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Abstract

:

Rapid industrial growth has overexploited fossil fuels, making hydrogen energy a crucial research area for its high energy and zero carbon emissions. Water electrolysis is a promising method as it is greenhouse gas-free and energy-efficient. However, OER, a slow multi-electron transfer process, is the limiting step. Thus, developing efficient, low-cost, abundant electrocatalysts is vital for large-scale water electrolysis. In this paper, the application and progress of transition metal chalcogenides (TMCs) as catalysts for the oxygen evolution reaction in recent years are comprehensively reviewed. The key findings highlight the catalytic mechanism and performance of TMCs synthesized using single or multiple transition metals. Notably, modifications through recombination, heterogeneous interface engineering, vacancy, and atom doping are found to effectively regulate the electronic structure of metal chalcogenides, increasing the number of active centers and reducing the adsorption energy of reaction intermediates and energy barriers in OER. The paper further discusses the shortcomings and challenges of TMCs as OER catalysts, including low electrical conductivity, limited active sites, and insufficient stability under harsh conditions. Finally, potential research directions for developing new TMC catalysts with enhanced efficiency and stability are proposed.






Keywords:


transition metal chalcogenide; oxygen evolution reaction; water splitting; electrocatalysis












1. Introduction


Currently, because of the rapid development of industry, there is over-exploitation and consumption of fossil fuels in the world. It is predicted that humanity will face severe environmental crises and social problems in the future [1,2]. Hence, the production and utilization of clean energy, such as hydrogen, are crucial. Over the past decade, numerous researchers have been devoted to developing hydrogen as an alternative. Since hydrogen has a high energy density and causes no environmental pollution, it is the most promising substitute for traditional fuels [3,4,5]. And electrochemical water splitting can produce hydrogen using intermittent renewable energy. Electrochemical water splitting consists of two half-cell reactions, hydrogen evolution reaction at the cathode (HER) and oxygen evolution reaction at the anode (OER) [6,7]. The electrochemical reactions that occur at cathode and anode in alkaline and acidic environments in the electrolytic water reaction are as follows: in acid: 4e− + 4H+(aq) → 2H2 (g); 2H2O (l) → 4H+ (aq) + 4e− + O2 (g); in alkali: 4H2O(l) + 4e− → 2H2(g) + 4OH−(aq); 4OH−(aq) → 2H2O(l) + 4e− + 2O2 (g).



The above-mentioned half-cell reactions are all multistage reactions, especially OER, and their process involves a four-electron process, which results in slower reaction kinetics. Therefore, OER becomes the rate-limiting step in the electrolytic water system. Under standard conditions, the thermodynamic free energy of OER is 237.2 kJ mol−1, which is converted into a relative reversible hydrogen potential of 1.23 V (vs reversible hydrogen electrode, RHE). However, the Faraday efficiency cannot reach 100% in the actual reaction because there are multistage intermediate reactions in OER reaction and energy barriers between intermediate products, which hinder OER both in thermodynamics and kinetics [8]. Take the OER in the alkaline medium as an example, where M is the active site of the OER reaction. Firstly, OH− is absorbed by M, and after losing an electron, an OHads will be attached to the surface of M (M + OH− → M-OHads + e−). The adsorbed OHads may couple with another OH− to generate Oads on the surface of M, while releasing H2O or directly lose an electron on the surface to form Oads (M-OHads + OH− → M-Oads + e−). The Oads on the surface may combine with each other and release oxygen directly (M-Oads + M-Oads → 2M + O2). Yet another way to release oxygen is that the Oads on the surface of M combine with OH− and lose the third electron to form M-OOHads (M-Oads + OH− → M-OOHads + e−). Finally, the OOHads combined with OH− will decompose oxygen and water, releasing the fourth electron (M-OOHads + OH− → M + H2O + O2 + e−). Therefore, efficient and stable electrocatalysts are needed to reduce the reaction energy barrier and optimize the pathway of intermediate reactions [6,9,10].



Recently, advanced electrocatalysts with unusual active sites have been explored to enhance OER performance. For instance, Sun et al. have highlighted the latest achievements in discovering and identifying various unconventional active sites for electrochemical water splitting, focusing on state-of-the-art strategies for determining true active sites and establishing structure-activity relationships [11]. Additionally, Chen et al. have demonstrated the synthesis of two-dimensional nickel sulfide nanoplates via a strategic cation exchange approach, exhibiting excellent OER performance [12]. Furthermore, Chen et al. have developed a reconstructed anti-corrosive and active surface on hierarchically porous carbonized wood for efficient overall seawater electrolysis, emphasizing the importance of stability and corrosion resistance in practical applications [13]. Moreover, metal oxide-based electrocatalysts have attracted significant attention due to their low cost, abundant raw materials, and impressive stability. Jamadar et al. have reviewed recent progress in various metal oxides tailored for hydrogen and oxygen evolution reactions, discussing their crystal structure, synthesis methods, and catalytic performance [14].



While metal oxide-based and other non-precious metal catalysts offer promising alternatives, precious metal catalysts continue to attract much attention because of their high catalytic performance. These precious metal catalysts are mainly supported catalysts, characterized by low consumption of precious metals, complete exposure of active centers, and a high utilization rate of precious metal atoms [15,16]. Cao et al. atomically dispersed Ru on C-N nanosheets to form Ru-N-C, in which the mass fraction of Ru was 1wt.%. In an acidic medium, the Ru-N-C catalyst shows better catalytic performance than the commercial ruthenium oxide. It shows a low overpotential of 267 mV at a current density of 10 mA cm−2 [17]. Despite their impressive performance, the limited availability and high cost of precious metal compounds pose significant challenges to their widespread application. Hence, researchers have been actively exploring non-precious metal catalysts derived from transition metals as viable alternatives. These transition metal-based catalysts include transition metal oxides [18], phosphides [19], sulfides [20] and nitrides [21] etc. Among them, transition metal chalcogenides (TMCs) have attracted much attention in recent years because of their adjustable electronic structure and morphology. However, many studies show that TMCs also have some shortcomings, such as fewer active sites and irreversible surface reconstruction during OER, leading to insufficient stability [22,23]. In the pursuit of optimizing the catalytic performance of TMCs, researchers adopted various strategies to improve their catalytic performance. These strategies revolve around the composition, structure, and morphology of the catalyst. Carrier materials, such as carbon-based nanomaterials, Layered Double Hydroxides (LDH), and oxides, are introduced to stabilize the catalyst and improve its dispersibility. These support materials can also provide additional active sites or enhance the electron transfer between the catalyst and reactants, thus improving the overall catalytic activity [8,18,24,25]. In addition, surface engineering techniques, such as doping or plasma treatment, have been used to change the surface properties of catalysts. These modifications can change the surface chemical properties, improve the wettability, and enhance the adsorption and desorption kinetics of reactants, thus improving the catalytic performance [26,27,28,29].



The development of efficient and cost-effective electrocatalysts for the OER in water splitting remains a pivotal challenge for sustainable energy conversion and storage systems [30]. While significant progress has been made in recent years, there is still an urgent need to explore novel materials and strategies to further enhance the catalytic performance. TMCs have emerged as a class of promising candidate electrocatalysts due to their unique structural and electronic properties, large surface areas, high percentage of exposed atoms, and Moderate thermoneutral H-binding energy [31]. However, the performance of TMCs still lags behind that of noble metal-based catalysts, necessitating in-depth research to uncover their full potential.



In this context, the present work aims to provide a comprehensive review of the recent advances in TMC electrocatalysts for the OER. It systematically summarizes the catalytic mechanism as the main contribution and performance of TMCs synthesized using single or multiple transition metals, highlighting recent progress in improving their OER activity through various modification strategies such as recombination, heterogeneous interface engineering, vacancy, and atom doping. The paper further discusses the shortcomings and challenges of TMCs as OER catalysts and proposes potential research directions for developing new TMC catalysts with enhanced efficiency and stability. We hope this work can inspire further research in this field and guide the rational design of advanced electrocatalysts in water splitting.




2. Recent Advances in TMC Catalysts


2.1. Transition Metal Sulfide


The development of heterostructured transition metal sulfides, such as CoS/NiS composites, has significantly enhanced their OER performance due to the synergistic effect between different components [32]. Furthermore, these heterostructured sulfides have shown promising applications in hybrid water electrolysis systems for efficient hydrogen production [33].



2.1.1. Cobalt Sulfide


Cobalt sulfide usually has good conductivity and stability. However, because cobalt sulfide has many crystal forms, such as CoS and CoS2, these crystal forms show different activities in catalytic reactions [34]. Here, Zhang et al. successfully prepared hexagonal single-crystal two-dimensional (2D) CoS nanosheets with different thicknesses by atmospheric pressure chemical vapor deposition. Due to the advantages of a two-dimensional structure, the thinnest 5 nm CoS nanosheet (CoS-5) can achieve more exposed catalytic active sites, better reactant adsorption capacity, accelerated electron transfer, enhanced conductivity, and significantly improved OER performance. Electrochemical tests show that the overpotential of CoS-5 for OER at 10 mA cm−2 is 290 mV and the Tafel slope is 65.6 mV dec−1 in alkaline solution, which is better than that of CoS, bulk CoS, and RuO2 with other thicknesses [35]. Furthermore, S. Swathi et al. synthesized flower-like CoS nanopetals by a simple hydrothermal method. The flower-like CoS nanopetals showed an oxygen evolution reaction performance of 260 mA cm−2 with a very low 194 mV overpotential [36].



In addition to the traditional method to synthesize CoS, Rehana Akram et al. synthesized the self-capping CoS by solvent-free route using different alkyl cobalt xanthate complexes by the melting method. The test results show that CoS has the lowest overpotential of 325 mV in the same group when the octyl xanthate complex is involved in the synthesis. XPS showed that C as a surface sealing agent, was introduced by the decomposition of the complex. Co species may have a higher oxidation state due to high temperature or self-doping, and at 778.6–795.5 eV and 780.3–796.6 eV CO2+ and Co3+ can coexist. The high-resolution spectrum of S 2p shows that besides the Co-S dipole, there is a higher oxidation state of S, while the peak value of O 1s only appears at 531.25 eV, corresponding to the state when it is bonded with S, which proves that sulfur is oxidized. In short, the self-capping mechanism is that the temperature rise will lead to the rupture of the C-S bond or Co-S bond, the decomposition of the C-S bond can provide sulfur and result in the elimination of by-products such as olefins and COS (Chugaev elimination), while the decomposition of Co-S bond provides xanthate ligand, which attaches to nanoparticles, acting as a surface covering layer, thus controlling the size. Even though only a small number of active sites are exposed, CoS nanoparticles prepared by the self-capping method are extremely small, which greatly increases the specific surface area, so CoS still shows excellent catalytic characteristics [37].



During the synthesis of cobalt sulfides, the strong affinity of cobalt ions for oxygen may lead to the formation of impurities such as cobalt hydroxides and cobalt oxides. However, research has revealed that an appropriate amount of cobalt oxide (CoO) in CoS significantly enhances the electrochemical activity in water electrolysis by enhancing structural stability, providing additional active sites, modulating electronic structures, and creating synergistic effects [38]. Based on this idea, R. Thangamathi et al. synthesized CoO/CoS on nitrogen-doped carbon nanosheets (CoS/CoO@NAC) by hydrothermal reaction (Figure 1). The CoS/CoO@NAC nanocomposites showed an overpotential of 199 mV at a current density of 10 mA cm−2 in an alkaline medium. By measuring nitrogen adsorption and desorption under different partial pressures, the researchers confirmed that there were both macropores and micropores in CoS/CoO@NAC nanoparticles. By Bruna uer-Emmett-Teller (BET) analysis, the surface area of nanocomposites was about 1038.75 m2/g. BJH model showed that there were broad peaks at 15.74 nm and narrow peaks at 2.298 nm and 5.565 nm, which confirmed that the nanocomposites were mesoporous. The increase in surface area and mesoporous properties, together with the small average pore size (3.23 nm) and pore volume (0.442 cc/g), greatly improved the catalytic performance of CoS/CoO@NAC nanoparticles [39]. Similarly, Qiu et al. developed P-Co3O4/Co9S8. The catalyst requires 380 mV to reach 50 mA cm−2, and the Tafel slope is 58 mV dec−1 [40].



