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Abstract

:

The increasing demands for portable, intelligent, and wearable electronics have significantly promoted the development of flexible supercapacitors (SCs) with features such as a long lifespan, a high degree of flexibility, and safety. MXenes, a class of unique two-dimensional materials with excellent physical and chemical properties, have been extensively studied as electrode materials for SCs. However, there is little literature that systematically summarizes MXene-based flexible SCs according to different flexible electrode construction methods. Recent progress in flexible electrode fabrication and its application to SCs is reviewed according to different flexible electrode construction methods based on MXenes and their composite electrodes, with or without substrate support. The fabrication methods of flexible electrodes, electrochemical performance, and the related influencing factors of MXene-based flexible SCs are summarized and discussed in detail. In addition, the future possibilities of flexible SCs based on MXene are explored and presented.
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1. Introduction


With the emergence of more foldable, wearable, and flexible electronic devices, it is imperative to develop high-performing, safe, and cost-effective flexible energy storage devices that are compact and flexible enough to match these electronic components [1,2]. Due to the benefits of supercapacitors (SCs), such as long cycling, fast charging–discharging rates, and higher power density [3,4], flexible SCs are seen as advantageous candidates for powering flexible devices due to their being space efficient, lightweight, easy to handle, reliable, and compatible with other flexible electronic components [5,6,7]. They are usually made with thin-film electrode materials in the shape of fibers or flat sheets, with or without soft-matter substrates for support. Active materials are firmly integrated with flexible substrates, which allows the device to be robust and flexible mechanically. Free-standing films, fibers, or papers can serve as flexible electrodes generally without the need for current collectors and insulating binders, providing superior volumetric and gravimetric capacitance. Additionally, they can be easily fabricated into any desired shape or structural form [8]. Many nanostructured materials are frequently used in flexible SCs as electrode materials with improved performance, including carbon nanotubes, hierarchically porous carbon, and hollow metal oxides/sulfides [9,10,11,12,13,14,15,16]. However, there are few electrode materials that can have both high volumetric and gravimetric specific capacitance.



MXenes, a specific class of 2D transition metal carbides and nitrides, are obtained by selectively etching the A layer in their precursor MAX phase, where A is mainly group-13 or group-14 elements [17,18]. Since Ti3C2Tx nanosheets were successfully synthesized with a selective etching method in 2011, MXenes have attracted great attention from scientists [19]. In the past decade, although more than thirty MXenes have been synthesized, including Ti2CTx, Ti2NTx, Ti3C2Fx, Ti4N3Tx, Mo1.33CTx, Mo2CTx, Nb2CTx, Nb4C3Tx, Hf3C2Tx, Zr3C2Tx, Cr2CTx, and V2AlC, MXene-based SC electrodes mainly focus on Ti3C2Tx, Ti2CTx, Mo2CTx, V2CTx, and Mo1.33CTx [20,21,22,23,24,25,26,27,28,29,30,31,32,33,34,35,36,37,38,39]. In addition to having the advantages of numerous electrochemically active sites, intact electron transport channels, and a two-dimensional structure for the diffusion of electrolytes, MXenes also exhibit metal conductivity and contain functional groups, including oxygen and fluorine, which are conducive to current charge–discharge and rate performance [23]. Furthermore, MXenes contribute most capacitance in the form of intercalation pseudocapacitance through intercalation processes with better reversibility and reaction kinetics, showing excellent cycling stability when employed as electrode materials [40]. Since the crystal layers of MXenes are flexible, their large gaps can accommodate more electrolyte ions, and MXenes with high packing density theoretically have higher volumetric capacity and energy density. For example, MXene hydrogels provide a volumetric capacitance of 1500 F cm−3, which surpasses the hitherto unequaled value of RuO2, and its rate characteristic is superior to that of carbon [24]. Hence, MXenes, as a layered 2D material, have demonstrated the most promising application potential in flexible SCs because of their higher conductivity and excellent dispersibility, which are beneficial to making films due to their hydrophilic surface. There is also a lot of reported research about MXenes as flexible SC electrode materials.



Several reviews on the synthesis and applications of MXenes have been published, particularly in energy storage and conversion [41,42,43,44,45,46,47,48,49,50,51,52,53,54,55,56,57]. For example, Ma et al. summarized the latest developments in flexible MXene-based composites for wearable devices, emphasizing preparation processes, working mechanisms, performance, and a vast array of applications, including sensors, SCs, and electromagnetic interference (EMI)-shielding materials [58]. Huang et al. reviewed the synthetic processes and fundamental features of functional 2D MXene nanostructures, highlighting their applications in EMI shielding, sensors, photodetectors, and catalysis [59]. Liu et al. overviewed the synthesis methods and the associated mechanisms of the Ti3C2 MXene/graphene composite, highlighting their potential application as energy storage materials, such as lithium–sulfur batteries, lithium-ion batteries, SCs, etc. [53]. Jiang et al. presented the most recent developments in MXene-based microsupercapacitors (MSCs), including device architecture, electrode material design, and different methods of depositing and patterning [41]. In 2021, Xu et al. reviewed recent research and breakthroughs in the chemical and physical synthesis of 2D MXenes and their applications in different flexible devices [50]. Zhang et al. reviewed the most typical flexible electrode materials at this point of development in terms of the recent advancements and challenges of flexible SCs [60]. Ma et al. comprehensively reviewed the most recent developments in Ti3C2Tx-based SC electrodes, paying special emphasis to the crucial role played by Ti3C2Tx MXene in the exceptional electrochemical performance as well as the underlying mechanisms [49]. Yang et al. summarized the recent advances in MXene-based electrochemical immunosensors, emphasizing the roles played by MXenes in various types of electrochemical immunosensors [61]. Vasyukova et al. reviewed methods for synthesizing MXenes as well as their potential medical and environmental applications [62]. Yang et al. reviewed the recent research advancements in the structure, construction, and application of MXene-based heterostructures such as SCs, sensors, batteries, and photocatalysts [63]. However, for all that, the above-reported reviews are not specifically for the application of MXene-based electrode materials in flexible SCs.



Despite the numerous reviews that have referred to MXenes for their electrochemical energy storage capabilities, there have been a limited number of reviews about the different construction methods of electrodes for MXene-based flexible SCs. Here, we present the most recent developments in flexible electrode manufacturing and their applications in SCs according to the different construction methods of flexible electrodes based on MXenes and their composite electrodes, with or without substrate support. Firstly, since the distinctive physical and chemical properties of Ti3C2Tx MXene are directly related to the process of preparation, a brief description of the synthesis strategy of Ti3C2Tx MXene and its impact on the electrochemical properties will be presented. Secondly, construction methods such as self-supporting, PET-supported, fabric fiber-supported, and other substrate-supported MXene-based films as flexible electrodes are reviewed. An overview of the fabrication methods, electrode structures, working mechanisms, electrochemical performance, and related influencing factors of Ti3C2Tx-based SC electrodes is provided. In addition, the future possibilities of SC materials based on Ti3C2Tx are outlined to encourage more research and development on MXenes in this fast-growing field.




2. Synthesis of Ti3C2Tx MXene


The outstanding properties of Ti3C2Tx are highly dependent upon its synthesis processes, which determine its chemical composition, electrical conductivity, lateral size, etching efficiency, surface terminations, and defects. Since the first preparation of Ti3C2Tx in 2011, researchers have conducted extensive research on the new MAX phase and on the etching method. At present, many types of etchants are being explored for the production of Ti3C2Tx MXene, including fluoride etching [26,30,64,65,66,67,68], fluoride-based salt etching [69,70], and fluoride-free etching, which have a significant impact on the electrochemical performance.



2.1. HF Etching


MXene is typically prepared by selectively etching the A layer of the MAX phase, and the mechanism can be described as follows [71,72]:


M(n+1) AXn + 3HF = AlF3 + 1.5H2 + M(n+1) Xn



(1)






M(n+1) Xn + 2H2O = M(n+1) Xn (OH)2 + H2



(2)






M(n+1) Xn + 2HF = M(n+1) XnF2 + H2



(3)







In reaction (1), the A elements are separated from the MAX phase, resulting in the Mn+1Xn phase. The functional groups of -F and/or -OH originate from reactions (2) and (3). Figure 1a,b show the schematic of the exfoliation process and characterization of structure morphology for Ti3AlC2. Naguib et al. prepared Ti3C2Tx MXene with an accordion-like shape (Figure 1b) by etching Ti3AlC2 powders for 2 h in a 50% concentrated HF solution [73]. Mashtalir et al. investigated the influence of process parameters and particle size on the etching of Al from Ti3AlC2 in a 50% HF solution. The results showed that reducing the initial MAX particle size, prolonging reaction time, and increasing the immersion temperature were advantageous for the phase transformation of bulky Ti3AlC2 into Ti3C2Tx [74]. During the etching procedure, etching duration, temperature, and HF concentration significantly impact the products. Al can be removed from the Ti3AlC2 MAX phase by HF with concentrations as high as 5%. However, an accordion-like particle form is commonly observed when HF concentrations exceed 10%. Moreover, the higher the HF percentage, the more defects there are in the Ti3C2Tx flakes, affecting the quality, stability in the environment, and properties of the MXene obtained [75,76]. As the HF method has a low reaction temperature and is easy to operate, it is ideal for etching Al-containing MAX phases and portions of non-MAX phases. The HF etchant, however, is highly corrosive, toxic, poses operational risks, and has adverse environmental effects.




2.2. Fluoride-Based Salt Etching


To develop significantly safer and gentler methods to manufacture Ti3C2Tx flakes, researchers attempted to use hydrochloric acid (HCl) and fluoride salts as etchants to dissolve the Al element and generate 2D transition metal carbides. Ghidiu et al. prepared MXenes by dissolving LiF in 6 M HCl (Figure 1c) [77]. Compared to the HF etchant, this method can produce MXene flakes with bigger lateral dimensions, higher yields, and better quality. Furthermore, compared with the lattice parameter of HF-produced Ti3C2Tx (c < 20 Å), the value in this study was 27–28. (Figure 1d). The increased interlayer spacing allows for the creation of more electrochemically active surfaces as well as shorter electrolyte ion transport routes. Furthermore, the milder etchant of LiF + HCl produces the Ti3C2Tx flakes with wider lateral dimensions and fewer nanosized flaws. TEM also showed that the majority of the Ti3C2Tx flakes had diameters of 500–1500 nm. The amount of HCl and LiF during the synthesis of fluoride-based salts affects the size, processing capacity, and quality of Ti3C2Tx. For example, LiF:Ti3AlC2 molar ratios increase from 5 to 7.5 when the HCl concentration is increased from 6 to 9 M, improving the quality and size of the Ti3C2Tx flakes [79].



In addition to LiF, various fluoride salts such as NH4HF2, KF, NaF, FeF3, NH4F, etc., have been utilized to produce Ti3C2Tx MXene. In 2014, it was reported that NH4HF2 could be used to etch sputter-deposited epitaxial Ti3AlC2 films at room temperature [80]. In contrast to the films etched with HF, the films intercalated with NH3 and NH4+ species showed 25% larger c lattice parameters. Feng et al. described the effect of etching duration and temperature on the synthesis of Ti3C2Tx in 1 M of different bifluoride solutions (NaHF2, KHF2, NH4HF) (Figure 1e) [78]. In 1 M of bifluoride solution at 60 °C, the minimum etching duration for the onset of exfoliation of Ti3AlC2 was 8 h. Using bifluoride, KHF2, or NH4HF2 as an etchant allowed the formation of Ti3C2 with greater interplanar spacing in a single-stage process and the retention of the 2D flake structure (Figure 1f). Wang et al. proposed using iron fluoride (FeF3) and hydrogen chloride (HCl) as an etching for the production of Tin+1CnTx from Tin+1AlCn (n = 1 or 2) [81]. Compared to the HF etching method, the fluorine content of Ti3C2 made with FeF3/HCl is lower. By adjusting the immersion time in the water, it was possible to tune the partial oxidation of Ti3C2Tx, which enabled the preparation of a composite of anatase and Ti3C2Tx.



The fluoride salts used in synthesizing Ti3C2Tx are less poisonous and milder than HF. This Ti3C2Tx has a relatively large size, few flaws, a low fluorine concentration, and large interlayer spacing, allowing for further structural modification.




2.3. Fluoride-Free Etching


Even though fluorine-containing etching produces MXenes with a good layer-sheet structure, long etching times can cause defects in the product, and impurity groups (-F, -OH) can change the properties of the MXenes. The specific capacitance of the material can also be affected when it is used as an SC electrode. Researchers have developed a variety of fluorine-free MXene etching techniques in response to these problems [82,83,84,85,86,87,88,89].



Electrochemical etching is a method for preparing 2D Ti3C2Tx with good capacitive performance. This method can be carried out in electrolytes devoid of fluorides in order to produce Ti3C2Tx MXene devoid of fluorine terminations. Al layers can be selectively etched by applying a steady voltage, allowing chloride ions (Cl−) that have a strong affinity for Al to break the Ti-Al bonds. Feng et al. proposed an electrochemical method for layering Ti3C2 using binary aqueous electrolytes [89]. The anodic etching of Al is facilitated by chloride ions, which allow Ti-Al bonds to be broken quickly. Then, ammonium hydroxide (NH4OH) is added to make it easier to etch below the surface of the anode that has already been etched. More than 90% of the Ti3AlC2 etched in a short period of time is a single layer or double layer, and the average lateral dimension exceeds 2 μm. In addition, an all-solid-state SC fabricated from exfoliated sheets exhibits excellent volumetric and areal capacitances of 439 F cm−3 and 220 mF cm−2, respectively, at a scan rate of 10 mV s−1, which is larger than for the classical HF etching process [90].



Alkali is also anticipated to achieve selective etching of the MAX phase. Li et al. successfully prepared multilayer MXene with 92 wt% purity based on the Bayer process using only alkali-assisted hydrothermal methods [91]. Initially, a solution of Ti3AlC2 was oxidized by NaOH and then dissolved into Al (OH)4−, resulting in the surface termination of MXene with various functional groups of Al atoms, such as -OH and/or -O. After that, the inner Al atoms began to oxidize, producing new Al hydroxides ((Al(OH)3) and dehydrated oxide hydroxides (AlO(OH)). These Ti layers provided lattice confinement, preventing these insoluble compounds from reacting readily with -OH to produce dissolvable Al (OH)4−, which interfered with MXene synthesis and had to be eliminated. The schematic diagram of the reaction between Ti3AlC2 and the NaOH aqueous solution under different conditions is shown in Figure 2a. The Ti3C2Tx film electrode was prepared (52 μm thick) in 1 M H2SO4 with a gravimetric capacitance of 314 F g−1 at 2 mV s−1, which is 28.2% higher than the LiF + HCl-Ti3C2Tx clay (75 μm thick) [48] and 214% higher than the HF-Ti3C2Tx [92]. Similarly, Li et al. etched 0.1 g Ti3AlC2 by using 0.35 g of KOH in a hydrothermal reactor at 180 °C for 24 h [93]. Al atoms are replaced with -OH groups, resulting in nanosheets of Ti3C2(OH)2 with significant lateral dimensions. When the MAX phase is etched with concentrated alkali, highly hydrophilic products with F-free terminations can be achieved. The use of high alkali concentrations and high temperatures limits its applications for preparing MXene on a large scale.



Due to their electron acceptor, transition metal halides in the molten state are capable of reacting with the A layer of the MAX phase. As shown in Figure 2b, Li et al. presented a method for etching MAX phases based on direct redox coupling between A and a Lewis acid molten salt cation [94]. This general Lewis acid etching procedure also expanded the range of MAX-phase precursors, which can be used to prepare new MXenes (Figure 2c). These MXenes exhibited increased storage capacity for Li+ and high current in nonaqueous electrolytes, making them suitable electrode materials for Li-ion batteries and multifunctional devices, including capacitors [95,96]. Using the one-step molten salt reaction of SnCl2 in situ, Wu et al. synthesized Ti3C2Tx MXene/Sn composites directly from Ti3AlC2 MAX phase precursors in Figure 2d [97]. The SnCl2 is etched as a Lewis acid during this process to etch the Ti3AlC2 MAX phase and obtain Ti3C2Tx MXenes. The structure of Ti3C2Tx MXene displays a typical accordion design. It was found that the interlayer spacing of Ti3C2Tx MXene was 1.15 nm (Figure 2e), a much greater spacing than that obtained by acid etching (0.96–0.98 nm), widely used at the time. Although the nonaqueous molten salt etching method offers a broader range of etching and chemical safety, it is still in its infancy, which requires further investigation into the physicochemical properties of the MXenes produced.



It is more difficult to produce MXenes using water as a solvent at room temperature. For example, the presence of water adversely affects the synthesis of polymeric nanocomposites with MXenes reinforced by means of in situ polymerization [98,99]. The residual water may have an impact on the successful loading of specific quantum dots onto MXene sheets [100,101]. Moreover, when organic electrolytes are employed, the presence of water could decrease the stability of the electrolyte and reduce the electrochemical voltage window, resulting in the performance degradation of lithium-ion and sodium-ion batteries. In recent years, researchers have made great efforts to find a breakthrough. Using organic substances and deep eutectic solvents (DES) as etching solvents, they have succeeded in preparing MXene products with good electrochemical properties.



As shown in Figure 3a, Wu et al. reported a highly reliable and water-free ion thermal method for synthesizing Ti3C2 MXene in deep eutectic solvents (DES) [102]. The DES used in the production of Ti3C2 MXene offers the following special advantages over earlier high-risk processes: (i) The processing of solid precursors and products at room temperature was highly safe, rather than making use of hazardous solutions; (ii) the low vapor pressure of DES and its excellent solvation properties enable the etching process to generate HF in situ through a reaction between H2C2O4 and NH4F in a mild environment; (iii) the cations of choline were intercalated into the layers of Ti3C2, resulting in a larger interlayer spacing of 1.35 nm in comparison with HF-Ti3C2 (0.98 nm); and (iv) DES can be recycled and reutilized throughout the etching process, which is promising for the industrial preparation of MXene at a low cost. Shi et al. developed a new iodine-assisted nonaqueous etching strategy [103]. MAX powders were immersed in an I2-CH3CN mixture with a 1:3 molar ratio of Ti3AlC2 to I2, as shown in Figure 3b. Iodine can remove Al layers from Ti3AlC2 because Ti−Al bonds are more reactive than Ti−C bonds. Then, manual shaking in an HCl solution was sufficient for separating 2D MXene sheets. Because of the benefits of the nonaqueous etching process, 2D MXene sheets exhibit good structural stability. MXene films have a higher conductivity of 1250 S cm−1 compared to films made with fluoride etchants. The exfoliated MXene sheets, through iodine etching containing extensive oxygen surface groups, can be fabricated into SCs with gravimetric capacitances and cycling stability, which surpasses the performance of most MXene materials previously reported [34,104,105].





