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Abstract

:

MXene is a competitive and attractive 2D material used in wearable electromagnetic devices due to its laminated nanostructure, abundant surface terminations and high conductivity. Assembling MXene nanosheets into multi-dimensional microstructures is considered to be an effective method for improving the overall performance of MXene-based composites, especially their electromagnetic attenuation and wearability performance. This article focuses on the strategies for assembling multi-dimensional MXene microstructures, from 0D spheres and 1D fibers to 2D films and 3D architectures. The origin of the electromagnetic response of MXene microstructures is revealed, and the corresponding electromagnetic absorption and interference shielding performance are shown. Furthermore, additional extended functions that serve wearable electromagnetic attenuation devices are highlighted. Finally, the application prospects and challenges of wearable electromagnetic devices, as well as the function integration of multi-dimensional MXene composites, are summarized.
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1. Introduction


With a significant increase in the number of wireless communication devices, the security of communication without electromagnetic interference and the prevention of human overexposure to electromagnetic radiation are key requirements [1]. Communication equipment and humans, especially infants, pregnant women and workers, engaged in wireless communication need wearable electromagnetic attenuation devices, such as radiation-shielding clothing and shields, to attenuate the negative effects of electromagnetic waves. In addition to clothing, wearable electromagnetic attenuation devices are also integrated into portable electronic bracelets, smart watches and other communication devices. In addition, if military equipment is equipped with electromagnetic attenuation devices, the reflected waves can be reduced so that they are not detected by radars. A prerequisite for the realization of electromagnetic attenuation devices is to assemble electromagnetic attenuation materials into macroscopic films with good mechanical properties. The functional obtainment of an electromagnetic attenuation device is based on electromagnetic-absorbing materials or electromagnetic interference shielding materials, which can protect internal objects from radiation by absorbing or reflecting waves. In 2016, micron-scale MXene films were discovered to have superior electromagnetic shielding relative to metal/carbon materials due to their mechanical flexibility and metallic conductivity [2]. Since then, MXene, as a high-spirited horse, has immediately aroused exponential attention, and its performance can be switched from electromagnetic shielding to electromagnetic absorption by tailoring its microstructures and heterogeneous phases. Therefore, various MXene composites can fulfill the requirements of electromagnetic absorption or shielding for fabricating wearable devices.



The general formula of MXenes is Mn+1XnTx (n = 1–3), with M denoting the early transition metal. X is the abbreviation for carbon and/or nitrogen and Tx denotes the surface terminations of hydroxyl, oxygen or fluorine. The molecular structure of MXenes with n = 2 is shown at the center of Figure 1. The construction of multi-dimensional MXene composites, such as 0D spheres [3,4], 1D fibers [5,6], 2D films [7,8] and 3D architectures [9,10], will permit freedom in customizing the electromagnetic responses and mechanical properties of MXenes. Simultaneously, the diverse chemistry of the heterogeneous phases in MXene-based composites also assists MXene in tuning its physical and chemical properties [11]. Therefore, while electromagnetic properties are improved [12,13,14], MXene composites can achieve additional functions to facilitate their wearability, such as fatigue resistance [15], photothermal conversion [16], electrothermal conversion [17] and thermal management [18]. This multifunctional integration not only expands the application field of electromagnetic devices but also injects new vitality into the development of MXenes [19].



Herein, typical assembly strategies for multi-dimensional MXene structures are focused on. Electromagnetic attenuation mechanisms, including electromagnetic absorption and interference shielding, are emphasized, and the corresponding electromagnetic attenuating performance, reflection loss (RL) and shielding effectiveness (SE) of MXenes with different dimensions are illustrated. Then, we highlight several additional functions that are available for their integration into wearable electromagnetic attenuation devices.




2. Mechanism of Electromagnetic Attenuation


2.1. Electromagnetic Absorption


The microwave absorption performance of MXene composites is dominated by electromagnetic parameters. The absorbed electromagnetic energy is dissipated by dielectric loss and magnetic loss. Imaginary permittivity (ε″) and imaginary permeability (μ″) are parameters that characterize dielectric loss and magnetic loss. If MXene composites do not contain a magnetic phase, dielectric loss is the main source of loss. As shown in Figure 2a, dielectric loss consists of conduction loss (εc″) and polarization loss (εp″) [20]. For conduction loss, electromagnetic energy actuates electrons directionally within or among MXene nanosheets (Figure 2b,c) [21]. The long-range electrons transported among nanosheets play a crucial role in conduction loss [22]. This is attributed to the fact that contacting regions between the nanosheets have higher potential than the in-plane regions of the nanosheets. Thus, εc″ increases relative to the mass ratio and conductivity (Figure 2d). Polarization loss εp″ results from the inelastic polarization of dipoles and interfaces where relaxation occurs (Figure 2e) [23]. Dipole polarization relaxation is produced near the vacancy and cluster defects of MXene nanosheets, where charge distortion and electronic pinning effects result in the separation of positive and negative charge centers (Figure 2f) [24]. Interfacial polarization relaxation mainly appears in MXene composites [25,26,27,28]. Due to the different polarity and electrical properties of heterogeneous phases, the bound charges condensed at the interfaces are different, resulting in interface polarization, which can be described by the equivalent capacitor model. As shown in the inset of Figure 2g, the interface between the Ni shell and MXene core is circled by a dotted red box [29]. The corresponding charge density distribution in this region is shown in Figure 2f. The separate blue and yellow regions confirm the presence of interfacial polarization, whereas blue and yellow regions represent the accumulation of positive and negative charges, respectively. Therefore, MXenes with good electrical conductivity and abundant terminals can fulfill the requirements of high dielectric loss.



As the absence of an effective high-frequency magnetic response limits the tunable range of MXenes’ electromagnetic properties, introducing a magnetic phase is an effective strategy for improving the impedance-matching property. Transition metals such as Fe, Co and Ni and their compounds are usually utilized as the magnetic component [30,31,32]. They will generate magnetic loss and promote the electromagnetic synergy effect [33].



