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ABSTRACT

Electromagnetic (EM) wave technology has greatly promoted the development

of information industry and facilitated human life. At the same time, EM pol-

lution caused by excessive use of EM waves will endanger human health and

disrupt the normal operation of instruments. Therefore, compelling immediate

action needs to be taken to solve EM pollution and interference problem. One-

dimensional carbon has become a potential candidate to solve these problems

because of its high dielectric loss, significant thermodynamic stability, high

specific surface area, and low density. In this paper, the application of one-

dimensional carbon materials and magnetic materials and dielectric materials in

absorbing EM waves is introduced, and the future development direction is

prospected, which provides some feasible ideas for more scientists.

1 Introduction

With the commercialization of 5G, electronic devices,

which occupy an important position in human’s

lives, will have a new explosive growth. Exactly as

everything has two sides, electromagnetic (EM)

wave, as the communication signal of electronic

equipment, not only brings convenience to human

life but also causes EM pollution caused by EM wave

abuse [1–7]. EM pollution disturbs communication

and may damage the instrument in more serious

cases. On the other hand, endocrine disorders caused

by EM pollution will affect human health. Therefore,

whether it is for consideration of property safety or

personal safety, it is very necessary to solve the

problem of EM pollution [8–11]. In addition,

advanced military weapons such as fighters need to

be able to evade enemy detection and attack, and EM

stealth technology is an efficient strategy [12–14]. EM

stealth can be achieved by coating EM wave absorber

(EMWA) on military equipment to make enemy

radar undetectable. Above all, the study of high-

performance EMWA can greatly meet the needs of

military and civil.

Based on the above requirements, the EMWA

should have the characteristics of small thickness,

large absorption bandwidth, strong absorption

capacity, and light weight. Many scholars have con-

tributed to the study of ideal absorbing materials

[15–17].

EM wave-absorbing materials can be classified as

dielectric materials and magnetic materials according
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to the attenuation mechanism. Dielectric material is a

kind of dielectric loss absorption mechanism related

to electrode, that is, EM energy is transformed into

thermal energy consumption and dissipated through

the ‘‘friction’’ caused by dielectric repeated polariza-

tion. The absorption mechanism of magnetic loss

materials is a kind of magnetic loss related to the

dynamic magnetization process of ferromagnetic

media. This kind of loss mainly comes from domain

steering, domain wall displacement, and domain

natural resonance similar to the magnetic

mechanism.

In the past few decades, magnetic materials,

including magnetic metals [18, 19] and ferrites [20],

have been widely studied as forceful EMWA bene-

fitting from the ability to prevent EM wave propa-

gation by interacting with magnetic components. In

many cases, magnetic metals can even provide com-

patible dielectric loss mechanisms. Unfortunately,

some inherent disadvantages, such as easy corrosion,

low Curie temperature, and high density, make them

unnecessary in practical applications [21, 22]. As a

kind of dielectric materials, carbon materials have

attracted a lot of attention because of their light,

stable physical and chemical properties and good

conductivity [23]. Not only that, carbon materials

have many homomorphs, such as graphene [24],

carbon nanotubes, CNTs [25], carbon foam [26],

porous carbon [27], etc., and are easy to prepare

excellent absorbing materials according to needs and

different materials [28–30]. Among them, like other

one-dimensional materials [31]. carbon materials

with one-dimensional (1D) morphology have been

widely used in the field of microwave absorption

because of their aspect ratio, low density, strong

dielectric properties, and stable physical and chemi-

cal properties [32–34]. In addition, 1D carbon mate-

rials have been shown to be capable of producing

highly efficient EMWA by self-assembling or com-

bining magnetic materials to form three-dimensional

interconnect networks.

1D carbon materials widely used in the domain of

microwave absorption mainly include CNTs and

carbon fibers. In addition to the morphological dif-

ferences, the former has the properties of strong

conductivity, high-temperature resistance, and oxi-

dation resistance, which makes their applications in

the field of microwave absorption different. In this

paper, the applications of 1D carbon-based materials

compounded with magnetic materials and dielectric

materials to EM wave absorption are introduced, and

the future development direction is prospected.

2 Microwave absorption mechanism

When the EM wave propagates in space and reaches

surface of the EMWA, part of it will be reflected on

the material surface, the other part will enter the

absorber and be converted into other forms of energy,

and the last part will propagate through the absorber.

In order to achieve EM wave absorption, researchers

hope that EM waves will be absorbed into the

absorption to the maximum and dissipated almost

without reflection and transmission. This behavior is

related to the impedance matching and dissipation

capacity of the absorber.

