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Abstract

:

Two-dimensional transition metal carbides/nitrides (MXenes) are emerging members of the two-dimensional material family, obtained by removing the A layer of the MAX phase through methods such as liquid-phase etching. This article summarizes the structure and properties of MXenes, as well as several preparation methods, including etching with hydrofluoric acid and fluoride salts, alkali-based etching, electrochemical etching, Lewis acid molten salt etching, and direct synthesis. Due to their unique two-dimensional structure and surface chemistry, MXenes exhibit good metallic conductivity, hydrophilicity, excellent flexibility, and ion intercalation properties, showing great potential in the research and application of supercapacitors and attracting widespread attention. The combination of MXene with other types of materials, including polymers, metal hydroxides, metal oxides, and carbon materials, takes advantage of composites to improve energy storage performance and shows great potential in the research and application of supercapacitors. This article provides a detailed summary of MXene composite materials and capacitor performance and introduces the research progress of MXene materials in the field of supercapacitor energy storage applications, aiming to provide references for the preparation of high-performance MXene supercapacitor electrode materials.
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1. Introduction


The world economy is expanding at a rapid pace, and this has resulted in significant energy shortages and environmental degradation due to human overexploitation and the usage of non-renewable energy sources like coal and oil [1]. People have shifted more focus toward research on clean energy, but sustainable energy sources, including wind, hydropower, as well as solar energy, exhibit fluctuations and discontinuities in the production process. Equipment that storages energy with a high-energy density and outstanding stability of cycling is desperately needed, as the development of new energy devices, such as electric vehicles, is happening at a rapid pace. Advanced and efficient energy storage technologies are essential for the large-scale utilization of renewable energy, wearable electronic products, and electric vehicles. Supercapacitors, one of the most sophisticated energy storage technologies, have grown significantly in the last several years. The characteristics of the power density are high, the charging speed is fast, and the cycle life is long, making them widely applicable in consumer electronics, portable electronics, grid backup power, public transportation, and other fields [2]. The choice and application of electrode materials is one of the fundamental technologies in the study and creation of supercapacitors. In the future, high-energy, high-power-density supercapacitors will rely on substances that can accumulate charges by pseudocapacitance mechanisms or fast redox reactions. Thus, Consequently, enhanced supercapacitor electrode materials can benefit from the use of high-surface-area two-dimensional (2D) materials [3,4,5]. Since the isolation of monolayer graphene in 2004, 2D materials have garnered wide attention due to the unique characteristics that they own compared to other volumetric forms. MXene is a new type of 2D carbonitride or transition metal carbide like graphene, possessing excellent conductivity and high redox activity. As an electrode material for supercapacitors, MXene holds broad application prospects [6,7,8].



MXene, a new member of the 2D materials family, was first synthesized by Gogotsi’s group at Drexel University in the United States in 2011 [9]. They selectively etched aluminum from titanium carbide (Ti3AlC2) powder using hydrofluoric acid, obtaining two-dimensional layered carbide (Ti3C2) nanosheets. As the collective term for these novel 2D transition metal carbides, nitrides, and carbonitrides, MXene is only a few atoms thick [10,11,12]. MXene not only has the common properties of 2D materials but also exhibits superior characteristics to them: (1) the diversity of the M elements enables MXene to have a rich diversity of chemical compositions; (2) different preparation methods can be used to modulate the surface termination groups of MXene; (3) the significant energy level difference between M and X atoms and the effective use of surface termination groups enable the development of MXene with a metallic conductivity that surpasses that of even graphene; (4) the hydrogen bonding between water molecules and terminal groups gives MXene its hydrophilicity, as well as other characteristics [13,14,15,16]. Due to its versatile chemical properties and abundant surface modification space, MXene plays a crucial role in various technological applications such as storing energy, catalysis, sensors, electromagnetic interference shielding, and lubrication. MXene, as an electrode material, confers unique advantages to electrochemical energy storage devices and has attracted increasing attention; it is one of the current cutting-edge electrode materials for supercapacitors [17,18,19,20].



However, the problems of MXene’s material agglomeration and accumulation, as well as the influence of its surface functional groups on the performance of capacitors, markedly limit the practical application of MXene materials. To improve energy storage performance, researchers have tried to compound MXene with other types of materials, including polymers, metal hydroxides, metal oxides, and carbon materials, leveraging the advantages of these composite materials. Therefore, many types of MXene composites have been derived which show excellent energy storage performance.



In this review, the crystal structures and properties of MXene materials are first introduced, as are several methods for preparing MXene materials, including hydrofluoric acid and fluorine salt etching, base etching, electrochemical etching, Lewis’s acid molten salt etching, and direct synthesis. The types and properties of MXene composites include polymers, metal hydroxides, metal oxides, and carbon materials and are reviewed in detail. The progress of the research on MXene materials in the energy storage applications of supercapacitors is also introduced. Finally, the challenges and opportunities for MXene composites in the field of supercapacitors are discussed to provide a reference for the preparation and improvement of high-performance MXene electrode materials.




2. Structure and Properties of MXene


2.1. Structure of MXene


MXene is a two-dimensional layered material obtained by corroding the A layer of the precursor MAX phase by selection, leaving behind the M layer and X layer [21,22]. The MAX phase’s chemical formula is Mn+1AXn (n = 1, 2, 3), in which M stands for early transition metal elements such as Ti, Zr, V, Nb, Cr, Mo, A mainly consists of group III and IV elements such as Al, Ga, In, and X indicates carbon and/or nitrogen elements [23,24,25]. After the corroding by selection of the A layer in the MAX phase, the material retains its inherent crystal structure by using a chemical formula of Mn+1XnTx (n = 1, 2, 3), in which T represents surface functional groups like -OH, -O, and -F [26,27,28]. The schematic diagram of the MAX phase and MXene structure is shown in Figure 1 [29].



Surface studies of MXene have shown that after removing the A layer, surface functional groups such as -OH and -F appear on the MXene surface [30,31]. By using density functional theory (DFT) calculations, Tang et al. discovered three possible configurations of surface functional groups (including -OH and -F) oriented in Ti3C2Tx, as shown in Figure 2 [32]. Each Ti3C2 monolayer consists of a five-layer stacking of Ti(1)-C-Ti(2)-C-Ti(1). All of them can be considered as a Ti6C octahedron with edge-sharing shaped by three Ti atomic layers alternating with two C atomic layers (Figure 1). In the type I structure (Figure 2b,e), the surface functional groups -F and -OH are located above the vacancies of three neighboring carbon atoms, while in the type II structure (Figure 2c,f), the surface functional groups -OH and -F are located above the top carbon atom. The structure of type III (Figure 2d,g) is formed by the mixture of type I and type II, with the surface functional groups situated in the hollow site on one side as the type I structure and on the carbon atom on the other side as the type II structure. Comparing the relative DFT total energies, it was found that their structural stability followed the rule of I > III > II, indicating that F and OH functional groups lean toward adopting the type I configuration.




2.2. Properties of MXene


2.2.1. Capacitive Properties


MXene has rich oxidation-reduction sites, which leads to high capacitance [33,34]. Taking Ti3C2Tx MXene as an example, Ti’s oxidation state continuously changes owing to the hydration of the oxygen-containing terminal groups, providing charge transfer capability for the valence transition metal [35,36]. The end groups on the surface of MXene also play a key role in energy storage [37]. Generally speaking, =O functional groups are more stable than -OH and -F because they share more electrons with the M element in the MXene layer, and the conversion between the =O and -OH end groups during charge and discharge processes provides a large number of active sites for redox reactions [38,39]. The unique layered structure of 2D MXene means a larger surface area, and the multi-layered structure is more conducive to ion intercalation and transmission [40]. Supercapacitors made from MXene have excellent volumetric capacitance (about 1500 F cm−3) [34,41]. In addition, the layered structure of MXene allows it to adapt to various intercalating agents, which helps to expand the electrochemical reaction activity of MXene compared to the surface area, enhancing pseudocapacitance and cycling stability [42,43]. The good energy storage capacity of MXene is reflected in the devices fabricated with it, which have high energy and power densities.




2.2.2. Conductivity


MXenes have excellent conductivity, with a metallic conductivity of up to ~24,000 S cm−1. The structure of MXene contains many transition metal elements, for example, titanium and molybdenum, which usually have high conductivity, forming conductive channels in the MXene structure and promoting electron transmission [44,45,46], thereby improving the overall conductivity of MXene [47,48,49]. MXene is a 2D material with a large specific surface area, which means higher electron accessibility. Electrons can freely transmit on the 2D plane, reducing electron scattering losses and improving conductivity performance. The morphology of MXene also has a great impact on its conductivity; single-layer and large-sized flakes have better interaction than multi-layered and small-sized flakes, usually improving conductivity [14,50,51]. In addition, compared with other 2D materials such as metal sulfides/hydroxides or graphene, MXene has plenty of chemical functional groups, for example, hydroxyl and fluorine atoms, and by changing these functional groups, the electronic structure and charge transfer properties of MXene can be controlled, affecting its conductivity performance [52]. Overall, the improvement of MXene conductivity is mainly due to its unique structure, containing transition metal elements and abundant chemical functional groups, which together make MXene an excellent conductive material with a multitude of potential applications. The MXene’s excellent conductivity ensures rapid electron transmission, making it possible to achieve high-power density supercapacitors. In the manufacturing process of electrodes, conductive agents and current collectors are not even necessary, which helps to improve the energy density of the entire device [53,54].




