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Abstract 

Transition metal dichalcogenides (TMDCs) hold great promise for electrochemical energy conversion 

technologies in view of their unique structural features associated with the layered structure and ultra-

thin thickness. Because the inert basal plane accounts for the majority of TMDCs bulk, activation of 

the basal plane sites is necessary to fully exploit the intrinsic potential of TMDCs. In this progress 

report, recent advances on TMDCs-based hybrids/composites with greatly enhanced electrochemical 

activity are reviewed. After a summary of the synthesis of TMDCs with different sizes and 

morphologies, comprehensive in-plane activation strategies are described in detail, mainly including 

in-plane modification induced phase transformation, surface-layer modulation and interlayer 
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modification/coupling. Simultaneously, the underlying mechanisms for the improved electrochemical 

activities are highlighted. Finally, we feature the strategic evaluation on further research directions of 

TMDCs in-plane activation. This work would shed some light on future design trends of TMDCs-

based functional materials for electrochemical energy-related applications. 

 

1. Introduction 

The imminent shortage of fossil fuels and ever-prominent environmental issues have stimulated 

global efforts to develop efficient energy conversion technologies.[1-2] Approaches based on 

electrocatalytic reactions, including hydrogen evolution reaction (HER), oxygen evolution reaction 

(OER), hydrogen oxidation reaction (HOR), oxygen reduction reaction (ORR), carbon dioxide 

reduction reaction (CO2RR), nitrogen reduction reaction (NRR) and ammonia oxidation reaction 

(AOR), have achieved great progress in the development of sustainable electrochemical energy 

conversion systems (EECSs).[3-4] For realizing these EECSs, the top priority is to study and 

understand the electrocatalysis processes and electrocatalyst design. Electrocatalysis involving earth-

abundant H2O, O2, CO2 and N2 molecules, can create sustainable and environmentally friendly energy 

cycles. As an example, for the water cycle, the water molecules are split into hydrogen and oxygen 

through HER and OER in electrolytic cells, followed by electricity generation and H2O production 

through ORR and HOR in fuel cells.[5-6] Owing to the sluggish kinetics, the multi-electron transfer 

OER and ORR processes determine the overall energy conversion efficiency of the corresponding 

energy devices.[7-8] Therefore, employing durable and highly efficient electrocatalysts to increase the 

kinetics of electrochemical reactions is crucial for the application of clean energy technologies. The 

electrocatalyst with optimal compositions, structures and morphologies can lower the activation 

energies of electrocatalytic reactions through regulating the binding energies of reactants, 
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intermediates and products with active sites, leading to encouraging strides in improving the 

electrocatalytic activity, selectivity and stability.[9-11] Specifically, for multi-step and multi-product 

electrocatalytic reactions, an ideal electrocatalyst should be more active for the desirable reaction 

relative to possible side reactions, which has motivated the electrochemical community to find the 

inherent connection between electrocatalyst’s physical and electronic structures and electrocatalytic 

reaction mechanism.[12] 

The emergence of two-dimensional (2D) nanomaterials has prompted the development of 2D 

electrocatalysts.[13-14] Particularly, in the post-graphene era, transition metal dichalcogenides (TMDCs) 

are conceivably one family of the most popular 2D layered materials due to their intriguing properties 

and wide applications in electrochemical energy-related fields.[15-17] The metal atom in each 

monolayer is sandwiched between two chalcogens, giving rise to the stoichiometric MX2 with M as 

the transition-metal element and X as the chalcogen species, such as S, Se or Te.[18-20] As demonstrated, 

there exists multiple phases within the family of TMDCs, including the thermodynamically stable 2H 

phase with trigonal prismatic configuration and the metastable 1T/T´ phase with octahedral 

geometry.[21-24] Due to the different electronic structures, the 2H phase is semi-conducting with a 

tunable band gap of 1.2-1.9 eV, while the 1T/T´ phase is metallic with high electrochemical 

activity.[25-27] Because of the metastable nature of the 1T/T´ phase, the phase transition from 1T/T´ to 

2H can occur naturally by surface X atoms rearrangement while the opposite process has been proven 

to be challenging with high conversion barrier, so the natural TMDCs are commonly found in the 2H 

phase.[22, 28-32] Theoretical simulation and experimental investigations confirm that the edges 

consisting of unsaturated metals and chalcogens are the real sites for the key chemical reactions, while 

the basal planes that constitute the majority of the TMDCs are catalytically inactive.[33-35] Moreover, 
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in view of the high surface energy and interlayer van der Waals interaction, layered TMDCs tend to 

be stacked in the form of bulk structure.[36-38] The chemical inertia of the basal planes ensures the 

environmental stability of TMDCs, but also greatly limits their catalytic activity for a particular 

reaction process.[39] Therefore, developing effective strategies to modulate the basal planes of TMDCs 

is of great importance for the future development of this promising family of materials. 

Exposing more edge-based active centers and improving the electrical conduction of the hybrid 

materials have been proven as effective strategies to enhance the electrochemical energy conversion 

efficiency of TMDCs.[40] Accordingly, two approaches have been established: 1) nano-structuring 

three-dimensional (3D) structures to increase the number of accessible active edge sites; 2) 

hybridizing with carbonaceous materials to improve the electrical conductivity.[18] A surge of 

nanostructured TMDCs-based electrodes or catalysts have been successfully fabricated by 

manipulating their geometric morphology and chemical composition[41]. For example, a series of 

hierarchical TMDCs with hollow sphere/tubular and polyhedral structure as well as TMDCs-based 

composites has been reported to deliver impressive performances in various energy-related 

applications.[19] Despite the great achievements, it should be noted that the usage efficiency of 

TMDCs, e.g., turnover frequency (TOF) per active site, is still quite limited because the large majority 

of atoms from the basal plane are inert and contribute little to the overall energy conversion 

efficiency.[42-43] Activation and making use of TMDCs basal planes through phase transition 

engineering at atomic levels are additional strategies for further exploring the intrinsic activity of 

TMDCs.[20, 23] In-depth comprehension of the complicated activation mechanism is significant in 

gaining hints about the origin of the intrinsic activity of TMDCs. At present, several instructive 

articles have reviewed the regulation strategy of 2D TMDCs-based electrocatalysts, primarily 
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emphasizing the catalytic mechanism and electrocatalyst design.[20, 44-45] Most works merely focus on 

a single reaction, such as HER, but lacking a comprehensive understanding of strategies toward 

promoting various electrocatalytic reactions based on TMDCs. Recently, the extensive exploration of 

various modulation strategies for TMDCs extends their wide application in broader electrocatalysis 

systems. Therefore, a timely summary is highly needed in this fast-developing area. 

In this review, we begin with a brief introduction encompassing the synthetic methods of TMDCs 

with different sizes and geometric morphologies, including TMDCs quantum dots (QDs), 

monolayered TMDCs, complex TMDCs nanostructures. Then, various basal-plane activation 

strategies, including in-plane modification induced phase transformation, surface-layer modulation 

and interlayer modification/coupling are thoroughly discussed. Specifically, we highlight charge 

doping-induced phase transition and phase/domain boundary design in the basal plane of TMDCs. 

Moreover, the improved across-interlayer electron transfer ability of bulk TMDCs is realized by 

different strategies including the functional species intercalation, design of superlattice/moiré 

superlattice and introduction of spiral dislocation (Figure 1). We also share our perspectives on the 

current challenges and future research promises in the development of TMDCs-based materials for 

electrochemical energy conversion. We aim to offer illustrative accounts on recent progresses and 

rationalize our understanding of this research field, and thus provide some fundamental principles 

and horizons for the further development of TMDCs-based energy conversion technologies. 

2. TMDC materials as catalysts for electrocatalysis 

Generally speaking, 2D TMDCs are featured with different atomic arrangements and unique 

electronic states in multiple phases, which are highly correlated with the electrocatalytic activity.[46-

48] The stable 2H TMDCs are characterized by trigonal prismatic coordination of metal atoms in each 
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layer, and the multiple layers are stacked in the AB order.[17] Moreover, 3R TMDCs can be formed 

by a same atomic configuration in 2H phase but with the shifted position of metal and chalcogen 

atoms, resulting in a different stacking order of ABC in the unit cell.[49] By contrast, metastable 1T 

TMDCs possess an octahedral configuration of metal atoms with the AA stacking mode. The 1T 

TMDCs would be easily evolved into the distorted octahedral 1T´ phase.[50] The essence of phase 

transition is the rearrangement of electronic structures of TMDCs. With the change in the electron 

number in d-orbitals, the total energy of electrons is also varied, leading to a change of phases from 

trigonal prismatic (H) to distorted octahedral (1T’) and octahedral (1T) accordingly.[22] Thus, the 

atomic arrangement and d-orbital electronic filling of transition metal define the phase, and also 

greatly determine the properties of TMDCs. The 2H phase is stable and semi-conducting, while the 

1T/1T´ phases of TMDCs are metastable and have high electronic conductivity.[23] Theoretical studies 

and experimental investigations have also revealed that the basal plane of 1T TMDCs is always more 

active than the 2H phase.[51] That is because both the edge and in-plane atoms are active in 1T/T´ 

phases and only the edge atoms in 2H phase take part in the electrocatalytic process. Based on the 

structural characteristics of TMDCs, several approaches have been developed for activating those 

inert atoms for electrocatalysis. 

