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Abstract

:

Hydrogen energy, as a clean and renewable energy, has attracted much attention in recent years. Water electrolysis via the hydrogen evolution reaction at the cathode coupled with the oxygen evolution reaction at the anode is a promising method to produce hydrogen. Given the shortage of freshwater resources on the planet, the direct use of seawater as an electrolyte for hydrogen production has become a hot research topic. Direct use of seawater as the electrolyte for water electrolysis can reduce the cost of hydrogen production due to the great abundance and wide availability. In recent years, various high-efficiency electrocatalysts have made great progress in seawater splitting and have shown great potential. This review introduces the mechanisms and challenges of seawater splitting and summarizes the recent progress of various electrocatalysts used for hydrogen and oxygen evolution reaction in seawater electrolysis in recent years. Finally, the challenges and future opportunities of seawater electrolysis for hydrogen and oxygen production are presented.
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1. Introduction


Due to the ever-increasing energy demand and the exponential growth of energy consumption, we are facing a great challenge caused by the shortage of fossil energy storage together with the related pollution. The energy conversion system, to generate green energy as an alternative to fossil fuels, becomes an essential part to build a roadmap towards sustainable energy future [1,2]. Among the green and sustainable energy, hydrogen is a clean energy resource with great abundance and significant energy density, since it can be produced from water without release of carbon dioxide or other toxic products in the process of conversion to other forms of energy. Fossil fuels (such as natural gas, coal, or biomass gasification) are still the main source for producing hydrogen in the current industrial production, occupying 96% of hydrogen production. Only 4% is produced through electrolytic water [3,4,5]. Theoretically, only a potential of 1.23 V is required for water splitting. However, a high voltage, typically larger than 1.8 V, is needed to trigger the water splitting reaction. Water electrolysis consists of a two-electron transfer cathodic hydrogen evolution reaction (HER) and a four-electron coupled anodic oxygen evolution reaction (OER). The large activation barriers in HER and OER pathways result in large overpotentials, thus leading to slow kinetics of water electrolysis [6,7,8]. Therefore, we must use electrocatalysts with high activity to reduce the activation energy barrier of HER and OER, lower the overpotential and ultimately achieve a more efficient energy conversion.



At this stage, research of electrolysis for hydrogen production using freshwater has yielded good results; however, research of seawater electrolysis for hydrogen production is still at the early stage [9,10]. The freshwater resource is scarce, most of which remains frozen or in the form of chemosynthetic water. On the contrary, seawater, accounting for 96.5% of the earth’s resources, is world-widely abundant. It is promising to utilize seawater as electrolyte for water electrolysis to produce hydrogen. However, there are up to 3.5 wt% salts in seawater in presence of different metal ions, which may participate in various competing electrochemical reactions to HER at the cathode, limiting the efficiency of water electrolysis [9,10,11,12]. Moreover, the presence of bacteria and microorganisms in natural seawater can lead to the formation of insoluble precipitates on the active site of the catalyst surface, which may affect the HER performance (Figure 1) [13,14]. On the other hand, high concentration of chloride ions (ca. 0.5 M) may block the active center of catalysts [15]. Furthermore, the chlorine evolution reaction (CER) may also occur as a competitive reaction to OER at the anode [16]. Under acidic conditions at pH = 0, the theoretical overpotential of four-electron transfer OER (1.23 V vs. SHE) is 130 mV lower than that of two-electron transfer CER, and thus, CER has faster kinetics [17]. Given that the overpotential of CER does not vary with pH as OER does, the inhibition of CER can be achieved by increasing the alkalinity of the electrolyte. Nevertheless, another reaction occurs in an alkaline environment, namely, the hypochlorite production reaction [18]. Therefore, in order to achieve high-efficiency hydrogen production and realize industrial seawater electrolysis, it is necessary to have a systematic summary and in-depth understanding of the reaction mechanism as well as the related parameters affecting the performance.



Up to now, various catalysts have been studied into the seawater electrolysis [9,10,19,20,21,22,23,24,25,26,27,28,29,30,31,32]. Successful examples, such as metal (hydrogen) oxides, nitrides, phosphides, borides, and hybrid catalysts have been applied as catalysts for OER in seawater. In addition to what have been studied for OER, noble metal alloy, carbon-supported noble metals, MXene-based complexes as well as the hybrid materials with different composites or structures have been utilized as catalysts for HER in seawater. All these catalysts have their own merits and demerits in the seawater electrolysis. Therefore, in this review, we provide an overview of recent advances in efficient electrocatalysts for seawater splitting and summarize in detail the current status of research on HER and OER catalysts in seawater electrolysis. Finally, we point out the current challenges for seawater electrolysis and provide possible directions for the future development of seawater electrolysis technology.