Furthermore, Li et al. Synthesized a bifunctional needle-like Co3S4 catalyst on nickel foam (Figure 1). The catalyst has a unique needle-like structure and exhibits an overpotential of 253 mV at a current density of 100 mA cm−2 and 339 mV at 300 mA cm−2 in 1 M NaOH, respectively. Li et al. verified the positive influence of tip curvature radius on local electric field enhancement using finite element analysis and Kelvin probe force microscopy. Further, through theoretical calculations and experiments, they also demonstrated that the tip-enhanced electric field effect can enhance the adsorption of OH- and increase the local current density, which effectively improves the mass transfer rate during the oxidation process [41].



Based on the aforementioned achievements, it is not difficult to find that CoS itself possesses a large number of active sites that catalyze OER. The most common and efficient approach is to modify the synthesis method of CoS, thereby altering its structure to obtain smaller nanoparticles and expose more active sites. However, in recent years, there has also emerged a trend to enhance the performance of CoS catalysts by adjusting their conductivity or incorporating additional active sites.



Cheng et al. doped superionic conductor Ag2S into CoS nanowire substrate to promote oxygen evolution reaction. Only an overpotential of 293 mV is needed to obtain a current density of 10 mA cm−2 with a Tafel slope of 55.3 dec−1. Through the analysis of XPS, SEM and TEM, Cheng et al. thought that Ag not only acts as a superionic conductor to induce the axial growth of CoS crystals into nanowire structures but also enhances the conductivity of the catalyst and accelerates the electron transfer process in the catalytic reaction [42]. Gong et al. used polystyrene spheres and ZIF-67 as templates to synthesize graded porous cobalt sulfide and then decorated it with gold nanoparticles by the NaBH4 reduction method (HP-Au@CoxSy@ZIF-67). HP-Au@CoxSy@ZIF-67 showed better OER performance than commercial ruthenium oxide at pH = 13. Under the current density of 10 mA cm−2, its overpotential is 340 mV and its Tafel slope is 42 mV dec−1. After the 400 h stability test, its electrocatalytic performance only decreases by 5%. Its excellent catalytic performance is structurally attributed to its three-dimensional porous morphology, which significantly expands the three-phase interface, accelerates mass transfer and exposes active centers. The Co 2p XPS spectrum of as-prepared samples displays that about 28.1% of Co2+ is converted into Co3+, which indicates that Au forms a more efficient OER active site Co3+ by optimizing the electronic structure of Co2+, and this proportion rises to 56.5% after vulcanization. The results of Co 2p XPS after the OER experiment proved that Co2+ on the catalyst surface was transformed into Co3+ during the catalytic process (the relative content of Co3+ increased by about 7.6%). Moreover, there is an interesting ‘competition effect’ between gold and NaBH4 reductants that adjusts the relative ratio of Co2+/Co3+. In terms of electronic regulation, the researchers proved by density functional theory (DFT) calculation that gold does not have OER catalytic sites, but it modulates the electronic structure of Co through charge transfer, thus generating effective active sites and enhancing the binding ability of Co with oxygenates (Figure 2) [43].



Similarly, Gao et al. first grew dense nano-rod-like CoS with a rough surface on the surface of nickel foam by simple hydrothermal synthesis, and then immersed the obtained CoS/NF in a FeSO4 solution, where Fe2+ is densely adsorbed on the surface of the nano-rod and form uniform flaky FeOOH, namely, FeOOH-CoS/NF [44]. The as-prepared FeOOH-CoS/NF nanocomposite displayed outstanding OER performance, its overpotential is 306 and 329 mV at 500 and 1000 mA cm−2, respectively. Furthermore, it maintained excellent electrocatalytic performance for over 50 h. According to previous reports, the active site of O in OER reaction catalyzed by cobalt sulfide is OOH* in CoOOH [8]. The incorporation of FeOOH directly increased the number of OOH* active sites. Therefore, the performance of catalysts is subsequently greater. However, Yao et al. promoted the formation of high-valent cobalt species on the surface of CoOOH by adjusting the intermolecular energy gap, thus improving the efficiency of the water oxidation reaction. In situ, Raman was adopted to prove that there was a transformation from Co3+ to Co4+ on the surface of the cobalt sulfide substrate at a certain voltage. The Raman band located at 578 cm−1 can be observed from the voltage of 1.39 V. When the voltage exceeds 1.43 V, it is found that an obvious new image is generated, which is known as CoO2 by analysis. By comparing the formation energy of CoO2 under different substrates, it is found that the required formation energy of Co8S9 is the lowest. Further, their DFT calculation indicates that high-valent cobalt species (such as CoO2) are the key active intermediate in the catalytic process, and they can accurately enhance the ability to adsorb oxygen intermediates, thus reducing the energy barrier of the potential determination step. Its overpotential is 240 mV with a current density of 10 mA cm−2, and its Tafel slope is 86.4 mV dec−1 (Figure 3) [45].



It can be predicted that there exists a way to simultaneously improve the morphology of CoS, reduce charge transfer resistance, and increase active sites. Kotesh Kumar Mandari et al. designed NiCu-LDH@CoS/g-C3N4, a novel strongly coupled ternary electrocatalyst of NiCu-layered double hydroxide (NiCu-LDH) on cobalt sulfide (CoS) and the material graphitic carbon nitride (g-C3N4). The SEM and TEM images of the catalyst show that g-C3N4 and CoS have a layered nanosheet structure. NiCu LDH has a plate-like nanostructure with particles ranging in size from 50 nm to 100 nm distributed on it. The three are combined together through a hydrothermal reaction method. When the current density is 10 mA cm−2 and the Tafel slope is 75 mV dec−1, the electrode potential is only 290 mV. The optimized NiCu-LDH@CoS/g-C3N4 nanostructures are stable, and the current decay rate of the OER stability test is less than 5%. Through DFT calculations, the improvement of electrocatalytic activity is attributed to strong interaction and electronic coupling at the interface of CoS/g-C3N4 heterojunction, efficient charge transfer, and enhanced electronic effect of NiCu-LDH at the interface of NiCu-LDH@CoS/g-C3N4. In short, as a cocatalyst, NiCu-LDH can adjust the micro-morphology of CoS, enhance material conductivity, and introduce additional active sites [46]. Similarly, Ragunath Madhu et al. synthesized CoS on NiV-LDH. CoS/NiV-LDH only requires 274 mV to reach 50 mA cm−2. The Tafel slope is 53 mV dec−1 [47].




2.1.2. Nickel Sulfide


The application of Nickel sulfide in the oxygen evolution reaction is one of the research hotspots in the field of electrochemistry and catalysis. Its catalytic performance can be optimized by adjusting its morphology, structure, and composition [48]. Nickel sulfide catalysts can maintain stability over the long-term reaction process, and are not easily deactivated or poisoned. This makes Nickel sulfide a promising catalyst material.



C. Manjunatha et al. employed the Taguchi L-9 orthogonal array to design optimal conditions for the preparation of nickel sulfide polymorphs using the hydrothermal method. The experimental results demonstrate that the phase transition of nickel sulfide (NiS → Ni3S4 → NiS2) depends on temperature, and it exhibited different morphologies of sugar cubes, spherical apple, rose type, aggregated stones, and tubular bacteria-type structures. The performance of OER followed the order: NiS > NiS2 > Ni3S4. In various forms of NiS and NiS2, the NiS (sugar cube) showed a low overpotential of 362 mV achieving a current density of 20 mA cm−2, which was better than the 416 mV shown by the reference catalyst RuO2 [49]. However, Zheng et al. synthesized a series of nickel sulfides and found that Ni3S2 has the best electrochemical performance among numerous samples. At a current density of 10 mA cm−2, its overpotential is 295 mV. And it also has the lowest Tafel slope (52 mV dec−1). From these examples, it can be seen that different synthesis methods may result in different electrocatalytic properties of the same substance [50].



Actually, the innovations for pure nickel sulfide are rare, and most of the research results around nickel sulfide are composited with other materials. Luo et al. hydrothermally synthesized tree-like NiS-Ni3S2/NF with foam nickel as the framework. At a current density of 10 mA cm−2, its overpotential is 269 mV. The Tafel slope of NiS-Ni3S2/NF is 119 mV dec−1 [51]. Chai et al. prepared VOx/NiS/NF using the hydrothermal method, which displays 330 mV overpotential at 50 mA cm−2 [52]. Su et al. chose to combine NiS with Co-MOF. Ni-S/Co-MOF only requires 248 mV overpotential to reach 10 mA cm−2, and its Tafel slope is as low as 29.1 mV dec−1 [48]. Further, Shi et al. designed a Mo-doped Ni3S4 self-supporting electrode with carbonized wood as the framework (Figure 4). Ni3S4/CW-0.4 is an excellent bifunctional catalyst for water decomposition reactions. At 10 mA cm−2, the catalyst displays an ultralow overpotential of 17 and 240 mV for HER and OER, respectively. Furthermore, it shows durable stability over 50 h and the ultralow Tafel slope of 47.7 mV dec−1. In situ Raman spectroscopy indicates that the intensity of two signal peaks at 436.1 cm−1 and 595.6 cm−1 during OER increases with voltage, which is mainly caused by the vibration of NiOOH. The doping of Mo increases the relative content of NiOOH, and when the molar ratio of Mo/Ni is 0.4, the catalyst displays the lowest voltage of 0.4 V. Further, EPR results show that after OER, the Mo-Ni3S4/CW-0.4 had a strong defective peak, which proves that a large number of S-vacancies are generated. Mo doping increases the content of NiOOH and a large number of S vacancies produced by Ni dissolution during the reaction, both of which enhance the OER activity of the catalyst. DFT calculations show that Mo doping makes the lattice of Ni3S4 expand, so that there is a higher electron cloud density near the Fermi level, which reduces its adsorption energy for hydrogen and oxygen substances. Further, the introduction of Mo can also adjust the local current density on the surface of Ni3S4 (the current density increases around Mo atoms and decreases near Ni atoms). In addition, during the reaction, the catalyst undergoes surface oxidation and restructuring to form hydroxyl oxides, further improving OER activity. Besides the benefit from the unique spatial structure, 3D porous CW substrate with low curvature increases the exposure of specific active surfaces, contributes to OER activity, and accelerates the rate of electron transfer, electrolyte diffusion, and gas product escape, enhancing catalysis activity for OER [53].



