Our group previously fabricated

core–shell BaTiO3@carbon microspheres with a

space-confined strategy, and a series of comparative

experiments clearly witnessed that core–shell

microstructure could be taken as a desirable config-

uration for microwave absorption, where the mini-

mum RL value can reach up to - 88.5 dB at 6.9 GHz

with the thickness of 3.0 mm [63]. It is very interest-

ing that these core–shell BaTiO3@carbon micro-

spheres not only exhibit comparable RL

characteristics with common magnetic MAMs, but

also address their unique superiority in corrosion

resistance. Along with the flourish of nanotechnol-

ogy, three-dimensional carbon frameworks are

emerging as a kind of promising scaffolds for metal

oxides/carbon composites, because they can intensify

multiple reflection behaviors of incident EM waves

therein, and meanwhile, their extremely high poros-

ity is very favorable for the lightweight of MAMs.

When TiO2 nanoparticles are loaded in three-di-

mensional carbon nanotubes (3D CNTs) sponge, the

resultant TiO2/CNTs sponge will harvest powerful

RL and achieve equivalent response bandwidth with

less absorber thickness [64]. Similar phenomena have

also been observed in various 3D carbon-based

composites with ZnO, MnO, and CeO2 nanoparticles

[65–67].

It has to mention that some studies realize the

enhancement of EM functions through elaborate

optimization on metal oxides in these composites.

Apart from the loading content of metal oxides in

carbon substrates, crystallinity is proved to be a key

factor for EM properties of these composites. For

example, when amorphous SnO2 nanoparticles

deposited on the surface of carbon fibers (CFs) are

completely transformed into rutile phase, the relative

complex permittivity and dielectric loss tangent of

SnO2/CFs composite will be increased visibly [68].

As a result, the effective absorption bandwidth

(EAB), which is usually defined as the frequency

bandwidth with RL intensity less than - 10.0 dB, is

broadened from 5.1 GHz (12.9–18.0 GHz) to

Figure 1 SEM image (a),

TEM image (b), RL curves

(c), and possible microwave

absorption mechanisms (d) of

peapod-like MnO@CNWs.

Adapted from Ref. [62],

Copyright: 2018 American

Chemical Society. Used with

permission.
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15.0 GHz (3.0–18.0 GHz) by integrating the absorber

thickness from 1.3 to 5.5 mm, and the optimal

matching thickness is drastically reduced from 4.9 to

1.3 mm. Besides, the morphology of metal oxides can

also affect the EM properties of their carbon-based

composites. Wang et al. compared the microwave

absorption performance of graphene-based compos-

ites containing NiO, a common anti-ferromagnetic

medium, with different morphologies, and the results

witnessed that porous flower-like NiO coupled with

graphene could display more powerful RL (mini-

mum RL of - 59.6 dB) than the counterparts with

stratiform-like (minimum RL of - 8.7 dB) and parti-

cle-like NiO (minimum RL of - 9.5 dB) [69]. The

enhancement mechanism is similar to that of 3D

carbon frameworks discussed above. Although the

construction of 3D flower-like morphology in metal

oxides is not as easy as that in carbon materials, there

are still some successful examples on MnO2 and

BiFeO3 that have been reported in carbon-based

MAMs [70–72]. More recently, some researchers fur-

ther proposed to reinforce the microwave absorption

performance of metal oxides/carbon composites by

creating abundant oxygen vacancies [73]. Especially

for ABO3 type perovskite oxides, if A-site cation is

missing, oxygen vacancies and highly oxidative O

and B sites will appear in ABO3, which will

strengthen the polarization relaxation process of B-O

dipoles [74]. Following this idea, Jia et al. ever

designed LaxFeO3 - y with different oxygen vacan-

cies and fabricated a series of LaxFeO3 - y/RGO

composites, and they confirmed that the dielectric

loss of these composites was highly dependent on the

content of oxygen vacancy [75]. This is because the

strong electrostatic interaction between the highly

oxidative Fe4? in LaxFeO3 - y and the negatively

charged functional groups in RGO is beneficial to

structural stability and interfacial polarization

(Fig. 2a), and the defects in RGO and LaxFeO3 - y are

together responsible for the strengthening of dipole

orientation polarization (Fig. 2b). Table 1 summarizes

the minimum RL intensities and EABs of various

metal oxides/carbon composites in recent studies,

where EABs are measured with the absorber thick-

ness of 2.0 mm (a common value for RL evaluation).

One can see that most composites can display strong

RL intensity, while their EABs are usually located in

high frequency range and less than 4.0 GHz, which

imply that low-frequency RL and broad EAB are still

the main challenges for this kind of MAMs.

Metal sulfides/carbon composites

Compared with metal oxides, transition metal sul-

fides usually have narrower band gaps, which means

that the transition of electrons from valence band to

conduction band will be relatively easy, and thus

they can provide stronger conductivity loss capability

than conventional metal oxides [76–78]. This intrinsic

advantage drives the development of transition metal

sulfides/carbon composites in the field of microwave

absorption. However, the synergistic effects between

transition metal sulfides and carbon materials still

need to be carefully controlled. Lu et al. tailored the

amount of CdS nanoparticles attached on multi-

walled CNTs (MWCNTs), and they found that highly

dispersed CdS nanoparticles could promote micro-

wave absorption performance greatly arising from

the effective impedance matching, as well as proper

dielectric loss [79]. Once CdS nanoparticles were

Figure 2 Schematic illustration of interfacial polarization (a) and dipole orientation polarization (b) of LaxFeO3-y. Adapted from Ref.

[75], Copyright: 2020 Elsevier. Used with permission.
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connected to form a dense sheath, even less than

10 nm, the electron transfer in the conductive carbon

networks would be drastically weakened, finally

resulting in the degradation of microwave absorp-

tion. Similar conclusion can also be indexed in SnS

nanosheets/GO and CoS nanoplates/MWCNTs

composites [76, 80]. Another advantage of transition

metal sulfides is from various self-assembly hierar-

chical microstructures [81, 82]. In many cases, the

self-assembly process may be directed by the surface

functional groups of carbon materials, which not only

inhibits the aggregation of individual components,

but also effectively increases EM loss capability. For

example, Chen et al. fabricated a-MnS hollow

spheres/RGO (MHSs-RGO) hybrids by a one-pot

template-free solvothermal method [83]. A series of

comparative tests showed that a suitable dosage of

RGO might contribute to the nucleation and growth

of a-MnS, owing to the interaction of oxygen-con-

taining functional groups in RGO with Mn2? ions.

The enhanced conductivity loss and interfacial

polarization endowed MHSs-RGO hybrids with

powerful dielectric loss capability. As a result, MHSs-

RGO hybrids exhibited powerful RL of - 52.2 dB at

10.7 GHz and an ultra-wide EAB of 8.0 GHz with the

thickness of 2.0 mm, which were significantly supe-

rior to those of most reported metal sulfides/carbon

composites.

