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Abstract

:

MXene (Ti3C2Tx) film prepared by vacuum-assisted filtration (V-MXene film) is the most common 2D MXene macroscopic assembly with ultra-high electrical conductivity, tunable interlayer space, diverse surface chemical properties, favorable mechanical properties and so on, showing great commercial value in the fields of energy storage, electromagnetic interference shielding and actuators and so on. This paper focuses on the preparation, properties and applications of V-MXene film, objectively reviews and evaluates the important research progress of V-MXene film in recent years and analyzes the main problems at present. In addition, the development direction and trend of V-MXene film in the future are prospected from the aspects of preparation, property control and application fields, which provide guidance and inspiration for the further development of functional MXene-based films and make contributions to the progress of MXene technology.
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1. Introduction


After 11 years of development, MXenes (the general formula is Mn+1XnTx, where M is transition metal element, X is C or N, Tx represents terminal surface groups such as –OH/–F/–O and n = 1–4) have been developed into a huge family of materials. There are currently more than 30 stoichiometric MXene [1], and more than 100 theoretically predicted MXenes [2]. Ti3C2Tx is a typical representative of MXene, and it is also one of the earliest prepared and most studied MXene. Ti3C2Tx has the best comprehensive properties, with ultra-high electrical conductivity [3,4], hydrophilicity [5,6,7], solution processability [8,9], outstanding mechanical properties [10] and oxidation resistance, etc. [3], which enable MXene (Ti3C2Tx) to be applied in numerous fields [11,12,13].



The application of MXene needs to be based on a certain form of macroscopic assembly. At present, common MXene macroscopic assemblies mainly include MXene fibers [14,15], MXene films and three-dimensional MXene frameworks [16,17,18,19,20]. Among them, MXene films are the most common and most potential MXene macroscopic assembly, because MXene has a series of promising properties such as good mechanical property, hydrophilicity and processability [21], which is suitable for the preparation of film materials [22]. Additionally, MXene films are also expected to be fabricated on a large scale.



In recent years, MXene has been assembled into MXene films by various methods, including vacuum-assisted filtration (VAF), blade-coating [10], drop-casting [23], spin-coating [24], spray-coating [25], inkjet-printing [26], layer-by-layer assembly [27], natural sedimentation [28], roll-to-roll [29] and deposition technology [30]. Since the operation is simple and complex equipment is not required [31], VAF is the most commonly used and widely studied method for preparing MXene films at present despite the fact that MXene films with better performance in some aspects (such as electrical conductivity and mechanical properties) can be prepared by other methods such as blade-coating and drop-casting.



This review briefly introduces the preparation methods of MXene (Ti3C2Tx), the preparation process of MXene films via VAF (named V-MXene films), the properties of V-MXene films, and summarizes the important research progress of V-MXene film materials and their applications in different fields. Finally, the existing problems, future development direction and trend of V-MXene films are prospected.




2. Preparation of MXene


MXene is mainly prepared by selectively etching element A (such as Al) in the MAX (mainly Ti3AlC2) phase of its precursor. The in situ HF generation method (Figure 1a) is the most common and effective method for preparing single-layer MXene nanosheets at present. Its principle is to generate hydrofluoric acid (HF) in situ on the surface of the MAX phase through the mixed solution of HCl and LIF to realize the etching of Al. This method has the advantages of mild reaction, safety and effectiveness, less damage to MXene lattice, and can avoid the use of additional intercalators. More importantly, it can realize large-scale preparation without losing MXene performance [32]. Moreover, combined with cellulose-assisted exfoliation, the preparation of single-layer large-size MXene nanosheets (4 μm) can be achieved only by manual shaking [33]. Other methods such as ammonium hydrogen fluoride (NH4HF2) etching [34], fluoride-free etching [35,36,37,38], and water-free etching [39] can also be used to synthesize MXene. Recently, Li et al. [40,41] synthesized MXene with a Cl surface functional group (Ti3C2Cl2) at high temperature by using the molten chloride salt of Lewis acid (such as ZnCl2) (Figure 1b). The molten salt method has extraordinarily good universality and can realize the etching of a variety of MXenes (such as Ti2CTx, Nb2CTx and Ti3C2Tx). Through the intercalation of intercalants such as tetrabutylammonium hydroxide (TBAOH), the exfoliation of multi-layer MXene can be achieved [42]. Moreover, MXene with good dispersion in organic solvents can be prepared through tuned microenvironment method [43]. In addition to Ti3AlC2, Ti3C2Tx MXene [44] can also be obtained by selective etching of Si in Ti3SiC2, and its oxidation resistance is more favorable. MXene (Ti3C2Tx and Ti2CTx) can also be prepared by one pot method using titanium powder, aluminum powder and carbon powder as raw materials (without direct use of MAX precursor). This method is not only safe and easy to operate, but also does not need inert gas during preparation [45]. The properties of MXene prepared by different methods are different; thus, it is necessary to select the appropriate method according to the desired purpose.