2.2.3. Hydrophilicity


MXene has good hydrophilicity mainly due to the abundant oxygen, hydrogen, and other functional groups in its layered structure, including -OH, -F, etc., making the MXene surface highly polar [55,56,57]. In water, these polar functional groups can form hydrogen bonds and other interaction forces with water molecules, causing attractive forces between MXene particles and water molecules, showing excellent hydrophilicity [58]. What’s more, the interlayer structure of MXene contains lots of hydrogen bond acceptors, contributing to forming hydrogen bonds with water molecules, which also increases its compatibility with water [59]. Furthermore, the hydrophilicity of MXene can be improved due to its characteristics such as the porous structure and high specific surface area, because these characteristics can help to expand the contact surface area between MXene and water, and the mutual interaction with water can also be improved as well [60]. To summarize, the superior hydrophilicity of MXene is gained due to its features, including the abundant polar functional groups, hydrogen bond sites, porous structure, high specific surface area, and the layered structure of MXene. This property equips MXene with excellent dispersion, stability, as well as application potential in water-based systems, preparing for its widely used application in water-based supercapacitors and other fields [61,62].




2.2.4. Mechanical Flexibility


The layered structure of MXene is critical to its flexibility in the sphere of mechanics. MXene consists of numerous layers of 2D nanosheets, which are put on top of each other via relaxed bonding. The function of the 2D nanosheets is that they allow MXene to slide and shear under forces that are produced by external objects, which also gives MXene great deformability and ability to bend [63]. Meanwhile, through the method of intercalating other materials (like polymers or liquids), the MXene’s layered structure can be greatly improved to form composite materials, as well as enhance its flexibility [64,65]. Chu et al. synthesized two-dimensional transition metal carbide/polyimide (Ti3C2Tx MXene/PI) films through in situ polymerization and a simple scratch method, which showed enhanced flexibility. It can better adapt to the deformation of the capacitor, which is conducive to improving the contact efficiency between the electrode and the electrolyte of the capacitor, thus improving the performance [66]. M-Xenes’ mechanical characteristics are decided by their structural combination, size, defects, density, incomplete nanosheet edges, surface end groups, and M–X elements. Like other 2D materials, each thin sheet determines its inner mechanical properties [67]. The surface end groups are essential for improving the mechanical characteristics of M-Xenes. For instance, =O end groups can strengthen the M-Xenes’s interlayer attraction. And it can also improve the M-Xenes’ resistance to shear and strain. The high-specific surface area and mesoporous structures can also enhance the flexibility of M-Xenes materials. Through applied high-specific area and mesoporous structures, the contract surface and external environment can be increased, and the stress concentration can be reduced, which can provide more and more displacement and deformation space and enhance M-Xene’s flexibility and durability, which reduce the influence of external vibration on the internal structure of the capacitor. Furthermore, according to a study by Guo et al., under uniaxial and biaxial conditions, respectively, upon the addition of =O end groups, the results have shown that the tensile range of Ti2C was increased to 28%and 20%, which indicates the inhibitory influence of surface terminal groups on Ti2C’s collapse [68]. Therefore, the addition of =O end groups of Ti2C can prevent the capacitor from being easily damaged when bending or stretching to maintain stable performance. In conclusion, the mechanical flexibility of M-Xenes material originates from its high specific area, layer structure, mesoporous structure, and chemical composition. Therefore, M-Xenes has a wide range of potential applications. It also is the source of inspiration for the new materials to become reliable and flexible. Sun et al. modulated size refinement to decrease the grain size, introducing more grain boundaries, which stopped dislocations and crack propagation under deformation. This resulted in increased strength and toughness. The MXene with the size refinement showed increased energy density and power density of the supercapacitors [69,70]. Mechanical performance will affect the electrode’s electrochemical performance, especially in future applications, where the electrode of flexible electronic devices will be subjected to stress, bending, and twisting. To this end, we summarize the relative advantages of mechanical flexibility of MXene and other kinds of two-dimensional materials at Table 1. MXene has excellent mechanical flexibility, which helps to maintain good electrochemical performance and facilitates its application in flexible supercapacitors and micro-supercapacitors [71].






3. Preparation of MXene


Typically, through the selective removal of atomic layers, MXenes can be synthesized (for example, Al, Si, Ga, or Sn) from the MAX phase using different methods. When the metal-metallic M–A bonds in MAX materials are less powerful than the M–X covalent bonds, selective etching of the A layer atoms from MAX can be achieved, and it will not break the M–X bonds [18,33,52,59]. Currently, MXenes are produced by wet-chemical etching using HF or HF-containing or HF-generating etchants, resulting in the presence of -F surface terminations [45,72,73,74].



3.1. Etching Methods Based on HF and Fluoride Salts


When using HF as an etchant, elements A and M have strong chemical bonds, and the parent phase material will be destroyed. Mashtalir et al. [72] examined the dynamic control course of selective corroding of Al from Ti3AlC2 in 50% (mass fraction) HF and showed how the fast phase transition from bulk Ti3AlC2 to Ti3C2Tx is facilitated by raising the sinking temperature, lengthening the reaction time as well as lowering the initial maximum particle size while confirming exfoliated single-layer Ti3C2Tx MXene can exist under HF etching. Wang et al. [73] the synthesis of Ti3C2Tx MXene from Ti3AlC2 powder by using 50% HF at room temperature, leading to the existence of -OH or -F surface groups on the surface and edges of MXene, and the accordion-like morphology obtained after HF treatment. At the atomic level, after HF modification, it was proven that the functional groups of MXene could be arranged in the Ti atoms’ top position, as shown in Figure 3a. Additionally, as an etchant, HF lends itself toward the preparation of Ti3C2Tx flakes with comparatively small lateral dimensions and multiple drawbacks. The use of HF etching is a convenient and universal method for preparing MXene, but HF is highly toxic and dangerous, and the synthesized MXene may contain a number of defects. It was discovered that HF synthesized in situ from a combination of salts, including fluoride (LiF, NaF, CaF2, etc.) and acids (HCl, H2SO4) has a similar etching behavior to pure HF but is much milder, while the obtained MXene flakes have larger lateral dimensions without the frequent observation of nanoscale defects, as seen in HF-etched samples [72]. By etching in a LiF + HCl solution, Ghidiu et al. [6] obtained Ti3C2Tx MXene, which had a lattice parameter of 2.7~2.8 nm, while the corresponding value for Ti3C2Tx etched using HF is 2.0 nm. It is thought that LiF + HCl corrosion can produce larger interlayer spacing, which creates much more electrochemically active surfaces and quicker electrolyte ion diffusion channels. Additionally, similarly, mild etchants with little harm to the human body include NH4HF2, which generates HF in situ on the precursor surface [74]. When dissolving the fluoride salt in an HCl solution, HF will be formed in situ. Cations (such as Li+ and NH4+) can be used as intercalants to produce Ti3C2Tx MXene flakes without Al layers and with increased interlayer spacing. In the synthesis process, etching and exfoliation occur simultaneously. Using the Minimally Invasive Layer Delamination (MILD) technique, HF can be generated in situ by reacting LiF with HCl. This method has potential applications and advantages in MXene synthesis. Firstly, the MILD technique is safer than direct HF usage as it controls the generation of HF, thereby reducing operational risks. Secondly, the MILD method may result in more uniform and controllable layer delamination, facilitating the production of high-quality MXene materials. Additionally, precise control over MXene’s structure and properties can be achieved by adjusting the reaction conditions, thus expanding its potential applications in fields such as energy storage, catalysis, and sensing. Therefore, the introduction and further investigation of the MILD technique in the synthesis of MXene are of considerable importance and offer more sustainable and safer solutions for the preparation and application of MXene materials.




3.2. Alkali-Based Etching Method


To avoid damaging biological tissues due to the use of HF and fluoride salts, new synthetic methods have been explored. Alkali and Al elements have a strong binding affinity, and it is theoretically feasible to use an alkali-based etching method to synthesize MXene from MAX phases. Therefore, an alkali-based etching method can be adapted to synthesize MXene from MAX phases. Xie et al. [75] treated Ti3C2Tx powder in 1 mol/L NaOH solution. Then added, 1 mol/L H2SO4 at 80 °C for 2 h to obtain Ti3C2Tx MXene. Li et al. [76] created Ti3AlC2 in the presence of a small quantity of water and KOH and discovered that -OH groups take the place of the Al layers in the structure of Ti3AlC2 during the etching process. The etching destroys the particle shape derived from the precursor of Ti3AlC2, and randomly stacked nanosheets are combined with some scattered nanosheets, as shown in Figure 3b. Completely layered Ti3C2(OH)2 nanosheets can be effectively obtained via a simple washing process. KOH acts as a fluoride etchant to remove the Al layer more safely. The results show that materials prepared without fluoride functional groups have better energy storage performance compared to those prepared using the HF etching method. Because the pressure reaches 106 Pa and the water vapor is below 180 °C, this strategy was later used to manufacture 2D Ti3C2(OH)2 nanoribbons [77]. Li et al. [78] successfully prepared high-purity multilayer MXene without fluoride at 270 °C in a 27.5 mol/L NaOH solution. Here, the dissolution of Al layers in NaOH yielded soluble Al(OH)4−. The reaction temperature is an essential component of the continual etching of Ti3AlC2, and the concentration of NaOH affects the mass fraction of the resulting MXene. They prepared a powder with a mass fraction of surface groups containing -OH and -O that reached 92%. Non-fluorinated functional groups and cation intercalation result in larger interlayer distances [79], demonstrating an increased capacity and improved rate performance compared to Ti3C2Tx produced using the HF etching method. This preparation method requires a high-concentration and high-temperature alkali and is relatively risky, and thus is currently limited to the preparation of Ti3C2Tx; however, this non-fluorinated MXene is beneficial for optimizing the energy storage performance of supercapacitor.