Among various transition metallic sulfides, two-

dimensional transition metal dichalcogenides (2D

TMDs) are an emerging class of MAMs with large

surface areas, unique electronic properties, and

multiple topological phases [84, 85]. Generally, 2D

TMDs are composed of X-M-X triple atom layers by

van der Waals forces, which are structurally analo-

gous to GO. Depending on the arrangement of X

atoms, 2D TMDs layers can generate two distinct

configurations: metallic 1T phase and semiconduct-

ing 2H phase. TMDs with pure 2H phase usually

hold broadband gap and low carrier concentration,

leading to their relatively poor conductivity. By

contrast, 1T phase is proved to be metallic features

with greatly enhanced conductivity, which is con-

ducive to improving dielectric loss [86, 87]. Therefore,

TMDs with 1T phase or mixed-phase of 1T and 2H

have been considered as attractive candidates for the

construction of new MAMs by combining with car-

bon materials. For example, Piao et al. designed

urchin-like 1T-WS2 nanosheets/single-walled CNTs

(1T-WS2@SWCNTs) hybrid composites, and revealed

that the minimum RL value could reach up to -

66.0 dB at 8.3 GHz with a matching thickness of

2.2 mm [88]. Guo et al. also showed that the micro-

wave absorption performance of rose-like 1T@2H

MoS2/RGO composites was significantly better than

that of 2H-MoS2/RGO, due to the controllable crys-

talline phase switch between 2H and 1T [89]. These

results demonstrate that a rational optimization on

crystalline phase may also play an important role in

improving EM functions of 2D TMDs/carbon

composites.

Thanks to the morphology feature of 2D TMDs,

many researchers devote their efforts to the

microstructure of 2D TMDs/carbon composites. The

archived references indicate that there are two kinds

of microstructures quite favorable for microwave

Table 1 Microwave

absorption performance of

metal oxides/carbon

composites

Absorber Minimum RL (frequency, thickness) EAB at 2.0 mm (range) Reference

ZnO/RGO - 55.7 dB (14.8 GHz, 2.0 mm) 5.0 GHz (12.5–17.5 GHz) [56]

ZrO2/C - 58.7 dB (16.8 GHz, 1.5 mm) 3.3 GHz (10.2–13.5 GHz) [58]

MnO/C - 51.6 dB (10.4 GHz, 2.5 mm) 3.0 GHz (11.1–14.1 GHz) [60]

MnO@CNWs - 55.0 dB (13.6 GHz, 2.1 mm) 6.2 GHz (11.4–17.6 GHz) [62]

BaTiO3@C - 88.5 dB (6.9 GHz, 3.0 mm) 3.0 GHz (9.0–12.0 GHz) [63]

CNT@TiO2 - 31.8 dB (10.4 GHz, 2.0 mm) 2.8 GHz (9.2–12.0 GHz) [64]

3D graphene/ZnO - 48.1 dB (11.7 GHz, 1.8 mm) 2.6 GHz (9.5–12.1 GHz) [65]

C/MnO - 58.5 dB (13.2 GHz, 1.7 mm) 2.0 GHz ( 10.0–12.0 GHz) [66]

MWCNTs/CeO2 - 51.1 dB (8.9 GHz, 2.6 mm) 2.6 GHz (11.2–13.8 GHz) [67]

CFs@SnO2 - 44.9 dB (15.8 GHz, 1.3 mm) Unshown [68]

NiO@graphene - 59.6 dB (14.2 GHz, 1.7 mm) 3.8 GHz (10.4–14.2 GHz) [69]

MnO2/RGO - 37.1 dB (10.8 GHz, 2.0 mm) 4.1 GHz (8.6–12.7 GHz) [70]

RGO/CeO2 - 49.2 dB (5.2 GHz, 4.5 mm) 2.9 GHz (11.3–14.2 GHz) [73]

LaxFeO3-y/RGO - 36.2 dB (13.6 GHz, 2.0 mm) 3.9 GHz (11.7–15.6 GHz) [75]
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absorption. One is to induce the perpendicular

growth of 2D TMDs on the surface of carbon mate-

rials [90–92]. As shown in Fig. 3a, b, Liu et al. mod-

ified thin MoS2 nanosheets vertically on the surface of

ultra-long N-doped CNTs by anion-exchange reac-

tion [93]. Compared with pure MoS2 nanosheets

(minimum RL of - 10.0 dB) (Fig. 3c), the as-pre-

pared composite displayed a remarkable enhance-

ment in microwave absorption performance, whose

minimum RL value could reach - 38.3 dB at fre-

quency of 9.4 GHz (Fig. 3d). EM analysis indicated

that loose 2D TMDs not only facilitated the entry of

EM waves, but also promoted their multiple reflec-

tions, thus accelerating the consumption of EM

energy. On the other hand, it is also of great interest

to design a face-to-face microstructure with 2D TMDs

and RGO, because such a configuration with suffi-

ciently contacted areas can provide more charge

transmission channels and shorten charge migration

distance, resulting in a higher charge transfer rate

[94–96]. For example, Zhang et al. successfully syn-

thesized WS2/RGO composites with typical face-to-

face configuration (Fig. 3e), which displayed superior

EM waves attenuation capability as well as impe-

dance matching characteristics to those of pure RGO

or WS2 nanosheets (Fig. 3f-h) [97]. The significant

enhancement of microwave absorption could be

attributed to the following aspects: first, the transfer

and hopping of electrons between heterogeneous

nanosheets endowed the composite with enhanced

conductivity loss; second, due to the difference in the

surface conductivity of RGO and WS2, the accumu-

lation and rearrangement of local charges might lead

to interfacial polarization; third, a large number of

defects in WS2 and RGO layers would act as dipoles

to enhance dipole oriented polarization; fourth,

unique 2D lamellar structure of WS2-RGO nanosheets

brought high specific surface area and plenty of

interlayer voids, promoting multiple reflection and

scattering of EM waves (Fig. 3i-l). Table 2 further

Figure 3 SEM (a) and TEM (b) images of MoS2 nanosheets/N-

doped CNTs composites. RL curves of pure MoS2 nanosheets

(c) and MoS2 nanosheets/N-doped CNTs composites (d) with

varying absorber thicknesses. Adapted from Ref. [93], Copyright:

2018 American Chemical Society. Used with permission. TEM

image of WS2-RGO (e). RL maps of WS2-RGO (f), pure RGO

(g), and pure WS2 nanosheets (h). Synergistic mechanisms

responsible for the superior microwave absorption properties of

WS2-RGO: electron hopping (i), interfacial polarization (j), dipole

polarization (k), and multiple reflection and scattering of incident

EM waves (l). Adapted from Ref. [97], Copyright: 2019 Springer.

Used with permission.
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provides the comparisons in RL intensity and EABs

of various metal sulfides/carbon composites. These

composites also display considerable RL intensity

like those metal oxides/carbon composites, while

their EABs are more or less broadened as compared

with metal oxides/carbon composites. This phe-

nomenon may be attributed to the fact that metal

sulfides can generate better conductivity loss. In

some rare cases, MHSs-RGO even demonstrates its

very broad EAB up to 8.0 GHz, suggesting that

rational manipulation on microstructure and hetero-

geneous interface will be an important development

direction for metal oxides/carbon composites.