3. The Preparation Process of V-MXene Film and Its Properties


The preparation process of V-MXene film is as follows: filter the MXene dispersion on the porous filter membrane, and the MXene nanosheets in the dispersion will quickly cover the pore surface of the filter membrane, and gel at the interface in the way of face-to-face dense arrangement. The capillary compression force perpendicular to the MXene nanosheets generated in the subsequent evaporation of water will make the MXene sheets arrange extremely closely. After filtration and drying, the V-MXene film on the surface of the filter membrane can be peeled off. As MXene is a high barrier two-dimensional material with high aspect ratio, water molecules can only flow along the edge of MXene nanosheet during the preparation of V-MXene film, which greatly increases the transportation path and difficulty of water molecules. Therefore, the preparation of V-MXene film takes a lot of time. To enhance the preparation efficiency, our group [47] used electrolyte ions to induce MXene colloidal dispersion to transform into a micro gel with three-dimensional structure (Figure 2), which shortened the preparation time from a few hours to more than 10 s, and V-MXene films still exhibit outstanding electrical conductivity and mechanical properties.



Owing to the dense arrangement of MXene nanosheets, V-MXene films have a variety of perfect properties, such as ultra-high electrical conductivity, favorable mechanical properties, and outstanding oxidation resistance. The following focuses on the properties of V-MXene films.



3.1. Electrical Conductivity


Owing to the high electron density of states near the Fermi level [N(Ef)], MXene is metallic in nature; as a result, MXene nanosheets have low in-plane resistance, which is affected by the etching process, the size and defects of the nanosheets, contents of surface functional groups, MAX phase structure, and other factors. By optimizing the preparation process, MXene nanosheets can have larger size, fewer defects and oxidation (Figure 3) under the condition of good exfoliation, so as to expand the electrical conductivity of MXene nanosheets [48]. MXene without any functional groups is metallic [49], while the presence of surface functional groups makes MXene a narrow-band semiconductor. By removing surface functional groups, the electrical conductivity of MXene can be enhanced [50]. Furthermore, by optimizing the structure of MAX phase used in the preparation of MXene, the researchers [3] synthesized high-quality MXene nanosheets. The electrical conductivity of the corresponding V-MXene film is as high as 20,000 S cm−1, which is the highest electrical conductivity of MXene film at present.



