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Abstract

:

Water electrolysis is an important alternative technology for large-scale hydrogen production to facilitate the development of green energy technology. As such, many efforts have been devoted over the past three decades to producing novel electrocatalysis with strong electrochemical (EC) performance using inexpensive electrocatalysts. Transition metal oxyhydroxide (OxH)-based electrocatalysts have received substantial interest, and prominent results have been achieved for the hydrogen evolution reaction (HER) under alkaline conditions. Herein, the extensive research focusing on the discussion of OxH-based electrocatalysts is comprehensively highlighted. The general forms of the water-splitting mechanism are described to provide a profound understanding of the mechanism, and their scaling relation activities for OxH electrode materials are given. This paper summarizes the current developments on the EC performance of transition metal OxHs, rare metal OxHs, polymers, and MXene-supported OxH-based electrocatalysts. Additionally, an outline of the suggested HER, OER, and water-splitting processes on transition metal OxH-based electrocatalysts, their primary applications, existing problems, and their EC performance prospects are discussed. Furthermore, this review article discusses the production of energy sources from the proton and electron transfer processes. The highlighted electrocatalysts have received substantial interest to boost the synergetic electrochemical effects to improve the economy of the use of hydrogen, which is one of best ways to fulfill the global energy requirements and address environmental crises. This article also provides useful information regarding the development of OxH electrodes with a hierarchical nanostructure for the water-splitting reaction. Finally, the challenges with the reaction and perspectives for the future development of OxH are elaborated.
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1. Introduction


The salient features of energy storage and conversion systems have received considerable interest and have been successfully applied in various applications such as traditional industries, transportation, and electric vehicles [1]. The development of green and sustainable energy storage and conversion devices is a highly essential and pressing need to meet the global energy demand. Importantly, the water-splitting process is one of the promising energy systems for the production of clean and green hydrogen energy via water electrolysis. Water electrolysis comprises two half-cell reactions that take place via an oxygen evolution reaction (OER) at the anode and a hydrogen evolution reaction (HER) at the cathode [2,3]. In the past decades, extensive research has been conducted on the development of various metal oxides and oxyhydroxide (OxHs)-based electrocatalysts due to their unique variable valence states, moderate energy density, high power density, ultrahigh energy storage capacity, and long cycle life. Owing to these characteristics, these catalysts are unique [4]. Here, we discuss energy demands and the current trends in metal-OxH-based composite materials in various EC applications including the water-splitting reaction [5], OER [6], and oxygen reduction reactions (ORR) [7]. Generally, more efficient OxH-based electrocatalysts have been synthesized using different approaches [8,9], including the sol-gel [10], template-assisted [11], microwave-assisted [12], and hydrothermal (HT) [13] methods. However, with these methods, controlling the size and shape of the electrocatalysts is challenging. Notably, EC techniques have successfully been used as a powerful tool for the fabrication of a highly efficient and stable polymer-based OxH composite [14]. Remarkably, for OxH-based electrocatalysts, their mass transport properties have been effectively enhanced in their charge-transfer process to promote their electrocatalytic activities [15,16,17]. The EC mechanism and kinetic study of the OER on a nickel-based electrode under alkaline conditions to form a thin film layer of nickel OxHs can be described as below [18]:


    N i   O H     2   +   O H   −   +   e   −   ⇋ N i O O H +   H   2   O  



(1)







Transition metal OxH supported electrodes are considered as promising active electrode candidates: they have been successfully employed to promote the OER and oxygen reduction reaction (ORR) [19,20]. Additionally, metal-oxides- and OxHs-based electrocatalysts play an important role in a vast number of EC applications including in catalysis, as EC sensors, and as energy storage devices. They also have different optical, physiochemical, thermal, and electrical properties [21]. Liang et al. [22] paid special attention to the construction of hierarchical Ni–Fe oxyhydroxide@NiFe alloy nanowire array electrocatalyst via a magnetic-field-assisted chemical deposition method. Moreover, the constructed OER electrode exhibited the current densities of 500 and 1000 mA cm−2 stably over 120 h at overpotentials of only 248 mV and 258 mV respectively.



Gamma radiolysis is an interesting and scalable route for the fabrication of graphite oxide based cobalt oxyhydroxide (GO-CoOOH) electrocatalyst. Electrostatic interaction occurs between CoOOH and GO that promotes a fast electron transfer process for ORR [23]. Considerable research effort has been devoted to the development of copper OxH (CuOOH) electrocatalysts. Thus, this electrocatalyst is the most promising candidate to significantly enhance OER and ORR activities [24]. Hefnawy et al. [25] fabricated nickel–manganese double hydroxide on reduced graphene oxide (RGO-Ni-Mn double hydroxide). Additionally, the RGO-Ni-Mn double-hydroxide electrocatalyst showed remarkable EC performance toward both anodic and cathodic reactions, i.e., the achieved ethylene glycol electrooxidation current density was 38 mA cm−1 at 500 mV vs. Ag/AgCl. Table 1 presents a summary of representative OxH-based electrocatalysts for water-splitting, OER, and HER [26,27,28,29,30,31,32,33,34,35]. In this regard, we focused on the recent development of OxH-based nanocomposite for the EC study of water-splitting, OER, and HER activities. Here, we discuss the history of the water-splitting and OER/HER reaction mechanisms; their relevant EC activities and key stabilities of OxH-based electrocatalysts are briefly discussed. Finally, this review article highlights beneficial information for researchers in the design of interesting and novel OxH-based supported electrocatalysts for the production of clean hydrogen energy through the water-splitting process.




2. OxH-Based Nanomaterials for Water Splitting


Significant process has been made in the development of eco-friendly and low-cost technology for the EC water-splitting process, which is one of the most promising approaches for the large-scale production of clean hydrogen fuel [36]. Hydrogen is promising green fuel for next-generation energy carriers due to its carbon-free and renewable characteristics during the electrolysis of water [37,38]. In this regard, the EC technique has emerged as promising for both OER and HER. One of the major obstacles to the water-splitting reaction is their required overpotential to achieve a satisfactory reaction process [39]. To date, an inexpensive precious-metal OxH-based electrocatalysts have received great attention regarding the EC performance of OER and HER under alkaline conditions [40]. For instance, Huo et al. discussed the mechanistic aspect of the typical electrolysis of a water splitting system that occurs under alkaline conditions as follows [41]:



At anode:


  4   O H   −   → 2   H   2   O +   O   2   + 4   e   −    



(2)







At cathode:


  2   H   2   O + 4   e   −   → 2   H   2   + 4   O H   −    



(3)







In general, water molecules are abundant, so enable the sustainable production of hydrogen and oxygen through the water electrolysis process. A detailed schematic representation of the HER and OER mechanisms (Scheme 1) is necessary to understand and improve the design of electrolyzers [39].



Consequently, considering the reaction mechanisms of both OER and HER in Equations (4) and (5), the electrode potentials of these two half-reactions are related to their partial pressure of O2 or H2.