3. MXene-Based Flexible Electrode Materials


As electrode materials, MXenes should exhibit not only excellent electrochemical performance but also excellent properties such as hydrophilicity, malleability, and two-dimensional structure (atomic layer thickness and micrometer-scale lateral dimensions), which make them suitable for the formation of the thin film serving as a flexible electrode. As a result, the electrochemical performance of SCs is largely determined by MXene electrode material structure design, such as electrode architecture, surface terminations, interlayer spacing, and composites (Figure 4) [55]. Recently, a lot of research has explored the application of MXenes and their composites for fabricating SCs on different substrates, including self-supporting, PET-supported, carbon-cloth-fiber-supported, and so on. In this section, we provide a report on recent developments in MXene-based flexible electrodes.



3.1. Self-Support MXene-Based Films as Flexible Electrodes


3.1.1. Pure MXene


MXene-based electrodes, especially freestanding MXene films, have immense potential for SCs and flexible electronics [44]. In addition, the many terminations endow MXenes with excellent hydrophilicity and a rich surface charge, allowing MXene nanosheets to be disseminated uniformly in aqueous solutions.



By using vacuum filtration (VAF) [106], the MXene dispersions can be easily turned into MXene films. These films can be directly charged as electrodes for flexible SCs to achieve high specific capacitance and good cycling performance. Ghidiu et al. rolled hydrophilic MXene (Ti3C2) into thin films using LiF and HCl etching [77]. The volumetric capacitance of the Ti3C2 electrode is up to 900 F cm−3, which is at least twice that of MXene (300 F cm−3) generated through hydrofluoric acid etching and is characterized by exceptional rate performance and excellent cyclability [23]. Furthermore, the synthetic method allows film production to be much faster while avoiding the handling of hazardous concentrated hydrofluoric acid. It is necessary for the delaminated Ti3C2 (d−Ti3C2) films to have a sufficiently high stacking density and electrical conductivity for them to be capable of producing high volumetric performances. As shown in Figure 5a, Que et al. developed a much thinner, more flexible MXene-film electrode obtained through vacuum filtration by applying external pressure to the membrane [107]. The application of external pressures could increase the density of the delaminated Ti3C2 (d−Ti3C2) films, resulting in good wettability, a comparatively high electrical conductivity, and high surface activity, thereby facilitating effective ion transport. The d−Ti3C2 film, pressed at a pressure of 40 MPa, exhibits an extraordinarily high capacitance of 633 F cm−3, a high energy density, and outstanding cyclical stability (Figure 5c,d). Furthermore, the corresponding SC in the organic electrolyte has a volumetric energy density of 41 Wh L−1 (Figure 5b).



Heat treatment is an efficient approach for eliminating the terminals of MXene and improving its electrochemical performance [108]. A method for enhancing the capacitance performance of Ti3C2Tx film by annealing at a low temperature in inert gas was presented by Zhang et al. [109]. Due to more C−Ti−O active sites and greater interlayer voids, the annealed film at 200 °C in an Ar atmosphere has an energy density of 29.2 Wh Kg−1 and a capacitance of 429 F g−1 in 1 M H2SO4 electrolyte. Subsequently, Zhao et al. investigated the high-temperature annealing of Ti3C2Tx films to enhance capacitance performance [110]. In addition to its gravimetric value of 442 F g−1, the film also has a high volumetric capacitance and an excellent rate capability after being annealed at 650 °C in an Ar atmosphere. As a simple and environmentally friendly process, alkalinizing followed by annealing has been certified to increase the gravimetric capacitance of MXenes. By alkalinizing and annealing Ti3C2Tx film (Figure 6a), Zhang et al. synthesized a flexible and binderless MXene film (named ak−Ti3C2Tx film−A) [106]. As a result of the alkalizing and annealing processes, more oxygen-containing groups are exposed to the aqueous electrolyte, increasing the pseudocapacitance during the charge–discharge process [111,112]. Furthermore, the annealing treatment also increases the crystalline order, which enhances the conductivity of the MXene film. In addition to extremely high volumetric capacitance (Figure 6b), the film electrode has remarkable cycling stability. The symmetric SC with ak−Ti3C2Tx film−A also showed a volumetric energy density of 45.2 Wh L−1.



Although MXenes can be easily built into a film using a simple vacuum filtration process, this results in the horizontal restacking of the delaminated MXene nanosheets, slowing ion transport as well as inadequate active site exposure, hence reducing capacitance and rate performance. Many ways have been reported for enhancing ion accessibility to active sites. For example, the freeze-drying treatment is an efficient way of producing 2D materials with extremely complex structures since some of the metastable designs can be preserved during the process [114]. During the process, the solvent molecules function as pore creators, which prevent the flakes from stacking, resulting in an increase in the specific surface area. Additionally, MXene films with suitable porosity architectures can be produced by modifying the freeze-drying procedure. Xia et al. presented a method for fabricating a Ti3C2Tx film electrode with malleable, freestanding, and vertically aligned properties by mechanically shearing a liquid–crystalline phase of MXene nanosheets and then freeze-drying the nanosheets to remove ethanol [115]. Ran et al. fabricated freestanding and flexible MXene films with vacuum-filtering and freeze-drying techniques (Figure 6c) [113]. The frozen solvent molecules were eliminated by sublimation throughout the freeze-drying process, mitigating the detrimental effect of van der Waals forces and enhancing layer spacing. In comparison to the dense stacking of vacuum-heated MXene (v−MXene) film, the freeze-dried MXene (f−MXene) film exhibited a porous structure that enhanced electrolyte ion shuttling, thus enhancing electrochemical performance. Therefore, the f−MXene film electrode has a maximum specific capacitance of 341.5 F g−1 at 1 A g−1 and 206.2 F g−1 when the current density reaches 10 A g−1, which is a significant improvement over the v-MXene film electrode (Figure 6d).



The templating method is also widely used to produce porous 2D materials by putting a template material into the nanosheet interlayers of 2D materials and then removing it [115,116,117]. Typically, polymers are utilized as templates for designing 3D macroporous electrode films by ordered assembly. Lukatskaya et al. created a flexible Ti3C2Tx electrode with an open, porous architecture using microspheres of polymethylmethacrylate (PMMA) as a sacrificial template and then removed the template via annealing (Figure 6e) [24]. The Ti3C2Tx electrode exhibited a capacitance of 200 F g−1 at scan rates as high as 10 V s−1 (Figure 6f).




3.1.2. MXene/Graphene


Integrating MXenes with graphene is a promising method of fabricating composite films. The irregular Ti3C2Tx acts as an intercalator and dispersant within the graphene layer, lessening graphene agglomeration and increasing specific surface area. The Ti3C2Tx with superior electrical conductivity and hydrophilicity will enhance the electrochemical properties of the composites and their capacitive deionization characteristics [118,119,120]. Thus, the synergistic effect enabled by the bilayer effect of graphene and the pseudocapacitive characteristics of Ti3C2Tx may enhance the energy storage performance of the composite electrode [121,122,123,124,125].



Most of the time, MXenes and graphene are made by mixing solutions of MXenes with reduced graphene oxide (rGO) or graphene oxide nanosheets and then vacuum-filtering to form the composite films [126,127,128,129]. Yan et al. came up with a way to make MXene/rGO SC electrodes using the electrostatic self-assembly of negatively charged MXene and positively charged, chemically oxidized rGO, as shown in Figure 7a [130]. The MXene/rGO composite effectively prevents the self-restacking of both rGO and MXene while maintaining extremely high electrical conductivity (2261 S cm−1) and large density (3.1 g cm−3). The MXene/rGO-5 wt% composite electrode has an excellent volumetric capacitance at 2 mV s−1, a capacitance retention capacity of 61% at 1 V s−1, and an extended cycle life. In addition, this binder-free symmetric SC displays an extremely high volumetric energy density of 32.6 Wh L−1. Fan et al. prepared modified MXene/holey graphene films by filtering alkalized MXene and holey graphene oxide (HGO) dispersions and annealing them in Figure 7b [128]. Alkali is capable of leading not only to the destruction of charge balance in holey graphene oxide and MXene dispersions but also of causing the transition of the -F group into a -OH group. Furthermore, annealing may also remove most of the -OH groups and increase the number of Ti atoms, which could lead to greater pseudocapacitive reactions. It can provide extremely high capacitances (1445 F cm−3 at 2 mV s−1), high mass loading capacities, and excellent rate performance as an electrode material for SCs. Furthermore, the assembled symmetric SC exhibits a tremendous volumetric energy density (38.5 Wh L−1).



These heterostructured films were manufactured via a vacuum-assisted filtration process, which is both time-consuming and size-constrained, making it unsuitable for large-scale production. Therefore, for a satisfactory stacking of each component, as well as for high-speed processing [131], Miao et al. developed a simple and effective method for fabricating a 3D porous MXene film using self-propagating reduction. The process can be completed in 1.25 s, resulting in a 3D porous framework via the immediate release of substantial amounts of gas. MXene/rGO films have a higher capacitance and rate performance because the 3D porous structure provides abundant ion-accessible active sites and allows rapid ion transport [132]. Yang et al. developed an effective and rapid self-assembly method for creating a 3D porous oxidation-resistant MXene/graphene (PMG) composite using the template in Figure 8a [133]. The 3D porous design could successfully prevent the oxidation of MXene layers, ensuring superior electrical conductivity and an adequate number of electrochemically active sites. Therefore, the PMG−5 electrode has an exceptional cycling stability, excellent rate performance, and a remarkable specific capacitance (Figure 8b,c). In addition, the as-assembled asymmetric SC (ASC) has excellent cycling stability with a specific capacitance degradation of 4.3% after 10,000 cycles and a notable energy density of 50.8 Wh kg−1 (Figure 8d,e).




3.1.3. MXene/Carbon Nanotubes


Carbon nanotubes (CNTs), a common and well-studied type of 1D carbon nanomaterial, are also used to make SC electrodes by combining them with Ti3C2Tx MXene. CNTs can increase the performance of energy storage by enlarging the specific surface area, regulating the interlayer gap, enabling ion diffusion, and improving electrical conductivity [134,135,136,137,138,139].



The layer-by-layer assembly method is a well-established method of constructing microstructures [140,141]. Zhao et al. have exploited sandwich-like, flexible MXene/CNT film electrodes for SCs using the alternate filtration of MXene and CNTs from aqueous solutions (Figure 9a) [142]. In comparison to pure MXene and randomly mixed MXene/CNT paper electrodes, these electrodes are highly flexible and freestanding, with highly significant volumetric capacitances and excellent rate performance. At a scan rate of 2 mV s−1, the MXene/SWCNT paper electrode showed a high capacitance of 390 F cm−3. It also displayed a volumetric capacitance of 350 F cm−3 at 5 A g−1, which did not degrade after 10,000 cycles (Figure 9b,c).



Self-assembly technology, also known as electrostatic assembly, is an easy method of synthesizing hybrid materials. In self-assembly technology, one material is constructed on the surface of another, thus forming composites by utilizing the electrostatic interaction between distinct charges. Dall’Agnese et al. produced a flexible Ti3C2Tx/CNT film by using the self-assembly approach and studied the electrochemical behavior of Ti3C2 MXene in different organic electrolytes [143]. This electrode exhibited excellent cycling stability and rate performance. By means of vacuum filtration, Xu et al. also produced a Ti3C2Tx/SCNT self-assembled composite electrode, which exhibited a capacitance of 220 mF cm−2 (314 F cm−3) and retained 95% of its capacitance after 10,000 cycles [144]. The enhanced capacitance could be attributed to the increase in the interlayer spacing of MXene and the improved ion accessibility brought about by the utilization of SWCNTs as spacers.



Even though the MXene/MWCNT composite electrodes made with these methods seem to have a larger gap between layers compared to unmodified MXenes, the 2D layers continue to be horizontally stacked, indicating that the stacking problem persists, which restricts ion accessibility and slows ion kinetics. As shown in Figure 9d, Zhang fabricated a flexible 3D porous Ti3C2Tx/CNTs film (3D−PMCF) using an in situ ice template strategy [144]. After freeze-drying, the resulting Ti3C2Tx/CNTs film possessed a 3D structural network with a highly porous structure, which was templated by interlayered ice in conjunction with CNTs as functional spacers. In addition to exposing several active sites, 3D-PMCF facilitates rapid ion transport, resulting in superior electrochemical performance. The symmetric SCs based on 3D−PMCF achieved a high energy density of 23.9 Wh kg−1, demonstrating their potential as flexible electrodes for supercapacitors (Figure 9e). In order to achieve improved ion transport at low temperatures, Gao applied knotted CNTs, which broke the traditional horizontal alignment of the 2D layers of MXene Ti3C2 [145]. As a result of knot-like structures, the Ti3C2 flakes are prevented from restacking, providing fast pathways for ion transport, which results in the improved low-temperature operation of Ti3C2 MXene-based SCs (Figure 9f,g).




3.1.4. MXene/Polymer


Since polymers are simple to produce, are inexpensive, and have tunable functionalities, they have been widely employed to prepare MXene-based composites [146,147]. MXene and polymer-formed composite films have also been increasingly applied to flexible devices over the past few years.



Solvent processing is the most common method of production. In most cases, MXene is added to a polymer solution in the colloidal form (often aqueous). Then, the solvent is removed from the solution using evaporation, vacuum filtration, or precipitation into a nonsolvent. Ling et al. fabricated Ti3C2/polymer membranes by applying charged polydiallyldimethylammonium chloride (PDDA) and polyvinyl alcohol (PVA) via a VAF method (Figure 10a) [148]. Compared to pure Ti3C2Tx film (2.4 × 105 S m−1), the conductivity of Ti3C2Tx/PVA composite film is 2.2 × 104 S m−1. However, the composite Ti3C2Tx/PVA films displayed a significantly higher tensile strength than the pure PVA or Ti3C2Tx films (Figure 10b). Intercalating and confining the polymer between the MXene flakes helped increase both cationic intercalation and flexibility, resulting in an outstanding volumetric capacitance (Figure 10c). The volumetric capacitance was still quite respectable after 10,000 cycles, indicating satisfactory cyclic stability (Figure 10d). In addition, as shown in Figure 10d, Boota et al. fabricated a Ti3C2/polypyrrole (PPy) flexible film by using the oxidant-free polymerization of PPy and a subsequent VAF approach [149]. By intercalating homogeneous polymer chains, the interlayer spacing is widened, and the orderly alignment of the polymer chains facilitates charge transport and ion diffusion within the electrolyte, significantly enhancing the pseudocapacitive. As SC electrodes, the PPy/Ti3C2Tx film retained a capacitance of 92% after 25,000 cycles and showed an excellent volumetric capacitance of 1000 F cm−3 (Figure 10e). In Figure 10f, Luo et al. presented the simple physical mixing of MXene nanosheets with PANI nanofibers followed by a suction filtration procedure to create MXene/PANI films [150]. In addition to offering a channel for charge carriers, PANI nanofibers can enhance MXene layer spacing, which is advantageous for electrolyte ion infiltration. The assembled device exhibited a specific capacitance of 272.5 F g−1 at 1 A g−1 (Figure 10g).



It is more convenient and less expensive in industrial production to directly combine a Ti3C2Tx supernatant with PEDOT aqueous solution than to polymerize a monomer in situ on the sheet surface. Li et al. proposed an SC constructed from a Ti3C2/poly (3,4-ethylenedioxythiophene):poly (styrene sulfonate) (PEDOT:PSS) membrane treated with sulfuric acid (H2SO4), with the hybrid film serving as the negative electrode [151]. H2SO4 can remove a portion of the insulating PSS, which results in an increased conductivity in the composite. As well as providing electroactive surfaces, PEDOT chains create electronic transport pathways that accelerate electrochemical reactions. In comparison to pure Ti3C2, the hybrid film has an increase in specific surface area of 4.5 times, as well as exceptional volumetric capacitance (1065 F cm−3 at 2 mV s−1).




3.1.5. MXene/Metal Oxides, Metal Hydroxide Composites


Transition metal compounds have large specific capacitances in theory (RuO2 (720 F g−1), MnO2 (1370 F g−1), and MoS2 (811 F g−1)). However, the rate performance and cycle stability are not good when using these compounds alone [152,153,154,155]. The conductivity of MXenes is high, while the capacitance is relatively low in comparison with transition metal compounds. The integration of pseudocapacitive materials and MXenes will enhance the pseudocapacitance. As a pseudocapacitive material, oxide/hydroxide nanoparticles are used as intercalation materials to prevent the restacking of MXene sheets [156,157,158,159,160,161].



As a typical pseudocapacitive material, MnO2 possesses plentiful resources, low toxicity, low cost, and high capacitance in theory. In addition to enhancing its conducting properties, the MnOx/MXene composite can achieve higher specific capacitances. Tian et al. exploited freestanding and flexible MnOx-Ti3C2 films using a simple in situ wet-chemistry synthesis approach [162]. In comparison to random mixing approaches or layer-by-layer assembly, this method ensures a strong connection between the components, thus reducing contact resistance and improving electrochemical performance. The MnOx-Ti3C2 film electrodes exhibited outstanding electrochemical properties. In addition to a volumetric capacity of 602.0 F cm−3, they also show good rate capability. The MnOx-Ti3C2 film-based symmetric SC has an energy density of 13.64 mWh cm−3 at 2 mV s−1, a power density of 3755.61 mW cm−3 at 100 mV s−1, and remarkable cycling stability. As shown in Figure 11a, Zhou et al. made a highly flexible, all-pseudocapacitive electrode by combining Ti3C2Tx with ultralong MnO2 NWs [158]. MnO2 nanosheets can be useful as electrochemically active materials and interlayers for preventing MXene restacking and improving pseudocapacitance, as well as retaining outstanding flexibility. When used as an electrode for SCs, the resulting film (Ti3C2Tx/MnO2 = 6) has excellent volumetric and a specific areal capacitance of 1025 F cm−3 and 205 mF cm−2, respectively (Figure 11b). It also retains its capacitance after 10,000 cycles at 98.38% and has high capacitance retention, outperforming the previously reported Ti3C2Tx MXene-based flexible electrodes.