It is found that nickel sulfide-based catalysts may undergo surface reconstruction and transformation of active sites during the OER. For example, during the OER process, the active site of Fe-NiS will be irreversibly reconstructed, and NiOOH with a better catalytic effect, will be formed on the catalyst surface [54]. Furthermore, Chen et al. prepared a honeycomb nanoplate-shaped selenium-doped NiS on carbon fiber cloth. They found that the overpotential at 50 mA cm−2 was only 338 mV for this material. It is found that the existence of Se can simplify the formation path of NiOOH, while S can facilitate NiOOH formation on the surface at a lower voltage. DFT calculations indicate that Se adsorption free energy is moderate and the d-band center is low, which promotes OER [55]. Li et al. also synthesized the composite NiS/NiSe2 with rich heterogeneous interfaces. Under the current density of 10 mA cm−2, the Ni4-Se2-S2 group with the ratio of NiS to NiSe2 of 5.82/2.47 showed the best catalytic performance, and the OER overpotential was 228 mV [56]. The heterogeneous interface can produce strong interaction, and its synergistic effect can reconstruct the electronic structure, thus improving the electron density and conductivity and enhancing the electrocatalytic activity [57].



NiFe double hydroxide has many advantages in electrocatalysis, such as its large intrinsic activity and adjustable chemical composition, so it is often compounded with other electrocatalysts [1]. Ren et al. synthesized Ni3S2 nano-cones covered by NiFe-LDH on nickel foam. The catalyst has a core-shell structure with rich heterogeneous interfaces. In 1.0 M KOH seawater, this catalyst requires an overpotential of only 341 mV to achieve a current density of 1000 mA cm−2. Compared with pure Ni3S2, Ni2S3@LDH/NF with a core-shell structure has better conductivity, more active sites, stronger bubble release ability, and higher thermodynamic stability, which makes it have better electrocatalytic ability [58].



Vacancy also plays an important role in enhancing the electrocatalytic activity of transition metal sulfides [59]. Sun et al. in situ grew Ni3S2@Cu2S hollow nanotubes with a large number of sulfur vacancies on copper foam. Researchers analyzed the TEM and SEM images of the samples and found that the Cu2S host is a nanorod-like structure with a diameter of 300 nm. At the same time, due to the presence of abundant sulfur vacancies, the central material of the nanorods is decomposed, giving Cu2S a hollow shell structure. And Ni3S2 is coated on the surface of nanorods by electrodeposition. Ni3S2 is a cross-linked network structure with a thickness of approximately 100 nm. Due to vacancy defects, rich heterogeneous interfaces, and nanotube structures, VS-Ni3S2@VS-Cu2S NHAs/CF exhibits an OER overpotential of 241 mV at a current density of 50 mA cm−2. In addition, it also exhibits excellent HER electrocatalytic activity with an overpotential of 47 mV at 10 mA cm−2. DFT calculations show that the introduction of S vacancy increases the overall density of the active center, reduces the band gap, improves the charge transfer efficiency, and lowers the energy barrier of the intermediate process. Simultaneously, the abundant heterojunction promotes the formation of a built-in electric field, which accelerates the catalytic reaction kinetics [60].



Based on the idea of heterogeneous interface engineering and surface reconstruction, Chen et al. synthesized FeOOH/Ni3S2 heterostructure on foamed nickel. In 1.0 M KOH, the current density of FeOOH/Ni3S2/NF reached 100 mA cm−2 at an overpotential of 268 mV, and it showed excellent stability at 200 mA cm−2. In situ, Raman spectroscopy indicates that NiOOH and β-FeOOH are formed on the surface of the catalyst following surface reconstruction. In addition, researchers use COHP to reveal the phase transition of iron hydroxide during OER. The structure shows that the anti-bond orbital of α-FeOOH not only exceeds the Fermi level, but also is partially filled, indicating that the stability of α-FeOOH is worse than that of β-FeOOH. It means that the phase transition of α-FeOOH is easier to occur than the surface reconstruction of Ni3S2, which allows the phase transition of FeOOH-Ni3S2 to occur rapidly during the OER process, and further forms more heterogeneous interfaces to improve the OER activity. The formation of β-FeOOH can induce lattice disorder in NiOOH and further improve its catalytic activity. The results of Ex situ XPS test prove that the above theory also shows that the existence of FeOOH makes the metal atoms on the catalyst surface more easily oxidized to higher valence states. The DFT calculations confirm that the FeOOH/NiOOH heterostructure by adjusting the electronic structure of the catalyst and improving the adsorption of intermediates through synergistic effect, enhances the OER activity [61]. The same as CoS, NiS also involves studies aimed at enhancing electrical conductivity to increase the catalyst activity. Li et al. have synthesized a multiphase nickel-iron sulfide foamed nickel electrode, which features the hierarchical structure of NiS and Ni2S3 doped with iron, possessing a benchmark OER activity in alkaline media with a potential as low as 1.33 V (vs. RHE) to drive an OER current density of 10 mA cm−2. Unlike previous approaches, NiFe-LDH obtained by hydrothermal reaction was put into the clear solution synthesized by CS2 and S through topological transformation, and the final product was obtained by hydrothermal reaction again. DFT+U computations were applied to calculate the Gibbs free energy of coordinate elementary steps and overpotentials for the MPS/NF electrode. The result indicates that (Ni, Fe)S exhibits higher activity than (Ni, Fe)3S2, and (Ni, Fe)S may be the active center, while the (Ni, Fe)3S2 may serve as a conductive network.





2.2. Transition Metal Selenide


Transition metal selenides have a complex structure, typically featuring a three-dimensional crystal network. Transition metal selenides have good conductivity, which is due to the strong metallic nature of selenium. Transition metal selenides display the characteristics of insulator, semiconductor, semi-metal, and real metal, which endows them with excellent photocatalytic and electrocatalytic properties [3].



Modification of transition metal selenides by doping and compositing can further improve their catalytic performance. In recent years, there have been many cases of doping of metallic and nonmetallic elements. The reasons why doping improves the performance of the catalyst can be attributed to: (1) rich heterogeneous interfaces are formed, more active sites are exposed, and the catalyst’s superhydrophobicity or superhydrophilicity is enhanced; (2) by improving the electron transport, the electron arrangement can be adjusted, significantly increasing the electrochemical reaction kinetics on the electrode surface and improving mass transfer efficiency; (3) improving the adsorption of OH- on the catalyst surface, which is beneficial to the generation of hydroxyl oxide layer on the surface; (4) The calculation by DFT theory shows that the electronic structure of the catalyst can be improved by manipulating the center of d-band when doping specific metal elements [62,63,64,65,66].



Lin et al. introduced both P doping and Se vacancies through Ar plasma treatment to enhance the intrinsic conductivity of the NiSe nanoplate array (A-NiSe/P). Due to the increased active sites and enhanced conductivity, the obtained A-NiSe/NF showed an ultra-low overpotential of 272 mV at 10 mA cm−2 [67]. The XPS results of A-NiSe2/P show that the peak of Niδ+ obviously moves up, which means that more Ni with high valence is produced. The results of Se 3d spectrum correspond to the binding energies of Se 3d5/2, Se 3d3/2, and SeOx, and the intensity of Se 3d and SeOx peaks obviously, indicating that a large number of vacancy defects are formed. The above results show that compared with NiSe2, A-NiSe2/P has more active sites. Similarly, Ye et al. chose to simultaneously dope C and N on NixFe1-xSe supported by vertical graphene to obtain N-doped carbon-modified NixFe1-xSe composite material (NC@NixFe1-xSe/VG). At the current density of 20 mA cm−2, NC@NixFe1-xSe shows an extremely low overpotential of 220 mV, and its stability exceeds 300 h. Using density functional theory, the researchers calculated that the structure of Ni0.75Fe0.25Se/Ni0.75Fe0.25OOH significantly improved the activity of the catalyst, and the unique interconnected heterostructure of the material helped the rapid transmission of electrons and ions. The hetero-interfaces of Ni0.75Fe0.25Se/Ni0.75Fe0.25OOH make the charge density near the *OH intermediate higher, but the charge density between the active site and different intermediate sites is quite different, which indicates that the existence of heterogeneous interfaces regulates the adsorption capacity of the active site for *OH, *OOH and *O. Therefore, heterogeneous interfaces can weaken the surface bonding strength of oxygen intermediates to promote the OER process. DOS calculation proves that the d-band centers of Ni and Fe atoms obviously deviated from the Fermi level. In addition, it is demonstrated that the excellent stability of the catalyst comes from SeO2 adsorbed on its surface [64].



Fan et al. synthesized Fe-NiCoSe/NiCoSe/NF by doping Fe into Co/Ni bimetallic selenide, choosing nickel foam as the substrate. Fe-NiCoSe/NiCoSe/NF was prepared by selenizing NiCoFe Prussian Blue Analogue, which was grown on NiCo-layered double hydroxide. Because of the synergistic effect of multi-stage nanosheet arrays, bimetallic selenides, and the rearrangement of electronic structure caused by Fe doping, the Fe-NiCoSe/NiCoSe/NF catalyst exhibits a low overpotential of 199 mV for oxygen evolution in 1.0 M KOH at 10 mA cm−2 [65]. Dong et al. doped Ag into NiCoSe2/NF by electrodeposition. The prepared AgNiCoSe2/NF has good catalytic performance for OER, and it achieves a current density of 100 mA cm−2 at only 270 mV overpotential. Its catalytic ability is much better than that of non-Ag-doped NiCoSe2, because the lamellar structure provides more active sites, while metal doping regulates the electronic configuration and effectively improves the intrinsic activity [66]. Reza Andaveh et al. conducted further studies. They loaded NiSe onto nickel foam and subsequently doped Co and Mn atoms on it by electrochemical deposition, thus constructing a catalyst with a triple heterostructure (Figure 5). Using FESEM, researchers observed that after Mn and Co atoms were introduced by the CV method, interconnected nanosheets appeared on the catalyst surface. The unique 3-D morphology of microspheres was observed on the catalyst, and the surface was very rough and had superhydrophobicity and super water absorption, which greatly increased the exposure of active sites on the catalyst surface and mass transfer properties. Further, XPS results of MnCo/NiSe indicate that Ni 2p and Se 3p peaks have obvious positive shifts. This shows that the introduction of Co and Mn atoms reduces the electron density around Ni and Se, which shows that different electronegative components of heterostructure will cause charge transfer. In short, the synergistic effect between CoMn and NiSe increases the electron transport path of the catalyst, thus promoting the reaction kinetics. The results of the DFT calculation further prove that the improvement of the electronic structure of the catalyst is mainly through the upward shift of the d-band. Finally, the electronic structure of the catalyst was optimized to improve electrocatalytic activity. It exhibits excellent oxygen evolution performance in alkaline water, achieving overpotentials of 225.8, 340.4, and 370.7 mV at current densities of 10, 500, and 1000 mA cm−2, respectively, along with long-term stability [62].



In addition to polymetallic selenides, monometallic selenides have also made a lot of progress in recent years. The crystal phase is an important parameter that determines the electronic structure and catalytic performance of the catalyst. Li et al. found that o-CoSe2, which possesses an orthogonal phase, exhibits superior OER catalytic performance compared to c-CoSe2, which has a cubic phase [68]. Xu et al. synthesized c-CoSe2/o-CoSe2-V using topological transformation. The catalyst only requires 250 mV to reach 10 mA cm−2, and the Tafel slope is 65.4 mV dec−1 [69]. Dang et al. utilized a volcanic map, derived from theoretical calculations, to pinpoint the <001> plane as the optimum crystal plane for OER in the orthorhombic system. Subsequently, CoSe2 (001) nanosheets were synthesized, with the proportion of the <001> surface being effectively controlled by adjusting the synthesis temperature. After testing a series of samples synthesized at different temperatures, it was found that those synthesized at 250 °C exhibited the lowest overpotential of 240 mV at 10 mA cm−2 [70]. Peng et al. designed Se-NiSe2 hybrid nanosheets on carbon fiber cloth, achieving self-regulation of ionic and elemental selenium through solution synthesis and hydrothermal treatment. At an annealing temperature of 180 °C, the Se-NiSe2/CC hybrid nanosheets exhibited an overpotential of only 350 mV for oxygen evolution at 100 mA cm−2 [71].