Dielectric loss and magnetic loss occupy an

important position in the process of EM wave loss. In

order to further clarify the attenuation mechanism,

the dielectric loss angle and the magnetic loss angle

are proposed, which are the parameters to charac-

terize the dielectric loss and the magnetic loss ability.

2.1 Impedance matching

On the basis of the transmission line theory, when

impedance matching, the transmission line works in

the traveling wave state, and the EM waves do not

reflect on the surface of the absorption but directly

enter the absorber [9, 35–37]. Impedance matching

can be achieved by making the input impedance of

the transmission line equal to the characteristic

impedance of the transmission line.

The characteristic impedance of the absorbing

material is calculated as follows [38–41]:

Zin ¼ Z0
lr
er

� �1=2

tanh j
2pfd

c

� �
lrerð Þ1=2

� �
: ð1Þ

Among them, Z0 is the impedance of free space, Zin

is the characteristic input impedance at the air-coat-

ing interface, er and lr are complex permeability and

permittivity, d is the thickness of the prepared com-

posites, c is the velocity of the wave in vacuum, and

f is the applied frequency.

When Zin = Z0, EM waves can achieve no reflection

on the surface of materials.

The reflection loss (RL) of material is considered as

a major parameter to evaluate the microwave
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absorption performance, which can be expressed as

follows [42]:

RL ¼ 20 log Rj j ¼ 20 log
Zin � Z0

Zin þ Z0

����
����: ð2Þ

When RL is less than – 10 dB, it can be considered

that more than 90% of the EM wave is absorbed. The

frequency range of RL\ - 10 dB is called effective

absorption bandwidth (EAB).

The attenuation of EM wave by absorber can be

characterized by attenuation constant [43–45]:

a ¼
ffiffiffi
2

p
pf

c

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
l00e00 � l0e0ð Þ þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
l00e00 � l0e0ð Þ2þ l0e00 þ l00e0ð Þ2

qr
:

ð3Þ

Here, e’ and l’ represent the real parts of the

complex permittivity and the complex permeability,

respectively. e‘‘ and l’’ represent the imaginary part

of the complex permittivity and complex permeabil-

ity, respectively.

2.2 Dielectric loss

The dielectric loss comes partly from the rotation and

orientation during the polarization process and

partly from the resonance caused by the leakage

conductance and the frequency of external electric

field consistent with the thermal vibration frequency

of molecules or atoms. The polarization of medium

mainly includes atomic polarization, ion polarization,

dipole polarization, and interface polarization. In

general, ion polarization and electron polarization

can be easily excluded from microwave absorption

because they usually occur in the THz and PHz range

[46]. Therefore, the dielectric loss in the absorbing

materials should be attributed to various dipole

polarization phenomena and interface polarization

phenomena [47–49]. For dielectrics, relaxation occurs

when an electric field is suddenly applied or can-

celed. A large number of defects and residual groups

can be used as polarization centers, in which the

dipole cannot move freely like the electron in the

external electric field. In the alternating electric field,

the positive and negative electric fields are added to

the dielectric periodically in turn, which will inevi-

tably cause the dipole to move with direction of

electric field. With the increase of electric field fre-

quency, the change of dipole cannot keep up with the

change of frequency, and the hysteresis phenomenon

appears. The dipole turns repeatedly, which con-

sumes the energy of the electric field. According to

Debye’s dipole relaxation theory, the relationship

between e’ and e‘‘ can be written as follows [50–53]:

e0 � es þ e1
2

� 	2

þ e00ð Þ2¼ e0 � e1
2

� 	2
: ð4Þ

Here, es, e?, and e0 are constant, which represent

the static permittivity, the relative dielectric permit-

tivity at the high frequency limit, and the dielectric

constant in vacuum, respectively.

From e’–e’’ curve shown in Fig. 2b, a semicircle in

the figure of represents a Debye relaxation process,

which is called Cole–Cole semicircular. For the inter-

face polarization and related relaxation, it always

appears in heterostructure materials, and the accu-

mulation and distribution of space charge on the

interface are uneven, which will produce macro-

scopic electric moment. In the process of charge

separation, the polarization energy of external electric

field is converted into the polarization energy of

dielectric storage, and the rearrangement of charges

requires energy consumption, which leads to the

attenuation and loss of EM energy in the conversion

process.

2.3 Magnetic loss

Magnetic loss includes domain wall resonance loss,

hysteresis loss, eddy current loss, exchange reso-

nance and natural resonance, commonly stemming

from the relaxation process of magnetization. Among

them, the domain wall resonance loss usually occurs

in the lower frequency range (MHz), while the hys-

teresis loss can be ignored in the weak magnetic field.

