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Abstract

:

In the past decade, MXenes, a new class of advanced functional 2D nanomaterials, have emerged among numerous types of electrode materials for electrochemical energy storage devices. MXene and their composites have opened up an interesting new opportunity in the field of functional materials, owing to their transition metal nitrides/carbides/carbonitride-based unique layered structures, higher electrical and thermal conductivity, higher charge carrier mobility, high negative zeta-potential, high mechanical properties, tunable bandgap, superior hydrophilicity, metallic nature and rich surface chemistry, which enhance the number of metal active redox sites on the surface and short ion diffusion path. However, in the case of electrochemical energy storage applications, the unavoidable problem of aggregation and nanosheet restacking significantly reduces the accessibility of the active surface sites of MXene materials for electrolyte ions. Currently, there is a number of research efforts devoted to solutions in order to avoid these deficits. This Review complies extensively with the recent advances in the application of MXene-based materials in the energy storage devices such as batteries and supercapacitors. Particular attention is paid to the understanding of the relation of MXenes chemical composition, and morphology with their electrochemical performances. Moreover, the challenges of MXenes and MXene-based composited for the commercial application are considered and the ways to overcome their drawbacks are provided. Finally, opportunities given with MXenes for future research on novel energy storage materials are highlighted.
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1. Introduction


The next generation of electrochemical storage devices demands improved electrochemical performance, including higher energy and power density and long-term stability [1]. As the outcome of electrochemical storage devices depends directly on the properties of electrode materials, numerous researchers have been developing advanced materials and hybrid composites [2]. For instance, it is well known that the good contact between electrode and electrolyte, as well as stable long-term cycling, depends directly on the materials’ morphology, which may be controlled via synthesis approach and processing conditions (e.g., precursors, reaction parameters, synthesis type). Specific architectures and nanodimensional structures have proved themselves to exhibit better electrochemical performance compared to their bulk counterparts, resulting in faster ion transport and larger energy capacity. The relation between morphological characteristics and materials’ application in energy storage devices, and particularly the analysis of factors affecting the morphology and structure of electrode materials, has been comprehensively studied in [3]. In their review manuscript, Hussain et al. [4] have highlighted the importance of the morphology of nanostructures for surface engineering and, thus, electrode designing. Authors have demonstrated that nanostructures with nature-inspired morphologies (coral-like, urchin-like, sea sponge-like, snowflake-like, etc.) possess high surface area and increased number of redox-active sites, providing beneficial advantages in electrochemical energy storage applications. Despite the excellent physical and chemical properties of these materials, such as shortened paths for fast lithium ion diffusion and large surfaces [5,6,7,8], the number of their drawbacks, such as poor specific capacitance, lower electrical conductivity, structure degradation and limited ions/electrons transport, force research to look for new compounds [9,10].



Li-ion batteries (LIB) were designed as clean energy storage devices, able to provide high energy density, moderate power density and life cycle stability [11]. The set of numerous advantages of the LIB is due to the set of their fundamental chemical properties. Li has the lowest potential among chemical elements and one of the smallest ionic radii of any single charged ion, resulting in the highest cell potential, high gravimetric and volumetric capacity and power density [12].



Supercapacitors (SCs) or ultracapacitors are recognized as a new class of promising electrochemical energy storage devices for next-generation energy systems [13,14]. Supercapacitors have several advantages such as rapid charge storage capability (~Farad), high power densities (>10 kW/kg), fast charge/discharge rates (~few ms), excellent cycle life (~1M cycles), low cost and good safety compared with the present market-leading LIBs [15,16]. Rapid adsorption/desorption capability of electrolyte ions on the surface of the electrodes under an electric field makes supercapacitors promising for high energy storage and enables them to be widely used in different energy storage systems such as smart grid, automotive industry, renewable energy storage including wind and solar systems [3].



Porous and activated carbon (AC), graphene, carbon nanotubes (CNT) and other carbon-based materials are generally used for commercial supercapacitor fabrication. However, low volumetric performance, including low energy density (<20 mWh/cm3), low volumetric capacitance (<200 F/cm3) and lower operating voltage (<2.7 V) are major challenges in current supercapacitor research. Therefore, advanced electrode materials with higher capacity, higher voltage and energy densities are an urgent and desirable need for future supercapacitors [17,18,19].



Relying on their unique structure, large surface area, high electrical and thermal conductivity, fast ion diffusion, thickness and composition controllability [20], MXenes, a new class of electrode materials have attracted great attention and favourable performance in energy storage devices. Gogotsi and his co-workers in 2011 first discovered MXene as a promising member of the advanced functional 2D nanomaterials that met unprecedentedly exponential progress in batteries and supercapacitors [21,22]. In general, the common chemical structure of MXene is My+1XyTx where M stands for transition metals, X represents C/N/CxNy and T indicates the terminating surface groups i.e., -OH, -O, -F, etc. Characteristically, MXenes can also be obtained through the “top-down” approach by etching A layers from the MAX phase with space group p63/mmc making large-scale 2D MXene with improved properties [23,24]. Incredible associated structures with a layered morphology, fast electron transport and rapid ion diffusion capability, intrinsic high electronic conductivity (up to ≈24 000 S/cm), hydrophilicity, favourable pseudocapacitive performance and enriched surface functionalities of MXene play a significant role in high electrochemical energy storage performance over other 2D materials [25,26,27]. Transport of ions and electrons at the interface is possible and the agglomeration of the active mass during intercalation/deintercalation can be avoided by monitoring the surface functionalities of MXene electrodes [2,28].



Although pure MXene exhibits better electrochemical properties, the electrodes made of MXene suffer from inherent layer restacking due to van der Waals interactions limiting its use in dense structures for commercial applications with long life. Consequently, long-term cyclic use of MXene electrodes faces deteriorations such as poor capacitance retention, lower stability, and insufficient diffusion of electrolyte ions as far as lowered cycle numbers.



The electrochemical performance of the MXene-based materials can be adjusted by a number of aspects, including interlayer distance [9], surface terminations [29], and chemical composition [30]. Current research works showed that combining other materials with MXenes to produce MXens-based composite electrode materials is one of the most effective strategies for energy storage applications [31]. Up to now, compositionally more than 30 numbers of MXenes have been experimentally realized and their performances are reported, and, interestingly, among them, Ti3C2Tx MXene has received the topmost attention because of the redox-active Ti atom offering high volumetric capacitance. On the other hand, the conductive carbide layer boosts the ion transport and movement of electrons towards redox-active sites.



Thus, the rational synthesis of the MXene-based materials with controlled composition, metal/carbon ratio and surface terminations can greatly improve their lithium storage performance and, as a result, their applications in lithium-ion batteries, as well as in supercapacitors [8]. Moreover, the synergetic improvement in MXene’s electrochemical characteristics can be achieved by the formation of MXene-based hybrid materials. The introduction of metal oxides, silicon or carbon-based materials can not only allow us to achieve high capacitances [8], but also to avoid stacking of the MXene single layers [32].



