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ARTICLE INFO ABSTRACT

Keywords: The discovery of graphene sparked significant interest in 2D materials, which present an ultra-
T™MD thin layered structure with high anisotropy and adjustable energy-band structure. Interestingly,
MXenes

it opens the door for the development of the 2D materials family, which includes different classes
of 2D materials. Among them, transition metal dichalcogenides (TMDs) and transition metal
carbide MXenes (TMCs) have emerged. TMDs have unique layered structures, low cost, and are
composed of earth abundant elements, but their poor electronic conductivity, poor cyclic sta-
bility, their structural and morphological changes during electrochemical measurements hinder
their practical use. Recently, TMC MXenes have garnered attention in the 2D material world, but
the issue of restacking and aggregation limits their direct use in large-scale energy conversion and
storage. To address these challenges, hetero structures based on conductive TMCs MXenes and
electrochemically active TMDs have emerged as a promising solution. However, understanding
the solid/solid interface in heterostructured materials remains a challenge. To tackle this, 2D
single component crystals with high capacity, low diffusion barrier, and good electronic con-
ductivity are highly sought. The emergence of transition metal carbo-chalcogenides (TMCCs) has
provided a potential solution, as these 2D nanosheets consist of TM3X2C, where TM represents
transition metal, X is either S or Se, and C atom. This new class of 2D materials serves as a remedy
by avoiding the challenges related to solid/solid interfaces often encountered in heterostructures.
This review focuses on the latest developments in TMCCs, including their synthetic strategies,
surface/interface engineering, and potential application in batteries, water splitting, and other
electro-catalytic processes. The challenges and future perspectives of the design of TMCCs for
electrochemical energy conversion and storage are also discussed.

Transition metal carbo-chalcogenides
Carbo-sulfides
New family of 2D material

1. Background

The pressing issues of energy and environment are among the top challenges facing our society. Environmental pollution and the
energy crisis have highlighted the need for catalysts that can efficiently degrade pollutants, reduce CO, emissions, and generate
carbon-free energy. One promising approach to generating hydrogen from renewable sources is through water electrolysis, which
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involves the oxygen evolution reaction (OER) and Hydrogen evolution reaction (HER) as the core electrochemical reactions. Similarly,
fuel cells can convert hydrogen energy to electricity with zero emissions, making them highly efficient and clean. In both cases,
catalysis plays a crucial role.[1] The development of “Green Hydrogen” from photo-/electro-catalytic water splitting is seen as a key
solution for meeting the global goal of net-zero carbon emissions by 2050. It represents a sustainable energy source that can help
reduce our dependence on fossil fuels and minimize CO, emissions. As such, catalysis is essential in this effort to achieve a cleaner,
more sustainable future. [2-5] In recent years, research on 2D materials, [6] has expanded beyond graphene to include other van der
Waals (vdW) materials such as TMDs, TMC MXenes, and heterostructures of TMCs and TMDs. [7] This review provides an overview on
the advancements in 2D materials, from TMDs and TMC MXenes to the new family of TMCCs in the field of energy conversion and
storage. TMCCs present a promising way to bridge the gap between TMC MXenes and TMDs. Although various families of layered
ternary materials such as TMDs and TMC MXenes have been extensively studied, the search for inorganic porous materials that
substitute precious metals has not been adequately addressed until recent years.

2. Transition metal dichalcogenides (TMDs)

TMDs are a class of materials composed of transition metals and chalcogens. [8] TMDs are composed of transition metals from
group IIIB to group VIIIB of subgroup elements in the element periodic table (Ti, Pt, V, Zr, Nb, Mo, Hf, Ta, W etc) and S or Se of the
group VIA in a 1:2 ratios. [9,10] TMDs have attracted a significant attention due to their unique electronic, optical, and catalytic
properties, which make them promising candidates for a wide range of applications, such as solar cells, thermoelectric devices, su-
perconductors, and catalysts. However, poor conductivity of these 2D TMDs significantly inhibits their electrochemical performances.
Some examples of TMDs include SnSy, MoSs, WSo, and FeSe. MoSs, for example, is a two-dimensional material with a layered structure
that has shown promising potential for use in electronic devices, particularly as a field-effect transistor. WS has a similar layered
structure to MoS, and has been found to exhibit high mechanical strength and high thermal stability.

Transition metal chalcogenides (represented by MX,, M = Mo, Zr, Ge, Sn, V, Cr, Nb, W, Re, Ti and X =S, Se, Te) such as MoSs, SnSe,
MoTe,, FeS, SnS, GeSe, and GeS, WSey, TiSy, ZrS; etc). In layered TMDs, the M layer is sandwiched between two chalcogenides (X)
layers resulting in an MX5 stoichiometry. The interlayer bonds between two MXj slabs are vdW bonds. As shown in Fig. 1a, TMDs can
exist in the form of trigonal prismatic or octahedral structure (or 2H and 1 T phase) depending on the transition metal coordination by
the chalcogenide and the stacking sequence of multilayers. The most found TMD polymorphs are 2H, 1 T, and 3R standing for hex-
agonal (or trigonal prismatic), tetragonal (or octahedral) and rhombohedral symmetry. The thermodynamic stability of the different
TMD phases can vary depending on the transition metals. [11] The most widely studied group VIB bulk TMDs (e.g. MoS,, WSe,,
MoTey) exhibit 2H or 3R phase [12-16], the group VB TMDs (e.g. TaSy,TaSey) exhibit 2H or 1T phase [17-21], and all the group IVB
TMDs (e.g. TiSy, ZrSy) are 1T phase [22-26]. It has been found that phase changes can be induced by intercalation [27-32]. These
structural phases featured with different symmetries and stacking orders, relating to the d-electron count that affect band structures,
primarily play important roles in affecting the electronic properties. Furthermore, the crystal structure of single-layer TMDs (MX3)
comprises a transition metal layer sandwiched between two atomic layers of chalcogen. This class of low-dimensional materials and
their hetero-structures are an ideal platform for multiple applications in electronics, and optoelectronics owing to their numerous
unique physical and chemical properties such as high electron mobility, thermal conductivity, unconventional superconductivity,
piezoelectricity, and giant magnetoresistance [33-36]. However, the physical and chemical properties of as-grown 2D TMDs often do
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bandgap and interlayer distance of various types of TMDs.
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not meet the specific requirements for advanced applications. Thanks to anisotropic layered structures, the electronic structures of 2D
TMDs can be modified by multiple factors [37] such as thickness thinning down, vacancy generation [38,39], foreigner species
interaction [40-42], surface functionalization [43-45], external strain [46,47], substitutional doping [48,49], and stacking or
assembling hetero structures [50,51] (Fig. 1b). The activated basal planes and edge sites of 2D TMDs are reported as highly active
toward hydrogen and oxygen catalysis [52,53]. On the other hand, with the rapid developments of large-scale preparation technology,
considering the preparation methods such as chemical exfoliation, CVD, printing techniques, and so on, 2D TMD materials show the
great potential for different applications. Therefore, designing hetero-structures of materials composed of different 2D TMDs stacked
along the out-of-plane direction (vertical heterostructure) or in-plane direction (lateral structure) is a common approach to modify the
electronic band structures of the materials [54-56]. Depending on the d-electron counts, TM elements can result in a wide variety of
electronic properties including insulators, semiconductors (MoXs and WX5) having partially filled group VIB [57,58], semimetals,
metals (NbX; and TaX» that has fully filled group VB) [59,60], and superconductors. Semiconducting TMDs possess bandgaps in the
near-infrared to the visible region, that makes them promising in optoelectronics and photonics applications [61-63]. However,
compared to bulk TMDs, the electronic properties of 2D TMDs are considerably tuned as a result of quantum confined effect in the out-
of-plane direction [64,65]. The choice of electrode materials plays a critical role in the electro/photocatalyst for water splitting and the
anode material for Li-ion batteries. It is essential for ion transport and the overall electrochemical performance. In this context,
compounds based on TMDs like Fe-MoS; [66], MoS;/CoS; [67]1, NiSe [68], MoWS,/NisSs [69], Co/MoSy [70], CoTea@Ni [71], and
NiTeo/Ni (OH)y [72] are viewed as promising materials for achieving superior performance in OER and Li-ion batteries like 2D
MoS; nanosheets [73], 2D SnSy nanoplates [74], Mo doped SnS; on carbon [75], SnS2/MoSz on carbon [76], MoO3/SnS; core shell
nanowire [77], WSy nanosheets [78] and VSy/graphene nanocomposites [79]. These materials exhibit high conductivity, high surface
area, remarkable flexibility, a robust polar surface, and a propensity to accommodate various cations.

Owing to the weak vdW force, the ions can diffuse rapidly through the interlayer gap of MXj layer. The large interlayer distance
between the MX, layer makes it possible to accommodate multivalent ions such as Zn?*, Mg?*, AI>*, and Ca?".The interlayer distance
and bandgaps of various TMDs is reviewed in Fig. 1c. TMDs suffer from intrinsically poor electrical conductivity, large volume changes
upon cycling poor cycling stability, and, most importantly, a limited number of active sites located on the edges, which utterly restricts
the catalytic performance [80-85]. In recent years, there has been growing interest in TMCs for their unique electronic and optical
properties, as well as their potential for use in a variety of applications. However, further research is needed to fully understand the
properties of these materials and to develop new and improved applications for TMCs.

3. Transition metal carbide MXenes (TMC MXenes)

One of the latest, and relatively large, family of 2D materials is transition-metal carbides and nitrides, called MXenes. MXenes
(pronounced as maxenes) [86-88] are demonstrated by the chemical formula M,, ;X Tx, where M represents Ti, V, Mo), X is C and/or
N (n =1, 2 or 3), and Ty is the surface-terminating functionality (e.g., —O, —OH, and/or — F). TigCyTy the first TMC MXenes family
were discovered in 2011 and has greatly expanded and made an impact in the fields of energy [89]. Thanks to Gogotsi’s group efforts
TMC MXenes has become a promising area of research [90]. TMC MXenes are an interesting class of materials as electrocatalyst since
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they are chemically stable in acidic media, resistant to poisoning, have excellent mechanical durability and possess high electronic
conductivity. MXenes, which are single layered counterparts of non-layered TMC, were proposed to be the promising anode materials
for metal ion batteries because of their good conductivity [91-93]. Due to this, MXenes are a rapidly expanding family of 2D TMCs,
offering enormous structural and chemical diversity. Owing to the free electrons of the TMC skeleton and the surface groups, MXenes
demonstrate good electronic conductivity and hydrophilicity, leading to their wide application range, including batteries, capacitors,
catalysts, adsorption, and water purification. Although this compositional variability allows fine-tuning of the MXene properties, it
also creates challenges during the analysis due to the presence of multiple light elements (such as H, C, N, O, and F) in proximity. Most
transition metals, apart from Pt-group metals, form carbides. Moreover, as can be seen in Fig. 2, the carbides of elements neighboring
the Pt group metals are not stable, with the exception of Fe carbide [94]. The carbides of Group 4-10 are thermodynamically more
stable and possess catalytic properties greatly improved over those of parent transition metals [94-96]. As a result, the MXenes family
is quite diverse with multiple forms: single metal structures (TizCyTy, TiaCTy, VoCTy, etc.), ordered double TM MXenes (i.e.,
Mo2TiaC3Ty, M02TiCoTy, CraTiCaTy, etc.), solid solution MXenes (i.e., TizyVyCTy, Mo4.yVyC3Ty, TizyNbyCTy), and ordered divacancy
MXenes (Mo 33CTy, W1 33CTx, etc) [93,97,98]. This variety results from the change in the M or X elements, the modification of the
number of atomic layers (n), adjusting the surface chemistry (Ty) through post-treatment or during synthesis, and intercalation of
different species into the structure [89]. Generally, MXenes have a unique combination of properties that make them desirable for
energy storage applications due to, at least, the following reasons: (i) The surface terminations, more specifically -O, create transition
metal oxide like surfaces, which are redox active. (ii) MXenes possess high electrical conductivity. This conductivity provides fast
transport of electrons to the electrochemically active sites. (iii) MXene layered 2D nature and the ease of cation intercalation leads to
fast ion transport [99-101]. A widely acknowledged precursor for Mxenes are a class of compounds known as MAX phase (such as
TigSiCy, Ti3AlCy, V2AIC, TisAlN3, etc.) that are categorized as layered ternary carbides and nitrides. These materials are predominantly
explored and developed in the field of structural ceramics. By selectively extracting/etching the A layer from MAX phases, one can
obtain a unique class of materials known as metal carbides (such as Ti»C, V2C, Fe3C, TizCy,NboC, Mo2C, CraC, TagC, TizCo, Hf3Co Cr3Ca,
Nb4Csz, Mo1.33C, CroN, TisNs, TisCN, (Vo.5,Cro.5)3C2, (Tip.s Nbo.5)2C, M0zScCy, MooTiaCs, (Nbg.gTio.2)4C3 and (Nbg.gZrg 2)4Cs)
[90,102,103], which possess a 2D structure. Based on this, different families of Mxene have been developed as water oxidation and
anode material for Li ion battery.