Recent studies show that transition metal selenides will undergo surface oxidation and restructuring at high anode potential to generate hydroxyl metal oxides and SeO32− (or SeO42−). Although hydroxyl metal oxides are considered as the active centers of OER and SeO32− (or SeO42−) will also promote OER, surface restructuring will cause the dissolution of active metal species and selenium-containing anions, and hydroxyl oxides are very active, which inhibit the stability of transition metal selenides and lead to the performance declines rapidly [22,72]. However, Wang et al. found that the introduction of monatomic silver on the surface of NiSe2(AgSA-NiSe2) can inhibit surface reconstruction. The researchers observed the surface reconstruction of AgSA-NiSe2 by in situ Raman spectroscopy and XPS and found that the catalyst did not produce the peak of NiOOH, which indicated that monoatomic silver inhibited the generation of NiOOH. Simultaneously, the catalysis has excellent performance and durable stability. In 1.0 M KOH, AgSA-NiSe2 can reach a current density of 10 mA cm−2 only with an overpotential of 179 mV, and its performance only drops by 8% after 500 h operation. Researchers further performed DFT calculations to prove the role of Ag single atom (SA). It is found that AgSA-NiSe2 exhibits more electronic state densities near the Fermi level, strengthening the bonding between oxygen-containing intermediates and the active sites. Simultaneously, the COHP result indicates that the Ag single atom strengthens the Ni-Se bond significantly, which impedes oxidation and phase transformation. In addition, the calculation results show that the reaction kinetic barrier (0.64 eV) of AgSA-NiSe2 is obviously lower than that of NiSe2 (0.76 eV) [73].




2.3. Transition Metal Tellurides


Transition metal telluride possesses unique physical and chemical properties, including its layered structure, high conductivity, large specific surface area, and rich electronic structure, making it of potential application value in the OER reaction.



Dhanasekaran Vikraman et al. synthesized Co1-xMoxTe (x = 0–1) nano-array structure on nickel foam, and discovered that when x = 0.5, this series of catalysts showed minimum overpotential and Tafel slope. When it is used in water splitting, the overpotential is 160 mV at the current density of 10 mA cm−2, and it works stably for 50 h, which is better than the electrocatalytic performance of the precious metals currently used in commercial applications. In addition, they verified the enhanced electrocatalytic activity of Co0.50Mo0.50Te2 alloy by DFT. It has high DOS and Gibbs energy near the Fermi level. Both experimental and theoretical results confirm that the strong electronic interaction and synergy between Co-Te and Te-Mo significantly contribute to the enhanced performance of OER/HER [74]. John D. Rodney et al. synthesized Ni15Sn15Se35Te35 using the melt quenching technique. When it reaches 10 mA cm−2, the overpotential is 357 mV. The Tafel slope is 130 mV dec−1 [75].



However, unlike Dhanasekaran Vikraman et al., some researchers have shown that adjusting the ratio of transition metal to Te can also improve the properties of transition metal tellurides. Wang et al. synthesized a series of samples using a one-step hydrothermal method on Te nanosheets as the substrate. The SEM images display that Te-NS is an ultra-thin and uniformly thick nanosheet with a smooth surface (~1.2 nm). Te-NS has ultra-high conductivity. The introduction of Co causes wrinkling of the nanosheets and uneven thickness. This change makes the material fluffy. Finally, 3D cigarette clusters were formed on Te-NS. The formation of clusters will reduce the conductivity of Te NS, but it will also increase the exposed area of active sites. As the Co content increases, the nanosheets continue to collapse, Co clusters aggregate, and the catalyst gradually transforms from a sheet-like to a 3D flower-like structure. They found that when the ratio was 3:10, the synthesized hybrid catalyst Co1.1Te2/Te (Te-Co-3) showed the best catalytic performance. The overpotentials of HER and OER of the electrode are only 135 and 261 mV, respectively, when the current density of 10 mA cm−2 is driven in an alkaline environment (1 M KOH). Wang et al. explained that its excellent performance can be summarized in two aspects. On the one hand, the excellent catalytic performance comes from its unique micro-flower structure and the largest specific surface area of Te-Co-3; On the other hand, studies have shown that Co3+ acts as an active site for OER reactions [76]. Compared with other molar ratio samples, Te-Co-3 has the highest content of Co3+, which makes it the strongest adsorption capacity for OH− and a strong charge transfer capacity [77].



Metal-organic frameworks have a large number of active sites that react with water molecules and the required adsorption/desorption characteristics with oxygen intermediates. However, they are limited by their low conductivity [78]. To address this, Keemin Park et al. doped the metalloid element Te into the 2D NiFe-MoF to improve its conductivity, which facilitated electron transfer from the transition metal in MOF to the embedded Te, thus improving the kinetics of OER and enhancing the adsorption of oxygen intermediates. XPS is used to explain the OER mechanism. Ni 2p spectra located at 855.7 and 873.1 eV show that the peak intensity ratio of Ni3+ to Ni2+ has no obvious change after the 30 h stability test. On the contrary, the Fe 2p spectra at 711.3 and 724.7 eV show that Fe3+/Fe2+ increases to 2.83 after the test (0.95 before the test). Results imply that in Te, Cl-NiFe MOF, and Fe may be the real active site instead of Ni. Further, the results of Te 3d spectra show that the peaks of Te 3d5/2 and Te 3d3/2 have obvious negative shifts. Based on the XPS results of metal species, the researchers consider that electron transfer mainly occurs in Te atoms and Fe atoms during electrocatalysis. There is a synergistic effect between Fe and Te. that Fe enhances the electron transfer ability of Te, while Te enhances the electrocatalytic oxidation ability of Fe. They also doped with Cl− to induce defects within the NiFe-MoF structure, thus exposing more active sites. Te-Cl co-doped NiFe-MoF grown on nickel foam shows a low overpotential of 224 mV and a low Tafel slope of 37.6 mV dec−1 at a current density of 30mA cm−2 with a stability duration of up to 120 h [79].



Interestingly, Suvani Subhadarshini et al. made a substrate with a high-resolution needle array structure by 3D printing with stereolithography (SLA), and coated it with Co3Te4-CoTe2 (COT) nanofibers for water decomposition and energy storage [80]. The cobalt telluride electrode printed by SLA 3D shows considerable performance as a photoelectric catalyst for HER and OER. At the current density of 10 mA cm−2, the overpotential of OER and HER of COT@SLA 3D-PE are 430 mV and 290 mV, respectively. Researchers explained that it has numerous electroactive cobalt sites, the extensive surface area of nanofibers, and the existence of various energy states that are helpful to effectively separate exciton pairs. These characteristics enhance the ability of the material to drive HER, OER, and overall water decomposition reactions at low overpotential values. Although the overpotential performance is worse than other cases in this paper, Suvani Subhadarshini et al. proposed an innovative method to fabricate high-resolution needle array electrodes by stereolithography-assisted (SLA) 3D printing technology, and chemically modified the surface with conductive carbon and Co3Te4-CoTe2 nanofibers (Figure 6).



It has been experimentally demonstrated that the intrinsic activity of the catalyst can be improved by reducing the adsorption between OER intermediate and telluride through surface modification [81]. Bo et al. synthesized 2D ferromagnetic material 2D-Ni3GeTe2v nanosheets with abundant Te vacancies through the mechanical exfoliation method. The presence of Te vacancies significantly reduces the adsorption energy of the catalyst for oxygen-containing intermediates. This catalyst only requires an overpotential of 250 mV and can reach 10 mA cm−2, with a Tafel slope of 51.19 mV dec−1 [82]. On this basis, Guo et al. employed an in situ cathodic electrochemical activation process to promote surface self-reconstruction, and formed a large number of oxygen vacancies (Ov) on the surface of iron-doped NiTe-TeO2. TEM images of Ov@Fe-NiTe show that the catalyst exhibits 3-D morphology of the microsphere. The diameter of the microsphere is about 5 microns, and its surface is composed of cross-linked TeO2 nanosheets. TeO2 nanosheets, with an average width of about 200 nm, have an extremely thin thickness of 2 nm. By comparing the XPS spectra of Te and Ni of Ov@Fe-NiTe and Fe-NiTe, the researchers found that the substance transformation in CEA mainly occurred at the Te site. When a bias voltage of 0.2 V is applied, TeO2 spontaneously formed on the surface of Fe-NiTe will decrease, and the uncoordinated Te terminal will be exposed, forming oxygen vacancies. Finally, the TeO2 layer with oxygen-enriched vacancies is formed. The results of in-situ Raman spectroscopy display that the intensity of *OOH of Ov@Fe-NiTe is significantly higher than that of Fe-NiTe. This indicate that Ov can improve the OER performance by enhancing the absorption capacity of *OOH. Through DFT dynamic characterization and theoretical calculation, Guo et al. explained that εd of Fe-NiTe-TeO2 (Ov) is closer to Fermi level than that of Fe-NiTe-TeO2, and the anti-bond orbital is above EF, so less electrons are filled in the anti-bond orbital of Fe-NiTe-TeO2(Ov), thus enhancing the interaction with *OOH. The overpotential of oxygen evolution reaction of Fe-NiTe-TeO2 (Ov) is as low as 245 mV to drive 100 mA cm−2 in 1 M KOH, which is 95 mV lower than that of Fe-NiTe-TeO2 without in-situ cathodic electrochemical activation process, and the Tafel slope is as low as 35.5 mV dec−1 [83].




2.4. Multiple Transition Metal Chalcogenides


Multicomponent transition metal chalcogenides are usually composed of more than two transition metal elements (such as zinc, cobalt, nickel, copper, etc.) and sulfur. These elements combine via chemical bonds to form compounds with specific crystal structures. Wan et al. synthesized spherical (FeCoNiCrCuAl)S@HCS by one-step hydrothermal reaction of multiple metal elements. At a current density of 10 mA cm−2, the overpotential is 253 mV, and the Tafel slope is 61.51 mV dec−1 [84]. The most common structure of bimetallic sulfide is a layered structure, where sulfur and metal atoms are arranged in an alternating manner. In this structure, metal atoms are usually in octahedral or tetrahedral coordination structures, while sulfur atoms are in square or hexagonal coordination configurations. In addition, the composition and structure of transition metal bimetallic sulfide can be regulated by choosing different transition metals and sulfur compounds, so as to obtain materials with different properties and applications. Transition metal bimetallic sulfides usually have the electrical properties of semiconductors or metals, and their conductivity and resistivity can be modulated by controlling their composition, structure and morphology. Bimetallic sulfides exhibit richer redox reactions and possess higher electron transport rates compared to single-component metal sulfides.