For V-MXene films, the electrical conductivity is also closely related to the interface contact resistance between MXene sheets (such as the resistance perpendicular to the base plane of MXene nanosheets, i.e., out-of-plane resistance), and its value is affected by the interaction between MXene nanosheets, the degree of orientation of MXene nanosheets and the compactness of V-MXene films. It should be noted that the influence law of these factors on the electrical conductivity of MXene films prepared by other solution processing methods (such as blade-coating and drop-casting) is similar. As a result of the contact resistance at the interface, the electrical conductivity of the single-layer MXene nanosheet and the corresponding V-MXene film differs by nearly an order of magnitude [48]. However, this difference is actually quite small. In graphite (stacked two-dimensional graphene nanosheets), the resistance difference between vertical and parallel to the base plane of graphene nanosheets can reach three orders of magnitude [51]. Through adjusting the mechanical load (such as compression or stretching) perpendicular to the base plane, the difference between in-plane resistance and out-of-plane resistance can be controlled well. When MXene sheets are pressed with each other, they can be made equal [52]. Moreover, the removal of intercalant (such as metal ions [53] or water molecules [54]) between MXene nanosheets, or appropriate cross-linking of MXene nanosheets [55], is conducive to increasing the interlayer interaction of MXene nanosheets, improving the arrangement of nanosheets, enhancing the compactness of V-MXene films, and thus elevating the electrical conductivity of V-MXene films.




3.2. Mechanical Property


MXene has favorable mechanical properties. Molecular dynamics simulation shows that the Young’s modulus of MXene is 502 GPa [56]. On account of the presence of surface groups and defects, the actual measured value is 333 GPa [57]. For pure V-MXene films, there is no primary bonding between MXene nanosheets; as a consequence, inter-layer sliding is the main deformation mechanism in the process of tensile loading in MXene film [58,59]. The larger the size of the MXene nanosheet, the higher the break strain, tensile strength and stiffness of the V-MXene film. The result is due to the longer sliding distance of the MXene nanosheet before the break of the V-MXene film [10], less sheet-to-sheet contact defect between the nanosheets [58] and the longer shear stress transfer length [58], respectively. Density functional theory [60] shows that the existence of surface functional groups of MXene can promote the “bonding” between MXene nanosheets, and can provide sliding resistance in the form of mechanical interlocking to resist the sliding of MXene nanosheets when the film is subjected to external forces. Additionally, the mechanical properties of V-MXene films also depend on the compactness of the films, the interaction between MXene nanosheets and the degree of orientation of MXene nanosheets. By removing intercalant (such as metal ions [53]) between MXene nanosheets, the interlayer interaction and the compactness of the film can be increased, thereby improving the mechanical properties of V-MXene films. The tensile strength of thicker V-MXene films is generally lower [10], which is also on account of the weaker interlayer interaction and lower compactness. For the sake of further enhancing the mechanical properties of V-MXene films, materials that show stronger binding with MXene are often introduced into the MXene system to prepare V-MXene composite film, including polymers [31,61,62], cellulose nanofibers [63], pyrrole [64], nanomaterials (such as graphene oxide [65] and carbon nanotubes [66]) and so on. The interactions between these materials and MXene include hydrogen bond [31], ionic bond [67], covalent bond [55] and synergistic interfacial interaction [55,65,67]. Synergistic interfacial interaction is an effective means to strengthen the mechanical properties of V-MXene films. The interaction between MXene nanosheets, the degree of orientation of MXene nanosheets and the compactness of V-MXene films can be raised through the synergism of hydrogen bond and ion bond [67] (Figure 4). The tensile strength, toughness and Young’s modulus of the obtained V-MXene films are 436 MPa, 8.39 MJ/cm3 and 14 GPa, respectively. By further induction of the densification and void removal of V-MXene film through sequential bridging of hydrogen bond and covalent bond [55], a highly dense V-MXene film can be obtained, and its tensile strength can reach 583 MPa, which is the highest value of MXene film at present. Additionally, the toughness and Young’s modulus are 15.9 MJ/cm3 and 27.8 GPa, respectively.