4. Metamorphosis of MAX to MXenes

The MAX phases (Mp1AX;,) and their derivatives, MXenes, are a class of materials that combine the important properties of
metallic and covalent bonding, with a lamellar structure and weak bonds between M and A layers (Fig. 3a) [104]. They exhibit unique
combinations of properties, including high electrical and thermal conductivity, low density, mechanical strength and significant
effective anisotropic movement of electron (e~) and hole (h™) [105]. The first chemically ordered MAX phase alloy was discovered in
2014 [106,107], and currently, over 150 MAX phases and more than 30 MXenes with three types MaXTx, M3X,Tx, and M4X3Tx
(Fig. 3b) have been reported with different compositions. The MAX phases have a nanolayered hexagonal structure with P63/mmc
symmetry, prototype CroAlC, where the M layers are nearly closely packed, A is a group of elements, and X is carbon atoms filling the
octahedral sites [108,109]. MoAoX has an extra A layer resulting in a change in the lattice constant c. In this framework, Mo,GayC is a
new compound with two Ga layers instead of one in MoyGaC and other MAX phases. These phases exhibit superconductor properties,
and transition metals such as Mn, Fe, Cu, Zn, Cd, Ir, and Au can become the A layer of MAX phases [110,111]. However, MXene with
pure Mn as the M has not been synthesized from a MAX phase yet. A lutetium-containing MAX phase (LuySnC) has been synthesized
adding the possibility of having lanthanides as MAX phase components [112]. MXenes can be synthesized from MAX phases via
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Fig. 3. (a) Schematic illustration of MAX precursors for the synthesis of MXenes via selective etching. Reproduced with permission from Ref. [104]
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selective etching out of the A layers. The M, A, and X compositions of the MAX precursor are crucial in determining the methods
available to synthesize MXenes. MAX phases also possess resistance to high temperatures or oxidation [113,114].

The structural difference between M>AX and M3AX is the insertion of an extra A layer in MAoX. The lattice constant between
M>AX and MpA X remains almost unchanged [90,115]. However, due to the extra A layer along z-axis in MAX, lattice constant c is
changed [116]. So far, about 60 MyAX phases have been synthesized. A few of them (MooGaC [117], NboSnC [118], NboAsC [119],
NbySC [120], TipInC [121], NboInC [122], TipInN [123], TiaGeC [124], LugSnC [112], and NbyGeC [125]), show superconducting
properties [125,126]. Being member of double-A-layer MA,X phases, MoyGayC is extensively explored. In the new compound
(Mo2GayC), two Ga layers were formed instead of one in Mo,GaC and all other MAX phases. In simple description, we can think a mere
insertion of an extra Ga layer on top of the existing Ga in to Mo,GaC (21 1) so that the new phase MoyGazC (221) is formed. Moreover,
due to the similarity of electronic bonding, elastic properties and structure with superconducting Mo,GaC, MoyGayC might also have
similar superconducting, thermodynamics and optical properties [127]. Later in the year 2016, another double-A-layer MAX phase
was reported by Fashandi et al. in three different ternary compounds, i.e. VoGasC, TisAuoC and TigAuyCo [128].

4.1. Synthesis strategies of TMC MXenes

Traditional MXene synthesis relies heavily on high-temperature synthesis methods, which subject precursor materials to elevated
temperatures to form MXenes. However, this conventional approach has inherent limitations that affect MXenes’ performance in
electro(photo)chemical and photocatalytic applications. High-temperature synthesis leads to larger crystal growth, reducing surface
area and active sites available for reactions. This reduction in surface area hampers performance in applications like water splitting,
supercapacitors, and batteries, limiting charge storage and energy density. Additionally, in photocatalysis, it reduces the efficiency of
photon absorption and catalytic reactions, affecting the material’s ability to harness light energy for chemical transformations. As a
result, researchers are exploring alternative synthesis methods like Ball-milling, liquid exfoliation, chemical etching, intercalation,
hydrothermal/solvothermal treatment, ultra-sonication, microwave irradiation to address these challenges. Hydrothermal/Sol-
vothermal synthesis (Fig. 4a, b) is one of the best approaches to the successful synthesis of Mxenes. This approach involves the use of a
solvent and temperature (typically in the range 120 to 200 °C) to synthesize TMC MXenes (for example, the synthesis of TigCyTx
through the reaction of TiO, and hydrocarbon precursors in a solvothermal environment) [129,130]. To date, ultrasonic method which
is an eco-friendly and completely safe approach utilized in the production of MXene and MXene quantum dots (QDs). This technique
leverages solvents such as DMSO, DMF, N-methyl-2-pyrrolidone (NMP), and tetra-butylammonium hydroxide (TBAOH), each pos-
sessing high boiling points and surface energies. Through the application of acoustic energy, cavitation, and reverberation within
solvents, ultrasonication effectively converts both layered and non-layered materials into QDs while preserving their inherent
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characteristics. Due to the solvents’ acoustic, cavitation, and reverberation, the ultrasonication process changes the layered, as well as
nonlayered, materials into QDs [131]. TMC MXenes can be synthesized by exfoliating bulk TMC materials, such as Ti3Cy, using strong
acids, like HF, to selectively remove the transition metal layer and leave behind a few layers of the TMC [132]. TMCs can be also
synthesized via electrochemical etching. This process involves electrochemical etching of bulk TMC materials, such as TizCyTy, in an
electrolyte solution to obtain TMC MXenes [133]. Thermal annealing is also a substantial synthesis approach to get a pure TMC
MXenes by annealing precursors, such as metal oxides or metal nitrides, in a reducing atmosphere to produce the desired TMC
[134-136]. However, MXenes are most commonly synthesized through selective etching of A atoms from originally layered MAX
(Fig. 4c,d). In the transformation of MAX to MXenes, the etched layers are replaced by the termination groups such as -OH, -O, or -F,
to form layered materials consisting of My 1X,Tx multilayers interconnected with van der Waals bonds. The termination groups in
MXene structures can enable high hydrophilicity of the MXene sheets. Cao et al, [137] fabricated sandwiched heterostructures through
a two-step self-assembly approach, by which the 2D MXene nanosheets were first assembled onto microbial nanoribbons, and tran-
sition metal ions were deposited onto the surfaces of MXene nanosheets to form sandwiched heterostructures owing to the oppositely
charged ions and Ti3C,T, nanosheets. Since 2004, MXenes have also emerged as a promising precursor for multi-principal-element
(MPE) high-entropy alloys in bulk 3D crystalline compounds and high entropy 2D carbides. The high-entropy metal alloy concept
is a materials synthesis strategy where several (usually five or more) elements are combined in high and near equiatomic concen-
trations (5-35 at. %) to stabilize a single-phase formation, instead of multiphases of solid solutions with different compositions and
crystal structures. MXenes allows new elemental combinations and introduction of elements previously not used for MAX phases to
transform MXenes to high-entropy MXenes. Inspired by the two fast-growing fields of high-entropy compounds and 2D MXenes,
Srinivasa et al, [138] reported on successful development of TiVNbMoAIC3, TiVCrMoAlC3, TiVNbMoC3Ty and TiVCrMoC3Ty high-
entropy alloys by using MAX materials as precursor (Fig. 4e). The development of high entropy alloys confirms the importance of
configurational entropy in stabilizing the desired single-phase high-entropy MAX over multiphases of MAX, which is essential for the
synthesis of phase-pure high entropy MXenes [139-141]. The synthesis of high-entropy MXenes significantly expands the composi-
tional variety of the MXene family to further tune their properties, including electronic, magnetic, electrochemical, catalytic, high
temperature stability, and mechanical behavior.

Particularly, the different synthesis routes for a specific type of MXenes can influence the physicochemical properties of the ob-
tained MXenes and their related applications. According to previous reports, the hierarchical MXene/TMD hetero structures are always
synthesized through a two-step synthesis strategy including the synthesis of MXenes and subsequent growth of TMC structures on
MXenes. In general, the synthesis methods of MXenes can be classified into HF selective etching (Fig. 5a) (Mo2ScAIC; to Mo2ScCy and
Mo, TiAlCy to Mo,TiCy), followed by ultrasonic delamination (Fig. 5b) [100,143-145]. Nowadays, the corresponding theory, pro-
duction, identification, manipulation, and application of these 2D materials have been rapidly expanded and further developed.
Typically, the following different MXenes like VoCTy [146], V4C3Tx [147], NboCTy [148], NbsCsTy [149], TagCsTx [150]1, TigNTy
[151], TigCNTx [150], TiaCTx [152], Mo;.33CTx [153], and Mo,TiCyTx [100] are fabricated via etching synthesis method. Recently,
new synthesis methods were developed, such as the combination of an aqueous HF and HCI (HF/HCI) synthesis called wet-chemical
etching (Fig. 5i) [154,155], non-aqueous wet-chemical etching process using NH4HF, (Fig. 5ii), [133] and molten salt etching
(Fig. 5iii) [104,156,157]. HF/HCI etching of MXene can be used to control the amount of HF necessary for the exfoliation process,
which has shown to result in a lower defect density and improved electrical properties [158]. Non-aqueous etching of MXene permits
dispersion of MXene flakes in solvents other than water, for which long-term storage of MXene in water has shown an overall decrease
in electrical conductivity due to oxidation of MXene sheets [159]. These synthesis strategies can produce TMC MXenes with different
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properties, depending on the conditions and precursors used. Further, the choice of synthesis strategy depends on the desired end use
application of the TMC MXene material.