Conductive polymers/carbon composites

Due to the unusual electronic properties gifted by

extended p-conjugated system, conductive polymers,

known as ‘‘synthetic metal’’, exhibit higher electrical

conductivity than metal oxides and metal sulfides,

which render them as promising MAMs [103, 104].

Although conductive polymers were initially utilized

as EM shielding materials, some researchers noticed

that their good shielding effectiveness was not com-

pletely established on reflection principle, but also

contributed by their microwave absorption [105–108].

This finding has inspired a lot of research work to

develop novel MAMs based on various conductive

polymers, including conductive polymers/magnetic

metals, conductive polymers/metal oxides, conduc-

tive polymers/metal sulfides, conductive poly-

mers/carbon materials, and so on [109–112]. Among

them, the composites of conductive polymers and

carbon materials are considered as one of the most

promising MAMs for practical applications because

of their additional advantages in lightweight, flexi-

bility, and low cost [113, 114]. For example, when

carbon black or graphite was coated with an appro-

priate amount of polyaniline (PANI), the microwave

absorption efficiencies of the obtained composites

were obviously higher than those of individual

components [115, 116].

Since the discovery of CNTs, they received much

more attention than conventional carbon black or

graphite in the construction of conductive poly-

mers/carbon composites, because their unique one-

dimensional (1D) microstructure was quite favorable

for electron transfer and the formation of conductive

networks [117]. Sharma et al. demonstrated that

dielectric loss capability of PANI-CNTs films was

obviously stronger than that of pure PANI films as a

result of the interaction between PANI molecular

chains and surface functional groups of CNTs [118].

Ting et al. also found that the EM parameters of

PANI/MWCNTs composites could be easily manip-

ulated by adjusting the weight ratio of MWCNTs to

PANI and confirmed that PANI/MWCNTs

Table 2 Microwave absorption performance of metal sulfides/carbon composites

Absorber Minimum RL (frequency, thickness) EAB at 2.0 mm (range) Reference

MoS2@hollow carbon spheres - 65.0 dB (10.3 GHz, 2.0 mm) 3.0 GHz (9.0–12.0 GHz) [27]

SnS/GO - 41.2 dB (12.9 GHz, 3.2 mm) 0.9 GHz (17.1–18.0 GHz) [76]

MWCNTs/CoS - 56.1 dB (6.6 GHz, 3.6 mm) 4.2 GHz (11.0–15.2 GHz) [80]

MHSs-RGO - 52.2 dB (10.7 GHz, 2.5 mm) 8.0 GHz (10.0–18.0 GHz) [83]

2D MoS2/graphene - 41.9 dB (16.1 GHz, 2.4 mm) 3.9 GHz (14.1–18.0 GHz) [85]

WS2/SWCNTs - 66.0 dB (8.3 GHz, 2.2 mm) 2.1 GHz (8.4–10.5 GHz) [88]

1T@2H-MoS2/RGO - 67.8 dB (10.4 GHz, 2.5 mm) 4.0 GHz (11.6–15.6 GHz) [89]

WS2/CNTs - 51.6 dB (14.8 GHz, 2.0 mm) 5.4 GHz (12.6–18.0 GHz) [92]

MoS2/N-doped CNTs - 38.3 dB (9.4 GHz, 3.5 mm) 2.9 GHz (15.1–18.0 GHz) [93]

2D MoS2/RGO - 55.0 dB (12.3 GHz, 2.6 mm) 3.5 GHz (14.5–18.0 GHz) [94]

2D WS2-RGO - 41.5 dB (9.5 GHz, 2.7 mm) 3.2 GHz (12.0–15.2 GHz) [97]

In2S3@CNTs - 42.8 dB (12.0 GHz, 1.6 mm) 4.2 GHz (7.3–11.5 GHz) [98]

MoS2/RGO - 50.9 dB (11.7 GHz, 2.3 mm) 5.7 GHz (11.7–17.4 GHz) [99]

MnS2/CNTs - 63.8 dB (17.4 GHz, 1.4 mm) 3.6 GHz (10.0–13.6 GHz) [100]

CoS-RGO - 54.2 dB (6.8 GHz, 4.0 mm) 4.0 GHz (12.1–16.1 GHz) [101]

MoS2/graphene - 57.3 dB (11.0 GHz, 2.6 mm) 4.8 GHz (12.8–17.6 GHz) [102]
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composites could obtain ultra-wideband microwave

absorption when the weight ratio was optimized

[119]. However, it has to point out that the dispersion

of CNTs is usually poor, and thus there still remains a

challenge to conduct the polymerization of various

monomers on the external surface of CNTs uni-

formly. In many cases, the polymerization of various

monomers may result in the formation of individual

conductive polymers [120, 121]. Wang et al. ever

unzipped CNTs with a series of strongly oxidative

processes, and they found that PANI layer with tai-

lorable thickness could be homogeneously coated on

the surface of partially unzipped CNTs (Fig. 4) [122].

Undoubtedly, the strongly oxidative treatment

generated rich functional groups on the surface of

CNTs, which boosted the interaction between CNTs

and aniline monomers, finally accounting for the

homogeneous PANI layer. More importantly, they

further validated that once the 1D microstructure of

CNTs was thoroughly destroyed, the microwave

absorption performance of CNTs/PANI composites

will be drastically degraded. In addition, plasma

pretreatment has also been proved to be an effective

strategy for preparing homogeneous CNTs/PANI

composites [123], because plasma pretreatment in the

presence of O2 could create a large number of oxygen

radicals that was responsible for the grafting of more

aniline monomers. This pretreatment not only

Figure 4 Schematic illustration of the preparation of oxidation-

peeled CNTs@PANI hybrids (a). SEM and TEM images of

CNTs@PANI hybrids with different oxidation peeling time of 0 h

(b and f), 2 h (c and g), 4 h (d and h), and 6 h (e and i). Adapted

from Ref. [122], Copyright: 2019 American Chemical Society.

Used with permission.
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worked for the good homogeneity of CNTs/PANI

composites, but also contributed to their dielectric

loss capabilities.

The successful peeling off of graphite makes gra-

phene and graphene oxide (GO) burgeoning mem-

bers in carbon family [124]. First-principle

calculations also demonstrate that they can be tightly

coupled with conductive polymers through strong p-
p interaction [125]. On one hand, it contributes to the

structural stability of conductive polymers/graphene

composites. On the other hand, it may promote

hybridization and charge transfer between conduc-

tive polymers and graphene sheets, and enhance

dipole orientation polarization. These advantages

endow conductive polymers/graphene composites

with immense potential for overcoming the chal-

lenges related to durability and performance in the

field of microwave absorption. Yu et al. pioneered a

perpendicular growth of PANI nanorods on the

surface of graphene and the PANI nanorod arrays

produced a significant improvement in microwave

absorption properties, including strong RL

(- 45.1 dB) and broad EAB at 2.0 mm (4.3 GHz)