Reflection loss (RL) is an indicator for evaluating microwave absorption performance, which is expressed as follows [34]:


  RL  (  dB  )  = 20 lg    |   Z  in   −  Z 0   |     |   Z  in   +  Z 0   |     



(1)






   Z  in   =  Z 0       μ r     ε r       tan h   [  j   2 π  c     ε r   μ r    f d  ]   



(2)







Zin is the input impedance. Z0 is the impedance of free space. εr, μr, c, f and d are the relative complex permittivity and permeability, light velocity, incident frequency and thickness, respectively. The criterion of effective electromagnetic absorption is an RL below −10 dB [35]. A particularly low RL value indicates excellent electromagnetic absorption. Obviously, the RL values are dominated by input impedance (Zin) and Zin is synergistically modulated by electromagnetic properties: εr and μr. When impedance is matched and the impedance coefficient (MZ = 2Zin′/(1 + |Zin|2)) approaches 1, RL will reach the optimal value [36].




2.2. Electromagnetic Interference Shielding


Shielding effectiveness (SE) is a parameter that characterizes the electromagnetic interference shielding performance. It is calculated based on the transmission, reflection and absorption coefficients (T, R and A). R and T are derived from the measured scattering parameters (S11 and S21) as follows [37]:


  R =    |   S  11    |   2   



(3)






  T =    |   S  21    |   2   



(4)







Thus, A is represented by:


  A = 1 − R − T  



(5)







The total SE stands for the ability to shield the incident waves based on the reflection (SER) and absorption (SEA) of a material. SE, SER and SEA are expressed as follows [38]:


  SE  (  dB  )  = 10 × lg  (  1 / T  )   



(6)






    SE  R   (  dB  )  = 10 × lg  (  1 /  (  1 − R  )   )   



(7)






    SE  A   (  dB  )  = 10 × lg  (   (  1 − R  )  / T  )   



(8)







As shown in Figure 3a, the shielding performance reflects the proportion of transmitted electromagnetic waves, and a high SE value corresponds to low transmittance. Different from the RL value, reflection is crucial relative to a prominent SE value [39,40,41]. In general, reflection results from good conductivity and the mismatched impedance of the sample [42,43]. MXene has good electrical conductivity (Figure 3b), and the conductivity of the MXene composite is increased monotonically relative to an increase in the mass fraction of MXene [44,45]. Therefore, the corresponding electromagnetic interference shielding performance is improved due to the contribution of reflection (Figure 3c). Additionally, for materials with thicknesses that are less than the skin depth, multiple reflections should be considered [40,46]. As MXenes are obtained by etching MAX in acidic solutions, the remaining surface terminations of –OH, –H and –F facilitate MXenes to be processed in solutions via interface assembly, spinning, spraying, etc. At the same time, MXenes can bond to flexible substrates due to their functionalized surfaces. These advantages suggest that MXene is a candidate for wearable and flexible electromagnetic functional materials.





3. Assembly of Multi-Dimensional MXenes


An electromagnetic attenuation device requires not only excellent electromagnetic absorbing/shielding performance but also good mechanical properties in order to be wearable. Electromagnetic responses and attenuation performance can be effectively tuned by making MXenes with different dimensional structures. For 0D MXenes, the charges are confined to the local 0D micron/nanometer region, and the limited conductivity is not conducive to conduction loss. Therefore, heterogeneous phases can be introduced to create interfaces that enhance the polarization relaxation loss. This facilitates the realization of high electromagnetic absorption rather than shielding. Obviously, 0D MXenes cannot be worn directly; secondary processing such as filtration or spraying is needed. A 1D MXene structure with a high aspect ratio can be knittable, and it is suitable for weaving fabrics and coverings. More importantly, woven 1D MXenes provide long-range transport channels for electrons, indicating that a strong conduction loss and reflection may occur. For 2D films and 3D architectures, especially aerogels and foams, their electromagnetic shielding performances are usually prominent due to the high conductivity caused by the interconnection of large areas of MXene nanosheets. When 2D/3D MXene structures reach the macroscopic scale, they can be worn directly. When a heterogeneous phase is introduced, the electromagnetic attenuation performance can be regulated, where electromagnetic absorption may appear.



Mechanical properties are the basis for judging whether electromagnetic attenuating materials can be worn for a long time, and these properties are dominated not only by the properties of material components but also by the sequential fabrication method. In this section, the fabrication techniques of 0D, 1D, 2D and 3D MXene structures are reviewed. In particular, the assembly strategies include 0D self-assembly driven by electrostatic attraction, hydrogen bonding and covalent bonding; 1D assembly methods relying on template materials and pinning; 2D assembly methods performed by Rayleigh–Benard convection, spraying and vacuum-assisted filtration; and 3D assembly methods with respect to in situ growth and freeze drying.



3.1. Zero-Dimensional Structures


As monodispersed MXene is a 2D nanosheet, the assembly of MXenes into other dimensions requires the support of template materials or external force from rigid molds. The interface assembly with the template material is mainly based on the interactions between atoms and molecules, such as electrostatic attraction, hydrogen bonding, covalent bonding and van der Waals action, which are the main assembly mechanisms. Generally, a template material with good mechanical properties not only jointly improves the wearability of composites but also introduces increased interfacial polarization.



3.1.1. Electrostatically Driven Self-Assembly


The surface terminations of –OH, –H and –F enable the negative charge of MXene [47]. This feature provides an opportunity for MXene nanosheets to be assembled into the structures of other dimensions via electrostatic attraction. Electrostatic assembly is performed when the concentration of MXene nanosheets is relatively low, where the positive core material attracts negative MXene nanosheets. For example, the zeta potential of Ti3C2Tx is within the range of −25~−54 mV and the pH of 11.3–2.7. Thus, electrostatic attraction drives the assembly of Ti3C2Tx nanosheets on the surface of positive polystyrene (PS) microspheres, constructing a 0D MXene-based sphere, as shown in Figure 4a [48]. When the concentration of MXene nanosheets increases and negative charges from Ti3C2Tx are equal to the positive charges from PS microspheres, the electrostatic driving force disappears. If a template material lacks a positive surface and has no electrostatic attraction, surface modification is an option for endowing it with self-assembly capacities. Hong et al. functionalized the surface of CoSe2 spheres via poly(diallyldimethylammonium chloride) (PDDA) [4]. After functionalization, the PDDA-CoSe2 is positively charged, of which MXene nanosheets can be assembled on the surface (Figure 4b). Figure 4c shows that the thickness of the MXene shell is less than 5 nm. Overall, materials used as templates to generate electrostatic driving forces mainly include PS, PDDA, C3N4 and polyethyleneimine [49]. Because some materials can be removed via heat treatment or etching, suitable template materials can be employed to prepare hollow MXene microspheres.