4.2. TMDs-TMC MXenes hetero-structures

Overcoming the limitations of TMDs [58,160] and MXenes [161,162] for large-scale applications has become a pressing concern.
To address these challenges effectively, the utilization of heterostructures emerges as the most promising approach. Designing new
materials at lower dimensionality has been proven to be a successful approach to achieve new paradigm shift in catalysis. Unusual
properties and phenomena can be realized by stacking 2D materials of different properties including TMCs-TMDs (W,C@WS; [163],
WSes/SnS; supper lattice) TMDs-LDH (MoS,/NiFe-LDH supper lattice), LDH- metal oxides [6,7,164], TMDCs-2D layered materials
(MoSy/G super-lattice) TMDs-MXene (MoSy, WS,, and MoSe;, /TiaCTs) into vdW hetero-structured. Gogotsi et al, [165] employed
concentrated HF acid based synthesis approach for the targeted etching of the Al layers within the Mo, TiAlIC phase. Subsequently, the
resulting multilayer Mo, TiCoTx material was subjected to sonication under an Ar flow, as illustrated in Fig. 6a. Furthermore, different
synthesis approaches (acid etching, hydrothermal and magnetic hydrothermal approach, as summarized in Fig. 6b) have been
developed for the successful synthesis of heterostructured materials [166]. These heterostructures combine the advantages of the
individual components to overcome certain limitations. A good example is the utilization of graphene’s excellent electrical conduc-
tivity, and high surface area [165], with the chemical versatility of TMDCs to unlock new applications in energy storage (Li ion, Zn ion,
Na ion batteries) and conversion (water splitting) [137,167]. Moreover, MXenes with layered structure can provide a stable conductive
network and relieve the huge volume change of TMCs in the heterostructure [168]. 2D hetero-structures, made by stacking different
2D crystals scaffolds have attracted great attention for energy storage applications. [169] In heterostructured materials
[7,164,170-173], the intimate interfacial interaction between 2D materials affects the conductivity that facilitate ionic and electronic
transport, which improves the electrochemical performances [174-177]. Therefore, forming hetero-structure between the 2D mate-
rials brought synergetic benefit from the individual components and expanded the utilization of the materials in energy storage and
conversion (Fig. 6¢). In fact, compared with the single-component catalysts, the hetero-interface catalysts have several advantages
including the electronic interactions between different components, and the synergistic effects. Most importantly, developing routes
for the synthesis of structures with more active sites in the basal plane is also remaining a significant challenge [177]. C. Chen et al.
have presented findings on a heterostructured material formed between MoS; and MosTiCyTy. In the designed material, MoSy/
Mo, TiC,Ty exhibited initial charge and discharge capacities of 554 and 646 mA h g1, respectively, at 100 mA g 1. These values are 4.1
and 2.4 times higher than those of pure Mo,TiCyTx (134 and 268 mA h g™, respectively). The observed increase in capacity is aligned
with the much higher theoretical capacity of 670 mA h g’1 for MoS,-MXene. attributed to the open structure of MoS,/Mo,TiCoTy, in
contrast to the restacked pure MosTiC,Ty. This work demonstrates the feasibility of constructing MXene-based 2D heterostructures for
electrode materials in energy storage and conversion, opening new possibilities for various applications. In essence, the study lays the
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foundation for utilizing MXene in the development of 2D heterostructures for energy storage applications [165]. P. K. L. Tranan and
coworkers [178] have reported the utilization of an interfacial engineering approach to explore a novel hybrid structure comprising a
two-dimensional cobalt sulfide-Mxene (2D CoS-Mo,TiCy) heterostructure supported by a three-dimensional foam substrate. The
distinctive interfacial interactions induced a noteworthy augmentation in the number of electroactive sites and enhanced charge
transfer ability, thereby expediting the kinetics of both HER and OER in an alkaline medium. The catalyst exhibited overpotentials of
248.2 mV and 310 mV at a current response of 50 mA cm 2 for HER and OER, respectively, coupled with notable stability.
Furthermore, a two-electrode electrolyzer fabricated using the developed 2D CoS-Mo,TiC; catalyst demonstrated a cell voltage of 1.74
V at 10 mA cm ™2, exhibiting commendable stability over 25 h of continuous operation. These outcomes were attributed to the for-
mation of a distinctive interfacial heterostructure, characterized by robust interactions between the two material phases, effectively
modifying the electronic structure and surface chemistry, thereby enhancing catalytic performance.

Furthermore, recent studies show introduction of nano-carbon, conductive polymers, heteroatoms, and metal oxides are also other
approaches that solve the issues and challenges in TMC MXenes and TMDs. Further, the increase of interlayer distance in TMDs was
also investigated to yield better electrochemical performance [179]. For a heterostructure, several features, like the lattice mismatch,
stacking order, component layers, and so on, can affect its electronic structure. Hence, TMD/MXene heterostructure proven satis-
factory reverse capacitance at high current rates, outstanding durable performance, specific capacitance, enhanced coulombic effi-
ciency, and enhanced ion transport and structural stability during redox reactions [163,180,181]. Based on these outstanding results,
heterostructure formation between the 2D structures of MXenes and TMDs is a substantial approach to solve the issues and challenges
in TMC MXenes and TMDs. Heterostructure formation between the two materials avoids the restacking in TMCs. For this reason,
synergetic interaction between the different material phases is generally expected [182-185] and the heterointerface consists of vdW
interactions that can prevent Fermi level pinning [186]. The various advantages of TMDs over other 2D layered materials (see in
section 2) have spurred a diverse array of applications, including their use in processes such as water splitting (HER and OER), fuel cells
(HOR and ORR), CO; reduction (CO2RR), nitrogen reduction (NRR), as well as in Li-ion and Li-S batteries. Nonetheless, TMDs face
common challenges and bottlenecks that compel researchers to focus on achieving precise geometrical alignment between different
layers in heterostructures, as this alignment plays a fundamental role in tuning the electronic structure [187,188]. In this context, it is
crucial to create heterostructures by integrating TMDs and Mxenes through a process involving selective acid etching, hydrothermal
and CVD treatments of TMC MXenes and TMDs. Subsequently, delamination and exfoliation need to be employed hence modifying the
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surface area, enhancing their properties. As a result, different research’s confirms that, TMC MXene-TMD composites demonstrated
excellent activity, stability in electrocatalysis and with superior reversible specific capacitance, columbic efficiency, improved
cyclability and rate performance in battery [137,189]. There are several review papers regarding the design of TMC MXenes/TMDs
heterostructure [190,191]. The aim of this review is not about this kind of heterostructure. Thus, interested readers are suggested to
refer to comprehensive reviews on the topic. An intriguing aspect that warrants attention at this juncture is that all the advantages
associated with heterostructures can be found within a single integrated framework, namely TMCCs. This emerging family of 2D
materials possesses immense potential across various applications, making a timely exploration of this subject invaluable to re-
searchers in related fields.

5. Frontier in transition metal carbo-chalcogenides (TMCCs)

The challenges encountered in the restacking of MXene layers and TMDs for electrochemical energy conversion and storage arise
from their inherent limitations in electrical conductivity and stability [174,192]. TMCs, a significant framework in MXenes, have
emerged as a distinct class of materials with exceptional electrical conductivity that surpasses that of TMDs. These carbides exhibit
metallic behavior and possess highly conductive pathways for charge transport, making them attractive candidates for various elec-
trochemical applications. The high conductivity of TMCs is a result of their delocalized electronic structure and the presence of metallic
bonds, which enables efficient movement of charge carriers.

The remarkable contrast in electrical conductivity between TMCs and TMDs has motivated researchers to explore a groundbreaking
strategy: integrating these two material families into a unified system. This integration aims to eliminate the need for interfaces that
can introduce complications and hinder performance, like the challenges encountered when stacking Lego building blocks. By merging
TMDs and TMCs without interfaces, researchers can create a seamless material that capitalizes on the unique advantages offered by
each component. This approach enables improved charge transport throughout the structure, facilitated by the highly conductive
TMCs, ultimately enhancing the overall electrochemical performance. Furthermore, this merging approach offers additional advan-
tages beyond improved electrical conductivity. It simplifies the understanding of solid/solid interfaces, which can be intricate and
challenging to characterize. By consolidating the two material families, researchers can focus on optimizing the composition and
structure of the unified material without the complications introduced by the interfaces. By harnessing the unique properties of TMCs
and merging them with TMDs, researchers are unlocking exciting opportunities for the creation of innovative materials that can
revolutionize the field and pave the way for sustainable and efficient energy systems. The resulting merged materials, known as TMCC,
Fig. 7, hold tremendous potential as novel candidates for structural materials in various application fields. This newly expanding 2D
layered carbo-chalcogenides materials are also named as transition metal carbo-sulfide [193,194]. Notable group of layered materials
is the layered transition metal carbo-chalcogenides (TMCCs), including compounds such as NbySC [195], NbySeoC [196,197], TazS2C
[198], and TaySeoC [199]. These materials can be seen as a fusion of two well-established families of materials, namely transition-
metal carbides (MXenes) and TMDCs. The vdW interaction between the terminated sulfur (S) layers in bulk TMCCs allows for the
formation of highly crystalline 2D TMCCs. However, despite their potential, these materials have been largely overlooked by the 2D
materials research community. The M-C bond in TMCCs exhibit not only enhanced electrical conductivity but also exceptional thermal
and chemical stability, making them highly desirable for demanding operating conditions [200]. Additionally, certain TMCC com-
positions have demonstrated superconductive properties, opening possibilities for novel applications in quantum technologies and
beyond.

TMCCs represent a new frontier in material design, particularly for electrochemical energy storage and conversion applications.
These materials have received significant attention in recent years due to their unique electronic, optical, and catalytic properties,
making them promising candidates for a wide range of applications. For example, some TMCC families, such as Nb,CS, Nb,CSe, TasCS,
and TayCSe, have exhibited high-temperature superconductivity, suggesting potential use in superconducting electronics. TMCCs hold
promise in the creation of highly effective electrocatalysts for processes like oxygen evolution. Despite their significant potential, there
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is still a considerable amount to be uncovered and comprehended regarding these materials. Their unique electronic structure and
bonding characteristics, influenced by the interplay between metals (such as Ti, Nb, Ta), S, Se, and C, make them a rich and complex
class of materials that are not fully comprehended. The presence of multiple light elements in close proximity, such as C and S, in-
troduces challenges during the analysis and characterization of TMCCs [201]. In addition, designing single-component crystals from
the merging of two different crystals offers advantages in terms of understanding the mechanism, comprehending the properties, and
enabling easy scalability. TMCCs, with their atomic-level thickness, enlarge the specific surface area, expose more active sites, and
enhance intrinsic catalytic activity. However, the successful synthesis of TMCCs is currently limited to certain transition metal car-
bides, such as Ti, Zr, Hf, and Nb, due to the thermodynamic instability of other transition metal carbides (Fig. 8). [202,203].