The present review provides a summary of the recent advances in the application of MXene-based materials in energy storage devices. The previously published review papers on MXene applications in energy storage devices are mostly concentrated on the MXene synthesis approaches, their fundamental properties and electrochemical activity for their operation in different thermal fields, including not only energy storage devices, but also photovoltaic, desalination, electrocatalysis [8,9,20,28,33,34,35]. In comparison to that, particular attention in the present work has been paid to the understanding of the relation between MXenes chemical composition, surface terminations and morphological features with their electrochemical performance in batteries and supercapacitors. The challenges of MXenes and MXene-based composites for commercial application have been considered and the ways to overcome their drawbacks have been provided.




2. Charge Storage Mechanism in MXenes


2.1. In the Li-Ion Batteries


With respect to the charging mechanism of MXene compounds in Li-ion batteries, so far, the attention of researchers has mostly focused on the investigations of the material’s surface structures. However, compositional characteristics and the effect of Li-adsorption energy as a function of Li content on the charging mechanism are other significantly crucial factors to be studied for the understanding of the Li adsorption mechanism in batteries built with MXene. In this regard, the investigations of Sun et al. on the effect of MXenes composition, their surface structure, as well as variation in Li concentration on the reaction mechanism of MXene compounds in Li-ion batteries electrodes using density functional calculations are valuable contributions [36].



According to the structural transformation during the Li adsorption, researchers and authors dealing with MXenes compound considered two main groups: V-type (V2CO2, Cr2CO2, and Ta2CO2) and Sc-type (Sc2CO2, Ti2CO2, Zr2CO2, Nb2CO2, and Hf2CO2). The initial molecular dynamic simulations confirmed that structural transformation in V-type MXenes is reversible during lithiation/delithiation. It has been demonstrated, that during the lithiation process in V-type compounds the formation of Li−O (M=V, Cr, Ta) bonds is preferable to the M−O bonds (M=V, Cr, Ta):


M2CO2 + 4Li = M2CO2Li4



(1)






MxOy + 2yLi = xM + yLi2O.



(2)







Moreover, the authors investigated the effect of surface terminations on Li intercalation (Figure 1), and have shown that Li mobility on V2CO2 is larger than those on V2CF2 and V2C(OH)2.




2.2. In Electrode-Based Supercapacitors


In general, there are two types of charge storage mechanisms associated with supercapacitors e.g., electrical double-layer capacitors (EDLCs) and pseudo-capacitors. In the case of EDLCs, charges are accumulated at the electrode/electrolyte interface forming an electrostatic double layer. There is no electron transfer or any redox reaction occurring for EDLC, which means energy is stored in the materials by a non-Faradic process. On the other hand, in pseudo-capacitors, transfer of electrons or Faradic redox reaction occurs being mainly independent of electrode surface area [37,38]. Moreover, electrolyte ions in pseudo-capacitors transfer across the electrode to a conducting bulk phase, although electrons or ions leave the electrode after the redox reaction. On the contrary, charges that enter the electrode do not leave the electrode in the case of non-Faradic processes [39]. Atoms that are part of the electrodes contribute to the charge storage mechanism for EDLCs and can be identified from the type of cycle voltammogram (CV) curve shape. In Figure 2, the different shapes of CV and GCD curves represent the different types of charge storage mechanisms for supercapacitors [40]. MXenes possess layers providing space for charge accumulation and are rich in functional groups where redox reaction and energy storage take place within these active groups as well as at the different layers and their interfaces of MXenes. Research is ongoing in different fields of electrical energy storage devices by producing MXenes-based and electrode materials with hybrid architectures to achieve high energy density and stability of the SC electrode materials. However, there are still many unavoidable factors affecting the energy storage performance of MXenes-based electrodes which need to be definitively overcome [41].





3. Material Structural and Morphological Features Influencing the Electrochemical Storage Performance


A set of functional properties, including high electrical conductivity and hydrophilicity, make MXene materials promising candidates for the energy storage devices, such as electrochemical ion batteries and supercapacitor electrodes. However, in comparison with other carbon or metal compounds, MXenes face many challenges for their practical application in the field of electrical energy storage. Complex chemical composition, terminated surface groups and interlayer space are counted as belonging to the main features that affect MXene properties, and as a result, their application performance [29,33,42,43].



Besides, the morphological features of MXene materials play a vital role in the performance of batteries and supercapacitors by significantly contributing to the electrochemical charge storage mechanism. The morphologies of 2D Mxene materials can be controlled using different functional mechanisms to make them superior for charge storage. A significant increase in capacitance can occur if the water (H2O) molecules can confine into the two-dimensional slits of MXenes stacks resulting from the etching of A layer of MAX phase. The dipolar polarization with a negative dielectric constant of these confined H2O molecules can screen an external electric field and thus increases the EDL capacitance boosting the ion’s diffusion through MXenes layers [44]. Maleski et al. investigated size-dependent physical and electrochemical properties of 2D titanium carbide (Ti3C2Tx) MXene flakes synthesized by solution-processable techniques [45]. It was observed that Ti3C2Tx nanoscale-sized flakes with lateral sizes of ∼1 μm exhibited the highest specific capacitance of 290 F/g @2 mV/s and good rate performance with 200 F/g at 1000 mV/s.



Dynamic light scattering (DLS) curves (Figure 3a) represent that the 12−9 mL fraction is composed of nanoscale-sized flakes (shown in the top portion of the centrifuge tube in insert) exhibited a DLS peak of ∼400 nm and the 6−3 mL fraction of primarily larger size flakes shown in bottom part o the centrifuge tube exhibited a DLS peak of ∼1.7 μm. Cross-section scanning electron microscope (SEM) images (Figure 3b) displayed that for the large-flake (6−3 mL) and small-flake (12−9 mL) electrodes, respectively, due to the presence of a different concentration of Ti3C2Tx nanoscale-sized flakes in the solution. Similar CV profiles (Figure 3c) and EIS (Figure 3d) investigation exhibited resistance differences between the two-density gradient-separated electrodes.



The lowest resistance of larger MXene flakes (6−3 electrode in Figure 3b) may be due to the increased electronic conductivity of the film and the thinner film increases the accessibility of the electrolyte, which leads to the increase in the diffusion of electrolyte. However, the 6−3 electrode delivered a specific capacitance of 319 F/g at 10 mV/s and 249 F/g at 1000 mV/s compared with other electrode materials (Figure 3e). Overall, Ti3C2Tx nanoscale-sized flakes separated by density gradient with thinner electrodes exhibited better capacitance retention at high scan rates (Figure 3f). On the other hand, the core-shell type of morphology of MXene-based electrodes also showed excellent electrochemical performance with a reversible capacity of 220 mAh/g @ C/18 cycling rate over 30 cycles. These researchers also provide the information that the improvement of the energy storage capacity of MXene electrodes can be achieved by optimizing the desired morphologies of the electrode materials while tuning the oxidation process could be an effective method. There is plenty of future research scope in the formation of desired morphologies leading to increased electrochemical properties [24,46,47].