  2   H   2   O →   O   2   + 4   H   +   + 4   e   −     ( OER )  



(4)






  2   H   +   + 2   e   −   →   H   2     ( HER )  



(5)







Currently, vanadium-based hollow nanosphere-like OxHs electrocatalysts are considered the most promising electrode for highly efficient water-splitting reactions. The electrocatalytic behavior of lepidocrocite (VOOH) was tested with oxygen saturation under alkaline conditions. Specifically, the optimized VOOH electrode cell voltage was 1.62 V at the applied current density of 10 mA cm−2 [42]. Zhang et al. [43] synthesized an efficient and long-term-durable heterostructured core@shell Ni1−2xMoxSe@NH4NiPO4·6H2O–MoOx/NF electrode via electrodeposition approach. As a result, the developed electrode provided a fast mass transfer process during the water-splitting process and exhibited an excellent EC performance overpotential of 31 and 205 mV (after ohmic-drop correction) for the HER and OER, at current density of 10 mA cm−2, respectively. An amorphous-natured binary transition metal hydroxide (TMOH) electrocatalyst was synthesized via a simple precipitating metal nitrate deposition (PMND) technique. The optimized NiFe metal hydroxide electrocatalyst exhibited a water-oxidation current density value of 100 mA cm−2 and an overvoltage of 280 mV in alkaline conditions. From a tandem solar cell (P-V) study, the estimated power conversion efficiency was 13.71% [44]. A reef-like ternary structure for sulfur- and boron-doped (S,B-(CoFeCr)OOH) OxH-based electrocatalysts was successfully synthesized via solution combustion followed by wet-chemistry doping. The developed OxH can be used for the dissociation of saline water under neutral conditions. Furthermore, the achieved overpotential was 172 mV at 10 mA cm−2, and the Tafel slope was 45.3 mV dec−1 [45]. Zhang et al. [46] constructed an efficient and low-cost hierarchical PrBa0.5Sr0.5Co2O5+δ (PBSC)@FeOOH electrocatalyst via both electro-spinning and atomic layer deposition (ALD) methods (Figure 1a). Furthermore, rough-surface PBSC nanofiber was uniformly deposited with FeOOH particles (Figure 1b). The optimized PBSC@FeOOH nanoflake electrocatalyst exhibited excellent EC performance in terms of both HER and OER activities. The estimated current density was 10 mA cm−2 at a favorable potential of 390 mV for OER and 280 mV for HER, as shown in Figure 1c. This much-improved performance was most likely due to the hierarchical nanostructure, high charge-transfer capability, and the strong electronic contacts between FeOOH and PBSC.



FeCo/CoFePxOy(OH)z electrodes were fabricated via an economic as well as a facile technique; the electrodeposited bifunctional-natured matrix displayed intrinsic catalytic activity for overall water-splitting process in alkaline solutions [47]. Kou et al. [48] purposely designed a cobalt-based molybdenum carbide (Co-Mo2C) precatalyst from a MoO42—cations-substituted Co-based zeolite framework. Interestingly, the Mo-enriched CoOOH surface could promote electron transfer from Mo to Co sites through oxygen bridging, which significantly enabled water oxidation. A one-pot solvothermal method was developed for the fabrication of a hierarchical structure of FeOOH-decorated Fe-doped nickel-selenide on NiFe alloy foam (FeOOH@Fe-NiSe@NiFe) electrocatalyst (Figure 2). The as-fabricated aerophobic hierarchical heterostructured nature of the FeOOH@Fe-NiSe@NiFe electrocatalyst was used for the production of hydrogen during the electrolysis of water. An overpotential of 224 mV at 10 mA cm−2 was achieved with a small Tafel slope of 52.67 mV dec−1 and excellent stability [49].



Multimetallic-natured metal oxides and hydroxides exhibit unique electronic structures and show good OER activities. For instance, binder-free heterostructures of FeVO(OH)/Ni0.86Mo0.07W0.07(OH)2 were decorated onto a commercial carbon paper (CP) substrate via a HT method. The water-splitting schematic diagram for the process under alkaline conditions is shown in Figure 3a,b. Here, the presence of higher metal oxidation states (Ni3+, Mo6+ and W6+) favoring the simultaneous reduction process of Ni3+/Ni2+ and the oxidation process of Ni2+/Ni3+ for the overall water-splitting mechanism is clearly shown. Thus, rationally designed hybrid-morphology-based nanoarray matrices have significantly enhanced OER and HER activities and could be a promising material for large-scale energy production through water splitting (Figure 3c,d) [50].




3. Transition Metal OxH Based Electrodes for OER


Recently, with the rapid development of sustainable and green energies, OER has become one of the important EC processes for the successive development of renewable energy storage technologies such as fuel cells, batteries, and water splitting [51]. Different kinds of electrocatalysts have been proposed for the study of OER under different pH conditions from acid to alkaline [52,53,54]. Among these, bimetallic-based OxH electrocatalysts have been proven to be a highly active catalyst that show outstanding EC properties during the OER under alkaline conditions [55]. The unique structure of amorphous metal OxH deposited on CeO2 and nickel foam (AMO@CeO2/NF) electrocatalyst is often considered the benchmark for OER. It exhibits a superior electrocatalytic activity and good cyclic stability in alkaline conditions. Additionally, AMO@CeO2/NF showed the best OER performance with a favorable potential of 261 mV at 10 mA cm−2 [56]. The layered structure of bimetallic-natured FeCoOxH was synthesized via a polyol method. The developed Fe0.25Co0.75OOH electrode showed the lowest overpotential for OER due to the electrostatic attraction between oxyhydroxide as well as its electrocatalytic activity with the metallic core components [57]. Iron-doped NiOOH (β-Fe/NiOOH) electrodes are the most efficient catalyst for alkaline OERs. Specifically, a β-Fe/NiOOH catalyst containing active Ni-based compound showed significantly enhanced OER activities with a favorable potential of 210 mV and a Faradic efficiency of 94.5% [58]. Huang et al. [59] found that the amorphous nature of cobalt–iron OxH nanosheet electrocatalyst can improve their OER activities under alkaline conditions. A notable overpotential of 208 mV at 10 mA cm−2 was achieved. A 3D-natured dendric-morphology-based Ni@Ni(Fe)OOH was deposited on nickel foam via ultra-ion exchange as well as electrodeposition methods. As a result, the dendric core–shell structure had more active sites to achieve a fast electron transfer process. The optimized Ni@Ni(Fe)OOH electrocatalyst significantly enhanced the OER and showed excellent stability in alkaline solution [60]. Hu et al. [61] used a novel EC technique: EC-deposited thin-film-natured, transition metal (oxy) hydroxides on nickel foam. They exclusively observed a four-electron transfer process during the OER. Generally, the iron substitution process can promote the peroxidation process to facilitate the formation of OxH-based active species. The process promotes the sluggish oxygen evolution reaction in alkaline conditions, exhibiting a low overpotential of 270 mV at 10 mA cm−2 with a small Tafel slope of 39 mV dec−1 [62]. An Fe-incorporated OxH-based electrocatalyst showed enhanced OER activities; systematic EC studies revealed a notable low overpotential of 283 mV at 10 mV cm−2 along with good intrinsic activities [63] for thin chromium-substituted α-cobalt OxHs. Moreover, the optimized α-Co3CrOOH electrocatalyst demonstrated a beneficial charge transfer resistance and acted as the potential used in the oxygen evolution reaction [64]. Deshpande et al. [65] used a simple and self-supported method to design a β-like FeOOH nanosword-like structure encapsulated on reduced graphene oxide (rGO) followed by nickel foam (NF) (Figure 4a). Figure 4b shows the highly crystalline-natured nanosword morphology of β-like FeOOH, which helped to enhance OER activities. Furthermore, the linear sweep voltammetry (LSV) technique helped with understanding the durability of the β-like FeOOH/rGO/NF electrocatalyst (Figure 4c).