3.3. Oxidation Stability


MXene is easily oxidized in aqueous solution and oxygen-containing environment [68]. After the MXene dispersion is assembled into V-MXene film, its oxidation resistance is greatly strengthened. However, because of the presence of water molecules between layers of V-MXene films [69] and moisture and oxygen at room temperature, V-MXene films will still be oxidized [70]. For the purpose of fundamentally promoting the oxidation resistance of V-MXene films, Mathis et al. [3] optimized the synthesis of MXene nanosheets and obtained V-MXene films that can withstand a high temperature of up to 450 °C (Figure 5). Another way to enhance the oxidation resistance of V-MXene film is to create conditions that are not beneficial to the oxidation of V-MXene film, including optimizing the storage conditions (such as lower temperature and humidity [70]) or isolating the contact between H2O/O2 and MXene nanosheet. The contact between H2O/O2 and MXene nanosheets can be isolated by improving the interaction between MXene nanosheets, the compactness of V-MXene films [53], introducing polymer [71] or high barrier materials [72] (such as graphene oxide, which blocks oxygen), and the above-mentioned synergy [55,67]. Specifically, bridging and covering MXene nanosheets with metal ions (such as Ca2+) and polymers can greatly increase the oxidation stability of V-MXene films [67], since ionic bonding can reduce the interplanar spacing of the nanosheets and prevent the insertion of H2O/O2, while the addition of polymers can prevent MXene nanosheets from contacting H2O/O2. The covalent bridging of MXene nanosheets and removal of the voids in V-MXene films with covalent crosslinking agents (such as borate ions) and polymers can further raise the compactness of V-MXene films and drop the overall structural defects [55]; therefore, V-MXene films with better oxidation resistance can be obtained.




3.4. Wetting Property


MXene demonstrates remarkable hydrophilicity, which is retained by V-MXene films. For some special applications, it is necessary to control the hydrophilicity/hydrophobicity of V-MXene films purposefully. For example, in water purification applications [73,74], the higher the hydrophilicity of V-MXene film, the more advantageous to the adsorption and reduction of heavy metal ions. The surface hydroxylation of Ti-Ox terminal groups on the surface of MXene into Ti-(OH)x by HCl treatment can enhance the hydrophilicity of V-MXene films [74]. What is more, our previous research shows that [47] replacing the hydrophobic –F on the surface of MXene with –OH by using strong base can also improve the hydrophilicity of V-MXene films. On the other hand, V-MXene film will adsorb moisture and gas in the environment due to the hydrophilicity, which is detrimental to its application in sensors and other fields. Moreover, the poor hydration stability of V-MXene film will lead to swelling, affecting the mechanical and electrical properties of the film material [59], so it is necessary to prepare hydrophobic V-MXene film. Surface modification is a common method to prepare hydrophobic V-MXene films. By modifying V-MXene films with octadecyl isocyanate [75], porphyrin [76] and fluorosilane [77,78], a range of hydrophobic V-MXene films have been obtained with contact angles ranging from 102° to 143.9°. The hydrophobicity of V-MXene films can also be strengthened by removing the hydrophilic functional groups of MXene by calcination. Fan et al. [79] prepared porous V-MXene films by template-sacrificing strategy. After calcination at 200 and 300 °C, the contact angles of porous V-MXene films were 81° and 101°, respectively. The storage time and drying process of V-MXene film will also affect the wettability. With the extension of storage time, the naturally dried V-MXene film (MXene-N) will be more hydrophobic (Figure 6a), while the oven-dried V-MXene film (MXene-O) will be more hydrophilic (Figure 6b), which may be related to the pollution and oxidation of V-MXene film [80].




3.5. Others


In the filtration process, MXene nanosheets are arranged in the manner of face-to-face; as a result, the V-MXene film structure is quite dense, which is extremely unfavorable to the application of V-MXene films in energy storage and other fields. For this reason, V-MXene films with pore structure have been prepared through hard template method [79], foaming method [81,82] and synthesis of porous MXene nanosheets [83]. For example, Ren et al. [83] obtained porous MXene nanosheets through chemical etching, and then assembled them to obtain porous V-MXene films (Figure 7a).



On the other hand, when V-MXene films are prepared, the size will be limited owing to the restriction of filtration equipment, and it is difficult to build this V-MXene film into a more widely used three-dimensional complex structure. To expand the size of V-MXene film and better construct the three-dimensional complex structure, our group [84] proposed a time-sensitive welding concept of V-MXene film (Figure 7b), and realized the construction of large-size V-MXene film and three-dimensional complex structure based on V-MXene film with water as solder.