In-plane modification induced phase transformation based on the charge doping is employed for 

phase transition from the chemically inert 2H phase to the highly catalytically active 1T/T’ phases.[52] 

Particularly, hybrid interface modification, including phase/domain boundary, is the foremost 

contender among various in-plane activating strategies for 2D TMDCs.[53] The promoted interaction 

at the mutual interface by electrical coupling is beneficial for improving the electrocatalytic activity. 

Taking water splitting in alkaline media as an example, the in-plane 1T-2H MoS2 heterostructure 
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exhibits good hydrophilic property, which can greatly facilitate the efficient electron transfer from 

the phase boundary to the absorbates (H2O*, H*, OH*) during the alkaline water splitting process.[54] 

Another strategy for enhancing the electrocatalytic activity of TMDCs can be realized by surface-

layer modulation. The flexible surface structure of 2D TMDCs affords excellent compatibility, which 

allows for multiple modifiable strategies, including defect engineering, substitutional doping and 

hybridization with functional species.[27] These methodologies can explore the intrinsic activity of the 

hybrids, enhancing the adsorption capability for the H2O, O2, CO2 and N2 molecules, and promoting 

the charge transfer in the catalytic process.[16] For example, introducing vacancies and nano-pores can 

generate inside edges into the TMDCs surface and thus modulate the atomic coordination and 

electronic properties of TMDCs, resulting in significantly decreased adsorption/activation energy of 

N2 at the defective sites and greatly boosted catalytic performance for N2 reduction.[55-57] Xie and 

colleagues have also decorated Se atoms into the lattice of MoS2 to realize the modulation of 

adsorption energy of the COOH* intermediate in the electrochemical CO2 reduction process, and thus 

improved the CO evolution efficiency.[58] 

In addition to the above-mentioned strategies, engineering the interlayer coupling can provide a 

new path to boost the electrochemical activity.[59] The interlayer microenvironment of TMDCs can 

be greatly modified by introducing functional species and engineering superstructures.[60-61] As 

reported, the interlayer electrical conductance of TMDCs can be improved by proton intercalation.[62] 

The flexibility of the van der Waals stacking of TMDCs enables the electronic band structures design 

of TMDCs, which would vastly expand their electrochemical application.[63-64] Wang and colleagues 

have realized the alternative stacking of TMDCs with 2D hydroxides containing rich redox-sites, 

endowing the formed superstructure with excellent oxygen-electrochemical performance.[65] 
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3 Characterization of TMDCs 

Advanced characterization techniques play a key role in steering the development of TMDCs. By 

combining the morphological information with the corresponding molecular structure 

characterization, the complete structure of TMDCs can be revealed. Significantly, these 

characterization methods are critical to providing insight into the nature of the catalysis with 

TMDCs.[32] In this section, we will summarize the advanced microscopic and spectroscopic 

characterization techniques for examining the TMDCs. 

3.1 Microscopic imaging characterization 

Transmission electron microscopy (TEM) is a widely used characterization technique to identify the 

morphology and structure of TMDCs, including the phase, heterostructure, vacancy defect, alien atom 

and stack of 2D TMDC nanosheets.[20] By measuring the lattice distance of the exposed lattice plane 

via high-resolution transmission electron microscopy (HRTEM) imaging combined with 

corresponding selected area electron diffraction (SAED), the different phases of 2H and 1T/T´ 

TMDCs can be distinguished intuitively.[54] The heterogeneous interfaces with atomic resolution 

could also be clearly observed by using HRTEM and scanning tunneling microscopy (STM).[66] In 

addition, Yuan et al. have employed TEM techniques to confirm the successful fabrication of the 

twisted bilayer MoS2 nanoscrolls with a moiré superlattice.[67] The scroll-like morphology of bilayer 

MoS2 nanoscrolls is demonstrated by the low-magnification TEM image. Furthermore, the 

corresponding HRTEM image exhibits the significant hexagonal lattices, which can be attributed to 

the twist of bilayer MoS2 with a twisted angle θ ≈ 7.3o. Recently, the aberration-corrected high-angle 

annular dark field scanning transmission electron microscopy (AC-HAADF-STEM) has also been 

introduced for imaging the structure in the atomic scale.[68-70] The vacancy concentration and vacancy 
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type can be identified by the AC-HAADF-STEM investigation. For example, Yang and coworkers 

have distinguished single S vacancy (Vs), double S vacancy (V2s) and single Mo vacancy (VMo) on 

the MoS2 nanosheet.[42] Individual Pt atoms on VS2 nanosheets can be easily discerned in AC-

HAADF-STEM because of the obvious atomic contrast between Pt and V.[71] Energy-dispersive X-

ray spectroscopy (EDS) and/or electron energy loss spectroscopy (EELS) are always performed along 

with the STEM for confirming the composition of target TMCDs.[72] 

Other methods, such as conductive atomic force microscopy (c-AFM), can also provide structural 

information on the TMDCs. Ye et al. have employed the c-AFM to display the AFM topography and 

conductive mapping of the same zone of an ion beam patterned hole-array 1T’-MoTe2 film.[34] The 

AFM height and conductivity profile of the selected line imply that the edges around the holes have 

an enormous advantage in conductivity over the basal plane. Therefore, it is much easier for the edges 

to give electrons and the edges of holey MoTe2 can be confirmed as the active sites for HER. 

Operando microscopic imaging techniques for direct imaging the evolutions of TMDCs under 

realistic reaction conditions have also been developed recently. For example, Suenaga and coworkers 

have performed in situ STEM to follow the phase transitions of single-layered MoS2 from 2H to 1T, 

which involves rearrangement of local S and/or Mo atoms and formation of the intermediate alpha 

phase.[31] Yu et al. have used cryogenic STEM (cryo-STEM) to study the conversion reaction of 

monolayer and bilayer MoS2 during the electrochemical lithiation process. The conversion reaction 

of monolayer MoS2 into Mo and Li2S can occur rapidly so as to bypass the intermediate T’ phase. 

However, due to the more limited 2D diffusion, bilayer MoS2 undergoes intercalation with a 

corresponding phase transition from 2H to 1T/T´ before conversion.[73] 

3.2 Spectroscopy characterization 
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For acquiring in-depth structural information accurately and providing overall information about the 

structure, it is necessary to combine microscopic imaging with more refined characterization 

techniques. Spectroscopy characterization is highly sensitive to the elemental composition, chemical 

state, atomic arrangement and electronic structure of materials.[16] Early studies have revealed that 

the phase of TMDCs can be qualitatively identified by X-ray diffraction (XRD) pattern and Raman 

(RM) spectrum.[23] For example, compared with 2H MoS2, the 1T MoS2 processes additional J1, J2, 

J3 and E1
g peaks. Besides, Yuan et al. have employed the ultralow frequency Raman spectra (< 55 cm-

1) to detect the interlayer coupling in MoS2 nanoscrolls.[67] Compared with bilayer MoS2, the MoS2 

nanoscroll exhibits a significantly stronger shear mode signal marked as S1 at ~24 cm-1, indicating a 

stronger interlayer coupling between the adjacent MoS2 layers. Therefore, a reduced potential barrier 

indeed exists in such moiré superlattice, which can enhance the efficiency of electron hopping and be 

of great significance for electrocatalytic performance. 

X-ray photoelectron spectroscopy (XPS) is an efficient technique to quantitatively evaluate the 

relative contents of 1T phase of TMDCs in hybrid heterostructure. The binding energies of both metal 

and chalcogen atoms in 1T/T´ phase are all shifted to lower values compared with the counterparts 

of 2H phase.[74] In addition, XPS can investigate the concentration and distribution of chalcogen-

atomic vacancy in 2H TMDCs. Taking 2H MoS2 as an example, when the S vacancies vary from the 

“point” defects at low concentrations to aggregated state at high concentrations, a new doublet at the 

low binding energy in the Mo 3d spectrum is suddenly emerged, which corresponds to the 

undercoordinated Mo edge in the MoS2 basal plane.[75] 

With the recent development of synchrotron radiation technique, X-ray absorption spectroscopy 

(XAS) has emerged as an effective structural characterization tool for acquiring in-depth insight about 
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TMDCs.[44, 76] By fitting and analyzing the X-ray adsorption fine spectroscopy (XAFS) data, not only 

the coordination number/configuration, bond length and types, but also the oxidation state at the 

vacancy defects, heterostructures and dopants of TMDCs can be detected quantitatively.[10] For 

example, Lou and coworkers have investigated the coordination environment of the atomically 

dispersed Ni centers with positive charge in MoS2 by XAFS.[40] 

Meanwhile, other characterization methods, such as electron paramagnetic resonance (EPR) 

spectroscopy and positron annihilation spectroscopy (PAS), are also sensitive to the changes of 

electronic structure caused by defects. Yin et al. have employed EPR to detect the chalcogen-atomic 

defect in TMDCs.[46] The S paramagnetic signal can be ascribed to the contribution of Mo-S dangling 

bonds, in which a higher intensity indicates less chalcogen-atomic defect. PAS can be utilized to 

provide subsidiary information for cation vacancy.[55] The predominant shorter component of the 

positron lifetime spectra is assigned to the bulk lifetime. Another longer life component is attributed 

to the positron annihilation corresponding to defects. The relative concentration of defects can be 

determined by the relative intensity. Li et al. have performed PAS to confirm the existence of Mo 

vacancies in MoS2, for the higher relative intensity compared with that in defect-free MoS2.
[56] 

4. Brief overview for the controlled synthesis of TMDCs 

The size and geometric morphology of TMDCs can greatly influence the exposure of reactive centers 

and the related energy conversion efficiency.[77] Therefore, synthesizing TMDCs materials with fine 

control and high tailorability is highly desirable. In this section, we give a brief description on the 

construction of TMDCs with diverse sizes and morphologies, mainly including TMDCs QDs, 

monolayered TMDCs and complex TMDCs nanostructures. 