3.1.2. Hydrogen-Bond-Driven Self-Assembly


Hydrogen bonds are local interactions in the form of X–H…A, where the X–H group is polar due to the offset shared electrons. Thus, hydrogen atoms in the protonation state will attract electronegative atoms (A) via Coulomb interactions. The surface terminations give MXenes the opportunity to assemble into multi-dimensional structures via hydrogen bonding [51]. Polymethyl methacrylate (PMMA) with hydroxyl groups can drive MXene nanosheets to assemble into PMMA@MXene microspheres via hydrogen bonding [52]. Laminated MXene nanosheets are observed on the surface of the microsphere. Furthermore, as the pyrolysis temperature of PMMA is not high, it can be removed via heat treatment in an inert atmosphere to fabricate MXene hollow spheres [53]. The removal of PMMA has no significant effect on the morphology of the microspheres, and MXene nanosheets still maintain the 0D structure. Based on this mechanism, the further deposition of magnetic metal ions via electrostatic adsorption can produce magnetic 0D MXene structures [29]. Through the alternative assembly process, magnetic 0D MXene structures can integrate dielectric and magnetic phases alternately.




3.1.3. Covalent Bonds Drive Self-Assembly


Compared with electrostatic interactions and hydrogen bonding, covalent bonding is the tightest. There are two main strategies for designing covalent bonding with respect to the assembly of MXene nanosheets: direct bonding and functionalization. For direct bonding, terminations (–O, –OH and –F) on the MXene surface play a bridging role for in situ bonding [54]. Figure 4d shows a core–shell system constructed by the direct bonding of SnO2 and MXene [50]. The translucent MXene shell links with plenty of SnO2 nanoparticles via S–O–Ti bonds, greatly improving the stability of this core–shell system. For functionalization, modifying and customizing the terminations is required before bonding [55]. For example, alkali treatment can make –OH terminations predominate on the surface of MXene; thus, MXene nanosheets are able to covalently bond with phosphorus [56]. Grafting amino groups onto the surface is another way to increase the activity of MXene. Via the amidation reaction between amino-functionalized Ti3C2Tx and graphene oxide (GO), covalently bonded MXene and reduced graphene oxide (rGO) composites are obtained [57].





3.2. One-Dimensional Structures


3.2.1. Template-Based Method


Similarly to 0D MXene structures, template-based self-assembly via atomic/molecular interactions also holds for constructing 1D MXene structures. Carbon fiber, an accessible 1D material, can act as a template for assembling 1D MXene structures. However, the solid binding of carbon fibers to MXene nanosheets is an issue because of the lack of cations on its surface, where surface modification is required. Figure 5a shows carbon fiber with a positive charge after cetyltrimethylammonium bromide modification [6]. Thus, the electrostatic attraction drives the MXene nanosheets to wrap around the carbon fiber, forming the core–sheath carbon fiber@MXene.




3.2.2. Spinning


Spinning, the process of extruding material from the fine spinneret to form filaments, includes wet spinning and electrospinning. For wet spinning, the extruded fibers are solidified by dipping them into a coagulation bath, while, for electrospinning, the collector comprises grounded metal. Generally, the diameter of the spun fiber is dominated by the diameter of the spinneret, extrusion rate, receiving distance, liquid viscosity, etc.



MXene nanosheets can spontaneously form nematic phases in a certain space due to the large aspect ratio and surface charge. This is very suitable for the application of wet spinning. The concentration transition from a disordered state to the nematic phase of the Ti3C2Tx nanosheet is inversely proportional to the lateral size of the nanosheet [58]. In the preparation process, the size of Ti3C2Tx nanosheets separated via the centrifugal method is large, up to 3.1 μm; thus, the nanosheets’ transition concentration is low (13.2 mg/mL). The size of the nanosheets separated via sonication is small, and the corresponding transition concentration is higher, reaching 66.3 mg/mL. Therefore, pure liquid crystal Ti3C2Tx can be converted into 1D fiber via the wet spinning method, as shown in Figure 5b. In addition to Ti3C2Tx, Mo2Ti2C3 and Ti2C also exist in liquid crystal states, on which wet spinning can be applied to fabricate 1D fiber. However, wet-spun liquid crystal MXene has a tensile strength of 40.5 MPa, resulting in low spinnability. Materials with high mechanical strength, such as polymers containing long molecular chains, can be introduced to improve their mechanical properties. Liu et al. introduced aramid nanofibers (ANF) into Ti3C2Tx via coaxial wet spinning, as shown in Figure 5c, where the aramid shell and core are bonded by hydrogen bonds [5]. Subsequently, the coaxial ANF@Ti3C2Tx fiber is coagulated via the NH4Cl solution. Positively charged NH4+ ions can cross-link the nanosheets via electrostatic attraction, further enhancing the stability of the coaxial fiber. The MXene nanosheets are arranged very neatly. This is attributed to the induced shear force generated by the liquid’s flow relative to the gradually narrowing spinneret. The tensile strength of this coaxial MXene fiber is 380.1 MPa, significantly higher than that of pure liquid crystal MXene. Therefore, besides introducing a second phase material, the composition of the coagulation bath and the assembly arrangement of MXene nanosheets both affect the morphology and mechanical properties of 1D MXene structures.



Different from wet spinning, electrospinning is carried out under the action of a strong electric field, where the electrostatic repulsion force shapes the fiber [59]. Under an electric field, nanoscale MXene composite fibers are achieved, of which the diameter can be tuned via the loading concentration of MXene nanosheets, rate of extrusion, needle gauge and solution viscosity. Levitt et al. combined electrospinning with wet spinning, and they explored novel one-step bath electrospinning [60]. They added a coagulation bath between the spinneret and the receiver. The spinning syringe is filled with a nylon polymer solution, while the coagulation bath is filled with the MXene dispersion. When the electrospun nylon polymer enters the MXene dispersion, the counterdiffusion of the solvent and water molecules traps MXene nanosheets among the filaments. This method greatly improves the loading capacity of MXene up to 90 wt.%.