3.3. Electrochemical Etching Method


The etching methods that have been mentioned involve fluorine-containing reagents or high-concentration alkalis and operate under relatively harsh conditions of high temperature and high pressure, with inherent dangers and limitations. From this perspective, electrochemical etching is a milder method. Etching in a non-fluoride electrolyte through the application of a constant potential can selectively etch the Al layer, where chloride ions (Cl−) have great characteristics of easy combination with Al. Also, it can break the Ti–Al connection to form Ti3C2Tx MXene with no terminal fluorine. Specifically, when the Ti3AlC2 electrode carries a positive charge, the erosion of Cl− causes the forming of AlCl3 and termination of the Ti atoms on the edge with chlorides, followed by the opening of grain boundaries to facilitate deeper action of Cl when it infiltrates and penetrates- and action of other substances when it intercalates in the electrolyte. Yang et al. [80] stated that an efficient electrochemical etching method relied on an anodic corrosion process to strip Ti3AlC2. The electrolyte used is a mixture of 1.0 mol/L NH4Cl and 0.2 mol/L TMAOH, with a pH value greater than 9. During the corroding process, as Cl− has a strong binding affinity with Al, it breaks the Ti–Al bond and forms Ti3C2Tx materials (Figure 3c). Furthermore, the intercalation of NH4OH opens the edge etching of Ti3AlC2, promoting deep etching below the surface. Pang et al. [81] examined a commonly used Ti-based method for synthesizing MXenes: thermally facilitated electrochemical etching in diluted hydrochloric acid solution.




3.4. Lewis Acid Molten Salt Corroding Method


Aside from the above corroding strategies, there are also methods to remove A-layer atoms from MAX phases in molten salts [18,53]. In 2019, Li et al. [82] obtained Ti3ZnC2 MAX phase from Ti3AlC2 and ZnCl2 Lewis acidic molten salt through a displacement reaction at 550 °C. Increasing the ratio of MAX:ZnCl2, Ti3ZnC2 can be further converted into Ti3C2Cl2 MXene. In 2020, Li et al. [83] etched a Ti3AlC2 MAX phase in molten ZnCl2 while other Lewis acidic molten salts at temperatures over 500 °C were used to produce Ti3C2Cl2 MXene with chlorine (-Cl) surface terminations, eliminating unnecessary hydrolysis and oxidation in the MAX etching of molten salt (Figure 3d). The Talapin group [84] synthesized various MXenes with -Cl surface terminations in CdCl2 molten salt and prepared several MXenes with Br surface terminations using Lewis acidic CdBr2, extending the molten salt etching pathway beyond chlorides.




3.5. Direct Synthesis Method


In comparison to the strategy of selectively removing A-layer atoms from MAX to extract MXene through the chemical etching mentioned above, researchers have also explored the use of chemical vapor deposition (CVD) to prepare MXene [85]. The research group of Dmitri V. Talapin at the University of Chicago reported a method for directly synthesizing MXene without the need to prepare the MAX phase and then perform etching [86]. They first attempted traditional solid-state synthesis by heating a stoichiometric mixture of solid precursors until the desired phase was formed. Subsequently, they developed a chemical vapor deposition (CVD) method. They used metal Ti, titanium chloride (TiCl3 or TiCl4), and a carbon source or nitrogen source (including graphite, CH4, N2) as precursors to prepare various MXenes, including the widely used MXene-Ti2CCl2 (Figure 3e), as well as MXenes that had not been synthesized from MAX phase before. Using the CVD method, MXenes with carpet-like structures and complex spherical morphologies have been grown. This new direct synthesis method saves time, avoids the generation of hazardous waste related to the etching step, improves the efficiency of MXene preparation, and is expected to accelerate the industrial applications of these materials.
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Figure 3. (a) Synthesis and SEM of Ti3C2Tx. Reproduced with permission [73]. Copyright 2015, American Chemical Society. (b) Schematic illustration of the etching process and SEM for Ti3AlC2. Reproduced with permission [76]. Copyright 2017, American Chemical Society. (c) Schematic of the etching process and SEM for Ti3AlCx. Reproduced with permission [80]. Copyright 2017, Angewandte Chemie International Edition. (d) The reaction between Ti3SiC2 and CuCl2 results in the formation of Ti3C2Tx MXene and SEM. Reproduced with permission [83]. Copyright 2020, Nature Materials. (e) Schematic diagram of the direct synthesis and SEM of Ti2CCl2 MXene. Reproduced with permission [86]. Copyright 2023, American Chemical Society. 
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4. Application of MXene-Based Composite Materials in Supercapacitors


After the emergence of MXene, extensive research has been conducted on its electrochemical properties [87,88]. Ion intercalation is made by the open interlayer space in MXene’s layered structure of stacked nanosheets, thereby storing charge. The MXene surface can form an electric double layer (EDL), serving a similar function. In an aqueous electrolyte solution, the MXene electrode’s CV curve exhibits a rectangular shape, which is a typical characteristic of EDL capacitors [89]. In an aqueous electrolyte solution, hydrated cations (such as Li+) intercalate into the interlayers without dehydration. Due to the inability of the isolated atomic orbitals of cations in the hydration shell to hybridize with the orbitals of MXene, an internal potential difference is produced by separated positive and negative charges: Δφ = φeE − φiE (where φeE and φiE are the internal potentials of electrons and ions in the electrode), constituting an EDL in the interlayer space. Lukatskaya et al. [90] first illustrated the spontaneous insertion of cations from saline solutions between the layers of Ti3C2Tx MXene, such as Na+, K+, NH4+, Mg2+, and Al3+. In KOH solution, binder-free Ti3C2Tx paper can achieve a volumetric capacitance of 340 F/cm3 at 2 mV/s, and nearly no loss is observed after 10,000 cycles at 1 A/g. This study has opened the door to the application and development of MXene in supercapacitors. Ghidiu et al. [6] initially used clay-like Ti3C2Tx as a supercapacitor electrode and obtained a capacitance of 900 F/cm3 (245 F/g) at 2 mV/s. The presence of smaller-sized H+ improved the electrochemical performance compared to other intercalated cations. The accessibility of the interlayer spacing of the synthesized MXene after etching with LiF and HCl, as well as surface oxidation-reduction, also contributes to increased capacitance. To date, nearly 30 types of MXene have been successfully prepared, such as Ti2C [91], V2C [92], and V4C3 [93], and have shown promising potential as supercapacitor electrodes.



Research indicates that MXene holds promising potential in the field of supercapacitors. However, issues such as easy agglomeration and stacking of the material, as well as the surface functional groups’ impact on the material’s performance, have been identified. Researchers have attempted to modify MXene to achieve ideal performance, and composite materials are an important approach to improving energy storage performance by harnessing the advantages of combined materials. To obtain better performance, researchers have attempted to composite MXene with other types of materials, including polymers, metal hydroxides, metal oxides, and carbon materials [94,95,96,97].



4.1. Composite of MXene and Carbon Materials


Because of their special qualities, carbon materials, including graphene graphitylene and carbon nanotubes (CNTs), which are excellent conductors, make great composite possibilities for the energy storage industry [98,99]



CNTs are a typical one-dimensional carbon substance with wide application potential in the sphere of energy storage because of their distinctive morphology and prime electrochemical characteristics. They are incorporated into the electrodes of supercapacitors as active materials and carriers. Min Jae Ko et al. [100] uniformly electrodeposited a nickel-aluminum layered double hydroxide (Ni-Al-LDH) catalyst on MXene particles to ensure the uniform growth of multi-walled carbon nanotubes (MWCNTs). Subsequently, these catalytic MXene particles were likely altered using low-pressure chemical vapor deposition (CVD) at a temperature of 700 °C in argon flow. On the one hand, the grown MWCNTs act as spacers to prevent the MXene films from stacking again; on the other hand, they act as charge collectors within and between particles (Figure 4a,b). Additionally, their three-dimensional interconnected structure efficaciously enhances the stability of the combined electrode both mechanically and physicochemically. As shown in the CV curve in Figure 4c, due to the high charge transfer rate of MWCNTs and the high activity of MXene, 10-MWCNT-MXene@CC exhibits a larger CV curve area. An electrode prepared from this material demonstrated an excellent areal specific capacitance of 114.58 mF cm−2 at a scan rate of 5 mV s−1, as depicted in Figure 4d, along with an excellent cycling stability of 16,000 cycles (Figure 4e).