[126]. Both theoretical simulation and experimental

results suggested that the good microwave absorp-

tion performance of PANI/graphene composite was

attributed to the profitable synergistic effect between

graphene and PANI nanorods. Very interestingly,

Chen et al. proposed an in situ intercalation poly-

merization to prepare PANI/graphene composites to

avoid pre-peeling off of graphite [127]. As shown in

Fig. 5a, b, the intercalation of aniline cation into

bilayer graphene was an energetically favorable

reaction with calculated formation energy of 2.81 eV,

and the intercalated aniline cation could weaken the

interactions between the interlaminations and

account for larger interlamellar space. When the

polymerization of aniline cation was triggered, the

macromolecular organic chain and the exothermal

effect would drive a violent separation of graphite

interlayers. The final composite presented its mini-

mum RL of - 36.9 dB at 10.3 GHz, and the corre-

sponding bandwidth less than - 10.0 dB was

5.3 GHz (from 8.2 to 13.5 GHz) with an absorber

thickness of 3.5 mm (Fig. 5c). It is noteworthy that

more and more researchers are interested in various

conductive polymers/graphene composites, such as

sandwich-like PANI/GO composites [128], graphene

sheets/poly(3,4-ethylenedioxythiophene) (PEDOT)

nanofibers [129], polypyrrole (PPy) nanosphere/RGO

composites [130]. On the basis of these studies, Wu

et al. further employed 3D RGO aerogel as the scaf-

fold for PEDOT/RGO composites, and they realized

ultra-broad effective absorption by manipulating the

absorber thickness [131]. The microwave absorption

properties of some conductive polymers/carbon

composites are listed in Table 3. As observed, there

are more composites that can produce both strong RL

intensities and broad EABs. It is worth noting that the

composite with PANI layer and partially unzipped

CNTs gives the best EAB with the absorber thickness

of 2.0 mm, which suggests that the graft of aniline

monomers on CNTs before their polymerization will

be greatly helpful to promote the interaction between

PANI and CNTs, finally boosting the microwave

absorption performance.

Carbides/carbon composites

Although metal oxides/sulfides and conductive

polymers can greatly promote microwave absorption

performance of carbon-based composites, some

intrinsic drawbacks, e.g. easy corrosion and naturally

faded dielectric property, will restrain their practical

applications to some extent, especially under some

rigorous conditions [136]. Therefore, it still remains a

challenge to construct durable and high-performance

carbon-based dielectric composites for microwave

absorption. As typical dielectric ceramics, carbides

with favorable features of corrosion resistance, oxi-

dation resistance, and polarization relaxation show

their distinct advantages as secondary dielectric

components in carbon-based composites [137, 138].

Silicon carbide (SiC) is one of the most common

carbides that are applied in the field of microwave

absorption [139, 140]. Baskey et al. investigated the

dielectric properties of SiC/exfoliated graphite com-

posites, and they found that even though these

composites were just fabricated by simple physical

mixing, a significant enhancement in microwave

absorption performance could be easily manifested in

X band [141]. As we all know, conventional carbides

are always generated at high temperature

([ 1000 �C), which means rational design on their

microstructure will be quite difficult. In an effort to

achieve better performance, several groups tend to

choose carbon foam as a scaffold to support SiC

particles or fibers [142, 143]. This combination model

not only favors the synergistic effect between SiC
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particles and carbon substrate, but also introduces

multiple reflections and polarization relaxations

[144, 145].

The advent of MXenes has announced a kind of

new 2D metal carbides to the world [146–148]. The

unique 2D laminated structure, excellent electrical

conductivity, active surface functional groups, and

native defects render them as promising MAMs

[149, 150], which also promote the development of

carbides/carbon composites to a great extent

[151, 152]. The decoration of MXenes with carbon

nanomaterials, such as carbon nanospheres and

CNTs, has been demonstrated as an effective strategy

to produce good microwave absorption performance

in carbides/carbon composites [153, 154]. However,

the closely packed MXenes nanosheets cannot pro-

vide sufficient interaction with carbon materials, and

thus the construction of carbon-based composites

with few-layered MXenes is becoming a hot topic in

the related field [155]. For example, Li et al. designed

core–shell graphene-bridged hollow MXenes spheres

as lightweight MAMs [156]. The specific preparative

process is schematically depicted in Fig. 6a. Few-

layered Ti3C2Tx MXenes (2–8 layers) from selective

centrifugation were firstly assembled with poly-

methyl methacrylate (PMMA) nanospheres through

hydrogen bonding and Van der Walls force, and then

the as-obtained hybrids were wrapped with GO

nanosheet and heated at 450 �C under Ar atmo-

sphere. The final composite was not only very active

in X band with the absorber thickness of 3.2 mm, but

also displayed a very attractive feature with ultra-low

density (0.0033 g/cm3, Fig. 6b, c). Zhou’s group

found that few-layered GO and Ti3C2Tx MXenes

could ingeniously assemble into a face-to-face

heterogeneous structure by hydrogen bonding inter-

action [157], and they injected GO/Ti3C2Tx MXenes

solution into liquid nitrogen with a Taylor Cone.

Figure 5 Schematic illustration for the intercalation

polymerization of ANI? into expanded graphene to synthesize

PANI/graphene hybrids (a). TEM image (b) and 3D map of

calculated RL values (c) for PANI/graphene hybrids. Adapted from

Ref. [127], Copyright: 2014 Royal Society of Chemistry. Used

with permission.
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After freeze drying, Ti3C2Tx MXene@GO hybrid

aerogel microspheres could be finally generated, and

these aerogel microspheres even produced effective

microwave absorption in S band (- 38.3 dB at

2.1 GHz). In addition, Ti3C2Tx MXenes were also

widely coupled with 3D RGO aerogels, and with the

advantages of 3D microstructure, these composites

could work for the attenuation of incident EM waves

in 4.0–18.0 GHz by manipulating the absorber thick-

ness [158].

It is undoubted either conventional SiC or emerg-

ing MXenes will be helpful to enhance microwave

absorption performance of carbon-based composites,

while their very large particle/sheet size may bring

Table 3 Microwave absorption performance of conductive polymers/carbon composites

Absorber Minimum RL (frequency, thickness) EAB at 2.0 mm (range) Reference

RGO-PANI - 41.4 dB (13.8 GHz, 2.0 mm) 4.2 GHz (11.7–15.9 GHz) [113]

PANI/expanded graphite - 32.0 dB (9.7 GHz, 3.0 mm) Unshown [116]

MCNTs@PPy - 44.0 dB (8.5 GHz, 4.0 mm) 2.0 GHz (16.0–18.0 GHz) [120]

PEDOT/SWCNT - 43.0 dB (9.4 GHz, 3.0 mm) 5.3 GHz (12.5–17.8 GHz) [121]

CNTs@PANI - 45.7 dB (12.0 GHz, 2.4 mm) 5.6 GHz (12.4–18.0 GHz) [122]

CNTs/PANI - 41.4 dB (13.3 GHz, 2.0 mm) 8.3 GHz (9.7–18.0 GHz) [123]

Graphene-based PANI - 32.1 dB (5.5 GHz, 4.0 mm) 5.7 GHz (10.2–15.9 GHz) [125]

Graphene/PANI - 45.1 dB (12.9 GHz, 2.5 mm) 4.3 GHz (13.7–18.0 GHz) [126]

Graphene/PANI - 36.9 dB (10.3 GHz, 3.5 mm) – [127]