3.1. Chemical Composition


The improvement of MXenes’ electrochemical performance can be achieved by optimizing and engineering their compositions. In this case, both MXenes atomic layer structure and chemical composition play an important role. For instance, MXene structures with fewer atomic layers, such as M2X, (Figure 4) should have higher gravimetric capacities characterized by higher specific surface areas in comparison with higher order MXenes, such as M3X2 or M4X3 (Figure 4) [30]. The effect of the material’s weight on its electrochemical performance was proved by Naguib et al. In their previous work, the authors demonstrated that Ti2CTx can be characterized by higher specific capacity in comparison to the one obtained using the same synthesis method as Ti3C2Tx [48].



It was shown that complicated features of ion storage in Nb-based MXene compound lead to the higher specific capacity of Nb2CTx compared to Ti2CTx [8]. On the other hand, V-based MXenes are promising electrodes for Li-ion batteries due to their good capabilities to handle high charge-discharge rates and the highest Li capacity values among all transition metals [36,49]. For instance, Naguib et al. [30] have demonstrated great perspectives of the layered Nb2CTx and V2CTx powders (see Figure 5a,b), fabricated via a selective etching approach, as electrode materials in Li-ion batteries for high-power applications. According to the cyclic voltammetry (CV) investigations (see Figure 5c,d), the electrochemical performance and voltage profile of the MXene materials depends significantly on their chemistry. Thus, for the Nb2CTx no significant lithiathian/delithiaton capacity has been observed at the voltages above 2.5 V, while CV curves of V2CTx exhibited larger capacity at voltages close to the 3 V. On the other hand, both Nb2CTx and V2CTx showed excellent capability (110 mAh/g for Nb2CTx and 125 mAh/g for V2CTx after 150 cycles) and good reversible capacity (99.6% for Nb2CTx and 98% for V2CTx) at high cycling rate of 10C (see Figure 5e). Authors have also demonstrated that in addition to the MXene chemistry, the great effect of the powder processing. Thus, V2CTx, produced from the milled V2AlC MAX phase, showed significant enhancement in Li uptake (>30%) compared to the MXene material produced from the unmilled MAX phase. The improvement in Li uptaking process authors explained by the decreased particle sizes and, as a result, faster Li diffusion between layers.



Besides variation in chemical composition, the capacity improvement of the MXene-based electrodes can be achieved by the formation of MXene hybrids in a combination of other electrochemical materials [28]. A good example is given in the work of Luo et al. [50] who applied a facile liquid-phase immersion process based on ion-exchange interactions and electrostatic interaction for the synthesis of Sn4+-decorated Ti3C2 nanocomposites (see Figure 6a–c). Its characterization yielded improved volumetric capacity, high Coulombic efficiency and excellent cycling stability. Cyclic voltammetry investigations showed good reversibility of PVP-Sn(IV)@Ti3C2 composites during the electrochemical performance. CV curves, recorded at a scan rate of 0.1 mV/s, demonstrated the presence of four reduction peaks, corresponding to solid electrolyte interphase (SEI) formation, electrolyte decomposition and Sn(IV) nanocomplex reduction (peaks around 1.5 and 1.15 V); trapping of Li-ion between MXene sheets (peak around 0.75 V); Li intercalation and LixSn formation (dominant peak between 0.5 and 0 V). From another side, three oxidation peaks have been observed during the anode sweep, which may be referred to: Li+ delithiathion from the LixSn alloy (peak around 0.5 V); Li+ extraction from the MXene matrix (peaks around 1.5 and 2 V) (see Figure 6d). Based on CV results, authors have assumed that electrochemical interaction between Li and PVP-Sn(IV)@Ti3C2 takes place in two stages: (1) electrochemical reaction of Li+ with Sn(IV) complex; (2) electrochemical reaction of Li+ with Ti3C2 MXene matrix. Moreover, they have demonstrated that PVP-Sn(IV)@Ti3C2 composites fabricated via a facile polyvinylpyrrolidone (PVP)-assisted liquid-phase immersion process (see Figure 6e) provide improved charge transfer performance (see Figure 6f) relying on excellent electron conductivity.



Li-ion batteries having electrodes consisting of MXene/Metal oxides composite exhibited high power and energy densities, as well as high rate performance [28]. Similar observations were made by Ahmed et al. [51] who have grown SnO2 on two-dimensional Ti3C2 sheets resulting in high Li-ion capacity, as attributed due to both structural and mechanical strengths of SnO2 and conductivity of MXenes. It has been reported that obtained composites provide excellent electrochemical performance at the Li-ion battery anodes, besides, the layered structure of MXenes prevents the disadvantageous volume changes that may occur during the lithiation and delithiation via SnO2.



In their study, Zhang et al. demonstrated good electrochemical characteristics of Nb2O5@Nb4C3Tx composites, synthesized using a one-step high-temperature oxidation process in flowing CO2. The authors have attributed the improved performance of the obtained composites is due to the synergetic effect between the metal oxide and MXene platform, i.e., Nb2O5 nanoparticles provide fast rate response and high capacity while Nb4C3Tx layers assure high conductivity [52].



Another strategy is the decoration of MXene sheets with metal nanoparticles which also leads to the improved performance of the MXenes-based anodes of the Li-ion batteries. A striking example is given by the formation of MXene/Ag composites that resulted in high charge-discharge rates with extraordinary stability and long cycle lifetimes. In their work, Zou et al. [53] investigated the electrochemical performance of Ti3C2 structures, decorated with Ag nanoparticles (Figure 7a,b). The results of CV investigations indicated that in both pure MXene and MXene/Ag nanocomposites charge storage mechanism is due to the Li+ intercalation rather than a conversion reaction (Figure 7c,d). On other hand, the additional peak was detected for the MXene/Ag nanocomposites at around 0.37 V, which may be referred to as the Li-ions extraction from the MXene/Ag electrodes (Figure 7d). The presence of the additional peak authors has been explained by the formation of the transition-state Ti during the reduction process with its following transformation to the stable Ti after cycling. The synthesized Ti3C2/Ag composites have demonstrated high reversible capacities (310 mAh/g@1C; 260 mAh/g@10C; 150 mAh/g@50C) and stable performance over 5000 cycles (Figure 7e), which may be as well explained by the Ti (II) to Ti (III) during the cycling process.