Regarding synthesis strategies, the electrodeposition technique has been frequently used for the construction of β-Ni(OH)2 nanosheets, followed by α-FeOOH on nickel foam (Figure 5). Specially, electrostatic interaction occurs between Fe and Ni to enhance their OER process in alkaline medium. The constructed FeOOH/Ni(OH)2/NF hybrid electrocatalyst displayed excellent electrocatalytic activity toward OER activities; the required low overpotential was 207 mV at 40 mA cm−2 [66].



Zhang et al. [67] used an important strategy for the successful construction of a heterojunction-natured Ni2P/FeOOH electrocatalyst (Figure 6). The Ni2P/FeOOH electrocatalyst exhibited larger area surface, which provided more active sites to accelerate the mass transfer process during the OER with an ultralow overpotential of 246 mV at 100 mA cm−2.




4. Transition Metal OxH Based Materials for HER


Recently, highly efficient and eco-friendly-natured hydrogen protection has become one of the most important energy technologies to produce affordable and clean energy. So far, the significant development of OxH-based electrode materials had led to the production of heterostructured active electrocatalysts for the study of the hydrogen evolution reaction (HER) during electrolysis in the water-splitting process under alkaline conditions. One of the classic examples of two-electron transfer reaction processes as follows [68]:


  2   H   +   + 2   e   −   →   H   2    



(6)







In general, HER and OER are the two important half-reactions in water electrolysis for the production of hydrogen [69]. A novel, stable, and efficient three-dimensional (3D)-based hierarchical structured γ-iron OxH-supported Ni3S2 was produced on nickel foam. This γ-FeOOH/Ni3S2/NF electrocatalyst exhibited good electrocatalytic activity toward both HER and OER activities. It displayed a low overpotential of 92 mV at 10 mA cm−2 for HER and 279 mV at 50 mA cm−2 for OER [70]. With the rationally developed Ni-foam-based porous-nickel-supported iron OxH (FeOOH/Ni/NF) electrocatalyst, the heterogeneous interaction between Ni and FeOOH could promote faster electron transfer reactions and a larger number of Fe and oxygen vacancies to enhance their HER and OER activities [71]. Controlling the electrodeposition technique is an important strategy for the fabrication of heterogeneous-natured crystalline (cNiFe) as well as amorphous-based bimetallic (aNiFe) OxHs on NiMo substrates. Fabricated bifunctional-natured NM@cNF/aNFO showed excellent electrocatalytic performance for the HER, OER, and overall water-splitting process [72].



Similarly, an in situ vertical growth technique was used for the fabrication of Ni(OH)2 nanosheets on NF, which could be further modified with bimetallic-natured double-layered hydroxides (NiFe-LDHs) via a two-step HT route. The as-constructed bifunctional NF-Ni(OH)2-NiFe-LDHs electrocatalysts achieved a low overpotential of 116 mV at 10 mA cm−2 for the hydrogen evolution reaction [73]. Lu et al. [74] used a facile and controlled method for surface reconstruction with Co2+- or Co3+-rich (oxy) hydroxide on ZnCo phosphate. Moreover, the developed reconstructed electrocatalyst tended to continuously increase HER performance under alkaline electrolytic conditions. Here, density functional theory (DFT) was used to study HER performance; the developed electrocatalyst can be applied in large-scale industrial wastewater decomposition. Defect-rich active-sites-based Mn-doped CoP (Mn-CoP)-nanowire-supported CoMn hydroxide nanowire on carbon red (CR) was fabricated via a facile HT and phosphorization process. As a result, the Mn-CoP nanowire@MnCoOOH composite showed good HER and OER performance [75].



Kundu et al. [76] reported an important analysis of the three different stoichiometrically ranges of nickel selenide compounds: Ni0.85Se, NiSe4, and NiSe2. Interestingly, the formation NiOOH could control the kinetic current and influence both the HER and OER performance of nickel selenide. Tao et al. [77] successfully developed a three-dimensional (3D) porous-network-based Fe@Ni nanofiber electrode via a chemical reduction method (Figure 7a), where abundant active sites of Ni/Fe (oxy)hydroxide were formed on the electrode surface. To examine the surface morphology, SEM studies revealed that the diameter of Fe@Ni nanofibers was about 200 nm. The as-prepared active Fe@Ni nanofiber electrocatalyst needed a low overpotential of 55 mV and 230 mV to achieve a current density of 10 mA cm−2 in HER and OER, respectively (Figure 7b).



Hu et al. [78] successfully prepared bifunctional-natured FeCo2S4 nanosheet arrays on 3D nickel foam (NF) via a facile HT method (Figure 8a). From the X-ray photoelectron spectroscopy (XPS) analysis, real active species of the Co(Fe) oxyhydroxide layer formed on the electrocatalytic surface. Moreover, the as-prepared FeCo2S4/NF electrode showed excellent electrocatalytic activity toward the HER with long-term stability for water splitting under alkaline conditions (Figure 8b).




5. Mixed Transition Metal OxHs for the OER and HER


Future energy production methods such as EC water splitting, which produces hydrogen using renewable energy, are exciting. For the OER and HER processes involved in water splitting, dependable catalysts are needed for the reactions to proceed at a decent pace with fewer overpotentials [79,80]. Precious metal oxides such as IrO2 and RuO2 are now the most advanced electrocatalysts for the OER under both alkaline and acidic conditions. However, their higher anodic potentials make them unstable in electrolytes and lead them to dissolve in solution, where they then oxidize into IrO3 and RuO4, respectively [81]. Furthermore, due to their high cost and scarcity, precious metal oxides have limited large-scale commercial applications. Applications of earth-abundant transition metal oxides (Ni, Fe, Co, Mn, etc.) for EC energy storage and conversion have recently attracted a lot of interest [82]. Nickel, a first-row transition metal, and its alloys, in particular, have shown incredible potential as electrodes for batteries and supercapacitors in alkaline media [83]. Up till now, mixed metal oxides, OxHs, and other functional additions have been the most efficient electrocatalysts for alkaline OERs or HERs due to their advantageous characteristics, including enhanced mass transfer, improved conductivity, improved structure/performance stability, and mixed metal oxide/OxH synergistic action. As an example, Babar et al. [34] developed 2D cobalt–iron hydroxide nanosheets on nickel foam substrates as electrocatalysts for water splitting and the wet chemical deposition of FeOOH NPs (CoFe-OH@FeOOH). With its huge surface area and numerous active sites, the nanocomposite enabled rapid EC water-splitting kinetics. It is noteworthy that the electrode’s low overpotential value for OER was 200 mV at 50 mA cm−2. When used as both the anode and the cathode for complete water splitting, it gave a low cell voltage of 1.56 V to produce a 10 mA cm−2 current density. However, it was found that the CoFe-OH/FeOOH interface had synergistic activity, which markedly improved conductivity and mass transfer. This simple technique offers a different perspective on how to create appropriate electrodes for use in energy conversion applications.



