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Abstract 

With the rapidly developing wireless communication technology, electromagnetic pollution 

problems have become more prominent. Electromagnetic pollution has caused great harm to 

wireless equipment, precision instruments, military safety, etc., which urgently requires the 

development of lightweight, high-efficiency, broadband electromagnetic waves (EMW) absorbing 

materials. MXene is an emerging two-dimensional (2D) material with the advantages of lamellar 

structure, excellent conductivity, and abundant surface groups. At the same time, conducting 

polymers (CPs) have excellent performance in terms of conductivity, surface activity, quality, and 

electromagnetic loss, making them have excellent potential in EMW absorbing direction. This 

article examines the preparation, structure, and performance of MXene and CPs-based radar 

absorbing materials (RAM). A comprehensive summary and objective analysis of the nowaday 

study progress on the EMW absorbing performances of MXene and CPs, and a comprehension of 

the absorbing mechanism are reviewed. Finally, the research direction of absorbing materials has 

been prospected. 

Keywords: Electromagnetic wave; MXene; Conducting polymer; Composite; Absorption. 
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1. Introduction 

The rapid blossom of technology and science has brought significant changes to our way of 

life in modern life [1, 2]. The use of electromagnetic waves (EMW) can be said to be the foundation 

of the information revolution. In particular, detection and communication technologies enable 

widely applications of industrial equipment and electronic devices [3, 4]. Mobile 4G, 5G 

communications, home wifi routers, computers, etc., are all transmitting data using EMW as the 

carrier. While improving the quality of life, they can also bring many problems [5-7]. There are 

many electronic devices and the intricate processes of information generation, transmission, and 

reception, which make us go to have to exist in a complex electromagnetic radiation environment 

all the time [8]. Electromagnetic radiation will interfere with adjacent circuits or sophisticated 

electronic equipment. Numerous works of literature, publications, etc., all suggest that 

electromagnetic radiation may cause health problems such as cancer, headache, depression, fatigue, 

etc. [9, 10]. Whether it is a developer who earns technological dividends or an individual who 

makes use of technological convenience while lamenting technological development, they 

deliberately or unintentionally ignore this chronic health problem [9]. On the other hand, in order 

to avoid radar detection and increase the chance of survival on the battlefield in the military field, 

there is imperative to develop stealth materials [11, 12]. The development and application of 

absorbing materials are essential measures to realize the stealth of weapon systems, which are the 

key to stealth technology [13].  

It is well known that EMW can be eliminated via eliminating the energy of electric or 
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magnetic fields. The earliest electromagnetic protection is to use metals with high conductivity, 

such as Fe, Co [14], Ni [15], Fe3O4 [16, 17], and others [18-21]. They are used to reflect EMW to 

make electromagnetic shielding materials [22-25]. However, due to their large size, inflexible 

operation, lack of corrosion resistance, and the fact that the EMW they reflect can be captured by 

radar. Therefore, metallic materials are not suitable for use in areas such as the military with these 

inherent these limitations.  

Non-metallic conductive materials, such as C [26-28],CNTs [22, 29], graphene [30-32] and 

others [33], have achieved excellent absorption performance in the field of EMW absorption 

compared to metallic materials due to their light mass and high electric loss. However, the new 

conductive materials MXene show greater absorption advantages. They have abundant surface 

functional groups and more stable spatial structures, in addition to having a large specific surface 

area, high conductivity, and light weight similar to graphene [34]. The efficient capture capability 

of MXene for incident EMW is mainly due to the high specific surface area, efficient dielectric 

loss from multiple polarization mechanism, and enhanced interfacial loss from unique two-

dimensional (2D) nanostructures. MXene is an burgeoning 2D material with a graphene-like 

structure [35]. MXenes is a family of 2D transition metal carbides/nitrides/carbonitrides [36]. In 

2011, Naguib et al. [37] first synthesized Ti3C2Tx MXene. They normally possess a formula 

Mn+1AXn, in which M denotes as a transition metal (such as Ti, V, Mo, etc.), A is on behalf of IIIA 

or IVA element (such as Al, Si, etc.), and X stands for N or C (n=1, 2, or 3). The A layer is etched 

away by technical means to obtain Mn+1XnTx with ultra-high specific surface area, as well as Tx is 
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surface terminations (-F, -O, or -OH, etc.) [38-40]. In order to intuitively express the source of the 

material and the graphene-like sheet structure, it is named MXene. Up to now, there are currently 

a variety of MXene materials, such as Ti3C2Tx [41], Ti2CTx [42], Ti4N3Tx [43], Nb2CTx [44], etc. 

as shown in Fig. 1a as the MXene family. MXene have hydrophilicity and conductivity from the 

structural point of view, and part of MXene also has a certain degree of magnetism, relying on 

different "M" [35]. This unique combination of properties can be further adjusted by controlling 

their composition and surface groups. So that theoretical and experimental research on its 

properties and potential applications is increasing [45, 46]. MXene has good electromagnetic 

absorbing performance, mainly due to its good interlayer electronic coupling and excellent 

conductivity. This means that MXene, as a new 2D material, can replace graphene for more 

effective electromagnetic protection [47, 48]. 

At as well, carbon materials are not as well processed and modified as conducting polymers 

(CPs), specifically in terms of conductivity regulation and defect control. CPs, as the most special 

class of polymer materials, exhibit excellent potential for electromagnetic wave absorption (EMA), 

including polyaniline (PANI) [49, 50], polypyrrole (PPy) [51, 52], polythiophene (PTh) etc.. The 

π-conjugated chains of CPs endow a delocalized electronic structure resulting in extraordinary 

electronic performances, for instance, low ionization potential and energy optical transitions, good 

conductivity, as well as high electron affinity [53-55]. The CPs’ conductivity can be improved by 

doping. Therefore, many works have used CPs as electromagnetic interference (EMI) shielding 

materials. Nonetheless, it has also been found that most of their shielding effect comes from EMW 
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absorption, not just reflection [56]. Therefore, CPs are potential in the direction of EMW 

absorption, through the modulation of structure and conductivity. In addition, CPs have unique 

advantages such as corrosion resistance, adjustable structure, low density, and easy preparation 

[57, 58]. This effective absorption performance and other advantages have stimulated research of 

CPs and their composites. 

MXene and CPs have excellent conductivity as EMA conditions. Since MXene has abundant 

surface functional groups, such as -F, -O, -OH, etc., it is very easy to form dipoles with -N, -H of 

CPs [59]. The composites of the two materials form richer dipoles and multi-interfaces and more 

complex conducting network. Polarization relaxation is more meaningful for the absorption of 

EMW in the radar band, compared to the conductivity loss. The research and development of 

lightweight, stable, efficient, and broadband absorbing materials is the current research hotspot. 

MXene and CPs suffer from single loss, narrow effective absorption bandwidth (EAB), and thick 

matching thickness like conventional conductive materials. Compounding with magnetic materials 

is an effective approach, by introducing magnetic losses and increasing impedance matching [60]. 

Fig. 1c summarizes the amount of EMA literature on MXene, PPy, PANI and their composites in 

the last decade. It can be observed from the figure that more and more CPs and MXene are being 

used for EMA studies. Fig. 1b summarizes the percentage of MXene, CPs and MXene/CPs based 

RAM in the last 10 years. Although the number of literature reports of composite materials of 

MXene and CPs applied in the direction of EMA is relatively small, there is still a future research 

initiative [61]. So far, no summary review based on the combination of these two materials has 
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been found. This article mainly summarizes the principles of EMW dielectric loss, magnetic loss, 

and EMW absorption and introduces in detail the synthesis and compounding methods of MXene 

and CPs and their research progress in radar absorption in recent years. In addition, this article also 

looks forward to their shortcomings, challenges, and prospects. 

 

Fig. 1 (a) Periodic table displaying MXenes compositions. MXenes consisting of color-coded elements. Classic 

MXenes structures presented at the bottom [62]. Copyright 2021, American Chemical Society. (b) The 

percentage of CPs, MXene, and MXene/CPs absorbing materials in the last decade (the total number of the three 

is 910). (c) The number of EMW absorbing publications about MXene, PPy, PANI and PTh and their composites 

in the last decade. 



8 

2. Electromagnetic loss and absorbing mechanism 

EMA materials are generally classified into EMI shielding materials with low reflectivity and 

radar absorbing materials (RAM) with high reflection loss (RL) value. EMI shielding materials 

enhance the effectiveness through conductivity enhancement, however, this results in 

electromagnetic pollution through secondary reflection [63]. The principle of an absorption-

oriented EMI shielding material derived on this basis is shown in Fig. 2a. EMW are absorbed in 

the material as much as possible, allowing a certain amount of reflection to exist. The principle of 

RAM and EMI shielding materials is different. EMW can only be used as RAM if they are 

completely absorbed in the absorbing layer. RAM is applied in the form of coating to the outer 

layer of aviation, aerospace and other equipment. The absorbing principle is shown in Fig. 2b, 

where a metal substrate is placed behind the absorbing material to reflect the transmitted EMW. 

The reflection loss is defined as the difference between the initial incident wave and the final 

reflected wave, which is used to indicate the ability of the RAM to attenuate EMW [53]. Here, the 

absorption and the electromagnetic loss mechanism of RAM are introduced in detail. 
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Fig. 2 The evaluation models of (a) EMI shielding materials and (b) radar absorbing materials. 

2.1 Electromagnetic loss mechanism 

2.1.1 Conduction loss 

The most common conductive absorbing materials are metal materials with high conductivity. 

Other conductive materials such as carbon, MXene, carbon fiber, PANI, and other CPs have a 

conductive absorbing mechanism. When EMW are incident on the absorbing material, a 

reasonable structure and conductivity can bring about a multi-reflection effect as illustrated in Fig. 

3a, c. This allows the EMW to be fully lost in the absorbing layer. Therefore, the reflection and 

secondary reflection of EMW or the penetration of electromagnetic energy due to too high or too 

low conductivity should be avoided as much as possible [64]. Under the radiation of EMW, the 

absorbing principle of conductive absorbing material is based primarily on the attenuation of EMW 

energy by the migration and transition of electrons in the material itself. Fig. 3b, d exhibit the 
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diagram of the conduction loss. Electron migration is due to the generation of induced 

electromotive force under the influence of EMW. In the presence of induced electromotive force, 

the directional movement of electrons occurs so that the EMW generates ohmic loss and converts 

energy into heat. The electronic transition is a function of temperature. Electrons are activated 

under high temperatures and jump over the barrier, giving rise to increased conduction losses. 

Metal materials form a current through the movement of free electrons, and a part of the energy is 

converted into heat and lost in the presence of resistance. 

To maximize the electromagnetic attenuation, the material should have sufficient conductivity 

and the movement of carriers. Nevertheless, high conductivity is not the only criterion that requires 

high electromagnetic attenuation because connectivity is the main prerequisite for achieving 

overall high conductivity in the conduction path [65]. Therefore, a particular conductive network 

should be formed [66, 67]. CPs usually have a conjugated system, doped by chemical or 

electrochemical methods to introduce electrons or holes. The π system on the doped CPs chain 

easily releases free electrons, thereby improving its conductivity. A conductive network is formed 

to accomplish the aim of absorbing EMW [68]. 
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Fig. 3 Illustration of electromagnetic losses of H-MnO2@PANI: (a) Multiple Reflection, (b) Conduction loss 

[69]. Copyright 2020. Elsevier. (c, d) Schematic diagram of possible MA mechanisms for hollow ZFO@PANI 

composites [70]. Copyright 2020. Elsevier. 

2.1.2 Dielectric loss 

The main reason for the research from conductive absorbing materials to dielectric absorbing 

materials is the various losses involved when EMW interact with substances in the GHz frequency 

range. Losses in this frequency range are not only attributable to ohm, conduction, but also to 

polarization losses [71, 72]. Dielectric performances usually refer to the answer of the bound 

charges, which merely move within the linear range of the molecule to the electric field [73]. 

Several parameters characterize it, and the first is the dielectric constant (𝜀𝜀𝑟𝑟  =  𝜀𝜀′ −  𝑗𝑗𝜀𝜀″), which 

exists in the form of a complex number. Where real part 𝜀𝜀′ of the complex permittivity represents 

the ability to reserve EMW, and the 𝜀𝜀″is the imaginary part denoting as the ability to dissipate 

EMW. Based on the free-electron theory, 𝜀𝜀″ = 𝜎𝜎
2𝜋𝜋𝜀𝜀0𝑓𝑓

 , increase in conductivity 𝜎𝜎  will improve 

imaginary parts 𝜀𝜀″, therefore, conduction loss can also be understood as a kind of dielectric loss 
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[74]. The second is the dielectric loss tangent ( 𝑡𝑡𝑡𝑡𝑡𝑡 𝛿𝛿𝜀𝜀 =  𝜀𝜀″/𝜀𝜀′), which reveals the ability of a 

substance absorbing electromagnetic energy, followed by the conversion it into heat at a specific 

power and temperature. The higher the 𝑡𝑡𝑡𝑡𝑡𝑡 𝛿𝛿𝜀𝜀 is, the much more EMW energy can be absorbed 

[75]. 

The dielectric polarization can generally be divided into dipole polarization, interface 

polarization, electronic polarization, and ion polarization. Among them, electronic polarization and 

ion polarization correspond to the THz and PHz frequency bands, respectively, and have little 

effect on the research of RAM. Electric dipole and interface polarization correspond to the GHz 

band, which is the focus we should pay attention to. A dipole is commonly a pair of quite close 

together charges or "magnetic charges" having opposite signs. The positive and negative charges 

of the dipole do not overlap that can be observed graphically from the Fig. 4b. However, at the 

macroscopic interface composed of a large number of anisotropic dipoles, the resultant dipole 

moment is zero, showing electrical neutrality [76]. The dipole and interface polarization can be 

represented by the schematic diagram Fig. 4a. Under the interference of electric or magnetic fields, 

the dipoles are oriented due to different charges, resulting in dipole polarization. Furthermore, the 

dipoles are constantly pulled to produce torque, coupled with their irregular thermal motion, which 

will cause them to go on collide and resulting in energy loss [77]. Since the two materials with 

different dielectric constants, in the alternating electric field effect at the junction of the two phases, 

the charge rearrangement, forming positive and negative charges, are distributed across the 

interface to form an interface polarization. When in an alternating electric field, the directions of 
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the dipole polarization and the interface polarization are constantly changing, and when the speed 

of the polarization cannot catch up with the speed of the alternating electric field, dielectric 

relaxation and energy loss will occur. This means the establishment or change of the polarization 

state takes a period of time to reach another equilibrium state from one equilibrium state, and 

dielectric relaxation and energy loss will occur. The dielectric relaxation can be described by the 

Debye equation as following: 

𝜀𝜀′ = 𝜀𝜀∞ +
(𝜀𝜀𝑠𝑠 − 𝜀𝜀∞)
1 + 𝜔𝜔2𝑡𝑡2                                                                     (1) 

𝜀𝜀″ = 𝜀𝜀∞ +
(𝜀𝜀𝑠𝑠 − 𝜀𝜀∞)𝜔𝜔𝜔𝜔

1 + 𝜔𝜔2𝑡𝑡2                                                                 (2) 

𝑡𝑡𝑡𝑡𝑡𝑡 𝛿𝛿𝜀𝜀 = 𝜀𝜀∞ +
(𝜀𝜀𝑠𝑠 − 𝜀𝜀∞)𝜔𝜔𝜔𝜔
𝜀𝜀𝑠𝑠 + 𝜀𝜀∞𝜔𝜔2𝑡𝑡2                                                           (3) 

where 𝜀𝜀𝑠𝑠, 𝜀𝜀∞, 𝜔𝜔 and t are static, optical dielectric constants, angular frequency, and relaxation time, 

respectively. According to formula (1) (2), they were eliminating 𝜔𝜔𝜔𝜔 to get a semicircular equation 

called Cole-Cole circle [78, 79]. 