TMCCs exhibit two distinct phases: the H-phase and the vdW-type carbo-sulfide phase [204]. The H-phase has a composition of
M,SC, where M represents transition metals such as Ti, Zr, or Nb (for example, Hf5FeCyS). This phase consists of layers with the
fundamental structure S-TM-C-TM-S, where TM refers to the transition metal. The layers in the H-phase are connected to each other
through weak vdW forces. On the other hand, the vdW-type carbo-sulfide phase is represented by the formula TM5S>C, where M can be
NbD or Ta (e.g., TazS2C, NbyS,C). In this phase, the fundamental layers of S-TM-C-TM-S are also present, but they are linked through
vdW forces. These vdW forces are relatively weak, allowing for easy sliding between the layers. However, carbo-sulfides with the
formula TM3SC (where TM represents Ti, Zr, Hf, or Nb) are not layered compounds and lack the weak vdW bonding between the sulfur
atoms. These compounds are highly stable and relatively hard [205].

The TMCCs containing TMDs and MXenes have a fundamental layer structure of S-TM-C-TM-S. The NbyS>,C monolayer, for
example, exhibits good kinetic and thermodynamic stability and possesses metallic properties with significant electronic states at the
Fermi level [120]. The superconducting nature of TMCCs mainly arises from the M-C layers, while the MSs-type structure contributes
to the Anderson localization effect. It is important to note that TMCCs represented as TM3S2C (M = Nb, Ta) have a different structure
compared to MAX phases. In TM3S,C phases, two different sulfur layers are stacked between the carbide layers. This large family of 2D
TMCC materials has gained recent attention and shows great promise, particularly in the field of electrochemical energy. Despite their
potential, TMCCs have seen limited applied research, which can be attributed to the challenges involved in their synthesis [206]. The
difficulty in synthesizing these compounds has been a significant hurdle in their exploration and utilization. Overall, TMCCs with their
unique layered structures and properties hold great potential for a range of technological applications, and ongoing research aims to
further understand their synthesis, properties, and potential uses.

5.1. Structure and chemistry of the M2C2S and M>CS phases

The new families of TMCCs exhibit diverse formulas like TM2SC, TM4S2Ca, or TM2S,C, resulting in distinct physical and chemical
properties [207]. Some notable members, such as TapS;C and Nb2S2C, were discovered in the 1970s [208]. These compounds have
layered structures in their 3R phases, with sulfur layers between carbide layers. Two prototypes of TasS2C, low-temperature (1s) and
high-temperature (3s) modifications, were identified. Nb,S2C also has both 1s and 3s structures, where the latter is stable at high
temperatures. Intercalation of transition metal atoms can stabilize these modifications. Though NbySe,C and TasSe,C exist, they have
been overlooked in the 2D materials field [209,210]. TisSC is another unique compound with potential applications due to its
distinctive mechanical properties. TMCCs exhibit superconductivity at 7.55 K, but research on TisSC is hampered by challenges in
obtaining high-purity samples. TM4S2C carbo-sulfides, like TisSC, are robust compounds with chemical stability similar to corre-
sponding carbides [201].

5.1.1. Structure and chemistry of the TM4C5S2 phase

It is widely recognized that sulfur-containing phases exist in TM4C2Sz, and yet surprisingly little has been published on their
chemistry, origin, and effects on the mechanical properties of these 2D materials. The TM4C,S2 class of materials are a common
constituent of transition metal bearing steels, where it has been implicated in the process of fracture. They possess a hexagonal
structure of D¢;-P63/mmc space group with lattice parameters ag = 3.21 A and co=11.20 A when M = Ti, and ap = 3.395 A and co=
12.11 A when M = Zr. TisCS; have similarity in the diffraction patterns with y-Ti»S [120]. The thermodynamic formation energy of
TisCySy was originally specified as A°TigCaSy = -1994.5 + 0.231TkJ/mol). This family of 2D materials are formed when sulfur seg-
regates to grain boundaries during very high temperature treatment, which leads to the formation of the sulfo-carbides when melting is
involved. The identification of carbo-sulfides was based on X-ray powder-diffraction and electron-microprobe analysis. However, no
quantitative microprobe data was obtained, and no carbon was detected, thus leaving the chemistry of these particles uncertain. It was
demonstrated that differential thermal analysis evolved gas analysis (DTA — EGA) is the best method for discriminating between y-TiaS
and TisCySo [211]. However, misidentification is common when microscope, microprobe and particularly X-ray diffraction procedures
are used, because the diffraction patterns of y-TiS and Ti4CyS2 are similar.

5.1.2. Intercalation and delamination chemistry of TM,M,S,C materials

The synthesis of homogeneous compounds becomes increasingly difficult as the number of elements involved increases, mainly
because of the greater availability of reaction paths. As a result, more stable compounds are formed first, which can act as diffusion
barriers. Intercalation and delamination processes are necessary to obtain single-layer TMDs nanosheets [212]. Compared to stacked
TMCCs, single-layer TMCCs nanosheets exhibit superior chemical properties, such as high specific surface area, good hydrophilicity,
and rich surface chemistry. To further enhance the superconducting properties of TM,S,C materials, temperature, and intercalation of
a wide range of guest elements are crucial. Superconductivity in 2D materials is a recent and attention seeking area in condensed
matter physics [213,214]. 2D materials, composed of TM, C, and S atoms have displayed superconducting properties in the past few
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decades, prompting extensive research. TMCCs are prized for their tunable properties, allowing scientists to control parameters such as
the superconducting transition temperature. They can exist in both 2D and 3D structures, with 2D variants often exhibiting unique
quantum effects and higher Tc values. While the exact superconductivity mechanism varies, it typically involves the formation of
Cooper pairs. Cooper pairs showed that an arbitrarily small attraction between electrons in a metal can cause a paired state of electrons
to have a lower energy than the Fermi energy, which implies that the pair is bound [215]. In conventional superconductors, this
attraction is due to the electron—phonon interaction which is responsible for superconductivity [216]. TMCCs hold promise for ap-
plications in quantum computing, superconducting electronics, and potential use as high-temperature superconductors. However,
challenges remain, such as developing stable synthesis methods, and ongoing research seeks to enhance their practicality and un-
derstanding. During the intercalation of metal ions into the vdW gaps of TM3S,C, the type of metal used determines the interlayer
spacing. Alkali metals, such as Li, occupy all vdW gaps, thus increasing the interlayer spacing. According to the ionicity diagram, Li
derivative intercalation falls within the octahedral domain, whereas K, Rb, and Cs compounds are in the trigonal prismatic region, and
Na is a borderline case with both an octahedral and trigonal prismatic phase.

Boller et al. reported intercalate phases of transition metals (TM = Ti, V, Cr, Mn, Fe, Co, Ni, Cu) to the layers of TasS,C to form
Tix[TazS2Cl, Cux[TagS2Cl, Fex[TaxS2Cl, Cox[TasS2Cl, and Niyx[TagS2Cl [195,207,217]. Intercalating elements, such as Ti, Cr, Mn, Fe,
Co, and Ni, occupy the octahedral voids in the sulfur double layers, while Cu is intercalated into the tetrahedral sites between sulfur
and tantalum layers in TM2S2C [204]. Metals like, Fe, Co, Ni, or Mn can introduce magnetic properties into TMCCs, making them useful
for magnetic data storage or magnetic sensing. The intercalation of Li*, Na™, and K" increases the interlayer spacing in TMCCs sheets
and improves their electrochemical properties, making them suitable for use in Li-ion or Na-ion batteries. The structural variation is
caused by different electronic effects in the interaction between host and guest. Most of the transition metal intercalation results in a
metastable compound except V, yet by substituting Ti for V, V¢ ¢Tip 42SC can be synthesized. To confirm the structural differences
between intercalated and pristine materials, Walter et al., studied XPS core level spectra and valence band region using XPS as
illustrated in Fig. 9 [217]. The results show that metal intercalation ions (Fe, Co, Ni or Cu) cause a shift in 1s C, Ta(4f) and S(2p) XPS
core level spectra towards higher binding energies for their core level spectra compared to the pristine material (see Fig. 9a-c).
However, as depicted in Fig. 9d the Fe, Co, or Ni intercalated into Ta»S>C shows a shift to higher binding energies in the valence band
XPS spectra, whereas Cu intercalation shows a shift towards the Fermi edge compared to the pristine TapSoC [217]. This is because Fe,
Co, and Ni are intercalated in octahedral sites between two adjacent sulfur layers, but Cu is intercalated in tetragonal sites between
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sulfur and tantalum layers [217].

The interlayer distance in the vdWs gap of the NbyS,C host lattice in 1T-Cug 7[Nb2S2C] is 0.5 A larger than in the 3R-phases. In
order to get a meta stable phase of the NbyS;C or TasS»C, de-intercalation of the metal is mandatory [218]. De-intercalation can be
done by two-step treatment of TMy[NbyS2C] either with iodine in acetonitrile or with concentrated hydrochloric acid. Thus, the
deintercalation brought a dramatic decrease of the c axis (Table 1) indicating stacking disorder. In materials which have larger vdW
gap like NbyS,C, the metastable host lattice can be isolated by soft chemical deintercalation. To the best of our knowledge, there have
been no previous reports of successful exfoliation of TMCCs into single layers. Achieving 2D layers of TMCCs that combine the
chemistry of TMDCs (which offer high catalytic activity) while preserving a mechanically robust and metallically conductor carbide
core will allow for new property combinations and applications not achievable by TMDCs or carbides alone. However, compared to
TayS2C, there is no simple explanation of the completely different intercalation behavior of TapSe;C. Noticeably its reduction potential
is too negative. Qualitatively the reduction potentials for the reaction [ToX2C] + ne” —[T2X3C] ™ become more negative in the
sequence NbyS,C > TagS,C > TasSesC. From this we can understand that, with respect to their intercalation chemistry, the Nb,S,>C and
TaySoC are related to 1T-TaSy, while TaySe,C resembles more MoS,, yet without its lubricating properties.

5.2. Properties and structure of TMCC compounds

TMCCs are a class of a new family of 2D materials that exhibit a variety of interesting properties, including electrical conductivity,
catalytic activity, magnetic properties, optical properties, mechanical properties, and chemical stability. TMCCs are generally good
conductors of electricity, with some exhibiting superconductivity at low temperatures. They are often used as catalysts in various
chemical reactions due to their unique electronic and structural properties. Many TMCCs exhibit magnetic behavior, which can be
tuned by changing the composition or structure of the material. TMCCs also exhibit interesting optical properties, such as photo-
luminescence and photoconductivity, making them useful in optoelectronic applications. They are generally strong and rigid mate-
rials, making them useful in applications that require high mechanical strength [219]. As well, TMCCs are generally stable under a
wide range of chemical conditions, which makes them suitable for use in harsh environments. Composition, crystal structure, and
surface functionalization are some of the very important governing factors for electronic properties of TMCCs. To realize the motive
behind the metallic nature of the TMCCs (Tm2S2C, TM = Nb, Ta etc), it is necessary to study the structure-property relationship [217].