Therefore, the magnetic loss can be mainly attributed

to resonance loss and eddy current loss. Eddy current

loss is the energy loss caused by the current gener-

ated in the conductor in a changing magnetic field,

which is only related to the conductivity (r) and

thickness (d) of the material, represented as follows

[54, 55]:

C0 ¼ l00 l0ð Þ�2
f�1 ¼ 2pl0d

2r: ð5Þ

Assuming that the value of C0 remains constant

with the change of frequency, eddy current loss is the

only cause of magnetic loss. However, in many cases,

the value of C0 often changes, indicating that natural

[56] resonance and exchange [57] resonance play a
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leading role in magnetic loss, while eddy current loss

only plays a small part.

Low-frequency resonance is caused by natural

resonance, which is attributed to shape anisotropy

and magnetic crystal anisotropy, while exchange

resonance is the result of energy exchange between

particles and surface anisotropy [58].

In order to further clarify the attenuation mecha-

nism, the dielectric loss tangent (tan dl = l‘‘/l’) and

the magnetic loss (tan de = e’’/e’) tangent are pro-

posed, which are the parameters to characterize the

dielectric loss and the magnetic loss ability [59, 60].

More deeply, e’ and l’ represent the storage capacity

of a material for electrical and magnetic energy,

respectively. e‘‘ and l’’ are related to the material’s

ability to lose electrical and magnetic energy [61–63].

3 1D carbon-based materials
for microwave absorption

In order to solve the impedance imbalance caused by

high dielectric of 1D carbon materials, magnetic loss

materials are often introduced to adjust their impe-

dance matching. In addition, materials with low

dielectric can also be introduced to control their

dielectric constant to achieve the effect of impedance

matching. These two methods are accompanied by

structural diversity. Therefore, the microwave

absorption performance is improved due to the syn-

ergistic effect of EM parameter change and diverse

structure.

3.1 Carbon nanotubes-based materials
for microwave absorption

CNTs are one-dimensional nanostructures with high

specific surface area, quantum effect, strong power

dissipation ability, and unique spiral and tubular

structures [64, 65]. However, high dielectric constant

leads to poor impedance matching between carbon

materials and air. Therefore, many scholars have

made great efforts to obtain ascendant CNTs-based

microwave absorbing materials.

3.1.1 Carbon nanotubes/magnetic materials composites

for microwave absorption

Previous study has shown that pure CNTs lack the

ability of magnetic loss, so the EMWA performance is

not ideal [64]. Magnetic metals, known for their

magnetic loss capacity, are often used to composite

with CNTs to improve their magnetic loss constant,

improve impedance matching, and prepare satisfac-

tory absorbing materials.

Magnetic metal elements are often filled into CNTs

[66–68]. As displayed in the transmission electron

microscope of Fig. 1, it is intuitive that the magnetic

metal is embedded in the CNTs. Interface polariza-

tion will occur at the contact between metal and CNT

(Fig. 1g), and the magnetic loss is caused by metal

introduction. The synergistic effect of the two makes

the composite that has good microwave absorption

performance. Many scholars have prepared magnetic

metal/CNTs with this structure and investigated

their microwave absorbing properties.

Using metal organic framework (MOF) as precur-

sor, Qiu et al. [67] compared the effects of different

pyrolysis temperatures on the microwave absorbing

properties of Ni/CNTs by in situ pyrolysis method.

Among the samples they prepared, the samples

pyrolyzed at 700 �C had better absorbing perfor-

mance than the samples pyrolysed at 600 �C, which

reached - 65 dB RLmin at only 10 wt% load, with a

thickness of 1.9 mm and an EAB of 4.6 GHz. This is

because the higher pyrolysis temperature is con-

ducive to improve the catalytic ability of nickel

nanoparticles and further improve the degree of

graphitization, high degree of graphitization is con-

ducive to conductivity loss.

Coincidentally, the EMWA performance of Fe, Co,

and Ni particles composite with CNTs was com-

pared, respectively, by Ning et al. [68] and Wen et al.

[69]. The latter achieves better performance with

lower content and less thickness because the doping

element will introduce a large number of point

defects (such as doped atoms or vacancies) into the

host material. According to Debye’s theory, these

defects act as dipoles in EM fields to improve the

dielectric properties of the material (Fig. 2a). Signifi-

cantly, the experimental results show that the wave

absorption performance of Fe/CNTs is always higher

than that of the other two magnetic metals in both

studies (Fig. 2b), indicating that Fe/CNTs have a

wider application prospect in the field of EM wave

absorption.

Magnetic metal alloy can also be used as a com-

ponent contributing magnetic loss to composite with

CNTs to achieve excellent absorption performance.