�𝜀𝜀′ −
𝜀𝜀𝑠𝑠 + 𝜀𝜀∞

2 �+ (𝜀𝜀″)2 = �
𝜀𝜀𝑠𝑠 − 𝜀𝜀∞

2 �
2

                                              (4) 

A mathematical transforming semi-circle Cole-Cole equation can obtain the simplified Cole-

Cole equation: 

𝜀𝜀′ = 𝜀𝜀∞ +
1
𝑡𝑡 �
𝜀𝜀″

𝜔𝜔�                                                                    (5) 

When the dielectric performances are in accordance with Debye equation, the 𝜀𝜀′  and 𝜀𝜀″ 

values come into being a semicircular arc, indicating that there is dielectric loss. As shown in Fig. 

4c-e, in the front part of the Cole-Cole curve where the semicircle represents the dielectric loss 

mechanism, one semicircle represents a loss. The smooth part at the back end of the Cole-Cole 
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curve represents the conductive loss mechanism. the more semicircular arcs, the more loss 

mechanisms there are. 

 

Fig. 4 (a) Illustration of multiple interface polarization of H-MnO2@PANI [69]. Copyright 2020. Elsevier. (b) 

Interfacial polarization, dipole polarization, and capacitance-like structure [80]. Copyright 2021. Elsevier. (c) 

Cole-Cole image at 2-18 GHz and the corresponding electric polarization in Ti3C2 composites. [81]. Copyright 

2018. RSC. (d) and (e) Corresponding loss of Cole–Cole diagram [82, 83].Copyright 2021, American Chemical 

Society. Copyright 2021. Elsevier. 

2.1.3 Magnetic loss 

During magnetization and demagnetization processes, analogous to dielectric loss, part of the 

energy in the magnetic material is irreversibly converted into heat. This loss in energy is defined 

as magnetic loss [84]. The primary physical quantity is permeability. Permeability is not just the 
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potential gradient across a distance, but in the magnetic medium the ratio of the magnetic induction 

intensity B to the magnetic field intensity H (μ=B/H). What we usually use is the relative 

permeability of magnetic media, which is defined as the ratio of permeability μ to vacuum 

permeability μ0 (𝜇𝜇𝑟𝑟  = 𝜇𝜇
𝜇𝜇0

= 𝜇𝜇′ −  𝑗𝑗𝜇𝜇″). The permeability of a material can also be understood as 

the measure of a material's capacity to simply sustain a magnetic field within its medium [85, 86]. 

Permeability is similar to relative permittivity. The real part 𝜇𝜇′  of relative permeability is the 

lossless interaction of EMW, representing the conversion of energy, and the imaginary part 𝜇𝜇″ 

represents the attenuated part of the energy. The magnetic loss tangent (𝑡𝑡𝑡𝑡𝑡𝑡 𝛿𝛿𝜇𝜇 = 𝜇𝜇″/𝜇𝜇′) denotes 

the ability absorbing electromagnetic energy to convert it into heat. Still, the larger the 𝑡𝑡𝑡𝑡𝑡𝑡 𝛿𝛿𝜇𝜇 is, 

the more energy of the EMW is effectively absorbed. 

According to the strength of magnetism, magnetic materials are divided into two categories: 

strong magnetism and weak magnetism. Strong magnetism is manifested in the absence of an 

external magnetic field. In particular, ferromagnetic materials such as Fe, Co, Ni, and their oxides 

have high magnetic permeability, which are very potential magnetic absorbing materials. In the 

alternating environment, a ferromagnetic substance will also cause magnetic loss when magnetized, 

that is, the aforementioned imaginary part 𝜇𝜇″. Magnetic loss is generally separated into hysteresis 

loss, domain wall and eddy current effects, and exchange and natural resonances [87-89]. The 

hysteresis loss is the energy consumed to overcome the coercive force during the magnetization 

process. As shown in Fig. 5a, when the magnetic field applied to the right reaches the saturation 

magnetic field Hs, the material magnetizes along the dotted line to reach the saturation magnetic 
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induction Bs. When the intensity of the magnetic field H is reduced to 0, the magnetic induction 

intensity of the material does not drop to 0, which is called the residual magnetic induction Br. 

Continue to implement the reverse magnetic field so that the magnetic induction intensity becomes 

0. At this time, the magnetic field intensity is known as the coercive force Hc, and the hysteresis 

loss is the energy required to overcome Hc. In the alternating electromagnetic field, the greater the 

coercivity of the material has, the greater the hysteresis loss has [90, 91]. 

The domain wall effect corresponds to the loss in the MHz band, which is of minor 

significance to the absorption of GHz. The eddy current effect is based on the principle of 

electromagnetic induction. An induced current is formed in an alternating magnetic field, and a 

reverse induced magnetic field is further generated to achieve magnetic loss. The power loss 

resulted from by these currents is called eddy current loss. When the same resonance effect is an 

exactly incident EMW and the electron resonance frequency, resonance occurs will absorb some 

energy. Natural resonance takes place in the low GHz band, typically located 2-10 GHz. Resonance 

exchange generally occurs in a high frequency greater than 10 GHz [92]. Since the magnetic flux 

lines from magnetic materials formed, when the two magnetic substances close interaction of the 

magnetic flux lines in distorted form, a solid magnetic coupling effect, the electromagnetic loss is 

further increased. The electromagnetic loss of a magnetic material is not limited to the material 

itself. It can be seen from the simulation Fig. 5b that magnetic induction lines are distributed in 

space. This will be more favorable to the loss of EMW in space. 

The magnetic loss mechanism can be described by the following formula [82]. 
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𝐶𝐶0 = 𝜇𝜇′′(𝜇𝜇′)−2𝑓𝑓−1 = 2𝜋𝜋𝜇𝜇0𝜎𝜎𝑑𝑑2/3                                                         (6) 

It can be recognized that in Fig. 5c natural and exchange resonances are shown as the ups and 

downs of the curve. The contribution of the resonance effect on the magnetic loss is relatively 

small compared to the eddy current effect. Almost the magnetic loss is only a result of eddy current 

loss, so C0 is considered constant. Under this condition, the influence of eddy current on magnetic 

loss can be estimated. 

 

Fig. 5 (a) Schematic diagram of the hysteresis loop. (b) Finite element simulation for the schematic of electrical 

and magnetic coupling results and (c) the image of C0-f curve [82]. Copyright 2021, American Chemical Society. 

The magnetic loss schematics include (d) natural resonance, (e) eddy current effect, and (f) electromagnetic 
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coupling effect, respectively [80]. Copyright 2021. Elsevier. 

2.1.4 Loss and absorption of composite materials 

A composite of two attenuation may better achieve the principle of dielectric and magnetic 

losses of the above. The combination of tan 𝛿𝛿 𝜀𝜀  and tan 𝛿𝛿 𝜇𝜇  can be used to describe the entire 

EMW dissipation capability. This dissipation can also be expressed by the attenuation constant α 

[93]: 

𝛼𝛼 =
√2𝜋𝜋𝜋𝜋
𝑐𝑐 × �(𝜇𝜇″𝜀𝜀″ − 𝜇𝜇′𝜀𝜀′) + �(𝜇𝜇″𝜀𝜀″ − 𝜇𝜇′𝜀𝜀′)2 + (𝜇𝜇′𝜀𝜀″ − 𝜇𝜇″𝜀𝜀′)2              (7) 

Where c and f are the speed of light and frequency of the EMW, respectively. In addition to the 

attenuation ability of EMW, to have a good absorption performance in the end, it is also necessary 

to calculate the effective absorption of them. The reflection loss (RL) of EMW can be utilized to 

express the effective absorption of EMW on the basis of transmission line theory [94-97]. 

𝑅𝑅𝐿𝐿(𝑑𝑑𝑑𝑑) = 20 log �
𝑍𝑍𝑖𝑖𝑖𝑖 − 𝑍𝑍0
𝑍𝑍𝑖𝑖𝑖𝑖 + 𝑍𝑍0

�                                                 (8) 

𝑍𝑍𝑖𝑖𝑖𝑖 = 𝑍𝑍0�
𝜇𝜇𝑟𝑟
𝜀𝜀𝑟𝑟
𝑡𝑡𝑡𝑡𝑡𝑡ℎ�𝑗𝑗

2𝜋𝜋𝜋𝜋𝜋𝜋√𝜇𝜇𝑟𝑟𝜀𝜀𝑟𝑟
𝑐𝑐 �                                       (9) 

Here Zin, Z0, and d represent the impedances of the material and free space, and the thickness 

of the material, respectively. The absorbing material RL has a critical value, RL<-10 dB, meaning 

that 90% of EMW are effectively absorbed [46, 98]. The formula shows that RL is a function of d 

and f, and the RL can be plotted as a function of thickness d and frequency f to visually observe 

the absorbing performance. Fig. 6a is a 3D RL plot fitted according to Eq. to show macroscopically 

the excellent condition of the material for EMW absorption performance. Fig. 6b, e are the 
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corresponding 2D plots, which allow the best EMA data to be clearly indicated due to the 

simplification of the experimental data. In addition, the absorption frequency width below -10 dB, 

which is called the effective absorption bandwidth (EAB), can be observed in the figure. The wider 

EAB means that the material has a wider field of action, which means better absorption 

performance. Depending on the formula (7), when Zin=Z0, RL=0. That means the impedance 

matching is perfect, which is the ideal state of zero reflection in the design of the absorber [99, 

100]. As it is shown in Fig. 6c, d the increase in the attenuation constant and the impedance Zin/Z0 

= 1 are consistent with the best absorption trend [101]. It is an idea to study RAM by adjusting the 

ratio of composite materials to realize the most optimal impedance matching in the required 

frequency band. 

Apart from the Zin/Z0 described above, impedance matching can also be described by the 

following notation [102, 103]. 

|∆| = |𝑠𝑠𝑠𝑠𝑠𝑠ℎ2(𝐾𝐾𝐾𝐾𝐾𝐾) −𝑀𝑀|                                                   (10) 

𝐾𝐾 =
4𝜋𝜋�𝜀𝜀𝑟𝑟′𝜇𝜇𝑟𝑟′ ∗ sin (𝛿𝛿𝑒𝑒 + 𝛿𝛿𝑚𝑚

2 )
𝑐𝑐 ∗ 𝑐𝑐𝑐𝑐𝑐𝑐𝛿𝛿𝑒𝑒𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑚𝑚

                                                (11) 

𝑀𝑀 =
4𝜇𝜇′𝑐𝑐𝑐𝑐𝑐𝑐𝛿𝛿𝑒𝑒𝜀𝜀′𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑚𝑚

(𝜇𝜇′𝑐𝑐𝑐𝑐𝑐𝑐𝛿𝛿𝑒𝑒 − 𝜀𝜀′𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑚𝑚)2 + �tan 𝛿𝛿𝑚𝑚 − 𝛿𝛿𝑒𝑒
2 �

2
∗ (𝜇𝜇′𝑐𝑐𝑐𝑐𝑐𝑐𝛿𝛿𝑒𝑒 + 𝜀𝜀′𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑚𝑚)2

           (12) 

It can be seen from the above formula (10-12) that the smaller the |∆| value is, the better the 

impedance matching is. Fig. 6f intuitively shows that the impedance matching area is specifically 

distributed in different frequencies and thicknesses. This can also reflect the absorbing range and 

effective absorption of the absorbing material from the side. This |∆|will be used together with 
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Zin/Z0 to describe impedance matching. 

 

Fig. 6 (a) 3D RL plots corresponding to different thicknesses and frequencies [104]. Copyright 2017. Springer 

Science Business Media. (b, e) 2D plots corresponding to 3D RL plots, and 3D top views [105]. Copyright 2020. 

American Chemical Society. The images of (c) impedance matching (|Zin/Z0|) [106], Copyright 2020. The 

Author(s). and (d) 𝛼𝛼/RL/Z-f curve (f) impedance matching (|∆| ) [82]. Copyright 2021. American Chemical 

Society. 

A material with a strong electromagnetic loss capability and a poor impedance match will 

result in EMW not entering the material and being reflected directly out, as shown in Fig. 7c. 

However, it can be found from Fig. 7a that the EMW will be reflected on the metal substrate when 

the material has a good impedance match but not enough attenuation capability. In both cases, the 

reflected EMW are detected by radar. Fig. 7b showing the ideal state of impedance matching and 

attenuation capability. All EMW are directly absorbed and converted into heat to dissipate. The 
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depth of penetration of the EMW shown in Fig. 7c is called the skinning depth, which is calculated 

by the following equation.  

𝐷𝐷𝑝𝑝 =
𝜆𝜆0�𝜇𝜇′

2𝜋𝜋𝜀𝜀″                                                                 (13) 

In which λ0 (λ0=12.2 cm) denotes as the free space EMW length for 2.45 GHz. As 𝜀𝜀″ increases, 

the skin depth will inevitably decrease. At the same time, the formula 𝜀𝜀″ = 𝜎𝜎
2𝜋𝜋𝜀𝜀0𝑓𝑓

 is mentioned in 

2.1.2 Dielectric loss. High conductivity can increase the value of 𝜀𝜀″ and at the same time bring 

about the consumption of intense EMW. However, the impedance mismatch caused by high 

conductivity will bring more reflections. 

 

Fig. 7 The situations of the EMW absorber responsive to the EMW: (a) good impedance matching with weak 

attenuation, (b) good impedance matching with strong attenuation, and (c) poor impedance matching with strong 

attenuation [107]. Copyright 2018. Royal Society of Chemistry. 

At the macroscopic level electromagnetic attenuation follows the quarter-wave impedance 

theory with the following equation [108].  
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𝑑𝑑𝑚𝑚 =
𝑛𝑛𝑛𝑛

4𝑓𝑓�|𝜇𝜇𝑟𝑟||𝜀𝜀𝑟𝑟|
(𝑛𝑛 = 1,3,5 … )                                                    (14) 

When the above formula (14) is satisfied, the EMW passes through the internal boundary of 

the absorbing layer and comes to the outer boundary of the absorbing layer again after reflection. 

At this time, the phase difference is exactly 180° between the incident wave and reflected wave. 

Through the principle of wave interference, it is known that the EMW in this state is theoretically 

possible to achieve complete dissipation. This mutual cancellation at the absorbing layer interface 

can be used to explain why, under the same conditions, the absorption effect of a thicker absorbing 

layer is worse than that of a thinner one. 

2.2 Absorbing mechanism of materials 

2.2.1 Absorbing mechanism of MXene 

The main reason why MXene is invoked as a EMW absorbing material is its good 

conductivity, high specific surface area, plentiful surface functional groups, and good processing 

and compounding properties. The first is the influence of conductivity on EMW absorption. 

Lipatov et al. [109] tested the resistivity of individual and multilayer Ti3C2Tx flakes. The single-

layer Ti3C2Tx flakes displays a small resistivity of 2.31 ± 0.57 μΩ m (corresponding conductivity 

of 4600 ± 1100 S cm-1). However, the multilayer Ti3C2Tx film has a resistivity of 15.8 ± 1.3 μΩ m, 

which is just an order of higher than that of the single-layer Ti3C2Tx. 