4.1 TMDCs QDs 



12 

TMDCs QDs are favored as efficient electrochemical functional materials due to their unique 

quantum size effects and rich edge effects.[78] Mechanical ultrasonication has been proven as an 

effective strategy for fabricating TMDCs QDs. For example, Li and coworkers have applied 

ultrasonication and gradient centrifugation to synthesize mono-dispersed MoS2 QDs with a size of 

about 2 nm,[79] and they have further obtained MoS2 QDs with a smaller size of about 1.4 nm via the 

ultrasonication in a longer period.[80] In spite of the great advances, the ultrasonication method has its 

limits, it is energy-consuming and unable to control the structure and size of TMDCs QDs precisely. 

Thus, many efforts have been contributed to developing more effective approaches. Zhang and 

coworkers have performed a quasi-full electrochemical process to achieve a cost-saving route for the 

fabrication of TMDCs QDs.[81] Li+ intercalation in bulk TMDCs is achieved by performing a small 

discharge current density, which can generate significant inner stress for promoting lateral fracture of 

TMDCs nanosheets. Shaijumon et al. have further developed the electrochemical etching approach 

for converting bulk MoS2 into MoS2 QDs with a narrow size distribution.[82] Besides, wet-chemical 

approaches including hydrothermal and solvothermal methods are also promising routes for 

constructing TMDCs QDs. Wu and coworkers have fabricated MoS2/WS2 QDs on an industrial scale 

by solvothermal treatment of MoS2/WS2 nanosheets (Figure 2a, b).[83] The authors conclude that the 

suitable solvent for dispersing TMDCs nanosheets is the key for the formation of QDs. 

Krasheninnikov et al. have applied water, instead of organic solvents, as the medium to synthesize 

MoS2 QDs in high purity (Figure 2c, d).[78] This strategy can avoid the formation of carbon QDs. 

Obvious quantum confinement effect is also observed for those fabricated MoS2 quantum dots (Figure 

2e, f). 

4.2 Single-layered TMDCs 
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Comparing with the bulk TMDCs, single-layered structures with higher surface energy exhibit more 

impressive performance in the energy conversion process. As a van der Waals solid, single-layered 

TMDCs can be obtained by a traditional cleavage method. However, the size and purity of the 

obtained TMDCs in single layer cannot be well controlled, which greatly limits their wide 

applications. Recently, Gao and colleagues have upgraded this strategy by using a gold (Au)-assisted 

exfoliation method and realized the fabrication of mono-layered TMDCs with a high yield, large area 

and high quality (Figure 2g).[84] The authors conclude that the efficient exfoliation depends largely 

on the enhanced adhesion between the TMDCs crystal and the Au substrate. 

For the scalable production of single-layered TMDCs, ion-intercalated liquid-phase exfoliation 

based on chemical or electrochemical methods has been proved as an effective strategy.[15] Loh and 

coworkers have developed a two-step expansion and intercalation method to realize the mass 

production of MoS2 monolayers with high quality and large size (Figure 2h-j).[85] The initial volume 

expansion of MoS2 bulk caused by the decomposition of hydrazine (N2H4) in MoS2 interlayer is 

beneficial for the subsequent alkali ion intercalation. Inspired by the electrochemical lithium storage 

technology, Zhang and coworkers have realized the Li+ intercalation in TMDCs by performing the 

electrochemical discharge process.[86] Single-layered TMDCs nanosheets can be obtained by the 

simple sonication treatment of Li+-intercalated TMDCs compounds. 

In addition, chemical vapor deposition (CVD) renders a facile approach for fabrication of high-

quality single-layered TMDCs on preselected substrate.[19] Hu and coworkers have realized the self-

limited on-site conversion of MoO3 nanodots in S vapor into the ultrasmall MoS2 in single layer.[87] 

The obtained monolayered MoS2 is highly dispersed and vertically aligned on the 3D porous carbon 

matrix. Vajtai and colleagues have also fabricated single-layered MoS2 with clear triangular shape on 



14 

Si/SiO2 substrate via the CVD method.[88] Hoverer, for the traditional CVD approach, it is still quite 

difficult in controlling precursor concentrations and spatially non-uniform growth dynamics. The 

large-scale synthesis of the uniform and high-quality single-layered TMDCs film is still challenging. 

To solve this problem, Cheng and coworkers have designed vertical CVD (VCVD) to synthesize 

highly uniform TMDCs monolayer over centimeter size by controlling the precursor concentration, 

gas flow and temperature.[89] Unlike the turbulent and non-uniform gas flow in the traditional CVD 

approach, the gas flow in VCVD system can be kept stable regardless of the diffusion distance, thus 

ensuring the uniform growth of TMDCs in monolayer. 

4.3 Complex TMDCs nanostructures 

Complex TMDCs nanostructures with multiple structural advantages have attracted increasing 

attention for both fundamental studies and practical applications.[41] Over the past decade, a series of 

synthetic methods, including hard-templating and self-templated/template-free methods, has been 

developed, producing a myriad of complex TMDCs nanostructures with spherical, tubular and 

polyhedral shapes.[77] 

The hard-templating method usually involves a multistep synthetic process. TMDCs (or their 

precursors) are first deposited on the outer surface of templates, followed by the removal of the 

template via chemical etching or high-temperature calcination.[77] Great advances have been achieved 

by utilizing hard-templating methods. Zhang et al. have developed a facile hydrothermal method to 

realize the assembly of ultrathin MoS2 nanosheets on MnCO3 microcubes.[90] With the removal of 

MnCO3 template by chemical etching, hierarchical MoS2 hollow microboxes are obtained. By using 

Fe2O3 nanocubes as the template, Yu et al. have fabricated the carbon nanoboxes and then realized 

the growth of MoS2 over the surface of the carbon nanoboxes (C@MoS2) (Figure 3a).[91] Chen et al. 
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have further developed the simple electrospinning synthesis of carbon nanotube (CNT)-wired MoS2 

tubular structure by using the tube-in-fiber structure with aligned CNT as the hard template.[92] 

Self-templated and template-free methods are highly effective and versatile for the synthesis of 

complex TMDCs nanostructures.[41] By performing the facile solvothermal sulfidation reaction, Wang 

et al. have achieved the conversion of Mo-glycerate into hierarchical MoS2 hollow nanospheres 

(Figure 3b-f).[93] The rapid development of metal-organic frameworks (MOFs) provides the 

opportunity to fabricate complex TMDCs nanostructures.[94] As a subfamily of MOFs, hybrid zeolitic 

imidazolate frameworks (HZIFs) have aroused tremendous attention in the catalytic community since 

the report by Zhang and coworkers.[95] The TO4 unit (T = W and Mo) is introduced into the zeolitic 

imidazolate frameworks (ZIFs)-8 by partially substituting Zn(im)4
2- moieties, resulting in the 

generation of HZIFs, which have been developed as an ideal precursor for constructing TMDCs with 

tunable structures and electronic configurations.[96-97] By using HZIFs as precursors, Li et al. have 

developed a two-time-sulfidation strategy to realize the oriented assembly of ultrathin MoS2 into 

hollow microcube framework (HMF-MoS2) (Figure 3g, h).[98] Starting with HZIFs, they have further 

achieved the transformation of MoO4 into MoS2 on a hierarchical hollow architecture by a facial 

temperature-induced on-site conversion approach.[99] The size and layer number of the obtained MoS2 

can be controlled precisely. Taking the HZIFs as self-sacrificial templates, Li and coworkers have 

realized the assembly of defect-rich ultrathin MoS2 nanosheets on carbon microcubic matrix.[100] 

5 In-plane modification induced phase transformation 

The phase/domain engineering allows new functionalities to be realized with TMDCs. Under desired 

conditions, phase transition of TMDCs could be achieved, either locally or entirely.[17] The electronic 

structure perturbation induced by the in-plane atomic-scale structure variation can dramatically affect 
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the electrochemical properties of TMDCs.[101] Thus, understanding the underlying mechanism of the 

domain/phase transition is of great importance. 

5.1 From 2H to 1T/T´ 

Generally, the phase in TMDCs basal plane can be classified as 2H and 1T/1T´ depending on the 

arrangement of their chalcogen atoms and the d orbital electron filling of the transition metal.[17] 

Through a transversal displacement of the chalcogen atomic layer, the 2H and 1T/T´ phases can be 

interconverted from one to the other. The common method employed for phase transition from the 

chemically inert 2H phase to the highly catalytically active 1T/T´ phase relies on the charge doping 

process.[102] The extra electrons would occupy the lower-lying orbital around the Femi level to 

destabilize the 2H phase and lead to the structural transition to the 1T/T´ phase. 

The alkali ion intercalation approach is well-established to realize the electron injection from alkali 

ion into TMDCs. Because of the relatively large interlayer spacing in the TMDCs, small alkali ions, 

such as Li+, Na+ and K+, can be easily intercalated into the interlayers of TMDCs to form AxMX2 (A 

is alkali ion), making the original 2H phase unstable.[22] Chhowalla and coworkers have intercalated 

Li+ ions into commercial WS2 to form LixWS2.
[103] With the assistance of ultrasonication treatment, 

the LixWS2 would be cracked, exfoliated, and converted to TMDCs monolayers with high 

concentration of the strained metallic 1T phase. The chemically exfoliated WS2 delivers greatly 

improved catalytic performance for the hydrogen evolution reaction (HER). They also conclude that 

the local lattice distortion induced strain in the metallic edges should be the reason for the facilitated 

HER process in terms of reaction kinetics and conductivity. 