Table 1
Lattice parameters of TMy [Ta;S>C] and TMy [Nb,S,C] phases.
Metal carbo-chalcogenide a, A ¢, A c/a, A
35-TayS,C 3.276 25.62 7.820
Tip.3[TazS2Cl 3.29 25.79 7.832
V 0.25[TaS,C] 3.297 25.63 7.772
Cro.3[TazS2Cl 3.293 25.48 7.736
Mny.33[Ta2S8>C] 3.286 26.30 8.002
Fep 33[TazS2Cl 3.290 25.80 7.839
Cop.33[TazS>C] 3.297 25.24 7.655
Nig,25[Ta2S>C] 3.286 25.33 7.708
Cug 6[TazS2C] 3.290 8.940 2.717
35-Ta,S,C 3.265 8.337 2.615
35-Nb,S,C 3.284 8.56 2.618
Vo.6[Nb2S>C] 3.294 25.76 7.820
Cr.6[Nb2S,C] 3.306 25.62 7.749
Mng 5[Nb,S,C] 3.306 25.97 7.855
Feo.5[Nb2S>C] 3.303 25.83 7.820
Cog.5[Nb2S>C] 3.305 25.11 7.598
Nig 5[Nb2S2C] 3.303 25.33 7.669
Cup.7[Nb,S,Cl 3.310 9.03 2.728
35-Nb,S,C 3.29 8.94 2.717
1s- TasS,C 3.265 8.537 2.615
3s- TayS,C 3.276 25.62 7.821
Li; [TayS,Cl 3.302 26.63 8.065
Nag 15[TaS>C] 3.270 19.50 5.963
Nag g[TazS2Cl 3.302 19.35 5.860
Nag g5[Ta2S2C] 3.327 19.30 5.801
Na; [TayS,C] 3.330 19.35 5.810
Ko.12[Ta28>C] 3.265 31.56 9.666
Ko.g6[Ta2S2C] 3.299 31.05 9.412
Rbo.12[Ta2S2C] 3.280 21.90 6.677
Rbo.g6[Ta252C] 3.320 21.45 6.461
Csp.12[TazS2Cl 3.285 22.68 6.904
Cso.86[Ta2S2Cl 3.315 22.17 6.688
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However, there is limited research (both experimental and theoretical study) to understand the structure—property relationship [220].
Generous efforts need to understand the fundamental mechanism by theoretical models, via supporting with experimental findings.
However, most of theoretical calculations in literature used ground-state DFT with less consideration of the solvent effects, the impacts
from solvated ions, or the transition states of elementary reactions. Recent research pointed out the explicit solvent model, and
theoretical investigations are helpful to provide guidance on material design to the experimentalists.

5.2.1. Crystal structure

TMCCs have a unique layered structure in which the transition metal, chalcogenide, and carbon atoms are arranged in a stacked
arrangement and in a hexagonal arrangement, respectively. The TM,CS structure, represented by the elements Nb and Ti, has a
hexagonal structure with a space group P63/mmc, prototype CrpAlC and two formula units per unit cell [221]. To determine the
crystalline arrangement of NbySeC, we utilized Rietveld refinement on the PXRD pattern of the chemically analogous compound
TapS2C [196]. The refined parameters for TasS2C were found to bea =b = 3.315 [o\, c=8.997 A, with R1 = 8.86, wR2 =11.7, and XZ =
2.59. The stacking sequence of basal planes in TM3CS materials is AMXMBMXMA..., where A and B refer to carbon planes, M refers to
Ti or Nb, and X refers to S [220]. The X3Se>C compounds, where X can be either Ta or Nb, exhibit a hexagonal crystal system with a
specific space group number. The atomic positions in this space group are as follows: C (0, 0, 0) and X (0.3333, 0.66667, 0.88089), Se
(0.66667, 0.3333, 0.69607) (refer to Fig. 10a). In the crystal structure, the NbSesC3 octahedron is formed around a central Nb atom,
and similarly for Ta, with three Se elements and three C elements. Additionally, the CXg octahedron is created by six X atoms sur-
rounding a central C atom (see Fig. 10a, b). All atoms in the structure are six-fold coordinated, with the carbon atoms octahedrally
coordinated by the metal atoms and the sulfur atoms trigonally prismatically coordinated by the metal atoms. The choice of element
utilized also exerts an influence on the stability of the crystallographic structures. This is evident from the XRD pattern depicted in
Fig. 10 ¢, d, which validates the successful synthesis of H-Nb,SC and b-TaS,C. However, it is important to note that b-Ta,S;C exhibits
greater thermodynamic stability compared to H-Nb,SC. As a result, b-TasS>C can be directly obtained through solid-state synthesis
[201].

5.2.2. Electronic band structure

The electronic band structure plays a pivotal role in determining the properties and potential applications of 2D TMCCs. These
materials exhibit structures influenced by interactions among transition metal components, chalcogenides, and carbon atoms. These
interactions lead to the formation of localized or delocalized electronic states, impacting electronic and optical properties. The band
structure, representing electronic states in energy and momentum space, significantly influences conductivity, optical absorption, and
other relevant properties [200,222,223].

In the context of these newly developed 2D ceramics, their mechanical properties are vital for serving as electrically conductive and
mechanically robust reinforcements in composites. H. Baaziz and co-workers report the electronic band structures of NbySeoC and
TapSesC by using DFT [200]. Fig. 11a,b reveals a clear overlap between the conduction band and valence band, indicating that
Nb,Se,C and TaySesC exhibit a semimetallic nature with an indirect bandgap of 1.1 eV [222,223]. In comparison to NbS, and TaS,, the
electronic bands of NbsSesC and TasSesC are broader and more curved. As a result, Nb,SesC and TasSeoC demonstrate the lowest
effective electron mass and the highest electron mobility. The occupied bands below the Fermi level have a dominant contribution of p-
orbitals from carbon atoms. Underneath these bands, a particular feature of the CS monolayer is the second bandgap located ~3 eV
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Fig. 10. (a) The crystal structure of the X,;Se>C compounds. (b) The Nb (Ta) atoms in Nb,Se,C and Ta,Se,C. Reproduced with permission from Ref
[200] Copyright 2023, Springer link. The XRD patterns for (b) d-NbyS,C and (c) d-Ta,S,C. Reproduced with permission from Ref [201] Copyright
2022, Wiley.

13



K. Belay Ibrahim et al. Progress in Materials Science 144 (2024) 101287

a)

Energy (eV)
DOS(states/eV)

7 6 5 4 3 2 -1 0 2 3
Energy (eV)

e ) L3
u 30 s SpCI T TS0
10 3 —/ ol
9 §0.27° H
S8 s sy T TS
% : %‘ : : _
g
8 $ C/-04 -0.82 : TosC
£ s é Sis C S3p Coplind 12
@«
Q¢ 8
3 E .
5 §1027 2 sf Cx Cypplie TiC|
1 ! . i 3
o . :
Cw 20 -10

42 0§ 6 4 20 L ®

Energy (eV)

[}
-0.2 GE— 0.2 Energy (E-Ep) (V)

Fig. 11. The band structure of the X,Se,C (X = Ta, Nb) compounds. (a) Nb,Se,C (b)TaSe;C.The projected density of state (PDOS) of (c) NbySe,C
(d) TasSe;C. Reproduced with permission from Ref, [200], Copyright 2023, Springer link. (e) Electron density maps of Ti4C2S> and (i) the bond
length (ii) atomic populations (f)The total density of the states for Ti4S2Co, TizS2, TioSC and TisC4.Reproduced with permission from Ref [225],
Copyright 2019, MDPI.

below the Fermi level, followed by bands composed of p-orbitals from sulfur atoms [220,223]. Another report by A. Majed et al., also
utilizes DFT, to determine the elastic constants of these 2D TMCCs compared with their TMDs counterparts. The results highlight a
substantial improvement in the mechanical stability of NbsS;C (300 GPa) and TayS,C (319 GPa) when compared to their TMDs
counterparts NbS; (185 GPa) and TaS; (211 GPa), with an enhancement of at least 50 % attributed to the robust TM-C bonding [201].
Strain engineering is also another emerging factor as a potential tool for controlling electronic and thermoelectric responses in carbo-
sulfides, although achieving systematic bandgap control remains challenging. Ongoing research explores methods such as doping,
stacking orders, and strain to manipulate bandgaps, offering promising avenues for future technologies with unique electronic
properties in layered materials [224,225].

The electron distribution and atom-to-atom electron transfer in a compound can be effectively described through the examination
of electron density distributions and Mulliken population analysis. As can be seen in Fig. 11e, electron density distribution maps are
represented in total electron density and electron density difference maps. The overall electron density distributions for Ti4CySz, TisC4
and TisSy were studied to understand the electron distribution and atom-to-atom electron transfer in a compound. As can be seen from
Fig. 11f, the length for Ti-C and Ti-S bonds measures 2.1654 A and 2.2703 A in the Ti4C2So. However, the Ti-C bond (2.1659 A)in
TisCy4 in, and Ti-S bond (2.4950 A)in TiySs shows a significant reduction as compared to the Ti-C and Ti-S bonds in Ti4C2So. The Ti,SC
does not spontaneously change into TiS and TiC; however, Ti4S2Cs (Z = 2) can spontaneously change into two phases. Conversely, the
Ti-C bond length in Ti4CyS; closely resembles that in Ti4C4. This suggests that Ti-S bonds experience compression within TisS2C; cells,
a phenomenon that impairs structural stability for Ti4SoCy. Therefore, recently, the MoSC family of materials are used in practical
application as electrocatalyst and battery materials rather than the Ti4S2Cy counterpart. [196,201].

D. Zhao and co-workers [225] report a comparative analysis of the electronic structures of TisC4 (Z = 4), TisS2Co (Z = 2), Ti»SC, and
TipSs (Z = 2) family of materials on the density of states. Notably, there are no noticeable energy gaps near the Fermi level, indicating
the metallic nature of these compounds. As a result, the energy gaps from the lowest valence band to the upper valence band, Ti4S2C»
(Z =2), TipSy (Z = 2), TipSC, and TisC4 (Z = 4) exhibit energy gaps of 3.75 eV, 4.65 eV, 1.98 eV, and 2.37 eV, respectively. This suggests
an ionic character in the chemical bonds, with Ti-S exhibiting stronger ionicity than Ti-C. For Ti4S2Cy (Z = 2), the sulfur 3 s band
predominantly ranges from —13.6 to —11 €V, the carbon 2 s band from —11 to —9.4 eV, and the sulfur 3p and carbon 2p bands from
—5.3 to the Fermi level. In TizSs (Z = 2), the sulfur 3 s band spans —16.2 to —13.2 eV, and the sulfur 3p band ranges from —8.5 to the
Fermi level. Ti3SC exhibits a sulfur 3 s band between —15.7 and —12.6 eV, a carbon 2 s band from —12 to —9.5 eV, and sulfur 3p and
carbon 2p bands spanning from —7.5 eV to the Fermi level. For Ti4C4 (Z = 4), the carbon 2 s band extends from —12.7 to —8.5 eV, and
the carbon 2p band ranges from —6.1 eV to the Fermi level. A noteworthy observation is the evident shift of the 2 s and 3p energy bands
of sulfur to a higher-energy zone for Ti4S2Cs (Z = 2), with a more subtle shift in TiSC. Hybridization between S/C p electron bands and
Ti 3d electron bands is apparent in these compounds, indicating a covalent interaction between C/S and Ti. Overall, the chemical
bonds exhibit ionicity, with Ti-S demonstrating stronger ionicity than Ti—C.