Among them, the most widely used is iron–nickel
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(Fe–Ni) alloy [70, 71]. Fe–Ni alloy is a satisfactory

choice because of its high permeability and saturation

magnetization. The natural resonance frequency of

Fe–Ni nanoparticles varies between 2.23 and

6.60 GHz, depending on the anisotropy caused by its

shape and size. Not only that, there are many meth-

ods for the modification of CNTs with Fe–Ni alloy

including wet chemistry, arc discharge, template-

assisted method, and organometallic precursor

pyrolysis, among which wet chemical method is

simple and ensures various metals or metal alloys

and other nanophases attached to or encapsulated

onto CNTs, involving pretreatment, solution reaction,

calcination, and reduction of CNTs. Considering

these advantages, Yang et al. employed wet chem-

istry method to prepare c-FeNi/CNT composite,

Fig. 1 Transmission electron microscope of CNTs embedded with Fe (a, b), Co (c, d), Ni (e, f), FeNi (d, h), and their absorbing

mechanism (g) from [67, 68]

Fig. 2 Interfacial and dipolar polarization conductive network in paraffin and microwave propagation model in M@NCNTs (a), e00–e0

curve (b), and RL curve of 10 wt% Fe@NCNTs, 10 wt% Co@NCNTs, 10 wt% Ni@NCNTs (c) from [68]
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reaching RLmin of - 15.4 dB with a thickness of only

1.6 mm with a very low absorbent material content of

2% [70].

Although metallic elemental/CNTs have been

used in many scenarios as absorber; however, metal

nanoparticles are easily oxidized and corroded,

indicating that climate resistance is one of their dis-

advantages and that such materials need to be suit-

able for specific working environments, which limits

their practical application. Therefore, ferrite with

both magnetic and corrosion resistance has attracted

the attention of researchers. In recent years, a large

number of studies have shown that magnetic spinel

ferrite MFe2O4 (M = Fe, Co, Ni, Mn, Zn, etc.) com-

plexation. It is an effective strategy to improve the

microwave absorption performance of CNTs to fab-

ricate CNTs/ ferrite hybrid.

In many studies, the modification of CNTs by fer-

rite only requires a simple hydrothermal method

[72–74]. A typical method is depicted in Fig. 3.

Firstly, CNTs are treated with acid, during which

defects may develop on their surfaces. These defects

provide affluent sites for metallic cations deposition.

These oxygen-containing groups present on the sur-

face of CNTs are then conducive to the binding of

metal cations through electrostatic attraction interac-

tions under alkaline conditions. Finally, a large

number of ferrite crystals are formed in situ and fixed

on the surface of CNTs, which are further assembled

into microspheres during solvothermal processes. As

a result, CNTs/ferrite composites were obtained.

What is more attractive is that the element of ferrite

and the content of the element are adjustable, which

can be slightly changed according to the actual need

to obtain the required absorbing materials. Ni–Zn–

Co-ferrite synthesized by Dalal et al. not only has

EMWA performance with the RLmin of 1-mm-thick

MWCNTN3Z4C3–MWCNT nanocomposite being -

22 dB. Due to the increase of Co2 ? content caused

by the increase of magnetization and magnetic crystal

anisotropy, the specific absorption rate of the mate-

rial increases, so it can be used as an efficient AC-

induced heat medium, which is an important part of

the treatment of cancer [75].

3.1.2 Carbon nanotubes/dielectric materials composites

for microwave absorption

Dielectric materials in addition to carbon materials

also include barium titanate [75], silicon carbide [76],

conductive polymer [77], and zinc oxide. Due to good

conductivity, low density, good stability, and excel-

lent environment characteristics, dielectric materials

can also participate in improving the EMWA prop-

erties of CNTs. In the recombination with CNTs, the

polyvinyl alcohol (PVA) occupies the main position.

MWCNT/PVA nanofilms were effectively embedded

into PVA matrix by using SDS as effective coating

agent [78]. With the change of MWCNT content, the

wave absorption performance of the composite

changed. For pure PVA, the RLmin was - 12 dB, and

when the MWCNT content increased to 10%, the

RLmin was - 28 dB. Another polymer, polyaniline

(PANI), is also commonly used in combination with

CNTs to achieve excellent wave absorption

properties.

Using the chiral helical PANI@CNTs, Meng and

colleagues [79] demonstrated that the integration of

CNTs and PANI achieves enhanced microwave

absorption compared to pure CNTs and PANI with

an RL value of - 32.5 dB at 8.9 GHz. Figure 4 reveals

the EWMA performance of PANI-CSA@helical CNTs

(HCNTs) and the feasible dissipation mechanism.