Yan et al. [84] synthesized Ni-incorporated FeOOH nanosheets in alkaline environments using a self-developed oxygen-reduction deposition process that resulted in exceptional OER activity with a small Tafel slope of 33 mV dec−1 (overpotential of 239 mV at 10 mA cm−2). This technology has the distinct features of a short synthetic period (20 min) and ultralow synthetic costs (no need for high temperature/pressure or noble materials), making it a promising platform for investigating low-cost and high-efficiency FeOOH-based nanoelectrocatalysts. The production of Ni-FeOOH nanosheets is depicted in Figure 9. The force driving synthesis in this approach is the natural redox potential difference between dissolved O2 and the Fe substrate. The presence of Ni heteroatoms (7 at.%) on the FeOOH surface raised the Fe average valence to above +3, lowered the Fermi level, and increased the amount of electron acceptors. As a result, the energy barrier of the rate-determining step for both the Ni and Fe sites was lowered compared with that of pure FeOOH, resulting in OER activity in alkaline media.



Similarly, Ge et al. [85] investigated the development of a low-cost and high-performance bifunctional NiFeMn alloy@NiFeMnOxH electrocatalyst using a one-step chronoamperometry electrodeposition process (Figure 10). Doping with Mn effectively engineered a multilevel dendritic NiFeMn alloy and an OxH layer with this approach, greatly lowering the energy barrier for the OER and HER, as demonstrated by DFT simulations. Thus, at a current density of 10 mA cm−2, the produced catalyst exhibited good electrocatalytic performance for the OER (219 mV) and HER (19 mV). This catalyst displayed exceptional performance for overall water splitting, both experimentally and conceptually, opening up new avenues for future industrialization.



Gao et al. [86] discovered a new approach to synthesize nickel/nickel (oxy)hydroxide hybrid films with improved catalytic performance for total water splitting by manipulating oxygen deficits at the catalyst’s surface. The initially deposited Ni films from an ethylene-based deep eutectic solvent (DES) undergo structural rearrangement with a phase shift in the oxidation state from Ni(II) to Ni(III) near the surface under OER conditions. The shift is accompanied by a rise in oxygen deficits, and the addition of nitrate ions induces a pronounced faulty precursor, providing structural disordering and enhancing the intrinsic activity of the catalyst, which greatly improves the water-splitting performance. Mathi et al. [87] described solvothermal Ni@Fe-NP electrocatalysts that are highly efficient, ultradurable, and earth-abundant. Figure 11 depicts the development of amorphous Ni@Fe-NP. The newly designed oxygen electrode exhibits long-term stability and high electrocatalytic activity in water oxidation under alkaline conditions, requiring an overpotential of just 211 mV at a current density of 10 mA cm−2. Surprisingly, in alkaline solution, the as-prepared amorphous Ni@Fe-NP rippled nanostructured electrode was the most effective oxygen evolution electrode. As a result, this research opens up fascinating new possibilities for creating self-supported electrode materials for water-splitting and other applications.



Poudel and Kim produced ternary Zn-Mg-Al-based double-hydroxide nanosheets and hematite–iron oxide on hollow porous carbon nanofibers via an electrospinning process, which resulted in a three-dimensional hierarchical nanocatalyst. They found that the percentage of Zn determines the structural, morphological, and electrochemical properties; the 1D-hollow/2D-mesoporous/3D-bimetallic nanocomposite expressed a capacitance of 3437 F cm−1 at 1 mA cm−2. One-dimensional hierarchical CoMoP nanosheets were homogeneously wrapped on Ni3S2 nanowires directly on nickel foam by Yoo et al. and used for the OER and HER. They found that the proposed catalyst produces hydrogen intermediates that significantly reduce the overpotential of 6.8 mV for alkaline HERs. Additionally, this catalyst showed excellent stability up to 30 cycles in an alkaline medium [1,2]. Wu et al. conducted a detailed study on Ni-Fe selenide-based active structures for the OER. Both the Ni and Fe nanometallic counterparts were sluggish in terms of OER activity, and this was improved by combining these metals, which provided excellent catalytic activity. Ni is highly active toward the OER, and Fe synergizes with Ni to remove the poisonous counterparts, which additionally helps to improve the active sites of Ni. Similarly, Wang et al. found that NiFe-borides/borates were the best electrocatalysts for the OER in alkaline media. Through DFT calculations, they found that the in situ formed new phase of NiB4O7 could function as the active site for active oxy-species (O*, *OH, *OOH) generation in an electrolytic medium. The proposed catalyst exhibited an oxygen evolution overpotential of 167 mV at 10 mA cm−2 in 1 M KOH. Additionally, the proposed electrocatalyst is considered promising for the OER [88,89,90,91].




6. Rare-Earth Metal Oxide/OxH for OER and HER


Rare-earth metal-doped metal oxides, in particular, display excellent activities, which improve a material’s conductivity and surface area, as well as the diffusion routes. Many rare-earth metals have been utilized as doping agents, including gadolinium (Gd), neodymium (Nd), dysprosium (Dy), and samarium (Sm) [92]. These metals/metal oxides significantly boost ionic conductivity, carrier transportability, and catalytic activity. The discovery of abundant rare-earth electrocatalysts for OERs and HERs in strong acids in recent years has created a substantial challenge in the development of high-efficiency, long-lasting, and cost-effective electrolyzers and fuel cells [93]. To achieve the benchmark current density (10 mA cm−2), rare-earth Dy-doped cupric oxide nanoparticles (Cu1−xDyxO) electrocatalysts demonstrated an outstanding OER at 1.55 V versus RHE and HER at 0.036 V vs. RHE in an aqueous 1.0 M KOH electrolyte [94].