3.3. Two-Dimensional Structures


Films can be directly applied to fabricate wearable devices like cloth. The preparation methods of MXene films of different thicknesses are widely investigated [61]. For MXene films with a thickness of a few nanometers, evaporative self-assembly and spin coating can be selected. For MXene films with a thickness of hundreds of nanometers, spraying is a simple preparation method. For MXene films with a thickness of a few microns, vacuum-assisted filtration attracts extensive attention.



3.3.1. Evaporative Self-Assembly


Rayleigh–Benard convection provides conditions for assembling 2D nanomaterials, such as graphene and MXenes. When volatile solvent evaporates, the temperature difference between the upper and lower sides of the fluid induces convection [62]. Vertical convection propels Ti3C2Tx nanosheets towards the surface of the solution, and lateral convection drives MXene nanosheets to aggregate and overlap. As shown in Figure 6a, the self-assembled MXene nanosheets overlap very densely on the liquid surface, forming a single layer of MXene film over a large area. This method allows the precise control of the number of MXene layers, and a nanoscale MXene film is obtained.




3.3.2. Spraying


Spraying is a strategy for preparing submicron 2D MXene films over a large area. During spraying, the MXene-based solution is sprayed from a container via external forces onto a substrate [63,64]. Fabrics with good mechanical properties are excellent candidates for this substrate [7,65]. However, many fabrics have poor hydrophilicity and are difficult to combine with MXene. It is necessary to activate the surface of fabrics via hydrophilic groups or polar groups to ensure the stable adhesion of MXenes to the fabrics. For example, the surface of aramid nonwoven fabrics is hydrophilic after plasma treatment; thus, the sprayed MXene is adsorbed on its surface via hydrogen bonding (Figure 6b) [66]. MXene-modified nonwovens possess not only the advantages of flexibility and the tensile strength of the nonwoven fabric but also the flame-retardant property of MXene, showing potential in wearable devices (Figure 6c).
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Figure 6. The morphology and preparation of the 2D MXene composite film. (a) TEM image of assembled MXene film; reproduced from [62], with the permission of Wiley-VCH. (b) Preparation process of the MXene-coated nonwoven material. (c) Flexible MXene-modified nonwoven materials; reproduced from [66], with the permission of Elsevier. (d) Filtrated MXene films; reproduced from [67], with the permission of the American Chemical Society. 
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3.3.3. Vacuum-Assisted Filtration


Vacuum filtration is a mechanical method that accelerates the seepage of water in MXene dispersion via the negative pressure caused by pumping, and the remaining MXene nanosheets can be stacked into films on account of the capillary compression force. Compared with evaporative self-assembly and spraying methods, the filtered film is thicker and measures up to the micrometer scale. Figure 6d illustrates the filtrated films from six different MXenes, including Ti2CTx, V2CTx, Nb2CTx, Nb1.2V0.8CT, Nb4C3Tx and Mo2Ti2C3Tx [67]. The variation in the color of freestanding films results from the different optical properties of MXenes. The mechanical reliabilities of filtrated freestanding films are only determined by the intrinsic strength of MXene composites because micrometer-thick films do not need to be attached to a substrate. Voids among MXene platelets play a major role in influencing the mechanical strength of films. For pure MXene films, their mechanical strength depends on the interlayer sliding of platelets [68]. For MXene composite films, the interactions among MXene nanosheets and heterogeneous phases dominate the mechanical strength [69]. The sequential bridging of hydrogen and covalent bonds on MXene nanosheets is an available method for producing compact and aligned MXene films [70]. Compared with hydrogen-bonded MXene (HBM) or covalent-bonded MXene (CBM), the sequentially bridged MXene (SBM) film has the highest mechanical strength, with a tensile strength of 583 ± 16 MPa. Usually, the filtration time of MXene is slow at several hours. In order to improve production efficiency, various electrolytes, such as KOH, NaOH and NaCl, are introduced. The ions in these electrolytes can induce the formation of MXene microgels, and the microgels’ gaps are conducive to the rapid seepage of water [71]. Then, filtration times can be compressed into tenths of seconds, and production efficiency is increased sharply. It is noted that the simultaneous introduction of electrolytes and bonds into the MXene solution is of great significance for the rapid fabrication of large-scale MXene films. In addition to the above methods, dip-coating, hot pressing and multilayered casting methods are available strategies for preparing 2D MXene films [72,73,74].





3.4. Three-Dimensional Structures


3.4.1. In Situ Growth


Since the surface functional groups of MXene are attractive to some metal cations via electrostatic interaction or ion exchange, materials containing metal ions, such as metal salts and MOFs, can be adsorbed by MXene nanosheets [75]. In addition to providing a metal source, metal ions also have an additional function. They act as a catalyst that promotes the subsequent reaction. For example, in the in situ growth of ZIF-67 on the Ti3C2Tx nanosheet, Co2+ is attracted by the terminations of Ti3C2Tx [76]. Via further pyrolysis, carbon nanotubes are formed to link reduced cobalt and Ti3C2Tx, where Co serves as a catalyst to catalyze the growth of carbon nanotubes, and carbon is a reducing agent that reduces Co ions. Then, 0D Co nanoparticles, 1D C nanotubes and 2D Ti3C2Tx nanosheets are combined to construct a multi-level architecture. This type of growth, similarly to seed germination, is also suitable for Ni2+ [77].




3.4.2. Freeze Drying


The freeze-drying technique uses ice as a template to shape MXenes in order to create 3D architectures [78]. In the vacuum environment, the ice sublimates directly from the solid without melting processes, and the dried material can retain its porous structure. In order to obtain a product with a uniform skeleton, preventing MXene from accumulating during freeze drying is crucial. As shown in Figure 7a, cellulose nanofiber (CNF) can assist the freeze-drying process to fabricate ultra-lightweight MXene skeleton structures, since the hydrogen bond between cellulose and MXene can effectively prevent the accretion of Ti3C2Tx nanosheets [79]. As the ice grows from the bottom upwards, the arrangement of the cells formed by Ti3C2Tx nanosheets is orientated (Figure 7b). The average size of the cells can be modulated by the volume fraction of Ti3C2Tx (Figure 7c) because an increase in MXene can create more nucleation sites to limit ice growth. Electrostatic repulsion can also prevent MXene from accumulating during the freeze-drying process. Figure 7d shows that the MXene–graphene oxide solution displays a stronger Tyndall effect compared with that of the MXene solution [80]. This is attributed to the strong electrostatic repulsion between negatively charged MXene and graphene oxide nanosheets. Thus, the freeze-dried MXene–graphene oxide foam with a uniform skeleton structure exhibits better electrical conductivity and electromagnetic performance.