The primary conductive loss mechanism of MXene can be shown in Fig. 8a-c. Each layer of 

MXene can be understood as a conductive element in a regional area, and multiple layers are 

superimposed to form a relatively more complex conductive network. Electrons can absorb 
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electromagnetic energy and move to the interlayer channels and the surface, and whereafter these 

migrated electrons dissipate energy through the collision with the crystal lattice [110]. When 

defects appear in the conductive sheet of MXene, the migration of electrons will be blocked. At 

this time, part of the electrons are stimulated by electromagnetic radiation to gain enough energy 

to cross the barrier of the defect and realize the transition of the electron in the defect of MXene. 

In the same way, when the distance between two layers is relatively close, a similar electron 

movement will also occur, jumping from one layer to another. Therefore, the relatively high 

conductivity is an essential factor for MXene to absorb EMW. 

 

Fig. 8 (a) Migrating electrons and (b) hopping electron transport across defects and (d) dipolar polarizations in 
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(c) MXene conductive network [76]. Copyright 2018. Elsevier. (e) Multi-reflection diagram of MXene [111]. 

Copyright 2018. Elsevier. (f) Side view of the bare Ti3C2 monolayer consisting of a quintuple layer with Ti(1)-

C-Ti(2)-C-Ti(1) stacking modes and the computed spin density distribution [112]. Copyright 2012. American 

Chemical Society. 

The most crucial reason for MXene as an absorbing material is its dielectric loss. Whether it 

is because of its etching method or its own stability, MXene will inevitably introduce surface-

active functional groups after etching. The etching methods include HF, HCl + LiF in-situ, 

fluorine-free, molten salt etchings, etc. These methods will introduce a large number of surface 

functional groups for example -OH, -O. Apart from fluorine-free etching, other methods will also 

introduce -F. MXene, which has no end groups, does not currently exist. As shown in Fig. 8d, 

MXene is precise because of -O, -F, -OH, and other surface terminations or defects, leading to 

asymmetric charges for distribution. That contributes to the construction of dipoles. These dipoles 

can convert electromagnetic energy into thermal energy due to relaxation losses in the presence of 

an electromagnetic field. Of course, when MXene is compounded with other materials, the 

interface will be polarized owing to the difference in electrical conductivity of the interface. For 

example, Ti3C2Tx MXene chemically reacts with CO2 and O2 in the air, and part of Ti will be 

oxidized to TiO2. Capacitive structures can be formed in the interface between MXene and TiO2 

nanoparticles or the contact of MXenes sheets. Thus, charges may assemble on these sites, results 

in the interface polarization, and enhance EMW absorption ability. Of course, in order to get better 

loss, the EMW needs to stay longer in the absorbing layer. As shown in Fig. 8e, the layer structure 
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of MXene can bring multiple reflections to achieve the intended purpose. 

However, as the content of surface terminals such as -O, -F, -OH increases, the conductivity 

decreases. Although the conductivity drops, these surfaces end groups bring more defects to the 

conductive network and correspondingly increase the energy loss caused by the electronic 

transition in MXene. However, in terms of magnetic loss, MXene has a larger gap compared with 

dielectric loss. Taking the most common Ti3C2Tx MXene as an example, the Ti3C2Tx layer 

possesses a magnetic ground state having a total magnetic moment per unit of about 1.93 μB, and 

surface functional groups such as Ti3C2(OH)2 and Ti3C2F2, which are ground state non-magnetic. 

It can be seen that the induced magnetism of Ti3C2 comes from the suspended 3D orbits of Ti 

atoms on the surface from the spin density distribution (Fig. 8f) [112]. The magnetic loss of MXene 

is relatively poor because it loses its magnetism after adding surface functional groups. 

2.2.2 Absorbing mechanism of CPs 

CPs are distinct from other polymers as absorbing materials in that they are conductive first. 

The electromagnetic energy is first and foremost attenuated by CP's resistance and dielectric 

polarization relaxation loss. Effective conductivity helps increase conduction loss and promote the 

consumption of EMW [113, 114]. CPs are polymer materials whose conductivity can extend from 

insulation state to conducting state after doping. In all CPs conjugated molecules, the sigma bond 

is a localized bond and constitutes the molecular skeleton. The p orbitals perpendicular to the 

molecular plane combine to form delocalized π bonds, and all π electrons move within the entire 

molecular skeleton [115]. The appearance of delocalized π bonds improves the range of π electron 
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activity, reduces the energy level of the system, reduces the energy level interval, and increases the 

conductivity of the material. Alternating single bond and double bond conjugated structure is the 

common feature of CPs materials. 

The intrinsic state of the conjugated polymer is in an insulating or semiconductor state and 

can be transformed into a conductive state after or n-type (electron) doping or p-type (hole) doping 

[116]. Doping can obviously increase its conductivity, which is on the brink of the electrical 

conductivity of metals. The conductivity of CPs is affected by the conjugation length, polaron 

length, total chain length, and charge transfer to adjacent molecules [117]. After being doped, CPs 

show electric charges and combine with ions of opposite electric properties to form polarton, 

biplaron, and Soliton. Under the interference of the electric field part of the EMW, the existence 

and transition of these polarton and soliton will cause the consumption of EMW energy. The 

specific macroscopic manifestation is the case that the conductivity of the material is not zero. An 

induced current is created in the material to generate Joule heat so that the EMW energy is 

dissipated. In addition to these Soliton inter-jumping and intra-chain hopping of bipolarons 

theories. Conduction can also be explained by theoretical models such as lattice vibration-assisted 

transition between localized states, 3D variable range transition, and tunneling with limited charge 

energy between electrical domains [118].  

The second is the dielectric properties of CPs. The absorbing properties of CPs are related to 

the dielectric constant. The dielectric constant is linked to the electrical conductivity, and when the 

semiconductor is a CPs doped state, i.e., an electric conductivity of 0.1 ~ 100 S·cm-1, it has a high 
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dielectric loss. The pendant functional groups in the long chain of the CPs are extremely easy to 

form dipoles and interface polarization between the two interfaces. In an alternating electric field, 

the polarization speed cannot keep up with the frequency of the electromagnetic field, and the loss 

of EMW is caused by dielectric relaxation. 

 

Fig. 9 (a-g) The EMW absorption mechanism and the (h) SEM and (i) TEM images of PANI hierarchical 

nanotubes doped with HCl [83]. Copyright 2021. Elsevier. 

Yang et al. [83] used PANI nanorods as an example to clarify the electromagnetic loss 

mechanism of CPs. The structure of PANI hollow nanorods is shown in SEM image Fig. 9h and 

TEM image Fig. 9i respectively. Fig. 9a shows the orientation polarization caused by anisotropic 

one-dimensional (1D) nanostructures. Fig. 9b shows the large specific surface brought by the 

hollow structure, which is conducive to the relaxation of the medium and the polarization of the 

interface. Fig. 9c is the abridged general view of the increase in conductivity by doping different 

counter ions. Fig. 9d shows the existence of EMW, which induces dissipation current in the 
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nanorod structure, which leads to conduction loss. According to the principle of electromagnetic 

induction, a certain diamagnetic field will be formed. Fig. 9e shows the electric energy radiated 

from the induced electric field of PANI and converted into magnetic energy. With the addition of 

isotropic multi-scattering effect, the CPs have excellent electromagnetic loss ability. 

3. Synthesis methods of MXene and CPs 

3.1 Etching methods of MXene 

3.1.1 HF etching 

In the MAX phase, M-A is a metal bond. Because of the strong interlayer chemical bond 

between M and A, mechanical peeling of the MAX phase is virtually impossible [119, 120]. M-X 

is a covalent bond, and the connection of the metal bond is relatively low in the strength of the 

covalent bond. This provides a theoretical basis for selectively etching the A layer to form the MX 

2D nanolayer. Fig. 10a shows the HF etching MAX phase to manufacture MXene. Fig. 10c-f are 

the SEM image of different MAX phases etched by HF. In the order they are SEM micrographs 

for Ti3AlC2 particle before treatment, and Ti3AlC2, Ti2AlC, and Ta4AlC3 after HF treatment 

respectively. Naguib et al. [37] used HF to etch the Al atoms of Ti3AlC2 for the first time at room 

temperature and ultrasonically dispersed the Ti3C2Tx 2D nanoflake layer, first to open the way to 

obtain MXene by etching. The equations involved in Ti3AlC2 etching are as following: 

Ti3AlC2 + 3HF = AlF3 + 3/2H2 + Ti3C2                              (1) 

Ti3C2 + 2H2O = Ti3C2(OH)2 + H2                                 (2) 

Ti3C2 + 2HF = Ti3C2F2 + H2                                     (3) 
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It can be found that it is inevitable to introduce -OH, -F, and other surface terminals through 

HF etching from the above equations (2) and (3), which makes the surface negatively charged. Fan 

et al. [34] used a laser beam to irradiate the HF-etched Ti3C2Tx solution, and the noticeable Tyndall 

effect appeared, indicating that the Ti3C2Tx was dispersed and gelled. In a low-content HF solution, 

even if the etching time is increased, Al cannot be completely etched. Increasing the HF content 

will increase the etching speed. However, it will also bring about etching defects [121], and an 

increase in the content of -O, -F, and -OH surface terminations and a decrease in electrical 

conductivity. 

Multi-layer MXene has strong interlayer interaction. It is difficult to obtain large-scale 

delamination MXene flakes through superficial mechanical peeling, and it is necessary to add the 

intercalating agent to achieve delamination. Commonly used intercalants are dimethyl sulfoxide 

(DMSO), urea, amines, and so on. Thereinto, DMSO can be as one of the most successful 

intercalants, and Ti3C2Tx would form a jarless dispersion in it with a longer duration [122]. 

Mashtalir et al. [123] used DMSO as an intercalant, inserted between HF-etched Ti3C2 nanosheets, 

and then treated them with ultrasonic EMW in the water to obtain a small amount or monolayer of 

MXene. Wu et al. [124] used a high energy mechanical grinding way to obtain few-layer MXene 

nanosheets with a higher yield, of which DMSO acts as a solvent and intercalation agent. 

Compared with the MXene electrode obtained without DMSO, it has an excellent reversible 

capacity, reaching 267 mA h g-1 at 100 mA g-1, higher than that of the original MXene (less than 

100 mA h g-1). After 500 cycles, 196 mA h g-1 can still be reached. For other MXene members 
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such as Nb2CTx, Mashtalir et al. [125] used isopropyl amine instead of DMSO as an intercalant, 

and Nb2CTx was dispersed by HF etching and isopropyl amine intercalation. The intercalation 

mechanism is illustrated in the Fig. 10b. The mechanism of action of amines is that ammonium 

ions R-NH+ are formed, when it is blended with H2O. The surface of Nb2CTx MXene is negatively 

charged. In addition, the small size of the terminal alkyl groups can effectively defeat the steric 

hindrance during insertion. At the same time, these alkyl groups can promote MXene layers apart 

and weaken the interaction between them. After isopropyl amine intercalation etching, the SEM 

and TEM images are shown in Fig. 10g, h, respectively. Therefore, it is inserted between the layers 

with the assistance of the electrostatic force to achieve delamination. 
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Fig. 10 (a) Schematic illustration of the formation of MXene. SEM image for (c) Ti3AlC2 particle before 

treatment, (d) Ti3AlC2, (e) Ti2AlC, and (f) Ta4AlC3 after HF treatment [126]. Copyright 2012. American 

Chemical Society. (b) Schematic of Nb2CTx delamination process via isopropyl amine intercalation, (g) SEM 

and (h)TEM images of d -Nb2CTx flakes [125]. Copyright 2015. WILEY-VCH. 

3.1.2 In situ HF etching 

LiF-HCl serves as currently one of the most widely used etchants for the synthesis of high-

quality MXenes. Ghidiu et al. [127] initially etched Ti3AlC2 in situ by HCl and LiF to obtain clay-

like and ultra-high conductivity MXene. Among them, Li+ acts as a pre-intercalation layer, 

weakening the interaction between the plates and making ultrasonic dispersion easier. The 
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schematic diagrams are shown in Fig. 11a, b, and the image compare the process of obtaining 

multilayer MXene (M-Ti3C2Tx) and ultrathin MXene (U-Ti3C2Tx) by etching MXene with HF and 

LiF+HCl. M-Ti3C2Tx has more -F functional groups, while M-Ti3C2Tx has more -O. As shown in 

Fig. 11e, f, when the distance between M-Ti3C2Tx is too large, the electrons cannot jump between 

the two M-Ti3C2Tx and cannot form a conducting network. However, U-Ti3C2Tx can compensate 

this defect. In addition, as shown in Fig. 11g, h, EMW increase the chance of attenuation in the 

random multiple reflections of EMW from U-Ti3C2Tx composites. The multi-sheet layer is more 

inclined to the application of EMI shielding, and the single sheet layer is more beneficial for EMW 

absorption. 
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Fig. 11 Preparation of (a) M-Ti3C2Tx and (b) U-Ti3C2Tx MXenes, and their corresponding (e) and (f) local 

conductive network. Microwave propagation models of (g) M-Ti3C2Tx and (h) U-Ti3C2Tx composites [128]. 

Copyright 2017. RSC Pub. (c) SEM images of Ti3C2Tx etched by HF [129]. Copyright 2016. American Chemical 

Society. (d) SEM image of Ti3C2Tx etched by LiF+HCl [130]. Copyright 2019. WILEY. 

Wu et al. [131] obtained MXene nanosheets with an average thickness of 3.7 nm as shown in 

Fig. 12b and conductivity of 3.3×105 S m-1 by in situ etching Ti3AlC2 and ultrasonic dispersion in 

an argon atmosphere. The surface of MXene has many exposed metal atoms, which are 

thermodynamically in a metastable structure, so having high surface energy. Even in the air 

environment, if it is not protected, it is easy to be oxidized. Ultrasonic dispersion treatment will 
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accelerate the oxidation of MXene [132]. Ultrasonic dispersion will reduce the size of the MXene 

sheet in order to obtain a larger sheet. Fan et al. [34] replaced the ultrasonic dispersion with a hand-

cranked method to get a single-layer or a few-layer 2D MXene. By comparing the Fig. 12b-e, it 

can be observed that the MXene lamella obtained by hand shaking is significantly larger. The 

lightweight MXene-reduced graphene oxide foam was prepared via the combination of freeze-

drying and reduction heat treatment. Compared to multi-layer MXene, monolayer MXene obtained 

by hand shaking method is more favorable for the increase of electrical conductivity. It has 

desirable electromagnetic properties. On this basis, the EMA properties can be improved by 

compounding or hybridization. MXene by in-situ etching has a very high potential for applications 

in the direction of EMA. 

 

Fig. 12 (a) Schematic illustration of the preparation of Ti3C2Tx Mxene [130]. Copyright 2019. WILEY. The (b) 

TEM of Ti3C2Tx nanosheet and photograph of uniform MXene colloid suspension with a Tyndall effect. (c) AFM 
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image of Ti3C2Tx nanosheet with ultrasonic treatment [131]. Copyright 2019. Elsevier. (d, e) AFM image of the 

Ti3C2Tx MXene nanosheets by hand shaking [34]. Copyright 2019. Elsevier. 