2. Reaction Mechanism


2.1. Mechanism of HER and OER


Electrolysis of water is a thermodynamically sloping chemical process with a measured Gibbs free energy of approximately 237.2 kJ mol−1 [33]. The electrolytic water process consists of anode OER and cathode HER. HER is a two electron transfer process and OER is a four electron transfer process, which respectively produces molecular hydrogen and oxygen through several proton and electron coupling steps [34,35]. The overpotential is the excess potential above the thermodynamic value of 1.23 V for overall water splitting. As seen from Equations (1)–(4), the decomposition of water can be carried out in different pH environments.



In acidic pH medium:


  Anode :   2  H 2  O =  O 2  + 4  H +  + 4  e −   



(1)






  Cathode :   2  H +  + 2  e −  =  H 2   



(2)







In alkaline pH medium:


  Anode :   4   OH  −  =  O 2  + 2  H 2  O + 4  e −   



(3)






  Cathode :   2  H 2  O + 2  e −  =  H 2  + 2   OH  −   



(4)








2.2. Characteristics of Seawater Catalytic Reaction


Compared with freshwater, seawater contains extra salts, which creates complexity in the electrolysis reaction [9,10]. The effects of multiple cations and anions in seawater on the water electrolysis are discussed as follows.



2.2.1. Effects of Complex Cation Components


Seawater exhibits high ionic conductivity due to the existence of up to 3.5 wt% salts [36]. Among them, sodium ions (Na+), potassium ions (K+), calcium ions (Ca2+), magnesium ions (Mg2+), chloride ions (Cl−), and sulfate SO42− account for more than 99% of the total salts of seawater [37,38]. In lab-scale research, 3.5 wt% sodium chloride solution is the most popular electrolyte to mimic the seawater [39,40,41]. It has also been reported to introduce some Mg2+, Ca2+, K+, and SO42− to mimic natural seawater [42,43,44,45,46,47]. The complex ions in seawater can increase the ionic conductivity of seawater; however, they also cause the complexity in the seawater electrolysis. For example, as the H+ is consumed, the resulting OH− reacts with Ca2+ and Mg2+ to form insoluble precipitates. The insoluble precipitates on the electrode surface may block the active sites and hinder further reaction [29,30,48].




2.2.2. Effects of Chloride Ions


The existence of the chloride ions in seawater can affect both anode and cathode. At the cathode side, chloride ions may inhibit the HER by blocking the active center of the catalysts and thus accelerating the degradation of cathode catalysts in the reaction [49]. At the anode side, significant amounts of chlorine or hypochlorites may be generated, since the chloride ions may undergo reduction reactions competitive to OER [31]. Equations (5) and (6) describe the reduction reactions of chloride ions at the anode [30,31,50].



In acid media:


  2 C  l −  → C  l 2  + 2  e −   



(5)







In alkaline media:


  C  l −  + 2 O  H −  → C l  O −  +  H 2  O + 2  e −   



(6)







The reduction reactions of chloride ions experience only two electrons, which may have faster kinetics than the four-electron transfer OER [51,52,53]. In addition, it can be found from the above equations that the pH of electrolytes can affect the reduction of chloride ions, which can be adjusted to control the anodic reactions in seawater electrolysis. OER is considered to be more favorable at pH > 7.5 according to the Pourbaix plot with an overpotential below 480 mV [49]. In this case, catalysts with an overpotential of less than 480 mV prefer to have selective OER at the anode.






3. Electrocatalysts for Driving Seawater Electrolysis


3.1. Electrocatalysts for OER


As discussed above, the competitive oxidation of chloride ions in seawater not only reduces the efficiency of the OER but also produces chlorine-containing species damaging the electrolyzer and causing environmental issues [54,55,56]. Consequently, excellent catalysts are needed to enable the selective OER. Up to now, a large number of materials, such transition metal oxides and hydroxides, metal phosphides, metal nitrides, metal borides, and hybrid electrocatalysts, have been explored as selective OER catalysts in seawater electrolysis (Table 1).



3.1.1. Metal Oxides and Hydroxides for OER


Metal oxides and hydroxides are widely used as OER catalysts due to their high catalytic activity and efficiency [65,66,67,68]. In 1998, Izumiya et al. investigated the effect of anodic deposited manganese oxide and manganese oxide-OER efficiency on tungsten electrodes [69]. Particular attention was paid to the effect of pH and tungsten content in the oxide of the anodically deposited electrode on the efficiency of the OER. Manganese-molybdenum oxide electrodes with sufficient thickness of oxides prepared via anodic deposition on an IrO2-coated substrate by Fujimura et al. delivered an OER efficiency of approximately 100% at pH 12 in 0.5 M NaCl [70]. The MnMo double oxide (Mn1−xMoxO2+x) prepared by Abdel Ghany et al. [71] delivered an OER efficiency close to 100% in a 0.5 M NaCl solution. However, as the temperature increased, the MnMo double oxides gradually turned into permanganate and molybdate ions. Therefore, iron was added to Mn1−xMoxO2+x in order to improve the stability of the catalysts at high temperatures. Later, El-Moneim et al. [21] reported IrO2/Ti supported Mn-Mo-W triple oxide catalysts. The addition of tungsten played its role by increasing the electrical conductivity of the oxide deposition, which improved the OER efficiency of the anode.