4. Electromagnetic Attenuation Performance


4.1. Electromagnetic Absorption Performance of Multi-Dimensional MXenes


Ultra-wideband, multi-band, lightweight and thin electromagnetic absorbing materials comprise the research frontiers in this field [81]. The absorption frequencies of current MXene composites can be achieved in the S band, C band, X band and Ku band [82,83,84]. Assembling MXene into aerogel microspheres is a sound strategy to reduce the materials’ weight and improve electromagnetic absorption by tuning impedance matching due to the abundant ventages [85]. Hollow spheres are other candidates for lightweight microwave absorption materials. As mentioned above, the PMMA sphere can be used as a sacrificial template to prepare hollow MXene microspheres. Based on this, Wang et al. assembled ZnO nanoarrays on the hollow MXene microsphere, as shown in Figure 8a [86]. When the pyrolysis temperature is increased, the average ε″ values of the composites increase from 1.16 to 3.23 due to the increased polarization of ZnO (Figure 8b). The tan δe shows that the electromagnetically dissipated capability of Ti3C2Tx@ZnO-650 is the strongest by integrating the strong polarization loss advantages of the ZnO nanoarrays and high conduction loss advantages of MXene nanosheets (Figure 8c). Thus, the Ti3C2Tx@ZnO-650 microspheres obtain an excellent microwave absorption of −57.4 dB at 2 mm in the Ku band and an effective absorption bandwidth of 6.56 GHz (Figure 8d). Introducing a magnetic phase not only enhances the magnetic responses but also inspires multi-scale interfaces. For example, adding Fe3O4 nanoparticles into flower-like rGO/MXene microspheres can increase the effective absorption bandwidth [87]. Simultaneously, by controlling the amount of Fe3O4, the effective absorption band is shifted from the X band to the Ku band.



One-dimensional materials with a high aspect ratio have natural long-range conductive channels that increase conductivity loss [88]. Figure 8e shows the C@MXene fiber prepared via the template method [6]. CF is the abbreviation for carbon fiber. CM-1, CM-2, CM-3 and CM-4 are abbreviations for C@MXene with Ti3C2Tx at 5, 10, 15 and 20 wt.p%, respectively. It is noted that both ε′ and ε″ increase with the addition of Ti3C2Tx (Figure 8f,g). Multiple peaks in ε″ indicate the relaxation behaviors of the terminations of Ti3C2Tx and the residual groups in carbon fiber. The corresponding electromagnetic absorption performance is shown in Figure 8h. When the sample’s thickness exceeds 2 mm, CM-3 exhibits the minimum reflection loss. This is attributed to the matched impedance of CM-3, resulting from the homogeneous coverage of Ti3C2Tx nanosheets.



MXene, as a 2D nanosheet, has mitigative restacking issues during the filtration process, which is not conducive to the density and electromagnetic properties of the film. Li et al. designed a combined method of electrostatic self-assembly and vacuum filtration to suppress this issue [89]. After diallyldimethylammonium chloride (PDDA) treatment, CoNi-decorated rGO nanosheets are positively charged with a zeta potential of +50.12 mV, which can act as an intercalation to electrostatically attract MXene’s self-assembly. Pure MXene films have an excessive dielectric loss due to the inherent high conductivity, and their surface reflection is strong. Compared with the pure MXene film, ε′ and ε″ of MXene-rGO/CoNi film decrease because the micro-continuous MXene structure is destroyed by intercalated rGO. Therefore, the MXene-rGO/CoNi film with magnetic loss and appropriate dielectric loss displays an efficient microwave absorption of −54.1 dB.



Freezing temperatures can directly affect the morphology and electromagnetic properties of 3D MXenes. As shown in Figure 9a, the densities of Ti3C2Tx foams prepared at different prefreezing temperatures of −20, −50 and −196 °C are 7.01, 6.98 and 6.52 mg/mm3, respectively [90]. The decreased density resultsfrom the formation of smaller ice crystals and pores under substantial undercooling. These uniform small pores display many contact sites, leading to larger contact resistance. As a result, the conductivity of the sample prefrozen at −196 °C is the lowest, as shown in Figure 9b. The low conductivity results in reduced dielectric properties (Figure 9c), which improve the impedance matching level of the foam. Its RL is −50.6 dB at 1.8 mm. Therefore, appropriate conductivity is crucial for promoting electromagnetic absorption, and excessive conductivity will cause strong reflected waves. Figure 9d shows an MXene-based electromagnetic absorbing foam composed of Ti3C2Tx/MoS2 self-rolling rods [10]. Different from the foams comprising pure Ti3C2Tx and non-rolling Ti3C2Tx/MoS2 sheets, the self-rolling structure can reduce the risk of impedance mismatching caused by high conductivity. Meanwhile, there are a large number of heterogeneous interfaces between Ti3C2Tx and MoS2, and polarization loss εp″ is significantly higher than conductivity loss εc″ (Figure 9e). Thus, the self-rolling Ti3C2Tx/MoS2 composite displays a matched impedance with an RL of −52.1 dB and an effective absorption bandwidth covering the X band.




4.2. Electromagnetic Shielding Performance of Multi-Dimensional MXenes


For the monodispersed 0D MXene structure, electrons are localized within a limited region where long-range transmission abilities are lost; thus, the electromagnetic shielding performance of 0D MXene structure is weak due to the poor conduction loss and reflection. Generally, 0D MXene structures can realize electromagnetic shielding capability by being arranged into higher-dimensional macroscopical structures [91].