There are p–p and H bond interactions between PANI

molecule and HCNT, and the chiral binding of PANI

and continuous HCNT of chiral-doped acid at the

molecular and nanoscale, respectively, leading to the

synergistic effect of two handedness. The cross-po-

larization of HCNT and chiral PANI main chains

enhances the microwave absorption performance,

and the cooperation of multiple relaxation from

functional groups and interface polarization can

synergically benefit the EM absorption characteris-

tics. In order to compare the effects of different

polymer morphologies on the microwave absorption

of MWCNT, PANI/MWCNT, and PVA/MWCNT

composites synthesized by Salimbeygi et al. [80]. In

their study, although the nanofibrous sample had an

RLmin of - 23 dB, higher than the - 28 dB, which is

the RLmin of thin film, its thickness was only 0.1 mm,

one tenth of that of the thin-film sample. Such a thin

thickness makes it possible to create ultra-thin

EMWA materials.

Among all the non-magnetic metal oxides, tita-

nium dioxide (TiO2) has aroused great concern in

EMWA applications because of its strong dielectric

loss characteristics [80–82]. The low dielectric con-

stant makes it suitable for adjusting the impedance of

CNTs. To overcome the high density and processing

difficulties of powdered CNTs/TiO2, Mo et al. made
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a breakthrough in producing a lightweight CNT/

TiO2 sponge for microwave absorption using simple

hydrolysis and heat treatment methods [83]. The

crystal structure and morphology of CNTs/TiO2

sponge can be regulated by changing the

experimental conditions. The CNTs/TiO2 sponge has

excellent performance in microwave absorption. The

RLmin is - 31.8 dB at a thickness of 2 mm.

Some non-magnetic metal oxides have semicon-

ductor properties with adjustable band gaps and are,

Fig. 3 Possible microwave

absorption mechanisms of

NMWCNTs/ferrite hybrid

composites (a) from [72], and

typical procedure of

synthetizing of CNTs/ferrite

by hydrothermal method (b,

c) from [72, 74]

Fig. 4 The microstructure of PANI-CSA@HCNTs (a), the RL value of PANI-CSA@HCNTs composites, HCNTs, PANI@CSA, the

mixture of PANI@CSA and HCNTs (b), and the schematic of microwave loss mechanism of PANI-CSA@HCNTs (c) from [79]
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therefore, used to adjust the conductivity to enhance

the microwave absorption properties of mixed

materials, such as zinc oxide (ZnO) [84], copper oxide

(Cu2O) [85], and alumina (Al2O3) [86]. For instance,

copper oxide is deposited on MWCNT by means of

the chemical force between the copper atoms of the

copper oxide nanoparticles and the C=O associated

with MWCNT [85]. Compared with pure MWCNT

without absorbing performance, when the Cu2O/

MWCNT thickness is 1.5 mm, the optimal RL is

- 28.8 dB at 11.9 GHz, and the EAB can reach

2.7 GHz (10.7–13.4 GHz). When the thickness is

2.0 mm, the optimal RL is - 40.5 dB at 8.1 GHz. The

mass fraction of Cu2O in Cu2O/MWCNT mixture is

about 39.36%. The specific structure of the Cu2O/

MWCNT mixture can establish the conductive net-

work and increase the conductive path between the

Cu2O and MWCNT. In addition, the immobilized

copper oxide nanoparticles on MWCNTs provide the

conditions that lead to polarization and capacitor-like

structure at the interface between the Cu2O nanopar-

ticles andMWCNTs, and attenuates EMwave energy.

3.2 Carbon fibers-based materials
for microwave absorption

As a typical representative of 1D carbon materials,

carbon nanofibers (CNFs) have aroused extensive

interest in the field of EMWA due to their low den-

sity, high aspect ratio, high strength, good dielectric

properties and corrosion resistance. Meanwhile, it

has demonstrated in experiments that CNFs can

prepare efficient EMWA due to three-dimensional

networks through self-assembly or combination with

magnetic materials. Therefore, in view of the unique

ability of CNFs and magnetic metals and the syner-

gistic effect between them, we have studied a large

number of CNFs-based composites for microwave

absorption.

3.2.1 Carbon fibers/magnetic materials composites

for microwave absorption

Among the various technologies to obtain nanofibers,

electrospinning is considered as a simple, low-cost,

and efficient strategy for large-scale preparation of

fibers with controllable size and microstructure

[87, 88]. Electrospinning technology is a method of

drawing and deforming charged polymer solution or

melt under the action of electric field, and then

obtaining fiber structure through solvent evapora-

tion/melt cooling and solidification. In theory, any

polymer material that can be dissolved or melted can

be electrospun at a certain viscosity. This is an elec-

trospinning process in Fig. 5a.