Zhao et al. synthesized a freestanding Ti3C2/FeOOH quantum dots (QDs) hybrid film by electrostatic self-assembly in Figure 11c [163]. Amorphous FeOOH QDs anchored on Ti3C2 nanosheets can serve as both pillars to prevent the nanosheets from being restacked as well as active materials to provide considerable capacitance. Ti3C2 nanosheets as conductive layers were used to make up for the low conductivity of FeOOH. In addition to possessing a capacitance that is 2.3 times higher than the traditional Ti3C2 film, the hybrid Ti3C2/FeOOH QDs film shows excellent cycle stability with neutral electrolytes (Figure 11d). An ASC was created by combing the hybrid film with MnO2/CC. The ASC provided a maximum power density of 8.2 mW cm−2 and an energy density of 42 μWh cm−2 when working in a wide potential window of 1.6 V (Figure 11e). Simple, flexible devices made from Ti3C2/Fe−15%//MnO2/CC demonstrated outstanding flexibility. These results show that the Ti3C2/Fe−15% hybrid film has a lot of potential for use in flexible ASCs, where it will allow for a larger applied potential difference window and a higher energy density.



MoO3 nanobelts, as pseudocapacitive materials, exhibit excellent potential for MXene films, such as mechanical stability, simple preparation procedure, strong electrochemical reaction activity, and high pseudocapacitance in acidic conditions. As depicted in Figure 11f, Wang et al. manufactured all-pseudocapacitive and highly malleable MXene/MoO3 hybrid films using a vacuum-assisted technique. [164]. As a result of the excellent synergetic effect, the MXene nanosheets exhibit the highest pseudocapacitance in an acidic electrolyte. The as-prepared freestanding MXene/MoO3-20% hybrid film exhibits an extremely high volumetric capacitance of 1817 F cm−3, which is over 1.5 times greater than the capacitance of pure MXene film (Figure 11g).





3.2. PET (Terephthalic Acid Glycol Ester) as Flexible Substrate


Due to their good flexibility and stability, polymers are commonly used as substrate materials for flexible SCs [165,166]. Flexible SCs are typically constructed by combining conductive materials with PET flexible substrates through deposition, spraying, printing, and coating processes.



As shown in Figure 12a, Rosen et al. fabricated a high-performance solid-state SC from Mo1.33C MXene/PEDOT:PSS-aligned polymer films [167]. This process involved vacuum-filtering the composite, followed by acid treating the as-obtained film for 24 h before preparing the all-solid SCs using PET as a flexible substrate. PEDOT nanofibers are aligned and confined between layers of high-conducting Mo1.33C, allowing rapidly reversible oxidation reactions as well as short diffusion paths to facilitate ion transport. Thus, these flexible solid-state SCs have a maximal capacitance of 568 F cm−3, a power density of 19,470 mW cm−3 (Figure 12b), an extremely high energy density of 33.2 mWh cm−3, and a capacitive retention of 90% after 10,000 cycles. As shown in Figure 12c, a flexible hybrid film electrode composed of 3D cubic Ni-Fe oxide and 2D Ti3C2Tx layers was developed by Zhang et al. [157], and it was made to adhere to a PET flexible substrate for the purposes of electrochemical measurements. MXene layers were utilized as binders and conductive additives to assist charge transfer in the electrode, thereby preventing a substantial loss in conductivity. As a result of the cubic Ni-Fe oxide being used as a spacer between the MXene layers, more interlayer space was created, which improved the diffusion of electrolytes. Based on the flexible composite film electrode, a solid-state flexible SC was fabricated that displays exceptionally robust cycling stability, retaining 90% of its capacitance after 10,000 charging–discharging cycles and maintaining steady energy storage capability following 50 cycles of mechanical bending.



Zhang et al. produced transparent films by spin-casting colloidal solutions of Ti3C2Tx nanosheets onto PET substrates and then annealing them at 200 °C [168] (Figure 12d). The DC conductivity of films with transmissions of 29% and 93%, respectively, is 9880 S cm−1 and 5736 S cm−1. These transparent Ti3C2Tx electrodes have an excellent volumetric capacitance in combination with a high response speed. Transparent solid-state asymmetric SCs have a greater energy density (0.05 µWh cm−2) and capacitance (1.6 mF cm−2) than SWCNT or graphene-based transparent SC devices, as well as a longer lifetime. Jiang et al. constructed an asymmetric flexible SC by coating the slurry of MnO2/Ti3C2Tx on PET substrates [169] (Figure 12e). This highly synergistic effect between Ti3C2Tx and MnO2, resulting from their chemical interaction, significantly enhances structural stability, rate stability, and the specific capacitance of the MnO2/Ti3C2Tx nanocomposite electrode. Furthermore, a symmetrical flexible SC based on a MnO2/Ti3C2Tx nanocomposite electrode exhibits good electrochemical performance, great flexibility, and excellent cycling ability.



In addition to being flexible, SCs are also expected to be miniature in order to power microdevices. The construction of flexible MSCs is also a future development trend. Laser scribing is a straightforward and cost-effective method for creating unique patterns on a variety of substrates. It has excellent flexibility in the depth of the field and the materials that can be ablated. The difficulty of laser processing is finding the correct wavelength, pulse energy, and scanning speed of the laser to achieve the proper resolution. Huang et al. described a laser processing method for fabricating freestanding MXene films, then mounted MXene films on PET substrates for flexible MSC device manufacturing, as in Figure 13a [170]. Since a cool laser is employed, less oxidation and no undesirable edge defects have been discovered during the process of laser scribing, which has improved the performance of the as-made MSC device. Moreover, the areal capacitance of these freestanding flexible MSCs is an astounding 340 mF cm−2 at 0.25 mA cm−2 when polyvinyl alcohol/sulfuric acid (PVA/H2SO4) gel is used as the electrolyte. As the device bends to 60°, it does not show any decrease in capacitance. In addition, MSCs also show the highest energy density and volumetric capacitance among (at the time) all unconventional SCs, reaching 12.4 mWh cm−3 and 183 F cm−3, respectively.



Inkjet printing is one of the most promising technologies for the speedy development and application of new material inks. In addition to the excellent printing precision that can be provided on a variety of substrates, its printing speed is also faster than that of screenprinting. Zhang et al. reported employing inkjet printing on an AlOx-coated PET substrate to produce an MSC (Figure 13b) [166]. A variety of solvents have been investigated for fine printing, such as NMP, ethanol, DMSO, and DMF. Both low- and high-concentration inks show excellent printing resolution. The MSC has a volumetric capacitance of 562 F cm−3, while its energy density is 0.32 µWh cm−2, considered to be one of the highest among printed MSC devices. Wen et al. fabricated flexible MXene/graphene composite electrodes through inkjet printing (Figure 13c) [171]. As a result of the insertion of graphene nanosheets into composite films, the interlayer gap can be increased, thereby minimizing the self-stacking effect of MXenes. The composite electrodes exhibited high volumetric capacitance and excellent stability. Moreover, a flexible MSC based on the composite electrodes demonstrated a competitive energy density.



Due to its reproducibility and stability, screen-printing is employed for the mass production of MSCs. In this technique, a stencil is initially placed over the desired substrate, followed by the ink being pressed through a planar form stencil onto the substrate. Subsequently, the ink dries to form the desired patterns on the substrate. As shown in Figure 13d, Xu et al. fabricated a flexible coplanar asymmetric microscale hybrid device by screen-printing on PET substrates [172]. The assembled flexible device has excellent areal energy and power densities.



The 3D printing method is regarded to be a form of additive manufacturing. Extrusion-based 3D printing is the most cost-effective and versatile method for producing 3D and self-supported micro-prototypes compared with other 3D printing methods [174,175]. An extrusion-based 3D printing requires a functional ink material that is high in viscosity and exhibits the proper rheological behavior in order to achieve rapid and precise prototyping [176]. Huang et al. performed an extrusion-based 3D printing of MXene ink using a 3D printing station and then produced an MSC with interdigital patterns using a layer-by-layer printing procedure on PET substrates (Figure 13e,f) [173]. The MSC exhibits a record-high energy density of 0.1 mWh cm−2 at 0.38 mW cm−2 and excellent areal capacitance (2.0 F cm−2 at 1.2 mA cm−2).



In addition to the fabrication techniques discussed above, Feng et al. created in-plane flexible MSCs by spray coating MXene/rGO hybrid ink onto a PET substrate [121]. The flexible MSCs have a volumetric capacitance of 33 F cm−3 and an area capacitance of 3.26 mF cm−2 at 2 mV s−1. Couly et al. fabricated an asymmetric MXene-based MSC that is current-collector-free, binder-free, and flexible by spraying both Ti3C2Tx and rGO dispersions onto a PET substrate [177]. Despite operating for 10,000 cycles, this MXene-based asymmetric MSC retains 97% of its initial capacitance. It also has a power density of 0.2 W cm−3 and an energy density of 8.6 mWh cm−3.



An electrolyte is also an essential part of constructing flexible SCs. SCs that are flexible work in a bent state, which can potentially result in electrolyte leakage. This necessitates the development of an electrolyte with high conductivity and excellent infiltration characteristics. Moreover, in order to further expand the electrochemical voltage window of the flexible MSCs based on MXenes, Zheng et al. created ionogel-based MXene MSCs with a MXene film that was pre-intercalated by the ionic liquid. The patterned MXene-based microelectrodes were transferred onto a PET substrate to fabricate MSCs with the assistance of 20 MPa pressure [178]. Due to the pre-intercalation of ionic liquid, the interlayer spacing was enlarged to 1.45 nm, which was beneficial to the ion deintercalation and intercalation of the electrolyte. The MXene-based MSCs (M−MSCs) using EMIMBF4 ionic liquid as an electrolyte showed high areal energy density and remarkably high volumetric capacitance. In addition, the solid-state M−MSCs with ionogel as an electrolyte exhibited a volumetric energy density of 41.8 mWh cm−3 and an excellent areal energy density of 13.3 Wh cm−2, as well as long-term cyclability.




3.3. Fabric Fiber as Flexible Substrate


Because fabric fibers have stable chemical properties, high electrical conductivity, and good mechanical properties, they can be used as current collectors for flexible substrates to support or load active materials for the construction of flexible energy storage devices. Fibers have the advantage of containing 3D open-pore structures, which makes conformal coating much more effective throughout the textile network, leading to a much higher loading of active materials and, accordingly, higher energy density and power. In addition, fabric fibers are thermally stable, which expands the temperature range of flexible SCs. As a consequence, there are numerous approaches to constructing flexible electrodes based on fiber textiles, such as through chemical vapor deposition (CVD), electrodeposition, dipping, and spin coating active electrode material onto fiber textiles.



Specifically, Xia et al. presented a simple CVD method that can produce single-crystalline TiC nanowire arrays with good electrical conductivity directly on flexible carbon cloth [179]. The TiC nanowire arrays demonstrated excellent performance for flexible SCs over a wide temperature range (–25 °C to 60 °C), including high-rate characteristics and an ultra-stable cycle life. In addition, the energy density of TiC-based SCs was 18.2, which is roughly double that of commercial AC-based SCs.



Electrophoretic deposition (EPD) can be used to fabricate binder-free films with uniformity and mass-loading adjustability. Furthermore, the preparation method of EPD has unique advantages in infiltrating and depositing active material onto porous substrates, especially for the production of wearable SCs on flexible substrates. Xu et al. deposited binder-free d-Ti3C2Tx nanoflakes on a fabric substrate in acetone solvent utilizing the EPD approach [180]. As the surface of MXene flakes that contain absorbed H+ carries positive charges, the flakes migrate toward the cathode during the deposition of electrophoretic particles, resulting in a uniform film of MXene. In addition to great flexibility, all-solid-state SCs based on EPD film electrodes display exceptional electrochemical performance. Wang et al. employed the electrophoresis effect in depositing Ti3C2Tx/rGO composite on carbon cloth. Without adhesives, the built solid-state SCs based on the Ti3C2Tx/rGO electrode displayed outstanding cycling stability, low series resistance, high specific capacitance, and excellent mechanical flexibility [181].



In addition to deposition, dipping is a more convenient and efficient method of constructing flexible electrodes on fabric substrates [182,183]. Yan et al. fabricated conductive textile electrodes that have a specific capacitance of 182.70 F g−1 using dipping and drying [184]. PPy textile electrodes were electrochemically deposited on MXene textiles as a means of improving the capacitance of MXene and avoiding MXene oxidation. Furthermore, the symmetrical solid-state SCs using MXene-PPy textile electrodes also showed improved electrochemical performance and a greater degree of flexibility. Li et al. developed a synthetic technique for the construction of a high-performance, flexible SC by the in situ growth of multi-walled carbon nanotubes (MWCNTs) on MXene nanosheets placed on a CC substrate [185] (Figure 14a). Similarly, a specific concentration of MXene was loaded onto CC with multiple dipping and drying, catalyzed by nickel–aluminum-layered double hydroxide (Ni-Al-LDH), and then subjected to CVD to produce MWCNTs. The MWCNT–MXene@CC displays excellent conductivity along with an exfoliated, large surface area. Therefore, the as-manufactured electrode exhibited a large specific capacitance while retaining a high retention after 16,000 cycles at 10 mA cm−2 (Figure 14b,c). Recently, Li et al. developed an extremely conductive textile based on MXenes through electrostatic self-assembly [186]. In addition to providing abundant active sites, the horizontally aligned, compact MXene flakes painted on the fabric fibers may produce connected electron transport channels, as shown in Figure 14d. Thus, from 1 to 50 mA cm−2, the MXene/PEI-modified fiber fabric (MXene/PMFF) delivered excellent rate performance with no reduction in capacitance. The PPy-coated MXene/PMFF electrode had a high-rate capability and areal capacitance as well as outstanding cycling stability and gravimetric capacitance (Figure 14e,f). Moreover, a solid-state symmetric SC based on the PPy/MXene/PMFF textiles had an energy density of 40.7 Wh cm−2, a maximum power density of 25 mW cm−2, as well as an areal capacitance of 458 mF cm−2.




3.4. Other Substrates


In addition to the usual PET and fabric flexible substrates, others, such as PDMS substrates, carbon-based substrates, metal substrates, traditional paper substrates, sponge-type substrates, and cable-type substrates, can also be used as substrates of the flexible electrode. These substrates are very flexible and mechanically robust despite severe bending, enabling the employment of SCs in lightweight, wearable, and flexible electronic devices for extensive portable applications. Nevertheless, each type of flexible substrate has both advantages and disadvantages in terms of flexible SC application, which are listed in Table 1.



PDMS inherently has excellent ductility, flexibility, and mechanical strength. Therefore, flexible SCs based on PDMS substrates have better bending and electrochemical properties. Li et al. prepared stretchable MSCs on oxygen-plasma-treated PDMS substrates using 3D printing and unidirectional freezing, as in Figure 15a [187]. A nanocomposite ink consisting of MnONWs, MXene, C60, and AgNWs was constructed in a honeycomb-like porous structure. Taking advantage of the synergies between the electrode architecture and nanocomponents, the 3D-printed MSC device exhibited excellent electrochemical performance.



It is simpler and more economical to construct flexible electrodes based on ordinary paper. The paper contains a hierarchical arrangement of cellulose fibers and can be regarded as having a rough and porous surface texture that is conducive to ink adhesion without the need for extra treatments [190]. The paper surface provides a suitable substrate for solution-processed coatings of a variety of functional materials because of the capillary nature of fibers, functional groups, and intrinsic surface charge. Kurra et al. successfully manufactured MXene-on-paper energy storage devices using Meyer rod coating and direct laser machining (Figure 15b,c) [188]. Compared to those paper-based MSCs, the Ti3C2 MXene-on-paper MSC produced comparable power–energy densities. Wu et al. printed interdigitated MSC electrodes on photopaper using an inkjet printer (Figure 15d,e) [189]. Adding ascorbic acid into Ti3C2Tx MXenes can improve not only the dispersibility and oxidative stability but also enhance the spacing between the MXene layers, thereby facilitating the diffusion of the electrolyte ions. Furthermore, the manufactured solid-state MSCs displayed specific capacitance, superior mechanical flexibility, and cycle stability. Yang et al. deposited Ti3C2/CNTs sheets onto graphite paper for SC electrodes via electrophoretic deposition, as in Figure 16a [191]. The Ti3C2/CNTs electrode exhibited enhanced cycling stability and specific capacitance. (Figure 16b). Li et al. reported a flexible AMSC based on Ti3C2Tx//PPy/MnO2 [192]. As shown in Figure 16c, the Ti3C2Tx nanosheets were formed on graphite paper (GP) as negative electrodes. The PPy/MnO2 materials on the GP were prepared using the same method as the positive electrodes. An AMSC based on Ti3C2Tx/PPy/MnO2 was then constructed using a PVA/H2SO4 electrolyte. The maximal energy density and areal capacitance can reach 6.73 µWh cm−2 and 61.5 mF cm−2, respectively (Figure 16d,e). In addition, the AMSC exhibited better flexibility when mechanically bent at different angles. (Figure 16f).



In summary, MXene-based films have advantages in terms of favorable metallic conductivity, high capacitance, and good flexibility, all of which are imperative for flexible energy storage devices. It is possible to assemble freestanding electrodes from the delaminated Ti3C2Tx without the utilization of additional current collectors, polymer binders, or conductive agents. However, a significant problem associated with thin-film electrode fabrication is self-restacking for MXene nanosheets because of the van der Waals interaction between the layers, which interferes with the ability of electrolyte ions to reach the active materials, resulting in poor rate performance and sluggish redox reactions. Thus, different interlayer spacers have been introduced between Ti3C2Tx sheets in order to alleviate the stacking problem and improve the electrochemical performance of the electrodes. The methods for preparing composite electrode materials consisting of carbon materials and MXenes include the in situ growth method, the self-assembly method, and the layer-by-layer assembly method. As a result of the increased interlayer spacing and surface area, these composite electrodes exhibit higher mechanical and electrochemical properties than pure Ti3C2Tx electrodes. In addition, there is a strong bonding interaction between groups terminated on the surfaces of different materials, which leads to a good degree of flexibility. However, a large number of insulating groups may adversely affect the electrical conductivity of composite materials. Ti3C2Tx/polymer composites are primarily produced by polymerizing polymer monomers onto the surface of Ti3C2Tx nanosheets. The electrodes have excellent capacitance and outstanding mechanical strength due to the superior pseudocapacitive behavior and flexibility of the polymer. Furthermore, as a result of the excellent cycling stability of Ti3C2Tx MXene, they also have a respectable cycle life. When combined with transition metal compounds, Ti3C2Tx MXene can also effectively improve electrochemical performance. On the one hand, the superior electrical conductivity of Ti3C2Tx MXene can substantially facilitate electron transport. On the other hand, the theoretical capacitance of transition metal compounds is relatively high, which can greatly facilitate pseudocapacitance. However, as a result of stiffness and the poor flexibility of these transition metal compounds, a majority of Ti3C2Tx/transition metal compound composites still exhibit low mechanical strength. For the development of lightweight and flexible MXene-based films, rational methods must be developed for constructing efficient channels to facilitate ion transport. The electrochemical performance of flexible Ti3C2Tx-based composite SCs is summarized in Table 2 and Table 3.