5.2.3. Magnetic properties
TMCCs exhibit magnetic properties that make them favorable for use in magnetic devices. The magnetic properties of TMCCs
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depend on the type of intercalating transition metal and temperature. [195,204] The magnetic behaviors of TM;Ta2S2C (M = Fe, Co,
Ni, Cu) has been determined magnetic susceptibility measurements. At room temperature, all TM3S;C samples are paramagnetic. The
magnetic properties of TMyTa2S,C M = Fe, Co mainly depend on the magnetic behaviors M?* ions in a crystal field, influenced by the
arrangement of atoms in the material as well as by the external factor’s temperature and pressure. Thus, Mny[Ta,S>C] and Fex[Ta3S2C]
have ferromagnetic ordering, whereas V[ TasS2Cl, Cry[TasS2Cl, Cox[TasS2Cl, and Cuy[TasSoC] exhibit anti-ferromagnetic ordering at
low temperatures [195,219]. The magnetic susceptibilities of Cup7[NbyS2C] are very small and almost temperature independent
[207], whereas Fey,[Nb,S;C] samples show a more complex behavior [218,226].

5.3. Synthesis and surface modification approaches

There are several synthesis procedures for TMCCs, including: solid-state synthesis followed by sulfuric acid treatment, [201] CVD,
topo-chemical, combustion self-propagating high-temperature combustion synthesis [227,228], mechanical alloying [229,230],
molten salt electrolysis [231], chemical/physical exfoliation and hot pressing (HP) method [208], and spark plasma sintering tech-
nique (SPS) [232]. HP is a method in which a mixture of precursors is introduced into a reactor and heated to high temperatures,
resulting in the formation of TMCCs on a substrate. CVD is commonly used for the synthesis of 2D materials, such as TMCs, TMDs,
TMCCs and graphene. SPS is a method in which a mixture of precursors is placed in a die and subjected to high pressure and tem-
perature under an electric current. The resulting TMCCs are formed because of the pressure, temperature, and electric current. Solid-
state reaction involves the reaction of metal precursors, chalcogen precursors, and carbon precursors at high temperatures in the solid
state. This method is commonly used for the synthesis of bulk TMCCs [208]. 52 years after the first synthesis of bulk TMCCs, 2D Nb,S>C
and TayS,C were successfully stripped from parent multilayered Nb,S,C using electrochemically assisted exfoliation via intercalation
of lithium followed by sonication in water [201]. Additionally, the multilayered NbsS>C has been demonstrated to be a potential
superconductor with a T, of 7.55 K. Therefore, 2D Nb3S,C is extremely likely to be another example of intrinsic 2D superconductors
exfoliated from layered bulk. In the subsequent sections, we give a brief review of the frequently reported techniques to synthesize
TMCCs.

The synthesis approaches mentioned above serve as instrumental tools in the intricate process of tailoring material properties
through a multifaceted array of modifications. A detailed breakdown reveals the nuanced techniques employed in this endeavor. The
manipulation of thickness stands as a key strategy, involving precise control over material dimensions to influence mechanical,
electronic, and optical properties through meticulous adjustments in the fabrication process. Introducing vacancies within the crystal
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Fig. 12. Scheme on review of modification of electronic structure strategies and different synthesis approaches in tmccs.
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lattice structure serves as a deliberate tactic to alter properties such as conductivity, stability, and catalytic activity. Promotion of
interactions with foreign species, such as additional atoms or molecules, modifies material behavior, potentially enhancing catalytic
activity, improving adsorption capabilities, or altering electronic properties. Surface functionalization, achieved through attaching
functional groups or molecules to the material’s surface, imparts specific functionalities like increased reactivity, selectivity, or
compatibility with other materials. External strain application involves subjecting the material to mechanical stress, deforming its
structure, and leading to modifications in electronic band structure, mechanical strength, and other properties. Substitutional doping
introduces foreign atoms into the crystal lattice, significantly altering electrical, magnetic, or optical properties. Stacking or assem-
bling heterostructures involves combining different materials or layers to create a composite material with tailored properties,
allowing the exploitation of synergistic effects. The complete utilization of these synthesis strategies inspires researchers to finely tune
material properties for diverse applications, spanning from electronics, to catalysis, sensing, and energy storage [208,227-230,232].
Fig 12 serves as a visual representation of the elaborate interplay of these synthesis methods in achieving desired material
modifications.

5.3.1. High temperature synthesis

One of the reasons for the lack of applied research on TMCC might be the difficulty for synthesizing pure phase TM3S>C. High
temperature synthesis like mechanical alloying, CVD, topo-chemical, combustion self-propagating high-temperature combustion
synthesis, mechanical alloying, molten salt electrolysis, chemical/physical exfoliation, and HP method, and SPS can be used to get a
pure phase. The process of mechanical alloying is a non-equilibrium technique that has garnered significant interest owing to its
remarkable capability to alloy immiscible elements. This method involves milling, where intense deformation leads to a continuous
interplay of particle deformation, welding, and fracturing [230]. Combustion synthesis method is preferred because it allows for the
production of compounds with uniform composition, fine microstructure, and high purity. However, the reaction conditions must be
carefully controlled to avoid side reactions and ensure high yields of the desired product [227]. However, the HP method requires a
high temperature (up to 1600 °C) and a long processing time. Very recently, Majed et al., [201] reported the synthesis of a new family of
2D TMCCs by introducing 2D sheets of NbyoX5C and TasXoC via electrochemical intercalation of lithium between the TM3X,C layers
followed by sonication in water. Synthesis from the metal precursors (like Fe metal, Mn metal, Co metal, Ni metal etc), Sulfur and
carbon is challenging because the metal sintering procedure needs an extensively high temperature (>1200 °C). Up to now, the broad
group of complex TMCC has only been focused on the aspect of their synthesis condition, structure, and their ability to form inter-
calation compounds. Recently, the use of TMCC on energy storage (as Li ion battery cathode material) is tested and reported a
promising output.

5.3.2. Topo-chemical extraction of pseudo-intercalated metal

Topo-chemical extraction of pseudo-intercalated metal involves the removal of metal atoms that are not structurally located in the
intercalation sites of a layered material but are instead bonded to the surrounding layers. This process is important for understanding
the intercalation chemistry of layered materials, as well as for developing strategies to improve their properties. Intercalation of some
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Fig. 13. Topo-chemical reaction scheme of the formation of Tm [Nb,S>C] phases and Nb,S,C.
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unique metals or molecules into the layers of TMCCs, followed by ultra-sonication and magnetic stirring can generate monolayers or
few-layers of TMCCs nano-sheets. Furthermore, the pseudo-intercalation method can also be used to synthesize a pure phase of TMCCs
after the extraction of the intercalated metal [193,195]. The extraction process typically involves the use of a suitable reagent that can
selectively react with the pseudo-intercalated metal, while leaving the intercalated metal intact. The reagent may be a strong acid, a
reducing agent, or a chelating agent, depending on the nature of the metal and the surrounding ligands. One example of topo-chemical
extraction is the removal of Cu from Cu-intercalated graphite. In this case, the copper atoms are not located in the intercalation sites,
but instead form covalent bonds with the surrounding graphene layers. Treatment of the material with hydrochloric acid or nitric acid
can selectively dissolve the copper atoms, leaving the graphite layers intact. For instance, H-phase M2SC synthesized first from the
metal (M = Ta, Nb), sulfur and carbon powder precursor. [194] To obtain the 3s-TM5SC, the H-phase TM,SC, with pseudo-intercalated
metal like V or Cu as depicted in Fig. 13 with a minimum intercalated metal content of 2/3, the process involves sequential steps.
Subsequently, the pseudo-intercalated metal component is extracted using iodine in a dehydrated acetonitrile solution with minimal
water content, all performed at room temperature, as per the provided equation. [226]

Cu,Nb,S,C +§1—»sz$2€ 4 xCul

Topo-chemical extraction of pseudo-intercalated metal can lead to improved properties of the resulting material, such as increased
conductivity or improved catalytic activity. It can also provide insights into the intercalation chemistry of layered materials, helping to
guide the development of new intercalation strategies. On the other hand, the TMCC sheets synthesized through intercalation/
delamination demonstrate larger interlayer spacing and more sites for hybridization with TMCs. The intercalated/delaminated
structures result to accommodate more metal ions or small molecules between the individual layers. This would be more favorable for
the storage of alkali metal ions and transportation of small molecules in the TMCCs.

Molten salt electrochemical synthesis can also be employed to prepare TMCCs first at low temperatures. However, this method is
time-consuming and not convenient for the industrial scale-up production of TMCCs. Combustion synthesis was investigated as one of
the best synthesis approaches to obtain high purity of ternary and quaternary carbo-sulfides of the transition metals 2D materials to be
tested as solid lubricants in high-temperature environments. The presence of excess carbon reduced the oxygen content of the carbo-
sulfide. However, the higher the overall carbon contents, the higher is the amount of carbide impurities in the reaction products. Use of
iodine or hexachlorobenzene as a catalyzer minimized the need of excess sulfur in the raw powder mixture, reduced the amount of
carbide impurities, and contributed to the homogenization of the reaction products. Similarly, use of HCI, Br,-CH3O0H, I-CH30H and
HCIO4 reduce the presence of excess transition metal or helps to control the composition of metals via metal etching [233]. The choice
of synthesis procedure depends on the desired properties and application of the TMCCs. The conditions used in each synthesis pro-
cedure, such as temperature, pressure, reaction time, and precursor concentration, play a critical role in determining the properties of
the resulting TMCCs.

6. Understanding and Overcoming challenges associated with TMCCs

While pure TMCCs-derived electrode materials have demonstrated noteworthy electrochemical energy storage capabilities,
showcasing significant interest in water splitting, as anode materials in Li ion batteries, and Na-ion batteries, the utilization and
production of TMCC-based materials with superior properties poses a set of distinct challenges that currently impede their widespread
application in diverse catalysis, and batteries. Still, numerous technological challenges need to be addressed to get the adequate benefit
of these materials. The main technological challenges and possible tackling approaches are summarized in Fig 14.

The family of TMCCs, Ta3S2C, was initially introduced in the early 1970s by Beckmann, Boller, and Nowotny [198]. Two decades
later, Boller and Hiebl [195], reported the synthesis of a metastable phase, NbsS,C, sharing a structural resemblance with TasS,C. This
synthesis involved a topochemical reaction initiated with H-NbySC, leading to the formation of Cug7Nb2S2C, followed by the de-
intercalation of Cu. Despite these advancements, all reported materials remain in bulk 3D form and have been overshadowed by
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the prominence of 2D materials. Consequently, the topochemical reaction-based synthesis faces challenges due to its execution at very
high temperatures (>1000 °C) [196,201], along with obstacles related to size control and scalability. However, such high-temperature
synthesis methods, including carbothermal reduction or arc melting, are employed to provide the requisite energy for transforming
metal oxides or precursors into carbides or nitrides. However, this approach often leads to undesirable particle growth due to increased
diffusion rates and agglomeration, resulting in larger crystallite sizes. In applications such as electrocatalysis and energy storage, the
particle size of TMCCs plays a pivotal role in determining catalytic activity and electrochemical performance. Larger particle sizes
negatively influence catalytic activity by reducing surface area and altering surface properties critical for catalytic reactions. In energy
storage applications, the particle size influences ion diffusion kinetics, with larger particles potentially causing slower ion transport
and compromising overall device performance. Researchers are actively addressing this challenge by exploring alternative synthesis
methods. For instance, low-temperature approaches like sol-gel processes enable controlled nucleation and particle growth with
smaller and more uniform sizes, preserving catalytic activity. Exploration of innovative synthesis methods such as sol-gel processes,
carbothermal reduction using hydrogen gas as reducing agent [234], or coating with silica based material to prevent particle growth
[6], is vital. The synthesis to TMCCs is limited only to Nb, Ti, and Ta. Thus, it is reasonable to assume that other MAX phases (e.g.,
TiaSC, ZraSC, and Hf>SC) can also be used as precursors for new metastable phases, further expanding the compositional space of this
new family of 2D TMCCs that can bridge the gap between electrically conductive 2D graphene or MXenes and TMDCs. In tackling the
synthesis and scalability challenges of TMCCs, an extensive approach is advocated, supported by specific examples. Exploration of
innovative synthesis methods such as sol-gel processes has demonstrated success in achieving controlled and scalable TMCC pro-
duction. Additionally, researchers are investigating the use of additives and surfactants during high-temperature synthesis to control
particle growth. These compounds act as stabilizers, preventing excessive agglomeration and ensuring the formation of smaller, well-
dispersed TMCC particles. Notably, this strategy has shown promise in controlling particle size in various metal carbides, as exem-
plified in a study focused on additives in the synthesis of metal carbides. By addressing the challenge of particle size growth, re-
searchers aim to optimize the performance of TMCCs, making them more effective in catalytic and energy storage applications.