NiFe-LFO was synthesized via solvothermal method and calcined at different temperatures. By immersing porous LFO in a solution of Ni2+, Fe3+, and urea, NiFe-LFO samples with varying Ni contents and Ni2+/Fe3+ molar ratios were prepared. The best -performing sample had a Ni2+/Fe3+ ratio of 49 and a Ni content of around 15% (Figure 12a). TEM images showed amorphous ultrathin nanosheets in NiFe-LFO (Figure 12b), while immersion in Ni2+ solution did not produce similar nanosheets, confirming the composition as FeOOH. NiFe-LFO exhibited a significantly lower overpotential cthanLNO-FeOOH and Ni-doped LFO-FeOOH (Figure 12c), highlighting the beneficial effect of surface Ni doping on catalyst performance.



DFT calculations show that the strong electronic interactions at the composite’s interface play a critical role in improving catalytic activity. Furthermore, Ni2+ doping efficiently changes the electronic structure of LFO and improves electron transport at the interface of LFO and FeOOH, resulting in an elevated d-band center of FeOOH and strong OER activity. This work laid the groundwork for the development of improved OER electrocatalysts for sustainable energy devices [95].



Niss et al. [96] explored two alternative catalytic designs in depth in order to understand the diverse spatial arrangements that determine the characteristics of the OER. The two designs were Sm2O3-loaded ZnO on the surface (Sm-Zn-L) and Sm2O3-embedded ZnO (Sm-Zn-E). In comparison with the Sm-Zn-L catalysts, the Sm-Zn-E catalysts had a reduced overpotential (419 mV for 10 mA cm−2), Tafel slope (89 mV dec−1), and good stability up to 40 h and 1000 cycles. This could be explained by the entrenched arrangements benefitting the OER. The incorporation of minute Sm2O3 clusters into ZnO enhanced the surface area, reduced the amount of surface defects, and increased the efficiency with which the electronic assemblies of the surface-active sites were optimized. Based on these findings, Sm doping provides a feasible paradigm for rearranging catalysts to improve their spatial performance [97].




7. Polymer-Based Metal OxHs for OER and HER


An exceptional technology that is in demand for producing clean energy without the release of greenhouse gases is the conductive-polymers-based electrolysis of water (OER/ORR) [98]. Conducting polymers were combined with metal/metal OxHs, which are suitable for water splitting reactions and accelerate the rapid transferring of electrons [99,100]. Metal–air secondary batteries (MABs) are interesting options for next-generation energy storage systems due to their high theoretical energy density of over 1000 W h kg−1. The OER and ORR operate an alkaline metal–air battery’s air-positive electrode as follows [101]:


    O   2   + 2   H   2   O + 4   e   −   ⇋ 4   O H   −          E   0   = 1.23   V   v s .   R H E  



(7)







The unique interaction between the AAO template and the polycyclic aromatic intermediate chemicals generated during PVC heat degradation creates the graphene structure. Polarization at +40 mA cm−2 in 4 mol dm−3 KOH was used to test carbon/CFCO electrodes’ OER endurance. DB/CFCO, DB2400/CFCO, and pCNF1500/CFCO’s electrocatalytic activity toward OER was dramatically reduced, with a current density at 1.7 V vs. RHE dropping to 53%, 54%, and 67% of the original value, respectively [102]. Perovskite oxide/carbon electrodes’ OER current decreased due to carbon corrosion. The MWCNT/CFCO electrode’s current density dropped to 87% at 1.7 V vs. RHE due to OER deactivation, but this sample had the highest graphitization degree and therefore better oxidation resistance [103].



A nickel oxyhydroxide–chitosan nanocomposite electrocatalyst with high electrocatalytic activity and stability for glucose oxidation (Gox), ORR, OER, high sensitivity, and selectivity for glucose electro-sensing was investigated. This was the first study to examine the EC characteristics of the as-prepared nanocomposite for fuel cell applications, which was previously employed in the adsorption process to remove heavy metals such as Ni(II), Fe(III), and Cu(II) ions from aqueous solutions using different types of chitosan biosorbents [104]. Expectedly, the calcined (curve d) and uncalcined (curve) nano-NiOOH/GC electrodes had stronger OER activity than both bare GC and CS/GC electrodes, demonstrating NiOOH’s crucial function in catalyzing the OER. After annealing at 250 °C, nano-CS-NiOOH/GC electrodes displayed a rapid rise in the OER current and a large negative shift in the OER onset potential, suggesting increased electrocatalytic activity for the OER [105]. The catalysts’ structure and electrocatalytic activity depended on the nano-CS-NiOOH calcination temperature. The nano-CS-NiOOH/GC electrode’s electrocatalytic activity toward ORR, OER, and Gox rose with calcination temperature (>280 °C) due to CS matrix degradation [106].



To improve EC water-splitting efficiency, high-performance and low-cost OER electrocatalysts are needed. Here, a porous and self-supported FeNi-alloy fiber paper was effectively manufactured to exhibit exceptional OER performance with an ultralow overpotential and amazing stability. EC water splitting is a sustainable and environmentally benign way to manufacture hydrogen for energy storage utilizing power from solar, wind, and other renewable sources [107]. The HER and OER occur at the cathode and anode electrodes, respectively, during water splitting. The HER utilizes two-electron transfer processes, while the OER needs a sophisticated multistep proton-coupled electron transfer process (4OH− → O22− + 2H2O + 4e−), which slows reaction kinetics and reduces water-splitting efficiency. OER electrocatalysts must be highly efficient. The benchmark OER electrocatalysts are noble-metal-based oxides (IrO2, RuO2, etc.) [108,109].



For the oxygen evolution reaction (OER) process, the lattice-oxygen-mediated mechanism (LOM) on perovskite oxides was found to be kinetically superior to the more common adsorbate evolution mechanism (AEM). However, it remains difficult to realistically increase lattice oxygen involvement. A lead–selenium–cobaltate–fluoride–methylene (LSCFM) electrocatalyst was prepared for use in the OER. The larger concentration of the surface oxygen vacancies and faster oxygen ion diffusion coefficient in LSCFM are responsible for its increased OER catalytic activity, as confirmed by XPS, pH-dependent OER kinetics, and ionic diffusivity experiments [110].



To improve OER activity while keeping the ORR rate high, a network of nanoparticle-sized La0.8Sr0.2MnO3 (LSM)-based perovskite catalysts was synthesized using a polymer-assisted chemical solution (PACS) approach. Due to its relevance to numerous applied technologies and industries, the OER and ORR have received extensive research attention. Chemical energy storage heavily relies on water splitting via oxygen evolution. Many essential and convenient energy conversion and storage technologies, such as water electrolysis and rechargeable metal–air batteries, rely on the OER and ORR as fundamental phenomena [111]. A S and B co-doped CoFeOxH with apparent CER suppression properties was easily and quickly made using a solution combustion synthesis method (Figure 13; 1 to 3). With a low Tafel slope of 46.7 mV dec−1, the as-prepared S,B-(CoFe)OOH-H attained a low overpotential of 161 and 278 mV with current densities of 10 and 1000 mA cm−2, respectively.