4. Conclusions and Perspectives


In summary, this review article detailed recent advancements in the development of flexible electrodes based on MXenes for applications in SCs. A concise introduction of MXenes as emerging 2D materials was provided, along with the different synthesis methods of Ti3C2Tx MXene and its influence on its electrochemical properties. The applications of MXene-based flexible electrodes in SCs, according to the different construction methods of flexible electrodes based on MXenes and their composite electrodes, which are the theme of this review, were also presented. Different construction methods such as self-supporting, PET-supported, fabric fiber-supported, and other substrate-supported MXene-based films as flexible electrodes for fSCs were discussed in detail. In recent years, researchers have achieved substantial advances in the study of MXene-based SCs, but there are still a great number of obstacles to their development. Consequently, we need to consider the following factors in subsequent research:



(1) In spite of the growing body of research on the preparation of MXenes, wet chemical etching remains the most common method for the production of MXenes. However, chemical etching usually uses corrosive solvents or gases, and etching conditions are harsh. The emission of pollutants is another problem that cannot be ignored. Additionally, MXenes are easily oxidized in humid environments, which limits not only their synthesis on a large scale but also their application areas and environmental status. The future direction of MXene synthesis should be facile, low-cost, green, and have excellent and stable properties. Lastly, surface functional groups have a considerable impact on their physicochemical properties, and the specific capacitance of Ti3C2Tx is far from optimal, so it is still possible to improve the design and control of surface functional groups during the etching process.



(2) Due to the 2D lamellar structure, hydrophilic surface, and excellent metallic conductivity of MXenes, they are preferable as energy storage electrode materials. What’s more, MXenes can achieve high volumetric capacitance due to impressive density and pseudocapacitive behavior. These properties make MXene very appealing for flexible SCs. However, the gravimetric capacitance of MXene flexible electrodes has yet to be further improved because of the aggregation and restacking of MXene nanosheets. On the one hand, the stacking of MXene lamellar structures can be prevented by loading small-sized pseudocapacitance materials such as nanodots. On the other hand, the density and additional pseudocapacitance can be increased by anchoring nanodots to pseudocapacitive material on MXene nanosheets so as to improve the mass-specific capacity and electrochemical performance.



(3) Along with the proliferation of emerging smart wearable electronic devices (SWEDs), there has also been an increase in the demand for flexible SCs to be integrated with other flexible devices or wearable devices to provide them with a power source or additional functions. For example, integration with sensors or environmental monitoring equipment can allow them to operate independently and work under special conditions. A self-powered integrated system composed of strain sensors and flexible SCs is capable of detecting stable human motion with precision, which makes smart flexible SCs more suitable for SWEDs. In recent years, research on self-repairing, self-charging, and electrochromic flexible SCs has also become one of the new research hotspots and development trends. In addition to traditional electrochemical properties, such as specific capacity and cyclic stability, we should also pay more attention to the photosensitivity, self-healing, transparency, and other properties of intelligent electrode materials. In conclusion, it is imperative to design novel fSCs with intelligent and interactive characteristics.



(4) It is crucial to employ solid or gel electrolytes with high conductivity and efficient infiltration because flexible SCs frequently need to work in a curved or bending state, which increases the risk of electrolyte leakage. Ionic liquid-based gel (ionogel) electrolytes have been demonstrated to have better thermal stability, chemical inertness, as well as nonflammability. In addition to this, ionogel electrolytes also have the characteristics of the ionic liquid itself, with a wide electrochemical potential window, high ionic conductivity, and negligible vapor pressure, making them a promising electrolyte choice for the production of all-solid flexible SCs with high energy density. However, the use of ionogel electrolytes is still limited by the low capacitance and slow speed of ion transport. Thus, more efforts have been made toward improving the ionic conductivity of ionogel electrolytes and expanding the voltage window of Ti3C2Tx electrodes in aqueous electrolytes.



In addition, the design of the flexible current collector is important, as it is a crucial component of the electrode. The conventional current collectors, such as carbon-based, planar metal-based, and 3D metal-based, increase the whole mass of the supercapacitor and thus reduce the energy density. Therefore, considerable attempts and methods should be made to develop ultrathin 3D (to load more active materials) metallic current collectors. The manufacturing cost of flexible supercapacitors can also be reduced if components such as current collectors, adhesives, and encapsulation films are used as little as possible under the premise of ensuring performance stability. As a consequence, using self-supporting MXene film as a flexible electrode without current collectors is also a development direction for future flexible SCs.







Author Contributions


B.S. conceived, designed, wrote the introduction, conclusions and perspectives, and edited the manuscript. R.H. wrote the synthesis of Ti3C2Tx MXene and MXene-based flexible electrode materials, and edited the manuscript. Y.H., Z.G. and X.Z. participated in the editing. All authors have read and agreed to the published version of the manuscript.




Funding


This work was financially supported by the National Key Research and Development Program of China (2021YFC1808902, 2021YFC1808903), the Natural Science Basic Research Program of Shaanxi (2020JQ-575), the Natural Science Foundation of the Shaanxi Provincial Department of Education (19JK0844) and the Key R&D Industrial Project of the Xianyang Science and Technology Bureau (2021ZDYF-GY-0032).




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Lu, X.; Yu, M.; Wang, G.; Tong, Y.; Li, Y. Flexible solid-state supercapacitors: Design, fabrication and applications. Energy Environ. Sci. 2014, 7, 2160–2181. [Google Scholar] [CrossRef]

	



Niu, Z.; Liu, L.; Zhang, L.; Zhou, W.; Chen, X.; Xie, S. Programmable Nanocarbon-Based Architectures for Flexible Supercapacitors. Adv. Energy Mater. 2015, 5, 1500677. [Google Scholar] [CrossRef]

	



Masarapu, C.; Zeng, H.F.; Hung, K.H.; Wei, B. Effect of temperature on the capacitance of carbon nanotube supercapacitors. ACS Nano 2009, 3, 2199–2206. [Google Scholar] [CrossRef]

	



Zhong, C.; Deng, Y.; Hu, W.; Qiao, J.; Zhang, L.; Zhang, J. A review of electrolyte materials and compositions for electrochemical supercapacitors. Chem. Soc. Rev. 2015, 44, 7484–7539. [Google Scholar] [CrossRef]

	



Shao, Y.; El-Kady, M.F.; Wang, L.J.; Zhang, Q.; Li, Y.; Wang, H.; Mousavi, M.F.; Kaner, R.B. Graphene-based materials for flexible supercapacitors. Chem. Soc. Rev. 2015, 44, 3639–3665. [Google Scholar] [CrossRef]

	



Xiao, X.; Li, T.; Yang, P.; Gao, Y.; Jin, H.; Ni, W.; Zhan, W.; Zhang, X.; Cao, Y.; Zhong, J.; et al. Fiber-based all-solid-state flexible supercapacitors for self-powered systems. ACS Nano 2012, 6, 9200–9206. [Google Scholar] [CrossRef] [PubMed]

	



Wang, L.; Feng, X.; Ren, L.; Piao, Q.; Zhong, J.; Wang, Y.; Li, H.; Chen, Y.; Wang, B. Flexible Solid-State Supercapacitor Based on a Metal-Organic Framework Interwoven by Electrochemically-Deposited PANI. J. Am. Chem. Soc. 2015, 137, 4920–4923. [Google Scholar] [CrossRef]

	



Han, Y.; Ge, Y.; Chao, Y.; Wang, C.; Wallace, G.G. Recent progress in 2D materials for flexible supercapacitors. J. Energy Chem. 2018, 27, 57–72. [Google Scholar] [CrossRef]

	



Huang, X.; Zeng, Z.; Fan, Z.; Liu, J.; Zhang, H. Graphene-based electrodes. Adv. Mater. 2012, 24, 5979–6004. [Google Scholar] [CrossRef]

	



Lu, Q.; Chen, J.G.; Xiao, J.Q. Nanostructured electrodes for high-performance pseudocapacitors. Angew. Chem. Int. Ed. Engl. 2013, 52, 1882–1889. [Google Scholar] [CrossRef]

	



Wang, Y.; Lei, Y.; Li, J.; Gu, L.; Yuan, H.; Xiao, D. Synthesis of 3D-nanonet hollow structured Co3O4 for high capacity supercapacitor. ACS Appl. Mater. Interfaces 2014, 6, 6739–6747. [Google Scholar] [CrossRef] [PubMed]

	



Fan, Z.; Zhao, Q.; Li, T.; Yan, J.; Ren, Y.; Feng, J.; Wei, T. Easy synthesis of porous graphene nanosheets and their use in supercapacitors. Carbon 2012, 50, 1699–1703. [Google Scholar] [CrossRef]

	



Fan, M.; Ren, B.; Yu, L.; Liu, Q.; Wang, J.; Song, D.; Liu, J.; Jing, X.; Liu, L. Facile growth of hollow porous NiO microspheres assembled from nanosheet building blocks and their high performance as a supercapacitor electrode. CrystEngComm 2014, 16, 10389–10394. [Google Scholar] [CrossRef]

	



Yu, X.-Y.; Yu, L.; Lou, X.W.D. Metal Sulfide Hollow Nanostructures for Electrochemical Energy Storage. Adv. Energy Mater. 2016, 6, 1501333. [Google Scholar] [CrossRef]

	



Huang, Y.; Liang, J.; Chen, Y. An overview of the applications of graphene-based materials in supercapacitors. Small 2012, 8, 1805–1834. [Google Scholar] [CrossRef] [PubMed]

	



Peng, X.; Peng, L.; Wu, C.; Xie, Y. Two dimensional nanomaterials for flexible supercapacitors. Chem. Soc. Rev. 2014, 43, 3303–3323. [Google Scholar] [CrossRef]

	



Hong Ng, V.M.; Huang, H.; Zhou, K.; Lee, P.S.; Que, W.; Xu, Z.J.; Kong, L.B. Correction: Recent progress in layered transition metal carbides and/or nitrides (MXenes) and their composites: Synthesis and applications. J. Mater. Chem. A 2017, 5, 8769. [Google Scholar] [CrossRef]

	



Eklund, P.; Rosen, J.; Persson, P.O.Å. Layered ternary Mn+1AXn phases and their 2D derivative MXene: An overview from a thin-film perspective. J. Phys. D Appl. Phys. 2017, 50, 113001. [Google Scholar] [CrossRef]

	



Zhang, C.; Ma, Y.; Zhang, X.; Abdolhosseinzadeh, S.; Sheng, H.; Lan, W.; Pakdel, A.; Heier, J.; Nüesch, F. Two-Dimensional Transition Metal Carbides and Nitrides (MXenes): Synthesis, Properties, and Electrochemical Energy Storage Applications. Energy Environ. Mater. 2020, 3, 29–55. [Google Scholar] [CrossRef]

	



Anasori, B.; Lukatskaya, M.R.; Gogotsi, Y. 2D metal carbides and nitrides (MXenes) for energy storage. Nat. Rev. Mater. 2017, 2, 16098. [Google Scholar] [CrossRef]

	



Naguib, M.; Mochalin, V.N.; Barsoum, M.W.; Gogotsi, Y. 25th anniversary article: MXenes: A new family of two-dimensional materials. Adv. Mater. 2014, 26, 992–1005. [Google Scholar] [CrossRef] [PubMed]

	



Naguib, M.; Halim, J.; Lu, J.; Cook, K.M.; Hultman, L.; Gogotsi, Y.; Barsoum, M.W. New two-dimensional niobium and vanadium carbides as promising materials for Li-ion batteries. J. Am. Chem. Soc. 2013, 135, 15966–15969. [Google Scholar] [CrossRef] [PubMed]

	



Lukatskaya, M.R.; Mashtalir, O.; Ren, C.E.; Dall’Agnese, Y.; Rozier, P.; Taberna, P.L.; Naguib, M.; Simon, P.; Barsoum, M.W.; Gogotsi, Y. Cation intercalation and high volumetric capacitance of two-dimensional titanium carbide. Science 2013, 341, 1502–1505. [Google Scholar] [CrossRef] [PubMed]

	



Lukatskaya, M.R.; Kota, S.; Lin, Z.; Zhao, M.-Q.; Shpigel, N.; Levi, M.D.; Halim, J.; Taberna, P.-L.; Barsoum, M.W.; Simon, P. Ultra-high-rate pseudocapacitive energy storage in two-dimensional transition metal carbides. Nat. Energy 2017, 2, 17105. [Google Scholar] [CrossRef]

	



Tao, Q.; Dahlqvist, M.; Lu, J.; Kota, S.; Meshkian, R.; Halim, J.; Palisaitis, J.; Hultman, L.; Barsoum, M.W.; Persson, P.O. Two-dimensional Mo1.33C MXene with divacancy ordering prepared from parent 3D laminate with in-plane chemical ordering. Nat. Commun. 2017, 8, 14949. [Google Scholar] [CrossRef]

	



Halim, J.; Kota, S.; Lukatskaya, M.R.; Naguib, M.; Zhao, M.-Q.; Moon, E.J.; Pitock, J.; Nanda, J.; May, S.J.; Gogotsi, Y.; et al. Synthesis and Characterization of 2D Molybdenum Carbide (MXene). Adv. Funct. Mater. 2016, 26, 3118–3127. [Google Scholar] [CrossRef]

	



Soundiraraju, B.; George, B.K. Two-dimensional titanium nitride (Ti2N) MXene: Synthesis, characterization, and potential application as surface-enhanced Raman scattering substrate. ACS Nano 2017, 11, 8892–8900. [Google Scholar] [CrossRef]

	



Zhou, J.; Zha, X.; Zhou, X.; Chen, F.; Gao, G.; Wang, S.; Shen, C.; Chen, T.; Zhi, C.; Eklund, P. Synthesis and electrochemical properties of two-dimensional hafnium carbide. ACS Nano 2017, 11, 3841–3850. [Google Scholar] [CrossRef]

	



Naguib, M.; Mashtalir, O.; Carle, J.; Presser, V.; Lu, J.; Hultman, L.; Gogotsi, Y.; Barsoum, M.W. Two-Dimensional Transition Metal Carbides. ACS Nano 2012, 6, 1322–1331. [Google Scholar] [CrossRef]

	



Urbankowski, P.; Anasori, B.; Makaryan, T.; Er, D.; Kota, S.; Walsh, P.L.; Zhao, M.; Shenoy, V.B.; Barsoum, M.W.; Gogotsi, Y. Synthesis of two-dimensional titanium nitride Ti4N3 (MXene). Nanoscale 2016, 8, 11385–11391. [Google Scholar] [CrossRef]

	



Ghidiu, M.; Naguib, M.; Shi, C.; Mashtalir, O.; Pan, L.; Zhang, B.; Yang, J.; Gogotsi, Y.; Billinge, S.J.; Barsoum, M.W. Synthesis and characterization of two-dimensional Nb4C3 (MXene). Chem. Commun. 2014, 50, 9517–9520. [Google Scholar] [CrossRef] [PubMed]

	



Zhou, J.; Zha, X.; Chen, F.Y.; Ye, Q.; Eklund, P.; Du, S.; Huang, Q. A two-dimensional zirconium carbide by selective etching of Al3C3 from nanolaminated Zr3Al3C5. Angew. Chem. Int. Ed. 2016, 55, 5008–5013. [Google Scholar] [CrossRef] [PubMed]

	



Tran, M.H.; Schäfer, T.; Shahraei, A.; Dürrschnabel, M.; Molina-Luna, L.; Kramm, U.I.; Birkel, C.S. Adding a new member to the MXene family: Synthesis, structure, and electrocatalytic activity for the hydrogen evolution reaction of V4C3Tx. ACS Appl. Energy Mater. 2018, 1, 3908–3914. [Google Scholar] [CrossRef]

	



Yoon, Y.; Lee, M.; Kim, S.K.; Bae, G.; Song, W.; Myung, S.; Lim, J.; Lee, S.S.; Zyung, T.; An, K.S. A strategy for synthesis of carbon nitride induced chemically doped 2D MXene for high-performance supercapacitor electrodes. Adv. Energy Mater. 2018, 8, 1703173. [Google Scholar] [CrossRef]

	



Shan, Q.; Mu, X.; Alhabeb, M.; Shuck, C.E.; Pang, D.; Zhao, X.; Chu, X.-F.; Wei, Y.; Du, F.; Chen, G. Two-dimensional vanadium carbide (V2C) MXene as electrode for supercapacitors with aqueous electrolytes. Electrochem. Commun. 2018, 96, 103–107. [Google Scholar] [CrossRef]

	



Wang, X.; Lin, S.; Tong, H.; Huang, Y.; Tong, P.; Zhao, B.; Dai, J.; Liang, C.; Wang, H.; Zhu, X.; et al. Two-dimensional V4C3 MXene as high performance electrode materials for supercapacitors. Electrochim. Acta 2019, 307, 414–421. [Google Scholar] [CrossRef]

	



Zou, X.; Liu, H.; Xu, H.; Wu, X.; Han, X.; Kang, J.; Reddy, K.M. A simple approach to synthesis Cr2CTx MXene for efficient hydrogen evolution reaction. Mater. Today Energy 2021, 20, 100668. [Google Scholar] [CrossRef]

	



Yin, T.; Li, Y.; Wang, R.; Al-Hartomy, O.A.; Al-Ghamdi, A.; Wageh, S.; Luo, X.; Tang, X.; Zhang, H. Synthesis of Ti3C2Fx MXene with controllable fluorination by electrochemical etching for lithium-ion batteries applications. Ceram. Int. 2021, 47, 28642–28649. [Google Scholar] [CrossRef]

	



Huo, X.; Zhong, J.; Yang, Z.; Feng, J.; Li, J.; Kang, F. In Situ Preparation of MXenes in Ambient-Temperature Organic Ionic Liquid Aluminum Batteries with Ultrastable Cycle Performance. ACS Appl. Mater. Interfaces 2021, 13, 55112–55122. [Google Scholar] [CrossRef]

	



Nasrin, K.; Sudharshan, V.; Subramani, K.; Sathish, M. Insights into 2D/2D MXene Heterostructures for Improved Synergy in Structure toward Next-Generation Supercapacitors: A Review. Adv. Funct. Mater. 2022, 32, 2110267. [Google Scholar] [CrossRef]

	



Jiang, Q.; Lei, Y.; Liang, H.; Xi, K.; Xia, C.; Alshareef, H.N. Review of MXene electrochemical microsupercapacitors. Energy Storage Mater. 2020, 27, 78–95. [Google Scholar] [CrossRef]

	



Xiong, D.; Li, X.; Bai, Z.; Lu, S. Recent Advances in Layered Ti3C2Tx MXene for Electrochemical Energy Storage. Small 2018, 14, e1703419. [Google Scholar] [CrossRef] [PubMed]

	