Silicon (Si) is known as one of the most promising negative electrodes for LIBs owing to their high theoretical specific capacity, suitable Li-intercalation/deintercalation potential range and abundant resources. However, poor cycling and rate performances due to the huge volume change during lithiation/delithiation limits their practical applications in LIBs. Various Si-based composite structures are studied to improve electrode stability and electrical conductivity without compromising the structural integrity of negative electrode materials. From the materials perspective, 2D MXenes have increasingly attractive as Si-incorporated negative electrode processing, such as Si/Ti3C2Tx because of their several advantages such as silicon nanoparticles (SiNPs) can easily incorporate into their layered structures and form various composites, increase active charge carrier conduction in Si-based electrodes etc. which can significantly improve electrode performance in LIBs. The layered structure of MXene compounds provides room for the volume expansion and shrinkage of Silicon. Moreover, MXenes surface terminated groups show a tendency to bond with silicon, which decreases the probability of the reactions with electrolytes [54]. Li et al. demonstrated that the combination of MXene nanosheets with Si nanoparticles allows rapid electron and ion transfer, resulting in an anode material’s capacity as high as 1422 mAh/g, excellent cycle stability and good rate performance [55].



Using various synthesis processes including mechanical or ball milling mixing, magnesiothermic reduction, wet processing, vacuum-assisted filtration, spray drying, freeze-drying etc. Si/MXenes can be synthesized. Variation of the Si/MXenes interface can efficiently enhance the interactions between silicon and MXene materials as well as regulate the surface reaction of the SiNPs. It has been observed that the Si/MXene-based electrodes showed great potential for future energy storage applications. However, the surface functional groups such as -O, -OH, -F etc. in MXenes sometimes decrease the reaction possibility with electrolytes due to the tendency to bond with silicon, which needs to be overcome. Suitable surface functionalization of oppositely charged SiNPs and MXenes could be one of the effective approaches due to the presence of their surface terminal groups [54].



On the other hand, Sobyra et al. investigated the dynamical structural response of the electrode materials based on Ti3C2Tx MXenes during the electrochemical intercalation of ions. The time-resolved operando X-ray reflectivity was measured during cyclic voltammetry (CV) investigations. They observed that the dynamic structure of MXenes plays a significant role in their functionality in high-power energy storage devices. Usually, the MXene electrodes showed two different charging regimes including both capacitive and non-capacitive (redox) characteristics corresponding to kinetically limited lithium intercalation and layer contraction. Slow and fast lattice contraction regimes with respect to the applied potential were also observed as related to the capacitive and redox features, respectively, during electrochemical ion intercalation. These studies revealed that the slow spacing contraction MXene-layer is because of the limited diffusion control process and the following rapid contraction related to the redox reaction without diffusion limitations [56].



Xia et al. also reported the thickness-independent capacitance of vertically aligned liquid crystalline 2D titanium carbide (Ti3C2Tx) MXenes synthesized by mechanical shearing of a discotic lamellar liquid crystal (LC) phase of Ti3C2Tx for large-scale electrochemical energy storage (EES) applications. These Ti3C2Tx MXenes films exhibited excellent rate capability and nearly thickness-independent performance up to 200 µm. This thickness-independent capacitive performance is making them highly attractive for next-generation energy storage applications [57].



Due to their unique properties, MXene-based materials can also be used in other metal-ion battery types, including Na-ion batteries [58,59], K-ion batteries [60], Al-ion batteries [61], Mg-ion batteries [62], LiS [63] and NaS batteries [64]. Compared to the Li-ion batteries, these alternative metal-ion batteries can provide relatively high power and energy density, large storage capacity, operational safety and environmentally friendly nature by the employment of abundant and low-cost materials [9,65]. Similarly, to Li-ion batteries, the choice of electrode materials is crucial for ion transport and overall electrochemical performance. From this point of view, MXene-based compounds are considered as perspective materials in realizing high-performance non-Li batteries, owning high conductivity, large surface area, excellent flexibility, strong polar surface and tendency to accommodate a variety of cations [9,34]. However, to achieve the improved specific capacity of non-Li batteries the modification of MXene structures is essential [35]. For instance, in their research Bao et al. [64] have demonstrated that MXenes doping with sulfur ions leads to increased capacity and longer cyclability of NaS batteries. On the other hand, the incorporation of Sb into the Ti3C2Tx matrix improves the charge transfer kinetics and enhances the storage capability of K-ion batteries [60].



Table 1 summarizes the performance of MXenes and MXene-based composites in different battery types.



MXenes have also shown promising pseudocapacitive performance in supercapacitors owing to their unique structure, rapid ion diffusion and fast electron transport capability [75,76]. Table 2 represents some recent works on MXene-based electrodes in supercapacitors and their electrochemical performance.



Moreover, recent works have exhibited that the combination of 2D MXenes with transition metal sulfides (TMS) or transition bimetal sulfides producing heterostructure nanocomposite can enhance the specific capacitance value, long cycle stability as well as increase the rate-capability of pristine MXene-based electrode materials [77]. These heterostructured composite materials at electrodes increase the number of active sites within the highly exposed 2D layers for ion intercalation creating synergistic effects for possible physical/chemical adsorption as well as chemical reaction processes, etc. Ruan et al. [78] have employed ZIF-67 flake as a precursor for transforming CoNi2S4 dendrites in MXene suspension by a controlled synthesis to obtain Ti3C2 MXene-wrapped CoNi2S4 nanotrees grown on nickel foam. These Ti3C2 MXene-wrapped CoNi2S4 nanotrees offered a good rate performance of 70.2% exhibiting a ten-fold increase in current density with a high specific capacity of 933 C/g @ 1 A/g counting on the unique dendritic morphology providing a high number of electro-active sites. In this research work, it was also shown that the wrapped conductive MXene can facilitate charge transfer yielding higher supercapacitor device performance. Xu J. and co-workers developed ultrathin Ti3C2 MXenes doped with NiMoS4 nanoparticles by a hydrothermal method with the assistance of dopamine (DA) and applied these to supercapacitor electrodes. They found that the dopamine was adsorbed by the Ti3C2 surface forming a negatively charged layer and enriching the metal ions. This unique heterostructure Ti3C2-DA-NiMoS4 material increased the exposed NiMoS4 active sites and solved the problem of specific capacitance loss due to volume changes [79]. Although, MXenes enhance the electrochemical energy storage performance of the MXene-based composite electrodes by boosting electroactive sites across the 2D architecture and their high electrical conductivity. On the other hand, the low-energy density of MXene-based aqueous hybrid supercapacitors limits practical device implementation. In order to improve the specific energy density, Javed et al. have produced nickel–cobalt–sulfide (NCS) nanoflowers embedded in exfoliated Ti3C2Tx MXene layers (HS−NCS@MXene) yielding heterostructured (HS) composites and investigated for supercapacitive performance [80]. This HS−NCS@MXene displayed promising pseudocapacitive performance on measurements with a three-electrode system yielding capacitance of 2637 F/g at 2.5 A/g with 96% capacity retention of the initial value over 10,000 cycles. These studies prove that the rational design of transition bimetal sulfides in MXene layers is extremely beneficial as electrode materials for SCs. The recent development of various MXene-based electrodes, their synthesis methods and their electrochemical performance as supercapacitor applications have been summarized in Table 2. It can be observed from Table 2 that MXene-based electrodes not only provide a promising electrochemical performance through high specific capacitance, high energy density, and power density in a high potential window relative to the electrolyte, but they also exhibit excellent capacity retention over a long cycle, which can make them promising for future supercapacitor device applications.
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Table 2. Performance of MXene-based electrodes in supercapacitors.
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Electrode Material

	
Synthesis Approach

	
Electrolyte

	
Electrochemical

Performance

	
Capacity

Retention (%)

	
Ref.