3.1.3 Fluoride-free etching 

Using HF or LiF/HCl solution or molten fluoride salt as an etchant poses considerable safety 

and handling problems. HF can cause burns to human skin, invade bones, and severe tissue damage 

or even death [133]. At the same time, using HF and fluoride salt for etching, it is inevitable that 

F atoms will be introduced. Because F is inert, it will affect the specific capacitance of MXene 

[134]. In order to achieve fluorine-free etching, Zhang et al. [135] were inspired by the Bayer 

process, taking the lead in synthesizing fluorine-free high-purity Ti3C2Tx MXene using 

hydrothermal alkaline etching technology. The purity of Ti3C2Tx with -OH, -O surface end groups 

is as high as 92%. The mass specific capacitance of Ti3C2Tx obtained by this method exceeds that 

of HF-Ti3C2Tx by about 214%, and it is enhanced by about 28.2% compared to LiF+HCl Ti3C2Tx. 

Even if the etching conditions are very harsh, MXene has to be etched in NaOH at a concentration 

of 27.5 mol/L at 270 °C. However, this method can avoid the introduction of F-containing 

compounds during the synthesis process. This is a promising etching method. 

At the same time, the application of electrochemical etching methods has improved the 

development prospects of fluorine-free etching. Generally speaking, all MAX phase etching 

methods belong to inherent electrochemical processes based on electron transfer in a classic 

chemical etching process. Almost every active sites of the surface will participate in the electron 

transfer reaction, serving as an anode or a cathode [136]. Therefore, electrochemical etching is a 
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trustworthy alternative way. Green et al. [137] successfully etched Ti2AlC into Ti2CTx in a 2 mol/L 

HCl solution at 0.6 V for five days. This process doesn’t involve any fluoride ions and only 

produces MXenes with -OH, O, and Cl end groups. While etching Al, a slightly higher voltage 

will cause part of Ti to be removed, forming a thin amorphous carbon layer which hinders the 

further etching behavior. So, the etching voltage must be balanced to generate MXenes and avoid 

excessive etching. Ti2AlC is electrochemically etched into a three-layer structure. The SEM image 

of MXene through electrochemical etching and chemical etching is shown in Fig. 13b, c. It can be 

found that the electrochemically etched MXene has a more complete sheet structure. However, if 

the experimental parameters are not properly controlled, it is very easy to further etch away Ti. 

The structure is composed of carbide-derived carbon (CDC), MXene, as well as unetched MAX 

from the outside to the inside. With the aid of water bath ultrasound, MXenes are further separated 

from the three-layer structure. MXenes can be further separated from this three-layer structure by 

ultrasound. A core-shell model (Fig. 13a) is used to explain the electrochemical etching of Ti2AlC 

on Ti2CTx and CDC. 
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Fig. 13 (a) Schematic of electrochemical etching mechanism of Ti2AlC in the presence of HCl solution. SEM 

images of MXenes obtained by different etching ways. (b) Sample 5 days-sediment obtained by electrochemical 

etching. (c) LiF + HCl etched MXene. [137]. Copyright 2017. Royal Society of Chemistry. 

Electrochemical etching is more likely to occur on the surface of the material. In order to 

defeat the limitation of only etching on the surface, cations are easily inserted into the etched 

MXene, resulting in the expanded interlayer spacing and the following electrolyte ions diffusion. 

Feng et al. [138] used a composed of 0.2 mol tetramethylammonium hydroxide (TMA·OH) (pH > 

9) and 1 mol NH4Cl as the electrolyte, and etched Ti3C2Tx by a fluorine-free electrochemical 

method. The etching principle is illustrated in Fig. 14a. Furthermore, density-functional theory 

calculation was employed to investigate the etching mechanism. And electron localization function 

is illustrated in Fig. 14b. The contact of Cl- begins from the exposed edge, and Cl- makes the 

removal of Al rapid, when Ti3AlC2 is positively charged. The etching of Al atoms leads to the 
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formation of AlCl3 and the exposure of Ti atoms at the edges. NH4OH is inserted to open the 

MXene sheet. The opening is in favor of the further penetration of NH4OH and Cl- and promotes 

the efficiency of the etching reaction. 

 

Fig. 14 (a) Schematic illustration for bulk Ti3AlC2 etching and delamination via using a binary aqueous 

electrolyte. (b) Electron localization function plots of (I) pristine and (Ⅱ-Ⅹ) etched Ti3AlC2 in the presence of 1-

7 chloride anions, respectively [138]. Copyright 2018. Wiley‐VCH. 

At the same time, possible reaction equations are proposed: 

Ti3AlC2 – 3e- +3Cl- = AlCl3 + Ti3C2                                         (4) 

Ti3C2 + 2OH-
 - 2e- = Ti3C2(OH)2                                             (5) 
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Ti3C2 + 2H2O = Ti3C2(OH)2 + H2                                            (6) 

Since the aluminum etching and the ammonium ions intercalation occur at the same time, the 

following reaction can be reasonably obtained. 

AlCl3 + 3NH3 +2H2O = AlO(OH)+ 3NH4
+ + 3Cl-                           (7) 

AlCl3 + 2OH- = AlO(OH)+ H+ + 3Cl-                                      (8) 

3.1.4 Others  

Some unique etching methods have been developed for different MAX phases, including the 

introduction of specific surface terminations after etching. For example, in the etching of Ti4AlN3, 

due to the relatively high bonding strength of Al atoms and the poor stability of Ti4N3, HF etching 

and in-situ etching cannot be used, because the etched Ti4N3 cannot exist stably. Gogotsi et al. [43] 

first used molten fluoride salt (59% KF, 29% LiF, 12% NaF) to etch in an argon atmosphere at 

550 °C, and used tetrabutylammonium hydroxide (TBAOH) as an intercalant. After ultrasonic 

dispersion, Ti4N3Tx was successfully etched (Fig. 15c). 
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Fig. 15 (a) Top and side views of Ti4N3 monolayers crystal structure. (b) With respect to the single-sided 

terminations, hollow site of surface Ti and atop site of carbon separately denoted as A and B. As for double-sided 

terminations, the configurations denoted as AA, AB, and BB-Ti4N3Tx. (c) Schematic illustration and (d) SEM 

image of Ti4N3Tx synthesis via molten salt treatment. [43] Copyright 2016. Royal Society of Chemistry. 

Huang et al. [139] proposed a displacement reaction between phase A and the late transition-

metal halides. At 550 °C in the presence of Ar gas, MXene with only Cl- end groups were obtained 

by heat treatment. The principle is shown in Fig. 16a, where the weak bond Al atoms are 

effortlessly becoming into Al3+ through redox reaction and further combine with Cl- to form AlCl3. 

The formed AlCl3 will evaporate rapidly at the reaction temperature. The Zn generated in situ 
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replaces the Al site to generate Ti3ZnC2. Zn2+ cation can be as a very strong electron acceptor. The 

presence of excess molten ZnCl2 would react with Zn to obtain low-valent zinc cations (Zn+, Zn2
2+). 

Hence, the Zn atoms in Ti3ZnC2 are effortlessly extracted. Cl- spontaneously inserts into a-site and 

combines with Ti3C2 at the specific site to form more stable chlorine-containing end groups 

MXenes (for instance Ti3C2Cl2 and Ti2CCl2). Fig. 16e is the SEM image of the unetched Ti3ZnC2 

and the Fig. 16d is atomic positions of the High-resolution (HR)-STEM image. Correspondingly, 

Fig. 16b, c are the SEM image after etching, and the atomic position of the SEM image. The -Cl 

end group MXene obtained by non-fluorine chemical methods is more stable than the -F end group 

MXene. It is a very potential method that may be used as a general method for other MXenes. 

 

Fig. 16 (a) Schematic diagram of the Ti3C2Cl2 preparation through molten salt ZnCl2 treating Ti3AlC2 at 550 °C 

with Ar. (b) SEM image of as-reacted Ti3C2Cl2. (c) HR-STEM image of Ti3C2Cl2 atomic positions. (d) HR-

STEM image of Ti3ZnC2 at from different orientations. (f) HR-STEM and the related EDS map and (e) SEM 

image of Ti3ZnC2 [139]. Copyright 2019. American Chemical Society. 
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3.2 Synthesis methods of CPs 

3.2.1 Chemical method 

Chemical oxidation is a method in which oxidants are used to cause monomers to lose 

electrons to undergo oxidative polymerization. Through experimental research, Hideki Shirakawa 

et al. [140] found that semi-CPs trans-polyacetylene film, exposed to chlorine, bromine, and iodine 

vapor, the polyacetylene film reacts with halogen, and the conductivity increases significantly. 

Even in the presence of iodine, the conductivity increases by more than seven orders of magnitude, 

some of which have very high conductivity at room temperature. High-conductivity film-like 

polyacetylene was synthesized for the first time, opening a new research direction on CPs in 

polymers. 

Gospodinova et al. [141] first tried to use the electrochemical potential value of the system to 

express the polymerization reaction conditions and determine the basic steps of the polymerization 

process. Furthermore, it is proposed that aniline's oxidation polymerization belongs to a cationic 

radical polymerization mechanism. It is believed that the oxidation potential of aniline is much 

higher than that of dimers, and the oxidation of aniline monomers to form dimers is the control 

step of the polymerization reaction. After the dimer is formed, it is immediately oxidized to 

cationic radicals and further oxidative dehydrogenation aromatization to form a trimer. In this way, 

the electrophilic substitution-aromatization process can be repeated to continue the chain growth. 

This polymerization mechanism is currently the most accepted. 

The most common synthesis method of PANI is to add a certain oxidant, such as ammonium 
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persulfate (APS), FeCl3, H2O2, etc., in a high-concentration HCl solution under low-temperature 

water bath conditions. But Ma et al. [142] believed that the rapid polymerization in a strong acid 

environment (1.00 M HCl) may not supply sufficient solidification time for the formation of long-

chain oligomers, making it challenging to generate multidimensional nanostructures with regular 

morphologies. It is proposed to use a low acidic environment (0.01 M HCl) to reduce the 

polymerization rate of aniline and prolong the reaction time. In order to achieve orderly self-

assembly, a regular multi-dimensional PANI nanostructure was successfully prepared without 

stirring, including spherical, rose spherical, dendritic and so on. Among them, the spherical PANI 

is due to the hydrophilicity of the polyvinylpyrrolidone (PVP) molecule and the affinity for the 

aniline monomer. This reduces the surface tension between the solvent and the micelles, so that 

the PVP spherical micelles can exist stably. Hydrophobic aniline molecules can self-assemble 

uniformly in spherical micelles. The rosette-like PANI forms flake-like micelles due to the 

alternation of hydrophilic and hydrophobic parts. Because the PEG molecule contains abundant 

oxygen atoms, the sheet-like PANI is connected to each other through the form of hydrogen bonds. 

The formation of dendritic PANI may be explained by the lack of steric hindrance and hydrogen 

bond reduction in the sodium dodecyl sulfonate (SDS) molecule. The low steric hindrance effect 

increases the chance of contact, and the reduction of hydrogen bonds caused by -O deficiency 

reduces the possibility of PANI accumulation. The control of the shape is of great help for various 

applications in the later period, including the application of the direction of EMA. 
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Fig. 17 SEM and TEM images of PANI (a and b) spheres, (c) roses and (e) dendrites [142]. Copyright 2017 

Royal Society of Chemistry. (d) Formation mechanism of PANI dendrites with adding SLS micelles and (f) SEM 

image of branches of PANI dendrites [143]. Copyright 2019. Elsevier. 

Ma et al. [143]synthesized dendritic PANI through a chemical method in HCl solution, using 

d APS as an oxidant and sodium dodecyl sulfonate (SLS) as a soft template. Through this method, 

the biggest advantage is that the surfactant SLS molecules aggregate into micelles that can guide 

PANI nucleation and growth process. The aniline monomer is first nucleated and self-assembled 

with the help of SLS micelles. By studying the influence of different SLS concentration and HCl 

concentration on the morphology of the PANI dendrites produced, it is found that the induction 
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speed of aniline molecules is slow in a low HCl environment, and there is enough time to arrange 

the newly prepared PANI dendrites. However, under high concentration of HCl, excess H+ leads 

to the formation of the curly PANI molecules, destroying the orderly arrangement. By controlling 

H+, solid PANI dendrites having high aspect ratio branches are synthesized. At the same time, in 

the presence of a high concentration of SLS, countless small and long micelles make the 

synthesized PANI have a chiral spiral structure [144]. PANI with this structure can form a reverse 

magnetic field through the Faraday effect, eddy current effect, etc. in the presence of alternating 

EMW. Through this kind of antenna structure and chiral PANI may have better performance in the 

absorbing direction in the future [145]. 

Generally, the structure of the CPs determines the conductivity of the polymer to a certain 

extent. The copolymerization of aniline monomer with other monomers can realize the preparation 

of the molecular structure of the polymer. Therefore, the conductivity can be effectively controlled 

by this synthesis method. Choi et al. [146] used SDS and aniline as monomers to generate 

surfactant aniline dodecyl sulfate (ADS). The water-in-oil emulsion system can be easily obtained 

under ultrasonic treatment with a mixture of Diphenylamine (DPA) and deionized water above its 

melting point. In the emulsion system, APS was used as an initiator to drop into the emulsion, and 

relatively monodispersed PDPA/PANI core/shell nanospheres were synthesized via oxidative 

polymerization. The reaction not only occurs on the surface of DPA droplets, but also proceeds at 

the interface between the dispersed phase and the continuous phase in the emulsification system. 

This conductivity adjustment method can be utilized in the design of the absorber. Adjustable 
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conductivity can be used to control the impedance matching of the absorber. 

 

Fig. 18 Schematic illustration of the preparation of (a) ADS reactive surfactant and PDPA/PANI core/sell 

structure, (b) SEM and (c) TEM images of PDPA/PANI structure [146]. Copyright 2020. Elsevier. 

Interfacial polymerization also belongs to the category of chemical oxidation. When the 

oxidizer solution is in addition to the monomer solution, polymerization can occur instantaneously 

in the interface phase of the two incompatible liquids. Zeng et al. [147] synthesized PANI by 

interfacial polymerization, in which aniline molecules were dispersed in carbon tetrachloride (CCl4) 

as the organic phase, and the oxidant dopant was dissolved in an acidic aqueous solution as the 

water phase. With APS, APS/FeCl3 and APS/K2Cr2O7 as oxidants, respectively, three types of 

PANI nanostructures were prepared. And the prepared PANI structures could be easily controlled 

via adjusting the content of oxidant. The SEM figures of Fig. 19c-e are the PANI with three 

different oxidants. Based on the preparation mechanism, uniform nucleation conditions are 
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conducive to the formation of nanofibers, and heterogeneous nucleation conditions tend to form 

regular morphologies. Including regular nanofibers formed by APS/FeCl3 as an oxidizing agent, 

and regular flower spheres formed by APS/K2Cr2O7. By simply changing the type of the second 

oxidant, polymers with different microscopic morphologies can be easily obtained. 

Hamlaoui et al. [148] used aniline as the monomer to be dispersed in the organic phase 

chloroform, APS as the oxidant, as well as malic acid (MA) as the dopant, and dissolved in distilled 

water in the water phase. Interfacial polymerization is achieved in the two-phase organic and 

aqueous phases. Fig. 19b reveals the potential doping sites between the protonated chains of PANI 

and MA, and the reaction process. Fig. 19a is a schematic diagram of interface aggregation. 

 

Fig. 19 (a) Diagram illustrating interfacial polymerization, (b) Diagram of the doping mechanism of PANI by 

malic acid [148]. Copyright © 2020, Springer-Verlag GmbH Germany. The SEM images of (c) APS, (d) 

APS/FeCl3 and (e) APS/K2Cr2O7 [147]. Copyright 2015 Chinese Materials Research Society. 