Graphene, a material with tremendous potential, has demonstrated its versatility in various fields. The composite research of graphene with other materials is also a hot spot that is usually studied regarding the storage of energy. MXene and graphene’s combing together can efficaciously prevent graphene and MXene from stacking again, significantly increasing their particular area on the surface and particular capacity [101]. Liu et al. prepared a flexible and independent modified MXene/graphene oxide (MX-rHGO) thin film by filtering a mixture of MXene, which is alkalized and porous graphene oxide (HGO) with mild tempering closely behind (Figure 5a) [99]. Implanted porous graphene efficaciously inhibits MXene’s self-stacking, forming a nanoporous interconnected network that greatly accelerates ion transport and shortens the paths of both ions and electrons. If applied as an electrode material in supercapacitors, MX-rHGO3 exhibits an ultrahigh volumetric capacitance (1445 F cm−3) under a scan rate of 2 mV s−1 (Figure 5b) alongside an excellent rate performance and high mass loading. As a symmetric supercapacitor, MX-rHGO3 retains 93% of its original capacity after 10,000 cycles at 5 A g−1 (Figure 5c). At a mass power density of 62.4 W Kg−1, it achieves its greatest mass-energy density of 11.5 Wh Kg−1 (Figure 5d), and when its volume power density is 206 W L−1, its volumetric energy density is 38.6 Wh L−1 (Figure 5e) [99]. An EIS curve can provide information about the ion transport in a composite, and a lower capacitance value usually indicates that the composite has a higher ion transport rate and better ion transport. When using composite materials, the interface formed by MXene or other materials can also affect the performance of capacitors, and the interface’s impedance can affect the transmission efficiency of electrons and ions in the composite material. Therefore, the impact of the interface on the material can be evaluated through an analysis of its impedance characteristics. For example, an MX-rHGO3 electrode material has a lower coactance, which can further improve the performance of low-voltage capacitors. To further elucidate the ion transport kinetics of MXrHGO, MX-rGO, and pure MXene membranes, electrochemical impedance spectroscopy (EIS) measurements have been performed, with frequencies ranging from 0.01 HZ to 100 KHz. The curve shows that the interfacial charge transfer resistance (Rct) of MX-rHGO3 is significantly lower than that of the pure MXene membrane and MX-rGO3 membrane, which means that the ionic conductivity of the MX-rHGO3 membrane improved after the embedding of porous graphene and subsequent annealing treatment. In addition, the MX-rHGO3 membrane also has low diffusion resistance, mainly because the embedded porous graphene provides more active sites, and the removal of surface groups after the annealing treatment further promotes ion transport. It can be seen that the changes in impedance characteristics reflect the degree to which the material obstructs electron transport, while a lower resistance indicates that the composite material has a better electron transport performance and that electrons can be easily conducted in that material.



Due to MXene’s unique sp and sp2 carbon hybrid orbitals, the adjustability of its electronic structure and pore structure is enhanced. Because of this characteristic, it provides an ideal platform for the mechanism research and performance optimization of supercapacitors [98]. The performance of capacitors can be greatly affected by varying their stacking modes. For example, wang et al. constructed an independent, flexible, three-dimensional (3D), interconnected, and hydrated ion-permeable MXene/graphitic diyne nanotube (MG) composite film [96]. This composite material has excellent capacitor performance, and the three-dimensional embedding effect of GDY-NTs can solve the problem of MXene’s heavy stacking, shorten the ion transport path, and reduce ion transport resistance. In addition, the synergistic effect of horizontal and vertical three-dimensional intercalation and the abundant in-plane holes in GDY-NTs are also the key reasons for the improved capacitance and magnification performance of MG films. This work provides a reference for solving the re-stacking problem of MXene.




4.2. Composite of MXene and Metal Oxides Materials


Transition metal oxides (TMOs) possess characteristics like high theoretical volume, being economical, as well as unique mechanical and electrochemical properties. However, they suffer from severe volume expansion between charge and discharge, inadequate charge transfer capability, and low conductivity, resulting in poor rate performance and cycling stability. By combining TMOs with conductive materials such as MXene, their respective advantages can be exploited to improve material performance [95,102].



Among all TMOs, the combination research of manganese dioxide (MnO2) with MXene is the most extensive. On the one hand, MnO2 has a high theoretical capacitance of 1370 F g−1, and its electrochemical window is as wide as 0–0.9 V; on the other hand, it can also operate in mild aqueous electrolytes with minimal chemical corrosion to current collectors [103,104]. Although the low electronic conductivity and dissolution of Mn in the redox reactions lead to lower capacitance and shorter cycle life of MnO2-based materials, the combination of MnO2 with MXene can achieve excellent performance supercapacitor properties. For example, Luo et al. [105] grew MnO2 nanoflowers on exfoliated ultrathin Ti3C2Tx MXene nanosheets using a co-precipitation method (Figure 6a), forming MNF/Ti3C2Tx. This material features a two-dimensional sheet structure with a large surface area, the advantages of porous MnO2 nanoflowers, and a highly conductive electronic structure. The optimized MNF/Ti3C2Tx electrode exhibits an excellent electrochemical capacitance performance. The galvanostatic charge-discharge (GCD) curve in Figure 6b shows that the best-performing MNF (80%)/Ti3C2Tx sample achieves a capacitance of 348.5 F g−1 at an electricity density of 0.5 A g−1, which is 2.3 and 2.6 times higher than that of MnO2 and Ti3C2Tx. MNF (80%)/Ti3C2Tx’s performance remains at 67% when the electricity density rises from 0.5 A g−1 to 8 A g−1, showing an excellent rate capability. AC impedance results demonstrate the material’s enhanced electron transport, effectively accelerating its electrochemical kinetics. The cycling stability test results in Figure 6f,g show that MNF (80%)/Ti3C2Tx’s performance retention rate reaches 91.9% after 5000 cycles, which is significantly higher than that of MnO2 (68.3%) and Ti3C2Tx (59.2%). The extended durability of MNF (80%)/Ti3C2Tx can be attributed to its MnO2 nanoflowers interacting intensely with its Ti3C2Tx matrix.



EIS is a technique concerned with detecting the electrical resistance and electron transfer properties of an electrode material. The AC impedance spectrum provides information about the internal resistance of the electrode and the resistance between the electrolyte and the electrode. Some researchers have also studied MXenes’ impedance characteristic curves, describing the Nyquist diagrams of the EIS spectra of MnF, MXene, and their complexes, with a frequency range of 100 KHz to 0.1 Hz [95]. The slant period in the high-frequency region of a Nyquist curve is coupled with the slant line in its low-frequency region such that the charge transfer resistance can be calculated. The Rct of MnF/MXene nanocomposites is the smallest, which is believed to be due to the dispersion of MnF nanoparticles across MXene nanosheets and the existence of MNF nanoparticles between multilayer MXene sheets to promote the flow of electrons. In comparison with RuO2, its composite exhibits very stable behavior, with slight changes in current density during its first few hours of use due to the activation of the manufactured substance and the opening of the electrode’s active site. Therefore, we believe that a composite of MXene and a metal oxide is an effective method of promoting a material’s properties.



In addition to manganese oxide, nickel, cobalt, iron-based oxides are also of interest due to their low cost, electrochemical capacitance behavior, environmental friendliness, and high theoretical capacitance [106]. However, there is still limitation on their ability of cycling and power density due to the poor electronic conductivity kinetics. More strategies need to be improved, such as establishing distinctive layered structures or adding heterogeneous materials like 2D MXene materials.



Figure 7a illustrates the synthesis of hybrid, porous Co3O4-MXene/RGO aerogels. The 2D MXene material is obtained by etching Ti3AlC2 using HF, and Co3O4 nanoparticles are grown on its surface to form Co3O4-MXene. The Co3O4-MXene is then combined with GO, freeze-dried, and thermally reduced to obtain hybrid, porous Co3O4-MXene/RGO aerogels. This material performs outstandingly in the field of electrochemistry. The GCD curve in Figure 7b demonstrates that its specific capacitance is very high, reaching 345 F g−1 at an electricity density of 1 A/g. After 10,000 charge-discharge circles, it retains 85% of its original specific capacitance, indicating its good cycling stability (Figure 7c) [107]. In addition to single-metal oxides, there has also been extensive research on multi-metal oxides. Wang et al. prepared a 2D NiMoO4 nanosheet-MXene composite (NiMoO4/M10) using a combination of hydrothermal and thermal treatment methods (Figure 7d). Their GCD and specific capacity results (Figure 7e,f) showed that, at a current density of 1 A/g, the specific capacitance of the NiMoO4/M10 electrode is 483.8 C g−1, surpassing that of the NiMoO4 electrode (332.7 C g−1). Moreover, its capacitance decay is insignificant in the range of 1 to 20 A g−1 [108]. Xie et al. fabricated a composite film through the filtration of MXene nanosheets and Co-Fe oxide (Figure 7g). Electrochemical performance tests (Figure 7h,i) demonstrated that the composite film with an 8% Co-Fe oxide/Ti3C2Tx ratio exhibited the best performance, with a specific areal capacitance of 1236.3 mF cm−2 at a current density of 0.2 mA cm−2 [109]. These research findings indicate that the addition of Ti3C2Tx to oxide electrode materials leads to their higher specific capacitance and greater performance stability at high rates, making oxides promising for supercapacitor applications.