	
Asymmetric supercapacitors




	
HS−NCS/Ti3C2Tx

	
HF-etching/

Hydrothermal

	
2M KOH

	
1.6 V

226 F/g @ 1.5 A/g

80 Wh/kg

1196 W/kg

	
92% for

20,000 cycles

	
[80]




	
Ti3C2Tx

	
Etching route

	
1.5M ZnSO4

	
1.2V

214 mF/cm2 @ 5mV/s

42.8 μWh/cm2

0.64 mW/cm2

	
83.58% after

5000 cycles

	
[81]




	
Ti3C2Tx

	
Layer-by-layer

assembly

	
ACN-PC-PMMA-LiCF3SO3

gel electrolyte

	
1.2V

40.8 mF/cm2

8.2 μWh/cm2

630.1 μW/cm2

	
90% after

200 bending

cycles

	
[82]




	
V2NTx

	
LiF−HCl-

etching

	
3.5M KOH

	
1.8 V

25.3 F/g @ 1.85 mA/cm2

	
96% after

10,000 cycles

	
[83]




	
Symmetric supercapacitors




	
Nb2C/Ti3C2

	
Chemical etching

	
1M PVA/H2SO4 gel electrolyte

	
1.3 V

53 F/g @ 0.3 A/g

12.5 Wh/kg

1535 W/kg

	
98% for

50,000 cycles

	
[84]




	
Mo1.33 CTz

	
HF-etching

	
19.5M LiCl

	
1.8 V

140 F/cm2 @ 0.5mA/cm2

>41.3 mWh/cm3

165.2 mW/cm3

	
82.1% for

50,000 cycles

	
[85]




	
Ti3C2/BCN

	
Etching/

pyrolysis

	
1M PVA/H2SO4 gel electrolyte

	
1.6V

245 F/g1 @ 1 A/g

22 Wh/kg

8004 W/kg

	
100% after 100,000 cycles

	
[86]




	
Ti3C2Tx 3D Aerogels

	
Bioinspired freezing method

	
PVA/H2SO4

gel electrolyte

	
0.6V

230 mF/cm2@5 mV/s

38.5 μWh/cm2

1375 μW/cm2

	
86.7% after

4000 cycles

	
[87]




	
Ti3C2/Copper/Cobalt Hybrids

	
Lewis Acidic Molten Salts Etching

	
1.0M H2SO4

	
1.6 V

290.5 mF/cm2@1 mA/cm2

103.3 mWh/cm2

0.8 mW/cm2

	
89% after 10,000 cycles

	
[88]




	
Ti3C2Tx film

	
in situ

etching

	
H2SO4

	
345 F/g @ 2 mV/s

14.1 Wh/L

135.2 W/L

	
88.5% after 5000 cycles

	
[89]




	
Micro-supercapacitors




	
PANI@rGO/Mxenes

	
Solution method

	
PVA-PAA-NHS hydrogel

	
2V

45.62 F/g1

1.585 Wh/kg

25.48 W/kg

	
84% after

10,000 cycles

	
[90]




	
MXene/BC@PPy

	
Vacuum-filtration

	
2M Zn(CF3SO3)2-0.1M MnSO4/PAM

hydrogel

	
1.9V

290 mF/cm2

145.4 μWh/cm2

3.78 mW/cm2

	
95.8% after

25,000 cycles

	
[91]




	
Ti3C2Tx

	
Multiscale structural

engineering

	
PVA/H2SO4 Gel Electrolyte

	
0.6V

2.0 F/cm2

0.1 mWh/cm2

0.38 mW/cm2

	
90% after

10,000 cycles

	
[92]




	
Three-electrode cell




	
Ti3C2Tx

	
HF-etching

	
1M EMIMTFSI/ACN

	
3.2V

185 F g−1@ 0.2 A/g

370 Wh/kg

46 kW/kg

	
97% after

10,000 cycles

	
[25]




	
Ti3C2Tx/graphene/Ni

	
Supernatant

during etching

and washing processes

	
aqueous acidic

	
1V

254 F g−1@ 1 A/g

35.28 Wh/kg

18.144 kW/kg

	
90% after

5000 cycles

	
[93]




	
Ti3C2Tx

	
Electrospray Deposition Technique

	
1M H2SO4

	
0.8V

400 F/g

	
90% after

10,000 cycles

	
[94]




	
CoF/MXene

	
HF-etching/

ultrasonication

	
0.1M KOH

	
0.5V

1268.75 F/g @ 1 A/g



	
97% after

5000 cycles

	
[95]




	
V2C

	
HF-free etching process

	
1M

Na2SO4

	
0.6V

164 F/g @ 2 mV/s

	
90% after

10,000 cycles

	
[96]









Symmetric supercapacitors (SSCs) have typically no charge imbalance issues due to their voltage window being equal to the voltages of both positive and negative electrodes. Therefore, MXene-based SSCs with wide voltage windows can deliver high energy densities. Applying as a typical negative electrode material, MXene-based electrodes usually exhibit lower potential than +0.3 V vs. Ag/AgCl and over this potential, oxidation occurs for MXenes resulting in deterioration of structural stability. Gogotsi et al. observed that Ti3C2Tz MXene electrodes could lead to higher potential (>+0.6 V vs. AgCl or +0.8 V vs. Ag wire) in highly concentrated LiCl electrolytes which also offers an opportunity to break the limitation of positive potential for MXene-based SSCs [97]. In recent work, Zheng et al. developed MXene-based SSC electrodes by applying different etching processes for surface terminations varying from -F, -OH, -O, -Cl which is indicated with Tz. The electrochemical performance investigations of this electrode were carried out by using a highly concentrated LiCl electrolyte. The surface-terminated Mo1.33CTz MXene-based SSCs provided a higher potential of 1.4 V and delivered a maximum energy density of >38.2 mWh/cm3 at a power density of 196.6 mW/cm3 with good recyclability [85].