Photochemical polymerization is a polymerization method initiated by light in the presence 

of a photosensitizer. According to the different modes of light action, it can be divided into 
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photocatalytic polymerization and self-polymerization of monomer molecules caused by 

photoexcitation. Azevedo et al. [149] found through research that there is no need for the presence 

of oxidants and the induction of Au electrodes with voltage [150]. In a silver nitrate solution 

containing nitric acid, photons in the UV or visible light region are sufficient to cause the 

polymerization of aniline. The morphology of the synthesized PANI is closely related to the 

excitation wavelength. The morphology of the polymer synthesized by ultraviolet light is spherical 

(Fig. 20b), and the morphology of the polymer synthesized by visible light is fibrous (Fig. 20c). 

The reaction mechanism can be explained by the equation (Fig. 20a).  

The photopolymerization of PPy is only observed in chlorinated solvents for example 

chloroform or dichloromethane. But with regard to other solvents, such as and tetrahydrofuran, 

toluene, and ethyl acetate, photo-initiated polymerization will not occur. Besides, pyrrole will not 

polymerize when exposed to visible light. It needs ultraviolet light to polymerize. The currently 

generally accepted synthesis mechanism is as following: 

Py + CHCl3 + hv → Py·+ + CHCl2
· + Cl-                          (9) 

Py·+ + Py·+ → (Py)2 + 2H+                                (10) 

There are some green polymerizations of CPs, among which polymerizations combine light-

induced and chemical oxidizing agents. Green oxidant H2O2 is employed to initiate polymerization 

of pyrrole, which can effectively avoid metal oxidants remaining in the resulting polymer. 

However, the reaction efficiency is poor, and the corresponding preparation mechanism is not 

precise. To overcome the low reaction efficiency, Shao et al. [151] successfully prepared uniform 
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PPy nanoparticles in the presence of PVP under ultraviolet light irradiation. Furthermore, it is 

proved that ultraviolet radiation promotes H2O2 decomposition into hydroxyl radicals, which 

directly induce the polymerization occurrence. And the whole process of hv-initiated 

polymerization is given by the following Fig. 20 d. 

 

Fig. 20 (a) Photoinitiated polymerization of PANI in the presence of Ag+, SEM of PANI composite by (b) UV 

synthesis, (c) visible light synthesis [149]. Copyright 2003. Elsevier. (d) H2O2-induced synthesis of PPy 

nanoparticles in the presence of UV irradiation with adding PVP [151]. Copyright 2015, American Chemical 

Society. 

Chemical vapor deposition refers to a method in which chemical gas or steam reacts on the 

surface of a substrate to synthesize coatings or nanomaterial. It is a chemical oxidation method 
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used to produce solid materials with high purity and good performance. During the chemical 

deposition process, the base material is covered by the oxidant and placed in a heating chamber 

with monomer. When the temperature is higher than the melting point of the monomer, the 

polymerization reaction occurs on the surface of the matrix material [152]. It can be recognized 

that through chemical vapor deposition (CVD), a thin CPs coating can be co-deposited on almost 

any substrate through a stepwise polymerization process of monomers. The thickness, uniformity 

and morphology of the polymer film deposited by CVD rely on the kinds of doping or oxidant, the 

surface nature of the base materials, the monomer concentration, and the temperature of the sample. 

Hu et al. [153] used a CVD method to coat a PPy film on the surface of MnO2 nanowires on 

1D CF loaded with MnO2. Among them, ethanol is used as solvent, FeCl3 is used as oxidant, and 

it is dried at 80 °C in a vacuum chamber. When the pressure of the vacuum chamber drops to 0.1 

atm, the pyrrole monomer is converted into gas. The PPy shell is uniformly formed outside the 

MnO2. The change from Fig. 21c-g shows that the PPy is successfully loaded on the substrate by 

the CVD method. At the same time, in another work, the CVD method was also used to deposit 

PPy nano-film on the surface of mesoporous MnO2 uniformly to fabricate a hierarchical structure 

[154]. 
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Fig. 21 Schematic CVD diagram. (b) SEM image of a pc-ZnO surface coated with PPy [155]. Copyright 2016 

Wiley Periodicals. SEM images of (c) pure CF, (d) MnO2@CF, and (e, f) PPy@MnO2@CF, (g) HRTEM image 

and SAED patterns of PPy@MnO2@CF [153]. Copyright 2019. Elsevier. 

Castro-Carranza et al. [155] used an oxidative chemical vapor deposition method to deposit 

p-type PPy film on glass as well as n-type polycrystalline ZnO using different amounts of FeCl3 

as the oxidant to form a hybrid heterojunction. Fig. 21a shows a schematic diagram of chemical 

vapor deposition. This process is carried out at 250 °C, which is the best temperature for the 

sublimation (29.2%) of oxidant. Fig. 21b is the SEM image of PPy after vapor deposition 

corresponding to different FeCl3 of 0.3g showing the PPy layer with more fibrous. Trujillo et al. 

[156] successfully deposited a PEDOT film on the template by using FeCl3 as the oxidant on the 

basis of a 2D colloidal template. This colloidal template is formed by self-assembly of PS balls on 

vinyl-treated silicon wafers. The oxidizing agent converts these surface vinyl groups into free 

radical cations and combines with EDOT to covalently fix the PEDOT film on the silicon wafer. 



52 

In the presence of tetrahydrofuran (THF), sonicate sufficiently to completely remove this colloidal 

template. This method can effectively synthesize a CPs film. 

3.2.2 Electrochemical polymerization 

The electrochemical polymerization method to synthesize CPs is a new synthesis method that 

has developed rapidly in the past ten years. Electrochemical polymerization is widely used in the 

process of CPs polymerization because of its simple device, easy control of conditions, uniform 

polymer film thickness, and synchronization of polymerization and doping processes. Commonly 

used electrolysis methods include constant potential electrolysis, cyclic voltammetry scanning, and 

constant current electrolysis [157]. Electrochemical polymerization is an accurate and high-quality 

product because the deposition polymerization process is carried out in accordance with the 

electrostatic principle. The sample is deposited on the anode electrode by attracting opposite 

charges. This method can also prevent the expansion and contraction of chemicals when the charge 

diffuses from the electrode-electrolyte-electrode during the cycle. 

Elkais et al. [158] electrochemically synthesized PANI in a dilute HCl solution containing 

aniline monomer on a graphite electrode. The electrochemical synthesis mechanism diagram is 

shown in Fig. 22 a. Liu et al. [159] prepared multilayer PANI-coated NiCo2S4 nanowires by 

electrochemical deposition on the basis of carbon fiber (NiCo2S4@CF) by hydrothermal method. 

Among them, an aqueous solution of sodium p-toluenesulfonate is used as the electrolyte. Fig. 

22c-f are SEM images of CF, NiCo2S4/CF and NiCo2S4@PANI/CF, respectively. It can be 

observed in the figure that the electrochemically deposited PANI shell is uniformly loaded on the 
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substrate without changing its original morphology. 

 

Fig. 22 Generalized scheme of the electrochemical reactions for the fundamental PANI oxidation forms [158]. 

Copyright 2010. Elsevier. FE-SEM image of (c) bare CF, (d) NiCo2S4/CF composites; (e, f) NiCo2S4@PANI/CF 

composites [159]. Copyright 2017. Elsevier. 

Wang et al. [160] successfully introduced PANI on the carbon cloth loaded with MOF through 

the method of electrochemical deposition. The electrochemical deposition conditions are mild, and 

only need to cycle 75 cycles at room temperature and the voltage range of -0.2 to 1V. As shown in 

Fig. 23a, electrochemistry interweaves MOF crystals and CP PANI to increase the conductivity of 

MOF. This method can successfully introduce CPs on the organometallic framework and provides 

a feasible idea for compounding CPs in magnetic materials. 
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Fig. 23 (a) Schematic diagram showing the electrochemical deposition of PANI [160]. Copyright 2015, American 

Chemical Society. (b) Schematic diagram for PPy electropolymerization; SEM images of PPy-coated (c) tube 

and (d) wire [161]. Copyright 2014. RSC Publishing. 

Chandler et al. [162] observed the release of protons during the oxidation of pyrrole and 

proposed the principle of electrochemical polymerization of PPy. Similar to the chemical oxidation 

method, a free radical cation is generated due to deprotonation, and the free radical attacks the 

neutral monomer unit. After re-oxidation of dimer radicals and loss of protons, this leads to chain 

growth. Ahmadi et al. [161] electrochemically polymerized PPy on the inner periphery of stainless-

steel tubes and wires in the presence of perchlorate ion solution. In the oxidation process of PPy, 

PPy monomer is preferentially oxidized with a positive charge, so that the pyrrole monomer is 
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combined with the solution anion. Secondly, the PPy becomes neutralized and anions are being 

released. According to the relative position of the counter electrode and the geometry of substrates, 

various topographies are obtained. The SEM images are shown in Fig. 23 c, d, which represent 

PPy loaded on the substrate. During the process of synthesizing CPs, the control of different 

morphologies has great application potential for the direction of EMA. 

Debiemme-Chouvy et al. [163] demonstrated that additional electrosynthesis in a classic 

pyrrole solution could change the diameter and length of oriented PPy nanowires. Furthermore, 

through excessive electro polymerization, it was found that the conductive PPy nanowire base was 

surrounded by a layer of peroxidized PPy (non-CPs), indicating that the PPy can undergo a second 

electrosynthesis. Fig. 24b shows the entire electropolymerization process with time. It can be 

observed that PPy forms compact layers after being over-oxidized (Fig. 24d). On this basis, PPy 

can further undergo a secondary electropolymerization to form a fibrous structure (Fig. 24c). Fig. 

24a is a schematic diagram of PPy growth, where region a represents broadening and bc represents 

extension and broadening. With the control of the electropolymerization time, PPy with different 

aspect ratios can be obtained. According to the corresponding principles, dielectric materials can 

also be loaded to increase the ability of EMW absorption. 
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Fig. 24 (a) Schematic diagram of PPy in band growth; (b) the evolution of polymer deposition with anodic 

polarization time, the SEM images of (c) secondary electropolymerized and (d) over-oxidized PPy, respectively. 

[163] Copyright © 2018 Elsevier. 

3.3 Synthesis methods of MXene and CPs composites 

3.3.1 Self-assembly method 

As a thermodynamic metastable phase, the layered Ti3C2Tx nanosheets are easily oxidized 

and decomposed by oxygen in the air or oxidizing solvents. At the same time, they have high 

cohesive energy and have a tendency to cluster. Hou et al. [164] simply mixed a Ti3C2Tx colloidal 

solution and a PANI nanofibers suspension. And the electrostatic interaction can be formed 

between the former with negative charges and the latter with positive charges. By self-assembly, 

1D/2D PANI/Ti3C2Tx nanocomposites are obtained. The PANI nanofibers are self-assembled and 

fixed to the layered Ti3C2Tx nanosheets, making MXene stable and effectively relieving the 

oxidation and cluster accumulation of MXene [165]. 
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Layer-by-layer (L-b-L) assembly is the alternate assembly of multiple systems to achieve a 

multilayer structure. Zhang et al. [166] alternately coated MXene nanosheets and silver nanowires 

on textiles treated with oxygen plasma and polyethyleneimine (PEI) to construct a highly 

conductive network. Inspired by this, Yu et al. [167, 168] used L-b-L self-assembly technology to 

alternately deposit PANI and MXene on activated carbon fiber cloth with positive charges. As 

shown in Fig. 25a, during the preparation process, PANI with +18.9 mV zeta potential is the 

prerequisite for obtaining good bonding strength. Besides, carbon fiber cloth treated with HNO3 

are full of positive charge, which helps improve the adhesion between it and MXene while 

removing surface impurities. Through the SEM image Fig. 25(c-f), it can be found that after 0, 1, 

3, 5 L-b-L cycles, CF fabric are wrapped by the MXene and PANI layers. The overall structures 

of the fabric are still well maintained, and the spaces between the fibers are not filled, which allows 

a good conductive network environment to be retained. Through the element analysis Fig. 25b, it 

is also proved that MXene and PANI are uniformly generated on the CF. This shows that L-b-L is 

an effective compound method. 
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Fig. 25 (a) Schematic illustration for the manufacturing process of PANI/MXene/CF fabric. SEM images of (c) 

pristine CF fabric. (b) EDS spectra information of 5 time coated. (d) 1, (e) 3, (f) 5 time of PANI/MXene was 

coated on CF respectively [167]. Copyright 2020. Elsevier. 

3.3.2 In-situ polymerization method 

In-situ polymerization is a method in which reactive monomers and oxidants are added to the 

dispersed or continuous phase. Since the polymer monomer is soluble in the solvent containing 

the MXene sheet layer, the monomer is nucleated and grew on the periphery of the MXene. Finally, 

the composite structure is obtained. Lin et al. [169] used APS as the oxidant to chemically 

oxidatively polymerize the aniline monomer on the Ti3C2Tx MXene layer under acidic conditions 

to prepare MXene/PANI composites. There are abundant functional groups (such as -OH, -O, etc.) 
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on the MXene sheet, used as nucleation sites for aniline monomers. 

Wu et al. [170] proposed the in-situ polymerization of aniline on the ultra-thin periphery of 

MXene in malic acid or tartaric acid to construct hierarchical Ti3C2 nanosheet/PANI nanotube 

composites. The aniline monomer generates free radical aniline cations under the action of malic 

acid or tartaric acid and APS. Then the electrostatic interaction between the positive charge of the 

aniline cation and the negative charge of the Ti3C2 sheet. And through the residual oxygen-

containing functional groups or van der Waals forces interacting with hydrogen bonds, PANI 

chains are inserted and fixed between the Ti3C2 nanosheets, and then in-situ growth occurs. Due 

to the interaction between Ti3C2 and PANI, the spontaneous accumulation of Ti3C2 is reduced, and 

the excessive self-growth of PANI is also restricted. 

CPs usually undergo an oxidative polymerization process during chemical deposition, in 

which oxidants such as APS, FeCl3, K2Cr2O7, and KMnO4 are used to initiate the polymerization 

process [171]. Gogotsi et al. [172] found that the Ti3C2Tx layer serves as a reaction base for the 

orderly synthesis of PPy with the addition of an oxidant. The formation of hydrogen bonding may 

play a vital role in the orientation process. During the polymerization process, pyrrole oligomers 

tend to aggregate in disorder. But if there are hydrogen bonds formed between the substrate 

surfaces and PPy molecules, they will be arranged in an orderly manner. When using iodine, 

bromine, and chlorine to polymerize PPy, these halogens can play a dual role including oxidation 

and chemical polymerization simultaneously. Ratcliffe et al. [173] found that in the presence of 

strong acid, pyrrole is protonated at the C-3 position, and the protonated pyrrole monomer can be 
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polymerized with other pyrrole monomers. In an acidic environment, Ti3C2Tx interacts with 

pyrrole to form a protonated molecule, reacting with unprotonated pyrrole to obtain a dimer and 

next form a polymer.  