Hu, M.; Zhang, H.; Hu, T.; Fan, B.; Wang, X.; Li, Z. Emerging 2D MXenes for supercapacitors: Status, challenges and prospects. Chem. Soc. Rev. 2020, 49, 6666–6693. [Google Scholar] [CrossRef]

	



Zhu, Q.; Li, J.; Simon, P.; Xu, B. Two-dimensional MXenes for electrochemical capacitor applications: Progress, challenges and perspectives. Energy Storage Mater. 2021, 35, 630–660. [Google Scholar] [CrossRef]

	



Pang, J.; Mendes, R.G.; Bachmatiuk, A.; Zhao, L.; Ta, H.Q.; Gemming, T.; Liu, H.; Liu, Z.; Rummeli, M.H. Applications of 2D MXenes in energy conversion and storage systems. Chem. Soc. Rev. 2019, 48, 72–133. [Google Scholar] [CrossRef]

	



Aslam, M.K.; Xu, M. A Mini-Review: MXene composites for sodium/potassium-ion batteries. Nanoscale 2020, 12, 15993–16007. [Google Scholar] [CrossRef] [PubMed]

	



Bao, Z.; Lu, C.; Cao, X.; Zhang, P.; Yang, L.; Zhang, H.; Sha, D.; He, W.; Zhang, W.; Pan, L.; et al. Role of MXene surface terminations in electrochemical energy storage: A review. Chin. Chem. Lett. 2021, 32, 2648–2658. [Google Scholar] [CrossRef]

	



Liu, Y.T.; Zhu, X.D.; Pan, L. Hybrid Architectures based on 2D MXenes and Low-Dimensional Inorganic Nanostructures: Methods, Synergies, and Energy-Related Applications. Small 2018, 14, e1803632. [Google Scholar] [CrossRef]

	



Ma, R.; Chen, Z.; Zhao, D.; Zhang, X.; Zhuo, J.; Yin, Y.; Wang, X.; Yang, G.; Yi, F. Ti3C2Tx MXene for electrode materials of supercapacitors. J. Mater. Chem. A 2021, 9, 11501–11529. [Google Scholar] [CrossRef]

	



Xu, J.; Peng, T.; Qin, X.; Zhang, Q.; Liu, T.; Dai, W.; Chen, B.; Yu, H.; Shi, S. Recent advances in 2D MXenes: Preparation, intercalation and applications in flexible devices. J. Mater. Chem. A 2021, 9, 14147–14171. [Google Scholar] [CrossRef]

	



Carey, M.; Barsoum, M.W. MXene polymer nanocomposites: A review. Mater. Today Adv. 2021, 9, 100120. [Google Scholar] [CrossRef]

	



Gao, L.; Li, C.; Huang, W.; Mei, S.; Lin, H.; Ou, Q.; Zhang, Y.; Guo, J.; Zhang, F.; Xu, S.; et al. MXene/Polymer Membranes: Synthesis, Properties, and Emerging Applications. Chem. Mater. 2020, 32, 1703–1747. [Google Scholar] [CrossRef]

	



Liu, Y.; Yu, J.; Guo, D.; Li, Z.; Su, Y. Ti3C2Tx MXene/graphene nanocomposites: Synthesis and application in electrochemical energy storage. J. Alloys Compd. 2020, 815, 152403. [Google Scholar] [CrossRef]

	



Yang, J.; Bao, W.; Jaumaux, P.; Zhang, S.; Wang, C.; Wang, G. MXene-Based Composites: Synthesis and Applications in Rechargeable Batteries and Supercapacitors. Adv. Mater. Interfaces 2019, 6, 1802004. [Google Scholar] [CrossRef]

	



Baig, M.M.; Gul, I.H.; Baig, S.M.; Shahzad, F. 2D MXenes: Synthesis, properties, and electrochemical energy storage for supercapacitors–A review. J. Electroanal. Chem. 2022, 904, 115920. [Google Scholar] [CrossRef]

	



Li, X.; Huang, Z.; Shuck, C.E.; Liang, G.; Gogotsi, Y.; Zhi, C. MXene chemistry, electrochemistry and energy storage applications. Nat. Rev. Chem. 2022, 6, 389–404. [Google Scholar] [CrossRef]

	



Kumar, J.A.; Prakash, P.; Krithiga, T.; Amarnath, D.J.; Premkumar, J.; Rajamohan, N.; Vasseghian, Y.; Saravanan, P.; Rajasimman, M. Methods of synthesis, characteristics, and environmental applications of MXene: A comprehensive review. Chemosphere 2022, 286, 131607. [Google Scholar] [CrossRef] [PubMed]

	



Ma, C.; Ma, M.G.; Si, C.; Ji, X.X.; Wan, P. Flexible MXene-Based Composites for Wearable Devices. Adv. Funct. Mater. 2021, 31, 2009524. [Google Scholar] [CrossRef]

	



Huang, W.; Hu, L.; Tang, Y.; Xie, Z.; Zhang, H. Recent Advances in Functional 2D MXene-Based Nanostructures for Next-Generation Devices. Adv. Funct. Mater. 2020, 30, 2005223. [Google Scholar] [CrossRef]

	



Zhang, Y.; Mei, H.-X.; Cao, Y.; Yan, X.-H.; Yan, J.; Gao, H.-L.; Luo, H.-W.; Wang, S.-W.; Jia, X.-D.; Kachalova, L.; et al. Recent advances and challenges of electrode materials for flexible supercapacitors. Coord. Chem. Rev. 2021, 438, 213910. [Google Scholar] [CrossRef]

	



Yang, M.; Lu, H.; Liu, S. Recent Advances of MXene-Based Electrochemical Immunosensors. Appl. Sci. 2022, 12, 5630. [Google Scholar] [CrossRef]

	



Vasyukova, I.A.; Zakharova, O.V.; Kuznetsov, D.V.; Gusev, A. Synthesis, Toxicity Assessment, Environmental and Biomedical Applications of MXenes: A Review. Nanomaterials 2022, 12, 1797. [Google Scholar] [CrossRef] [PubMed]

	



Yang, R.; Chen, X.; Ke, W.; Wu, X. Recent Research Progress in the Structure, Fabrication, and Application of MXene-Based Heterostructures. Nanomaterials 2022, 12, 1907. [Google Scholar] [CrossRef] [PubMed]

	



Guo, Y.; Jin, S.; Wang, L.; He, P.; Hu, Q.; Fan, L.-Z.; Zhou, A. Synthesis of two-dimensional carbide Mo2CTx MXene by hydrothermal etching with fluorides and its thermal stability. Ceram. Int. 2020, 46, 19550–19556. [Google Scholar] [CrossRef]

	



Alhabeb, M.; Maleski, K.; Mathis, T.S.; Sarycheva, A.; Hatter, C.B.; Uzun, S.; Levitt, A.; Gogotsi, Y. Selective Etching of Silicon from Ti3SiC2 (MAX) To Obtain 2D Titanium Carbide (MXene). Angew. Chem. Int. Ed. Engl. 2018, 57, 5444–5448. [Google Scholar] [CrossRef]

	



Cheng, Y.; Wang, L.; Li, Y.; Song, Y.; Zhang, Y. Etching and Exfoliation Properties of Cr2AlC into Cr2CO2 and the Electrocatalytic Performances of 2D Cr2CO2 MXene. J. Phys. Chem. C 2019, 123, 15629–15636. [Google Scholar] [CrossRef]

	



Liu, F.; Zhou, A.; Chen, J.; Jia, J.; Zhou, W.; Wang, L.; Hu, Q. Preparation of Ti3C2 and Ti2C MXenes by fluoride salts etching and methane adsorptive properties. Appl. Surf. Sci. 2017, 416, 781–789. [Google Scholar] [CrossRef]

	



Karlsson, L.H.; Birch, J.; Halim, J.; Barsoum, M.W.; Persson, P.O. Atomically Resolved Structural and Chemical Investigation of Single MXene Sheets. Nano Lett. 2015, 15, 4955–4960. [Google Scholar] [CrossRef]

	



Cao, Q.; Yun, F.F.; Sang, L.; Xiang, F.; Liu, G.; Wang, X. Defect introduced paramagnetism and weak localization in two-dimensional metal VSe2. Nanotechnology 2017, 28, 475703. [Google Scholar] [CrossRef]

	



Cockreham, C.B.; Zhang, X.; Li, H.; Hammond-Pereira, E.; Sun, J.; Saunders, S.R.; Wang, Y.; Xu, H.; Wu, D. Inhibition of AlF3·3H2O Impurity Formation in Ti3C2Tx MXene Synthesis under a Unique CoFx/HCl Etching Environment. ACS Appl. Energy Mater. 2019, 2, 8145–8152. [Google Scholar] [CrossRef]

	



Chaudhari, N.K.; Jin, H.; Kim, B.; San Baek, D.; Joo, S.H.; Lee, K. MXene: An emerging two-dimensional material for future energy conversion and storage applications. J. Mater. Chem. A 2017, 5, 24564–24579. [Google Scholar] [CrossRef]

	



Come, J.; Black, J.M.; Lukatskaya, M.R.; Naguib, M.; Beidaghi, M.; Rondinone, A.J.; Kalinin, S.V.; Wesolowski, D.J.; Gogotsi, Y.; Balke, N. Controlling the actuation properties of MXene paper electrodes upon cation intercalation. Nano Energy 2015, 17, 27–35. [Google Scholar] [CrossRef]

	



Coleman, J.N.; Lotya, M.; O’Neill, A.; Bergin, S.D.; King, P.J.; Khan, U.; Young, K.; Gaucher, A.; De, S.; Smith, R.J.; et al. Two-dimensional nanosheets produced by liquid exfoliation of layered materials. Science 2011, 331, 568–571. [Google Scholar] [CrossRef] [PubMed]

	



Mashtalir, O.; Naguib, M.; Dyatkin, B.; Gogotsi, Y.; Barsoum, M.W. Kinetics of aluminum extraction from Ti3AlC2 in hydrofluoric acid. Mater. Chem. Phys. 2013, 139, 147–152. [Google Scholar] [CrossRef]

	



Sang, X.; Xie, Y.; Lin, M.-W.; Alhabeb, M.; Van Aken, K.L.; Gogotsi, Y.; Kent, P.R.; Xiao, K.; Unocic, R.R. Atomic defects in monolayer titanium carbide (Ti3C2Tx) MXene. ACS Nano 2016, 10, 9193–9200. [Google Scholar] [CrossRef]

	



Lipatov, A.; Alhabeb, M.; Lukatskaya, M.R.; Boson, A.; Gogotsi, Y.; Sinitskii, A. Effect of synthesis on quality, electronic properties and environmental stability of individual monolayer Ti3C2 MXene flakes. Adv. Electron. Mater. 2016, 2, 1600255. [Google Scholar] [CrossRef]

	



Ghidiu, M.; Lukatskaya, M.R.; Zhao, M.Q.; Gogotsi, Y.; Barsoum, M.W. Conductive two-dimensional titanium carbide ‘clay’ with high volumetric capacitance. Nature 2014, 516, 78–81. [Google Scholar] [CrossRef]

	



Feng, A.; Yu, Y.; Wang, Y.; Jiang, F.; Yu, Y.; Mi, L.; Song, L. Two-dimensional MXene Ti3C2 produced by exfoliation of Ti3AlC2. Mater. Des. 2017, 114, 161–166. [Google Scholar] [CrossRef]

	



Zhan, C.; Naguib, M.; Lukatskaya, M.; Kent, P.R.C.; Gogotsi, Y.; Jiang, D.E. Understanding the MXene Pseudocapacitance. J. Phys. Chem. Lett. 2018, 9, 1223–1228. [Google Scholar] [CrossRef]

	



Halim, J.; Lukatskaya, M.R.; Cook, K.M.; Lu, J.; Smith, C.R.; Naslund, L.A.; May, S.J.; Hultman, L.; Gogotsi, Y.; Eklund, P.; et al. Transparent Conductive Two-Dimensional Titanium Carbide Epitaxial Thin Films. Chem. Mater. 2014, 26, 2374–2381. [Google Scholar] [CrossRef]

	



Wang, X.; Garnero, C.; Rochard, G.; Magne, D.; Morisset, S.; Hurand, S.; Chartier, P.; Rousseau, J.; Cabioc’h, T.; Coutanceau, C.; et al. A new etching environment (FeF3/HCl) for the synthesis of two-dimensional titanium carbide MXenes: A route towards selective reactivity vs. water. J. Mater. Chem. A 2017, 5, 22012–22023. [Google Scholar] [CrossRef]

	



Mei, J.; Ayoko, G.A.; Hu, C.; Bell, J.M.; Sun, Z. Two-dimensional fluorine-free mesoporous Mo2C MXene via UV-induced selective etching of Mo2Ga2C for energy storage. Sustain. Mater. Technol. 2020, 25, e00156. [Google Scholar] [CrossRef]

	



Rafieerad, A.; Amiri, A.; Sequiera, G.L.; Yan, W.; Chen, Y.; Polycarpou, A.A.; Dhingra, S. Development of Fluorine-Free Tantalum Carbide MXene Hybrid Structure as a Biocompatible Material for Supercapacitor Electrodes. Adv. Funct. Mater. 2021, 31, 2100015. [Google Scholar] [CrossRef] [PubMed]

	



Song, M.; Pang, S.Y.; Guo, F.; Wong, M.C.; Hao, J. Fluoride-Free 2D Niobium Carbide MXenes as Stable and Biocompatible Nanoplatforms for Electrochemical Biosensors with Ultrahigh Sensitivity. Adv. Sci. 2020, 7, 2001546. [Google Scholar] [CrossRef] [PubMed]

	



Xue, N.; Li, X.; Han, L.; Zhu, H.; Zhao, X.; Zhuang, J.; Gao, Z.; Tao, X. Fluorine-free synthesis of ambient-stable delaminated Ti2CTx (MXene). J. Mater. Chem. A 2022, 10, 7960–7967. [Google Scholar] [CrossRef]

	



Sun, Z.; Yuan, M.; Lin, L.; Yang, H.; Nan, C.; Li, H.; Sun, G.; Yang, X. Selective Lithiation–Expansion–Microexplosion Synthesis of Two-Dimensional Fluoride-Free Mxene. ACS Mater. Lett. 2019, 1, 628–632. [Google Scholar] [CrossRef]

	



Al Mayyahi, A.; Sarker, S.; Everhart, B.M.; He, X.; Amama, P.B. One-Step Fluorine-Free Synthesis of Delaminated, OH-Terminated Ti3C2: High Photocatalytic NOx Storage Selectivity Enabled by Coupling TiO2 and Ti3C2-OH. Mater. Today Commun. 2022, 32, 103835. [Google Scholar] [CrossRef]

	



Thomas, T.; Pushpan, S.; Aguilar Martínez, J.A.; Torres Castro, A.; Pineda Aguilar, N.; Álvarez-Méndez, A.; Sanal, K.C. UV-assisted safe etching route for the synthesis of Mo2CTx MXene from Mo–In–C non-MAX phase. Ceram. Int. 2021, 47, 35384–35387. [Google Scholar] [CrossRef]

	



Yang, S.; Zhang, P.; Wang, F.; Ricciardulli, A.G.; Lohe, M.R.; Blom, P.W.M.; Feng, X. Fluoride-Free Synthesis of Two-Dimensional Titanium Carbide (MXene) Using A Binary Aqueous System. Angew. Chem. Int. Ed. Engl. 2018, 57, 15491–15495. [Google Scholar] [CrossRef]

	



Ding, L.; Wei, Y.; Wang, Y.; Chen, H.; Caro, J.; Wang, H. A Two-Dimensional Lamellar Membrane: MXene Nanosheet Stacks. Angew. Chem. Int. Ed. Engl. 2017, 56, 1825–1829. [Google Scholar] [CrossRef]

	



Li, T.; Yao, L.; Liu, Q.; Gu, J.; Luo, R.; Li, J.; Yan, X.; Wang, W.; Liu, P.; Chen, B.; et al. Fluorine-Free Synthesis of High-Purity Ti3C2Tx (T=OH, O) via Alkali Treatment. Angew. Chem. Int. Ed. Engl. 2018, 57, 6115–6119. [Google Scholar] [CrossRef] [PubMed]

	



Dall’Agnese, Y.; Lukatskaya, M.R.; Cook, K.M.; Taberna, P.-L.; Gogotsi, Y.; Simon, P. High capacitance of surface-modified 2D titanium carbide in acidic electrolyte. Electrochem. Commun. 2014, 48, 118–122. [Google Scholar] [CrossRef]

	



Zhang, B.; Zhu, J.; Shi, P.; Wu, W.; Wang, F. Fluoride-free synthesis and microstructure evolution of novel two-dimensional Ti3C2(OH)2 nanoribbons as high-performance anode materials for lithium-ion batteries. Ceram. Int. 2019, 45, 8395–8405. [Google Scholar] [CrossRef]

	



Li, Y.; Shao, H.; Lin, Z.; Lu, J.; Liu, L.; Duployer, B.; Persson, P.O.A.; Eklund, P.; Hultman, L.; Li, M.; et al. A general Lewis acidic etching route for preparing MXenes with enhanced electrochemical performance in non-aqueous electrolyte. Nat. Mater. 2020, 19, 894–899. [Google Scholar] [CrossRef] [PubMed]

	



Naoi, K.; Kisu, K.; Iwama, E.; Nakashima, S.; Sakai, Y.; Orikasa, Y.; Leone, P.; Dupré, N.; Brousse, T.; Rozier, P.; et al. Ultrafast charge–discharge characteristics of a nanosized core–shell structured LiFePO4 material for hybrid supercapacitor applications. Energy Environ. Sci. 2016, 9, 2143–2151. [Google Scholar] [CrossRef]

	



Lukatskaya, M.R.; Dunn, B.; Gogotsi, Y. Multidimensional materials and device architectures for future hybrid energy storage. Nat. Commun. 2016, 7, 12647. [Google Scholar] [CrossRef]

	



Wu, Z.; Zhu, S.; Bai, X.; Liang, M.; Zhang, X.; Zhao, N.; He, C. One-step in-situ synthesis of Sn-nanoconfined Ti3C2Tx MXene composites for Li-ion battery anode. Electrochim. Acta 2022, 407, 139916. [Google Scholar] [CrossRef]

	



Vicic, D.A.; Jones, G.D. Experimental Methods and Techniques: Basic Techniques. Compr. Organomet. Chem. III 2007, 1, 197–218. [Google Scholar] [CrossRef]

	



Calvo-Flores, F.; Dobado, J.; Isac-García, J.; Martín-MartíNez, F. Structure and physicochemical properties. In Lignin and Lignans as Renewable Raw Materials: Chemistry, Technology and Applications; Wiley: New York, NY, USA, 2015; pp. 11–47. [Google Scholar] [CrossRef]