Specifically, MXenes with their unique layered structures and excellent conductivities deliver high specific capacitance as supercapacitor electrodes in commercial aqueous electrolytes. Lukatskaya et al. synthesized macroporous Ti3C2Tx MXene films delivering up to 210 F/g at a scan rate of 10 V/s in an H2SO4 aqueous electrolyte. They also reported that MXene hydrogels can store a volumetric capacitance of ≈1500 F/cm [98]. Although aqueous electrolytes can offer high specific capacitance for supercapacitors, however lower potential range (up to 1.2 V is to face due to water splitting reaction) limits the attainment of high energy density. Furthermore, high oxidation of MXene electrodes under higher anodic potentials (>1.2V) in aqueous electrolytes bounds their use as cathodes in ASC devices. Thus, to improve the energy density of MXene-based electrodes in supercapacitors, the increase of the operating voltage window could be an effective alternative approach [25].



A practical application of MXenes electrode-based supercapacitors was given by Liu Y. and co-workers who fabricated PANI@rGO/Mxenes as electrodes for lightweight, thin, stretchable, and wet-adhesive all-hydrogel micro-supercapacitor (MSC) and for the first time, implanted onto the heart of living mice (Figure 8). This all-hydrogel micro-supercapacitor delivered high areal capacitance (45.62 F/g) and energy density (333 μWh/cm2, 4.68 Wh/kg). The study of its electrochemical performance and biocompatibility of the all-hydrogel MSC was carried out using two models (in vitro cell tests and in vivo mice). The immunohistochemical analysis and the immunofluorescent staining of biomarkers of mice tissues were investigated after 14 days of implantation. The results have revealed that biocompatible MSC implantation had negligible effects in living mice. This research suggests promising SC application for bioelectronics and shed light on future bio-integrated electronic energy storage systems [90].



Even though remarkable progress is achieved in the field of MSCs, the lower specific capacitance of the carbon-based materials (AC, CNT, graphene etc.) on the EDLC storage mechanism and a small electrode thickness have strictly restricted the energy density for such MSCs. Therefore, the development and fabrication of battery-type MSC electrode materials could be a promising alternative for overcoming the familiar challenge of a capacity mismatch for MSCs toward their commercial application. On this aspect, 2D MXenes with a multi-layered structure and higher metallic conductivity can enhance the charge storage capability in a short time via significant intercalation of ions between the multilayers of MXene-based electrodes providing an ideal candidate for MSC electrode material applications [91,99].




3.2. Surface Terminations


As indicated above, the chemical composition has a crucial role in the MXenes’ electronic properties and their electrochemical performance. However, one of these properties, the conductivity of MXene-based materials can be controlled by tailoring their surface chemistry. Thus, MXenes’ surface termination groups (-OH, -O, -F), introduced during the synthesis, affect strongly Fermi level density of states, electronic conductivity and thereby MXenes’ functional properties [28].



To date, several density functional studies (DFT) have been performed which investigate the structural and electronic properties of MXene compositions with different surface terminations. In early works, it was predicted that surface functionalization of the most studied MXene compound Ti3C2Tx reduces the Fermi level density of states, resulting in a conductivity decrease [67,100,101]. Hart et al. demonstrated in their work that the loss of -OH groups cause the decrease of resistance of Ti3C2Tx, while the removal of -F terminations leads to conductivity improvement [29]. Garg et al., reported that Ti3C2Tx with -OH and -F terminals on the surface exhibits a higher diffusion barrier compared to the low energy barrier and easy Li-ion migration in the case of bare Ti3C2Tx [9].



The structural optimizations and the calculation of the electronic structure performed with the OH-, F- and O-terminated MXenes led to the conclusion that F- and O-terminated MXene materials are characterized by the high energy of near-free electron states [102]. Xie et al. have demonstrated that MXenes with O-terminations are able to adsorb two Li atomic layers, resulting in the highest values of the theoretical Li-ion storage capacities [49].




3.3. Lamellar Stacking


The morphological and structural features of MXenes highly affect the transport of solvent molecules and the cations’ interclations/deintercalations during charge and discharge. From this perspective, interlayer space between MXenes nanosheets, providing the natural channels for the ions’ transport, plays an important role in the MXenes’ electrochemical performance [33]. The fact is that the stacking of 2D MXene sheets hinders the ions’ transport, resulting in low electrochemical performance and limited energy storage capacity [103]. Alternatively, MXene materials with large interlayer spacing stand out as promising materials for ion batteries and supercapacitors due to their high conductivity. The intercalated and non-intercalated MXene sheets are characterized by measuring the electrical resistivity yielding that the resistivity values of all intercalated MXenes were higher compared to the non-intercalated ones. This is attributed to their higher c-lattice parameter (c-LP) after intercalation. The relative expansion was correlated with the number of MXene atomic layers. Thus, MXenes with five atomic layers (M3X2) led to an increase by an order of magnitude in the resistivity, while three atomic-layered MXene (M2C) compounds demonstrate a resistivity increase by two orders. As a result, delaminated MXene structures exhibit four times higher specific capacity than as-synthesized MXenes [66].



Several approaches have been proposed to prevent stacking, including natural sedimentation methods for MXene production, constructing MXene-based 3D structures, and the formation of MXene hybrid structures with other electrode materials. Moreover, prevention of layer-stacking can be possible through the formation of MXene-based 3D structures and by hybrid composites that can improve ion diffusion via the formed ion channels [33]. Wang et al. have demonstrated that self-supporting electrode film made of 3D porous MXene nanosheets/bacterial cellulose network provides rapid ion transfer, effective ion diffusion and high deformation resistance and mechanical strength. As a result, the obtained MXene/bacterial cellulose structures exhibited an ultrahigh capacitance performance of 416 F/g, 2084 mF/cm2 [104].



The electrochemical performance of MXene structures can be significantly improved by combining them with other highly conductive electrode materials. For instance, the combination of MXene sheets with graphene oxide powder via filtration/spark approach at the sodium-metal batteries leads to the formation of electrode material with excellent electrochemical performance in terms of stable long-term cycling and high-capacity retention (88.3% after 280 cycles) [105].



In turn, carbon nanotubes (CNT) act as spacers between MXene nanosheets, resulting in composites with enhanced electrolyte accessibility, consequently at higher capacity values (1250 mAh/g at 0.1C; 330 mAh/g at 10C), better rate performance and excellent cycling stability of Li-ion storage devices in comparison to the pure Ti3C2Tx MXenes sheets [68]. Similarly, Lin et al. achieved significantly improved reversible capacity, excellent rate capability and superior long-term stability using the Ti3C2Tx/CNT composites compared to the pure Ti3C2Tx particles [106]. Liu et al. have demonstrated that usage of TiO2 nanorods and SnO2 nanowires as spacers between Ti3C2 layers avoids the restacking of the MXene sheets, resulting in the extraordinary electrochemical properties provided by the short diffusion pathways and formation of the extra active sites [69].