Afterwards, Gogotsi et al. [174] continued to realize the in-situ polymerization of 3,4-

ethylenedioxythiophene (EDOT) on the periphery of 2D Ti3C2Tx MXene in the absence of oxidants 

(Fig. 26b). Compared with PEDOT polymerized by conventional oxidants, d-Ti3C2Tx has a lower 

degree of oxidation to EDOT, but it is sufficient to initiate polymer doping polymerization. For 

studying the polymerization mechanism, the density-functional theory calculation results on the 

polymerization of EDOT between MXene layers are shown in Fig. 26c. The binding energy of 

EDOT in three parallel directions is much lower than the binding energy in two perpendicular 

directions, indicating that EDOT is in the parallel adsorption on the Ti3C2O2 surface is more 

favorable. The lowest energy is the PI type, and the lowest binding energy is -1.02 eV. Through 

Bader analysis shown in Fig. 26d, it is found that EDOT has -4.31 eV, which has a higher Fermi 

level than Ti3C2 -6.24 eV. Part of the p electrons of the former are transferred to the surface of the 

latter, and the rest is transferred to O-2p or C-2p orbitals. EDOT polymerization may be a result 

of the charge transfer. The mechanism without adding oxidant is still unclear. 
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Fig. 26 (a) Freestanding and flexible film of MXene/PEDOT composite. (b) Schematic diagram of preparation 

of MXene/PEDOT composite. (c) Various adsorption orientations and binding energies of EDOT on the surface 

of Ti3C2O2. (d) The difference in charge density and charge transfer for the most stable adsorption configuration 

(pI) and the violet and turquoise regions indicate depletion and accumulation of electrons, respectively [174]. 

Copyright 2017.Royal Society of Chemistry. 

3.3.3 Electrospinning 

In addition to the chemical as mentioned above synthesis, the composite product of CPs and 

MXene can also be obtained by the electrochemical method. Wu et al. [175] separately used Pt 

and FTO glass as the counter electrode and the working electrode shown in Fig. 27b. First, Ti3C2 
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was electrochemically deposited at 15 V for 2.0 min. PANI was electrochemically polymerized at 

1.0 V. N-Ti3C2 and PANI were successively formed on the surface of FTO glass substrate through 

a two-step electrochemical reaction. In TEM image of Fig. 27c, one can see that PANI is deposited 

on MXene very uniformly. N-Ti3C2 can be explained as the introduction of amino tube energy 

groups on the Ti3C2 chip. As shown in Fig. 27a, first with the addition of organic base P-

phenylenediamine and isoamyl nitrite, the latter can decompose to produce nitrite, providing 

nitroso cations, thereby launching an electrophilic attack on amino nitrogen. Then the active 

hydrogen, fluorine, and hydroxyl on Ti3C2 are replaced with nitrogen atoms to carry out amino 

functionalization. The amino group of N-Ti3C2 is used as an active site to bind to the amine 

nitrogen on the PANI chain. It can be used as an active site to bind to the amine nitrogen in the 

PANI chain to facilitate the aniline growth between the Ti3C2 layers and the periphery of the layer. 
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Fig. 27 (a) Schematic of intercalated PANI in the interlayers of N-Ti3C2. (b) Schematic diagram of 

electrochemical polymerization. (c) TEM images of N-Ti3C2/PANI [175]. Copyright 2019. Elsevier. (d) 

Schematic of intercalated PPy in the interlayers of l-Ti3C2. (e) SEM image of l-Ti3C2 particles on FTO by using 

electrophoretic deposition; SEM image of PPy for (f) 60, (g) 300, and (h) 600 s by using electrochemically 

polymerizing [176]. Copyright 2016. Wiley-VCH 

Zhi et al. [176] firstly used the electrophoretic deposition method to prepare a uniform Ti3C2 

film in the presence of 50 mL acetone and 15 mg iodine. And the schematic diagram is shown in 

Fig. 27d. Acetone and iodine are served as the stabilizer and the charge, respectively. Due to the 

weak interaction of PPy in the polymerization process, PPy was successfully inserted into the Ti3C2 

https://www.sciencedirect.com/topics/chemistry/tem-image
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sheet through electrochemical polymerization. It can be observed from Fig. 27e-h that PPy first 

fills the gaps in the MXene sheet, and then deposits and coats the MXene surface until it is 

completely wrapped. 

Jian et al. [177] proposed preparing MXene/PPy composite membranes for the first time by 

co-electrodeposition. During the process, there are -F, -OH, or -O on the periphery of the 2D 

MXene nanosheets, which play a core role in polymerization. The ITO-coated glass is worked as 

a working electrode at 0.8 vs. (Ag/AgCl)/V, and the deposition time is from 300 s to 1800 s. The 

pyrrole monomer free radical cations (Py·+) will polymerize on the periphery of the 2D MXene 

nanosheets gradually to form a 3D carambola-like MXene/PPy composites. 

4 Research progress of wave absorption performance 

4.1 Electromagnetic absorption of MXene 

Qing et al. [178] first used HF-etched Ti3C2 nanometers to test its absorbing properties. The 

structure of MXene is shown in the Fig. 28e. By measuring the complex permittivity, the inverse 

loss is calculated, and the result are shown in Fig. 28a, b. The study found that the ε' and ε" values 

of Ti3C2 nanosheets are much higher than those of Ti3Al2C2 at the same filling amount of 50 wt%. 

At the same time, it also shows the absorbing performance. Obviously shown in Fig. 28c, d, the 

RLmin of Ti3C2 nanosheets is lower than Ti3Al2C2. At 1.4 mm, the RLmin value of the Ti3C2 

nanosheet-filled composite material in the entire Ku-band is less than 11 dB, which means that 

Ti3C2 MXene can be used as absorbing increasing the absorbing bandwidth and reducing the 

thickness of the material. 
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Fig. 28 (a) Complex permittivity and (b) dielectric loss of the 50 wt% Ti3AlC2 powders and Ti3C2 nanosheets 

filled epoxy composites. (c) Thickness dependence of the reflection loss in the Ku-band. (d) Comparison of the 

reflection loss at 1.4 mm thickness. (e) SEM image of the structure by HF etching [178]. Copyright 2016, 

Elsevier. SEM images of (f) Et- Nb2CTx and (g) DI-Nb2CTx. (h) Scheme of the mechanism for EMW absorption 

performance of Nb2CTx nanosheets. (i) The frequency dependence of the reflection loss of Et-Nb2CTx/paraffin, 

DI-Nb2CTx/paraffin and Nb2CTx/paraffin with the thickness of 2.9 mm in 2.0-18.0 GHz. (j) 3D image of the 

reflection loss of Et-Nb2CTx/paraffin in 2.0-18.0 GHz. Copyright 2018, Elsevier. 

Xu et al. [44] first tried to perform an EMW absorption test on Nb2CTx MXene etched by HF. 

The EMW absorbing properties of Et-Nb2CTx (Fig. 28f) were treated with ethanol at 100 ℃, DI-
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Nb2CTx (Fig. 28g) treated with deionized water, and untreated Nb2CTx nanosheets. By the Fig. 28i, 

j, it is found that Et-Nb2CTx has the best absorbing performance and can reach -52.2 dB reflection 

loss at 93 GHz at a thickness of 2.90 mm. The main reason is that the intercalation effect of ethanol 

increases the interlayer spacing and brings more defects (such as oxygen-containing functional 

groups, etc.) on the initially defective MXene sheet. This makes the increase of Nb2CTx while 

bringing more polarization effects and opportunities for multiple reflections. However, the 

minimum RL of Et-Nb2CTx and DI-Nb2CTx are concentrated in the 2.0-4.0 GHz, making it difficult 

for pure Nb2CTx MXene to be used as a broadband absorbing material. 

Although these works have fully proved that Ti3C2 nanosheets have substantial potential in 

the preparation of thin layers and broadband EMW absorbing materials. However, the EMW 

absorbing material of pure Ti3C2Tx MXene, due to its non-magnetism, only has the dielectric loss 

mechanism of EMW absorption without magnetic loss. At the same time, due to the higher 

dielectric constant, the impedance is not matched so that more EMW are reflected, which limits 

the further improvement of EMW absorption performance. 

Li et al. [111] employed LiF + HCl to obtain a conductive 2D Ti2CTX MXene with a natural 

sandwich structure through a simple chemical etching process and reported for the first time that 

MXene has EMI shielding performances in the X-band. The prepared MXene material exhibits an 

excellent performance of more than 70 dB in the case of only 0.8 mm. The dielectric constant of 

pure MXene Ti3C2Tx is too high, which is not ideal for absorbing performance. It is more suitable 

as an EMI shielding material than an electromagnetic absorbing material [179]. However, it is 
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possible to reduce the dielectric constant and increase the magnetic permeability through 

composite magnetic materials to adjust the impedance to match. It is more likely to be used as a 

RAM. 

There are many literatures reported about MXene composite zero-dimensional magnetic 

materials. Yue et al. [180] developed a simple hydrothermal method to prepare TiO2/Ti3C2Tx/Fe3O4 

nanocomposites. TiO2 and Fe3O4 densely cover MXene nanosheets with an average particle size 

of about 4.9nm. Among them, Ti3C2Tx thermal oxidation obtains a TiO2-based composite material, 

which provides dielectric loss of TiO2/Ti3C2Tx, and then combines with magnetic Fe3O4 that 

contributes to the magnetic loss. Among these composite materials, 2D Ti3C2Tx flakes not only 

serve as carriers for Fe3O4 and TiO2, but also provide lots of interfaces to promote carrier transfer, 

thereby promoting interface polarization. This makes it have good EMW absorption performance. 

As the mass ratio of Ti3C2Tx/Fe3O4 is 5:1, the composite displays 2.0 GHz absorbing frequency 

bandwidth below -10 dB in the situation of 1.9 mm thickness, and the maximum RL value of -57.3 

dB at 10.1 GHz. 

Magnetic metals including Ni, Co, etc. of the absorption mechanism are shown in the Fig. 

29a. Due to their high magnetic permeability and saturation, high temperature resistance, strong 

corrosion resistance as well as magnetic loss, have great application potential in the direction of 

EMA. Liu et al. [181] reported for the first time that Ti3C2Tx MXene modified with Ni magnetic 

metal nanoparticles has excellent EMW absorption performance. Through SEM of MXene (Fig. 

29e) and Ni@Ti3C2Tx (Fig. 29f) and elemental analysis (Fig. 29g), the uniform composite of 
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MXene and metal particles is proved. As the thickness is 3 mm, the RL of PVDF-based composites 

with 10 wt% Ni@Ti3C2Tx 8:1 can reach a minimum of -52.6 dB (Fig. 29d), and EAB can reach 

3.7 GHz as shown in Fig. 29b, c, which means that 71% of the X-band can be covered. At the same 

time, the adjustment of the sample thickness can achieve the absorption of the entire X-band, and 

the best EAB can be as high as 6.1 GHz. And through the electronic holography technology Fig. 

29h-i to verify the unevenness of the charge distribution, this unevenness helps to strengthen the 

loss mechanism such as polarization. This moderate and straightforward co-solvothermal method 

prepares a composite consisting of Ti3C2Tx nanosheets and Ni nanoparticles. In addition, this 

method can be used to prepare the composite with other magnetic metal nanoparticles to achieve 

efficient EMW absorption, such as Co and NiCo nanoparticles, etc. 
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Fig. 29 (a) Schematic diagram of EMA of MXene and metal particle composite materials. (b) Statistical image 

of RLmin, optimal EAB and (inset) the EAB on X-band of all samples. (c) 2D plots of the EAB and (d) 3D plot 

of RLmin. SEM images of (e) Ti3C2Tx nanosheets, (f) Ni@MXene 8:1. (g) SEM image and the related elemental 

mappings of Ni, Ti and C. (h) TEM images and (i, j) the off-axis electron holograms of Ni@MXene hybrid [181]. 

Copyright 2020. American Chemical Society. 

Che et al. [182] designed a new type of positively charged Ni(OH)2 and negatively charged 

accordion-like MXene composite material and fabricated a multilayer MXene/Ni material with 

adjustable electromagnetic performances via electrostatic self-assembly method. The minimum RL 

reaches -50.5 dB at 5.5 GHz. Through the adjustment of the mass ratio of two components, the 
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maximum EAB is 5.28 GHz. The composite material is etched into an accordion shape due to 

MXene, and Ni nanoparticles are decorated in the multi-layer gap, effectively preventing MXene 

sheets' re-stacking. Magnetized MXene has more absorption mechanisms, such as conductive 

network (Fig. 30i), capacitor-like structure (Fig. 30j), magnetic loss (Fig. 30k) and polarization 

loss(Fig. 30l). Off-axis electron holograms can directly prove the magnetic loss. (Fig. 30a-f). 

 

Fig. 30 Off-axis electron holograms of cutting sections (a), off-axis electron holograms at zero field, and the 

phase amplification of the holograms are 5 of M/N-30 composites (b); the evolution of the magnetic flux lines 

of M/N-30 composites at different magnetic fields and the phase amplification of the holograms are 10 (c-f) 

[182]. Copyright 2019. American Chemical Society. 
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Through the magnetic induction line change, it can be explained that the magnetized MXene 

has an excellent dynamic magnetic response to the incident EMW. It changes dynamically under 

the action of a relatively low magnetic field of 0~29 Oe. This change is more evident under a 

relatively high electromagnetic field of 58 Oe and 100 Oe. Due to the existence of this magnetic 

induction line, the magnetic loss can also be brought about in non-material areas. The cooperation 

effect of magnetic and dielectric losses increases EM loss, thereby realizing a wide EAB. 

Related studies have shown that the coercivity value (Hc) of zero-dimensional magnetic 

materials is lower than that of 1D magnetic materials (1D MM). Hc is related to a specific 

heterostructure [183]. The magnetic domains in the magnetic chain move faster than zero-

dimensional nanoparticles. The synthesis of 1D magnetic nanochains is generally induced by a 

parallel magnetic field, triggered by the tendency of the system energy to tend to the minimum 

energy spontaneously. This magnetic field-induced self-assembly process is a competitive process 

resulting from different interactions of the nanoparticles. The possible interactions of these forces 

include space and electrostatic repulsion caused by surface coating, magnetic dipole attraction and 

Brownian motion. 

Lu et al. [184] synthesized a multi-layer sandwich Ti3C2Tx MXene composite in situ modified 

by 1D Co nanochains. By adjusting the content of magnetic nanochains, good impedance matching 

and wave absorbing effects can be achieved. In the case of 1.02 mm thickness, there is an optimal 

absorption of -46.48 dB, as shown in Fig. 31b. The absorbing schematic diagram of MXene and 

1D Co nanochains can be shown in the following Fig. 31a. In addition to the most common 
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conduction losses that cause dielectric losses, dipole polarization, and interface polarization, and 

eddy current effects and resonance losses that cause losses, there is also the interlacing magnetic 

flux field effect (IMFFE). It mainly refers to magnetic nanochains, whose domain motion and 

coercivity are different from those of nanoparticles, forming a circulating magnetic flux field. 

Many magnetic fields are interlaced with each other to form a complex magnetic field network. 

Due to electromagnetic interactions, the dielectric properties of the material react and cause 

magnetic loss. 

 

Fig. 31 (a) Schematic diagram of EMA of MXene and Co chains composite materials. (b) Reflection loss of 

MXene-CoC with different thicknesses from 2.0 to 18.0 GHz (c) Cole-Cole curves of samples. (d) Hysteresis 
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loops of CoC, MXene-CoC and MXene-CoP measured at room temperature. TEM images of (e) MXene, (f) 

CoC, and SEM image of (g) MXene-CoC [184]. Copyright 2020, Elsevier. 

Liu et al. [13] studied the growth of 1D magnetic Ni nano-chains on 2D MXene sheets 

through experiments. SEM images of Fig. 32f-h correspond to a, b, and c, respectively. One can 

observe that MXene and Ni chains are uniformly compounded together. Through theoretical 

analysis, the cooperation effect of MXene and Ni results in the composite with excellent EMW 

absorption properties. The obtained electromagnetic parameters, 𝜀𝜀′, 𝜀𝜀′′, 𝜇𝜇′, 𝜇𝜇′′ are displayed in Fig. 