PANI/GO - 41.3 dB (6.8 GHz, 5.0 mm) 0.3 GHz (1.7–2.0 GHz) [128]

Graphene-PEDOT - 48.1 dB (10.5 GHz, 2.0 mm) 3.1 GHz (9.2–12.3 GHz) [129]

PPy/RGO - 59.2 dB (5.0 GHz, 3.8 mm) 2.8 GHz (9.1–11.9 GHz) [130]

3D-RGO/PEDOT - 35.5 dB (13.4 GHz, 2.0 mm) 5.0 GHz (11.5–16.5 GHz) [131]

Hollow carbon@PANI - 64.0 dB (11.1 GHz, 2.5 mm) 2.5 GHz (13.8–16.3 GHz) [132]

PPy@C - 38.1 dB (11.6 GHz, 3.0 mm) 1.1 GHz (10.6–11.7 GHz) [133]

PPy/GO - 58.1 dB (12.4 GHz, 3.0 mm) 1.2 GHz (16.8–18.0 GHz) [134]

Graphene/PANI - 52.5 dB (13.8 GHz, 2.0 mm) 4.2 GHz (11.8–16.0 GHz) [135]

Figure 6 Schematic illustration of the preparation of RGO/Ti3C2TX foam (a). RL map (b) and photograph (c) for RGO/Ti3C2TX foam.

Adapted from Ref. [156], Copyright: 2018 Wiley. Used with permission.
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two shortcomings in carbides/carbon composites.

One is the relatively poor chemical homogeneity,

which is not favorable for good functional repro-

ducibility in practical application [159]. The other is

the insufficient contact between carbides and carbon

materials. Interfacial polarization originating from

the uneven distribution of space charges is always

considered as one of the main pathways to consume

EM energy [160], and thus the insufficient contact

between carbides and carbon materials implies there

is still room for performance upgradation. As com-

pared with SiC and MXenes, molybdenum carbide

(Mo2C) may be generated at much lower temperature

(600–800 �C vs. 1000–1600 �C), that is to say, Mo2C

usually has much smaller particle size (ca. 5–20 nm)

than SiC and MXenes [161–163]. To date, Mo2C has

been established as a promising substitute for SiC

and MXenes to combine with carbon materials for

microwave absorption [164]. For example, Dai et al.

pioneered the synthesis of porous-carbon-based

Mo2C nanocomposites with Cu-Mo-based MOFs as

the precursor [165], and they found Mo2C nanopar-

ticles about 20 nm were uniformly dispersed in por-

ous carbon octahedrons. The synergistic effect

between Mo2C nanoparticles and carbon octahedrons

was confirmed to be highly contributive to excellent

dielectric properties, resulting in strong RL

(- 49.0 dB at 9.0 GHz) and broad effective band-

width (4.6 GHz) with the absorber thickness of

1.7 mm. Our group improved the synthesis of Mo2C/

C composites by employing Mo-substituted ZIF-8 as

a self-sacrificing template (Fig. 7a) [166]. We suc-

cessfully decreased the average size of Mo2C

nanoparticle to about 4.5 nm (Fig. 7b), and the cor-

responding RL intensity and effective response

bandwidth were raised to - 60.4 dB and 4.8 GHz,

respectively, even with a smaller absorber thickness

(1.5 mm, Fig. 7c). More importantly, these Mo2C/C

composites exhibited durable microwave absorption

performance, and oxidation treatment (473 K for

24 h) and acidic etching (3.0 mol/L of HCl for 24 h)

hardly changed their RL characteristics. In our latest

research, we demonstrated a solvent-free strategy to

produce tungsten carbide/carbon composites for

microwave absorption, where ultra-fine cubic tung-

sten carbide nanoparticles homogeneously decorated

on carbon nanosheets were simply achieved by the

direct pyrolysis of dicyandiamide/ammonium

metatungstate mixture [167]. The optimized com-

posite could produce comparable performance

(minimum RL of - 55.6 dB with the absorber thick-

ness of only 1.3 mm) to those Mo2C/C composites

Figure 7 Schematic illustration of preparing Mo2C/C composites (a). TEM image (b) and 3D map of calculated RL values (c) for Mo2C/

C composites. Adapted from Ref. [166], Copyright: 2018 American Chemical Society. Used with permission.
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from complex liquid-phase/solvothermal reactions,

providing a new and green method for car-

bides/carbon composites. Table 4 presents micro-

wave absorption properties of various

carbides/carbon composites. Although car-

bides/carbon composites are very stable as compared

with other kinds of composites, they seem more or

less inferior in RL intensity and EAB, and the best

candidate in this series only gives EAB value at

5.5 GHz. This situation means that it still remains a

challenge in reinforcing their microwave absorption

performance through rational design in composition

and microstructure. In addition, most studies focus

on SiC and Ti3C2TX-Mxenes, and Mo2C or other car-

bides with ultra-fine particle size may be the new

choice for carbides/carbon composites.

Carbon/carbon composites

According to classical dielectric theory, interfacial

polarization, as a main pathway for energy loss, may

occur at any interface with different accumulation

states of space charges [168, 169]. Even for the

materials with the same chemical composition, if they

have different crystalline structures, positive interfa-

cial polarization will still take place at their interfaces.

This criterion therein drives the development of car-

bon/carbon composites as novel MAMs, because

their chemical stability is as good as that of car-

bides/carbon composites, but without involving any

metal composition [170]. Singh et al. planted CNTs

on carbon fibers via a catalytic chemical vapor

deposition method, and numerous capacitor-like

structures at the interfaces between CNTs and carbon

fibers might enhance polarization loss and induce

dipole polarization, and more importantly, they also

created unique trapping centers for multiple reflec-

tions and scatterings [171]. Zhang et al. found that the

carbonization of polyacrylonitrile (PAN) nanofibers

under ammonia atmosphere would lead to the for-

mation of heterogeneous structures between porous

carbon nanofibers (CNFs) and CNTs, because the

carbonized PAN nanofibers could be etched by gas-

eous CH4 and some radicals (i.e. NH2, NH, and H),

and these etching pores further played as the nucle-

ation sites for the growth of CNTs [172]. This com-

plex architecture indeed promoted the consumption

of EM energy and endowed such a carbon/carbon

composite with some advantages in lightweight and

strong absorption.

Since the successful peeling of carbon monolayer

from graphite, graphene became one of the most

popular candidates in various carbon/carbon com-

posites, because its unique 2D structure can be con-

sidered as an ideal platform for the growth or

deposition of secondary carbon components [173].