4. Effect of Electrolytes on MXene-Based Supercapacitor Mechanism


To date, most of the research has focused on developing a variety of high-performance MXene-based electrode materials and fewer efforts have been devoted to investigating the effect of different electrolytes on MXene-based supercapacitors. The appropriate choice of electrolyte is very important and plays an important role in improving the supercapacitive performances of specific capacitance, energy density, power density and long-cycle durability [107]. A limited potential window of aqueous electrolytes (up to 1.2 V) restricts their practical SC device applications. On the contrary, organic electrolytes can offer higher potential up to 4 V which is beneficial for increasing higher energy density, but the high resistance and high-water content of the organic electrolytes limit the power density and practical working voltage of the SC device [108]. Among different types of electrolytes, it has been observed that room-temperature ionic liquids (RTILs) proved themselves as a promising alternative due to their high stability, low flammability and wide potential (up to 4.0 V) ability. However, RTILs as electrolytes for SC offer lower practical capacitance compared with aqueous and organic electrolytes because of their larger cation sizes such as these of 1-ethly-3-methylimidazolium (EMIM+), 1-buty1-3-methy1imidazo1ium (BMIM+), l-hexyl-3-methylimidazolium (FIMIM+), and l-octyl-3-methylimidazolium (OMIM+) than the commonly used cations (e.g., H+, Li+, Na+, and K+) of aqueous electrolytes. The accessibility and fast transport of large-size RTIL-electrolyte cations are limited by the lower interlayer spacing (d-spacing) of electrode materials leading to lower capacitance values [25]. Simon et al. reported the supercapacitor application in 1-Ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl) imide (EMI-TFSI) IL electrolyte of the Ti3C2Tx MXene ionogel film, synthesized via vacuum filtration approach (Figure 9). They observed that due to the structure disordering of the Ti3C2Tx hydrogel film and generated available stable spacing during the vacuum drying, the surface of Ti3C2Tx MXene ionogel film became accessible to a larger number of EMI+ and TFSI- ions. This Ti3C2Tx hydrogel offered capacitance values of 70 F/g in a voltage window of 3 V in EMI-TFSI [109].



M. Naguib and co-workers reported that the specific capacitance and rate capability for MXene-based electrodes of supercapacitors are not as high as those in the case of aqueous electrolytes. They investigated the role of d-spacing on the overall electrochemical charge storage performance of the MXene electrodes employing different RTIL electrolytes for supercapacitor application and found that different chain lengths of alkylammonium (AA) cations -intercalated Ti3C2Tx delivered higher capacitances, specific energy/power, and cycling stability than these earlier reported with the 1M EMIMTFSI/ACN and EMIMTFSI RTIL electrolytes, respectively. Therefore, optimal interlayer spacing (d-spacing) of different MXene-based electrodes can enhance the electrochemical performance in both organic and RTILs electrolytes with fast ion transport of high energy/power density, larger potential windows etc. by opening the door for high-performance energy storage devices [25].




5. Challenges and Future Outlook


Although pure MXenes and MXene-based electrode materials have already shown promising electrochemical energy storage performance with remarkable achievements through a wide variety of academic and industrial research and applications in energy storage devices, there is still a large body of development on the horizon. A number of challenges that are involved in the production of large-scale MXene-based materials with superior properties hinder their application in various types of batteries and supercapacitors. Namely, the main obstacles to the production of high-performance energy storage devices based on the MXene compounds belong:




	
The stacking of the MXene single layers [103] limits the intercalation of cations and results in insufficient electrochemical performance.








One major issue is considerable high ionic diffusion resistance along the vertical direction arising from stacking MXenes’ layers which significantly reduces the rate capability of MXene-based electrode materials at high current densities [110]. The structuring of the MXenes and formation of MXene-based hybrid materials is considered a promising solution for the enhancement of their electronic conductivity, stability and ion/electron transfer [9]. The enlarged interlayer distances can provide fast diffusion of both ions and electrolytes, leading to superior electrochemical performance [34].



Therefore, further investigations shall be performed to find the balance between high-rate electrochemical performance and high-volume capacitance [100].








	
The insufficient understanding of the surface termination effect on the MXene functional properties [35].








There is a considerable potential to manipulate the properties of the MXenes by optimization of their surface terminations [42], however, a systematical investigation shall be performed to establish the appropriate correlations.








	
Non-safe processing methods for MXene-based materials production.








New safe, efficient and high-quality synthesis approaches shall be developed [20]. The availability and cost of MAX phase powders and the use of the large amount of intrinsic hazardous high concentrated HF are the major challenges for MXene production and these will continue to be the limiting factors for commercial development. A comprehensive effort is essential and desirable to address the environmental toxicity of MXene-based materials.








	
Oxidation of MXene is related to the surface defects of MXene arising from the chemical etching process.








Removing the dissolved oxygen using dry nitrogen and storing MXenes at low temperatures could be a beneficial way to reduce the oxidation rate of MXenes. Thus, aggregation of the synthesized MXene and the influences of MXenes’ structural characteristics such as basal spacing, surface chemistry, etc., have greatly affected the electrochemical charge storage mechanism of MXene-based electrode materials [111].








	
A balance between the mechanical properties such as mechanical strength, toughness, flexibility etc. and the electrochemical properties of MXenes must be met and remains one of the major challenges for the fabrication of flexible supercapacitor devices.



	
Issues for industrial production.








In the most of the research works, colloidal MXenes produced from solvent sonication or by employing long mixing/shaking times are used which do not display a desirable technique with industrial applicability. If the colloidal MXenes are not avoidable to achieve the so far realized and forecasted property improvements, then the industrial adoption of MXene into the electrodes of energy storage devices will face the same difficulties encountered with graphene. The high cost of MXene production must be lowered for industrial application and becomes one of the challenges for future research.



Despite the aforementioned challenges, owing to the several unique properties of MXene-based electrode materials, the future perspective of pure MXenes and MXene-based materials is brightly promising in energy storage and energy conversion fields but also various other fields such as in catalysis, environmental protection and biomedicine. Explicitly, for a better understanding of the electrochemical charge storage mechanism of MXene-based materials to obtain enhanced performances, substantial efforts, new ideas and the use of advanced research and investigation methods are essential.
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Figure 1. Schematic representation of the lithiation process in V-type (V2CO2, Cr2CO2, and Ta2CO2) MXenes. Reprinted with permission from [36]. Copyright © 2016, American Chemical Society. 
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Figure 2. Demonstrative cyclic voltammetry (CV) galvanostatic charge-discharge (GCD) curves of EDLC, pseudocapacitive, and battery-type behaviours. Reprinted with permission from [40]. Copyright 2020, Royal Society of Chemistry. 
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[image: Batteries 09 00126 g002]







[image: Batteries 09 00126 g003 550] 