4. Applications of V-MXene Film


V-MXene films have remarkable mechanical properties, ultra-high electrical conductivity, abundant terminal functional groups, outstanding hydrophilicity and other eminent characteristics. Therefore, at present, V-MXene films show great application potential in the fields of electrochemical energy storage (such as supercapacitors and batteries) and electromagnetic interference (EMI) shielding. Moreover, more applications of V-MXene films are also being developed, such as actuators, gas separation, photothermal conversion, infrared stealth and other fields.



4.1. Energy Storage


MXene has the advantages of two-dimensional layered structure, metallic conductivity, small band gap and hydrophilic functional surface [85]; accordingly, it has attracted great attention in the field of energy storage. Compared with other conventional electrode materials and structures, MXene film materials (such as V-MXene film) show great advantages in flexibility, tailorability and functionality, which makes them suitable for flexible, portable and highly integrated energy storage systems [22], such as supercapacitors and batteries. The favorable mechanical properties, high electrical conductivity and outstanding specific capacitance of V-MXene film are significantly in favor of its application in the field of supercapacitors. However, the nanosheets of pure V-MXene film will be stacked again; consequently, the accessibility to electrolyte ions is poor, which is harmful for the full utilization of the surface of MXene. For increasing the accessibility of MXene to electrolyte ions and to further strengthen the electrochemical performance of V-MXene films, many methods have been developed, such as interlayer regulation [86], surface modification [87], pore engineering [79,88], composite with other materials [89] and the above-mentioned synergy [90]. Furthermore, the traditional V-MXene film is always parallel to the current collector; consequently, the ion transport path is long and the rate capability is poor. The thicker the V-MXene film, the worse the electrochemical performance. Our group [84] prepared vertically aligned compact MXene electrodes based on V-MXene film with electrode performance almost independent of thickness through welding technology (Figure 8). As a result of the great reduction of ion transport path, the electrochemical performance of MXene electrodes has been significantly improved, with a scan rate of 2000 mV s−1 and a thickness of 105 μm, the volumetric capacitance of the electrode can still reach ~225 F cm−3.



Great progress has also been made in the application of V-MXene films in batteries (such as lithium ion batteries and sodium ion batteries). However, the re-stacking of MXene nanosheets is also pernicious to electrolyte penetration and ion transport. Its performance can be enhanced by means of nanochannel design [83,91], introduction of interlayer spacer [92] and surface modification [93]. For example, Chen et al. [94] obtained MXene/PEDOT hybrid films with pleasurable lithium ion storage performance by in situ polymerization of 3,4-ethylenedioxythiophene (EDOT) on the surface of MXene. The capacity of hybrid films increased from 195 mAh g−1 of pure MXene to 255 mAh g−1. The enhancement of capacity may be the synergistic effect of the rapid diffusion of electrolyte and the surface redox process between PEDOT and MXene layers.