32b. The real part 𝜀𝜀′ 𝜇𝜇′  representing energy storage, and the imaginary part 𝜀𝜀′′ 𝜇𝜇′′ representing 

energy consumption both have a significant increase. Among them, when the content of MXene is 

30 wt%, the loss tangent tan𝛿𝛿𝜀𝜀+ tan𝛿𝛿𝜇𝜇 and attenuation constant α (Fig. 32a). Means that it can have 

a higher consumption performance. However, the wave absorbing performance (Fig. 32e) of the 

10% is the best. When the thickness is 1.7 mm, and the frequency is 11.9 GHz, the minimum 

reflection loss is -49.9 dB (Fig. 32b). The range of 10 wt% closest to 1 is wider, meaning more 

EMW can enter into the composite and produce less reflection. So that even under a minor loss 

tangent tan𝛿𝛿𝜀𝜀 + tan𝛿𝛿𝜇𝜇 and attenuation constant α, higher absorbing performance can be achieved. 
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Fig. 32 Schematic diagram of EMA of MXene and Ni chains composite. Frequency dependence of (b) real and 

imaginary permittivity and (c) tan𝛿𝛿𝜀𝜀 + tan𝛿𝛿𝜇𝜇 and attenuation constant of Ni-2.5% MXene, Ni-5% MXene, Ni-

10% MXene, Ni-5% MXene, Ni-10% MXene, Ni-20% MXene and Ni-30% MXene. (d) Reflection loss of Ni-

10% MXene with various thicknesses, and (e) the related 3D plots. The SEM images of (f) Ni chains and (g) 

MXene and (h) Ni@MXene [13]. Copyright 2019, American Chemical Society. 

With ice templates, a stable three-dimensional aerogel structure can be obtained [185]. The 

three-dimensional aerogel is more conducive to the absorption of EMW by the material. Feng et 

al. [82] continued to compound rGO on the basis of Ni chain and MXene. They synthesized a 3D 

magnetic Ni nanochain/MXene/rGO aerogel using the directional freezing method and hydrazine 
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vapor reduction method. It can be seen from the Fig. 33e-i that the entire skeleton is composed of 

35 μm structural units. The overall skeleton has an ultra-thin wall layer. And it has an ultra-low 

density of 6.45 mg·cm-3 as well as a lower filling volume. Under vacuum-assisted suction filtration, 

the aerogel is filled with polydimethylsiloxane (PDMS) precursor and undergoes a curing process 

to maintain a stable aerogel structure in the matrix. As the mass ratio of absorbing material to 

PDMS is 0.64 wt%, the RLmin and the widest EAB reach up to -75.2 dB and 7.3 GHz at 2.15 mm 

thickness, respectively, comparing with EMA materials mixed with traditional paraffin or PVDF 

matrix. 

 

Fig. 33 Schematic diagram of (a) 3D magnetic Ni nanochain/MXene/rGO aerogel skeleton and (b) its best 

reflection loss. (c) A NiMR-H aerogel in the parallel direction, vertical direction and disordered state and (d) 
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statistics of RLmin and EABmax for different NiMR-H aerogels. (e) SEM, photograph (inset of the NiMR-H 

aerogel. (f, g) Side-view and (h, i) top-view SEM images of NiMR-H aerogel. [82] Copyright 2021, American 

Chemical Society. 

Aerogel has anisotropy in structure, and the direction of absorption is tested at the same time. 

As shown in Fig. 33c, under the same other conditions, the RL value of the vertical and aperture 

directions is significantly lower than that of the parallel direction and disordered structure. The 

disordered structure does not have a complete conductive network and lossy structure. The incident 

EMW in parallel directions will pass through the hollow structure due to the absorbing material's 

minimal obstruction of EMW [186]. Only when EMW are incident in the vertical direction, the 

three-position structure of aerogel can be fully utilized. It shows that the spatial structure has a 

tremendous influence on the absorbing performance. 

4.2 Electromagnetic absorption of CPs. 

The pure CPs have good conductivity, and its conductivity can be controlled according to 

experimental conditions. Generally speaking, the conductivity of the absorbing material varies 

between 10-4-10-1 S/cm. According to the principle of absorbing, CPs can be used as absorbing 

material alone. According to the different microstructures, it can be roughly divided into four types: 

(1) zero-dimensional nanoparticles; (2) 1D nanowires, nanotubes, etc.; (3) 2D nanosheets; (4) 3D 

porous structure [187, 188]. 

For 0-dimensional nanoparticles, there are few studies on the absorbing properties of pure 

CPs, and the absorbing performance is only adjusted by changing the experimental parameters. 



77 

When the pure CPs are used as a wave absorbing material, its attenuation mechanism cannot 

achieve impedance matching, reducing the wave absorbing ability. For 1D materials, the 

conductive network can be strengthened by interweaving each other. In contrast, the 2D material 

strengthens the multi-reflection absorption on the basis of the conductive network. 

Oyharçabal et al. [189] studied the absorbing properties of three different forms of PANI. The 

0-dimensional spherical PANI (Fig. 34b) was synthesized by the traditional polymerization method 

[190]. Using an acid solution that quickly mixes APS and aniline monomers by adopting Huang's 

method, 1D PANI nanofibers (noted PANINF as shown in Fig. 34c) were synthesized [191]. 

Furthermore, in Fig. 34d, clay is used as a nano template [192] to synthesize sheet-like 2D PANI 

nanosheets. The maximum reflection loss of the sheet-shaped PANI composite is -37 dB, which is 

far more than the fibrous PANI and spherical PANI composites with -8 dB and -7 dB, respectively. 

PANICN has and higher dielectric loss and better impedance matching, which can explain this 

higher absorption value. 
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Fig. 34 (a) Microwave absorbing performances of composites containing 15 wt% PANI having various 

morphologies. And the thickness of the absorbing layer of PANI, PANINF and PANICN: 3.3 mm, 3.2 mm and 

2.6 mm. SEM images of (b) globular PANI, (c) fibrillar PANI and (d) flake-like PANI [189]. Copyright 2012. 

Elsevier. (e) Digital photos of preparation process of PPy aerogels. (f) The different conductivity with PPy1, 

PPy2, and PPy3 [193]. Copyright 2019. Springer Science Business Media.  

Yu et al. [193] to the FeCl3 as oxidant, by simple chemical oxidation and freeze-dried aerogels, 

prepared PPy having elasticity. Fig. 34e shows the structure diagram, where PPy1, PPy2, and PPy3 

separately represent FeCl3/Py molar ratios of 1:1.5, 1:1 as well as 1.5:1. At a thickness of 2mm, 

PPy1 aerogel has the smallest RL value of -55 dB at 14 GHz, exceeding ppy2's -29 dB at 13.7 GHz, 
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but the EAB of PPy2 aerogel is as high as 5.6 GHz (11.6-17.2 GHz). It may be that PPy1 has a 

moderate conductivity (0.078 S cm-1 shown in Fig. 34f), which can reduce the reflection of EMW 

while causing conductive loss. Meanwhile, PPy2 aerogel displays the merits of moderate 

mechanical strength, low density, thin matching thickness, wide absorption bandwidth, etc. Its 

excellent EMW absorption performance is related to 3D PPy frame, excellent impedance matching 

performance, quarter-wave interference, and dielectric loss. PPy aerogel with excellent EMW 

absorption performance and mechanical properties highlight its application potential in EMW 

absorption field. 

In order to improve the dielectric loss of a single CPs, introducing a more robust interfacial 

polarization core-shell structure is a better way to achieve it. Tian et al. [194] selected PPy 

microspheres as the cores to synthesize PPy@PANI composites with a uniform core-shell structure, 

as shown in Fig. 35e-f. In comparation with inorganic materials, PPy microspheres as cores have 

a much stronger affinity for adsorbing aniline molecules. This is far more than inorganic substances 

that require bridging to recombine. At the same time, it has an absolute advantage in quality. In the 

situation of the mass ratio of PPy to PANI of 1.2, the maximum absorption value is at 8.8 GHz, 

and it can reach -51.3 dB at 3 mm thickness, as shown in Fig. 35c. PPy@PANI composite materials 

can achieve different EMW absorption properties through the adjustment of the absorbing layer 

thickness and the thickness of the PANI shell. Fig. 35 (b) shows the influence of the thickness of 

the control shell from 30 to 120 nm on the absorption. The absorption performance is best when 

the shell is 85nm. The PANI shell and the PPy core achieve higher interface polarization at this 
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thickness, resulting in better impedance matching. 

 

Fig. 35 (a) Electromagnetic loss diagram of core-shell structure PPy@PANI. (b) The impact of shell thickness 

on EMA. (c) Reflection loss curves of PPy microspheres, PPy@PANI composites, and pristine PANI at 2 mm 

thickness in 2-18 GHz. (d) Modulus of Zin-1 of composites at 2 mm thickness in 2-18 GHz. SEM images of (e) 

PPy microspheres and (f) PPy@PANI composites [194]. Copyright 2015. American Chemical Society. (g) 

Reflection loss of PANI/CoFe2O4/PVDF composite with different thicknesses. (h) Magnetization curves of 

CoFe2O4 powder, PANI/CoFe2O4 composite and PANI/CoFe2O4/PVDF composite. (i) TEM and (j) SAED 

patterns of PANI/CoFe2O4/PVDF composite [195]. Copyright 2016. RSC. 

As mentioned earlier, the absorption strength of purely electric polymers is limited. It mainly 
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relies on the multi-reflection of the structure so that as many EMW as possible are consumed 

through dielectric loss. As a result, the absorption band is narrow, and the absorption effect is poor. 

In fact, the binary composite material of magnetic material and CPs not only has good conductivity 

and magnetism. It also changes the attenuation of EMW from the original single dielectric loss to 

a combination of dielectric and magnetic losses. This is similar to the study of MXene absorbing 

materials. At present, such binary material has also been widely reported. 

When PANI is used as an absorbing material alone, its attenuation mechanism cannot realize 

the impedance matching, seriously limiting its absorbability. Yang et al. [195] synthesized 

PANI/CoFe2O4/PVDF composite by coating CoFe2O4 with PANI in order to make up for the 

shortcomings of pure PANI's absorbing performance. The reflection loss can be up to -57.7 dB at 

7.6 GHz in the case of 4 mm thickness, and the EAB can be up to 3.4 GHz with the RL below -10 

dB. 

Wang et al. [196] studied the influence of polymers on the regulation of dielectric attenuation 

by core/shell nanostructures. A 2D core-shell structure composite material was synthesized using 

conducting polymer PANI and insulating polymer PS as the shell and Ni chain as the core. It can 

be seen from electron microscope images of Fig. 36g-i, that both Ni chains are successfully coated 

by PANI and PS. The composite material Ni/PANI NCs has the best absorption performance, as 

shown in Fig. 36a-c. At 8.18 GHz and 2.71 mm thickness, the minimum reflection loss can be -

51.16 dB. In the meantime, the same answer can be obtained from impedance matching. The 

impedance matching diagrams of the three are shown in Fig. 36j-l. The impedance matching of 
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Fig. 36k is closest to 1, which tends to be thinner and has a broader frequency. Compared with the 

Ni nano-chain modified by 4-aminobenzoic acid (PABA), it is coated with an acid-doped PANI 

shell coating. The interface polarization is enhanced through the core/shell interface charge 

accumulation and electronic transition, and the dielectric attenuation is greatly enhanced. However, 

the non-polar PS shell layer is only covered with Ni nano-chains. Due to the directional transfer 

of charge in the Ni chain only acts like a wire, which weakens the interface polarization. The 

interface dipolar polarization induced by the polymer shell plays a vital role in dielectric 

adjustment and good impedance matching. 

 

Fig. 36 RL of the paraffin-bonded samples of (a) Ni, (b) Ni/PANI NCs, and (c) Ni/PS NCs. Frequency dependence 
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of (d) complex relative permittivity 𝜀𝜀𝑟𝑟, (f) complex relative permeability 𝜇𝜇𝑟𝑟 of the samples of Ni, Ni/PANI and 

Ni/PS NCs; (e) Cole-Cole plots of the samples. (g) SEM image of typical Ni NCs; TEM images of (h) Ni/PANI 

and (i) Ni/PS core/shell structured NCs, respectively. 2D-contour maps of f and d dependent Zin for the (j) Ni, 

(k) Ni/PANI, and (l) Ni/PS NCs paraffin-bonded samples [196]. Copyright 2019. Elsevier. 

4.3 Electromagnetic absorption of MXene and CPs 

Both MXene and CPs have good electrical conductivity, and the interwoven conductive 

network has more defects and brings more ohmic losses. Abundant polar groups, such as -F, -O on 

the surface of MXene and -O, -N, -OH on the surface of CPs, are prone to dipole polarization. 

Furthermore, an uneven distribution of charges is formed at the contact interface because of the 

different electrical conductivity, resulting in a vital interface loss. This series has strengthened the 

loss of EMW in terms of the dielectric. The composite material of the two is quite promising as a 

research and development absorbing material. However, there are still relatively few studies in this 

area. 

Huang et al. [197] studied the polymerization of aniline monomer between the surface and 

the inner layer of Ti3C2Tx. Due to the alternately arranged sandwich structure of Ti3C2Tx MXene 

and PANI, there is a synergy between Ti3C2Tx and PANI. By strengthening the interface 

polarization, dipole polarization, etc., the dielectric properties are improved so that the composite 

material has unique EMW absorption properties. At a thickness of 1.8mm at 13.80 GHz, the best 

reflection loss is -56.30 dB. With increasing PANI content, both the 𝜀𝜀′ and 𝜀𝜀′′ of Ti3C2Tx/PANI 

increase, showing a dispersion phenomenon similar to the original PANI. Therefore, the aniline 
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content is the main factor that determines the dielectric loss. 

Liu et al. [59] modified the Ti3C2Tx MXenes sheet with conductive PPy microspheres. While 

preserving the original layer structure, a new core-shell structure is also obtained. Fig. 37d-e are 

SEM images of MXene with PPy modification. The core-shell structure of MXene and CP has 

prominent interface polarization, obvious confinement effect and synergistic effect. There is a band 

gap between Ti3C2Tx MXene lamellae, and the lamellae contain abundant surface-active groups 

such as -OH and -F. These features provide conditions for PPy to cover between Ti3C2Tx MXene 

layers. The filling amount of the composite material in the paraffin is only 10%, and the RLmin 

can reach -49.5dB at 3.6 mm and 7.6 GHz. Through adjustment, the maximum EAB can reach 

6.63 GHz. These indicate that a proper ratio of MXene and PPy can increase the heterostructure, 

bring stronger interface polarization and stronger wave absorbing ability. 

Chain-shaped CPs have a more complete conductive network than particles. Tong et al. [198] 

used HF to etch Ti3AlC2. The multi-layer heterostructure modified with PPy chains was 

successfully grown and synthesized in the Ti3C2Tx MXenes sheet by the method of in-situ chemical 

oxidative polymerization. The structure and loss schematic diagram and SEM image of chain-like 

PPy in the MXene sheet are shown in Fig. 37f, h. The Ti3C2Tx /PPy composite has a content of 25 

wt% in the paraffin matrix. As shown in the 3D Fig. 37g, The RLmin and the maximum EAB can 

reach -49.2 dB and 4.9 GHz at 3.2 mm thickness. At the same time, its best absorbing thickness 

(Fig. 37i) satisfies the 1/4 wavelength theory. Compared with growing PPy particles between 

MXene sheets, although there is no obvious increase in the best absorption performance, there is 
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a real reduction in the thickness of the absorbing layer. 