	



Laufersky, G.; Bradley, S.; Frecaut, E.; Lein, M.; Nann, T. Unraveling aminophosphine redox mechanisms for glovebox-free InP quantum dot syntheses. Nanoscale 2018, 10, 8752–8762. [Google Scholar] [CrossRef]

	



Anasori, B.; Xie, Y.; Beidaghi, M.; Lu, J.; Hosler, B.C.; Hultman, L.; Kent, P.R.; Gogotsi, Y.; Barsoum, M.W. Two-Dimensional, Ordered, Double Transition Metals Carbides (MXenes). ACS Nano 2015, 9, 9507–9516. [Google Scholar] [CrossRef]

	



Wu, J.; Wang, Y.; Zhang, Y.; Meng, H.; Xu, Y.; Han, Y.; Wang, Z.; Dong, Y.; Zhang, X. Highly safe and ionothermal synthesis of Ti3C2 MXene with expanded interlayer spacing for enhanced lithium storage. J. Energy Chem. 2020, 47, 203–209. [Google Scholar] [CrossRef]

	



Shi, H.; Zhang, P.; Liu, Z.; Park, S.; Lohe, M.R.; Wu, Y.; Shaygan Nia, A.; Yang, S.; Feng, X. Ambient-Stable Two-Dimensional Titanium Carbide (MXene) Enabled by Iodine Etching. Angew. Chem. Int. Ed. Engl. 2021, 60, 8689–8693. [Google Scholar] [CrossRef] [PubMed]

	



Sun, S.; Liao, C.; Hafez, A.M.; Zhu, H.; Wu, S. Two-dimensional MXenes for energy storage. Chem. Eng. J. 2018, 338, 27–45. [Google Scholar] [CrossRef]

	



Wang, J.; Tang, J.; Ding, B.; Malgras, V.; Chang, Z.; Hao, X.; Wang, Y.; Dou, H.; Zhang, X.; Yamauchi, Y. Hierarchical porous carbons with layer-by-layer motif architectures from confined soft-template self-assembly in layered materials. Nat. Commun. 2017, 8, 15717. [Google Scholar] [CrossRef]

	



Zhang, X.; Liu, Y.; Dong, S.; Yang, J.; Liu, X. Surface modified MXene film as flexible electrode with ultrahigh volumetric capacitance. Electrochim. Acta 2019, 294, 233–239. [Google Scholar] [CrossRef]

	



Yang, C.; Tang, Y.; Tian, Y.; Luo, Y.; He, Y.; Yin, X.; Que, W. Achieving of Flexible, Free-Standing, Ultracompact Delaminated Titanium Carbide Films for High Volumetric Performance and Heat-Resistant Symmetric Supercapacitors. Adv. Funct. Mater. 2018, 28, 1705487. [Google Scholar] [CrossRef]

	



Lu, M.; Li, H.; Han, W.; Chen, J.; Shi, W.; Wang, J.; Meng, X.-M.; Qi, J.; Li, H.; Zhang, B.; et al. 2D titanium carbide (MXene) electrodes with lower-F surface for high performance lithium-ion batteries. J. Energy Chem. 2019, 31, 148–153. [Google Scholar] [CrossRef]

	



Zhang, Z.; Yao, Z.; Zhang, X.; Jiang, Z. 2D Carbide MXene under postetch low-temperature annealing for high–performance supercapacitor electrode. Electrochim. Acta 2020, 359, 136960. [Google Scholar] [CrossRef]

	



Zhao, X.; Wang, Z.; Dong, J.; Huang, T.; Zhang, L. Annealing modification of MXene films with mechanically strong structures and high electrochemical performance for supercapacitor applications. J. Power Sources 2020, 470, 228356. [Google Scholar] [CrossRef]

	



Sun, Y.; Chen, D.; Liang, Z. Two-dimensional MXenes for energy storage and conversion applications. Mater. Today Energy 2017, 5, 22–36. [Google Scholar] [CrossRef]

	



Lukatskaya, M.R.; Bak, S.-M.; Yu, X.; Yang, X.-Q.; Barsoum, M.W.; Gogotsi, Y. Probing the Mechanism of High Capacitance in 2D Titanium Carbide Using In Situ X-Ray Absorption Spectroscopy. Adv. Energy Mater. 2015, 5, 1500589. [Google Scholar] [CrossRef]

	



Ran, F.; Wang, T.; Chen, S.; Liu, Y.; Shao, L. Constructing expanded ion transport channels in flexible MXene film for pseudocapacitive energy storage. Appl. Surf. Sci. 2020, 511, 45621–145627. [Google Scholar] [CrossRef]

	



Gutiérrez, M.C.; Ferrer, M.L.; del Monte, F. Ice-Templated Materials: Sophisticated Structures Exhibiting Enhanced Functionalities Obtained after Unidirectional Freezing and Ice-Segregation-Induced Self-Assembly. Chem. Mater. 2008, 20, 634–648. [Google Scholar] [CrossRef]

	



Xia, Y.; Mathis, T.S.; Zhao, M.Q.; Anasori, B.; Dang, A.; Zhou, Z.; Cho, H.; Gogotsi, Y.; Yang, S. Thickness-independent capacitance of vertically aligned liquid-crystalline MXenes. Nature 2018, 557, 409–412. [Google Scholar] [CrossRef] [PubMed]

	



Yan, J.; Wang, Q.; Wei, T.; Jiang, L.; Zhang, M.; Jing, X.; Fan, Z. Template-assisted low temperature synthesis of functionalized graphene for ultrahigh volumetric performance supercapacitors. ACS Nano 2014, 8, 4720–4729. [Google Scholar] [CrossRef] [PubMed]

	



Chen, C.M.; Zhang, Q.; Huang, C.H.; Zhao, X.C.; Zhang, B.S.; Kong, Q.Q.; Wang, M.Z.; Yang, Y.G.; Cai, R.; Sheng Su, D. Macroporous ‘bubble’ graphene film via template-directed ordered-assembly for high rate supercapacitors. Chem. Commun. 2012, 48, 7149–7151. [Google Scholar] [CrossRef]

	



Xu, S.; Wei, G.; Li, J.; Han, W.; Gogotsi, Y. Flexible MXene–graphene electrodes with high volumetric capacitance for integrated co-cathode energy conversion/storage devices. J. Mater. Chem. A 2017, 5, 17442–17451. [Google Scholar] [CrossRef]

	



Yang, L.; Zheng, W.; Zhang, P.; Chen, J.; Zhang, W.; Tian, W.B.; Sun, Z.M. Freestanding nitrogen-doped d-Ti3C2/reduced graphene oxide hybrid films for high performance supercapacitors. Electrochim. Acta 2019, 300, 349–356. [Google Scholar] [CrossRef]

	



Aïssa, B.; Sinopoli, A.; Ali, A.; Zakaria, Y.; Zekri, A.; Helal, M.; Nedil, M.; Rosei, F.; Mansour, S.; Mahmoud, K. Nanoelectromagnetic of a highly conductive 2D transition metal carbide (MXene)/Graphene nanoplatelets composite in the EHF M-band frequency. Carbon 2021, 173, 528–539. [Google Scholar] [CrossRef]

	



Li, H.; Hou, Y.; Wang, F.; Lohe, M.R.; Zhuang, X.; Niu, L.; Feng, X. Flexible All-Solid-State Supercapacitors with High Volumetric Capacitances Boosted by Solution Processable MXene and Electrochemically Exfoliated Graphene. Adv. Energy Mater. 2017, 7, 1601847. [Google Scholar] [CrossRef]

	



Novoselov, K.S.; Fal’ko, V.I.; Colombo, L.; Gellert, P.R.; Schwab, M.G.; Kim, K. A roadmap for graphene. Nature 2012, 490, 192–200. [Google Scholar] [CrossRef] [PubMed]

	



Zhou, Y.; Maleski, K.; Anasori, B.; Thostenson, J.O.; Pang, Y.; Feng, Y.; Zeng, K.; Parker, C.B.; Zauscher, S.; Gogotsi, Y.; et al. Ti3C2Tx MXene-Reduced Graphene Oxide Composite Electrodes for Stretchable Supercapacitors. ACS Nano 2020, 14, 3576–3586. [Google Scholar] [CrossRef] [PubMed]

	



Wang, K.; Zheng, B.; Mackinder, M.; Baule, N.; Qiao, H.; Jin, H.; Schuelke, T.; Fan, Q.H. Graphene wrapped MXene via plasma exfoliation for all-solid-state flexible supercapacitors. Energy Storage Mater. 2019, 20, 299–306. [Google Scholar] [CrossRef]

	



Zhang, X.; Zhang, Z.; Zhou, Z. MXene-based materials for electrochemical energy storage. J. Energy Chem. 2018, 27, 73–85. [Google Scholar] [CrossRef]

	



Stankovich, S.; Dikin, D.A.; Dommett, G.H.; Kohlhaas, K.M.; Zimney, E.J.; Stach, E.A.; Piner, R.D.; Nguyen, S.T.; Ruoff, R.S. Graphene-based composite materials. Nature 2006, 442, 282–286. [Google Scholar] [CrossRef]

	



Navarro-Suárez, A.M.; Maleski, K.; Makaryan, T.; Yan, J.; Anasori, B.; Gogotsi, Y. 2D Titanium Carbide/Reduced Graphene Oxide Heterostructures for Supercapacitor Applications. Batter. Supercaps 2018, 1, 33–38. [Google Scholar] [CrossRef]

	



Fan, Z.; Wang, Y.; Xie, Z.; Wang, D.; Yuan, Y.; Kang, H.; Su, B.; Cheng, Z.; Liu, Y. Modified MXene/Holey Graphene Films for Advanced Supercapacitor Electrodes with Superior Energy Storage. Adv. Sci. 2018, 5, 1800750. [Google Scholar] [CrossRef]

	



Yang, Q.; Xu, Z.; Fang, B.; Huang, T.; Cai, S.; Chen, H.; Liu, Y.; Gopalsamy, K.; Gao, W.; Gao, C. MXene/graphene hybrid fibers for high performance flexible supercapacitors. J. Mater. Chem. A 2017, 5, 22113–22119. [Google Scholar] [CrossRef]

	



Yan, J.; Ren, C.E.; Maleski, K.; Hatter, C.B.; Anasori, B.; Urbankowski, P.; Sarycheva, A.; Gogotsi, Y. Flexible MXene/Graphene Films for Ultrafast Supercapacitors with Outstanding Volumetric Capacitance. Adv. Funct. Mater. 2017, 27, 1701264. [Google Scholar] [CrossRef]

	



Srivastava, S.; Kotov, N.A. Composite layer-by-layer (LBL) assembly with inorganic nanoparticles and nanowires. Acc. Chem. Res. 2008, 41, 1831–1841. [Google Scholar] [CrossRef]

	



Miao, J.; Zhu, Q.; Li, K.; Zhang, P.; Zhao, Q.; Xu, B. Self-propagating fabrication of 3D porous MXene-rGO film electrode for high-performance supercapacitors. J. Energy Chem. 2021, 52, 243–250. [Google Scholar] [CrossRef]

	



Yang, X.; Wang, Q.; Zhu, K.; Ye, K.; Wang, G.; Cao, D.; Yan, J. 3D Porous Oxidation-Resistant MXene/Graphene Architectures Induced by In Situ Zinc Template toward High-Performance Supercapacitors. Adv. Funct. Mater. 2021, 31, 2101087. [Google Scholar] [CrossRef]

	



Xiang, Z.; Shi, Y.; Zhu, X.; Cai, L.; Lu, W. Flexible and Waterproof 2D/1D/0D Construction of MXene-Based Nanocomposites for Electromagnetic Wave Absorption, EMI Shielding, and Photothermal Conversion. Nanomicro. Lett. 2021, 13, 150. [Google Scholar] [CrossRef] [PubMed]

	



Xie, X.; Zhao, M.-Q.; Anasori, B.; Maleski, K.; Ren, C.E.; Li, J.; Byles, B.W.; Pomerantseva, E.; Wang, G.; Gogotsi, Y. Porous heterostructured MXene/carbon nanotube composite paper with high volumetric capacity for sodium-based energy storage devices. Nano Energy 2016, 26, 513–523. [Google Scholar] [CrossRef]

	



Liang, X.; Rangom, Y.; Kwok, C.Y.; Pang, Q.; Nazar, L.F. Interwoven MXene Nanosheet/Carbon-Nanotube Composites as Li-S Cathode Hosts. Adv. Mater. 2017, 29, 1603040. [Google Scholar] [CrossRef]

	



Fu, Q.; Wang, X.; Zhang, N.; Wen, J.; Li, L.; Gao, H.; Zhang, X. Self-assembled Ti3C2Tx/SCNT composite electrode with improved electrochemical performance for supercapacitor. J. Colloid. Interface Sci. 2018, 511, 128–134. [Google Scholar] [CrossRef]

	



Cai, Y.-Z.; Fang, Y.-S.; Cao, W.-Q.; He, P.; Cao, M.-S. MXene-CNT/PANI ternary material with excellent supercapacitive performance driven by synergy. J. Alloys Compd. 2021, 868, 159159. [Google Scholar] [CrossRef]

	



Wang, X.; Luo, D.; Wang, J.; Sun, Z.; Cui, G.; Chen, Y.; Wang, T.; Zheng, L.; Zhao, Y.; Shui, L.; et al. Inside Cover: Strain Engineering of a MXene/CNT Hierarchical Porous Hollow Microsphere Electrocatalyst for a High-Efficiency Lithium Polysulfide Conversion Process. Angew. Chem. Int. Ed. 2021, 60, 2170. [Google Scholar] [CrossRef]

	



Kang, K.; Lee, K.H.; Han, Y.; Gao, H.; Xie, S.; Muller, D.A.; Park, J. Layer-by-layer assembly of two-dimensional materials into wafer-scale heterostructures. Nature 2017, 550, 229–233. [Google Scholar] [CrossRef]

	



Lipton, J.; Weng, G.-M.; Röhr, J.A.; Wang, H.; Taylor, A.D. Layer-by-Layer Assembly of Two-Dimensional Materials: Meticulous Control on the Nanoscale. Matter 2020, 2, 1148–1165. [Google Scholar] [CrossRef]

	



Zhao, M.Q.; Ren, C.E.; Ling, Z.; Lukatskaya, M.R.; Zhang, C.; Van Aken, K.L.; Barsoum, M.W.; Gogotsi, Y. Flexible MXene/carbon nanotube composite paper with high volumetric capacitance. Adv. Mater. 2015, 27, 339–345. [Google Scholar] [CrossRef] [PubMed]

	



Dall’Agnese, Y.; Rozier, P.; Taberna, P.-L.; Gogotsi, Y.; Simon, P. Capacitance of two-dimensional titanium carbide (MXene) and MXene/carbon nanotube composites in organic electrolytes. J. Power Sources 2016, 306, 510–515. [Google Scholar] [CrossRef]

	



Zhang, P.; Zhu, Q.; Soomro, R.A.; He, S.; Sun, N.; Qiao, N.; Xu, B. In Situ Ice Template Approach to Fabricate 3D Flexible MXene Film-Based Electrode for High Performance Supercapacitors. Adv. Funct. Mater. 2020, 30, 2000922. [Google Scholar] [CrossRef]

	



Gao, X.; Du, X.; Mathis, T.S.; Zhang, M.; Wang, X.; Shui, J.; Gogotsi, Y.; Xu, M. Maximizing ion accessibility in MXene-knotted carbon nanotube composite electrodes for high-rate electrochemical energy storage. Nat. Commun. 2020, 11, 6160. [Google Scholar] [CrossRef] [PubMed]

	



Zhu, M.; Huang, Y.; Deng, Q.; Zhou, J.; Pei, Z.; Xue, Q.; Huang, Y.; Wang, Z.; Li, H.; Huang, Q.; et al. Highly Flexible, Freestanding Supercapacitor Electrode with Enhanced Performance Obtained by Hybridizing Polypyrrole Chains with MXene. Adv. Energy Mater. 2016, 6, 1600969. [Google Scholar] [CrossRef]

	



Wu, X.; Huang, B.; Lv, R.; Wang, Q.; Wang, Y. Highly flexible and low capacitance loss supercapacitor electrode based on hybridizing decentralized conjugated polymer chains with MXene. Chem. Eng. J. 2019, 378, 122246. [Google Scholar] [CrossRef]

	



Ling, Z.; Ren, C.E.; Zhao, M.Q.; Yang, J.; Giammarco, J.M.; Qiu, J.; Barsoum, M.W.; Gogotsi, Y. Flexible and conductive MXene films and nanocomposites with high capacitance. Proc. Natl. Acad. Sci. USA 2014, 111, 16676–16681. [Google Scholar] [CrossRef]

	



Boota, M.; Anasori, B.; Voigt, C.; Zhao, M.Q.; Barsoum, M.W.; Gogotsi, Y. Pseudocapacitive Electrodes Produced by Oxidant-Free Polymerization of Pyrrole between the Layers of 2D Titanium Carbide (MXene). Adv. Mater. 2016, 28, 1517–1522. [Google Scholar] [CrossRef]

	



Luo, W.; Wei, Y.; Zhuang, Z.; Lin, Z.; Li, X.; Hou, C.; Li, T.; Ma, Y. Fabrication of Ti3C2Tx MXene/polyaniline composite films with adjustable thickness for high-performance flexible all-solid-state symmetric supercapacitors. Electrochim. Acta 2022, 406, 139871. [Google Scholar] [CrossRef]

	



Li, L.; Zhang, N.; Zhang, M.; Zhang, X.; Zhang, Z. Flexible Ti3C2Tx/PEDOT:PSS films with outstanding volumetric capacitance for asymmetric supercapacitors. Dalton Trans. 2019, 48, 1747–1756. [Google Scholar] [CrossRef]

	



Mishra, R.K.; Manivannan, S.; Kim, K.; Kwon, H.-I.; Jin, S.H. Petal-like MoS2 nanostructures with metallic 1 T phase for high performance supercapacitors. Curr. Appl. Phys. 2018, 18, 345–352. [Google Scholar] [CrossRef]

	



Zheng, J.; Jow, T. A new charge storage mechanism for electrochemical capacitors. J. Electrochem. Soc. 1995, 142, L6. [Google Scholar] [CrossRef]

	



Rakhi, R.B.; Ahmed, B.; Anjum, D.; Alshareef, H.N. Direct Chemical Synthesis of MnO2 Nanowhiskers on Transition-Metal Carbide Surfaces for Supercapacitor Applications. ACS Appl. Mater. Interfaces 2016, 8, 18806–18814. [Google Scholar] [CrossRef] [PubMed]

	