4.3. Composite of MXene and Metal Hydroxide Materials


Layered metal hydroxides have a large amount of positive charge, significant theoretical capacity, a relatively large specific surface area, and adjustable composition. However, they exhibit poor intrinsic conductivity and significant aggregation tendencies, the results of which are inferior performance of rate and stability of cycling. The synergistic effect of different materials significantly increases the exposed active sites in redox reactions, enhancing the electrode’s activity. Composite electrodes generate many electrochemically active centers, improve electrical conductivity, and exhibit superior pseudocapacitive storage performance. Therefore, the combination of metal hydroxides with MXene effectively improves the aggregation of metal hydroxides, alleviates the self-stacking effect of MXene, as well as enhancing the performance of the electrode electrochemically [96,110]. Liang et al. prepared a flower-shaped hollow NiMnCoOH@MXene composite material by electrostatically adsorbing a colloidal solution onto a few-layer or single-layer etched Ti3C2Tx MXene and a NiMn-MOF precursor and then subjecting the composite to hydrothermal treatment in the presence of Co ions (Figure 8a) [111]. SEM images show that the nano-flower-shaped NiMnCoOH@MXene composite material is a hollow nanosphere with an average diameter of 2.2 μm, covered with many extremely thin MXene sheets (Figure 8b,c), in which larger MXene nanosheets play the role of bridges, connecting and promoting the building of a three-dimensional network of conductivity. The porous morphology of the composite material provides a surface area that is highly specific, and the nano-flower-shaped structure further enhances its structural stability and mechanical strength. This hierarchical, hollow, flower-like construction provides abundant active sites and channels for transporting ions, facilitating ion transport and charge storage and contributing to its outstanding electrochemical performance. The GCD curve in Figure 8d indicates that the charge-discharge time of the NiMnCoOH@MXene composite material electrode is longer than that of the NiMnCoOH electrode. At a current density of 1 A g−1, the specific capacitance of the NiMnCoOH@MXene composite material and NiMnCoOH are 232.37 mAh g−1 (1521 F g−1) and 154.76 mAh g−1 (1013 F g−1), demonstrating the positive effect of MXene’s introduction on capacitance performance. Figure 8e shows that, at current densities of 1, 2, 5, and 10 A g−1, the specific capacitance of the NiMnCoOH@MXene composite material is calculated to be 232.37, 223.36, 192.95, and 154.61 mAh g−1. When moving from 1 to 10 A g−1, the specific capacity retention rate of the NiMnCoOH@MXene composite material reached 66.22%, while that of NiMnCoOH was only 54.32%. This is due to the enhanced conductivity of the NiMnCoOH@MXene composite material (Figure 8f). The data above indicate that the electrochemical performance, specific capacity, and conductivity of nano-flower-like, hollow NiMnCo-OH modified by self-assembled 2D Ti3C2Tx can be significantly improved. MXene suppresses the morphological breakdown of metal hydroxides and significantly improves their specific capacity, while the conductivity of MXene increases the number of available electrons on hydroxides. A composite structure composed of MXene and a metal hydroxide also impacts the impedance characteristics of the electrode material. For example, the impedance of the NiFe-LDH/MXene composite is reduced with the addition of MXene [110]. The Nyquist plots for NiFeLDH, MXene, and NiFeLDH/MXene (60 mg) are all composed of arcs in their high-frequency regions and linear shapes in their low-frequency regions. The curve seen at high frequencies is interpreted as the internal resistance of the active material, the ionic resistance of the electrolyte, and the contact resistance in the electrode. The results show that the internal resistance of the NiFe-LDH/MXene composite is lower than that of pure LDH, which indicates that the addition of MXene provides more conductive transmission paths for electron transport and effectively improves the conductivity of the material.




4.4. Composite of MXene and Conductive Polymer Materials


MXene and conductive polymers are both research hotspots in the field of supercapacitor electrode materials. Combining these two distinctive types of materials together, the shortcomings can be addressed if it is applied individually as electrode materials. Based on theoretical capacity, specific surface area, mass loading, flexibility, and outstanding mechanical properties, MXene/conductive polymer composite materials have great prospects of becoming higher-level electrode materials. Introducing polymers can efficaciously increase the space between each layer of MXene, providing support, inhibiting stacking of MXene layers, facilitating the exposure of more active surface sites, shortening the path on which the electrolyte ions may diffuse, promoting the transport of electron and rapid Faradaic reactions, and improving mechanical performance and material stability. In a study by Wang et al., highly conductive polyaniline nanoparticles (PANI NPs, ~ 10 nm) were used as embedments to regulate the intercalation of MXene nanosheets via a self-assembly method [112]. The interlayer PANI NPs not only inhibit the self-stacking of MXene but also make more ion transport routes possible. In addition, Wu et al. deposited accordion-like N-Ti3C2/PANI composite materials on FTO glass surfaces via electrochemical reactions [113]. During the reaction process, amino-functionalized N-Ti3C2 sites combined with the amine nitrogens in the PANI chains, promoting the development of aniline between the Ti3C2 layers (Figure 9a). The strengths of accordion-like Ti3C2 MXenes/PANI materials include effectively preventing N-Ti3C2 from stacking densely during its electrochemical polymerization, facilitating electron transport, and providing numerous active sites for high-speed charge carrier transport. N-Ti3C2 is an excellent matrix for conductivity (Figure 9b), and the combination of N-Ti3C2 with polyaniline effectively utilizes various mechanisms to store energy to enhance the electrochemical effect of supercapacitors. The GCD curve in Figure 9c shows nearly triangular shapes when the current density is 0.5 mA cm−2, suggesting that the capacitors’ behavior is ideal and reversible. The N-Ti3C2/PANI-420 electrode has the longest discharge time and the highest specific capacitance. Figure 9d demonstrates that as the testing current density increases, the capacitance decreases. The specific capacitance of N-Ti3C2/PANI-420 is 117.10 mF cm−2 at a current density of 0.5 mA cm−2, surpassing that of other electrodes and notably outperforming the N-Ti3C2 electrode. These results indicate that the synthesis of two different materials can enhance the electrochemical performance of N-Ti3C2/PANI composite materials, with PANI chains helping to prevent the dense stacking of Ti3C2 MXenes, facilitating the diffusing of ions and providing greater electrochemical activity. As a conductive additive, MXene can provide high conductivity and a large surface area, and its combination with conductive polymers can increase the effective electrode surface area of capacitors, thereby increasing their capacity. This means that these composite materials can store more charge, increasing the energy density of capacitors. Furthermore, the high conductivity of MXene, combined with the conductivity of a conductive polymer, can speed up the transfer rate of charge in the capacitor. This means that capacitors can be charged and discharged faster and with a higher power density. Ti3C2 MXenes/PANI materials, for example, can effectively prevent the dense accumulation of N-Ti3C2 during electrochemical polymerization, promote electron transport, and provide numerous active sites for high-speed charge carrier transport. Moreover, Pathak et al. prepared MXenes containing hollow carbon nanofibers (MXHCNFs) via co-axial electrospinning; the inside surface of the MXHCNFs is decorated with polypyrrole layers (PPy@MXHCNF) [114], which are sufficiently flexible, conductive, and highly functionalized, and have a unique trilayer morphology. This work takes a unique approach that involves modifying MXenes to create polypyrrole-decorated electrospun MXHCNFs, which are efficient substrates for freestanding electrodes, as a common strategic route for creating both positive and negative electrodes for flexible asymmetric supercapacitors.




4.5. Composites of MXene and 2D Materials


MXene materials have also been widely applied in capacitors through their combination with other 2D materials such as MoS2 [115] and MoSe2 [116,117]. Compared to traditional batteries, capacitors have a lower energy density, so improving their electrode materials is particularly important for enhancing their energy storage capacity. MXene materials have good conductivity and morphological characteristics, while MoS2 is a graphite-like material with a high ion conductivity and energy storage capacity. Combining these two materials allows for energy storage across a larger voltage range and an overall increase in capacitance. For instance, in their preparation of MoS2/MXene materials (Figure 10a), Chandran et al. improved MXene by etching it [118]. Through multiple characterizations, they discovered that this material exhibited a maximum specific capacitance of up to 342F g−1 across an extended voltage range (Figure 10b). However, the van der Waals forces between MXene layers can lead to their stacking and aggregation, causing a loss of electrochemically active sites. This issue can be addressed by using other 2D materials to enhance the construction of MXene-based electrodes, thereby producing supercapacitors with excellent electrochemical performance [115]. For example, Chen et al. introduced layered MoSe2 nanosheets into MXene (Figure 10c), creating a unique heterostructure with an enhanced active region for redox reactions that also exhibits good synergistic effects [119]. This composite material demonstrated a higher specific capacitance of 1358.5 F g−1 (Figure 10d), not only improving the energy density of the capacitor but also maintaining its high-power density and long cycling life. It is a promising candidate material for supercapacitors. In summary, research on the combination of MXene materials with other 2D materials provides a broader material design approach for developing supercapacitors with high-energy density and superior electrochemical performances [120]. It also offers an important scientific foundation for achieving sustainable energy conversion and storage.



MXene is a two-dimensional material consisting of a multilayer, sheet-like structure of transition metal carbides or nitrides. It has excellent electrical conductivity and chemical stability, and thus, it has attracted much attention in the field of electronic devices and energy storage. In summary, it can be concluded that composites of MXene and other materials are the reason for the improvement in the performance of composite supercapacitors (Table 2 and Table 3). Changes in the impedance characteristic curves of MXene and polymer composites might have the following effects on the performance of capacitors:




	
Reduce electrolyte resistance: MXene has a high conductivity and can effectively reduce the resistance of the electrolyte when it is combined with polymers. This will reduce the resistance loss inside the capacitor and improve the efficiency of its energy transfer.



	
Improve the frequency response of the capacitor: After MXene is combined with a polymer, the surface area of the capacitor may be increased, and its effective capacitance may be improved. At the same time, in the high-frequency band, the impedance characteristic curve of the composite material may be closer to the ideal behavior of the capacitor so that the capacitor has a better performance in high-frequency applications.



	
Improve the cycle stability of capacitors: MXene’s high chemical stability can improve the cycle life and stability of capacitors. A change in the impedance curve of a composite material may manifest as a smaller phase angle drift and a more stable electrochemical interface, which reduces the performance attenuation of the capacitor over a long cycle of charge and discharge.



	
Adjust the charge and energy storage behavior of the capacitor: Changes in the impedance characteristic curves of MXene and polymer composites may lead to changes in the charge storage mechanism and energy storage behavior of capacitors. This may include adjustments in capacitors’ capacity, voltage response, charge/ion transfer rate, etc., that improve their performance.