Heterostructure engineering has brought tremendous potential for the development of multiple transition metal chalcogenide electrocatalysts for the decomposition of water [20,85]. Different metal atoms on the heterogeneous interface have different electronegativity. This enables electronic interaction between atoms on the interface to optimize the electronic structure of the catalyst. The optimized electronic structure of the heterogeneous interface may have more OER active sites and may also increase the electron transfer path. In addition, the heterogeneous interface can also increase the exposed area of the active site and enhance the adsorption capacity of the active site for oxygen-containing intermediates. The heterogeneous interface can also enhance the mesoporous property of the catalyst, thus improving the hydrophobicity and hydrophilicity of the catalyst. Herein, Chen et al. demonstrated a simple method to synthesize a paper-mulberry-inspired Co9S8@CoNi2S4/nickel foam (Co9S8@CoNi2S4/NF) with excellent catalytic activity and stability. Co9S8@CoNi2S4/NF benefits from the heterogeneous structure and functional advantages of multidimensional building blocks, including 1D nanowires, 2D nanosheets, and nanoparticles. In conclusion, it shows the flower-like heterogeneous structure. In 1.0 mol L−1 KOH solution, the optimized Co9S8@CoNi2S4/NF heterojunction has excellent electrocatalytic activity at 10 mA cm−2, with an overpotential of 68 mV for HER and 170 mV for OER [86]. Wang et al. synthesized Co8FeS8/CoS nanotubes with heterostructures. It requires 278 mV to achieve 10 mA cm−2. The Tafel slope is 49 mV dec−1 [87]. The NiS/CoS/CC-3 electrocatalyst developed by Yang et al. benefited from its unique rectangular sponge-like structure, rich heterogeneous interfaces between NiS and CoS, and good synergy among components. At 10 mA cm−2, the OER overpotential was 290 mV, and the current density remained unchanged for 72 h [85]. Hwang et al. synthesized (Ni1.2Co1.8) S4 with an overpotential of 298 mV at a current density of 10 mA cm−2 [88]. Feng et al. also used heterogeneous interface engineering to synthesize MoS2/NiFeS2/NF. At the current density of 1000 mA cm−2, MoS2/NiFeS2/NF catalyst for OER and HER reached an overpotential of 314 and 253 mV, respectively. At high current density, its excellent catalytic activity and stability far exceed the RuO2 [89]. On the basis of Feng et al., Mu et al. further doped W into MoS2/NiFeS2/NF, and the formed W-MoS2/NiFeS2/NF nanosheets not only had rich heterogeneous interfaces, but also had super hydrophilicity and super oxygen hydrophobicity under water. The doping of different metals in the catalyst also changes the electronic structure of the electrode and improves the conductivity. Super hydrophilic/underwater super oxygen-phobic promotes mass transfer efficiency and electrolyte permeability. At 10 mA cm−2, the W-MoS2/FeNi2S4/NF exhibits ultralow overpotential of 92 and 177 mV for HER and OER, respectively, and has an ultralow Tafel slope of 20 mV dec−1 [90]. Similarly, Liu et al. synthesized Mo-FeS2/Ni3S2@C nanowire arrays. Mo-FeS2/Ni3S2@C displayed excellent OER catalytic performance close to W-MoS2/FeNi2S4/NF. Mo-FeS2/Ni3S2@C exhibited an ultralow overpotential of 196 mV in an alkaline environment of 1.0 M KOH and a current density of 10 mA cm−2 [91].



Further, Pan et al. synthesized Ni2P/MoS2-CoMo2S4@C heterogeneous metal catalyst on carbon nanosheets. The SEM image of Ni2P/MoS2-CoMo2S4@C shows a nanosheet structure composed of MoS2 and CoMo2S4, with a large number of NiP clusters uniformly distributed at the edges. It can be predicted that this special structure will endow the catalyst with a great three-phase heterogeneous interface. They revealed by DFT calculation that NiP nanoparticles were bound to the surface of MoS2-CoMo2S4 through strong interface interaction, forming multiple heterogeneous interfaces (Figure 7). Moreover, the strong covalent interaction between the three metal atoms drives the d-d orbital electron transfer, which promotes the continuous electron transfer between the interfaces of multiple heterojunctions. Moreover, XPS, in situ Raman spectroscopy, and HRTEM results demonstrate that the strong interfacial interaction between phases inhibits the surface reconstruction of the catalyst during OER, which indicates that the catalyst has stronger stability. Ni2P/MoS2-CoMo2S4@C is an excellent bifunctional catalyst for water decomposition. At 10 mA cm−2, it displays an overpotential of 73 mV and 198 mV for HER and OER with great long-term stability over 100 h, and only 1.45 mV cell voltage is needed to drive the whole water decomposition [92].



As an electrocatalyst, LDH has shown many advantages in OER, such as high catalytic activity, good stability, efficient charge transfer, and adjustable catalytic performance, which give LDH broad application prospects in the field of energy conversion and storage [93,94]. Liu et al. developed a transition metal sulfide/hydroxide electrocatalyst (1T-MoS2/Ni3S2/LDH) with double heterogeneous interfaces. The existence of two built-in electric fields not only accelerates the charge transfer at the interface, but also enhances the adsorption of reactants and intermediate groups, thus improving the reaction rate and overall catalytic performance. The required HER overpotential and OER overpotential are 104 mV (10 mA cm−2) and 188 mV (50 mA cm−2) [95]. Feng et al. also introduced LDH into bimetallic sulfide. They prepared a new cactus-like hollow sphere of NiCo2S4@NiFe LDH by a simple hydrothermal method, which was assembled by one-dimensional (1D) NiFe LDH nanowires and two-dimensional (2D) NiFe LDH nanosheets on the hollow sphere of NiCo2S4. NiCo2S4@NiFe LDH showed excellent OER catalytic activity, low overpotential at 10 mA cm−2 (287 mV), a Tafel slope of 86.4 mV dec−1, and excellent stability [96]. Furthermore, Liu et al. synthesized NiFe-LDH@Co9S8-Ni3S2/NF using hydrothermal and electrodeposition methods. NiFe-LDH@Co9S8-Ni3S2/NF exhibits excellent OER activity. Only 223 mV overpotential is needed to reach 100 mA cm−2, and its Tafel slope is as low as 36.44 mV dec−1 [97].



Defect engineering often endows catalysts with unexpected performance improvements. Vacancy is a type of charge carrier. In the field of electrocatalysis, vacancy engineering can be used to change the electronic structure and the distribution of surface active sites of electrocatalytic materials, thus regulating the rate and efficiency of electrocatalytic reactions [98]. Luo et al. synthesized a new amorphous phase/crystalline phase inhibiting structure (a-CoS/Ni3S2). The interface coupling between the amorphous and crystalline phases is stronger than that between pure crystalline phases, and it contains a lot of S vacancies. The a-CoS/Ni3S2 displays an ultra-low overpotential of 192 mV at 10 mA cm−2 for OER [99]. Wang et al. synthesized Co6Fe3S8 with S vacancies and Fe doping by CVD. At a current density of 10 mA cm−2, its overpotential is 250 mV. The Tafel slope of Co6Fe3S8 is 135mV dec−1 [100]. Huang et al. found that embedding 20% wt CeO2 cocatalyst in mesoporous CoS/MoS2 polyhedron can also improve catalytic performance. 20% CeO2@CoS/MoS2 exhibits OER electrocatalytic performance in alkaline solution, achieving an overpotential of 247 mV at a current density of 10 mA cm−2 and a Tafel slope of 64 mV dec−1. On the one hand, the introduction of CeO2 increases the heterogeneous interface of the catalyst; On the other hand, abundant oxygen vacancies are formed on the catalyst surface, which increases the number of active sites and reduces the adsorption energy of oxygen-containing intermediates [101]. Zhao et al. synthesized Fe-Co-S nano alloys using the hydrothermal reaction method. This catalyst only requires an overpotential of 210 mV and can reach 10 mA cm−2, with a Tafel slope of 55.67 mV dec−1 [102]. He et al. formed S vacancies on NiFeS by electrochemical reduction. NiFeS/NF with rich S vacancies exhibited an ultralow overpotential of 252 mV at 100 mA cm−2, and demonstrated long-term stability, maintaining performance for 260 h at a current density of 500 mA cm−2. The Tafel slope of Vs-NiFeS-0.6/NF is 32 mV dec−1. Further, He et al. proved the existence of a large number of S vacancies in the catalyst by XAS (Figure 8). DFT calculation results show that the introduction of S vacancy significantly reduces the free energy required for the rate determination step at Ni site (from 2.86 eV to 2.42 eV) and Fe site (from 3.10 eV to 1.59 eV), at which time Fe becomes the main active site. The DOS curve proves that the presence of sulfur vacancies enhances the carrier density near the Fermi surface, and the electronic interaction between the catalyst and oxygen-containing intermediates is mainly influenced by the Fe 3d and Ni 3d states. The presence of sulfur vacancies reduces the orbitals of Fe 3d and Ni 3d. The increase of S vacancy concentration can not only improve the conductivity of materials, but also reduce the energy of metal atoms and increase the electron transfer ability [103].





3. Strategies for Boosting the Performance in TMC Catalysts


3.1. Nanostructure Regulation and Conductive Substrate Integration


The performance of TMC catalysts for OER can be significantly boosted through nanostructure regulation and conductive substrate integration, which aims to maximize the exposure of active sites, facilitate charge transfer, and improve the stability of the catalysts.



3.1.1. Nanostructure Regulation


Regulating the morphologies of nano TMC catalysts is an effective strategy for enhancing OER performance due to several advantages they offer over bulk materials, including increased surface area, improved electron transfer pathways, and better adsorption and desorption kinetics of reactants.



For instance, hexagonal single-crystal CoS nanosheets with different thicknesses have been successfully prepared by an atmospheric-pressure chemical vapor deposition method [35]. The thickness of the CoS nanosheets was tuned by adjusting the gas velocity during the heating process, resulting in samples with thicknesses ranging from 5 nm to 100 nm. Among them, the 5 nm thick CoS nanosheets exhibited the best OER performance, achieving an overpotential of 290 mV at 10 mA cm−2 and a Tafel slope of 65.6 mV dec−1. This enhanced performance was attributed to the more significant number of exposed active sites and the optimized electronic structure of the thin nanosheets.



Similarly, a series of nickel sulfide (NiSx) nanocrystals with controllable phases and compositions (NiS2, NiS, and Ni3S2) have been reported to exhibit different OER performances [50]. Among them, Ni3S2 exhibited the best performance, requiring an overpotential of 295 mV to reach a current density of 10 mA cm−2, outperforming NiS and NiS2. The excellent performance of Ni3S2 was attributed to its metallic conductivity, abundant active sites, and optimal Gibbs free energy for catalyst-H*.



Furthermore, the construction of hierarchical nanostructures, such as the pine-tree-like FeCoS array on nickel foam, has been shown to effectively expose more active sites and improve the stability of the catalyst [104]. The use of a polyvinylpyrrolidone (PVP) surfactant during the synthesis process contributed to the formation of this hierarchical structure, leading to an increase in the active surface area and exposure of active sites.




3.1.2. Conductive Substrate Integration


Integrating TMC catalysts with conductive substrates can significantly enhance the OER performance by improving electron transfer efficiency and facilitating mass transport. Conductive substrates not only provide a stable platform for the growth of TMC nanostructures but also act as current collectors, reducing the internal resistance of the electrochemical cell.



For example, the FeOOH-CoS composite catalyst supported on nickel foam (FeOOH-CoS/NF) exhibited exceptional OER performance, achieving an overpotential of 306 mV at 500 mA cm−2 and 329 mV at 1000 mA cm−2 [44]. Integrating FeOOH and CoS with nickel foam improved hydrophilic performance and modulated the electronic structure of the active sites, leading to enhanced catalytic activity and stability.



Similarly, the MnCo/NiSe composite catalyst electrodeposited on nickel foam demonstrated remarkable OER performance, achieving an overpotential of 225.8 mV at 10 mA cm−2 and maintaining high stability over 200 h of continuous operation [62]. The nickel foam substrate not only provided good electrical conductivity but also facilitated the growth of MnCo/NiSe nanosheets, which maximized the exposure to active sites.



In another study, a three-dimensional VOx/NiS/NF nanosheet catalyst was synthesized by depositing vanadium oxide (VOx) nanosheets on sulfur-modified nickel foam (NiS/NF) [52]. The integration of VOx with NiS/NF improved the conductivity and stability of the substrate and facilitated rapid charge transfer between the catalyst and the electrolyte. As a result, the VOx/NiS/NF catalyst exhibited an overpotential of 330 mV at 50 mA cm−2 and excellent stability over 10 h of continuous operation.