Cao, J.; Li, X.; Wang, Y.; Walsh, F.C.; Ouyang, J.-H.; Jia, D.; Zhou, Y. Materials and fabrication of electrode scaffolds for deposition of MnO2 and their true performance in supercapacitors. J. Power Sources 2015, 293, 657–674. [Google Scholar] [CrossRef]

	



Hou, C.; Yu, H. ZnO/Ti3C2Tx monolayer electron transport layers with enhanced conductivity for highly efficient inverted polymer solar cells. Chem. Eng. J. 2021, 407, 127192. [Google Scholar] [CrossRef]

	



Zhang, M.; Zhou, J.; Yu, J.; Shi, L.; Ji, M.; Liu, H.; Li, D.; Zhu, C.; Xu, J. Mixed analogous heterostructure based on MXene and prussian blue analog derivative for high-performance flexible energy storage. Chem. Eng. J. 2020, 387, 123170. [Google Scholar] [CrossRef]

	



Zhou, J.; Yu, J.; Shi, L.; Wang, Z.; Liu, H.; Yang, B.; Li, C.; Zhu, C.; Xu, J. A Conductive and Highly Deformable All-Pseudocapacitive Composite Paper as Supercapacitor Electrode with Improved Areal and Volumetric Capacitance. Small 2018, 14, e1803786. [Google Scholar] [CrossRef]

	



Radha, N.; Kanakaraj, A.; Manohar, H.; Nidhi, M.; Mondal, D.; Nataraj, S.K.; Ghosh, D. Binder free self-standing high performance supercapacitive electrode based on graphene/titanium carbide composite aerogel. Appl. Surf. Sci. 2019, 481, 892–899. [Google Scholar] [CrossRef]

	



Huang, X.; Zhu, X.; Luo, S.; Li, R.; Rajput, N.; Chiesa, M.; Liao, K.; Chan, V. MnO1.88/R-MnO2/Ti3C2(OH/F)x composite electrodes for high-performance pseudo-supercapacitors prepared from reduced MXenes. New J. Chem. 2020, 44, 6583–6588. [Google Scholar] [CrossRef]

	



Zhao, R.; Wang, M.; Zhao, D.; Li, H.; Wang, C.; Yin, L. Molecular-Level Heterostructures Assembled from Titanium Carbide MXene and Ni–Co–Al Layered Double-Hydroxide Nanosheets for All-Solid-State Flexible Asymmetric High-Energy Supercapacitors. ACS Energy Lett. 2017, 3, 132–140. [Google Scholar] [CrossRef]

	



Tian, Y.; Yang, C.; Que, W.; Liu, X.; Yin, X.; Kong, L.B. Flexible and free-standing 2D titanium carbide film decorated with manganese oxide nanoparticles as a high volumetric capacity electrode for supercapacitor. J. Power Sources 2017, 359, 332–339. [Google Scholar] [CrossRef]

	



Zhao, K.; Wang, H.; Zhu, C.; Lin, S.; Xu, Z.; Zhang, X. Free-standing MXene film modified by amorphous FeOOH quantum dots for high-performance asymmetric supercapacitor. Electrochim. Acta 2019, 308, 1–8. [Google Scholar] [CrossRef]

	



Wang, Y.; Wang, X.; Li, X.; Liu, R.; Bai, Y.; Xiao, H.; Liu, Y.; Yuan, G. Intercalating Ultrathin MoO3 Nanobelts into MXene Film with Ultrahigh Volumetric Capacitance and Excellent Deformation for High-Energy-Density Devices. Nanomicro. Lett. 2020, 12, 115. [Google Scholar] [CrossRef] [PubMed]

	



Jiao, S.; Zhou, A.; Wu, M.; Hu, H. Kirigami Patterning of MXene/Bacterial Cellulose Composite Paper for All-Solid-State Stretchable Micro-Supercapacitor Arrays. Adv. Sci. 2019, 6, 1900529. [Google Scholar] [CrossRef]

	



Zhang, C.J.; McKeon, L.; Kremer, M.P.; Park, S.H.; Ronan, O.; Seral-Ascaso, A.; Barwich, S.; Coileain, C.O.; McEvoy, N.; Nerl, H.C.; et al. Additive-free MXene inks and direct printing of micro-supercapacitors. Nat. Commun. 2019, 10, 1795. [Google Scholar] [CrossRef]

	



Qin, L.; Tao, Q.; El Ghazaly, A.; Fernandez-Rodriguez, J.; Persson, P.O.Å.; Rosen, J.; Zhang, F. High-Performance Ultrathin Flexible Solid-State Supercapacitors Based on Solution Processable Mo1.33C MXene and PEDOT:PSS. Adv. Funct. Mater. 2018, 28, 1703808. [Google Scholar] [CrossRef]

	



Zhang, C.J.; Anasori, B.; Seral-Ascaso, A.; Park, S.H.; McEvoy, N.; Shmeliov, A.; Duesberg, G.S.; Coleman, J.N.; Gogotsi, Y.; Nicolosi, V. Transparent, Flexible, and Conductive 2D Titanium Carbide (MXene) Films with High Volumetric Capacitance. Adv. Mater. 2017, 29, 1702678. [Google Scholar] [CrossRef]

	



Jiang, H.; Wang, Z.; Yang, Q.; Hanif, M.; Wang, Z.; Dong, L.; Dong, M. A novel MnO2/Ti3C2Tx MXene nanocomposite as high performance electrode materials for flexible supercapacitors. Electrochim. Acta 2018, 290, 695–703. [Google Scholar] [CrossRef]

	



Huang, H.; Su, H.; Zhang, H.; Xu, L.; Chu, X.; Hu, C.; Liu, H.; Chen, N.; Liu, F.; Deng, W.; et al. Extraordinary Areal and Volumetric Performance of Flexible Solid-State Micro-Supercapacitors Based on Highly Conductive Freestanding Ti3C2Tx Films. Adv. Electron. Mater. 2018, 4, 1800179. [Google Scholar] [CrossRef]

	



Wen, D.; Ying, G.; Liu, L.; Li, Y.; Sun, C.; Hu, C.; Zhao, Y.; Ji, Z.; Zhang, J.; Wang, X.J.J.o.A.; et al. Direct inkjet printing of flexible MXene/graphene composite films for supercapacitor electrodes. J. Alloys Compd. 2022, 900, 163436. [Google Scholar] [CrossRef]

	



Xu, S.; Dall’Agnese, Y.; Wei, G.; Zhang, C.; Gogotsi, Y.; Han, W. Screen-printable microscale hybrid device based on MXene and layered double hydroxide electrodes for powering force sensors. Nano Energy 2018, 50, 479–488. [Google Scholar] [CrossRef]

	



Huang, X.; Huang, J.; Yang, D.; Wu, P. A Multi-Scale Structural Engineering Strategy for High-Performance MXene Hydrogel Supercapacitor Electrode. Adv. Sci. 2021, 8, e2101664. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, D.; Chi, B.; Li, B.; Gao, Z.; Du, Y.; Guo, J.; Wei, J. Fabrication of highly conductive graphene flexible circuits by 3D printing. Synth. Met. 2016, 217, 79–86. [Google Scholar] [CrossRef]

	



Roh, S.; Parekh, D.P.; Bharti, B.; Stoyanov, S.D.; Velev, O.D. 3D Printing by Multiphase Silicone/Water Capillary Inks. Adv. Mater. 2017, 29, 1701554. [Google Scholar] [CrossRef]

	



Farahani, R.D.; Dube, M.; Therriault, D. Three-Dimensional Printing of Multifunctional Nanocomposites: Manufacturing Techniques and Applications. Adv. Mater. 2016, 28, 5794–5821. [Google Scholar] [CrossRef]

	



Couly, C.; Alhabeb, M.; Van Aken, K.L.; Kurra, N.; Gomes, L.; Navarro-Suárez, A.M.; Anasori, B.; Alshareef, H.N.; Gogotsi, Y. Asymmetric flexible MXene-reduced graphene oxide micro-supercapacitor. Adv. Electron. Mater. 2018, 4, 1700339. [Google Scholar] [CrossRef]

	



Zheng, S.; Zhang, C.J.; Zhou, F.; Dong, Y.; Shi, X.; Nicolosi, V.; Wu, Z.-S.; Bao, X. Ionic liquid pre-intercalated MXene films for ionogel-based flexible micro-supercapacitors with high volumetric energy density. J. Mater. Chem. A 2019, 7, 9478–9485. [Google Scholar] [CrossRef]

	



Xia, X.; Zhan, J.; Zhong, Y.; Wang, X.; Tu, J.; Fan, H.J. Single-Crystalline, Metallic TiC Nanowires for Highly Robust and Wide-Temperature Electrochemical Energy Storage. Small 2017, 13, 1602742. [Google Scholar] [CrossRef]

	



Xu, S.; Wei, G.; Li, J.; Ji, Y.; Klyui, N.; Izotov, V.; Han, W. Binder-free Ti3C2Tx MXene electrode film for supercapacitor produced by electrophoretic deposition method. Chem. Eng. J. 2017, 317, 1026–1036. [Google Scholar] [CrossRef]

	



Wang, K.; Zheng, B.; Mackinder, M.; Baule, N.; Garratt, E.; Jin, H.; Schuelke, T.; Fan, Q.H. Efficient electrophoretic deposition of MXene/reduced graphene oxide flexible electrodes for all-solid-state supercapacitors. J. Energy Storage 2021, 33, 102070. [Google Scholar] [CrossRef]

	



Yang, L.; Lin, F.; Zabihi, F.; Yang, S.; Zhu, M. High specific capacitance cotton fiber electrode enhanced with PPy and MXene by in situ hybrid polymerization. Int. J. Biol. Macromol. 2021, 181, 1063–1071. [Google Scholar] [CrossRef]

	



Li, J.; Chen, J.; Wang, H.; Xiao, X. All-MXene Cotton-Based Supercapacitor-Powered Human Body Thermal Management System. ChemElectroChem 2021, 8, 648–655. [Google Scholar] [CrossRef]

	



Yan, J.; Ma, Y.; Zhang, C.; Li, X.; Liu, W.; Yao, X.; Yao, S.; Luo, S. Polypyrrole-MXene coated textile-based flexible energy storage device. RSC Adv. 2018, 8, 39742–39748. [Google Scholar] [CrossRef]

	



Li, H.; Chen, R.; Ali, M.; Lee, H.; Ko, M.J. In Situ Grown MWCNTs/MXenes Nanocomposites on Carbon Cloth for High-Performance Flexible Supercapacitors. Adv. Funct. Mater. 2020, 30, 2002739. [Google Scholar] [CrossRef]

	



Li, X.; Hao, J.; Liu, R.; He, H.; Wang, Y.; Liang, G.; Liu, Y.; Yuan, G.; Guo, Z. Interfacing MXene flakes on fiber fabric as an ultrafast electron transport layer for high performance textile electrodes. Energy Storage Mater. 2020, 33, 62–70. [Google Scholar] [CrossRef]

	



Li, X.; Li, H.; Fan, X.; Shi, X.; Liang, J. 3D-Printed Stretchable Micro-Supercapacitor with Remarkable Areal Performance. Adv. Energy Mater. 2020, 10, 1903794. [Google Scholar] [CrossRef]

	



Kurra, N.; Ahmed, B.; Gogotsi, Y.; Alshareef, H.N. MXene-on-Paper Coplanar Microsupercapacitors. Adv. Energy Mater. 2016, 6, 1601372. [Google Scholar] [CrossRef]

	



Wu, C.-W.; Unnikrishnan, B.; Chen, I.-W.P.; Harroun, S.G.; Chang, H.-T.; Huang, C.-C. Excellent oxidation resistive MXene aqueous ink for micro-supercapacitor application. Energy Storage Mater. 2020, 25, 563–571. [Google Scholar] [CrossRef]

	



Kurra, N.; Kulkarni, G.U. Pencil-on-paper: Electronic devices. Lab. Chip 2013, 13, 2866–2873. [Google Scholar] [CrossRef]

	



Yang, L.; Zheng, W.; Zhang, P.; Chen, J.; Tian, W.B.; Zhang, Y.M.; Sun, Z.M. MXene/CNTs films prepared by electrophoretic deposition for supercapacitor electrodes. J. Electroanal. Chem. 2018, 830–831, 1–6. [Google Scholar] [CrossRef]

	



Li, X.; Ma, Y.; Shen, P.; Zhang, C.; Cao, M.; Xiao, S.; Yan, J.; Luo, S.; Gao, Y. An Ultrahigh Energy Density Flexible Asymmetric Microsupercapacitor Based on Ti3C2Tx and PPy/MnO2 with Wide Voltage Window. Adv. Mater. Technol. 2020, 5, 2000272. [Google Scholar] [CrossRef]

	



Fu, Q.; Wen, J.; Zhang, N.; Wu, L.; Zhang, M.; Lin, S.; Gao, H.; Zhang, X. Free-standing Ti3C2Tx electrode with ultrahigh volumetric capacitance. RSC Adv. 2017, 7, 11998–12005. [Google Scholar] [CrossRef]

	



Chen, H.; Yu, L.; Lin, Z.; Zhu, Q.; Zhang, P.; Qiao, N.; Xu, B. Carbon nanotubes enhance flexible MXene films for high-rate supercapacitors. J. Mater. Sci. 2020, 55, 1148–1156. [Google Scholar] [CrossRef]

	



Fan, Z.; Wang, Y.; Xie, Z.; Xu, X.; Yuan, Y.; Cheng, Z.; Liu, Y. A nanoporous MXene film enables flexible supercapacitors with high energy storage. Nanoscale 2018, 10, 9642–9652. [Google Scholar] [CrossRef] [PubMed]








[image: Crystals 12 01099 g001 550] 