Ni/CNFs with well-controlled structure and mor-

phology were prepared by electrospinning in the

study of Shen et al. [89]. They found that the samples

calcined at 650 �C could achieve the optimal RL value

of - 44.9 dB and EAB of 3.0 GHz at the thickness of

3.0 mm, which is closely related to the impedance

matching of magnetic loss optimization caused by

magnetic nickel nanoparticles. The enhancement of

dielectric loss is originated from the conductivity

loss, dipole orientation polarization, and interface

polarization caused by the conductive network

formed by Ni/CNFs. The dipole orientation polar-

ization and interface polarization result from the

charge transfer among NiO, Ni, and carbon, which

leads to the formation of electric dipole (Fig. 5c).

Also using electrospinning method, Liu et al. pre-

pared nitrogen-doped CNFs (Co/N-CNFs) with solid

and macroporous structure [90]. Compared with

microporous Co/N-CNFs, the RLmin value of solid

Co/N-CNFs was lower, which was - 25.7 dB, and

the absorption bandwidth was wider, which was

4.3 GHz. This may be due to the high Co content.

In addition to electrospinning, the composite can

also be obtained by coating thin film on the surface of

carbon fiber. The most common thin-film growth

processes, such as sputtering [91] and molecular

beam epitaxy, require high vacuum or ultra-high

vacuum. Electroplating is also accessible to prepare

ferromagnetic films, because this method can change

the electrodeposition parameters in the experiment

and has the advantage of easy control [92]. Based on

this, Liu et al. deposited a 2 lm thick Ni–Fe alloy film

on the surface of CNFs by electroplating [92]. The

magnetic and microwave absorption properties of

Ni–Fe/CF composites were studied. The RL of

Fe0.45Ni0.55/CF composites is less than - 10 dB in the

range of 1.6–2.1 GHz. The lowest RL of Fe0.45Ni0.55/

CF composite is - 14.7 dB, and the corresponding

thickness is 3.3 mm, realizing at 2.0 GHz.

3.2.2 Carbon fibers/dielectric materials composites

for microwave absorption

Silicon carbide (SiC) is best known as a semicon-

ductor material, but it can also be employed as a
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lightweight, high-temperature EMWA due to its low

density, good oxidation resistance, high thermo-

chemical stability, high mechanical strength, and

adjustable conductivity [93]. It is important to note

that the EM properties of SiC usually change with its

morphology. 1D silicon carbide nanofibers (SiCNF)

with high surface volume ratio and shape structure

effect are considered to have better microwave

absorption properties than bulk or micro-silicon car-

bide particles. Consequently, it is universally accep-

ted that SiCNF-coated CFs can achieve effective and

stable EMWA performance. Chemical vapor deposi-

tion (CVD) is widely applied to coat SiC on carbon

fibers to achieve one-dimensional structure [94]. In

the work of Wu et al., large-scale SiC nanowire arrays

were directly grown on the surface of carbon fibers

(CFs) by CVD at a relatively low temperature

(1200 �C). With the growth of SiCNW/CF compos-

ites, they have excellent microwave absorption

properties, which are mainly caused by dielectric

loss. For the composite with 30 wt% SiCNW/CF of

2 mm thickness, the RLmin of 21.5 dB is achieved at

7.7 GHz, and the EAB is 2.4 GHz [95].

Using the same CVD method (Fig. 6a, b), Zhou

et al. adopted nickel nanoparticles as a catalyst to

grow SiC nanofibers (SiCNFs) in situ on the surface of

CFs [96]. The minimum RL of this composite can

reach - 19.9 dB, and the RL of SiCNFs-coated CFs is

less than - 10 dB in the frequency range of 9.2 to

11.7 GHz. Compared with the pure CFs, the RL in the

range of 2 and 18 GHz is higher than - 2.1 dB, and

the absorbing performance of this composite shows a

significant improvement. As shown in Fig. 6d, they

believe that the short carbon fibers are considered to

act as micro-capacitors due to the electron accumu-

lation on the surface of the short carbon fibers and the

internal defects of the short carbon fibers under the

external electric field. Under the electric field action

of the SiCNFs-coated CFs, there is also a jump

migration between the neighboring SiCNFs. There-

fore, compared with pure CFs, the superior micro-

wave absorption characteristics of SiCNFs-coated

CFs are mainly attributed to the improved impe-

dance matching and the dissipation caused by jump

migration. The results of thermogravimetric analysis

(TGA) show that the initial and final oxidation

Fig. 5 An electrospinning process (a) from [88], SEM images of Ni/CNFs (b), and schematic illustration of possible microwave

absorption mechanisms in the Ni/CNFs (c) from [89]
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temperatures of SiCNFs-coated CFs are higher

(Fig. 6g), which indicates that the oxidation resis-

tance of oxygen is improved at high temperature.

Therefore, SiCNFs-coated CFs can be used as a can-

didate of EMWA in harsh environment.