For example, Tang et al. attached carbon black

Table 4 Microwave absorption performance of carbides/carbon composites

Absorber Minimum RL (frequency, thickness) EAB at 2.0 mm (range) Reference

Activated carbon felt@B4C - 36.1 dB (17.2 GHz, 5.0 mm) 1.2 GHz (14.3–15.5 GHz) [26]

Graphite/SiC - 22.0 dB (16.8 GHz, 1.7 mm) 5.5 GHz (12.5–18.0 GHz) [136]

SiC whiskers@C - 61.2 dB (9.0 GHz, 4.2 mm) 2.7 GHz (15.3–18.0 GHz) [137]

B4C@C - 60.8 dB (15.5 GHz, 1.5 mm) 3.3 GHz (9.3–12.6 GHz) [138]

SiC/C foam - 20.0 dB (14.0 GHz, 3.0 mm) Unshown [143]

SiC/C foam - 51.6 dB (9.0 GHz, 3.6 mm) 4.0 GHz (14.0–18.0 GHz) [144]

SiC nanowire/C foam - 31.2 dB (15.8 GHz, 1.5 mm) 2.6 GHz (10.6–13.2 GHz) [145]

Graphene/Ti3C2 - 52.0 dB (13.3 GHz, 1.4 mm) 1.7 GHz (6.9–8.6 GHz) [151]

Ti3C2Tx MXenes/carbon sphere - 54.7 dB (4.0 GHz, 4.8 mm) 2.8 GHz (10.5–13.3 GHz) [153]

Ti3C2Tx/CNT - 52.9 dB (7.2 GHz, 2.7 mm) 3.4 GHz (9.5–12.9 GHz) [154]

Ti3C2Tx MXene@GO - 49.1 dB (14.2 GHz, 1.2 mm) 3.6 GHz (6.6–10.2 GHz) [157]

Ti3C2Tx MXene@RGO - 31.2 dB (8.2 GHz, 3.1 mm) 5.5 GHz (11.3–16.8 GHz) [158]

Mo2C@C - 48.0 dB (12.5 GHz, 1.9 mm) 4.1 GHz (10.1–14.2 GHz) [164]

Mo2C/C - 49.2 dB (9.0 GHz, 2.6 mm) 4.2 GHz (10.6–14.8 GHz) [165]

Mo2C/C - 60.4 dB (15.0 GHz, 1.5 mm) 3.0 GHz (9.6–12.6 GHz) [166]

WC1-x/C - 55.6 dB (17.5 GHz, 1.3 mm) 3.6 GHz (9.6–13.2 GHz) [167]
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particles on the surface of RGO and demonstrated

that minimum RL of the as-synthesized composites

was as strong as - 47.5 dB, and their EAB could

reach up to 5.9 GHz with the thickness of only

2.2 mm. This result confirmed that a significant

enhancement in microwave absorption could be

easily achieved through this simple combination

[174]. Zhang et al. wrapped CNFs with RGO, and the

synergistic effects in this binary composite greatly

contributed to microwave attenuation performance,

where CNFs could afford desirable conductivity loss

with an extremely long conductive network and RGO

could generate multiple polarizations at a moderate

amount of defect sites [175]. As we mentioned above,

microstructure design is also an important aspect that

should be taken into account for microwave absorp-

tion. Therefore, 3D RGO aerogel is widely considered

as the first choice for carbon/carbon composites in

the latest studies [176]. Figure 8a-f shows SEM and

TEM images of MWCNTs/graphene foams with

different mass ratios [177]. It is clear that a

solvothermal process not only assemblies RGO sheets

into reticulum-like open cell structure with average

pore size less than 100 lm, but also realizes good

dispersion of MWCNTs on the surface of RGO sheets.

When these foams are placed in an external EM field,

they will create extremely long and complex trans-

mission channels for incident EM waves, and work as

massive resistance-inductance-capacitance coupled

circuits and generate time-varying EM fields-induced

currents, thus consolidating microwave absorption

performance (Fig. 8g, h).

Of note is that either carbon black particles or

CNTs have good crystallinity, i.e. high graphitization

degree similar to that of RGO, which means that they

are incapable of establishing a remarkable gradient in

space charge accumulation at their interfaces, and

thus the contribution from interfacial polarization is

still much less than we expected. An effective strat-

egy to fulfill powerful interfacial polarization is the

combination of crystalline carbon materials and

amorphous carbon materials [178]. For instance, Li

winded hollow mesoporous carbon microspheres

with CNTs, and the existence of CNTs accounted for

the positive increases in conductive loss from 0.12 to

2.27 and polarization loss from 0.15 to 0.67 [179]. Our

group previously designed a sandwich-like car-

bon/carbon composite with amorphous carbon

microspheres (ACMs) and RGO through electrostatic

interaction (Fig. 9a, b) [180]. Simulation results

Figure 8 SEM and TEM

images of MWCNT/graphene

foams with the mass ratio of

MWCNT to graphene of 1:2

(a and d), 1:3 (b and e), and

1:7 (c and f). Schematic

illustration of the extremely

long and complex transmission

channels for the incoming EM

waves (g) and the formation of

resistance-inductance-

capacitance coupled circuits in

MWCNT/graphene foams (h).

Adapted from Ref. [177],

Copyright: 2017 Elsevier.

Used with permission.
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revealed that there were two obviously enhanced

electric field distributions in RGO/ACMs/RGO, one

at the interfaces between ACMs and RGO, and the

other at the spherical caps of ACMs along the vertical

direction toward propagation of EM waves (Fig. 9c-

f). It was proposed that the electric field distribution

at the interfaces originated from the expected inter-

facial polarization, and the one at the spherical caps

benefited from multiple reflections of EM waves

induced by the separated RGO sheets. These signifi-

cant improvements made RGO/ACMs/RGO more

favorable for microwave absorption than individual

RGO and ACMs (Fig. 9g-i). In the following study,

we also decorated RGO with carbon nanopolyhe-

drons (CNPs) through in situ pyrolysis of ZIF-8/GO

hybrids [181]. EM analysis again manifested that

interfacial polarization was a critical factor to pro-

duce good microwave absorption performance.

When the loading content of CNPs was tailored, the

optimized CNPs/RGO would display strong RL

( - 66.2 dB) and ultra-broad integrated effective

bandwidth (3.2–18.0 GHz), which were superior to

many graphene-based composites, even those with

high-density magnetic components. Carbon/carbon

composites are new MAMs emerging in recent years,

and thus the related reports are not as many as other

kinds of composites. Although they display the

potential to replace some magnetic MAMs, their RL

characteristics including EABs are still far behind

those we expected (Table 5).

Ternary carbon-based dielectric composites

Inspired by the fact that the coordination mechanism

of carbon materials and other dielectric components

can also work for the consumption of EM energy

effectively, some researchers conceived a new idea to

upgrade the performance of carbon-based dielectric

system by involving more dielectric components

Figure 9 Schematic illustration of preparation (a), SEM image

(b), and simulation model (c) of sandwich-like RGO/ACMs/RGO

composites. Electric field distributions of RGO/ACMs/RGO (d),

RGO (e), and ACMs (f). RL maps of RGO (g), ACMs (h), and

RGO/ACMs/RGO (i). Adapted from Ref. [180], Copyright: 2016

Wiley. Used with permission.
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[183, 184]. For instance, Chen et al. ever fabricated a