Zhang and coworkers have further developed 1T-MoSe2, 1T-WS2, 1T-MoS2 and 1T-WSe2 QDs via 

the electrochemical Li+ intercalation (Figure 4a).[81] The size for the generated QDs is about 3.0-5.4 
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nm while the purity for the 1T phase is about 92%. The increased lithiation driving force and reduced 

electrochemical lithiation rate result in significant inner stress that facilitates the lattice breaking and 

phase transition process. The constructed 1T-MoS2 QDs deliver high catalytic activity for HER with 

an overpotential of 92 mV at the current density of 10 mA cm-2. 

Combining the mechanical ball milling with chemical Li+ intercalation, Zhang and coworks have 

realized a universal approach for the production of high-percentage 1T-phase TMDCs nanodots in 

large-scale, including MoS2, WS2, MoSe2, Mo0.5W0.5S2 and MoSSe. (Figure 4b, c).[104] The obtained 

TMDCs nanodots with high-density reactive centers, good electrical conductivity and clean surface 

could be applied as efficient catalysts for electrocatalytic hydrogen evolution. Comparing with the 

metallic nanosheets, greatly boosted catalytic performance for HER can be achieved over these 

TMDCs nanodots. Experimental results and density functional theory (DFT) calculations suggest that 

the impressive catalytic performance is ascribed to the high density of metallic 1T edges in the 

synthesized hybrids. 

Metal atoms decorated on surface can also trigger the phase transition from 2H to 1T, which 

depends heavily on the loading amounts of heteroatoms. Zheng and coworker have developed a 

spontaneous phase transition approach by the Ir decoration-caused local strain.[105] DFT simulation 

confirms that with the concentration of the Ir species increased to 20%, the phase transition becomes 

a thermodynamically favorable process. The constructed Ir/MoS2 hybrids deliver higher catalytic 

performance than commercial Pt/C and IrO2 for overall water splitting in alkaline media. Qi and 

coworkers have decorated single-atomic cobalt onto the surface of MoS2 with the distorted 

configuration (Figure 4d).[72] The phase transition from 2H to 1T is also realized due to the lattice 

mismatch (Figure 4e, f). The as-synthesized hybrid exhibits Pt-like activity towards HER and high 
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stability (Figure 4g). Active-site blocking experiments and DFT calculations further confirm that the 

impressive catalytic performance should be attributed to the synergetic effects from the decorated Co 

atoms and the newly generated 1T phase. 

Besides the metal elements, nonmetal atoms such as N and P can also be incorporated into the 

lattice/interlayer of TMDCs for triggering the phase transition.[22] As an example, Tu and coworkers 

have demonstrated that the N decoration can modulate the phase structure of MoSe2 from 2H to 1T.[106] 

In-depth theoretical study indicates that N doping can decrease the energy barrier of the phase 

transition. The authors also suggest that the formed 1T-MoSe2 is more stable than that obtained by 

the ion intercalation strategy. Xia and coworkers have employed synergistic N doping plus PO4
3- 

intercalation to achieve a deep phase modulation from 2H-MoS2 to 1T-MoS2 with high conversion 

rate (41%) (Figure 4h).[74] The phase transition process is clearly confirmed by the aberration-

corrected scanning transmission electron microscopy (STEM) image and X-ray absorption 

spectroscopy (Figure 4i, j). Experimental results and DFT calculations reveal that the obtained (N, 

PO4
3-)-MoS2/VG catalyst with decreased band gap, lower d-band center and smaller ΔGH exhibits 

remarkable catalytic performance for HER with a low Tafel slope (42 mV dec-1) and overpotential 

(85 mV) at a current density of 10 mA cm-2 (Figure 4k). 

5.2 Phase/domain boundary activation 

Introducing phase/domain boundary in TMDCs basal plane often leads to the exposure of more edges, 

and thus creating more active sites.[107] The electron-rich phase/domain boundary is beneficial for the 

electron transfer from TMDCs basal plane to reactant, resulting in improved electrochemical 

activity.[20] For example, Kim and coworkers have proposed an in situ electrochemical activation 

method to produce highly localized surface distortions on the MoS2 basal plane (Figure 5a).[108] 
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Defects, defect-mediated strain and local flexure are formed on the MoS2 basal plane, leading to 

numerous randomly orientated domains. Compared with the original flat structure of the MoS2 basal 

plane, hydrogen binding becomes more favorable on the flexural micro-domain boundary, resulting 

in the enhanced HER activity. This result demonstrates the boundary activation is an effective strategy 

to stimulate the intrinsic activity of the TMDCs basal plane. 

Zhang and coworkers have further reported boundary activated HER on monolayer MoS2, in which 

the 2H-2H domain boundaries and the 2H-1T phase boundaries are experimentally generated.[66] The 

2H-2H domain boundaries with different configurations are well characterized by STEM and 

theoretical simulation (Figure 5b-d). Local probe characterizations reveal that the 2H-2H boundaries 

are catalytically active for hydrogen evolution. After low-energy Ar-plasma bombardments, the 2H-

2H domain boundaries are transformed into 2H-1T phase boundaries, and the HER activities are 

further enhanced (Figure 5e). 

Li and coworkers have extensively investigated the various 2H/1T/T´ structural boundaries of 

MoS2 for HER by theoretical calculation, showing that the boundaries and edges in MoS2 should be 

the main contributors to the catalytic performance.[109] Yang and coworkers have discovered that the 

red phosphorus molecules can be facilely inserted into the interspace of bulk MoS2, affording an 

amplified interlayer spacing (Figure 5f).[54] More importantly, P can chemically bond with surface S 

atoms, and induce the glide of S atomic planes, achieving partial structural conversion and the 

formation of 2H/1T phase boundaries (Figure 5g). The obtained in-plane 1T-2H MoS2 catalyst with 

multiple assembled advantages shows excellent HER activity and prominent stability in alkaline 

electrolytes (Figure 5h, i). 

6 Surface-layer modulation 
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The electrocatalytic reactivity of TMDCs can be effectively modulated through surface-layer 

modulations, which is of paramount importance in exploring the intrinsic activity of in-plane atoms.[53] 

With the rapid progress in the methodology developments for modulating the electronic structure of 

TMDCs, many great achievements in surface-layer modulations have been achieved, including defect 

engineering, substitutional doping and hybridization with functional species. 

6.1 Defect engineering 

Vacancies, including chalcogen and metal vacancies, are the most commonly investigated defects in 

TMDCs.[55] The presence of these vacancies can directly break the periodicity of atomic arrangement 

in TMDCs, and cast huge influence on the electronic structure of the 2D TMDCs.[110] Moreover, 

various vacancies in the TMDCs basal plane can regulate the dynamic process of local ion diffusion 

and electron transfer.[27, 111] Therefore, various defect engineering based strategies have been 

developed to activate and optimize TMDCs basal planes towards electrochemical energy conversion, 

including ion beam irradiation, annealing, chemical etching, and electrochemical reduction. 

6.1.1 Ion beam irradiation 

Ion beam irradiation has been developed as an effective strategy for introducing multi-vacancies into 

the TMDCs basal plane.[24] The high-energy ion beam selectively collides with surface atoms and 

knocks them out of the basal planes of TMDCs, leaving the formation of various vacancies. The type 

and density of vacancy defects can be modulated by tuning the radiation parameters, such as the 

radiation ion beam, irradiation dose, irradiation time and so on.[27] 

Low-energy He+ irradiation is usually applied for introducing individual chalcogen vacancies. For 

example, Chhowalla and coworkers have developed sulfur vacancies dominant MoS2 monolayer by 

controlling the irradiation dose of He+ at a low level (< 30 He+ nm-2) (Figure 6a).[42] The individual 
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chalcogen vacancies are well characterized by the atomic resolution high-angle annular dark-field 

(HAADF)-STEM images (Figure 6b, c). The atomically flat MoS2 with abundant sulfur vacancies 

can be directly used as the model catalyst for hydrogen evolution in the microelectrochemical cells. 

Ion beams of larger atoms such as Ar and Ga usually exhibit high sputtering efficiency and thus can 

remove the metal atoms from the basal planes of TMDCs, resulting in the generation of the metal 

vacancies.[43] By using high-energy Ar2+ beam irradiation, Xia and colleagues have introduced both 

metal vacancies and sulfur vacancies into the basal plane of MoSe2.
[112] Experimental investigation 

confirms that these newly generated vacancies can effectively improve the electrocatalytic 

performance. The optimized MoSe2 nanosheets exhibit a low overpotential of -171 mV at the current 

density of -100 mA cm-2 and Tafel slope of 35 mV dec-1. Further investigations confirm that the 

introduced vacancies can effectively improve the conductivity and produce more active centers for 

HER. 

Moreover, the type, size and spatial distribution of vacancies on TMDCs can be well controlled by 

tuning the ion beam current and exposure time. Thiruraman et al. have performed Ga+ ion irradiation 

on TMDCs and created defects with tunable sizes and densities over several orders of magnitude in 

MoS2 and WS2 for different configurations.[43] They also confirm that the average defect area and 

defect density of the irradiated sample at the suspended zone are significantly larger than the 

supported zone. Ion beam irradiation is becoming a mature technique to create vacancies on the 

TMDCs surface without destroying the crystal lattice. The ion etched TMDCs with well-defined 

reactive centers can act as the model catalyst for investigating the structure-property performance. 