Fibers that are lightweight and tough can be employed to weave wearable devices. Figure 10a shows a wet-spun ANF@MXene coaxial fiber with a tight knot [5]. It features the following properties: super toughness (48.1 MJ/m3) and mechanical strength (502.9 MPa). The optimized conductivity of coaxial fiber is 3.2 × 105 S/m, higher than that of neat MXene fibers (Figure 10b). When the fibers are woven in textiles, the perfect conductive network and the strong reflection result in effective electromagnetic shielding performance. As shown in Figure 10c, electromagnetic shielding performance is significantly dependent on weave density and thickness. The SE value of the textile with a mesh spacing of 1 mm and a thickness of 213 µm is up to 83.4 dB.



The content of MXene is a key factor affecting the shielding performance of a composite film, where SE is proportional to the MXene content due to the ultra-high conductivity of MXene [92]. Similar conclusions are also demonstrated in the freeze-dried 3D MXene-rGO foam, as depicted in Figure 10d [80]. When the amounts of MXene are 25 wt.%, 33 wt.% and 50 wt.%, the corresponding conductivities are 303, 1000 and 1250 S/m, respectively, significantly higher than that of rGO foam, as shown in Figure 10e. As the density of MXene is greater than that of rGO, the composite’s density is enhanced from 3.7 to 7.2 mg/cm3 with increasing amounts of MXene. Therefore, 33 wt.% MXene composite foam presents the best SSE (SE per unit density), reaching 6217 dB cm3/g at 1.5 mm (Figure 10f). The analysis of the power coefficient confirms that the shielding ability mainly comes from reflection.





5. Additional Extended Functionality towards Wearable Devices


Function integration has great significance for the upgrade of intelligent wearable devices. The continuous exploration of MXene’s additional functions will drive wearable devices towards comfort, convenience and aesthetics. In this section, several extended functions, including thermal conversion, thermal management, self-cleaning and transparency, are shown [93,94,95].



5.1. Thermal Conversion


MXene films with prominent photothermal and electrothermal conversion performance exhibit application potential in wearable self-warming films [96,97,98]. Exfoliated Ti3C2 MXene has a semimetal-like energy-band structure that is similar to a metal nanoparticle; thus, it displays strong absorption with respect to near-infrared irradiation (~800 nm) due to plasmon resonance [99,100]. The high electrical property is conducive not only to the high conduction loss but also to the high extinction coefficient as well as high joule heat, which encourages the integration of photothermal and electrothermal conversions into wearable electromagnetic attenuation devices. This multifunctional electromagnetic attenuating device has potential applications in extremely cold conditions. Figure 11a compares the temperature change in pristine nonwoven fabric (PNF) and the MXene-modified PNF (MNF) placed on the arm under 100 mW/cm2 illumination [66]. After 200 s, the temperature of the MNF increases significantly up to 60.2 °C, resulting in photo-to-heat performance. If there is a lack of light, the applied voltage can also realize self-warming functions according to Joule’s law (Q = U2t/r) [101]. MXene with a low resistance (r) will generate high joule heating (Q) [102]. Zhou et al. fabricated an MXene/Ag-PVA transparent film via the spray method [63]. This composite film has low sheet resistance (18.3 Ω/sq) and produces heat (in joules) that is proportional to the applied voltage, as shown in Figure 11b. The corresponding infrared images show that, when the applied voltage increases from 0V to 5V, the temperature increases from 20 °C to 80 °C.




5.2. Thermal Management


Thermal insulation can realize infrared stealth in infrared imaging detection, as infrared thermal imaging can reflect the temperature field of the surface of an object. The emergence of thermal management capabilities extends the application of MXene-based electromagnetic attenuation coverings in special environments, which can hide military targets in microwave and infrared bands or prevent ambient temperatures from increasing while protecting communication security [103]. Three-dimensional MXene foams with high porosity contain air; thus, thermal conductivity is extremely decreased during the gas phase [104]. At present, Ni-MXene/melamine foam with both electromagnetic absorption and infrared stealth is experimentally realized [105]. In the Ni-MXene/melamine foam, positive Ni flowers and negative MXene nanosheets are assembled via electrostatic force, and then Ni-MXene and melamine foam are combined via capillary force. The composite foam with high porosity exhibits excellent heat insulation. Figure 11c illustrates the thermal infrared image of a hand with a color of bright yellow. When Ni-MXene/melamine foam is placed on the hand, its color is almost consistent with the hand’s surroundings, which is invisible during infrared detection. Pyrolysis is usually performed to treat MXene in order to prepare Ti-containing composites. If pyrolysis does not cause the collapse of the 3D porous skeleton, the pyrolyzed MXene-based composite can still maintain good thermal insulation properties.
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Figure 11. Thermal conversion and management capabilities of MXene composites. (a) PNF and MNF, as well as infrared images; reproduced from [66], with the permission of Elsevier. (b) Temperatures of the MXene/silver nanowire-poly(vinyl alcohol) film at 0–5 V; reproduced from [63], with the permission of the American Chemical Society. (c) Thermal infrared images of the Ni flower/MXene-melamine foam on the hand; reproduced from [105], with the permission of the authors, published by Springer Nature. 






Figure 11. Thermal conversion and management capabilities of MXene composites. (a) PNF and MNF, as well as infrared images; reproduced from [66], with the permission of Elsevier. (b) Temperatures of the MXene/silver nanowire-poly(vinyl alcohol) film at 0–5 V; reproduced from [63], with the permission of the American Chemical Society. (c) Thermal infrared images of the Ni flower/MXene-melamine foam on the hand; reproduced from [105], with the permission of the authors, published by Springer Nature.



[image: Crystals 13 01612 g011]






5.3. Self-Cleaning and Transparency


If MXene electromagnetic attenuation materials are available as radiation-proof clothing, its service life directly determines its practicality and economic value. Extended service hours relative to radiation-proof clothing are expected. Self-cleaning capabilities can lengthen the service life of wearable devices and improve the device’s tolerance to the environment. Figure 12a shows a self-cleaning electromagnetic absorbing material comprising cotton fabric and Ti3C2Tx/Ni chain/ZnO array nanostructures [106]. After hydrophobic treatment with fluorinated decyl polyhedral oligomeric silsesquioxane, the nanostructures with trapped air pockets repel liquid droplets, resulting in a Cassie–Baxter state (Figure 12b). Wettability experiments demonstrate that the contact angles of common droplets such as milk, tea and water are higher than 150°. Based on this mechanism, if there are contaminants on the surface, they can also be easily carried away by water.