Additionally, systematic electrolyte testing between pH values of 14 and 7 produced promising results, bringing direct seawater electrolysis under nearly neutral pH conditions closer to reality [112]. Perovskite nanostructure, nickel iron sulfides on nickel foam (NiFeS/NF), Co-Mo-B nanocomposition, cobalt disulfide/graphite, and NiFeOx nanoparticles are examples of new classes of bi-functional catalysts for both the HER and OER that have emerged in recent years. While RuO2 is well known as an OER catalyst, its use in HER is far more limited. Improvements in electrocatalytic performance are required for HER catalysts to overcome issues regarding reactivity, poor electron transport, low surface area, and instability under operating circumstances. In the oxygen evolution reaction, the Tafel slope of RuO2 NR is 92.6 mV dec−1. As a result, this catalyst has emerged as a leading alternative to conventional oxide and sulfide nanoparticles for use in HERs and OERs. Many useful and convenient methods of converting and storing energy, such as the electrolysis of water and rechargeable metal–air batteries, rely on the OER. The timely innovation and discovery of effective water oxidation electrocatalysts are required to advance sustainable energy systems. Together with a state-of-the-art brown millerite CFCO electrocatalyst for OER/ORR in a 4 mol dm3 KOH electrolyte, carbon nanomaterials with different carbon plane orientations were investigated as conductive substrates. The long-term durability of the carbon nanostructure in extremely alkaline electrolytes was shown to depend on the proper arrangement of exposed carbon planes with a rather high degree of graphitization. In metal–air batteries with alkaline aqueous electrolytes, highly graphitized platelet-type carbon nanofibers show promise as conductive carbon supports for long-lasting air electrodes. During the OER, surface Fe atoms are readily oxidized, and the surface of the FeNi alloy is leached away to expose more Ni atoms, which then become active OxH sites. A critical active material for the OER is metal OxH, and FeNi alloy can speed up electron transfer along reaction pathways. The improved electrocatalytic activity for the HER and OER at lower overpotentials of 0.104 V and 0.246 V, respectively, to deliver 10 mA cm−2 can be attributed to the FeCo-LDH catalyst’s strength, many defects, electron transport from Fe, and increased conductivity. The EC reconstruction of alloys, an alternative approach to designing extremely efficient electrocatalysts, will speed up the use of cheap, effective, and long-lasting electrocatalysts [113].




8. MXene-Supported Metal OxHs for OER and HER


Several etching and delamination techniques can be used to transform MAX phases into the 2D material family known as MXenes, which consists of transition metal carbides and nitrides [114,115]. The general formula for a MAX phase is Mn+1AXn, where M represents an early transition metal, A represents an element from group 13 or 14, and X denotes either carbon or nitrogen. By removing the group 13/14 element from the MAX structure via etching in a fluoride ion-based solution, the carbide layers are terminated by OH, O, Cl, or F groups, which are referred to as “surface groups” or “edge sites”. ‘MXene’ is the name given to the final structure. It is hypothesized that combining pure metal oxides with MXenes as a catalyst layer for the OER would be beneficial because of MXenes’ superior conductivity, hydrophilicity, and tunability. Interestingly, MXene materials are promising for the HER, the inverse of the water-splitting reaction, via computational calculations and experimental approaches [116,117,118]. Hydrogen production relies on the discovery of plentiful, low-cost, and highly active catalysts for the HER and OER. Many researchers are interested in using nanolaminate ternary transition metal carbides (MAX phases) and their derived two-dimensional transition metal carbides (MXenes) as electrocatalysts. Four new MAX@MXene core–shell structures have been constructed, with Co/Ni-MAX phases serving as the core and MXenes serving as the shell. An overpotential of 239 mV and high stability during the HER with MXenes as the active sites were observed with the Ta2CoC@Ta2CTx core–shell structure under alkaline electrolyte conditions. Maintaining a bulk crystalline structure and generating Co-based OxHs that were developed via surface reconstruction as active sites, the Ta2CoC@Ta2CTx core–shell structure exhibited an overpotential of 373 mV and a modest Tafel plot (56 mV dec−1). This work presented a new approach to creating multifunctional electrocatalysts by taking into account the diverse chemical compositions and structures of MAX phases [119], and it set the way for the future development of MAX-phase-based materials for use in clean energy applications.



Using a metal–organic framework (MOF)-based strategy (Figure 14a), Zou et al. [120] developed a new hierarchical porous NiCo mixed-metal sulfide (denoted as NiCoS) on Ti3C2Tx MXene. The hybrid’s better activity toward the oxygen evolution process (OER) results from the combination of NiCoS and Ti3C2Tx sheets, each of which benefits from the other’s distinctive structure and strong interfacial interactions. The OER measurements revealed that the NiCoOOH on the surface is the intrinsic active species for the subsequent water oxidation, demonstrating how the hierarchical NiCoS in the hybrid is changed to a nickel/cobalt oxyhydroxide-NiCoS assembly (denoted as NiCoOOH-NiCoS). The hybrid material is then used in an air cathode for a rechargeable zinc–air battery, which displays long-term stability and low charging/discharging overpotential (Figure 14b,c). This work highlights the adaptability of MXenes in tuning the structure and electrocatalytic OER performance of MOF derivatives and sheds light on the structure–activity link for catalysts that do not require noble metals. NixFey nanoalloys supported on highly electron-conductive 2D transition metal Mo2CTx MXene were synthesized via a polyol-assisted solvothermal method. Several physicochemical methods are used to ascertain the materials’ structures, morphologies, and compositions. In addition, to facilitate the production of nanostructured metallic NixFey nanoalloys on an MXene support, this material also enhances the OER by facilitating charge transfer at the interface [121].



An HT reaction followed by sulfurization was used to create composites of CoS2 nanowires attached to the electronegative surfaces of exfoliated MXene nanosheets. When compared with pure CoS2 and MXene, the CoS2@MXene composite produced a more efficient trifunctional electrocatalyst with a lower overpotential for ORR, OER, and HER in alkaline solutions. In order to build efficient noble-metal-free catalysts for energy conversion systems [122], the multidimensional fabrication of 1D CoS2 nanowires on a 2D MXene substrate has led to new insights. HT growth was followed by an in situ phosphorization strategy, as demonstrated by Li et al. [123], who prepared a NiFeCoP/MXene catalyst and demonstrated that MXene coupling and phosphorization could significantly induce the formation of high-valence TM active sites by altering the arrangement of electrons close to TM (Ni, Fe, and Co). Furthermore, as shown by the EC measurements, numerous OER active species NiOOH could be easily created, endowing NiFeCoP/MXene with a low overpotential of 240 mV at 10 mA.




9. Solid Supports for Metal OxHs for OER and HER


Metal oxides and their hydroxides offer exceptional electrocatalytic activity toward various energy conversion and/or storage systems. In metal-oxide-based modified electrode systems, metal/metal oxides have been introduced into aqueous electrolytic environments. Oxide/hydroxide formed on the electrode surface area, playing a significant and important role in electrocatalytic reactions [124]. In this section, some of the solid-supported metal OxHs and their catalytic activity toward the OER and HER are briefly discussed.