However, the directional ion beam irradiation is only available for the atomic flat TMDCs materials 

and fails to generate vacancies in large-scale, thus largely limiting its practical applications. 
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6.1.2 Annealing 

High-temperature annealing in reductive gas atmosphere is an effective approach for fabricating 

anion vacancies on the basal plane of TMDCs. In the high-temperature annealing process, chalcogen 

atoms on the TMDCs surface can be removed as volatile gas, resulting in the generation of vacancies 

and exposed metal edges. 

The annealing temperature is an important factor for the generation of active vacancies. By 

controlling the annealing temperature ranging from 400 to 800oC under H2 atmosphere, Voiry and 

coworkers have successfully introduced S vacancy with varied concentrations into multilayered 

MoS2.
[75] Individual S vacancies in low concentration are created when treated below 600oC, 

generating numerous Mo-S dangling bonds. With the increase of the annealing temperature, the 

concentration of the S vacancies is greatly improved while the undercoordinated Mo edges are created. 

The authors conclude that the emergence of undercoordinated Mo sites should be responsible for the 

greatly enhanced intrinsic activity of MoS2 for electrocatalytic water splitting.  

6.1.3 Chemical etching 

Chemical etching with reductive agents (NaBH4, Zn, H2O2 and thiourea) is also an effective approach 

for fabricating vacancies on the surface of TMDCs.[110] Zeng and coworkers have developed one-

dimensional (1D) MoS2 hierarchical architecture with high-density defects (1D-DRHA MoS2) under 

the reduction of NaBH4.
[113] The advantageous structural features of 1D hierarchal morphology and 

rich defects are synergistically integrated. The developed 1D-DRHA MoS2 hybrid exhibits impressive 

catalytic activity for electrocatalytic hydrogen evolution. To reach the current density of 10 mA cm-

2, an overpotential of 119 mV is required, which is competitive to the state-of-the-art MoS2-based 

electrocatalysts. The authors conclude that the introduced vacancies should be responsible for the 
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further explored intrinsic activity for hydrogen evolution. 

Recently, Zn has been used as a reductant to etch the chalcogen atoms from the basal planes of 

TMDCs.[97-98, 100] Xu and colleagues have achieved the creation of vacancies over the MoS2 

nanosheets via the Zn reduction approach (Figure 6d).[114] By tuning the ratio of Zn, the density of 

the active sites and the conductivity of MoS2 can be controlled. Experimental results and DFT 

simulation demonstrate that the Zn doping can not only reduce the S vacancy formation energy, but 

also activate the S vacancies, resulting in greatly improved HER activity (Figure 6e). Based on this 

principle, Li and colleagues have applied the Zn, Mo-based HZIFs as the precursors for constructing 

MoS2 hollow architecture with Mo vacancies.[98] After acid etching for removing the Zn ions, 

abundant Mo vacancies can be obtained over the basal plane of MoS2. Experimental results and DFT 

calculation confirm that the Mo vacancies can accelerate the charge transfer and enhance the binding 

affinity for sodium, resulting in the promotion of sodium storage. 

Sun and coworkers have realized a controllable defect modulation in MoS2 ultrathin nanosheets by 

using excess thiourea as the reductant.[56] The defect concentration can be effectively modulated by 

changing the amount of thiourea. The optimized hybrid catalyst delivers a quite nice NRR 

performance with a high Faradic efficiency of 8.34% and a high NH3 yield of 29.28 µg h-1 mg-1
cat. at 

-0.40 V (Figure 6f-h). Theoretical calculation reveals that the energy barrier for the potential 

determining step of *NH2→*NH3 on defect-rich MoS2 (DR-MoS2) is significantly decreased 

compared with defect-free MoS2, resulting in boosted kinetics for NRR (Figure 6i, j). 

6.1.4 Electrochemical reduction 

Electrochemical reduction under accessible applied potentials is a facile, general and scalable route 

to generate anion vacancies on the basal plane of TMDCs, which mainly includes direct 
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electrochemical dehalogenation and electrochemical Li+/Na+ insertion chemistry.[115] In the 

electrochemical dehalogenation process, the chalcogen atoms are firstly hydrogenated and then 

removed in the gaseous form. The concentration and distribution of the anion vacancies can be 

modulated by tuning the applied potential. 

Tsai and colleagues have realized a scalable route for generating S vacancies on various MoS2 

electrodes by using electrochemical desulfurization.[115] They conclude that the two proton-electron 

transfer processes occur at the in-plane S atoms. Specifically, the S atoms are firstly hydrogenated, 

and then removed as hydrogen sulfide (H2S) gas. The free energy diagram coupled with the surface 

energy calculations indicates that only hydrogen atom can be adsorbed throughout the desulfurization 

and the formation of the S vacancies is a thermodynamically favorable process. The newly generated 

reactive centers are stable under extended desulfurization durations and deliver consistent HER 

activity. 

The dehalogenation process by electrochemical Li+/Na+ insertion chemistry is inspired by the 

conversion reaction of TMDCs anode materials in lithium/sodium-ion batteries.[116] Lu and coworkers 

have successfully fabricated quasi-1D Mo chains embedded in atomically thin MoS2 sheets by 

electrochemical Na+ intercalation/de-intercalation (Mo/MoS2).
[117] Owing to high atomic contrast, the 

Mo chains are directly confirmed by atomic resolution HAADF-STEM image. Experimental results 

and DFT simulations reveal that the atomic Mo chains not only accelerate the electron transport but 

also facilitate the diffusion of hydrogen, resulting in greatly improved hydrogen evolution activity. 

6.2 Substitutional doping 

Substitutional doping is a direct and effective strategy for activating the basal planes of TMDCs.[118] 

Because of the unique structural characteristics, TMDCs materials are quite sensitive to the 
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substitutional doping, which may result in a greatly modulated electronic structure.[27] The localized 

electronic modulation by the introduced alien atoms could produce optimized matching between the 

electronic states of the active sites and electrochemically reactive intermediates, resulting in greatly 

improved electrochemical activity on the basal plane sites.[119] According to the alternating X-M-X 

structure of TMDCs, two substitutional doping approaches have been developed. One is the 

substitution of sandwiched metal atoms, while the other is direct substitution of chalcogen atoms in 

the outer layer. 

6.2.1 Metal atom substitution 

Because of the stable intra-layer covalent bonds, it is usually difficult for metal atoms to be substituted 

by a post treatment approach. And yet for all that, several excellent works on this subject have been 

reported. Zhang et al. have reported a wet-impregnation method coupled with a high-temperature 

reduction strategy to realize the decoration of isolated Ni atoms on carbon-supported MoS2 basal 

plane (MCM@MoS2-Ni) (Figure 7a).[40] The Ni-decorated MoS2 basal plane still maintains 

hexagonal structure (Figure 7b-e). Experimental investigations clearly confirm that the Ni atoms 

substitute the atomic position of Mo atoms in the MoS2-Ni moiety (Figure 7f, g). The decorated Ni 

atoms can activate the coordinated S atoms with highly strengthened H binding, resulting in a greatly 

improved catalytic performance for hydrogen evolution (Figure 7h). Zhang and coworkers have 

decorated Pt atoms onto the VS2 basal plane via the photothermal irradiation.[71] The structure of the 

as-synthesized hybrids can be well modulated by the xenon lamp/sunlight irradiation. Different 

configurations of the isolated Pt atoms on VS2 basal plane have been proposed, including Pt atoms 

substituting V atoms and Pt atoms absorbed on VS2. As confirmed, the direct substitution of V atoms 

with Pt atoms is the more stable configuration. Experimental results and DFT simulations clearly 
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confirm that the Pt decoration can optimize the charge-transfer kinetics and related absorption 

behavior of H atoms, thus favoring the HER performance. 

In-situ bottom-up approaches based on hydrothermal/solvothermal/CVD growth are also efficient 

routes to realize the metal atom substitution in TMDCs lattice.[35, 120-121] Bao and coworkers have 

decorated the isolated Co atoms into the basal plane of mesoporous MoS2 architecture (Figure 7i).[122] 

The hierarchical mesoporous structure accelerates the mass transport while the decorated Co atoms 

can improve the intrinsic HER activity of the in-plane sulfur sites. The developed hybrid catalyst 

achieves impressive catalytic performance with an overpotential of 143 mV at the current density of 

10 mA cm-2, which is 200 mV lower than that of pure 2D MoS2. Salehi-Khojin and coworkers have 

performed a CVD method to realize niobium (Nb) doping on vertically aligned MoS2 (VA-

Mo0.95Nb0.05S2) for CO2RR (Figure 7i-k).[123] The hexagonal atomic arrangements of MoS2 are still 

maintained after the Nb doping (Figure 7i, j). The obtained VA-Mo0.95Nb0.05S2 catalyst shows the 

lowest onset potential of 31 mV for CO2RR reported so far (Figure 7l). And the CO formation TOF 

of VA-Mo0.95Nb0.05S2 is one order of magnitude higher than that of the pristine MoS2 at a wide 

overpotential range (Figure 7m). DFT calculations reveal that the enhanced CO2RR activity can be 

ascribed to optimized d-band center of Mo in VA-Mo0.95Nb0.05S2, which leads to a faster CO 

desorption than pristine MoS2 (Figure 7n). Fan et al. have conducted a high-throughput screening of 

period-IV metal species and decorated the metal species in the form of single atoms or clusters on 

monolayer MoS2 for activating the in-plane S atoms.[124] Experimental results and DFT calculations 

reveal that the local configuration with triangular-shape cobalt atom cluster accompanying a central 

sulfur vacancy (3CoMo-Vs) is the most efficient geometry to activate the inner sulfur atom for 

electrochemical hydrogen evolution. 
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6.2.2 Nonmetal atom substitution 

Unlike metal atom substitution, the exposed chalcogen atoms can be easily substituted by nonmetal 

atoms (O, N, P, F, C, etc.), which can not only activate the neighboring chalcogen atoms within the 

TMDCs basal plane, but also act as new catalytic sites for the electrochemical reaction.[53, 125-126] 

Since Xie and coworkers have incorporated oxygen species into MoS2 for regulating its electronic 

states for HER, many excellent works on this subject have been reported.[127] Liu et al. have prepared 

N and P co-doped MoS2 by a novel ammonia ion-guided-nitrogenization-phosphorization strategy 

(NP-MoS2/CC).[128] Experimental investigations confirm that the obtained NP-MoS2/CC delivers 

impressive HER activity in a wide pH range. Remarkably, when tested in neutral sea water, the HER 

performance of NP-MoS2/CC catalyst outperforms Pt/C at a large current density (> 21.8 mA cm-2). 