The optically transparent ultrathin MXene film is indispensable when constructing visual devices such as electronic screens, glasses and helmets. Figure 12c shows the optical transmittance (550 nm) of the evaporative self-assembled MXene films [62]. When the stacked layer increases from 1 to 9, optical transmittance drops from 90% to 45%. Transparent MXene composites can also be obtained by carrying out filtration on a transparent substrate. Ma et al. filtered MXene films on a transparent bacterial cellulose (BC) substrate, as shown in Figure 12d [19]. Its optical transmittance is inversely proportional to filtration times due to the stacking of MXene nanosheets. These nanometer-thin MXene films have potential in miniaturized electronics.





6. Summary and Outlook


This review analyzed the electromagnetic absorbing and interference mechanism of MXene composites, summarized the construction method of multi-dimensional MXenes and discussed the application of multi-dimensional MXenes in wearable electromagnetic attenuating devices. Multi-dimensional MXenes are successfully assembled using interfacial assemblies, spinning, vacuum-assisted filtration, freeze drying, etc., exhibiting prominent electromagnetic absorption and interference shielding performance, as well as additional functions, as shown in Table 1 and Table 2. Although significant improvements in electromagnetic performance are realized by MXene composites, some issues need to be solved in practical application.



For electromagnetic absorption performance, obtaining ultra-wideband and multi-band MXene composites is difficult. We must tailor microstructures precisely in order to integrate the MXene composites of different dimensions to extend the electromagnetic response band of polarization relaxation.



For electromagnetic interference shielding performance, strong reflections will produce secondary electromagnetic radiation pollution. Broadening intrinsic absorptions to include conduction loss and polarization loss should be carried out to reduce the dangers of radiation.



For wearability, good mechanical properties are prerequisites for ensuring the normal operation of wearable devices. Flexible materials such as polymers and fabrics are competitive templates relative to wearable MXene composites but their electromagnetic responses are often weak. We should strengthen the inherent electromagnetic response of MXene composites so that the loading ratios of flexible materials added can be increased.



In the future, we should not limit our focus to a single electromagnetic absorption or electromagnetic shielding function of MXene composites. We should broaden our horizons and find suitable MXene composite structures in order to achieve integrated functions, which can accelerate electromagnetic MXene attenuation devices to address diverse practical applications and complex environments.
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Figure 1. Schematic for multi-dimensional MXene microstructures and their applications: 0D spheres, reproduced from [3,4], with the permission of Royal Society of Chemistry and the authors, published by Springer Nature; 1D fibers, reproduced from [5,6], with the permission of Wiley-VCH and the authors, published by Springer Nature; 2D films, reproduced from [7,8], with the permission of Wiley-VCH and Royal Society of Chemistry; 3D architectures, reproduced from [9,10], with the permission of Royal Society of Chemistry and the authors, published by Wiley-VCH; electromagnetic responses, reproduced from [11,12,13,14], with the permission of Springer Nature, Elsevier and the authors, published by Wiley-VCH; fatigue resistance, reproduced from [15], with the permission of the American Chemical Society; photothermal conversion, reproduced from [16], with the permission of the authors, published by Springer Nature; electrothermal conversion, reproduced from [17], with the permission of Springer Nature; thermal management, reproduced from [18], with the permission of Springer Nature; transparent and printable, reproduced from [19], with the permission of Elsevier. 
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Figure 2. Electromagnetic absorption mechanism. (a) Schematic for the microwave absorption of MXenes. (b) Conductivity vs. mass ratio of MXene nanosheets. (c) Conductivity and schematic for electron transport. (d) Conduction loss of MXene composites. (e) Polarization loss of MXene composites; reproduced from [21], with the permission of the American Chemical Society. (f) Vacancies in MXene. The charge density distribution near vacancies; reproduced from [24], with the permission of Wiley-VCH. (g) Polarization charge density versus location. Inset, off-axis electron hologram; reproduced from [29], with the permission of the American Chemical Society. 
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Figure 3. Electromagnetic interference shielding mechanism. (a) Schematic for the electromagnetic interference shielding of MXene composites. (b) Conductivity of chitosan/MXene films with different MXene fractions. (c) SE of chitosan and chitosan/MXene films with different MXene fractions; reproduced from [44], with the permission of Elsevier. 
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Figure 4. The preparation and morphology of the 0D MXene composite. (a) Schematic for the preparation of the Ti3C2Tx@PS sphere; reproduced from [48], with the permission of Wiley-VCH. (b,c) CoSe2@MXene; reproduced from [4], with the permission of Royal Society of Chemistry. (d) SnO2@MXene; reproduced from [50], with the permission of Royal Society of Chemistry. 
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Figure 5. The preparation and morphology of the 1D MXene composite fiber. (a) Schematic for the preparation of carbon fiber@MXene; reproduced from [6], with the permission of Wiley-VCH. (b) Ti3C2 fiber; reproduced from [58], with the permission of the American Chemical Society. (c) Schematic for the preparation of core–shell aramid@MXene fibers; reproduced from [5], with the permission of the authors, published by Springer Nature. 
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Figure 7. The preparation and microstructure of the 3D MXene composite. (a) Schematic for the freeze-drying process followed by annealing. (b) SEM image of the annealed cellulose/Ti3C2Tx aerogel. (c) Average cell sizes with increasing MXene contents; reproduced from [79], with the permission of the authors, published by American Association for the Advancement of Science. (d) Comparison of the Tyndall effect of MXene, GO and MXene/rGO solutions; reproduced from [80], with the permission of Elsevier. 
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Figure 8. The morphologies and electromagnetic responses of Ti3C2Tx@ZnO and C@MXene. (a) Ti3C2Tx@ZnO hollow sphere. (b) Imaginary permittivity. (c) tan δe. (d) Electromagnetic absorption performance; reproduced from [86], with the permission of the authors, published by Springer Nature. (e) 1D C@MXene. (f) Real permittivity. (g) Imaginary permittivity. (h) Electromagnetic absorption performance; reproduced from [6], with the permission of Wiley-VCH. 
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Figure 9. The morphology, electrical property and dielectric loss of Ti3C2Tx foams. (a) Ti3C2Tx foams prepared at different prefreezing temperatures. (b) Conductivity. (c) Imaginary permittivity; reproduced from [90], with the permission of Elsevier. (d) Schematic for the preparation process of self-rolling rod-based Ti3C2Tx/MoS2 foam. (e) Comparation of conduction and polarization loss; reproduced from [10], with the permission of the authors, published by Wiley-VCH. 
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Figure 10. The morphologies, conductivities and electromagnetic interference shielding performance of 1D MXene and 3D composites. (a) Aramid nanofiber@MXene coaxial fibers. (b) Conductivities of pure MXene fiber and MXene composite fibers. (c) SE versus mesh grid; reproduced from [5], with the permission of the authors, published by Springer Nature. (d) GO and MXene/graphene (MX-GO) foams with different hybrid ratios. (e) Conductivities of rGO and MX-GO foams. (f) Shielding performance of different foams; reproduced from [80], with the permission of Elsevier. 
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Figure 12. Self-cleaning and transparency of MXene composites. (a) Ti3C2Tx/Ni/ZnO nanostructures on cotton fabric for self-cleaning. (b) Schematic for liquid droplets on the composite fabric; reproduced from [106], with the permission of the American Chemical Society. (c) Transmittance of MXene films with layer numbers 1–9; reproduced from [62], with the permission of Wiley-VCH . (d) Transmittance of celluloses/MXene films; reproduced from [19], with the permission of Elsevier. 
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Table 1. Comparison of electromagnetic absorption performances relative to MXene composites.
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	Dimensionality
	Materials
	Thickness