Cheng et al. [125] designed Ba-, Sr-, and La-based perovskites-supported cobalt–iron-based bimetallic OxHs with amorphous carbon. In general, Fe enhances the OER in the cobalt OxH systems because the Fe is oxidized comparatively faster and stabilizes the cobalt cation in the lower oxidation coordinates. Additionally, they indicated that the electronic interaction between Co and Fe enhances the OER, which was achieved with a lower content of Fe in the BSCF perovskite. A three-dimensional NiFe-based OxHs-supported nickel foam was reported by Yuan et al., and this catalyst expressed exceptional OER activity of 10.0 mol L−1 with a KOH electrolyte (80 °C). Electron-donating functional groups (–NH2, –OH, and –OCH3) and electron- withdrawing functional groups (–COOH and –NO2) play a key role in this catalytic activity. Additionally, these functionalities help to enhance and/or modify the electrode–electrolytic interface to improve electrocatalytic activity. In situ EC Raman spectroscopy showed the active involvement of FeOOH and NiOOH, which produced excellent activity with a super-high catalytic current density of 500 mA cm−2 [126].



Recently, Lu et al. [127] synthesized NiFe OxH-anchored N-doped carbon aerogel, which showed excellent OER activity with a low electrode overpotential of 304 mV at10 mA cm−2. Additionally, DFT calculations revealed that the increase in the binding ability between the metal (Ni-Fe) OxH and carbon aerogel enabled the development of an active catalyst for energy storage and energy conversion systems. The slow electro-kinetics of the OER have been addressed via the effective synthesis of electrocatalysts. Along this line, Yu et al. developed NiFe OxH clusters anchored on carbon black. With its excellent nanostructure and increased surface area, this catalyst showed excellent OERs at a low overpotential of 320 mV. The theoretical calculations and experimental results showed that Ni-O-Fe structures offer exceptional catalytic activity in terms of oxygen electrochemistry [128]. Xu et al. [129] developed cobalt hydroxide nanoflowers-decorated α-NiMoO4 nanowires as functional electrocatalysts for water splitting reactions. They decorated the Co(OH)2/NiMoO4 nanowires on a carbon cloth via a simple HT process, which formed as one-dimensional nanoarchitectures, providing a lower overpotential toward the HER of 183 mV and the OER of 170 mV at a current density of 10 mA cm−2 in 1.0 M KOH electrolytes, showing good long-term stability. A 3D hierarchical nanoarchitecture, consisting of ultrathin porous nickel–iron oxides/hydroxide, was assembled to a metallic nickel–copper alloy, which exhibited excellent OER activity at an overpotential of 218 mV as well as the HER at 66 mV at 10 mA cm−2. Additionally, the prepared catalyst exhibited 293 and 506 mV at 10 and 50 mA cm−2, respectively, for a solar-panel-powered electrolyzer (1.5 V) [130].



Solar water splitting using tantalum OxHs with Sr and BO/(OH)x was achieved by Lawley et al. [131]. They found that Sr in the catalyst enhances the surface reconstruction process, and BO/(OH)x improves the outer-surface hydrophilicity of the prepared catalyst with the modified electrodes, which enhanced the overall water-splitting reaction. Additionally, these oxy-nitroxy interfaces provided enhanced light adsorption and showed excellent catalytic activity for the OER. Amorphous CoFe-based double-hydroxide-supported N-doped CNTs were developed via a facile, room-temperature method by Liu et al. for the OER [132]. The prepared double hydroxide provided a better catalyst for aqueous environments and formed OxHs; these OxHs helped to extract active oxygen species from the electrolytic solution. Additionally, the amorphous nature of the metal hydroxide possessed more defective surface area, which helped to boost the OER. A bifunctional and binder-free SnFe sulfide/oxyhydroxide heterostructured nanoarchitecture on nickel foam was developed via a facile solvothermal method by Zhan et al. [133]. The prepared electrocatalysts exhibited a lower overpotential for the HER of 324 mV and for the OER of 281 mV at 1000 mA cm−2. This was achieved via a sulfide/oxyhydroxide heterostructured interface with excellent electrocatalytic activity toward the active oxygen separation in the OER.



A tunable proton acceptor such, oxoacid (C2O42−) on NiOOH, was developed, which achieved the effective irreversible reconstruction of Ni metal compounds (i.e., active surface) to improve the OER. Additionally, these acids could help to extract protons or hydroxide ions from the electrolytes, leading to an enhanced OER activity of 270 mV (10 mA cm−2) [134]. The authors stated that this strategy can be applied for other transition metals such as Co, Fe, etc. Feng et al. [135] synthesized an architecture of hierarchical hollow-shell-natured cobalt-metal-supported OxH (CoOOH) on gold nanoparticles (AuNPs) via a facile method (Figure 15a). The EC impedance spectroscopy (EIS) analysis of AuNPs/CoOOH also confirmed the photo-assisted OER activity, which achieved an incident photoelectron conversion efficiency of up to 5% (Figure 15b).