Another issue related to stability of TMCCs in harsh environments underscores the susceptibility of TMCCs to degradation and
chemical transformations under extreme conditions, necessitating measures to ensure prolonged stability for sustained electrocatalytic
or battery storage performance [196,201]. To address the stability of TMCCs in harsh environments, modification through surface
coatings can be an essential approach. For instance, the application of graphene oxide as a protective coating has enhanced the stability
of NbySe,C electrocatalysts under harsh conditions, showcasing the effectiveness of this approach. Similarly, encapsulation strategies
have been demonstrated using various polymers, conductive and stable metal oxides (like Ti4O7) [6], to shield TMCCs from corrosive
environments can provide robust protection for TMCCs nanoparticles.

Achieving optimal electrocatalytic activity and selectivity constitutes an ongoing challenge, demanding a nuanced approach to
optimize surface properties, catalytic sites, and electronic structures of TMCCs. Efficient electron and ion transport stand out as critical
factors for electrocatalyst and battery material performance, prompting the need for innovative TMCC structures that facilitate rapid
diffusion to and from active sites. In practical applications, the integration of TMCCs with other materials is commonplace, demanding
efforts to achieve compatibility and synergistic effects for enhanced overall performance. Addressing challenges related to electron and
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ion transport involves engineering porous structures within TMCCs, as demonstrated in the synthesis of metal carbide with hierarchical
porous structures, facilitating efficient charge transfer in energy storage applications [235,236]. The integration of TMCCs with other
materials to enhance overall electrochemical performance has been exemplified in the development of composite materials such as
nickel-cobalt nitride/TMCC hybrids, where the optimized interface ensures compatibility and synergistic effects.

Finally, a comprehensive understanding of electrochemical reaction mechanisms at the TMCC surface is indispensable for targeted
design and optimization, highlighting the need to bridge knowledge gaps to propel advancements in electrocatalysis and energy
storage technologies [195,224]. Addressing these challenges collectively is pivotal for unlocking the full potential of TMCCs in the
realm of electrochemical applications [237,238]. In situ characterization techniques are crucial for gaining both thermodynamic and
kinetic parameters of the surface reconstruction. Operando characterizations, which can reveal the catalyst evolution at actual
working conditions, especially in a water splitting setup with large current density, will provide invaluable information on the
mechanism of catalysts degradation.

Theoretical simulations have proven their success in providing valuable insights on the use of TMCCs as catalyst and anode ma-
terials for Li ion battery. Finally, the TMCCs’ potential applications extend far beyond the ones explored here to other electrochemical
energy storage and conversion systems, electronics, sensing, environmental and biological applications.

7. Potential application areas of TMCCs

With the increasing environmental crises and energy demand, renewable energy storage and conversion technologies (battery, and
catalysis (water splitting)) have attracted much attention (Fig. 15). The high-efficient catalysts are the key factors of these catalysis
technologies in practical applications. However, the practical applications of some catalysts (i.e., precious metals) are always hindered
by their high cost and scarcity. Therefore, developing novel efficient catalysts with low costs is urgently necessary. On the one hand, 2D
MXenes with high conductivity, low costs, rich active sites, and abundant surface termination groups are widely utilized as catalysts
and catalyst hosts for electro catalysis, photocatalysis and as anode material for Li ion battery. In connection to the development of
active and stable catalysts, various synthesis methods have been developed to expose abundant active sites on the surface. Given the
exposed active surfaces, confinement guarantees long-term application of the catalysts, in addition to enhancing their intrinsic activity.
The following subsections highlight the progress so far in applying space confined catalysis for different kinds of reactions. On the
other hand, the chemistry behind transition metal carbides brings here a great opportunity. These compounds are often referred to as

Table 2
Summary of TMDs, MXenes and TMCCs in water oxidation and anode material in Li ion battery.
Class of materials Catalysts Application
OER Battery
overpotential @10 Stability/  Ref. Material Specific capacities Ref.
(mAcm™) hr (mAhg ™)
TMDs Fe-MoS, 290 25 [66] 2D 1009.2 [73]
MoS, nanosheets
MoS,/CoSs 290 26 [67] 2D SnS; nanoplates 323 [74]
NiSe 290 12 [68] Mo doped SnS; 1950.8 [75]
MoWS,/Ni3S, 390 50 [69] SnS,/ MoS, 1294 [76]
Co/MoS, 260 3000 [70] MoO3/SnS; 504 [771
cycles
CoTe,@Ni 310 27 [71] WS, nanosheets 118 [78]
NiTe,/Ni (OH), 267 6 [72] VS,/graphene 180.1 [79]
MXenes FeOOH 400 30 [239]  NbyCO» 292 [240]
NSs@TizCyTy
Co@V,CTy 242 10 [241]  Nb,CTy 448 [242]
Co@Nb,CT, 310 10 [241]  S- 167.8 [243]
decorated TizCoTy
Co@TisCTy 388 10 [241]  Hf3C,T, 145 [244]
MoSey/TizCaTy 340 50 [245]  TizCoTy/CNT 1250 [246]
COP/Ti3zC,Ty 230 24 [247]  Nb,Os@NbsCsTy 208 [248]
MOOH @V4CsTy 275.2 70 [249] VoCTx 185 [250]
TMDs- Mxenes MoS,/MXene 410 50 [245] MoS5/Mo,TiCo Ty 554 [165]
heterostructure Ni-MoSe,/TioNTy 270 18 [251]
2D CoS-Mo,TiCy 310 25 [178]
CoSey-2D TizCoTy 270 12 [252]
TMCCs Nb,Se,C 321 24 [196] m-Nb,S,C 230 [201]
m-TayS,;C 100 [201]
Nb,CSez 390 [197]
MoS,/Ti»CS; 323 [224]
MoS5/V2CSy 317
V,CSy 301
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“interstitial alloys,” which are prepared by integrating carbon atoms into the interstitial sites of their parent metals. This framework
gives rise to the catalytic properties of metal carbides resembling that of noble metals. Combining these two families as one integrated
2D layered structure gives TMCC high conductivity, unique mechanical property, variability of transition metals and termination
groups. This combination finds enormous potential applications in a wide range of fields. The following subgroups highlight the
advancements so far in applying TMCC catalysis for different types of applications like conversion and storage (for instance as cathode
materials in Li-S and Na-S batteries). It can also be used in electro-catalysis for a variety of chemical reactions, water splitting as oxygen
evolution catalyst. Lastly, TMCCs exhibit also superconductivity, making them promising for use in superconducting electronics and
other applications. The use of TMDs, Mxenes and TMCCs in water oxidation and anode material for Li ion battery are summarized in
Table 2 above.

7.1. Rechargeable batteries

This section briefly reviews the potential of TMCCs as anode material for battery. Efficient and eco-friendly energy storage tech-
nologies are essential to accommodate the rise of new energy sources. Rechargeable metal ion batteries, including Lit, Na™, K*, and
Mg?* variants, are pivotal in portable electronics and electric vehicles [205]. The performance of these batteries’ hinges on electrode
materials, with layered materials being favored for their reversible ion intercalation capability [196,201,205]. Notably, 2D materials
exhibit promise as electrode contenders due to their high surface-to-volume ratio, swift ion diffusion, rapid charge transport, and
enhanced reaction kinetics. However, anode materials derived from layered substances encounter challenges related to capacity and
safety. Addressing these concerns involves strategies like metal alloying and the creation of hybrid heterostructures to enhance
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Ref [197], Copyright 2023, Elsevier.
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conductivity, battery cycle stability, and overcome capacity limitations. Another avenue entails the exfoliation of novel 2D materials
from bulk layered counterparts. Despite these advancements, obstacles remain, such as maintaining interface stability in hetero-
structure 2D materials and comprehending and manipulating solid/solid interfaces [201]. An innovative category of two-dimensional
materials has emerged for energy storage, known as TMCCs [253]. These materials, exemplified by compounds like Nb/Ta/Ti2S2C,
exhibit favorable traits including strong electrical conductivity, remarkable ion mobility, and satisfactory capacity [224]. The syn-
thesis process of these materials is illustrated in Fig. 16a [205]. The broader vdW gap of TMCC compounds compared to TMDs/TMCs
makes their unit cell parameter remaining unaffected after Li intercalation [254]. Moreover, their high electronic conductivity,
excellent ion mobility, and ability to create sufficient paths for lithium ions make them ideal for Na, Mg, K, and Li-ion batteries
(Fig. 16b, ¢). The TMCCs can also be used in the development of Li-S and Na-S batteries as active materials for the cathode. However,
different factors like delamination, intercalation, and different phase design affect electrochemical properties of these 2D new family
materials. To investigate the influence of delamination and phase design on the electrochemical properties of TMCCs, Majed et al,
examined both m-Nb,S,C and d-Nb,S»C as potential electrode materials for LIBs. In Fig. 16d, they employed a rate handling capability
test to compare the lithium storage capacity of d-NbyS,C and m-NbyS;C. Across all tested rates, the average specific capacity of d-
NbyS,C was approximately three times that of m-NbyS,C. The increased capacity of d-NbyS;C can be attributed to enhanced Li
accessibility due to delamination of Nb,SoC, following the pattern seen in other 2D materials [255], as well as a lower presence of
inactive species [256]. X. Yuan et al. [224] have also determined the theoretical capacity of the TMCCs family. Theoretical capacities of
M,CSy (M = Ti, V) for Na ion battery (NIBs, approximately 400 mAh/g) or Li ion battery (LIBs, approximately 320 mAh/g) are
calculated. This illustrates the suitability of MoCS; as anode materials for NIBs/LIBs. The higher capacities indicate that MoCS; present
more promising prospects as candidates for NIBs compared to LIBs. Recently, X. Pang and coworkers successfully synthesized the novel
Se-terminated niobium carbide MXene (NboCSey) with a structure resembling “TMD + MXene.” This achievement was realized
through a one-step “vapor-active” method (Fig. 16e), eliminating the need for acid etching, and significantly improving the yield to
approximately 99 wt%. Nb,CSe; displays remarkable conductivity (7.14 x 10* S m™1), surpassing the conventional MXene Nb,CTy (T
= O/OH/F) by over 2000 times. At high rates, NboCSe; exhibits exceptional performance with a high-rate capacity of 270 mAh/g at 10
C and 170 mAh/g at 50 C, outperforming many reported MXenes-based materials, which typically achieve less than 200 mAh/g at 10
C. Furthermore, NbyCSe, demonstrates an extended cycling lifespan of over 6,500 cycles at 25 C without noticeable decay. This
advancement holds promise for simplifying MXene preparation processes and enhancing the performance of energy storage materials.
[197] Table 2 summarize the recent progress in the electrochemical properties of TMCCs as water oxidation catalyst and Li battery
anode materials, respectively.