Theoretical calculations reveal that the Mo-N-P moiety is responsible for the enhanced HER activity 

and kinetics. Other than HER, the intrinsic ORR, CO2RR and NRR activities of TMDCs can also be 

enhanced by the non-metal modulation.[58, 129-131] Song and coworkers have reported that O and/or P 

incorporation in the MoS2 basal plane can trigger the transition of the ORR process from a two-

electron process to a four-electron process, and the diffusion-limited current demonstrates several-

fold enhancement.[132-133] By performing a simple solvothermal method, Lv and coworkers have 

successfully introduced N in the MoS2 basal plane (N-MoS2).
[134] Electrochemical testing 

demonstrates the N doping can greatly enhance the catalytic activity of MoS2 toward electroreduction 

of CO2 to CO, yielding a 90.2 % CO Faradaic efficiency. DFT calculations reveal that the N doping 

can promote COOH* formation and CO* desorption during the CO2RR process, endowing N-MoS2 

with highly reactive kinetics. Cai et al. have developed a conventional hydrothermal method to 

incorporate F into MoS2 nanosheets (F-MoS2).
[135] First-principles calculations reveal that the F 
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doping-induced basal-plane strain can remarkably suppress the HER and significantly enhance the 

hydrogenation of adsorbed N2 molecules. As a result, a strongly boosted 20.6 % Faradaic efficiency 

is obtained for F-MoS2 toward NRR. 

The surface chemical inertness of TMDCs can be dramatically broken by C doping. Zang and 

coworkers have fabricated C-doped MoS2 (C-MoS2) by an incomplete sulfurization of Mo2C, which 

displays unprecedented HER activity in alkaline media, showing a small overpotential of 45 mV at 

10 mA cm-2 (Figure 8a-d).[136] DFT calculation and electrochemical measurement reveal that the C-

induced orbital modulation benefits the electron transport, and meanwhile favors the water adsorption 

and activation, resulting in an optimized HER catalytic pathway (Figure 8c, d). Particularly, the C 

doping-induced formation of heterostructure is a more effective strategy to activate the TMDCs basal 

plane.[137] The incorporation of C atoms by gas-phase carburization can partly realize the anisotropic 

conversion of TMDCs. The chemically bonded nano-interfaces with the integrated advantages show 

excellent electrochemical activity.[138] He et al. have successfully synthesized WxC@WS2 

heterostructures by carbonizing WS2 nanotubes with CH4 gas.[139] The noble metal resemblance of 

WxC would be extended to WS2, which could improve the hydrogen adsorption ability of the WS2 

basal plane, thus leading to enhanced HER kinetics. As a result, the obtained heterostructure 

WxC@WS2 demonstrates outstanding HER activity, yielding an overpotential of 146 mV to achieve 

the current density of 10 mA cm-2. 

6.3 Hybridization with functional species 

Modifying TMDCs with functional species is of great significance in exploring the intrinsic activity 

of TMDCs.[140-141] As demonstrated by Miller and colleagues, functionalization of the MoS2 basal 

plane can be realized by covalent coupling with phenyl-terminated organic molecules.[142] The 
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generated S-C covalent bonds over the basal-plane of MoS2 protect the catalytically active, but 

metastable 1T phase. The intramolecular proton donating/withdrawing effect from different 

functional groups can greatly influence the electrochemical activity for HER. Chen and coworkers 

have developed a facile solvothermal approach for covalent-grafting sulfur-doped graphene onto the 

few-layered MoS2 with excellent electrochemical performance.[143] Experimental results confirm that 

the S atoms work as the bridges to connect the layered MoS2 and graphene sheets by sharing electron 

clouds. The as-synthesized hybrid exhibits impressive cycling stability and superior rate capability in 

lithium-ion storage. Qiao and coworkers have developed the sonication-assisted solution strategy and 

thus realized the decoration of Co based MOFs (Co-BDC) onto the surface of the exfoliated MoS2 

(Co-BDC/MoS2).
[144] The introduced Co-BDC can speed up water dissociation on MoS2 surface, 

endowing the hybrid Co-BDC/MoS2 with greatly enhanced hydrogen evolution kinetics in alkaline 

media. 

Moreover, the compatibility and stability of TMDCs can also be improved by modulating the 

coordination of surface chalcogen atoms with inorganic salts.[145] Claudia and colleagues have grafted 

the M(OAc)2 salts (M = Ni, Cu, Zn; OAc = acetate) onto the surface of the liquid-exfoliated 2D MoS2, 

resulting in the formation of MoS2-M(OAc)2 hybrids.[145] As confirmed, functionalization is realized 

through coordination of surface S atoms with the metal center of the metal carboxylate salts. The 

aforementioned basal-plane modification brings new opportunities for TMDCs for further 

electrochemical energy conversion. MacFarlane and coworker have prepared Ru-decorated MoS2 

(Ru/2H-MoS2) by a simple redox reaction of LixMoS2 and RuCl3 (Figure 8e).[146] Electrochemical 

NRR testing demonstrates the obtained Ru/2H-MoS2 exhibits a high FE of 17.6 % and NH3 yield rate 

of 1.14 × 10-10 mol cm-2 s-1 (Figure 8f, j). Theoretical study reveals that the enhanced NRR activity 
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of Ru/2H-MoS2 originates from the synergistic interplay between the Ru as the active N2 binding 

sites and the S-vacancy in the 2H-MoS2 as the active H+ binding sites (Figure 8h). Ho et al. have 

constructed zinc-nitrogen coordinated cobalt-molybdenum disulfide (MoS-CoS-Zn) via the MOFs 

template-assisted approach.[119] Detailed electrochemical testing and DFT calculations reveal that the 

efficient charge injection from the functional CoS2ZnN ligand to the basal plane of MoS2 augments 

the electronic structure of the inactive sites, resulting in greatly boosted activity for HER with a low 

overpotential (72.6 mV at -10 mA cm-2) and a small Tafel slope (37.6 mV dec-1). 

7 Interlayer modification/coupling 

Due to the layered structure, the TMDCs can serve as hosts for functional species within their inner 

planes.[61] The encapsulation of functional species can alter the electronic structure of the TMDCs 

basal plane owing to the strong intercalant-substrate interaction.[147] In addition, interlayer coupling 

widely exists in 2D layered systems, which endows materials with emergent properties.[22] Thus, it is 

crucial for understanding the interlayer coupling effect on the enhanced electrochemical activity. At 

present, the formation of superlattice/moiré superlattice and the introduction of spiral dislocation are 

two strategies to regulate the interlayer coupling effect between the adjacent layers of TMDCs.[148-149] 

7.1 Functional species intercalation in interlayer 

The weak van der Waals forces in TMDCs allow the intercalation of redox active or catalytic 

species.[150-151] The charge transfer interactions from the intercalated functional species can modify 

electronic structure of the TMDCs basal plane.[61] Loh and coworkers have proposed that the 

prelithiation-treated MoS2 (LixMoS2) can work as a highly powerful reducing agent, which can reduce 

the intercalated transition metal ions, including Pt4+, Au3+, Ru3+, Pd2+, resulting in the zero valent 

metal-intercalated MoS2.
[152] Benefiting from the host-guest interaction, the Pt-intercalated MoS2 (Pt-
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MoS2) shows impressive HER activity, including low overpotential, superior stability and excellent 

anti-poisoning. Echegoyen and coworkers have performed a one-pot synthetic approach to realize the 

interlayer decoration of 1T MoS2 with C60 (1T-MoS2-C60) (Figure 9a).[153] Theoretical calculations 

reveal that the intermolecular charge transfer from the C atoms at the interface to the MoS2 basal 

plane can polarize the Mo-S bonds, giving rise to active MoS2/C60 interfaces (Figure 9b, c). The 

effective modulation of the MoS2-C60 interactions yields an optimal ΔGH of -0.03 eV (Figure 9d). 

The electrochemical evaluation demonstrates that the 1T-MoS2-C60 exhibits Pt-like onset potential 

(23 mV) and ultra-low charge transfer resistance. Yu et al. have developed a MOF-assisted strategy 

to achieve the intercalation of Ni and Co species (NiCoS, CoMoS, NiSx and CoSx) into hollow 

structured MoS2 interlayer (Ni-Co-MoS2) (Figure 9e).[154] The structural, compositional and 

electronic modulations of MoS2 are simultaneously realized (Figure 9f-h). The advantageous 

structural feature and synergistic effect between Ni/Co sulfides and MoS2 endow Ni-Co-MoS2 with 

much improved HER activity (Figure 9i). 