Dielectric materials such as zinc oxide (ZnO) and

alumina (Al2O3) are widely used as necessary com-

ponents of absorbers because of their dielectric

behavior and dipole relaxation polarization.

Zhao et al. produced a specially designed CNFs

coated with a gradient multilayer nanofilm [97]. This

experiment applies atomic layer deposition (Fig. 7a,

b) to precisely control the proportion of Al2O3 and

ZnO contents in the nanofilm to regulate the electrical

conductivity. A multifunctional gradient film with

increasing electrical conductivity can be used as an

intermediate layer to regulate the impedance match-

ing between the air and the CNFs surface (Fig. 7c). By

adjusting the thickness of the gradient film reason-

ably, the optimal RL of - 58.5 dB was attained, and

the absorption layer thickness was only 1.8 mm.

The release energy of internal stress in copper film

caused by atomic diffusion makes the growth of

CuO/CFs composites possible. Based on this, Zeng

et al. synthesized CuO/CFs composites by annealing

at 400 �C [98]. The ferromagnetism and microwave

absorption properties of CuO/CF composites were

studied. In the 1.8 mm layer, the strongest RL is

further enhanced to - 29.6 dB at 7.8 GHz. Strong

absorption (RL\ - 10 dB and – 20 dB) ranges from

2.7 to 15.9 GHz and 3.0 to 9.4 GHz, with thickness of

1.0–4.0 mm, respectively. CuO/CF composite is

considered to be an ideal material for manufacturing

light, strong absorption, and multifrequency micro-

wave absorption materials.

The change of microstructure, which is beneficial to

multiple scattering and multiple polarization, is

another strategy to optimize the absorbing perfor-

mance besides changing the composition (Fig. 7f).

The microwave absorbing properties of ZnO with

flocculent structure on the surface of carbon fiber

have been proved by Luo et al. [99] to be better than

that of granular and flat plate. The flocculent ZnO/

CFs synthesized by them have the RLmin of - 46.6 dB

at 17.8 GHz, and the thickness is only 1.21 mm.

However, the RLmin of granular ZnO/CFs at

16.6 GHz is - 46.4 dB with the thickness of 1.52 mm

(Fig. 7e). They claimed that the special geometry of

ZnO nanotrees with isotropic tangent network

framework can be explained, which is consistent with

the view in other studies [100–102]: fillers with high

aspect ratio show better microwave absorption per-

formance than those with low aspect ratio.

Fig. 6 Schematic diagram of the growth of SiCNFs (a, b), image of the top of SiCNFs during CCVD (c) from [96], microwave absorption

mechanism of SiCNFs/CF (d) and TGA curve of SiCNFs/CF (e) and CF from [96]
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3.3 Other 1D carbon-based materials
for microwave absorption

There are other one-dimensional carbon materials

such as carbon nanowires (CNWs) and carbon

nanorods to absorb EM waves.

Liu et al. [103] successfully prepared CNWs/SiC/

SiOC composite ceramics including two types of

nanowires, which have large specific surface area,

more interfaces, and polarization loss is significantly

higher than conductivity loss. Consequently, the

RLmin of the composite ceramics is about - 24.5 dB

at the thickness of 1.8 mm, and the EAB is 4.8 GHz at

the thickness of 1.9 mm.

In order to obtain a novel absorber with high

absorption, small reflection, and wide absorption

band, Pan et al. prepared lithium carbonate nanowire

reinforced silicon nitride composite ceramics (CNW/

Si3N4) by catalytic CVD (Fig. 8a) [104]. The RLmin of

the composite is - 50.21 dB, reaching at 10.8 GHz,

and the maximum effective absorption bandwidth is

4.2 GHz, covering the whole X-band. The impressive

absorption performance of CNW/Si3N4 originates

from the contribution of the unique hierarchical

porous structure to impedance matching, as well as

the strong conductive loss and various dipole polar-

ization effects (Fig. 8b).

Instead of using CVD to embed magnetic nano-

materials into one-dimensional carbon materials, Li

et al. [17] prepared heterogeneous rod-like Ni@C by a

convenient hydrothermal reaction and subsequent

calcination. The Ni@C nanorods have an RLmin of -

58.7 dB, at a thickness of 1.66 mm, and an effective

absorption bandwidth of 4.4 GHz. Under the syner-

gistic effect of conductive loss, dielectric loss, and

magnetic loss, the Ni@C composite has a powerful

EMWA ability. In addition, due to the high specific

surface area and abundant heterogeneous interfaces

Fig. 7 Schematic of the synthesis process of the gradient films/

CNFs via ALD (a), TEM images of the cross section of

5 9 45(Al ? Zn)/CNFs (b), microwave absorption properties of

the CNFs and coated CNFs (c), schematic of the interaction of an

electromagnetic wave with gradient films/CNFs and possible

absorption mechanisms (d) from [97], RL values verse frequency

of granular ZnO/CFs and flocculent ZnO/CFs (e), and scanning

electron microscope of different microstructure ZnO/CFs (f) from

[99]
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of Ni@C composites, the multiple reflection and

scattering of microwave are significantly increased.