4.2. Electromagnetic Interference (EMI) Shielding


V-MXene film has become a candidate material with ideal EMI shielding effectiveness thanks to its ultra-high electrical conductivity. The electrical conductivity of V-MXene film is two orders of magnitude lower than that of pure metal. However, when the thickness is the same, the EMI shielding effectiveness of V-MXene film is almost close to that of pure metal film, since the layered structure also plays an important role. The research on the first application of V-MXene film to EMI shielding began in 2016 [95]. Thanks to the ultra-high electrical conductivity (4600 S cm−1) and layered structure, when the thickness of V-MXene film is only 45 μm, its EMI shielding effectiveness can reach 92 dB, which is better than almost all the current electromagnetic shielding materials prepared by synthesis. Perfect EMI shielding performance mainly comes from the electromagnetic wave reflection caused by the favorable electrical conductivity of V-MXene film and the multiple internal reflection of electromagnetic wave between MXene nanosheets. Pure V-MXene films have poor mechanical properties when used as electromagnetic shielding materials. By removing the intercalant [53], using metal ion to crosslink MXene nanosheets [96], preparing MXene composite film [63,97] and structural design of V-MXene films (such as sandwich structure) [98], V-MXene films with enhanced mechanical properties and exceptional EMI shielding performance can be obtained. For example, in an effort to further expand the application of V-MXene film in the field of EMI shielding, Luo et al. [97] combined large deformation natural rubber with MXene to build MXene/natural rubber composite film. When the MXene volume fraction is only 6.71%, the EMI shielding effectiveness can reach 53.6 dB. V-MXene films mainly shield electromagnetic waves through reflection. With the purpose of enriching the electromagnetic wave loss mechanism, Liang et al. [99] developed a flexible, conductive and magnetic “brick mortar” layered film with a variety of electromagnetic wave shielding mechanisms by combining the strong attenuation ability of the magnetic NiCo/MXene and the high electrical conductivity of carbon nanotubes (CNTs) (Figure 9). Although the electrical conductivity is lower than that of pure CNT and pure MXene films, the EMI shielding effectiveness of NiCo/MXene–CNT composite films is better than them.




4.3. Other Fields


V-MXene film inherits many eminent characteristics of MXene (such as easy to intercalate, superior electrical conductivity and thermal conductivity, photothermal conversion performance and hydrophilicity), which is significantly beneficial for its application in the field of actuators. Based on the electrical conductivity and hydrophilicity of V-MXene films, our group [100] prepared a highly conductive monolayer homogeneous pure V-MXene film actuator that can be driven by moisture gradient for the first time (Figure 10), proving that single MXene is also suitable as a promising humidity actuating material, and V-MXene films can show excellent actuation ability similar to graphene oxide films. Moreover, based on the high electrical conductivity, hydrophilicity and photothermal conversion ability of V-MXene films, Cai et al. [101] prepared a V-MXene-based film actuator that can respond to moisture, light and electricity at the same time.



Based on the photothermal conversion characteristics of V-MXene films, Li et al. [102] investigated the potential of V-MXene films in the field of seawater desalination. In the presence of an ideal heat barrier, the light to water evaporation efficiency of the self-floating V-MXene film can reach 84%. V-MXene films have regular interlayer transport channels and a large number of surface functional groups, which are helpful to sieve and separate various gas molecules. The two-dimensional lamellar structure of V-MXene film allows hydrogen to pass freely and gases with large sizes will be blocked. Therefore, it shows outstanding gas separation ability. H2 permeability is greater than 2200 Barrer, and the selectivity of H2/CO2 is more than 160 [103]. On account of the low mid infrared emissivity of MXene (Figure 11a), V-MXene film can also be used in the field of infrared stealth. Li et al. [104] prepared an ultra-thin V-MXene film with a thickness as low as 1 µm, which can reduce the radiation temperature of high-temperature objects above 500 °C by more than 300 °C (Figure 11b), superior to the reported thermal camouflage materials/coating materials. V-MXene based films can also be used for catalysis. Ma et al. [105] fabricated a composite film composed of two-dimensional graphitic carbon nitride and MXene, and applied it to catalyze the oxygen-evolution reaction in an alkaline aqueous system. The composite film shows superior catalytic activity and stability, which is comparable to the state-of-the-art precious/transition-metal catalysts. Additionally, V-MXene film can also be applied to sensor [106], water purification [74], antibacterial [107], aroma molecules adsorption and release [108], fire prevention [109] and other fields.





5. Summary and Outlook


This paper summarized the research progress of V-MXene films, introduced the synthesis of MXene nanosheets and the preparation process of V-MXene films, discussed the properties of V-MXene films, and reviewed the application potential of V-MXene films in the fields of energy storage, EMI shielding, actuators and so on. Although a series of significant progress has been made on V-MXene films, some existing problems also make it a certain distance from the practical application.