10. Conclusions


Owing to the ever-increasing energy demand and its associated climate change, researchers are continuously working toward the development of active and cost-effective energy storage and conversion systems. One of the important, cost-effective, alternative green technologies that is being developed for commercialization is water electrolysis. Various achievements have been made to improve the electrode active kinetics in the hydrogen evolution reaction, oxygen evolution, and water splitting through the design of catalysts. To improve the efficacy of the process, metal OxHs provide excellent and stable electrode systems for long-term usage. Additionally, transition metals, such as Ni, Fe, Co, Mn, etc., and their electrocatalysts are playing a central role in the electrocatalytic systems for the HER, OER, and water-splitting reaction. Earlier researchers found that the transition metal and its oxides and their sluggishness can be addressed by either adding various other metals and their OxHs to the systems, carbon-based supports, or other metal oxides. Supports co-catalysts, MXenes, polymers, etc., were reviewed, and their progress was briefly described in this paper. The following improvements are suggested to enhance the reaction: (i) Detailed mechanistic studies of redox reactions in water splitting are urgently needed. (ii) The effect of cocatalysts and supports on long-term catalyst stability and their role need to be researched. (iii) The OxHs and their effectiveness in reaction environment need to be stabilized. The main focus of studies on OxH catalysts should be on developing economically viable, highly stable, and environmentally friendly catalysts with large numbers of active sites, corrosive resistance, high electronic conductivity, and excellent electrocatalytic activity for the water-splitting reaction. The introduction of OxH-based materials to generate composites has been well established as a promising strategy for effectively increasing intrinsic activity in the water-splitting reaction process. We hope that this study sets the basis for the rational advancement of even more active and stable OxH electrocatalysts for this valuable water-splitting reaction. Furthermore, the challenges include the dependence of the Ni and Fe oxidation state on the water-splitting reaction at different transition metal contents. In general, most of the water-splitting reactions are carried out under alkaline conditions. So, a main challenge is to develop an active electrocatalyst working under all pH conditions. Some of the discussed electrocatalysts have several drawbacks in water-splitting reactions, including poor catalytic sites on the surface, fast electron–hole recombination rates, and a wide band-gap range that allows only UV light.
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Scheme 1. (a) The reaction mechanism of hydrogen evolution on an electrode surface under acidic solutions. (b) OER mechanism under acid conditions. The OER proceeds via the generation of an M-OOH intermediate (black line). The green line represents the direct formation of O2 via the interaction of M-O oxo intermediates. Copyright 2023 by the American Chemical Society [39]. 
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Figure 1. (a) Fabrication of integrated PBSC@FeOOH-20 catalysts with core–shell structure, (b) HR-TEM images of amorphous FeOOH-decorated PBSC catalyst, and (c) OER and HER activities of PBSC@FeOOH-20 in 0.1 M and 1 M KOH. Copyright 2018 by the American Chemical Society [46]. 
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Figure 2. Schematic illustration of the preparation of FeOOH@Fe-NiSe@NiFe. Copyright 2022 by the American Chemical Society [49]. 
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Figure 3. Schematic illustration of the proposed reaction mechanism of (a) Ni(OH)2 and (b) codoping of Mo6+ and W6+ in Ni(OH)2. (c) HRTEM image of FeVO(OH)/NiMoW(OH)2 and (d) LSV water-splitting curve of FeVO(OH)/NiMoW(OH)2@1.65 V vs. RHE, with the inset digital image showing the prepared electrocatalyst. Copyright 2023 by the American Chemical Society [50]. 
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Figure 4. (a) Construction of β-like FeOOH nanosword on Ni foam and its further transformation into a 3D porous structure after rGO encapsulation to provide OER activities, (b) Fourier transform image of the selected area of β-like FeOOH, and (c) LSV curve of the scaled-up β-like FeOOH sample of 4 × 6 cm area on Ni foam. The inset photograph image shows the stability curve of the sample. Copyright 2021 by the American Chemical Society [65]. 
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Figure 5. Schematic diagram of the fabrication of FeOOH/Ni(OH)2 on Ni foam through cathodic electrodeposition of Ni(OH)2. Copyright 2019 by the American Chemical Society [66]. 
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Figure 6. Scheme of the preparation of Ni2P/FeOOH. Copyright 2021 by the American Chemical Society [67]. 
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Figure 7. (a) Schematic diagram of the surface modification process of Fe@Ni nanofiber electrode; (b) EC performance of Fe@Ni nanofiber electrode, and Pt/C||RuO2 couples the polarization study for overall water-splitting reaction; and (c) electrode stability test under a current density of 10 mA cm−2. Copyright 2019 by the American Chemical Society [77]. 
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Figure 8. (a) Schematic illustration of the formation of FeCo2S4 nanosheet arrays on Ni foam and their corresponding morphology, (b) two-electrode OER polarization curves of FeCo2S4/NF//FeCo2S4/NF,FeCo2O4/NF//FeCo2O4/NF and NF//NF at a scan rate 2 mV s−1, and (c) two-electrode cell durability of FeCo2S4/NF//FeCo2S4/NF electrode image with gas evolution (inset) in 1 M KOH. Copyright 2018 by the American Chemical Society [78]. 
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Figure 9. Illustration of Ni-FeOOH nanosheet synthesis via oxygen-reduction deposition method. Copyright 2023 by the Elsevier [84]. 
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Figure 10. Schematic illustration of the fabricating process of NiFeMn-AOs electrode and its catalytic function for both OER and HER. Copyright 2021 by the Royal Society of Chemistry [85]. 
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Figure 11. Schematic route for amorphous Ni@Fe-NP. Copyright 2020 by the Royal Chemical Society [87]. 
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Figure 12. Schematic representation of synthesis route of NiFe–LFO. (a) Synthesis process, (b) TEM image of NiFe–LFO and (c) power density response. Copyright 2021 by the Royal Chemical Society [95]. 
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Figure 13. Synthesis strategy of S- and B co-doped CoFeOxHs. Copyright 2022 by the American Chemical Society [111]. 
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Figure 14. (a) Scheme of a homemade rechargeable Zn–air battery. (b) Charging and discharging polarization curves of rechargeable Zn–air batteries. (c) Cycling performance at a current density of 10 mA cm−2. Copyright 2018 by the American Chemical Society [120]. 
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Figure 15. (a) The synthetic route of Au/CoOOH; (b) EC impedance plots of CoOOH, Au/CoOOH, and Au/CoOOH. Copyright 2020 by the American Chemical Society [135]. 
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Table 1. The EC performance of recently reported OxH-based electrocatalysts for water splitting, OER, and ORR.






Table 1. The EC performance of recently reported OxH-based electrocatalysts for water splitting, OER, and ORR.





	Electrocatalyst
	Medium (M)
	Over Potential (V)
	Tafel Slope (mV dec−1)
	Current Density (mA cm−2)
	Specific Capacity (mAh g−1)
	Stability (Cycles)
	Ref.





	a FeCo2Ox(OH)y/GO
	0.1 NaOH
	0.305
	43.7
	10
	−
	−
	[26]



	b 3D-FeCoOOH/CC
	1 KOH
	0.259
	34.9
	10
	−
	−
	[27]



	c Spindle-FON/CC
	-
	0.216
	73.4
	10
	−
	−
	[28]



	d NiFeOOH(S, Se)
	1 KOH
	0.195
	31.99
	10
	−
	−
	[29]



	e FeCoNi(S)
	1 KOH
	0.293
	−
	500
	−
	2000 h
	[30]



	f γ-FeOOH/N,S-C
	0.1 NaOH
	0.123
	79.6
	92
	740
	5000
	[31]



	g RuO2/MnOOH/C
	1 LiPF6
	−
	−
	0.2
	1000
	100
	[32]



	h γ-NiOOH
	1 KOH
	0.81
	328
	12
	−
	133
	[33]



	i CoFe-OH@FeOOH
	1 KOH
	0.200
	48
	10
	−
	500 s
	[34]



	j 3D CoFe-OOH@Co2P/NF
	1 KOH
	0.199
	39
	30
	−
	24 h
	[35]







a Iron cobalt oxyhydroxide based graphene oxide composite; b iron-induced 3D nanoporous iron–cobalt oxyhydroxide on carbon cloth; c spindle-shaped ferric oxide nanoparticle/carbon cloth; d sulfur- and selenium-based nickel iron oxyhydroxide; e trimetallic oxyhydroxides; f nitrogen and sulfur co-doped iron oxyhydroxide on carbon nanosheets; g ruthenium oxide nanoparticle decorated manganese oxyhydroxide on carbon; h nickel oxyhydroxides; i cobalt iron hydroxyl based iron oxyhydroxide nanocomposite; j cobalt iron oxyhydroxide based cobalt phosphide on nickel foam (CFCN) composite.
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