(mm)
	RLmin

(dB)
	Optimum Absorption Frequency
	Refs.





	0
	Ti3C2Tx@GO
	1.2
	−49.1
	Ku
	[85]



	0
	SiO2@ Ti3C2Tx
	1.3
	−58.01
	Ku
	[83]



	0
	Ti3C2Tx@ZnO
	2
	−57.4
	Ku
	[86]



	0
	Ti3C2Tx@Ni
	1.5
	−59.6
	Ku
	[29]



	0
	RGO/Ti3C2Tx/Fe3O4
	2.9
	−51.2
	X
	[87]



	1
	C@Ti3C2Tx@MoS2
	3.5
	−61.51
	C
	[6]



	1
	Ti3C2Tx/CoNi/C
	1.6
	−51.6
	Ku
	[88]



	2
	Ti3C2Tx/Ni/ZnO
	2.8
	−35.1
	X
	[106]



	3
	NiCo Compound@ Ti3C2Tx
	1.7
	−67.22
	Ku
	[82]



	3
	MoS2/Ti3C2Tx
	4.53
	−61.65
	S
	[25]



	3
	Ti3C2Tx@MoS2
	2.2
	−60.2
	Ku
	[20]



	3
	Ti3C2Tx@Fe2O3
	1.97
	−18.6
	Ku
	[20]



	3
	CoO/MCo2O4/Ti3C2Tx (M = Fe, Cu, Zn)
	1.9
	−52.67
	Ku
	[81]



	3
	NiSe2-CoSe2@C/Ti3C2Tx
	2.6
	−60.46
	X
	[14]



	3
	NiCo2O4-Ti3C2Tx
	1.7
	−72.3
	Ku
	[26]










 





Table 2. Comparison of electromagnetic shielding performances relative to MXene composites.
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	Dimensionality
	Materials
	Thickness

(mm)
	SEmax

(dB)
	Additional Functions
	Refs.





	1
	Aramid@Ti3C2Tx
	0.213
	83.4
	-
	[5]



	2
	Ti3C2Tx
	0.00004
	21
	-
	[67]



	2
	Ti3C2Tx
	0.000055
	20
	-
	[62]



	2
	Ti3C2Tx/Ag silk
	0.12
	54
	Humidity response
	[7]



	2
	Ti3C2Tx/amarid
	0.0141
	48
	Electrothermal conversion
	[96]



	2
	Chitosan/Ti3C2Tx
	0.035
	40.8
	Thermal management

Electrothermal conversion
	[44]



	2
	Poly(vinyl alcohol)/Ti3C2Tx
	0.027
	44.4
	Anti-dripping
	[73]



	2
	Ti3C2Tx/thermoplastic polyurethane
	0.052
	50.7
	Thermal management

Electrothermal conversion
	[18]



	2
	Phosphorylated Ti3C2Tx/polypropylene/polyethylenimine
	0.4
	90
	Flame retardancy
	[72]



	2
	Polymerized polypyrrole/Ti3C2Tx-poly(ethylene terephthalate) coated by silicone
	1.3
	90
	Electrothermal conversion
	[74]



	2
	Ti3C2Tx/Aramid
	1.04
	35.7
	Electrothermal conversion

Photothermal conversion
	[66]



	2
	Ti3C2Tx/Ag-poly(vinyl alcohol)
	0.01
	32
	Electrothermal conversion

Photothermal conversion
	[63]



	2
	Cellulose@Ti3C2Tx@Ag
	0.035
	55.9
	Photothermal conversion
	[8]



	3
	Ti3C2Tx
	1
	69.2
	-
	[39]



	3
	Ti3C2Tx/cellulose nanofibrils
	2
	35.5
	-
	[12]



	3
	Ti3C2Tx@wood
	10
	72
	-
	[107]



	3
	Ti3C2Tx/multiwall carbon nanotubes
	3
	103.9
	-
	[42]



	3
	Ti3C2Tx/aramid
	1.9
	56.8
	-
	[108]



	3
	Ti3C2Tx/aramid
	2.5
	65.5
	Flame retardant

Thermal management
	[109]



	3
	Polydimethylsiloxane-coated Ti3C2Tx/sodium alginate
	2
	70.5
	-
	[45]



	3
	Ni/Ti3C2Tx-melamine foam/polyethylene glycol
	2
	34.6
	Electrothermal conversion

Photothermal conversion
	[104]



	3
	Fe3O4@Ti3C2Tx/graphene/poly (dimethylsiloxane)
	1
	80
	Pressure sensing
	[110]



	3
	Polydimethylsiloxane/Ti3C2Tx@polyaniline/Polypropylene
	12
	39.8
	Reversible compressibility
	[91]
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