It is important to note that specific effects depend on the ratio of MXene to polymer, the preparation method used, and the specific design and application requirements of the capacitor. These factors will affect the impedance characteristic curve of the composite material and the performance of the capacitor. Therefore, in specific applications, experimental studies and performance evaluations are required to determine the composite’s optimal composition and design parameters.





5. Influence of Electrolytes on the Performance of MXene-Based Supercapacitors


Electrolytes play a crucial role in the assembly of supercapacitors as they directly affect the ion transport efficiency and stable potential window of the electrochemical system. In general, Ti3C2Tx exhibits a higher capacitance in aqueous solutions, especially in H2SO4, and possesses a wider operating voltage range in organic electrolytes.



5.1. Alkaline Electrolytes


Lukatskaya et al. successfully fabricated a flexible, hydrophilic, binder-free, and additive-free Ti3C2Tx as an electrode for supercapacitors [90]. This Ti3C2Tx was utilized in a potassium hydroxide (KOH) electrolyte, resulting in a remarkable volumetric capacitance of 340 F cm−3 (Figure 11a). This capacitance surpasses that of activated microwave-expanded graphite oxide (60–100 F cm−3) and carbide-derived carbons (180 F cm−3) [151]. Their electrochemical system, comprising the Ti3C2Tx as the working electrode, KOH as the electrolyte, Ag/AgCl as the reference electrode, and activated carbon (AC) as the counter electrode, exhibited a potential window of 0.55 V. Furthermore, the capacitance achieved using KOH as the electrolyte (approximately 130 F g−1) surpassed those obtained when using sodium acetate (NaO Ac) (approximately 120 F g−1) and magnesium sulfate (MgSO4) (approximately 100 F g−1) as the electrolytes (Figure 11b). Gao et al. also reported on a symmetric supercapacitor employing a Ti3C2Tx electrode with a binder and carbon black in a KOH electrolyte, which exhibited a capacitance of 71.2 F g−1 and a potential window of 0.9 V [152].




5.2. Neutral Electrolytes


Similarly to their performance in a KOH electrolyte, the capacitive behavior of Ti3C2Tx MXenes in neutral electrolytes is primarily governed by their electric double-layer capacitance (EDLC) [156]. Hu et al. conducted studies demonstrating that a Ti3C2Tx electrode exhibited only electric double-layer capacitance in (NH4)2SO4 or MgSO4 solution electrolytes, with capacitance values lower than those observed in acidic electrolytes [157]. Gao et al. reported on a vanadium (V)-doped Ti3C2Tx electrode with a gravimetric capacitance of 365.9 F g−1 in a 2 M potassium chloride (KCl) electrolyte [158]. However, this capacitance was lower than that of a 3 mm Ti3C2Tx hydrogel electrode in 3 M H2SO4 (which was approximately 380 F g−1) [153]. In the 2 M KCl electrolyte, the V-doped Ti3C2Tx electrode exhibited a voltage range of 0.7 V, and no significant redox peaks were observed in its cyclic voltammetry curves, indicating the EDLC behavior in a neutral electrolyte [158].




5.3. Acidic Electrolytes


The utilization of an H2SO4 electrolyte in supercapacitors offers several advantages, including the presence of protons (the smallest cations) and excellent conductivity. These factors facilitate rapid surface redox reactions in transition-metal compounds. In a study by Ghidiu et al., free-standing, flexible Ti3C2Tx electrodes were assembled into supercapacitors using a 1 M H2SO4 electrolyte, resulting in volumetric capacitances of up to 900 F cm−3 and a gravimetric capacitance of 245 F g−1, surpassing the capacitance achieved in KOH electrolyte [6]. Lukatskaya et al. reported a Ti3C2Tx electrode on a glassy carbon current collector with a potential range of −0.9 V in 3 M H2SO4 (Figure 11c). Notably, the Ti3C2Tx hydrogel exhibited volumetric capacitances of up to 1500 F cm−3 in 3 M H2SO4 [153]. The higher concentration of protons in 3 M H2SO4 compared to 1 M H2SO4 could contribute to this enhanced volumetric capacitance, while the enlarged potential range could be attributed to the weak hydrogen evolution reaction occurring on the glassy carbon electrode. The high capacitance observed in the H2SO4 electrolyte is likely related to a pseudocapacitive energy storage mechanism, as evidenced by the presence of redox peaks in the cyclic voltammetry curves and changes in the chemical valence state of titanium [159]. In situ X-ray diffraction showed the lattice’s shrinkage during the charging process from 0 V to −0.6 V versus Ag/AgCl and subsequent expansion from −0.6 V to −0.9 V versus Ag/AgCl, demonstrating the pseudo-intercalation energy storage mechanism of Ti3C2Tx in a H2SO4 electrolyte [160]. Hu et al. investigated the electrochemical behavior of a Ti3C2Tx electrode in an H2SO4 electrolyte through in situ electrochemical Raman spectroscopy, which revealed a bonding and debonding of hydronium with its terminal O groups during discharge and charge, respectively [157]. Additionally, this reversible bonding/debonding process contributed to the valence change of the Ti element in Ti3C2Tx, further enhancing the electrode’s pseudocapacitance in the H2SO4 electrolyte.




5.4. Organic Electrolytes


In addition to aqueous electrolytes, organic electrolytes have also been extensively investigated due to their larger voltage windows, which enable higher energy densities. Organic electrolytes show promise for operating across wider potential ranges. Suitable organic electrolytes for Ti3C2Tx MXene electrodes facilitate the insertion reaction of ions between their layers. Wang et al. conducted a study where the Ti3C2Tx electrode exhibited a potential window of 2.4 V in a lithium-containing electrolyte, specifically lithium bis-trifluoromethylsulfonyl amine (LiTFSI) with propylene carbonate (PC) as the solvent [154]. Moreover, the Ti3C2Tx electrode demonstrated a capacitance of 195 F g−1 at a scan rate of 2 mV s−1 in the LiTFSI-PC electrolyte, surpassing that of the LiTFSI-DMSO (130 F g−1) and LiTFSI-CAN (110 F g−1) electrolytes. This improvement can be attributed to the more efficient desolvation of lithium ions in the PC system (Figure 11d). Li et al. reported the fabrication of a Ti3C2Tx electrode through the Lewis acidic molten salt-etching method, which showed a potential window of 2.8 V in a 1 M LiPF6 carbonate-based electrolyte. The system exhibited storage capacities of up to 738 C g−1 (264 F g−1) at a scan rate of 0.5 mV s−1 (Figure 11e,f) [83]. Luo et al. demonstrated that a Ti3C2Tx electrode had an applied potential range of 3.0 V in a 1 M NaClO4 carbonate-based electrolyte [161]. In organic electrolytes, Ti3C2Tx electrodes typically exhibit a potential window of >2.0 V, which is wider than those obtained in aqueous electrolytes [162].




5.5. Solid Electrolytes


Liu et al. reported the improved performance of MXene-based SSS from a new perspective, using a freeze-thawed MSA/PVA hydrogel electrolyte with high ionic conductivity and low-temperature resistance [155]. The FT-SSS presents a high rate capability that exceeds corresponding aqueous AQSs. As shown in Figure 11g, its areal capacitance reaches 1719 mF cm−2. It also presents low-temperature resistance, long cycling stability, and good flexibility. The advanced electrolyte and the existence of MSA contribute to its performance, which is far superior to that seen in other studies (Figure 11h). During casting, the MSA/MSA ions pre-intercalate into MXene and result in a wrinkled and porous structure that reduces the stacking effect of MXene and enhances electrolyte accessibility. Its -OH and H2O (physisorbed to-OH) content rises so that its pseudocapacitance is enhanced. With this improvement of the high ionic conductivity of the MSA/PVA hydrogel, the dynamic of the device is greatly enhanced. This research presents a new perspective for improving MXene-based solid-state supercapacitors’ performances by fabricating MSA/PVA electrolytes and may provide more possibilities for future investigations into solid-state supercapacitors.



Table 4 summarizes the effects of different electrolytes on the performance of MXene and MXene-based supercapacitors. In general, ions with smaller radii or hydration shells will lead to a higher capacitance. The hydronium ions in H2SO4 with the smallest hydration radii can access a larger number of electrochemically active sites between the Ti3C2Tx layers, which may be one of the possible reasons why a higher capacitance is achieved in acidic electrolytes. However, aqueous electrolytes face the shortcoming of a limited voltage window since hydrogen and oxygen evolution reactions generally occur in aqueous electrolytes at a potential higher than 1.23 V (1.23 V is the decomposition voltage of water), which suppresses their applications in high-voltage and high-energy-density systems.





6. Summary and Outlook


6.1. Summary


In summary, since its inception, MXene has experienced rapid development because of its distinctive two-dimensional structure, excellent hydrophilicity, conductivity, tunable surface chemistry, outstanding flexibility, and ion intercalation properties. With researchers further exploring the applications of MXene materials in various scientific fields, their use in the sphere of supercapacitors’ chemical energy storage continues to evolve. This review article has outlined the basic construction and characteristics of MXene, its preparation methods, and the application of MXene composite materials in supercapacitors, detailing the latest research on different types of MXene-based composite materials and their supercapacitor applications.




6.2. Outlook


When looking at the research on MXene-based composite materials in supercapacitors, the challenges and opportunities in this field mainly include the following:




	
The preparation methods used to make MXene still primarily rely on etching, whether acid etching or alkaline etching, and especially HF etching, which is dangerous and involves handling strong corrosive substances such as waste acids and alkalis. These methods are polluting, low-yielding, and expensive. Although direct synthesis methods have been proven effective in preparing MXene and avoiding the generation of pollutants, their production yield still needs to be improved. Therefore, new MXene preparation processes need to be developed to transition from the laboratory to production on a larger scale and, eventually, commercialized operations.