By electrochemical polarization at negative potentials or immersion in certain acid solution, Cao 

and coworkers have intercalated protons into the interlayer of MoS2, which is favorable for electrical 

conductance and hydrogen adsorption.[62] The developed hybrid shows high HER activity at varied 

environments from acidic to alkaline. The adjustable interlayer spacing of TMDCs enables the 

alternate intercalation of TMDCs monolayers and 2D layered networks.[88] Liu and coworkers have 

developed an annealing assisted soft-template strategy to synthesize few-atomic-layered hollow 

nanospheres, which are composed of alternate intercalation of N-doped monolayer carbon (m-C) and 

MoS2 monolayes (m-C/MoS2).
[155] The poor electron conductivity of the MoS2 basal plane can be 

greatly improved by the effective electronic coupling between the carbon and MoS2 monolayers. The 
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expanded interlayer spacing of 0.95 nm between adjacent MoS2 layers in m-C/MoS2 endows the 

hybrid with impressive sodium storage performance, delivering a high reversible discharge capacity 

of 401 mAh g-1 at 200 mA g-1 after 150 cycles. 

7.2 Superlattices/moiré superlattice 

Van der Waals superlattices formed by the alternate stacking of layered materials offer an effective 

platform for exploring unexpected physical properties.[65] The periodic structure of superlattices is 

quite different from traditional heterostructures and can simultaneously act as reactive component 

and reaction interface.[60] Interface modulation at molecular scale in superlattices has been developed 

to combine the advantages of varied 2D nanosheets.[63] Sasaki and colleagues have integrated 

unilamellar metallic 1T MoS2/graphene superlattice for efficient sodium storage and hydrogen 

evolution (Figure 10a).[156] As demonstrated, the superlattice is organized by alternately restacked 

unilamellar metallic MoS2 and modified graphene nanosheets via the facile solution-phase direct 

restacking approach. The MoS2/graphene superlattice anode delivers an impressive rate capability 

(240 mAh g-1 at 51.2 A g-1) for sodium storage and a stable reversible capacity of about380 mAh g-1 

after 1000 cycles at 10 A g-1. In addition, the as-constructed MoS2/graphene superlattice shows quite 

nice HER performance with the low onset potential (about 88 mV) and a small Tafel slope (48.7 mV 

dec-1). Later on, Sasaki and coworkers have further assembled the unilamellar MoS2 with the NiFe-

layered double hydroxide (LDH) nanosheets and successfully constructed the MoS2/NiFe-LDH 

superlattice.[65] Effective electronic coupling at the interface of the MoS2/LDH superlattice is thus 

realized, which synergistically favors the adsorption of intermediates of both OER and HER, resulting 

in greatly improved catalytic performance for the water splitting. 

The misalignment between the crystallographic axes of adjacent layers results in the quasi-periodic 
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hexagonal pattern, the so-called emerging concept of Moiré superlattice (Figure 10b).[157] Moiré 

superlattice has attracted a lot of research interest since the discovery of unconventional 

superconductivity in magic-angle twisted bilayer graphene.[148, 158] Hence, tremendous research 

efforts have been devoted to exploring the moiré superlattice of 2D layered materials by engineering 

the twisted angle. Starting with planar bilayer MoS2 film, Jiang et al. have fabricated twisted bilayer 

MoS2 nanoscroll with moiré superlattice by a facile strain-induced method (Figure 10c).[67] High-

resolution TEM image demonstrates that the obtained bilayer MoS2 nanoscroll with a twisted angle 

of 7.3o shows significant hexagonal lattices, which is highly consistent with the simulated results 

(Figure 10c, d). DFT simulations verify that MoS2 moiré superlattice can significantly reduce 

interlayer potential barrier and improve electron hopping efficiency. The intrinsic catalytic activity of 

the MoS2 nanoscroll is evaluated at a three-electrode electrochemical microcell setup, showing 

improved hydrogen evolution activity (Figure 10e). The design of moiré superlattice provides a new 

direction to activate the basal plane of TMDCs by enhancing interlayer coupling for electrochemical 

energy conversion. 

7.3 Spiral dislocation 

Besides superlattices/moiré superlattice, another developed strategy to enhance the interlayer 

coupling of TMDCs is the spiral dislocation.[149] The dislocation spirals break the inversion 

symmetries and reflection of the lattices and also modulate the interlayer coupling in layer-structured 

materials.[64, 159] Xiao and colleagues have reported the interlayer coupling in CVD-grown 2D MoSe2 

flakes with screw dislocations on amorphous SiO2 substrates.[160] The research confirms that the 

interlayer spacing in the MoSe2 flakes with screw dislocations is slightly widened. They also attribute 

the weakened interlayer coupling to the presence of spirals that breaks the reflection and inversion 
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symmetries of the lattices. 

Shaijumon and coworkers have further proposed a screw-dislocation-driven growth mechanism to 

synthesize the spirally stacked WS2 pyramidal structure (Figure 10f).[149] The spiral growth results 

from the accidental uplifting of the grain boundary, which unzips the lattice and induces an 

asymmetric nanostructural growth. The step edges of the WS2 spiral domains created by the screw 

dislocations are clearly observed by the atomic force microscopy (AFM) and TEM images (Figure 

10g, h). The enhanced interlayer electrical conduction is proved by the conductive AFM (c-AFM) 

measurements (Figure 10i). Distinct from traditional van der Waals stacked TMDCs materials where 

the vertical conduction depends on the interlayer electronic hopping, the screw dislocations connected 

to the layers act as the role to carry electric current. The electrocatalytic study of the spiral WS2 

studied by a micro-electrochemical cell demonstrates exceptional catalytic properties towards HER 

(Figure 10j). 

8. Summary and outlook  

As the intensively studied 2D layered materials in the post-graphene era, TMDCs have emerged as 

one of the most promising candidates for electrochemical energy-related applications. Here, we have 

systematically summarized some recently developed approaches for applying TMDCs-based 

materials toward electrochemical energy conversion, including in-plane modification induced phase 

transformation, surface-layer modulation and interlayer modification/coupling. To be more specific, 

the deep electronic modulations referring to phase and domain engineering of TMDCs are typically 

used as the effective strategy for activating TMDCs basal plane for HER. Interestingly, the 

applications of the modified TMDCs have also been expanded from two-electron involved HER to 

multi-electron involved OER, ORR, CO2RR, NRR by structure modification. Profound 
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understanding of the TMDCs has been established in terms of catalyst synthesis, catalytic applications 

and mechanism explorations. Although significant breakthroughs for the development of TMDCs 

have been achieved, some foreseeable challenges and critical issues are urgent to be addressed to 

foster the rational design of more efficient TMDCs. Besides, some possible solutions for addressing 

the existing challenges are also elaborated as below: 

I) Although a few preparation approaches for 1T/T´-TMDCs have been reported, the reliable 

synthesis of TMDCs with a well-controlled 1T/T´ phase is still in infancy. Developing effective 

approaches that can yield scalable production of 1T/T´-TMDCs with high quality and purity is highly 

desired. In addition, the reversibility of the phase transition inevitably lowers the content of the 

formed 1T/T´ phase, which may cast a negative influence on the final performance. A fundamental 

understanding of the dynamics of the phase transition is critical for fabricating stabilized 1T/T´-

TMDCs and heterostructure design. Genetic algorithms (GA) coupled with molecular dynamics (MD) 

simulations should be applied to elucidate the molecular mechanism of microstructure changes in 

material design and might offer guidelines for improving the stability of formed 1T/T´ phase TMDCs. 

II) Specifically, the TMDCs monolayer with well-defined single-atom vacancies and/or singly 

alien atom substitution is an ideal model catalyst for investigating the lattice-confined catalysis. 

Despite great achievements, there are still many scientific and engineering problems that need to be 

solved. Owing to the complexity of the vacancy defect in TMDCs, it is hard to control the 

concentration and distribution of vacancy in TMDCs, and quantitatively introducing the vacancy with 

specific type is still difficult to be realized. Controllable, efficient and energy-saving vacancy-

generation approaches should be developed. MOF-templated approaches, which will well control the 

amount of defects and pre-designed defect location, should be further developed.[98, 100, 119] Moreover, 
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owing to the high reactivity and high energy, the spatiotemporally dynamical evolution of vacancy 

defects (e.g., extension of point defects to line defects) and confinement of alien atoms during the 

catalytic performance should be carefully investigated. Advanced operando characterization 

techniques should be introduced for tracking the structural change in high temporal and spatial 

resolution. 

III) Modulating the interlayer couplings by moiré superlattice and vertical spiral dislocation have 

been identified as effective approaches for regulating the catalytic performance. The vertical 

electronic conductivity can be improved by tuning the interlayer electronic hopping of TMDCs, 

opening new opportunities for further exploring the potential in electrocatalysis. However, related 

research is still at their early stage and should be further explored. From the synthetic point of view, 

the oriented twist of TMDCs nanolayers with a fixed angle and spiral anisotropic growth of TMDCs 

nanolayers are still quite challenging. The advantages of various traditional synthetic routes, such as 

CVD/VCVD, epitaxial growth, single-layer folding, pick-up and transfer methods, should be 

integrated for more accurate controlled growths and stack of TMDCs. 