3.2. Surface Modification


3.2.1. Surface Coating


Surface coating involves the deposition of a thin layer of another material on the surface of TMC catalysts to modify their surface properties, which can be used to improve the conductivity, stability, and OER performance of TMC catalysts.



Surface Coating in TMCs can lead to several beneficial effects. Firstly, coating TMCs with conductive materials, such as carbon-based materials or metals, can improve the electron transfer efficiency and enhance the catalytic activity [52]. Secondly, stability Improvement: Protective coatings can prevent the leaching of active species and corrosion of the catalyst surface, improving its stability during OER [67,73]. Finally, the coating layer can modify the surface chemistry of TMCs, altering their adsorption and desorption properties towards OER intermediates [72].




3.2.2. Surface Functionalization


Surface functionalization involves introducing functional groups or dopants onto the surface of TMC catalysts to modify their electronic structure and surface chemistry, which is used to optimize OER intermediates’ adsorption and desorption properties, thereby enhancing the catalytic performance.



Surface Functionalization can lead to several beneficial effects. Firstly, it can alter the electronic structure of TMCs, optimizing the adsorption energies of OER intermediates and enhancing the intrinsic catalytic activity [94]. Secondly, the introduction of functional groups or dopants can create new active sites on the catalyst surface, increasing the number of sites available for OER [64]. Finally, surface functionalization can modify the surface chemistry of TMCs, altering their wettability, surface energy, and adsorption properties towards OER intermediates [100].





3.3. Surface Reconstruction


TMC catalysts serve as efficient electrocatalysts for the OER. During the reaction, they often undergo surface reconstruction and transform into metal hydroxyl oxides. Currently, most studies attribute the catalytic capability of TMCs primarily to the metal hydroxyl oxides formed through surface reconstruction.



3.3.1. Phenomena and Mechanisms of Surface Reconstruction


Surface reconstruction is a widespread phenomenon in TMC-catalyzed OER processes. For instance, Yu et al. observed the transformation of amorphous CoSx into Co(OH)2 experimentally and confirmed CoOOH as the actual active site [105]. He et al. synthesized ultrathin Co6.8Se8 nanosheets and observed surface reconstruction during the OER process, endowing the catalyst with excellent electrocatalytic activity, achieving an overpotential of 253 mV at a current density of 10 mA cm−1 [106]. In the electrolyte, OH− first reaches the catalyst surface and exchanges chalcogenides on the TMC surface, forming more active hydroxy metal oxides. In situ Raman spectroscopy demonstrates that during surface reconstruction, the relative content of metal ions with higher oxidation states continuously increases, while chalcogenides are oxidized to higher valence states, combining with oxygen to form acid radical ions and leaving the catalyst surface.




3.3.2. Impact of Surface Reconstruction on Catalytic Performance


While surface reconstruction brings about higher active species, it also increases the dissolution tendency of the catalyst. Constructing an optimized structure can fully utilize the advantages of surface reconstruction while avoiding catalyst disintegration. Based on the concepts of heterogeneous interface engineering and surface reconstruction, Chen et al. synthesized a FeOOH/Ni3S2 heterostructure foam nickel electrode. In 1.0 M KOH, the catalyst achieved an overpotential of 268 mV at a current density of 100 mA cm−2 [61]. In situ Raman spectroscopy indicates that NiOOH and β-FeOOH are formed on the catalyst surface during OER. Furthermore, researchers used COHP to reveal the phase transition of iron hydroxide during OER. The structure shows that the anti-bond orbital of α-FeOOH not only exceeds the Fermi level but is also partially filled, indicating that the stability of α-FeOOH is worse than that of β-FeOOH. This means that the phase transition of α-FeOOH is easier to occur than the surface reconstruction of Ni3S2, allowing the phase transition of FeOOH-Ni3S2 to occur rapidly during the OER process, forming more heterogeneous interfaces and enhancing OER activity. The formation of β-FeOOH can induce lattice disorder in NiOOH, further improving its catalytic activity.



Du et al. synthesized Fe5Ni4S8 and subjected it to electrochemical pretreatment during OER. Similarly, the catalyst undergoes surface reconstruction to form Fe-NiOOH. At an overpotential of 270 mV, the catalyst can reach a current density of 20 mA cm−1 [107].



Zhao et al. synthesized Fe0.92Co0.08S loaded on sulfur-doped carbonized wood fiber and demonstrated through DFT calculations and electrochemical characterization that the synergistic effect of bimetals can significantly accelerate the surface reconstruction rate. XPS spectra show that the peaks of Fe 2p and Co 2p have obvious positive shifts after the OER process, indicating the formation of trivalent cations. Meanwhile, the intensity of the S 2p peak decreases significantly, indicating the generation of more hydroxides after the reaction. Additionally, the d-band center of the Fe site on FeCoOOH is lower than that on FeOOH, closer to the Fermi level, which facilitates the OER process [108].



Wan et al. synthesized Ni-doped CoS nanoparticles by pyrolysis of Ni-Co bimetallic organic compounds on nitrogen-doped mesoporous carbon. During OER, micro-regions containing Co and Ni atoms form on the catalyst surface, which can be considered as amorphous NixCo1-xOOH. Co atoms in NixCo1-xOOH can obtain electrons from nearby Ni atoms, leading to the formation of more negatively charged sites on Co and Ni, which reduces the adsorption energy of *OOH intermediates and enhances OER activity [109].



Wang et al. synthesized pine-tree-like FeCoS/NF via hydrothermal method, exhibiting excellent electrochemical performance with an overpotential of only 156 mV and a Tafel slope of 37 mV dec−1 at a current density of 10 mA cm−2 [104]. Ye et al. simultaneously doped C and N onto NixFe1-xSe supported by vertical graphene, obtaining N-doped carbon-modified NixFe1-xSe composite material (NC@NixFe1-xSe/VG). At a current density of 20 mA cm−2, NC@NixFe1-xSe shows an extremely low overpotential of 220 mV and stability exceeding 300 h. XPS spectra reveal that the oxidation states of Ni 2p and Fe 2p have positive shifts after the OER process, indicating the formation of NiOOH and FeOOH on the catalyst surface. DOS calculations prove that the d-band centers of Ni and Fe atoms deviate significantly from the Fermi level, which is beneficial for the OER process [64]. Wang et al. synthesized NiFe/Se ex. using CVD and electrodeposition methods. The catalyst exhibits excellent electrocatalytic activity, achieving an overpotential of 212 mV and a Tafel slope of 42 mV dec−2 [110].




3.3.3. Role of Non-Metallic Elements in Surface Reconstruction


While the above studies mainly focus on the role of metal atoms in surface reconstruction, the role of non-metallic elements (such as anions in chalcogenides) in the OER reaction cannot be ignored. Shi et al. verified the general promotion of OER by oxyacid radicals formed after surface reconstruction of chalcogenide elements, completing the research on OER of non-metallic products [22]. Luo et al. also noted the role of oxygen-containing acid groups generated after surface reconstruction during the OER reaction and directly synthesized FeOOH@SO4/NF, which exhibits excellent electrocatalytic activity with an overpotential of 251 mV and a Tafel slope of 56 mV dec−2 [111].





3.4. Element Doping Engineering


Element doping engineering has emerged as an effective strategy to enhance the electrocatalytic performance of TMC catalysts for the OER. By the incorporation of foreign atoms (either metallic or non-metallic) into the lattice of TMCs, the electronic structure and chemical properties of the catalyst can be significantly modified, leading to boosted catalytic activity, stability, and selectivity.



3.4.1. Mechanisms of Element Doping Engineering


Element doping in TMCs can change the local electronic environment and the overall band structure by the introduction of foreign atoms into the crystal lattice, which leads to several beneficial effects. Doping can adjust the d-band center and bandgap of TMCs, thereby optimizing the adsorption energies of reaction intermediates and enhancing the intrinsic catalytic activity. For instance, the doping of cobalt sulfide with molybdenum has been shown to induce electron redistribution between iron and tungsten, tuning the oxidation state of iron to a higher value and enhancing the surface adsorption of hydroxyl groups, as evidenced by XPS analysis [94]. Doping can introduce lattice defects, vacancies, or strain, which act as active sites for catalysis. These defects can lower the activation energy for OER and facilitate the formation of intermediate species. For example, doping cobalt selenide with silver not only improves its conductivity but also leads to the formation of Co-Ag alloy sites, which serve as active centers for OER [66]. The incorporation of highly conductive dopant atoms can significantly improve the electrical conductivity of TMCs, facilitating electron transfer and enhancing the catalytic rate. For instance, phosphorus doping into cobalt oxide/cobalt sulfide heterostructures results in the rearrangement of d-orbital electrons of Co atoms, optimizing the d-band center and enhancing charge transfer [40].



By benefiting from synergistic effects resulting from the interaction between the dopant and host atoms, catalytic performance can be improved further. This is particularly evident in the case of bimetallic or polymetallic doping, where the combined effect of multiple dopant atoms results in enhanced stability and activity. For instance, doping Co9S8 with both Fe and Mo results in a solid solution (Co6Fe3S8) with enhanced OER activity, attributed to the synergistic effects of Fe and Mo doping on the electronic structure and surface composition [100]. In another example, selenium doping into nickel iron selenide films grown on nickel foam results in a heterostructure with improved OER performance [72].




3.4.2. Impacts of Element Doping on Catalytic Performance


Element doping engineering has a profound impact on the OER performance of TMC catalysts, as evidenced by numerous studies. Firstly, doping TMCs with foreign atoms can lead to significant improvements in the overpotential required to achieve a given current density for OER. For instance, doping nickel selenide with manganese and cobalt results in a heterostructured MnCo/NiSe electrodeposited on nickel foam, which exhibits superior bifunctional activity towards both HER and OER, with an overpotential of 268 mV at 100 mA cm−2 for OER [62]. Secondly, the incorporation of dopant atoms can improve the structural stability of TMCs, preventing surface reconstruction and corrosion during OER. For example, doping cobalt sulfide with gold not only enhances its OER performance but also improves its stability, maintaining 95% of its initial activity after 25,000 s of continuous operation [43]. Finally, specific reaction pathways can be induced by tuning the electronic structure resulting from element doping. In other words, it leads that dopant atoms can favor the formation of certain intermediate species by modulating the electronic structure, thereby guiding the reaction toward desired products. For instance, the doping of molybdenum (Mo) into cobalt sulfide (CoS) catalysts has been shown to improve their selectivity towards the OER. Mo doping was found to induce electron redistribution between Co and Mo atoms, tuning the oxidation state of Co and enhancing the surface adsorption of hydroxyl groups. This, in turn, facilitated the formation of CoOOH active sites, which are known to be highly selective towards the OER. As a result, Mo-doped CoS catalysts exhibited lower overpotentials and higher current densities for the OER compared to undoped CoS catalysts [42].





3.5. Vacancy and Defect Engineering


As powerful strategies for enhancing the performance of TMC catalysts for OER, vacancy, and defect engineering have emerged, which are used to modulate the electronic structure and surface properties of the catalysts by introducing vacancies or defects into the crystal lattice of TMCs.



3.5.1. Mechanisms of Vacancy and Defect Engineering


Vacancy and defect engineering involve the intentional creation of lattice vacancies or defects within the crystal structure of TMCs. These vacancies or defects can act as active sites for catalysis, lower the activation energy for OER, and improve the conductivity of the catalysts. Specifically, vacancy defects can introduce local electronic states near the Fermi level, altering the adsorption energy of reaction intermediates and promoting the formation of active oxygen species [23]. Furthermore, defects can facilitate the diffusion of ions and electrons, enhancing the charge transfer kinetics during the OER process [101].