 

Fig. 37 (a) Demonstration of fabrication process, (b) 3D images and (c) 2D contours of calculated RL values and 

(d,e) SEM images for Ti3C2Tx@PPy composites [59]. Copyright 2019, Elsevier. (f) Schematic illustration of 

EMA mechanisms of the Ti3C2Tx/PPy composite. (g) 3D representation of RL values versus frequency and 

thickness and (h) SEM image of the Ti3C2Tx/PPy composite. (i) RL curves and dependence of matching thickness 

(tm) on matching frequency (fm) of Ti3C2Tx/PPy with a 25 wt% filler loading. SEM images of Ti3C2Tx/PPy [198]. 

Copyright 2017, Elsevier. 

In order to achieve the double loss of the EMW absorber, proper impedance matching and 

synergistic effect. The heterostructure of the ternary composite material of magnetic material, CP 



86 

and MXene was designed. This ternary composite material brings stronger electromagnetic losses. 

Wu et al. [199] used HCl and LiF to etch Ti3C2Tx (Fig. 38a) and reacted at a high temperature of 

180 °C for 24h by a one-step hydrothermal method to precipitate TiO2 (Fig. 38b-c) on the surface 

of MXene. In turn, the aniline monomer is polymerized in situ on the MXene sheet. The 

Ti3C2Tx/TiO2/PANI multilayer composite material (Fig. 38e) was successfully synthesized. TiO2 

particles are grown on the periphery of Ti3C2Tx via hydrothermal reaction. As the Ti3C2Tx/TiO2 

sample is coated with PANI, its surface becomes rough. However, there are still gaps between the 

layers, enhancing the interface polarization and dramatically improving EMW absorption 

performance. 

 

Fig. 38 SEM images of (a) Ti3C2Tx, (b, c) Ti3C2Tx/TiO2 and (e) Ti3C2Tx/TiO2/PANI. (d)Typical Cole-Cole models 
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and (f) the RL curves, the absorber thickness and impedance matching curves of Ti3C2Tx/TiO2/PANI sample 

[199]. Copyright 2020, Elsevier. 

Wang et al. [200] designed a sandwich structure Ti3C2/Fe3O4/PANI ternary composite 

material. Fig. 39d-f are FESEM images of Ti3C2, Ti3C2/Fe3O4 and Ti3C2/Fe3O4/PANI respectively. 

The smooth Ti3C2 surfaces are covered by PANI and Fe3O4, showing a thicker and rougher surface. 

At 15.3 GHz, the maximum RL Ti3C2/Fe3O4/PANI composite is -40.3 dB. EAB can reach 5.2 GHz 

at 1.9 mm, higher than that of Fe3O4 and Ti3C2/Fe3O4. In addition, EAB can reach 12 GHz (6 ~ 18 

GHz) by the adjustment of the absorbing thickness. 

 

Fig. 39 (a) 3D presentation, (b) contour map and (c) reflection loss curves of Ti3C2/Fe3O4/PANI. FESEM images 

of (d) Ti3C2, (e) Ti3C2/Fe3O4 and (f) Ti3C2/Fe3O4/PANI [200]. Copyright 2019. Elsevier. 
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Table 1 The EMW absorption performances of MXene, CPs and their composites in recent years. 

 Sample Matrix Loading (%) RLmin (dB) Thickness (mm) Corresponding frequency (GHz) EAB (GHz) Corresponding Thickness (mm) Ref 

MXene 

Ti3C2Tx paraffin 50 -48.4 1.7 11.6 2.8 1.8 [129] 

Ti3C2Tx paraffin 50 -40 3 7.8 6.8 2 [81] 

Nb2CTx paraffin 70 -52.2 2.9 3.93 - - [44] 

MXene/Ni PVDF 10 -52.6 3 8.4 6.1 2 [181] 

MXene/Ni paraffin - -50.5 3.5 5.5 5.28 3.5 [182] 

MXene/Ni Chain paraffin 10 -49.9 1.75 11.9 - - [13] 

MXene@Fe3O4 paraffin 40 -63.3 1.8 5.2 5.2 1.8 [201] 

MXene/Fe3O4 paraffin 60 -48.7 1.9 9.9 3.9 1.7 [6] 

Ti3C2Tx/NiCo2O4 paraffin 50 -50.96 2.18 12.24 0.88 2.18 [202] 

MXene/CoFe2O4 
epoxy and 

polyamide resin 
40 -30.9 1.5 11.9 8.5 1.5 [203] 

MXene/Co chains paraffin 50 -46.48 1.02 16.75 - - [184] 

MXene/ZnO paraffin 25 -26.3 4.0 17.4 1.4 4 [204] 

TiO2/Ti3C2Tx/Fe3O4 paraffin 70 -57.3 1.9 10.1 2.4 1.0 [180] 

Ti3C2Tx/CNTs paraffin 35 -52.9 2.65 7.15 4.46 1.55 [205] 

CoNi@Ti3C2Tx paraffin 40 -58.18 1.55 13.2 5.68 1.55 [206] 

RGO/MXene/Fe3O4 paraffin 40 -51.2 2.9 11.1 6.5 2.0 [207] 

Ti3C2Tx/Ni-spheres paraffin 50 -47.06 1.5 12.4 3.6 1.5 [15] 

Fe3O4@Ti3C2Tx paraffin 40 -57.2 4.2 15.7 4.46 1.55 [208] 

CF/MXene paraffin - -45 4.5 8.8 5 4.5 [209] 

TiC/SiBCN - - -45.44 2.3 10.93 4.05 2.3 [210] 

rGO/Nb2CTx/Fe3O4 paraffin 50 -59.17 2.5 11.8 6.8 2.5 [211] 

CoFe@Ti3C2Tx paraffin 60 -36.29 2.2 8.56 2.64 2.2 [212] 
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CPs 

flake-like PANI epoxy 15 -37 2.6 8.8 - - [189] 

PPy aerogel paraffin 10 -55 2 14 5.6 2 [213] 

PPy@PANI paraffin 50 -51.3 3 8.8 4.7 2 [194] 

PANI/Ni paraffin 40 -51.16 2.71 8.18 4.5 3 [196] 

PPy nanofibers/Fe3O4 paraffin 30 -41.6 2.5 10 8 - [214] 

PANI/CoFe2O4 PVDF - -57.7 4 7.6 3.4 4 [195] 

MnO2-PANI - 50 -52.06 3 8.48 4.56 3 [69] 

CF@PANI paraffin 10 -46.86 2.7 ~9.0 - - [215] 

C/PANI paraffin 80 -50.96 3.09 8.88 4 3.09 [216] 

ZnxFe3-xO4/PANI paraffin 50 -59.44 2.31 11.04 4.65 1.72 [70] 

CoFe2O4/C/PANI paraffin 25 -51.81 2.57 12.4 8.88 2.50 [217] 

Fe3O4@SiO2@PANI paraffin 50 -44.9 1.5 4 4 1.5 [218] 

NiFe2O4/PC/PANI - 20 -59.3 2 10.5 5.6 1.5 [219] 

ZnFe2O4@PANI-rGO - 20 -49.99 2.1 17.28 4.32 2.1 [220] 

cellulose/PANI paraffin 20 -49.24 3.6 - 6.0 2.5 [221] 

Fe3O4@SiO2@PPy paraffin 15 -40.9 5.0 6 6.88 5 [222] 

Fe3O4@PPy paraffin - -40.53 2.5 6.32 5.12 2.5 [223] 

FeCo@SiO2@PPy paraffin 60 65.17 2.1 16.48 6.8 2.5 [224] 

MOF (Fe)/PANI paraffin 70 -41.4 2 11.6 5.5 2 [225] 

MXene/CPs 

Ti3C2Tx/PANI paraffin 50 -56.3 1.8 13.8 - - [197] 

Ti3C2Tx@PPy paraffin 10 -49.5 3.6 7.6 6.63 2.7 [59] 

Ti3C2Tx/PPy paraffin 25 -49.2 3.2 8.5 4.9 2 [198] 

Ti3C2Tx/TiO2/PANI paraffin 25 -65.61 2.18 13.92 5.92 2.10 [199] 

Ti3C2TX/CNZFO/PANI - - -37.1 2.2 10.2 4.1 2.2 [226] 

Ti3C2/Fe3O4/PANI paraffin 30 -40.3 1.9 15.3 5.2 1.9 [200] 
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Fig. 40 The RLmin and EAB about frequency and thickness of common MXene and CPs and 

their composites in recent years. 

In summary, the Table 1 shows the parameters related to the EMA of MXene and CPs and 

their composites in recent years, including the EAB and RLmin values at special frequencies and 

thicknesses. It is evident that the pure MXene and CPs have ideal wave absorbing performance, 

such as Ti3C2Tx (-48.4 dB) [129], Nb2CTx (-52.2 dB) [44] and PPy aerogel (-55 dB) [213]. 

However, those materials have the problem of thick thickness or narrow EAB. In practical 

applications, the EAB, absorption thickness and frequency, are usually optimized by compounding 

magnetic materials. For example, the RLmin of Fe3O4@SiO2@PANI can be up to -44.9 dB at the 

thickness of 1.5 mm [218], and the EAB of CoFe2O4/C/PANI is 8.88 GHz at 2.5 mm [217]. 

Meanwhile the RLmin of MXene/Co chains can be up to -46.48 dB at the thickness of 1.02 mm 
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[184]. It is surprising that the combination of MXene and CPs can further improve the 

electromagnetic loss capability. The RLmin of Ti3C2Tx/PANI can be up to -56.3 dB even at 1.8 mm 

thickness, and the optimal RLmin of Ti3C2Tx/TiO2/PANI is -65.61 dB at 2.18 mm. In order to 

compare the various properties of wave absorption more visually, the following Fig. 40 

performance assessment diagram is given with the data from Table 1. The position of the four 

arrows in the figure at the same time is an ideal absorbing material. It is also a goal that needs to 

be struggling at present. Unfortunately, the materials that have been reported have not been able 

to meet this requirement. However, there are relatively few studies on composite materials based 

on MXene and CPs at present, and the number of reports is very few. Both have natural and unique 

advantages as absorbing materials, and more attention should be paid to this direction. The inherent 

structure of MXene makes its stability in the air relatively poor. It requires researchers to 

continuously construct structures and surface modifications to achieve stability, lightweight, and 

broadband performance. The actual application of MXene is still a long way to go. 

5. Conclusion 

This article reviews the recent research progress of MXene and CPs as absorbing materials. 

The basic concepts of wave absorbing theory are introduced. The etching method of MXene, the 

synthesis method of CPs, and the composite process of the two are introduced. The current 

methods for preparing MXene include HF etching, LiF + HCl etching, electrochemical etching 

and hydrothermal alkali etching. There is no doubt that the fluorine-containing etching method is 

currently the most widely used, but there are more significant safety risks. The synthesis method 
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of CPs, whether electrochemical or chemical, is essentially synthesized by oxidation. When they 

are compounded with MXene, the self-assembly in-situ polymerization method is simple to 

operate and has a strong binding force of materials. It is currently more widely used. 

MXene has excellent conductivity, and there are certain defects in the conductive network, 

which can bring about the ohmic loss of EMW through the migration and transition of electrons. 

Multipolar groups on the surface form dipoles, which enhance the dielectric relaxation 

phenomenon in the form of dipole polarization. The multi-layer structure of MXene naturally 

forms a multi-reflection structure that absorbs waves, and more EMW are reflected back and forth 

between the MXene layers. CPs also have adjustable conductivity, are easy to process, and easily 

introduce more polar groups into long polymer chains through chemical modification. It has the 

unique natural advantages of dipole polarization, conduction loss, and lightweight required by 

absorbing materials. 

The combination of MXene and CPs enhances the interface polarization. The synergy of the 

two in dielectric loss broadens the absorption frequency band and strengthens the absorption 

strength. By compounding different magnetic materials, the thickness of the absorbing layer can 

be adjusted. Design a reasonable 3D structure, such as the core-shell structure strengthened 

interface polarization, multi-layer, sandwich structure, 3D aerogel structure, and other EMW 

caused by multiple reflections. It can achieve good impedance matching and electromagnetic 

absorption in a specific GHz frequency band. Coupled with the advantages of a lightweight, 

especially in the military, this makes MXene, and CPs have great application potential in the field 
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of EMW absorption in the future.  

6. Outlook 

The development of lightweight, stable, efficient, and broadband absorbing materials is a hot 

research topic. At present, whether it is MXene or CPs absorbing material, although it is light in 

weight, it has a good performance in aspects such as strong EMW absorption in a specific 

frequency band. However, the bandwidth of the absorbing frequency band is relatively narrow for 

a single material, and the absorption strength can be further improved, which is far from the ideal 

absorbing effect. Researchers also need to actively explore its composite materials and play a 

synergistic effect to strive for excellent EMW absorbing properties. 

Secondly, many theoretically predicted properties of excellent MXene and CPs absorbing 

materials need experimental verification. On the basis of theoretical research on absorbing 

performance, lightweight, and high frequency, we should also pay attention to practical 

applications in life, equipment, and the military. 

In addition, the understanding of the exact mechanism of electromagnetic absorption is still 

immature [227, 228]. There is an urgent need for a series of in-depth studies on the dielectric 

relaxation loss and electromagnetic loss of materials. For the future development direction of 

absorbing materials, the design of absorbing materials should be as follows: 

The first is based on the principle that EMW propagate energy through electric and magnetic 

fields, starting from the perspective of blocking the propagation medium. Increase the research on 

new types of magnetic and dielectric composite materials to achieve higher EMW magnetic loss 
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and dielectric loss. 

The second is based on a large amount of literature data, theoretical calculation, and analysis. 

Theoretically, total absorption can be achieved when the impedance matching of the magnetic and 

the dielectric losses is equal to 1. From the perspective of impedance matching, when the selected 

materials are combined, adjust the content ratio of each component to make the impedance 

matching as close to 1 as possible. 

Third, to achieve effective absorption of the absorbing material, it is necessary to make EMW 

enter the interior of the absorbing material as much as possible. At the same time, according to the 

theory of transmission lines, as the thickness of the absorbing material is an odd multiple of the 

1/4 wavelength of the EMW, the EMW will reflect the least. It is necessary to explore the thickness 

of the appropriate wave-transmitting layer and wave-absorbing layer. 

Fourth, a layer of absorbing material alone cannot achieve good absorbing performance. It is 

necessary to design reasonable absorber structures, such as honeycomb structure, multilayer 

absorber structure, corrugated sandwich structure, etc., to achieve better absorber performance. 

Fifth, in the information age, the development of smart materials has provided a new design 

idea for absorbing materials. According to the EMW of different frequency bands received, the 

wave absorber structure can be adjusted instantaneously to realize effective absorption of multiple 

frequency bands and wide bandwidth. 

Finally, it should be a factor that must be considered, and attention should be paid to material 

safety, including the friendliness of the environment and the human body. At present, there is still 
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much room for innovation and growth in composite materials based on MXene and CPs, and even 

the road to maturity is long and difficult. Although there are still many challenges before practical 

application, we believe that with the continuous efforts of scientific researchers, lightweight, stable, 

efficient, broadband, and intelligent, absorbing materials will soon be used. 
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