	
The energy density of MXene remains relatively low, so it is necessary to enhance the structural design of MXene by enlarging and utilizing the space between each of its layers, matching the radius of the ions diffused in the electrolyte as much as possible, maximize the energy storage performance of MXene, establish the influence of MXene’s structure on its energy storage mechanisms, and guide the subsequent structural design of MXene electrodes.



	
Different types of MXene composite materials have unique characteristics. For example, MXene/carbon composites offer advantages in terms of their high specific capacitance and cycling stability in supercapacitors, but their energy density and conductivity are limited. MXene/metal oxide composites have a higher specific capacitance, but their cycling capability and power density are still limited due to their poor electrochemical kinetics. MXene/metal hydroxide composites effectively reduce the self-stacking effect of MXene, improving the electrochemical performance of the electrode. However, they also have some limitations to their energy density and conductivity. MXene/conductive polymer composites effectively suppress layer stacking, increase the exposure of the active surface, and facilitate electron transfer and rapid reactions while improving the mechanical properties and stability of the material. However, the energy density of conductive polymers is typically lower, limiting their use in supercapacitors intended for certain high-energy density applications. Therefore, further research and improvements are needed.



	
The preparation of MXene-based composite materials is an effective means to improve the energy storage performance of MXene, but the selection of the materials used in these composites still lacks specificity. Therefore, in the creation of composite materials using MXene, selecting heteromaterials with excellent energy storage performance remains a necessary research direction for alleviating the impact of the self-stacking of MXene and synergistically improving the material’s energy storage performance.



	
The easy oxidation of MXene remains a significant factor limiting the application of MXene supercapacitors. Enhancing the thermal stability and electrochemical stability of MXene by adding other substances and preparing MXene-based composites is also an important topic in the study of MXene-based capacitors.



	
Wearable electronic devices are a growing trend, and developing flexible electrodes is an important part of the research in this area. Further research is needed to prepare flexible, miniaturized, and cost-effective supercapacitor devices.
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Figure 1. Structure of MAX phases and the corresponding MXenes. Reproduced with permission [29]. Copyright 2013, John Wiley and Sons. 
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Figure 2. Optimized the free-standing Ti3C2 monolayer’s geometries and its fluorinated and hydroxylated structural forms: (a) a quintuple layer with Ti(1)-C-Ti(2)-C-Ti(1) stacking modes is shown in side views (left), and the bare Ti3C2 monolayer is generated by the computed spin density distribution (middle); side views of (b) I-Ti3C2F2, (c) II-Ti3C2F2, (d) III-Ti3C2F2, (e) I-Ti3C2(OH)2, (f) II-Ti3C2(OH)2, and (g) III-Ti3C2(OH)2; (h,i) the top views of I-Ti3C2F2 and II-Ti3C2F2. Reproduced with permission [32]. Copyright 2012, American Chemical Society. 
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Figure 4. (a) Diagrammatic representation of the MXene and MWCNT preparation process. (b) TEM, high-resolution TEM images, and EDS maps of Ti, C, Ni, and Al of MWCNT-MXene composite. (c) Contrast of the current density across various electrodes at a 50 mV s−1 scan rate. (d)various samples’ specific capacitance at various scan rates. (e) stability of cycling of 10-MWCNT-MXene@CC electrode on the condition of a current density of 10 mA cm−2. Reproduced with permission [100]. Copyright 2020, John Wiley and Sons. 
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Figure 5. (a) demonstration of a combination of the qualified MXene/holey graphene film. (b) The outcome of areal mass loading on the volumetric capacitance of MXene film and MX-rHGO3 compared to several former reports. (c) Capacitance retention of MX-rHGO3-based symmetric supercapacitor on the condition of a density of electricity of 5 A g−1 for 10,000 cycles, unchanging electricity charge-discharge curve graphs of the original ten cycles and last ten cycles are displayed in the inset. (d) Gravimetric and (e) MX-rHGO3-based symmetric supercapacitors’ volumetric energy and watt densities compared to former reports. Reproduced with permission [99]. Copyright 2018, John Wiley and Sons. 
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Figure 6. (a) Diagrammatic representation for the combination of the MNF/Ti3C2Tx nanoarchitectures. (b) GCD curve graphs of the MNF(80%)/Ti3C2Tx, MnO2, and Ti3C2Tx electrodes with an electricity density at 0.5 A g−1. (c) Difference of the specific capacitance when electricity density is MNF(80%)/Ti3C2Tx, MnO2, and Ti3C2Tx electrodes. (d) AC impedance spectra of the MNF(80%)/Ti3C2Tx, MnO2, and Ti3C2Tx electrodes and (e) the consistent fitting curve. (f,g) Cycling stability of the MNF(80%)/Ti3C2Tx, MnO2 and Ti3C2Tx electrodes. Reproduced with permission [105]. Copyright 2023, Elsevier. 
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Figure 7. (a) Diagrammatic representation of preparing the Co3O4-MXene/RGO hybrid porous aerogels step by step. (b) GCD curves of Co3O4-MXene/RGO (Co3O4-MXene/GO mass ratios of 3:1) electrode at various electricity densities ranging from 1 to 10 Ag−1. (c) The stability of cycling of the Co3O4-MXene/RGO electrode during 10,000 cycles at an electricity density of 3 Ag−1 is demonstrated by the inset that curves of CV obtained at the 1st and 10,000th cycles. Reproduced with permission [107]. Copyright 2019, John Wiley and Sons. (d) Diagrammatic representation for the NiMoO4/M10 hybrids’ combination process. (e) Contrasting GCD plots of NiMoO4/M10, NiMoO4, and Ti3C2Tx electrodes at an electricity density of 0.5 A g−1. (f) Contrast between the capacities of NiMoO4/M10 and NiMoO4 electrodes at various electricity densities. Reproduced with permission [108]. Copyright 2019, Elsevier. (g) Diagrammatic representation of the combination of Co-Fe oxide/MXene composite membrane. (h) GCD curves of MXene and Co-Fe oxide/Ti3C2Tx membranes range among ratios of various masses, with the electricity density being 0.4 mA cm−2. (i) Particular areal capacitance of different samples versus current density. Reproduced with permission [109]. Copyright 2020, Elsevier. 
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Figure 8. (a) Composite diagram of NMCM hollow spheres. (b) SEM graphs of NiMnCoOH@MXene (it is at the left corner on the top that the hollow structure of NiMnCoOH@MXene is demonstrated). (c) EDS elemental mapping of C, O, Ni, Co, Mn, and Ti in NiMnCoOH@MXene. (d) GCD diagrams for NiMnCoOH and NiMnCoOH@MXene (under optimum conditions) tested at 1 A g−1. (e) GCD diagrams of NiMnCoOH@MXene under various current densities. (f) Capacitance values in different current densities of NiMnCoOH and NiMnCoOH@MXene. Reproduced with permission [111]. Copyright 2024, Elsevier. 
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Figure 9. (a) Diagrammatic representation for the fabrication of N-Ti3C2/PANI. (b) Atomic schematic of intercalated PANI in the interlayers of N-Ti3C2. (c) Representative GCD curves on the condition of the current density being 0.5 mA cm−2. (d) Specific capacitance on the condition of various current densities from 0.25 to 5 mA cm−2. Reproduced with permission [114]. Copyright 2019, Elsevier. 
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Figure 10. (a) SEM images of MoS2/MXene (b). Galavostatic charge-discharge curve of MoS2/MXene at current density 0.4, 1, 1.6, 2, and 4 A g−1. and MXene and MoS2/MXene at 0.4 A g−1 [118]. Copyright 2020, Elsevier. (c) Schematic of the growth procedures of Ti3C2Tx MXene/MoSe2 hybrid composites. (d) specific capacity of MXene, MoSe2, and MXene/MoSe2 [119]. Copyright 2021, Elsevier. 
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Figure 11. (a) Cyclic voltammetry (CV) curve of Ti3C2Tx paper in KOH electrolyte. (b) Rate performance of Ti3C2Tx paper (open symbols) versus multilayered exfoliated Ti3C2Tx electrodes (solid symbols) in various electrolytes. Reproduced with permission [90]. Copyright 2013, American Chemical Society. The American Association for the Advancement of Science. (c) Cyclic voltammetry data were collected at scan rates from 10 to 100,000 mV s−1 in 3 M H2SO4. Reproduced with permission [153]. Copyright 2017, Macmillan Publishers Limited, part of Springer Nature. (d) CV curves of a Ti3C2Tx electrode with 1 M LiTFSI in DMSO, can, and PC organic electrolytes. Reproduced with permission [154]. Copyright 2019, Springer Nature. (e) CV curves of the Ti3C2Tx electrode in 1 M LiPF6 (in 1:1 ethylene carbonate/dimethyl carbonate) electrolyte. (f) Ti3C2Tx electrode capacity versus discharge time from CV curves recorded at various potential scan rates. Reproduced with permission [83]. Copyright 2020, Springer Nature. (g) A summary of FT-SSSs areal capacitance under different charging/discharging current densities. (h) Ragone plot of FT-SSS in comparison to other state-of-the-art MXene-based SSSs. Reproduced with permission [155]. Copyright 2022, Elsevier. 
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Table 1. Comparison of mechanical flexibility of MXene with other 2D materials.
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Property

	
MXene

	
2D Carbon Nitride Material

	
2D Transition Metal Dichalcogenides

	
Clay-Type 2D Material






	
Flexibility

	
Very high

	
Low

	
Moderate

	
Moderate




	
Excellent flexibility, maintains stability during bending

	
Relatively prone to deformation during bending

	
Tends to lose stability during bending

	
Prone to fracture during bending




	
Elastic Recovery

	
Excellent

	
Normal

	
Poor

	
Poor




	
Demonstrates excellent elastic recovery ability

	
Normal elastic recovery under stress

	
Poor elastic recovery under stress

	
Significant deformation under stress




	
Tensile Strength

	
Outstanding

	
Normal

	
Normal

	
Poor




	
Demonstrates excellent resistance to fracture

	
Displays ordinary performance during stretching

	
Susceptible to structural damage during stretching

	
Susceptible to rupture during stretching




	
Post-Bending Recovery Performance

	
Excellent

	
Normal

	
Normal

	
Poor




	
Rapidly recovers to original performance after bending

	
Slow recovery of performance after bending

	
Limited recovery of performance after bending

	
Incomplete recovery of performance after bending




	
Fatigue Resistance

	
Outstanding

	
Normal

	
Normal

	
Poor




	
Demonstrates outstanding fatigue resistance, maintaining high performance over extended periods of stress

	
Normal fatigue resistance, prolonged stress affects performance

	
Moderate fatigue resistance, performance diminishes over time under stress

	
Poor fatigue resistance, prone to fatigue failure











 





Table 2. Performance of recent other MXene-based composite materials.
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	Mxene
	Capacitance Value
	Energy Density
	Power Density
	Stability
	Ref.