series of brain fold-like polydopamine-modified

PANI/nanodiamond (PANI/ND/PDA) ternary

hybrids. They found that good dispersion of ND

could induce low-frequency exchange resonance and

domain wall resonance due to the nanoscaled EM

effect, and p-p interaction between PANI and PDA

would contribute to carrier transportation, which

enhanced low-frequency conductive loss and high-

frequency eddy current loss [185]. However, in most

cases, the construction of ternary dielectric compos-

ites was typically based on 1D CNTs or 2D RGO. A

popular strategy was firstly to decorate CNTs or RGO

with some inorganic nanoparticles, such as metal

oxides and metal sulfides, and then to coat these

intermediate binary composites with carbon or con-

ductive polymer layer [186, 187]. As expected, the

resultant ternary carbon-based composites will pro-

mise more or less enhancement in microwave

absorption as compared with those binary ones. Hu

et al. further directed the growth of K-aMnO2 on the

surface of MoS2/RGO through hydrothermal KMnO4

decomposition and demonstrated that K-aMnO2

could modulate the balance between relative complex

permittivity and complex permeability like carbon

layer and conductive polymer layer. Thanks to good

impedance matching and attenuation capability, the

RL values of RGO/MoS2/K-aMnO2 composites

exceeding - 20 dB were achieved in a broad fre-

quency range of 2.5–18.0 GHz [188]. To simplify the

preparative process, Wu et al. developed a one-pot

hydrothermal synthesis of ternary RGO/MWCNTs/

CeO2 composites as MAMs [189], while this process

was too simple to guarantee homogeneous

distribution of various components, and the serious

agglomeration, especially for CeO2 nanoparticles,

could be easily observed.

More recently, several groups have carried out

elaborate microstructure design on these ternary

carbon-based dielectric composites [190–192]. For

example, Xu et al. obtained core–shell SiC@C nano-

wires by in situ etching SiC nanowires at high tem-

perature under a mixed Cl2/N2 atmosphere, and then

conducted the polymerization of pyrrole monomers

on the surface of SiC@C nanowires to produce dual-

interfacial SiC@C@PPy nanofibers (Fig. 10a) [193]. It

was clear that both carbon layer and PPy layer were

successively and closely attached on the surface of

SiC nanowires, and more importantly, the thickness

of PPy layer could be finely regulated by the dosage

of pyrrole monomers (Fig. 10b-e). EM tests revealed

that there would be quite different charge distribu-

tion at various phase boundaries of SiC@C@PPy,

which could result in the formation of dipole electric

fields at these heterogeneous boundaries to promote

the consumption of EM energy (Fig. 10f). When the

mass ratio of SiC to pyrrole monomer reached 1:4, the

final product would display excellent microwave

absorption performance (Fig. 10g), including strong

RL (- 59.3 dB) and broad effective bandwidth

(8.4 GHz). Wang et al. designed hierarchical carbon

fiber@MXene@MoS2 with a similar dual core–shell

microstructure, where MXene nanosheets were hori-

zontally deposited on the surface of cetyltrimethy-

lammonium bromide (CTAB)-modified CFs and then

the vertical growth of MoS2 nanosheets was realized

through a hydrothermal reaction (Fig. 11a-f) [194]. In

addition to dual interfacial polarization, other loss

Table 5 Microwave absorption performance of carbon/carbon composites

Absorber Minimum RL (frequency, thickness) EAB at 2.0 mm (range) Reference

CNT@CF - 42.0 dB (11.4 GHz, 2.5 mm) Unshown [171]

CNF-CNT - 44.5 dB (10.7 GHz, 2.0 mm) 5.1 GHz (8.8–13.9 GHz) [172]

Carbon black/RGO - 47.5 dB (13.5 GHz, 2.2 mm) 1.4 GHz (13.0–14.4 GHz) [174]

CNFs/RGO - 38.1 dB (3.9 GHz, 5.0 mm) 2.2 GHz (12.0–14.2 GHz) [175]

MWCNT/graphene foam - 39.5 dB (11.6 GHz, 10.0 mm) Unshown [177]

Amorphous/nanocrystalline carbonized hydrochars - 40.4 dB (10.2 GHz, 1.9 mm) 1.9 GHz (9.1–11.0 GHz) [178]

Carbon microsphere@CNT - 34.6 dB (8.8 GHz, 3.2 mm) – [179]

RGO/carbon microspheres/RGO - 21.5 dB (18.0 GHz, 1.2 mm) 2.9 GHz (8.7–11.6 GHz) [180]

RGO@carbon nanopolyhedrons - 66.2 dB (6.2 GHz, 2.9 mm) 2.5 GHz (10.0–12.5 GHz) [181]

Yolk-shell C@C microspheres - 39.4 dB (16.5 GHz, 1.9 mm) 5.4 GHz (12.6–18.0 GHz) [182]
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mechanisms, such as induced current, dipolar

polarization, and multiple reflection and scattering

were also confirmed to be contributed to microwave

absorption (Fig. 11g). As a result, such hierarchical

CF@MXene@MoS2 had better RL characteristics than

some conventional binary carbon-based dielectric

composites (Fig. 11h). Thanks to diverse composi-

tions, strong synergistic effects, and rich absorption

mechanisms, these ternary carbon-based dielectric

composites show some advantages in microwave

absorption properties as compared with car-

bides/carbon and carbon/carbon composites

(Table 6). However, the complex preparation and

poor chemical homogeneity limit their development

to some extent. The rational arrangement of different

components in a simple way is highly desirable to

further enhance the performance of these composites.

Conclusions and outlooks

This review summarizes the recent developments of

various carbon-based dielectric composites as

promising microwave absorbing materials (MAMs).

Those examples indicate that carbon-based dielectric

system can not only produce comparable microwave

absorption performance to conventional magnetic

materials, but also untangle some intrinsic drawbacks

of magnetic materials. Their excellent microwave

absorption performance can be attributed to the fol-

lowing aspects: (1) the combination of carbon sub-

strate and secondary dielectric components can

create obvious complementary behaviors of their

intrinsic properties, to optimize impedance matching;

(2) the sufficient heterogeneous interfaces between

different components can effectively induce strong

interfacial polarization; (3) the multicomponent inte-

gration is conducive to the formation of conductive

network, thus promoting the migration and hopping

of electrons and reinforcing conductivity loss; (4) the

elaborate microstructure design can supply more

propagation paths for incident electromagnetic (EM)

Figure 10 Synthetic process

diagram of SiC@C@PPy

nanofibers (a). TEM images of

SiC@C@PPy-1 (b),

SiC@C@PPy-2 (c),

SiC@C@PPy-3 (d), and

SiC@C@PPy-4 (e).

Schematic illustration of dual-

interfacial polarization effect

(f). RL map of SiC@C@PPy-

4 (15 wt%) (g). Adapted from

Ref. [193], Copyright: 2020

American Chemical Society.

Used with permission.
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Figure 11 SEM images of CF-CTAB (a and d), CF@MXene

(b and e), and CF@MXene@MoS2 (c and f). Schematic

illustration of microwave absorption mechanisms (g) and RL

map (h) of CF@MXene@MoS2. Adapted from Ref. [194],

Copyright: 2020 Wiley. Used with permission.