First of all, at present, MXene is mainly prepared by HF direct etching or in situ HF etching of its precursor; accordingly, it is potentially dangerous to the human body, and will produce a large amount of waste acid and waste liquid, which is disadvantageous to environmental protection. It is still difficult to prepare MXene on a large scale. Therefore, it is still an urgent problem to develop a low-cost, green and efficient MXene preparation process.



The structural defects, surface groups and size of MXene nanosheets have a significant impact on various properties of V-MXene films, such as electrical conductivity, mechanical properties and wettability. Investigating the mapping relationship between the preparation process of MXene nanosheets, the structure of nanosheets and the properties of V-MXene films, establishing a theoretical model among the three, and then optimizing the MXene preparation process suitable for the application of V-MXene films in specific fields are research directions that need to be mainly emphasized in the future.



Significant progress has been made in the previous research on overcoming the dense structure of V-MXene films. However, the development of simpler technologies for preparing V-MXene films with internal mass transfer channels is still the important direction of future research, which is of great significance for the application of electrochemical energy storage, seawater desalination, osmotic power generation and other fields. At the same time, precise control of the internal pore size and distribution of V-MXene films is also a research emphasis in the future. Preparing ultra-thin and highly transparent V-MXene films and highly oriented and dense V-MXene films (compared with MXene films prepared by blade-coating, drop-casting under the same conditions) are also the focus of future research.



In addition, the previous research has reduced the preparation time of V-MXene film [47] and overcame the problem that the size of V-MXene film cannot increase [84]. However, the two technologies are still difficult to be compatible (the V-MXene film prepared by electrolyte-induced flocculation combined with vacuum-assisted filtration will lose the weldability). In the future, we should look for a suitable reagent (which can not only induce the gel of MXene dispersion, accelerate the preparation of V-MXene film, but also can be completely removed in the subsequent treatment without affecting the weldability of V-MXene film), to realize the expansion of V-MXene film size and the construction of complex MXene structure on the premise that V-MXene film can be prepared on a large scale, and further promote the real application and commercialization of V-MXene film.
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Figure 1. (a) Preparation of MXene by in situ generation HF method. Reproduced from [46], with the permission of the Royal Society of Chemistry. (b) Preparation of MXene by the molten salt method. Reproduced from [40], with the permission of the American Chemical Society. 
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Figure 2. MXene film prepared by electrolyte-induced flocculation combined with vacuum-assisted filtration. Reproduced from [47], with the permission of the Engineered Science Publisher. 
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Figure 3. Preparation and characterization of MXene flakes produced by various routes. Reproduced from [48], with the permission of Wiley-VCH. 
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Figure 4. Schematic illustration of preparation of V-MXene film through sequential bridging of hydrogen and ionic bonding. Reproduced from [67], with the permission of National Academy of Science. 
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Figure 5. Thermogravimetric analysis of V-MXene films with high oxidation resistance (solid lines). Reproduced from [3], with the permission of the American Chemical Society. 
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Figure 6. Water contact angle of MXene-N (a) and MXene-O (b) over storing time. Reproduced from [80], with the permission of the Royal Society of Chemistry. 
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Figure 7. (a) Schematic illustration of preparation of porous MXene flakes by chemical etching. Reproduced from [83], with the permission of Wiley-VCH. (b) Schematic diagram of the welding process of MXene film. Reproduced from [84], with the permission of Elsevier. 
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Figure 8. Schematic illustration of the preparation process of vertically aligned compact MXene electrode. Reproduced from [84], with the permission of the Elsevier. 
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Figure 9. Schematic illustration of the preparation process of NiCo/MXene–CNT film. Reproduced from [99], with the permission of the Royal Society of Chemistry. 
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Figure 10. Schematic illustration of the preparation process of highly conductive monolayer homogeneous pure V-MXene film actuator. Reproduced from [100], with the permission of Wiley-VCH. 
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Figure 11. (a) Schematic illustration of the thermal camouflage mechanism of the V-MXene film. (b) IR thermal image of V-MXene film (thickness: 1 µm) on a hot object (514 °C). Reproduced from [104], with the permission of Wiley-VCH. 
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