Figure 1. (a) Schematic of the exfoliation process for Ti3AlC2. (b) SEM image of a sample after HF treatment. Reprinted with permission from Ref. [73]. Copyright 2011 WILEY-VCH Verlag GmbH & Co., KGaA. (c) Ti3AlC2 etched in a solution of HCl + LiF and then washed with water to obtain Ti3C2Tx; the resulting Ti3C2Tx behaves like a clay. (d) XRD patterns of samples produced by etching in LiF + HCl solution. Reprinted with permission from Ref. [77]. Copyright 2014 Nature. (e) The schematic illustration of a reaction between Ti3AlC2 and bifluorides. (f) SEM images of samples exfoliated by NH4HF2 and the XRD patterns of Ti3AlC2 and different Ti3C2 samples: (I) Ti3C2 from etching Ti3AlC2 with HF; (II) Ti3C2 from etching Ti3AlC2 with NaHF2; (III) Ti3C2 from etching Ti3AlC2 with KHF2; (IV) Ti3C2 from etching Ti3AlC2 with NH4HF2. Reprinted with permission from Ref. [78]. Copyright 2017 Materials & Design. 
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Figure 2. (a) The reaction between Ti3AlC2 and NaOH water solution under different conditions. Reprinted with permission from Ref. [91]. Copyright 2018 WILEY-VCH. (b) Schematic of Ti3C2Tx MXene preparation. (c) Generalization of the Lewis acid etching route to a large family of MAX phases. Reprinted with permission from Ref. [94]. Copyright 2020 Natural Materials. (d) Schematic of the synthesis of Ti3C2Tx and Ti3C2Tx/Sn composites by SnCl2 molten salt reaction. (e) HRTEM image of Ti3C2Tx MXene. Reprinted with permission from Ref. [97]. Copyright 2022 Electrochimica Acta. 
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Figure 3. (a) Scheme of the ionothermal synthesis of DES-Ti3C2 MXene. Reprinted with permission from Ref. [102]. Copyright 2019 Journal of Energy Chemistry. (b) The iodine-assisted etching and delamination of Ti3AlC2 towards 2D MXene sheets. Reprinted with permission from Ref. [103]. Copyright 2021 Wiley-VCH GmbH. 
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Figure 4. Modification design strategies for MXenes and applications, including interlayer structure design, surface chemistry design, electrode architecture design, and composites. Reprinted with permission from Ref. [55]. Copyright 2021 Journal of Electroanalytical Chemistry. 
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Figure 5. (a) Schematic illustration of the high-pressure d−Ti3C2 film synthesis and electrode preparation. (b) Ragone plots of volumetric energy and power densities. (c) Volumetric capacitances of the d−Ti3C2 film electrodes in different symmetric SCs. (d) Ragone plots of volumetric energy and power densities obtained from the symmetric SCs based on the d−Ti3C2 films under different pressures. Reprinted with permission from Ref. [107]. Copyright 2018 WILEY-VCH Verlag GmbH & Co., KGaA. 
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Figure 6. (a) Schematic diagram showing the synthesis process of ak−Ti3C2Tx film−A. (b) The specific capacitance as a function of current density. Reprinted with permission from Ref. [106]. Copyright 2018 Electrochimica Acta. (c) Schematic illustration for the fabrication of f-MXene and v-MXene films. (d) Specific capacitance of f−MXene−10 and v−MXene−10 at different current densities. Reprinted with permission from Ref. [113]. Copyright 2020 Applied Surface Science. (e) SEM image of macroporous templated Ti3C2Tx electrode cross-section. Insets show schematically the ionic current pathway in electrodes of different architectures. (f) Cyclic voltammetry profiles of a macroporous 13−µm−thick film with a 0.43 mg cm−2 loading collected in 3 M H2SO4 at scan rates from 20 to 10,000 mV s−1; the inset shows a schematically macroporous electrode architecture and the ionic current pathways in it. Reprinted with permission from Ref. [24]. Copyright 2017 Nature Energy. 
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Figure 7. (a) Schematic illustration for the synthesis of the MXene/rGO hybrids. Reprinted with permission from Ref. [130]. Copyright 2017 WILEY-VCH Verlag GmbH & Co., KGaA. (b) Illustration of synthesis of the modified MXene/holey graphene film. Reprinted with permission from Ref. [128]. Copyright 2018 WILEY-VCH Verlag GmbH & Co., KGaA. 
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Figure 8. (a) Schematic illustration of the synthesis of 3D porous MG nanocomposite. (b) Specific capacitance at different scan rates. (c) Cycling stability of the Zn−MXene, PMG−5, and PMG−10 electrode measured at 200 mV s−1. (d) Energy and power density for PMG−5//NHRGO ASCs. (e) Capacitance retention ratio of ASC at a scan rate of 100 mV s−1 for 10,000 cycles. Reprinted with permission from Ref. [133]. Copyright 2021 Wiley-VCH GmbH. 
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Figure 9. (a) The fabrication of MXene/CNT papers. (b) Gravimetric capacitances of Ti3C2Tx and Ti3C2Tx/CNT electrodes at different scan rates. (c) Cycling stability of a sandwich-like Ti3C2Tx/SWCNT electrode at 5 A g−1. Reprinted with permission from Ref. [142]. Copyright 2014 WILEY-VCH Verlag GmbH & Co., KGaA. (d) Schematic illustration of the fabrication process of MXene nanosheets, vacuum-dried D−MF film, freeze-dried 3D−PMF film, and freeze-dried 3D−PMCF film. (e) Gravimetric energy and power density profiles for 3D−PMCF, 3D−PMF, and D−MF. Reprinted with permission from Ref. [144]. Copyright 2020 WILEY-VCH Verlag GmbH & Co., KGaA. (f) Design of the MXene-knotted CNT composite electrodes for efficient ion transportation. (g) Cyclic voltammograms with larger voltage windows at low temperatures for the full cell using a MXene-knotted CNT composite electrode with a CNT content of 17% as the negative electrode. Reprinted with permission from Ref. [145]. Copyright 2020 Nature Communications. 
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Figure 10. (a) Schematic illustration of the preparation of Ti3C2Tx/PDDA films. (b) Volumetric capacitances at different scan rates for Ti3C2Tx, Ti3C2Tx/PDDA, and Ti3C2Tx/PVA−KOH films. (c) Cyclic stability of Ti3C2Tx/PDDA and Ti3C2Tx/PVA−KOH electrodes at a current density of 5 A g−1; the inset shows the last three cycles of a Ti3C2Tx/PVA−KOH capacitor. Reprinted with permission from Ref. [148]. Copyright 2014 PNAS. (d) Schematic illustration of pyrrole polymerization using MXene. The terminating groups on the latter contribute to the polymerization process. (e) Cycle life performance showing high capacitance retention of the PPy/Ti3C2Tx (1:2) film after 25,000 cycles at 100 mV s−1. Inset shows that the shape of the CV was retained after cycling, confirming the high electrochemical stability. Reprinted with permission from Ref. [149]. Copyright 2015 WILEY-VCH Verlag GmbH & Co., KGaA. (f) Schematic diagram of binding mechanism between MXene nanosheets and PANI nanofibers of the PPy confined between the MXene layers. (g) The plot of specific capacitance versus scan rates and current densities for MP5. Reprinted with permission from Ref. [150]. Copyright 2022 Electrochimica Acta. 
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Figure 11. (a) A schematic representation of the fabrication process. (b) Specific areal capacitance of different samples versus current density. Reprinted with permission from Ref. [158]. Copyright 2018 WILEY-VCH Verlag GmbH & Co., KGaA. (c) Schematic illustration of the synthesis of Ti3C2/FeOOH hybrid films. (d) The areal capacitance as a function of scan rates. (e) Ragone plots of the Ti3C2/Fe−15%//MnO2/CC device in comparison with the other reported ASCs. Reprinted with permission from Ref. [163]. Copyright 2019 Electrochimica Acta. (f) Schematic illustration of the fabrication process of M/MoO3 hybrid films. (g) Corresponding volumetric specific capacitance of various electrodes. Reprinted with permission from Ref. [164]. Copyright 2020 Nano-Micro Lett. 
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Figure 12. (a) Schematic illustration of the preparation of composite films and the fabrication of a solid-state SC. (b) Energy and power density of the M:P = 10:1−24 h device compared with previously reported devices. Reprinted with permission from Ref. [167]. Copyright 2017 WILEY-VCH Verlag GmbH & Co., KGaA. (c) Schematic illustration of the fabrication process for the composite film electrode. Reprinted with permission from Ref. [157]. Copyright 2020 Chemical Engineering Journal. (d) Schematic demonstration of Ti3C2Tx MXene-based transparent, flexible solid-state supercapacitor fabrication. Reprinted with permission from Ref. [168]. Copyright 2017 WILEY-VCH Verlag GmbH & Co., KGaA. (e) Schematic illustration of the MnO2/Ti3C2Tx nanocomposite-based flexible supercapacitor preparation. Reprinted with permission from Ref. [169]. Copyright 2018 Electrochimica Acta. 
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Figure 13. (a) Schematic illustration of manufacturing flexible solid-state MSCs. Reprinted with permission from Ref. [170]. Copyright 2018 WILEY-VCH Verlag GmbH & Co., KGaA. (b) Schematic illustration of direct MXene ink printing. Reprinted with permission from Ref. [170]. Copyright 2019 Nature Communications. (c) Schematic diagram of the inkjet printing of MXene/graphene films. Reprinted with permission from Ref. [171]. Copyright 2022 Journal of Alloys and Compounds. (d) Asymmetrical MXene MSCs fabricated by a modified screen-printing process. Reprinted with permission from Ref. [172]. Copyright 2022 Copyright 2018 Nano Energy. (e) The fabrication process of 3D printing all-MXene MSC via MSES. (f) Photographs of a 3D-printed MXene MSC; scale bar is 1 cm. Reprinted with permission from Ref. [173]. Copyright 2021 Wiley-VCH GmbH. 
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Figure 14. (a) Schematic illustration for the preparation of MXene and MWCNTs. (b) Areal specific capacitance of different samples at different scan rates. (c) Cycling stability of 10−MWCNT−MXene@CC electrode at a current density of 10 mA cm−2. Reprinted with permission from Ref. [185]. Copyright 2020 WILEY-VCH Verlag GmbH & Co., KGaA. (d) Schematic illustration of the synthesis process for a MXene and PPy/MXene/PMFF textile electrode. (e) Areal capacitance comparison of the samples at different current densities. (f) Cycling performance of PPy/FF and PPy/MXene/PMFF measured at 30 mA cm−2, with enlargement of cycling performance of PPy/FF in the inset. Reprinted with permission from Ref. [186]. Copyright 2020 Energy Storage Materials. 
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Figure 15. (a) Schematic illustration of the fabrication process of intrinsically stretchable MSCs through 3D printing and unidirectional freezing. The 3D-printed thick interdigitated electrodes possess a honeycomb-like porous structure in combination with a layered cell wall architecture. Reprinted with permission from Ref. [187]. Copyright 2020 WILEY-VCH Verlag GmbH & Co., KGaA. (b) MXene slurry on an A4 sheet of printing paper with Meyer rod; the inset shows a snapshot of the progression of the coating process. (c) Foldable MXene/paper, schematic illustration of laser patterning of MXene-coated paper to fabricate interdigitated electrodes for MSCs, and fabricated MXene-based MSC device along with the crystallographic arrangement of Ti (gray color) and C (black color) atoms in MXene sheets. Reprinted with permission from Ref. [188]. Copyright 2016 WILEY-VCH Verlag GmbH & Co., KGaA. (d) Schematic representation of the synthesis of a stable SA-MXene nanocomposite. (e) Schematic representation of a solid-state MSC fabricated through the inkjet printing of SA-MXene nanocomposites. Reprinted with permission from Ref. [189]. Copyright 2019 Energy Storage Materials. 
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Figure 16. (a) Schematic diagram of the preparation route of electrode films using the EPD method. (b) The plots of the specific capacitance of the three electrodes after 10,000 GCD cycles at 5 A g−1. Reprinted with permission from Ref. [191]. Copyright 2018 Journal of Electroanalytical Chemistry. (c) The schematic representation of the fabrication route of the flexible Ti3C2Tx//PPy/MnO2-based AMSC. (d) The ACs of the Ti3C2Tx//PPy/MnO2-based AMSC at 2–300 mV s−1. (e) A Ragone plot of Ti3C2Tx//PPy/MnO2-based AMSC compared to previously reported MSCs. (f) The CV curves of the AMSC under 0–180° bending conditions at 10 mV s−1. Reprinted with permission from Ref. [192]. Copyright 2020 WILEY-VCH Verlag GmbH & Co., KG. 
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Table 1. Comparison of various flexible substrates for the flexible SC electrodes.
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	Substrate
	Conductivity
	Cost
	Surface Area
	Flexibility
	Weight





	metal substrate
	high
	moderate
	low
	high
	high



	traditional paper
	low
	low
	moderate
	high
	low



	carbon-based

paper
	high
	moderate
	moderate
	moderate
	low



	sponge-type
	low
	low
	high
	high
	low



	cable-type
	high
	moderate
	moderate
	high
	low



	textile-type
	low
	low
	high
	high
	low
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Table 2. Comparison of the electrochemical performance of MXene-based flexible SCs.
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Substrates

	
Electrode

	
Electrolyte

	
Capacitance

	
Stability

	
Source






	
No

	
Ti3C2Tx films

	
1 M H2SO4

	
245 F g−1 at 2 mV s−1

	
100% after 10,000 cycles

	
[77]




	
ak-Ti3C2Tx film-A

	
1 M H2SO4

	
294 F g−1 at 1 A g−1

	
91% after 4000 cycles

	
[106]




	
d-Ti3C2 films

	
1 M Li2SO4

	
633 F cm−3 at 2 mV s−1

	
95.3% after 10,000 cycles

	
[107]




	
200-Ti3C2Tx film

	
1 M H2SO4

	
429 F g−1 at 1 A g−1

	
89% after 5000 cycles

	
[109]




	
Ti3C2Tx film

	
1 M H2SO4

	
223 F g−1 at 0.5 A g−1

	

	
[110]




	
f-MXene-10 film

	
3 M H2SO4

	
83 F g−1 at 1 A g−1

	
89.3% after 1000 cycles

	
[113]




	
Ti3C2Tx-Li film

	
1 M H2SO4

	
892 F cm−3 at 2 mV s−1

	
100% after 10,000 cycles

	
[193]




	
MXene/rHGO

	
3 M H2SO4

	
1445 F cm−3 at 2 mV s−1

	
93% after 10,000 cycles

	
[128]




	
MXene/rGO-5 wt%

	
1 M KCl

	
1040 F cm−3 at 2 mV s−1

	
100% after 20,000 cycles

	
[130]




	
MXene-rGO-20 film

	
3 M H2SO4

	
300.4 F g−1 at 2 A g−1

	
90.7% after 40,000 cycles

	
[132]




	
MXene/graphene

	
3 M H2SO4

	
127 F g−1 at 2 mV s−1

	
95.7% after 10,000 cycles

	
[133]




	
Ti3C2Tx/SCNT films

	
1 M KOH

	
314 F cm−3 at 2 mV s−1

	
95% after 10,000 cycles

	
[137]




	
MXene/CNT paper

	
1M MgSO4

	
390 F cm−3 at 2 mV s−1

	
100% after 10,000 cycles

	
[142]




	
Ti3C2Tx/CNTs film

	
3 M H2SO4

	
74.1 F g−1 at 5 mV s−1

	
86.3% after 10,000 cycles

	
[144]




	
MXene/CNT-5%

	
1 M H2SO4

	
300 F g−1 at 1 A g−1

	
92% after 10,000 cycles

	
[194]




	
layered Ti3C2/PPy

	
PVA/H2SO4

	
35.6 mF cm−2 at 0.3 mA cm−2

	
100% after 10,000 cycles

	
[146]




	
Ti3C2Tx/PDT

	
PVA/H2SO4

	
52.4 mF cm−2 at 0.1 mA cm−2

	
excellent cycling stability

	
[147]




	
Ti3C2Tx/PVA film

	
1 M KOH

	
528 F cm−3 at 2 mV s−1

	

	
[148]




	
Ti3C2Tx/PPy

	
1 M H2SO4

	
1000 F cm−3 at 5 mV s−1

	
92% after 25,000 cycles

	
[149]




	
Ti3C2Tx/PANI

	
1 M H2SO4

	
272.5 F g−1 at 1 A g−1

	
71.4% after 4000 cycles

	
[150]




	
Ti3C2Tx/PEDOT:PSS

	
1 M H2SO4

	
1065 F cm−3 at 2 mV s−1

	
80% after 10,000 cycles

	
[151]




	
Ti3C2Tx/MnO2 = 6

	

	
205 mF cm−2 at 0.2 mA cm−2

	
100% after 10,000 cycles

	
[158]




	
Ti3C2/MnOx

	
1 M Li2SO4

	
392.9 F cm−3 at 2 mV s−1

	
89.8% after 10,000 cycles

	
[162]




	
Ti3C2/FeOOH QDs

	
1 M Li2SO4

	
115 mF cm−2 at 2 mA cm−2

	
82% after 3000 cycles

	
[163]




	
MXene/MoO3

	
1 M H2SO4

	
396 F cm−3 at 10 mV s−1

	
90% after 5000 cycles

	
[164]




	
MXene/Fe (OH)3

	
3 M H2SO4

	
1142 F cm−3 at 0.5 A g−1

	

	
[195]




	
PET

	
Mo1.33C MXene/PEDOT:PSS

	
1 M H2SO4

	
1310 F cm−3 at 2 mV s−1

	
90% after 10,000 cycles

	
[167]




	
Ti3C2Tx/ MnO2

	
1M Na2SO4

	
130.5 F g−1 at 0.2 A g−1

	
100% after 1000 cycles

	
[169]




	
Ti3C2Tx/rGO

	
PVA/H2SO4

	
80 F cm−3 at 2 mV s−1

	
97% after 10,000 cycles

	
[177]




	
Ti3C2Tx

	
PVA/H2SO4

	
340 mF cm−2 at 0.25 mA cm−2

	
82.5% after 5000 cycles

	
[170]




	
MXene

	
EMIMBF4

	
140 F cm−3 at 0.1 mA cm−2

	
92% after 1000 cycles

	
[178]




	
Fiber

	
TiC nanowires

	
EMIMBF4

	
107.1 F cm−3 at 2.5 A g−1

	
97% after 5000 cycles

	
[179]




	
Ti3C2Tx/rGO

	
PVA/H3PO4

	
11.6 mF cm−2 at 0.1 mA g−1

	
100% after 1000 cycles

	
[181]




	
MXene/PPy

	
0.2 M NaClO4

	
275.2 F g−1 at 1.0 mA cm−2

	

	
[184]




	
MXene/ MWCNTs

	
PVA/H2SO4

	
994.79 mF cm−3 at 1 mA cm−2

	
95.4% after 5000 cycles

	
[185]




	
PPy/MXene/PMFF

	
PVA/Na2SO4

	
458 mF cm−2 at 1 mA cm−2

	
93.7% after 3000 cycles

	
[186]




	
PDMS

	
MXene-AgNW-MnONW-C60

	
PVA/KOH

	
216.2 mF cm−2 at 10 mV s−1

	
85% after 10,000 cycles

	
[187]




	
Paper

	
MXene

	
1 M H2SO4

	
25 mF cm−2 at 20 mV s−1

	
80% after 1000 cycles

	
[188]




	
sodium ascorbate–MXene

	
PVA/H2SO4

	
108.1 mF cm−2 at 1 A g−1

	
94.7% after 4000 cycles

	
[189]




	
GP

	
Ti3C2/CNTs

	
6 M KOH

	
55.3 F g−1 at 0.5 A g−1

	
Increase after 1000 cycles

	
[191]




	
Ti3C2Tx//PPy/MnO2

	
PVA/H2SO4

	
61.5 mF cm−2 at 2 mV s−1

	
80.7% after 5000 cycles

	
[192]
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Table 3. Comparison of the energy density and power density of MXene-based flexible SCs.
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Substrates

	
Electrode

	
Energy Density

	
Power Density

	
Source






	
No

	
ak-Ti3C2Tx film-A

	
45.2 Wh L−1

	
326 W L−1

	
[106]




	
d-Ti3C2 films

	
41 Wh L−1

	

	
[107]




	
200-Ti3C2Tx film

	
29.2 Wh kg−1

	

	
[109]




	
Ti3C2Tx film

	
15.2 Wh L−1

	
204.8 W L−1

	
[110]




	
f-MXene-10 film

	
6.1 Wh Kg−1

	
175.0 W Kg−1

	
[113]




	
MXene/rHGO

	
11.5 Wh Kg−1

	
62.4 W Kg−1

	
[128]




	
MXene/rGO-5 wt%

	
32.6 Wh L−1

	
74.4 kW L−1

	
[130]




	
MXene/graphene

	
50.8 Wh kg−1

	
215 W kg−1

	
[133]




	
Ti3C2Tx/CNTs film

	
23.9 Wh kg−1

	
498.6 W kg−1

	
[144]




	
MXene-knotted CNT

	
59 Wh kg−1

	
9.6 kW kg−1

	
[145]




	
Ti3C2Tx/PANI

	
31.18 Wh kg−1

	
1079.3 W kg−1

	
[150]




	
Ti3C2Tx/PEDOT:PSS

	
23 mWh cm−3

	
7659 mW cm−3

	
[151]




	
Ti3C2Tx/MnO2 = 6

	
56.94 mWh cm−3

	
0.5 W cm−3

	
[158]




	
Ti3C2/MnOx

	
13.64 mWh cm−3

	
3755.61 mW cm−3

	
[162]




	
Ti3C2/FeOOH QDs

	
40 mWh cm−2

	
8.2 mW cm−2

	
[163]




	
MXene/MoO3

	
13.4 Wh kg−1

	
534.6 W kg−1

	
[164]




	
MXene/Fe (OH)3

	
20.7 Wh L−1

	
184.8 W L−1

	
[195]




	
PET

	
Mo1.33C MXene/PEDOT:PSS

	
24.72 mWh cm−3

	
19,470 mW cm−3

	
[167]




	
Ti3C2Tx films

	
0.05 µWh cm−2

	
2.4 µW cm−2

	
[168]




	
Ti3C2Tx/MnO2

	
0.7mWh cm−2

	
80.0 mW cm−2

	
[169]




	
Ti3C2Tx/rGO

	
8.6 mWh cm−3

	
0.2 W cm−3

	
[177]




	
Ti3C2Tx

	
43.5 mWh cm−2

	
87.5 mW cm−2

	
[170]




	
MXene

	
19.2 mWh cm−3

	
14 W cm−3

	
[178]




	
Fiber

	
TiC nanowires

	
13.1 Wh kg−1

	
20.2 kW kg−1

	
[179]




	
MXene/PPy

	
1.30 mWh g−1

	
41.1 mW g−1

	
[184]




	
MXene/MWCNTs

	
22.11 mWh cm−3

	
2.99 W cm−3

	
[185]




	
PPy/MXene/PMFF

	
29.2 μW h cm−2

	
25 mW cm−2

	
[186]




	
PDMS

	
MXene-AgNW-MnONW-C60

	
19.2 µWh cm−2

	
58.3 mW cm−2

	
[187]




	
Paper

	
MXene

	
0.77 μWh cm−2

	
46.6 mW cm−2

	
[188]




	
sodium ascorbate–MXene

	
100.2 mWh cm−3

	
1.9 W cm−3

	
[189]




	
GP

	
Ti3C2/CNTs

	
0.56 Wh kg−1

	
416.7 W kg−1

	
[191]




	
Ti3C2Tx//PPy/MnO2

	
6.73 µWh cm−2

	
204 µW cm−2

	
[192]
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