IV) The vacancy, phase/domain boundary, doped atom, moiré superlattice and spiral dislocation in 

TMDCs often cast positive role on the electrocatalytic process. However, the reaction mechanisms 

are still mysteries. Developing effective operando technologies are quite necessary for uncovering 

the reaction process and related mechanisms, especially, for multi-step electrochemical processes, 

such as CO2RR and NRR. Integrating operando characterization technologies, such as operando XRD, 

XPS, RM, XAS and HRTEM into a specific reaction cell can deepen our interpretation of the 

electrochemical reaction, which in turn offers rational guidance for designing TMDCs-based 

electrocatalysts. 
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V) Up to now, only a limited number of TMDCs (e.g. MoS2, WS2, MoSe2, WSe2, MoTe2 and VS2) 

materials has been developed as electrocatalysts for electrochemical energy conversion. Numerous 

other family members of TMDCs, particularly those d-electron-rich noble-TMDCs (e.g. PtS2, PtSe2, 

PdS2, PdSe2, PtTe2 and PdTe2) are still less developed and should be further investigated. New family 

members with unexplored crystal phases may be experimentally developed in this process, which will 

expand the TMDCs’ family and enrich the designability of TMDCs for electrochemical energy 

conversion. 

In short, atomic-level manipulation of TMDCs is a promising strategy for fully exploring their 

intrinsic activity. With the rapid development of characterization techniques and fast-growing 

cognition about the phase transition and structural modulation, we anticipate that TMDCs will play a 

more important role in energy-related applications in view of the unique structural characteristics and 

compositional features. 
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Figure 1. Schematic description of the current review. Three broad categories of strategies including 

in-plane modification induced phase transformation, surface-layer modulation and interlayer 

modification/coupling are well introduced based on the advanced synthesis. 
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Figure 2. (a) Schematic representation of the synthesis process of MoS2/WS2 QDs by a liquid 

exfoliation and solvothermal treatment approach. (b) AFM image of WS2 QDs.[83] Copyright 2015, 

Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.(c and d) HRTEM images of MoS2 QDs. (e and 

f) UV-visible spectrum and fluorescence lifetime spectra of MoS2 QDs.[78] Copyright 2018, American 

Chemical Society. (g) Schematic of the Au-assisted exfoliation process of 2D materials.[84] Copyright 

2020, Springer Nature. (h) Schematic illustration of the two-step chemical ion intercalation-assisted 

liquid exfoliation method for the preparation of single-layered TMDs nanosheets. (i and j) AFM and 

TEM images of single-layer WS2.
[85] Copyright 2014, Springer Nature. 
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Figure 3. (a) Illustration of the synthesis process of C@MoS2 nanoboxes.[91] Copyright 2015, Wiley-

VCH Verlag GmbH & Co. KGaA, Weinheim. (b) Schematic illustration of the synthesis of the MoS2 

HNS. (c-f) SEM and TEM images of MoS2 HNS.[93] Copyright 2016, Wiley-VCH Verlag GmbH & 

Co. KGaA, Weinheim. (g) Schematic illustration of the formation of HMF-MoS2. (h) TEM image of 

HMF-MoS2.
[98] Copyright 2019, American Chemical Society.  
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Figure 4. (a) Schematic fabrication processes of nano-sized 1T phase MoS2 QDs by Li+ 

intercalation.[81] Copyright 2018, American Chemical Society. (b and c) AFM and HAADF-STEM 

images of MoSSe.[104] Copyright 2018, Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.(d) 

Schematic diagram of the fabrication process for SA Co-D 1T MoS2. (e) HAADF-STEM image and 

the model of SA Co-D 1T MoS2. (f) Co K-edge X-ray absorption near-edge structure (XANES) 

spectra of SA Co-D 1T MoS2.
[72] Copyright 2019, Springer Nature. (h) Scattering mechanism for the 

formation of (N, PO4
3-)-MoS2/VG. (i) HAADF images of pristine MoS2 and (N, PO4

3-)-MoS2/VG. (j) 

Wavelet transformed contour plots of (N, PO4
3-)-MoS2/VG. (k) Linear sweep voltammetry curves of 

(N,PO4
3-)-MoS2/VG and the referenc samples.[74] Copyright 2019, Wiley-VCH Verlag GmbH & Co. 

KGaA, Weinheim. 
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Figure 5. (a) Schematic illustration of the enhanced HER activity of ALD (TiO2)-MoS2 catalyst via 

electrochemical activation.[108] Copyright 2017, Wiley-VCH Verlag GmbH & Co. KGaA, 

Weinheim.(b-c) False-color dark-field TEM (b) and STEM (c) images of MoS2 with 2H-2H domain 

boundaries. (d) Four kinds of 2H-2H boundaries. (e) STEM image of 1T-2H boundaries in monolayer 

MoS2.[66] Copyright 2019, Springer Nature. (f) Schematic illustration for the partial phase transition 

process of 2H MoS2 to 1T MoS2 induced by P atoms. (g) TEM image of 1T-2H MoS2 heterostructure. 

(h, i) Linear sweep voltammetry curves (h) and stability (i) of in-plane 1T-2H MoS2 heterostructure.[54] 

Copyright 2018, Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. 
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Figure 6. (a) Optical microscope image of microcell. (b and c) HAADF-STEM images of single-

layered MoS2 with vacancy concentration of 5.7 ×  1014 cm-2.[42] Copyright 2019, American 

Chemical Society. (d) Schematic illustration of S vacancies in the MoS2 basal plane by the Zn 

reducing strategy. (e) Formation energies of the S vacancy on pristine and Zn-doped MoS2.
[114] 

Copyright 2019, Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. (f) Schematic illustration for 

the electrosynthesis of NH3 on DR-MoS2. (g) Average NH3 yields and FEs for DR MoS2/CPE at a 

series of potentials. (h) Calculated free energy profile for NRR process on DR-MoS2 basal plane. (i 

and j) Charge density difference of *N2 (i) and *NNH (j), respectively.[56] Copyright 2018, Wiley-

VCH Verlag GmbH & Co. KGaA, Weinheim. 



53 

 

Figure 7. (a) Schematic illustration of the synthetic process for MCM@MoS2-Ni. (b-e) TEM, 

HAADF-STEM and elemental mapping images of MCM@MoS2-Ni. (f) Experimental and theoretical 

XANES spectra of MCM@MoS2-Ni. (g) The depicted structure of the MoS2-Ni. (h) Theoretical 

calculations for the effects of Ni decoration on the HER activity of MoS2.
[40] Copyright 2018, Wiley-

VCH Verlag GmbH & Co. KGaA, Weinheim. (i) HAADF image of VA-Mo0.95Nb0.05S2. (j) RGB 

image of VA-Mo0.95Nb0.05S2. (k) Schematic diagram of VA-Mo0.95Nb0.05S2 for CO2RR. (l) CV curves 

of VA-Mo0.95Nb0.05S2 and the reference samples. (m) Calculated CO formation TOF at different 

applied overpotentials for VA-Mo0.95Nb0.05S2. (n) Reaction pathways of CO2→CO on VA-

Mo0.95Nb0.05S2 and the reference samples.[123] Copyright 2019, American Chemical Society. 
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Figure 8. (a) Schematic illustration of the synthesis of C-MoS2. (b) The first shell analysis of wavelet 

transform (WT) of MoS2 and C-MoS2. (c) The top/side view and electrostatic potential of water 

adsorbed on the basal plane of C-MoS2. (d) The LSV curves of C-MoS2 and the reference samples in 

1.0 M KOH.[136] Copyright 2019, Springer Nature. (e) Model of Ru-decorated 2H-MoS2. (f) NRR 

activity of Ru/2H-MoS2 and the reference samples in 10 mM aqueous HCl. (g) NRR performance 

(NH3 yield rate and Faradaic efficiency) vs potential (mV) of Ru/2H-MoS2. (h) Schematic minimum-

energy pathway for electrochemical N2 conversion into NH3 catalyzed by Ru/2H-MoS2 material.[146] 

Copyright 2019, American Chemical Society. 
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Figure 9. (a) Schematic illustration of the synthetic process for 1T-MoS2-C60. (b) Differential charge 

densities of 1T-MoS2-C60. (c) Total electronic density of states and (d) calculated HER free energy 

diagram of 1T-MoS2-C60.
[153] Copyright 2020, American Chemical Society. (e) Schematic illustration 

of the synthetic process for Ni-Co-MoS2. (f) SEM, (g) TEM and (h) HETEM images of Ni-Co-MoS2. 

(i) LSV curves of Ni-Co-MoS2.
[154] Copyright 2016, Wiley-VCH Verlag GmbH & Co. KGaA, 

Weinheim. 
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Figure 10. (a) Schematic representation of the synthesis of MoS2/graphene superlattice.[156] 

Copyright 2018, American Chemical Society. (b) Bilayer graphene moiré superlattice.[157] Copyright 

2018, American Chemical Society. (c and d) MoS2 moiré superlattice (=7.34). (e) LSV curves of 

MoS2 nanoscroll.[67] Copyright 2019, American Chemical Society. (f) Schematic representation of 

spiral domain growth modes. (g) AFM image, (h) dark field image, and (i) topography of the WS2 

spiral structure. (j) Schematic illustration of the electrochemical microcell assembly used WS2 spiral 

domain as the working electrode.[149] Copyright 2019, American Chemical Society. 
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For Table of Content Entry 

 

 

This Review summarizes some recent research progresses of rationally activating the basal plane of 

transition metal dichalcogenides (TMDCs) for electrochemical energy conversion. The activated 

TMDCs basal plane with the integrated advantages of structure and composition shows much 

enhanced electrochemical activity. 