7.2. Water splitting reactions

To date, various TMDs [212] (e.g., SnS3, MoS,, NisS,, and MoSez) and their composites are utilized in water splitting, metal air
battery electrocatalysts (Fig. 17a), to speedup OER, HER, HOR and ORR. Their excellent performance in energy storage and conversion
results from the abundant active sites. Nevertheless, the TMD materials suffer from inherent poor conductivity, low chemical stability
or insufficient electronic transport ability, and the tendency of aggregation during the electro catalysis reaction. Combining TMDs with
2D conductive MXenes can effectively improve the electronic conductivity and electro catalytic performance. TMDs and MXenes
(Fig. 17b) have attracted great attention in electrochemistry due to their tunable electronic structures. However, in this combination,
understanding and designing the solid/solid interface is challenging. Inspired by these findings, Pang et al., [196] report the synthesis
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Fig. 17. (a) Schematic illustration of the TMCC for over-all water splitting. (b) The crystal structure of the Nb,Se,C. (c) Rietveld refinement of
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of a new member of the family of 2D TMCC i.e NbySe,C that has never been investigated as a catalyst so far is synthesized as the
‘TMD-MXene’ like compound by replacing the M (e.g., Nb) motifs in a TMD (MX3: e.g., NbSey) with the M-X (e.g., Nb-C) motifs in a
MXene (M;1Xp: n = 1, e.g., NboC). This material is formed from the combination of TMD and MXenes that associates good con-
ductivity, enriched active sites, low cost, and simple process. The M-C layers and more marginalized Se layers are believed to exhibit
good OER performance. The efficiency and effectiveness of optimal electro catalysts are defined based on the different parameters of
OER and ORR such as, onset potential, electrochemical surface area, current density, Tafel slope, turnover frequency, half-wave
potential, and potential gap. Pang et al. reported the synthesis of powder Nb,SeoC at 1473 K temperature and studied the OER per-
formance in a 1.0 M KOH solution. As shown in Fig. 17d, this new design of NbaSe;C OER electrocatalyst performs well with a low
overpotential of 321 mV at 10 mAcm 2, which is lower than its counter parts like NbyC (347 mV), NbSe; (415 mV), IrO5 (346 mV),
RuO; (336 mV) [196], and other reported TMDs [257-260], and MXenes electro catalysts in alkaline electrolytes. The enhanced result
arises from the interplay among carbon atoms, the existence of more active Se layers, and the additional valence electrons present
between Nb (Ta) and Se in the NbySe,C particles. Moreover, the antibonding orbit exhibits a greater number of occupied electrons,
leading to an elongated Nb-Se (Ta—Se) bond and more energetic Se atoms in NbySe,C and TaySesC. This suggests that the peripheral Se
atoms in NbySe,C and TaySe,C remain chemically active, exhibiting a notable increase in size compared to NbSey. The Se-Nb-Se angle
in NbySe,C is narrower (77.93°) than in NbSe; (86.57°), and the Se-Ta-Se angle is approximately 78.31° (refer to Table 2). The larger
valence electron cloud of Se atoms and the heightened polarization of the NbSe3Cs octahedron in NbsSe,C contribute to an increased
vdW force between layers. Consequently, the vdW gap is smaller in Nb,Se,C (3.041 A) compared to NbSe, (3.145 A). Due to this, the
M2X,C family of materials have promising and outstanding performance towards water oxidation [196,200]. The metallic Nb-C layers
offers excellent conductivity and enriched active sites due to the more marginalized Se layers that make it easier to react with the
hydroxyl groups and release O». In electro/photo catalysis, TMCCs are good candidates due to their outstanding physical and chemical
properties, especially having electrical conductivity, a large surface area, and good chemical and thermal stability (Fig. 17e).

8. Future outlook and conclusion

Recent advances in 2D materials research have led to the discovery of new materials with unique physical and chemical properties,
including TMCCs. These materials offer massive structural and chemical diversity, combining the characteristics of TMC MXenes and
TMDs at the atomic level. However, the electrochemical application of 2D materials is limited by low chemical stability and insuf-
ficient electronic transport ability. Therefore, the development of effective and durable TMCC catalysts is crucial. In this review, we
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provided a summary on systematic mechanism research, rational structure design and extensive application prospects (Fig. 18) of
TMCC materials. Furthermore, different synthesis methods used to fabricate TMCCs, including wet chemistry strategies, photo-
chemical reduction, metal ion intercalation, atomic layer deposition, confinement strategy, and delamination are also reviewed. We
also highlight recent progress in tuning the active site microenvironments of TMCCs through intercalation and delamination, which is
pivotal in illustrating the correlation between the structure configuration of TMCCs and their catalytic activity. Finally, we review the
typical applications of TMCCs in electrocatalysis, batteries (Li-ion, Na-ion), and other applications such as CO3 reduction and nitrogen
reduction, with abundant examples.

Ongoing research is focused on exploring the potential applications of TMCCs in areas like energy storage, electronic devices, and
catalysis. Scientists are trying to understand the complex physics behind these materials, especially the interaction between their
electronic and structural properties. Challenges in synthesizing 2D TMCC flakes and modifying their electronic properties persist.
TMCCs show promise as catalysts for processes like water splitting, but there are hurdles to overcome, including the need for more
efficient synthesis methods and the exploration of alternative metals and intercalation techniques. Understanding the evolution of
TMCGCs is crucial for designing practical applications, and there is a need for cost-effective, selective, and stable electrocatalysts for
high current density water splitting. In summary, TMCCs offer exciting possibilities across various fields, but further research and
development are necessary to unlock their full potential. Some of the potential areas where TMCCs hold a highly promising application
are:

Energy Storage: TMCCs have shown promising potential as electrode materials in energy storage devices such as batteries and
supercapacitors. Their high specific capacitance, excellent cycling stability, and fast charge-discharge rates make them attractive
candidates for next-generation energy storage systems. Future research will focus on optimizing TMCC compositions and structures to
enhance their electrochemical performance and further improve energy storage capabilities.

Catalysis: TMCCs exhibit remarkable photo/electrocatalytic activity, which can be attributed to the synergistic effects between
TM, C, and S/Se. The TMCCs exhibit outstanding tensile strength owing to their remarkable anisotropic high elasticity. Additionally, a
comprehensive investigation was conducted on various optical properties, including the dielectric function, absorption, reflectance,
and optical conductivity. In the ultraviolet spectrum, X»Se;C (X = Ta, Nb) emerges as an efficient absorber with a notable high
refractive index. Ongoing efforts will involve exploring new TMCC compositions, surface modifications, and heteroatom doping to
enhance catalytic efficiency and selectivity for sustainable energy conversion processes. Additionally, TMCCs can also be best
candidate in the synthesis of valuable chemicals like oxidation, reduction, bond activation and functionalization of various organic and
inorganic substrates, including HMF, glycerol, benzyl alcohol, O3, N», etc. It can also be applied in photo/electrochemical N, reduction
for NHj3 synthesis, ORR to H202, HO5 synthesis and C-H and C-C bond activation and functionalization. The development of various
types of TMCCs based on 2D materials can also offer substantial applications in electro/photo catalysis of COy reduction/syngas
conversion in to CH4, CH3OH, C2Hs0H and CO oxidation. [261] Thus, it is highly important to develop and explore selective catalyst
toward the desired product. Based on the types of reduction yields, metal catalysts are categorized into different major groups denoted
as (i) CO selective (Zn, Ga, Pd, Ag, Au), (ii) format selective (Sn, In, Hg, Pb), (iii) HER (Ti, Fe, Ni, Pt) favorable electrocatalyst and (iv)
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hydrocarbon (CH4 and CoHy) catalysts, in which hydrocarbons are significantly and uniquely formed together with other products on
Cu electrocatalyst. However, those new families of 2D TMCC materials have not been tried in CO5 reduction/syngas conversion so far.

Hence, we propose the utilization of these innovative catalyst families (depicted in Fig. 19a) to propel advancements in the field by
selectively introducing metals (such as Cu, Sn, In, Ag, etc.) into the layers of TM3S,C, resulting in product selective TMxNb2S2C,
TM,TasS,C for CO, CH4, HCOOH, CH3OH, and CoHsOH reactions. Due to the enhanced activity, and stability, TMCC materials has
been employed in energy conversion and storage devices, [196] and also acknowledged for accelerating reactions like OER hydrazine
oxidation reaction (H,OR), ethylene glycol oxidation reaction (E;OR), HER, ORR, UOR, MOR and NRR (Fig. 19b,c). TMCSs can also be
efficient catalysts in electroreduction of NO3, NO3, NO, and NOj, to possible by-products, such as NH3 Ny, NO, NH,OH and H». Further
to bring an effect on the activity and conductivity of TMCCs modification of the surface functionalization, exfoliation/delamination
yield, and defect concentration are important factors. Furthermore, the high electrical conductivity, and large specific surface area
properties make TMCCs the best competent electrodes in super-capacitors.

Electronics and Optoelectronics: TMCCs possess intriguing electronic properties, making them promising candidates for elec-
tronic and optoelectronic devices. Their tunable bandgaps, high carrier mobility, and strong light-matter interactions enable appli-
cations in areas such as transistors, photodetectors, light-emitting diodes (LEDs), and solar cells. Continued research will focus on
developing scalable synthesis methods, improving material quality, and exploring novel device architectures to harness the full po-
tential of TMCCs in these fields.

Sensing and Detection: TMCCs offer excellent sensing capabilities due to their high surface-to-volume ratios and unique chemical
reactivity. They can be utilized for gas sensing, biosensing, and environmental monitoring applications. Future research will explore
the integration of TMCCs with nanomaterials, such as graphene and metal nanoparticles, to enhance sensing performance and enable
selective and sensitive detection of various analytes.

Emerging Applications: As research progresses, new applications for TMCCs are likely to emerge. Their multifunctional nature
and the ability to tailor their properties through compositional and structural modifications make them attractive for a wide range of
fields, including flexible electronics, photonics, thermoelectrics, and water splitting for hydrogen generation. Future investigations
will uncover the full extent of TMCCs’ potential in these and other exciting areas.

To fully realize the future potential of TMCCs, interdisciplinary collaborations between materials scientists, chemists, physicists,
and engineers will be essential. Additionally, advances in computational modeling and simulation techniques will aid in understanding
the underlying properties and guiding the design of novel TMCC materials. Despite the progress made in recent years, continued
research, and technological advancements in TMCC synthesis, characterization, and device integration will unlock their full potential,
leading to significant advancements in multiple scientific and technological domains.
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