Table 6 Microwave absorption performance of ternary carbon-based dielectric composites

Absorber Minimum RL (frequency, thickness) EAB at 2.0 mm (range) Reference

PANI/ND/PDA - 24.3 dB (5.0 GHz, 5.6 mm) – [185]

- 23.5 dB (15.9 GHz, 5.6 mm)

NiS2@RGO/PPy - 58.7 dB (16.4 GHz, 2.0 mm) 4.3 GHz (13.7–18.0 GHz) [187]

RGO/MoS2/K-aMnO2 - 71.7 dB (13.2 GHz, 3.8 mm) Unshown [188]

RGO/MWCNTs/CeO2 - 59.3 dB (4.6 GHz, 4.5 mm) 2.6 GHz (10.3–12.9 GHz) [189]

CNT/RGO/ZIF-8 - 39.2 dB (6.5 GHz, 4.5 mm) 6.3 GHz (11.7–18.0 GHz) [191]

SiC@C@PPy - 59.3 dB (11.7 GHz, 3.0 mm) 2.0 GHz (16.0–18.0 GHz) [193]

CF@MXene@MoS2 - 61.5 dB (7.0 GHz, 3.5 mm) 6.1 GHz (11.9–18.0 GHz) [194]

Carbon cloths@C/CoS2 - 59.6 dB (9.2 GHz, 2.8 mm) 6.6 GHz (11.4–18.0 GHz) [195]
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Table 7 The integrated EABs, preparation methods, advantages, and disadvantages of some representative carbon-based dielectric

composites from different categories

Category Sample EAB with the

integrating

thickness of

1.0–5.0 mm

Preparation Advantage Disadvantage Reference

Metal

oxides/carbon

composites

ZrO2/C 14.6 GHz

(3.4–18.0 GHz)

MOF-derived

method

Easy preparation,

composition

diversity,

designable defects

Low conductive

loss, poor acid

resistance, easy

agglomeration of

metal oxides

nanoparticles

[58]

MnO@CNWs 14.0 GHz

(4.0–18.0 GHz)

Hydrothermal

method,

calcination,

etching

[62]

Metal

sulfides/carbon

composites

MoS2@hollow

carbon spheres

14.5 GHz

(3.2–17.7 GHz)

Template-

etching-

hydrothermal

strategy

Easy preparation,

composition

diversity, in situ

growth on carbon

surface

Environmental

toxicity, poor

oxidation

resistance, poor

acid resistance

[27]

MHSs-RGO 14.7 GHz

(3.3–18.0 GHz)

One-pot

template-free

solvothermal

method

[83]

Conductive

polymers/carbon

composites

MCNTs@PPy 12.8 GHz

(5.2–18.0 GHz)

Carboxylation,

in situ

polymerization

Mild preparation,

good conductivity,

in situ

polymerization on

carbon surface

Natural degradation

in conductivity,

poor humidity

resistance

[120]

PPy/RGO 14.7 GHz

(3.3–18.0 GHz)

Self-assembly

method,

chemical

reduction

[130]

Carbides/carbon

composites

SiC/C foam 12.4 GHz

(5.6–18.0 GHz)

Pyrolysis,

chemical

vapor

deposition

Thermal stability,

good oxidation

resistance, good

acid resistance,

durable

performance

Low conductive

loss, large particle

size, high

preparation

temperature, poor

chemical

homogeneity

[144]

Mo2C/C 14.5 GHz

(3.5–18.0 GHz)

Solvothermal

method, high-

temperature

pyrolysis,

acidic etching

[166]

Carbon/carbon

composites

RGO@carbon

nanopolyhedrons

14.8 GHz

(3.2–18.0 GHz)

In situ pyrolysis,

acidic etching

Tunable dielectric

property, good

acid resistance,

designable

microstructure,

durable

performance

Complex

preparation, poor

chemical

homogeneity, high

preparation

temperature

[181]

Yolk-shell C@C

microspheres

13.2 GHz

(4.8–18.0 GHz)

Coating-

coating-

etching

method

[182]

Ternary carbon-

based dielectric

composites

RGO/MoS2/K-

aMnO2

15.5 GHz

(2.5–18.0 GHz)

Modified

Hummers’

method,

hydrothermal

method

Composition

diversity, strong

synergistic effect,

rich absorption

mechanisms

Complex

preparation, poor

chemical

homogeneity

[188]

RGO/MWCNTs/

CeO2

13.8 GHz

(4.2–18.0 GHz)

Carboxylation,

hydrothermal

method

[189]
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waves and stimulate multiple reflection and scatter-

ing to further consume EM energy.

Although substantial achievements have been

made in carbon-based dielectric system, there still

remain many challenges in this field. In order to

clarify the related issues, we further compare micro-

wave absorption properties, preparation methods,

advantages, and disadvantages of some representa-

tive individuals from the categories mentioned above

(Table 7). The integrated effective absorption band-

width (EAB) from the absorber thickness of

1.0–5.0 mm is employed as an indicator to illustrate

their universalities in different frequency ranges. As

mentioned above, microwave absorption properties

of various kinds of composites may be more or less

different with a specific absorber thickness, while

none of them can produce far superior microwave

absorption performance to others yet, and mean-

while, they are also troubled by one problem or

another. Based on this situation, some meaningful

and promising breakthroughs are sum up as follows.

First, the as-reported carbon-based dielectric com-

posites are usually composed of no more than three

dielectric components, and thus some pluralistic

composites with more dielectric components should

be developed. However, it is necessary to conduct a

detailed study on the EM loss characteristics of each

component and combine them in a reasonable way

instead of blindly preparing multicomponent com-

posites. Second, some defects, such as heteroatoms,

atom vacancies, and grain boundaries, have demon-

strated their positive effects on conductivity loss and

polarization loss, while the structure–activity rela-

tionship between defect sites and microwave

absorption performance is still unclear, which means

that the defect engineering in MAMs will be estab-

lished as early as possible to guide the fabrication of

high-performance carbon-based dielectric compos-

ites. Third, it is found that most MAMs are mainly

effective in the frequency range of 8.0–18.0 GHz,

which seriously hinders their practical application in

the field of electronics industry since the effective

working frequency of many electronic devices is

lower than 8.0 GHz. Rational construction of multi-

component composites with well-designed

microstructures (e.g., hollow, multilayer, and small

particle size) may induce the reflection and scattering

behaviors of EM waves and intensify low-frequency

attenuation capabilities (e.g., low-frequency exchange

resonance and domain wall resonance, low-

frequency conductive loss), which is expected to

break through the problem of low-frequency

absorption. Fourth, the preparation method espe-

cially for multicomponent composites is usually

complicated, which undoubtedly increases the diffi-

culty of preparation and large-scale production,

which undoubtedly increases the difficulty of

preparation and large-scale production. In order to

meet the requirements of practical application, it is of

great significance to simplify the synthetic route. An

attempt can be made to synthesize ordered

microstructure by the means of self-assembly, and

this will be a promising and challenging task to fab-

ricate desirable multicomponent carbon-based

dielectric composites. Fifth, some carbon-based

dielectric composites are incapable of being applied

in harsh conditions, e.g. strong acidity, high humid-

ity, and concentrated salt mist. Some encapsulation

and surface modifications are also in demand to

improve their environmental tolerance. In summary,

novel carbon-based dielectric system with reasonable

compositions and elaborate microstructures will

exhibit a bright prospect as high-performance MAMs

against EM pollution.
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