3.5.2. Impacts of Vacancy and Defect Engineering on Catalytic Performance


Engineering vacancies or defects in TMC catalysts can result in profound improvements in OER performance, which are attributed to several factors. Firstly, vacancy defects can act as active sites for OER, promoting the formation of oxygen intermediates and accelerating the reaction kinetics. For instance, the introduction of sulfur vacancies into nickel iron sulfide (NiFeS) nanosheets has been shown to significantly improve their OER activity, achieving a low overpotential of 212 mV at a current density of 100 mA cm−2 [103]. Secondly, defects can stabilize the catalyst structure by anchoring active species and preventing surface reconstruction during OER. For example, the incorporation of selenium vacancies into nickel selenide (NiSe) nanosheets inhibits the formation of NiOOH, enhancing the durability of the catalyst under prolonged operation [55]. Finally, vacancies can modify the electronic structure of TMCs, optimizing the adsorption energy of reaction intermediates and reducing the energy barrier for OER. The formation of oxygen vacancies in tungsten-doped nickel-iron layered double hydroxides (NiFeW-LDHs) has been shown to improve their intrinsic activity towards OER, achieving a low overpotential of 199 mV at 10 mA cm−2 [94].




3.5.3. Methodologies for Introducing Vacancies and Defects


Several methodologies have been employed to introduce vacancies or defects into TMC catalysts, including chemical etching, thermal annealing, and electrochemical activation. Chemical etching using acidic or oxidative solutions can selectively remove atoms from the crystal lattice, creating vacancies or defects. This method is effective for introducing sulfur vacancies into transition metal sulfides or selenium vacancies into transition metal selenides [73]. Thermal annealing under reducing or oxidizing atmospheres can induce the formation of vacancies or defects by promoting the diffusion of atoms within the crystal lattice. This method has been used to introduce oxygen vacancies into titanium niobate (Ti2Nb10O29-x) nanoparticles, enhancing their lithium-ion storage performance [59]. Electrochemical activation through cyclic voltammetry or constant potential electrolysis can dynamically create and stabilize vacancies or defects on the catalyst surface. This method has been demonstrated to enhance the OER performance of nickel telluride (NiTe) electrodes by inducing the formation of tellurium oxide layers with abundant oxygen vacancies [83].





3.6. Heterointerfacing Engineering


Heterointerfacing engineering, integrating different materials to form heterostructures, has emerged as another powerful strategy to significantly enhance the performance of TMC catalysts for the OER by allowing researchers to leverage the synergistic effects of each component, resulting in an improved electronic structure, enhanced charge transfer, and optimized adsorption properties.



3.6.1. Mechanisms of Heterointerfacing Engineering


Heterointerfacing engineering, involving the construction of interfaces between two or more distinct materials to create a heterostructure, makes these interfaces often result in unique electronic properties due to the electronic coupling between the constituent materials, optimizing the catalyst’s electronic structure. Hence, a redistribution of charge carriers resulting from the electronic interaction enhances the conductivity and facilitates electron transfer between the components [20]. The combination of multiple materials with complementary properties can lead to synergistic effects, improving the catalytic activity and stability. For instance, integrating a metal sulfide with a metal oxide can combine the high conductivity of the sulfide with the high catalytic activity of the oxide [61]. The interfaces between different materials can provide unique adsorption sites with optimized binding energies for the reaction intermediates. This optimization can lower the activation energy and accelerate the reaction kinetics [96]. The construction of hierarchical nanostructures through heterointerfacing engineering can significantly increase the surface area of the catalyst, exposing more active sites and improving the mass transfer efficiency [85].




3.6.2. Impacts of Heterointerfacing Engineering on Catalytic Performance


Heterointerfacing engineering profoundly impacts the OER performance of TMC catalysts, as evidenced by numerous studies. The formation of heterointerfaces often leads to enhanced catalytic activity due to the optimized electronic structure and improved adsorption properties. For example, Co9S8@CoNi2S4/NF catalysts exhibited excellent OER activity with an overpotential of 170 mV at 10 mA cm−2 due to the strong electronic interaction between Co9S8 and CoNi2S4 [86]. The integration of different materials can stabilize the catalyst structure and prevent surface reconstruction during the OER process. For instance, Fe-NiCoSe/NiCoSe/NF catalysts demonstrated remarkable stability with minimal degradation after prolonged operation due to the synergistic effects of Fe and NiCoSe [65]. Heterointerfaces can provide unique adsorption sites with optimized binding energies for the reaction intermediates, facilitating the reaction kinetics. For example, NiS/CoS/CC-3 electrocatalysts benefited from the abundant heterogeneous interfaces between NiS and CoS, leading to improved OER performance [85]. The construction of hierarchical nanostructures through heterointerfacing engineering can significantly increase the surface area of the catalyst, exposing more active sites. This was demonstrated by the pine-tree-like FeCoS/NF catalyst, which exhibited outstanding OER performance due to the maximally exposed active sites [104].




3.6.3. Methodologies for Heterointerfacing Engineering


Several methodologies have been employed to create heterostructures for TMC catalysts, including chemical synthesis, electrodeposition, and hydrothermal methods. Each has its unique advantages, which are suitable for different materials and applications. Chemical synthesis involves the co-precipitation or solvothermal synthesis of different materials to form a heterostructure. For instance, a CoS@NiV-LDH heterostructure was synthesized through a simple hydrothermal method, resulting in enhanced OER performance due to the electronic interaction between CoS and NiV-LDH [47]. Electrodeposition is a versatile technique for depositing one material onto another to form a heterostructure. This method allows for precise control over the thickness and composition of the deposited layer. For example, MnCo/NiSe heterostructures were electrodeposited on nickel foam, exhibiting superior OER performance due to the synergistic effects of MnCo and NiSe [62]. Hydrothermal synthesis is suitable for the preparation of heterostructures due to its simplicity and effectiveness. During the process, the precursor materials are mixed in an aqueous solution and heated under autogenous pressure to promote the formation of the heterostructure. For instance, FeOOH/Ni3S2 heterostructures were synthesized via a two-step hydrothermal method, exhibiting excellent OER performance due to the phase transition of iron hydroxide during the reaction [61].





3.7. Composite Material Strategy


Composite materials have emerged as a powerful strategy by combining two or more distinct phases integrated at the nanoscale, enabling composite TMC catalysts to leverage synergistic effects to improve catalytic activity, stability, and selectivity.



3.7.1. Mechanisms of Composite Material Strategy


Composite material strategy involves the integration of multiple components into a single catalyst system. These components can include transition metal chalcogenides, carbon-based materials, metal oxides, LDHs, and other functional materials. The key mechanisms by which composite materials enhance OER performance include synergistic effects, enhanced electronic structure, and optimized adsorption properties. For instance, the combination of different materials can lead to synergistic effects, where the properties of each component are amplified, leading to enhanced catalytic activity. For instance, the integration of carbon materials can improve the conductivity and stability of TMC catalysts [73]. The formation of interfaces between different materials can modify the electronic structure of the catalyst, optimizing the adsorption energy of OER intermediates and lowering the activation energy [86]. Composite materials can facilitate charge transfer between different components, improving the efficiency of electron transfer processes during OER [94]. The availability of diverse active sites with varying adsorption characteristics can optimize the adsorption process of OER intermediates, resulting in enhanced selectivity and efficiency [101].




3.7.2. Impacts of Composite Material Strategy on Catalytic Performance


The composite material strategy has profound impacts on the OER performance of TMC catalysts, as evidenced by numerous studies. Composite catalysts often exhibit higher catalytic activity compared to their individual components. This is attributed to the synergistic effects and optimized electronic structure of the composite materials [62]. The integration of stable components, such as carbon materials or metal oxides, can improve the long-term stability of TMC catalysts, preventing degradation under harsh operating conditions [90]. The formation of hierarchical nanostructures through a composite material strategy can significantly increase the surface area of the catalyst, exposing more active sites for OER [52]. The existence of numerous active sites, each possessing distinct adsorption properties, can enhance the adsorption of OER intermediates, thereby boosting both selectivity and efficiency [65].




3.7.3. Methodologies for Composite Material Strategy


Several methodologies, including chemical synthesis, electrodeposition, hydrothermal methods, and solvothermal methods, have been employed to prepare composite TMC catalysts (Table 1). Each has its unique advantages, which are suitable for different materials and applications. Chemical Synthesis involves the co-precipitation or co-deposition of different components in a controlled environment. It allows for precise control over the composition and structure of the composite catalyst [86]. Electrodeposition is useful for depositing composite materials onto conductive substrates, such as nickel foam or carbon cloth. It enables the formation of uniform and conformal coatings with good adhesion [46]. Hydrothermal and Solvothermal Methods involve the reaction of precursors to aqueous or organic solvents under high temperatures and pressure. They are effective for the synthesis of composite materials with well-defined nanostructures [71].






4. Conclusions and Perspectives


In recent years, the exploration of advanced electrocatalysts, particularly transition metal chalcogenides (TMCs), for electrochemical water splitting has gained significant momentum. TMCs have emerged as promising candidates for the oxygen evolution reaction (OER) due to their tunable electronic structure and morphology. However, there are several challenges that need to fully realize the potential of these materials.



One major challenge is the low electrical conductivity, limited active sites, and insufficient stability of TMCs under harsh operating conditions [112,113]. Over time, TMCs often suffer from degradation, leading to a decrease in their catalytic activity. Additionally, there is a significant obstacle to be overcome for the scalability of TMC synthesis. Many researchers have explored various strategies to address these issues. With unremitting efforts, it has been shown that these strategies promise to enhance the charge transfer and catalytic performance of TMCs [32,114].



However, further research is needed to address issues such as irreversible surface reconstruction. On the one hand, surface remodeling can produce more electrocatalytic hydroxyl oxide. On the other hand, these hydroxyl oxides often dissolve in the electrolyte, corroding the catalyst or destroying its structure. Correspondingly, finding and keeping the proper balance during water splitting is vital to maintaining the effectiveness of the catalyst.



However, further investigation is required to address aspects such as irreversible surface reconstruction. On the one hand, surface reconstruction can generate hydroxyl oxides with stronger electrocatalytic activity; on the other hand, these hydroxyl oxides can dissolve in the electrolyte, corroding the catalyst or destroying its structure. Finding a suitable balance is crucial to maintaining the catalyst’s effectiveness.



In fact, most current techniques are limited to laboratory-scale production [114]. Moreover, to realize large-scale electrolysis of water, the overpotential of TMCs needs to be further reduced, and the cost and preparation process of catalysts need optimization. Currently, most TMCs preparation technologies are still in the laboratory stage, making large-scale production to meet industrial needs an even more challenging issue.



For these reasons, a thorough understanding of the fundamental catalytic mechanism is essential to address these problems. A comprehensive review has shown that TMCs, particularly those based on nickel, cobalt, and iron, exhibit promising OER activity. The OER performance and synthesis methodologies of different TMC catalysts have been categorized and compared, highlighting the influence of composition, structure, morphology, and synthesis methods on catalytic performance, as shown in Table 1. Apart from these, integrating theoretical calculations and experimental verifications should undergo in-depth research to help reveal the catalytic mechanism further, guiding the rational development of high-performance OER catalysts. With an in-depth study of the structure and performance of TMCs, more innovative catalysts tailored to different application scenarios can be developed.