Moreover, the hybrids are suitable for practical

applications because carbon matrix on the surface of

nickel nanoparticles effectively prevents its aggrega-

tion and oxidation.

A series of rod-like composites containing ferro-

magnetic nanoparticles (Fe3O4, Fe3C, and Fe

nanoparticles) embedded in porous carbon (Fig. 8d)

were demonstrated and synthesized by Wu et al.

[105]. The composition of the hybrids has a signifi-

cant effect on the magnetic properties, and the fluc-

tuation of dielectric constant depends greatly on the

degree of graphitization with the change of pyrolysis

temperature. Improvement of impedance matching

results from multicomponent synergistic effect, con-

duction loss, and highly pore structure (Fig. 8e),

which is conducive to good EM wave absorption

performance. Finally, the magnetic nanorods

obtained at the pyrolysis temperatures of 600 and

700 �C show the most significant EMWA properties,

with a strong reflection loss of - 52.9 dB and a wide

EAB of 4.64 GHz at 3.07 mm. The thickness of the

magnetic nanorods at 600 �C is 3.5 mm, and EAB

covers the whole X-band from 7.92 to 12.48 GHz.

4 Conclusion and perspectives

In this paper, we mainly take CNTs and carbon fibers

as examples to summarize one-dimensional carbon-

based materials as microwave absorbing materials.

Due to its light weight, high dielectric, and high

specific surface area, one-dimensional carbon mate-

rials can obtain excellent microwave absorption

properties through composite and morphology

design with other materials. This can be attributed to

the synergistic effect of impedance matching and loss

capability enhancement. The idea of modification

mainly includes the combination with other materials

and changing the structure to improve impedance

matching and enrich the loss mechanism. In addition,

the preparation of one-dimensional carbon matrix

composites is also the focus of this paper.

Although the development of EM microwave

absorption technology is constantly updated, the

preparation of composites with different forms and

Fig. 8 Schematic illustration of the synthesis of hierarchically

porous and polycrystalline CNW by CCVD (a), schematic

illustration of the interaction of electromagnetic wave with the

wires and possible EM absorption mechanisms in CNW/Si3N4

composite ceramics (b) from [104], schematic illustrations for a

synthesis of rod-like Ni@C composites (c), and mechanism of

microwave absorption in the rod-like Ni@C composites (d) from

[17]
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components and excellent EM absorption effect have

been obtained, there are still obvious defects in the

practical application of related materials, and the

further improvement is still facing great challenges.

In the work, we summarized that the effective

absorption bandwidth of one-dimensional carbon-

based microwave absorbing materials is concentrated

in high frequency, which limits its application and is

still difficult to be put into the civil range dominated

by low-frequency EM waves.

Most studies are only guided by experience and

lack of early simulation, and it is difficult to predict

the experimental results. In this way, the time cost

and material cost of work are high, which are not

conducive to the efficient production of satisfactory

results. In the future, the combination of simulation

and experiment will greatly improve the work effi-

ciency of researchers and prepare microwave

absorbing materials with excellent performance.

However, some problems still exist in the calcula-

tion of microwave absorption properties. The existing

formulas and theories cannot quantitatively analyze

the contribution of each component and loss mecha-

nism to the overall absorption characteristics of

materials, which is not conducive to controlling the

absorption characteristics of materials by adjusting

components. Therefore, more work can be considered

to study the absorption mechanism.

On the whole, one-dimensional carbon is more

compounded with magnetic materials to improve the

microwave absorbing performance, which is not

conducive to the production of lightweight micro-

wave absorbing materials. However, when develop-

ing airborne structures such as fighter aircraft, in

addition to microwave absorbing performance, it is

also important to consider weight. In conclusion, in

future research, we must seriously consider looking

for lightweight microwave absorbing materials with

sufficient microwave attenuation.

Most of the preparation methods are only feasible

in the laboratory and are difficult to generalize to

industrial production. For example, in the prepara-

tion of carbon fiber tube ferrite, the solution thermal

method is widely used in the preparation of EM

wave electricity in the laboratory. It is only suit-

able for the preparation of a small amount of powder

absorbent, which is difficult to realize large-scale

industrialization. The method of preparing mass-

produced microwave absorbing materials will

become another challenge.
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