	Mxene/ZnCl2//MnO2-MWCNTs
	529.1 F g−1, 1.00 mV s−1
	90.1 Wh kg−1
	185.0 W kg−1
	capacity retention rate of 86.9% after 12,000 cycles
	[121]



	HS−NCS@MXene//AC-AHSC
	2637 F g−1, 2.5 A g−1
	80 Wh kg−1
	1196 W kg−1
	stable cycling life (96%) over 10,000 cycles
	[122]



	MXene/AuNPs
	278 F·g−1, 5 mV·s−1
	8.82 Wh·L−1
	264.6 W·L−1
	reaches 95.0% after 10,000 cycles.
	[123]



	MXene/PZS//AC
	380 F g−1, 2 mV s−1
	12.26 Wh kg−1
	125.00 W kg−1
	remarkable cycling stability without obvious deterioration after 5000 cycles
	[124]



	MIL-100(Fe)/Ti3C2
	962.17 F g−1, 0.5 A g−1
	85.53 Wh kg−1
	200 W kg−1
	The capacity retention rate was 93% up to 10,000 cycles at 5 A/g
	[125]



	Ti3C2Tx-Mn
	248 F g−1, 100 A g−1
	38.40 Wh kg−1
	55.30 Wh kg−1
	an excellent cycle life with 85.53% retention after 100,000 cycles at a current density of 100 A g−1
	[126]
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	Devices
	Electrolyte
	Capacitance
	Energy Density at Power Density
	Ref.





	MXene//PANI@MXene
	3 M H2SO4
	87 Fg−1, 10 mVs−1
	50.6 WhL−1 at 1.7 kWL−1

24.4 WhL−1 at 127 kWL−1
	[127]



	GMP//graphene
	1 M H2SO4
	68 Fg−1, 10Ag−1
	42.3Whkg−1 at 950 Wkg−1

25 Whkg−1 at 18,000 Wkg−1
	[128]



	Ti3C2Tx/Fe-15%//MnO2/CC
	1 M Li2SO4
	115 mF cm−2, 2 mA cm−2
	40mWh cm−2 at 8.2 mW cm−2
	[129]



	Ni-dMXNC//Ti3C3Tx
	1 M KOH
	-
	1.04×10−3 Wh cm−3 at 0.22 W cm−3
	[130]



	MXene//PANI/MXene
	1 M H2SO4
	231 F cm−3, 10 mV s−1
	65.6 Wh L−1 at 1687.3 W L1
	[131]



	Ti3C2Tx/P-100-H//rGO
	1 M H2SO4
	117 F cm−3, 1.5 mA cm−2
	23 mWh cm−3 at 7659 mW cm−3
	[132]



	MXene/PPy//MXene/PPy
	1 M H2SO4
	184 F g−1, 10 mV s−1
	-
	[133]



	400PPy175/Ti3C2Tx//

400PPy175/Ti3C2Tx
	1 M H2SO4
	258 F g−1, 0.5 A g−1
	10.82 μWh mg−1 at 0.11 mW mg−1
	[134]



	AC//MXene/PANI
	7 M KOH
	262 F g−1, 0.5 A g−1
	22.67 Wh kg−1 at 217 W kg−1
	[135]



	Mo1.33C MXene/PEDOT: PSS//Mo1.33C MXene/PEDOT: PSS
	1 M H2SO4
	568 F g−1, 0.5 A g−1
	33.3 mWh cm−3 at 19,470 mW cm−3
	[136]



	Ti3C2Tx//Ti3C2Tx
	Sea water
	27 F cm−3, 0.25 A g−1
	1.74 × 10−3 Wh cm−3 at 0.15 W cm−3
	[137]



	Ti2CTx//Ti2CTx
	1 M KOH
	452 F cm−3, 2 mV s−1
	35 mWh cm−3 at 0.49 W cm−3
	[138]



	M-NC@NCM/NF//AC
	--
	118.5 F·g−1
	32.6 Wh·L−1/699.6 W kg−1
	[139]



	MnO2@MXene/CNT
	1mol·L−1 H2SO4
	371.1F·cm−3 @1 A·cm−3
	8.22 mWh·cm−3/276.28 mW·cm−3
	[140]



	MnO2/Ti3C2Tx
	1mol·L−1 Na2SO4
	130.5F·g−1 @0.2 A·g−1
	-
	[141]



	Co3O4-Nb2C
	6mol·L−1 KOH
	1061 F·g−1 @2 A·g−1
	60.3 Wh·kg−1/670 W·kg−1
	[142]



	Co-MXene
	6mol·L−1 KOH
	1081F·g−1 @0.5 A·g−1
	26.06 Wh·kg−1/700 W·kg−1
	[143]



	MoO3 NWs/MXene@CC
	2mol·L−1 KOH
	775 F·g−1 @1 A·g−1
	-
	[144]



	Ti3C2Tx/CoS2
	2mol·L−1 KOH
	1320 F·g−1 @1 A·g−1
	-
	[145]



	NiCo2Se4/MXene
	3mol·L−1 KOH
	953.8 F·g−1 @1 A·g−1
	22.4 Wh·kg−1/800 W·kg−1
	[146]



	Ti3C2Tx/Ni-MOFs
	6mol·L−1 KOH
	1124 F·g−1 @1 A·g−1
	24 Wh·kg−1/8 kW·kg−1
	[147]



	MP/FM/MP-20%
	1 M H2SO4
	388 F·g−1
	17.45 Wh kg−1
	[148]



	MX/PANI NPs
	--
	377 F g−1
	90.3 μWh cm−2
	[112]



	Ti3C2Tx/CMC-PANI (TCP) film
	1 M H2SO4
	1161.4 mF cm−2 @1 mA cm−2
	158.7 μW h cm−2 at 700.1 μW cm−2
	[149]



	TDP
	1 M H2SO4
	452 F g−1 @1 A g−1
	-
	[150]










 





Table 4. The effects of different electrolytes on the supercapacitor properties of MXene and MXene-based electrodes.
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	Materials
	Electrolyte
	Volumetric Capacitance (F cm−3)
	Gravimetric Capacitance (F g−1)
	Areal Capacitance (mF cm−2)
	Cycling Stability
	Flexibility
	Ref.





	Ti3C2Tx/OMC
	3 M KOH
	823 (1 A g−1)
	329 (1 A g−1)
	No mention
	117% retention (100 mV s−1), 10,000 cycles
	No mention
	[163]



	Ti3C2Tx/NiCo2S4
	3 M KOH
	No mention
	1147.47 (1 A g−1)
	No mention
	91.1% retention (10 A g−1), 3000 cycles
	No mention
	[164]



	Ti3C2Tx
	2M KCl
	No mention
	365.9 (2 mV s−1)
	No mention
	95% retention (10 A g−1), 5000 cycles
	No mention
	[158]



	Ti3C2Tx/CNT
	MgSO4
	390 (20 mV s−1)
	~125 (2 mV s−1)
	No mention
	~100% retention (5 A g−1), 10,000

cycles
	Flexible film
	[165]



	Ti3C2Tx/rGO
	3 M H2SO4
	1040 (2 mV s−1)
	335 (2 mV s−1)
	No mention
	~100% retention (100 mV s−1), 20,000

cycles
	Flexible film
	[166]



	Ti3C2Tx/PPy
	0.5 M H2SO4
	406 (30 mV s−1)
	No mention
	203 (30 mV s−1)
	~100% retention, 20,000

cycles
	Bending angles:

60°, 90°, 150°
	[167]



	Ti3C2Tx
	3 M H2SO4
	1500 (2 mV s−1)
	380 (2 mV s−1)
	4000 (2 mV s−1)
	Over 90% retention (10 A g−1), 10,000 cycles
	Flexible film
	[157]



	Ti3C2Tx
	MSA/PVA hydrogel
	No mention
	No mention
	1719 (2 mV s−1)
	92% retention (10 A g−1), 80,000 cycles
	Bending angles:

0°–180°
	[155]



	Ti3C2Tx
	LiTFSI-PC
	410 (2 mV s−1)
	195 (2 mV s−1)
	No mention
	94% retention (100 mV s−1), 10,000 cycles
	No mention
	[154]
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