In conclusion, TMCs hold great promise as efficient electrocatalysts for the OER. While challenges remain in terms of stability, mechanism understanding, and scalable production, the continuous advancement of synthesis methods, surface engineering techniques, and nanoarchitectonics offers guidelines for high-performance OER catalysts.
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Figure 1. (a) The model, FESEM images, and HER and OER LSV images of CoS/CoO@NAC. (b) Synthesis process of n-Co3S4@NF. (c,d) SEM images of n-Co3S4@NF and r-Co3S4@NF. (e,f) HETEM and dark field TEM with elemental mapping images of n-Co3S4@NF. (g,h) The calculated electric field, current density, and sulfur ion concentration near the tip of the electrode are functions of the electrode morphology. The colored area represents the distribution of free electron density on the electrode surface, and the white line is the electric field distribution. (i) The relationship between c(S2−) and current density at top. Reproduced with permission from ref. [39]. Copyright Elsevier and Springer Nature, respectively, 2024. 
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Figure 2. (a) The first two images are HP-ZIF-67, HP-Au@ZIF-67 respectively, and the remaining two images are HP-Au@CoxSy@ZIF-67. (b) LSV curves, overpotential, and Tafel plots of ZIF-67, HP-Au@ZIF-67, and HP-Au@CoxSy@ZIF-67. (c) XPS survey spectra of samples. (d,e) Notably, 4f spectrogram of Au and 2p spectrogram of Co in HP-Au@CoxSy@ZIF-67. (f,g) 2p spectrogram of S and Co in HP-Au@CoxSy@ZIF-67 before and after the reaction. Reproduced with permission from ref. [43]. Copyright Wiley, 2024. 
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Figure 3. (a) Free energy required for CoOOH to be converted into CoO2 on different substrates. (b,c) LSV curves and Tafel plots of different samples. (d) d-DOS of Co sites of different samples. (e) The calculated Mulliken charges for Co sites on the surfaces of different samples. (f) Gibbs free energy diagram. * is active site, and *OOH, *OH, *O are the intermediates in the OER. (g) Predicted OER mechanism of CoOOH@Co9S8. Reproduced with permission from ref. [45]. Copyright Wiley-VCH, 2022. 
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Figure 4. (a) Synthesis diagram of Mo-Ni3S4/CW. (b–d) LSV curves, overpotential his-tograms and Tafel plots of different samples respectively. Reproduced with permission from ref. [53]. Copyright Elsevier, 2023. 
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Figure 5. (a) Synthesis path diagram of MnCo/NiSe. (b) OER LSV curve of MnCo/NiSe and NiSe electro catalysts. The Tafel slope of the samples. Chronopotentiometry stability test results of MnCo/NiSe for HER and OER in 1 KOH seawater solution. Multi-step chronopotentiometry tests results of MnCo/NiSe under cathodic and anodic currents in 1 KOH seawater solution. (c) Synthesis diagram of AgSA-NiSe. Reproduced with permission from ref. [62]. Copyright Elsevier, 2023 and 2024, respectively. 






Figure 5. (a) Synthesis path diagram of MnCo/NiSe. (b) OER LSV curve of MnCo/NiSe and NiSe electro catalysts. The Tafel slope of the samples. Chronopotentiometry stability test results of MnCo/NiSe for HER and OER in 1 KOH seawater solution. Multi-step chronopotentiometry tests results of MnCo/NiSe under cathodic and anodic currents in 1 KOH seawater solution. (c) Synthesis diagram of AgSA-NiSe. Reproduced with permission from ref. [62]. Copyright Elsevier, 2023 and 2024, respectively.



[image: Catalysts 15 00124 g005]







[image: Catalysts 15 00124 g006] 





Figure 6. (a) Schematic preparation of COT-CC@3D-PE. (b) The upper is SEM images at different magnifications, and the lower is TEM images at magnifications of Ov@Fe-NiTe. (c) LSV curves and Tafel plots of catalysts, EIS Nyquist plots of Fe-NiTe and Ov@Fe-NiTe (inset). Chronoamperometric curves of Ov@Fe-NiTe without iR compensation and the LSV curves of Ov@Fe-NiTe before and after stability test (inset). (d) XPS O 1s spectra. Possible model and OER mechanism. Free energy diagram. Projected electron density of TeO2-OOH (upper), Fe-NiTe-TeO2-OOH (middle) and Fe-NiTe-TeO2(Ov)-OOH (lower). The d-band center diagram. * is active site, and *OOH, *OH, *O are the intermediates in the OER. Reproduced with permission from ref. [80]. Copyright Elsevier, 2024 and 2022, respectively. 
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Figure 7. (a) Schematic of the synthesis of Ni2P/MoS2-CoMo2S4@C/NF. (b) Chronoamperometric curves of Ni2P/MoS2-CoMo2S4@C before stability test. Overpotential histograms. Tafel plots of different catalysts. (c) PDOSs of O-2p orbitals in intermediates of the OER of Ni2P/MoS2-CoMo2S4. (d,e) Free energy diagrams of samples for OER and HER, respectively. * is active site, and *OOH, *OH, *O etc. are the intermediates in the reaction. (f) Schematic of the OER mechanism model. Reproduced with permission from ref. [92]. Copyright American Chemical Society, 2024. 
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Figure 8. (a) Diagram and SEM images of NiFe-LDH/NF, NiFe-S/NF, and NiFe-S-Vs/NF respectively. (b) LSV curves and Tafel plots of different catalysts. (c) Intermediate adsorption model for OER on the surface of Vs-(Fe, Ni)3S4. (d) Gibbs free energy diagram of (Fe, Ni)3S4 and Vs-(Fe, Ni)3S4 at Ni and Fe sites during OER process. * is active site, and *OOH, *OH, *O are the intermediates in the OER. (e) The charge density difference near the Fe site in Vs-(Fe, Ni)3S4 after H2O adsorption. (f) The DOS under the corresponding orbits of different elements of Vs-(Fe, Ni)3S4 and (Fe, Ni)3S4. Reproduced with permission from ref. [103]. Copyright Elsevier, 2024. 
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Table 1. Comparative table of OER performance and synthesis methods of transition metal chalcogenide catalysts.
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	Catalyst
	Synthesis Methods
	Electrolyte
	Overpotential(mV)
	Tafel Slope (mV dec−1)
	Ref.





	CoS/CoO@NAC
	Hydrothermal
	1 M KOH
	199 mV @ 10 mA cm−2
	35
	[39]



	HP-Au@CoxSy@ZIF-67
	Low-temperature reduction process
	0.1 M KOH
	340 mV @ 10 mA cm−2
	42
	[43]



	CoS@NiV-LDH
	Hydrothermal
	1 M KOH
	274 mV @ 50 mA cm−2
	53
	[47]



	Co8FeS8/CoS
	Liquid phase exfoliation
	1 M KOH
	278 mV @ 10 mA cm−2
	49
	[87]



	NiS/NiSe2
	Hydrothermal
	1 M KOH
	228 mV @ 10 mA cm−2
	109
	[56]



	VS-Ni3S2@VS-Cu2S
	Hydrothermal and Electrochemical deposition
	1 M KOH
	263 mV @ 50 mA cm−2
	95.1
	[60]



	FeOOH/Ni3S2
	Hydrothermal and Liquid phase exfoliation
	1 M KOH
	268 mV @ 100 mA cm−2
	73
	[61]



	Se-NiS2/CC
	Solid state sintering
	1 M KOH
	343 mV @ 50 mA cm−2
	140
	[55]



	Ni15Sn15Se35Te35/NF
	Melt quenching technique
	1 M KOH
	357 mV @ 10 mA cm−2
	130
	[75]



	OV@Fe-NiTe
	Electrochemical deposition
	1 M KOH
	245 mV @ 100 mA cm−2
	35.5
	[83]



	A-NiSe2/P
	-
	1 M KOH
	272 mV @ 10 mA cm−2
	81
	[67]



	Fe-NiCoSe/NiCoSe/NF
	Hydrothermal
	1 M KOH
	199 mV @ 10 mA cm−2
	132.6
	[65]



	FeCoS/NF
	Hydrothermal
	1 M KOH
	156 mV @ 20 mA cm−2
	37
	[104]



	MnCo/NiSe/NF
	Electrochemical deposition
	1 M KOH
	225.8 mV @ 10 mA cm−2
	45.05
	[62]



	Ag-NiCoSe2
	Electrochemical deposition
	1 M KOH
	270 mV @ 100 mA cm−2
	103
	[66]



	FeSe/Co2P/NF
	Hydrothermal and Electrochemical deposition
	1 M KOH
	235 mV @ 10 mA cm−2
	65.6
	[72]



	(NixFe1-x)Se/VG
	-
	1 M KOH
	220 mV @ 20 mA cm−2
	28.8
	[64]



	Ni3S2
	Liquid phase exfoliation
	1 M KOH
	295 mV @ 10 mA cm−2
	52
	[50]



	NiS-Ni3S2/NF
	Hydrothermal
	1 M KOH
	269 mV @ 10 mA cm−2
	119
	[51]



	CeO2/NiCo2S4
	Hydrothermal and Solid-state sintering
	1 M KOH
	271 mV @ 100 mA cm−2
	30.3
	[23]



	Co6Fe3S8
	CVD
	1 M KOH
	250 mV @ 10 mA cm−2
	135
	[100]



	NiFe-LDH@Co9S8-Ni3S2/NF
	Hydrothermal and Electrochemical deposition
	1 M KOH
	223 mV @ 100 mA cm−2
	36.44
	[97]



	Ni–S/Co-MOF
	Electrochemical deposition
	1 M KOH
	248 mV @ 10 mA cm−2
	29.1
	[48]



	P-Co3O4/Co9S8
	Hydrothermal
	1 M KOH
	380 mV @ 50 mA cm−2
	58
	[40]



	(Ni1.2Co1.8)S4
	Liquid phase exfoliation
	1 M KOH
	298 mV @ 10 mA cm−2
	33.1
	[88]



	c-CoSe2/o-CoSe2-V
	Topochemical transformation
	1 M KOH
	250 mV @ 10 mA cm−2
	65.4
	[69]



	(FeCoNiCrCuAl)S@HCS
	Hydrothermal
	1 M KOH
	253 mV @ 10 mA cm−2
	61.51
	[84]



	NiFe/Se ex.
	CVD and Electrochemical decomposition
	1 M KOH
	212 mV @ 100 mA cm−2
	42
	[110]



	Co6.8Se8 NSs
	-
	1 M KOH
	253 mV @ 10 mA cm−2
	72
	[106]



	AgSA-NiSe2
	Hydrothermal
	1 M KOH
	179 mV @ 10 mA cm−2
	60
	[73]



	NiFe-S-0.6
	Electrochemical deposition
	1 M KOH
	213 mV @ 10 mA cm−2
	32
	[103]



	Ni2P/MoS2-CoMo2S4
	Hydrothermal and High-temperature solid phase decomposition
	1 M KOH
	198 mV @ 10 mA cm−2
	46.3
	[92]



	R-NiFeOOH@SO4
	Hydrothermal and Electrochemical deposition
	1 M KOH
	251 mV @ 100 mA cm−2
	56
	[111]



	Fe5Ni4S8
	Hydrothermal
	1 M KOH
	270 mV @ 20 mA cm−2
	42.72
	[107]



	Fe-Co-S
	hydrothermal
	1 M KOH
	210 mV @ 10 mA cm−2
	55.67
	[102]



	2D-Ni3GeTe2
	Liquid phase exfoliation and Mechanical shearing
	1 M KOH
	250 mV @ 10 mA cm−2
	51.19
	[82]
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