Figure 3. (a) Dynamic light scattering of the 6−3 mL fraction (blue) and the 12−9 mL fraction (black); (b) Cross-sectional SEM of the 6−3 electrode and the 12−9 electrode; (c) Cyclic voltammetry curves in 3M H2SO4 electrolyte at different scan rates; (d) EIS curves for electrodes obtained by density gradient centrifugation with a high-frequency range in the inset; (e) Gravimetric capacitance vs scan rate; (f) capacitance retention of the BS−0.25 h sonic (red triangles), PS−1.0 h sonic (green triangles), 6−3 electrode (blue squares), and the 12−9 electrode (black circles). Reprinted with permission from [45]. Copyright 2018, American Chemical Society. 
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[image: Batteries 09 00126 g003]







[image: Batteries 09 00126 g004 550] 





Figure 4. MXenes bare structures with an overview of all experimentally synthesized corresponding compositional samples. Reprinted with permission from [42]. Copyright © 2020, CC BY 4.0. 
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Figure 5. (a) SEM images of Nb2CTx powder; (b) SEM images of V2CTx powder; (c) Cyclic voltammograms for Nb2CTx; (d) Cyclic voltammograms for V2CTx; (e) Specific capacities vs cycle number at different rates for Nb2CTx and V2CTx−based electrodes. Reprinted with permission from [30]. Copyright © 2013, American Chemical Society. 
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Figure 6. (a) SEM image of Ti3C2 nanosheets; (b) SEM image of Sn(IV)@Ti3C2 composites; (c) SEM image of PVP−Sn(IV)@Ti3C2 nanocomposites; (d) Schematic illustration of the polyvinylpyrrolidone (PVP)−assisted liquid-phase immersion process to produce PVP−Sn(IV)@Ti3C2 nanocomposites; (e) CV curves of PVP−Sn(IV)@Ti3C2 nanocomposites; (f) Nyquist plots at 100 kHz to 10 mHz of the Ti3C2, Sn(IV)@Ti3C2, and PVP-Sn(IV)@Ti3C2 electrodes. Reprinted with permission from [50]. Copyright © 2016, American Chemical Society. 
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Figure 7. (a,b) SEM images of Ti3AlC2/Ag composites; (c,d) Cyclic voltammograms of Ti3C2 and of Ti3C2/Ag composites; (e) Specific capacity vs cycle number and coulombic efficiency of Ti3AlC2/Ag composite. Reprinted with permission from [53]. Copyright © 2016, American Chemical Society. 
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Figure 8. Schematic illustration of the fabrication process and implantation of micro-supercapacitor onto the heart of living mice. Reprinted with permission from [90]. Copyright 2021, Wiley Online Library. 
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Figure 9. Schematic of the synthesis process of Ti3C2Tx EMI-TFSI ionogel film. Reprinted with permission from [109]. Copyright 2016, Elsevier. 
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Table 1. Performance of MXene-based structures in batteries.
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Electrode Material

	
Synthesis Approach

	
Mass

Loading, mg/cm2

	
Electrolyte

	
Capacity

	
Ref.






	
Li-ion batteries




	
Nb2AlC

V2AlC

	
HF-etching

	
N/A *

	
1M LiPF6/

EC, DEC

	
170 mAh/g@1C

110 mAh/g@1C

	
[30]




	
PVP-Sn(IV)@Ti3C2

	
Liquid-phase

immersion

	
N/A *

	
1M LiPF6/

EC, DEC

	
635 mAh/g

	
[50]




	
HfO2@Ti3C2/SnO2

	
Atomic layer

deposition

	
N/A *

	
1M LiPF6/

EC, DMC

	
843 mAh/g

	
[51]




	
Nb2O5@Nb4C3Tx

	
One-step oxidation

	
2.65

	
1M LiClO4/

EC, DMC

	
208 mAh/g@0.25C

	
[52]




	
Ti3AlC2/Ag

	
HF-etching/

AgNO3 reduction

	
N/A *

	
1M LiPF6/

EC, DMC

	
310 mAh/g@1C

260 mAh/g@10C

	
[53]




	
Hf3C2Tz

	
HF-etching

	
0.5–0.7

	
1M LiPF6/

EC, DMC

	
145 mAh/g

	
[58]




	
Ti3C2

	
Delamination

	
3.0

	
1M LiPF6/

EC, DEC

	
410 mAh/g@1C

	
[66]




	
Ti3C2

	
DFT computations

	
N/A *

	
N/A *

	
320 mAh/g@

	
[67]




	
Ti3C2Tx/CNT

	
HF-etching

	
0.6–1.0

	
1M LiPF6/

EC, DEC

	
1250 mAh/g@0.1C

	
[68]




	
Ti3C2/TiO2

Ti3C2/SnO2

	
HF-etching/

Self-assembling

	
1.0–1.1

	
1M LiPF6/

EC, DEC

	
209 mAh/g@0.5 A/g

530 mA·h·g−1/1 A/g

	
[69]




	
Ti3C2/Fe3O4

	
Sonication

	
1.5–2.0

	
1M LiPF6/

EC, DMC, EMC

	
747 mAh/g@1C

	
[70]




	
Ti3C2/CoO

	
Hydrothermal

	
N/A *

	
1M LiPF6/

EC, DMC

	
324 mAh/g@0.1 A/g

	
[71]




	
Ti2CTx/Si

	
Covalently anchoring silicon nanospheres

	
N/A *

	
1M LiPF6/

EC, DEC

	
1670 mAh/g@1 A/g

	
[72]




	
Na-ion batteries




	
Hf3C2Tz

	
HF-etching

	
0.5–0.7

	
1M LiPF6/

EC, DMC

	
47 mAh/g

	
[58]




	
Ti2CTx

	
HF-etching

	
1.0

	
1M NaPF6/

EC, DEC

	
40 mAh/g@1C

	
[59]




	
S-ion batteries




	
S/Ti2C

	
HF-etching/

melt diffusion

	
1.0

	
1M LiTFSI/DME, DOL/LiNO3

	
1200 mAh/g@5C

	
[73]




	
NaS batteries




	
Ti3C2Tx/S

	
LiF/HCl etching

	
4.5

	
2M NaFSI/

EC, DEC

	
577 mAh/g@2C

	
[64]




	
Al-ion batteries




	
Ti3C2Tx/Co9S8

	
LiF/HCl etching/

thermal-induced

carbonization/sulfidation

	
0.8–1.0

	
IL-electrolyte

	
288 mAh/g@1 A/g

	
[61]




	
K-ion batteries




	
Ti3C2Tx/Sb

	
LiF/HCl etching/

hydrothermal

	
1.0

	
1M KFSI/

EC, PC

	
314 mAh/g@1 A/g

	
[60]




	
Ti3C2Tx/MoSe2

	
LiF/HCl etching/

hydrothermal

	
1.0

	
1M KFSI/

EC, DEC

	
183 mAh/g@10 A/g

	
[74]








* The data is not provided.
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