Another type of metal oxides active for OER, NiFeOx usually has significant activity under alkaline conditions, in which the presence of Fe is the key to improving the performance [72,73]. However, the reason for Fe doping to enhance OER kinetics remains controversial. Highly active NiFeOx electrocatalysts are gradually deactivated over time during catalysis due to the loss of Fe elements from the active sites into solution [20]. Obata et al. [20] used the anodic deposition of the CeOx layer to prevent the loss of Fe, so as to achieve high activity and stability of the catalyst. The CeOx layer effectively prevented the diffusion of redox ions through the layer, but nevertheless, it allowed OH− and O2 to pass through without affecting the performance of the catalyst.



Under simulated alkaline seawater conditions, Pb2Ru2O7−x (Figure 2a,b) was found to have better performance than its neutral electrocatalysts in terms of OER selectivity, activity, and stability (Figure 2c) [58]. The selectivity, activity, and stability of RuO2 were found to be much lower under alkaline and neutral simulated seawater conditions compared to Pb2Ru2O7−x. The higher oxidation state on the ruthenium surface and the large number of oxygen vacancies in Pb2Ru2O7−x exhibited excellent OER selective electrocatalytic activity. Optimizing the efficiency of OER in acidic media is particularly difficult, and many efforts have been devoted. Koper et al. [22] electrodeposited MnOx films on a glassy carbon electrode loaded with iridium oxide at pH ~ 0.9 in aqueous solution containing chloride ions. The deposition of MnOx on IrOx reduced the CER selectivity in the presence of 30 mM Cl− from 86% to less than 7%.



Electrolysis in seawater environment, the corrosion caused by chloride ions, is an important issue. Juodkazyte et al. [57] proposed to form a nickel oxide layer on a conductive glass substrate, which showed excellent corrosion resistance in chloride solution. Okada et al. also prepared bilayer structured films with a top layer (Mg2+ intercalated Co-MnO2) and a bottom layer (α-Co(OH)2) (Figure 2d–f) [50]. The Co-MnO2 acted as a protective coating which was not catalytically active; however, it allowed H2O to penetrate into the active catalytic sites of the Co(OH)2 and expelled chloride ions at the same time. In a MgCl2 solution without ion exchange, Mg|CoMnO2/Co(OH)2 showed a significant selectivity and the highest activity for OER in the presence of Cl− (Figure 2g,h).



In addition to metal oxides, metal hydroxides are a kind of catalysts widely used for OER, which even surpassed IrO2 in some cases [72]. However, the majority of hydroxide catalysts suffer from low conductivity and chloride corrosion, unable to meet further industrial demand for the electrolysis of seawater. Layered double hydroxides (LDHs) are one of the most reported metal hydroxide catalysts. NiFe-LDHs with partially crystalline and highly crystalline structures were recently reported for efficient OER [59]. It was found that the OER performance of partially crystalline NiFe-LDH was superior to its highly crystalline counterpart. Yu et al. [19] reported a S-doped Ni/Fehydroxide catalyst (S-(Ni,Fe)OOH), which exhibited extraordinary OER performance in both alkaline brine and seawater electrolytes. In the seawater electrolyte with 1 M KOH, the overpotentials of S-(Ni,Fe)OOH were 300 and 398 mV at current densities of 100 and 500 mA cm−2, respectively. Liu et al. used Zr doped CoFe-LDH/NF to prepare highly active OER catalysts [74]. The results showed that the addition of Zr4+ reduced the crystallinity and expanded the active surface area. CoOOH intermediate produced on the surface not only improved the OER activity but also prevented the Cl− adsorption. In 1 M KOH + 0.5 M NaCl electrolyte, when the current density reached 100 mA cm−2, the overpotential of the electrocatalyst was only 303 mV.




3.1.2. Metal Phosphides for OER


Metal phosphides have attracted much attention in recent years because of their good conductivity, stability, and metal-atom coordination effects [75,76]. Metal phosphides have a similar structure to hydrogenase, in which the metal site and P site can be used as proton receptor and hydrogenation receptor center, respectively [29]. Wu et al. [60] synthesized Ni2P-Fe2P by immersing nickel foam in hydrochloric acid and ferric nitrate solution and phosphating (Figure 3a). Ni2P-Fe2P has excellent activity in seawater electrolysis due to its fast electron transfer rate, corrosion resistance, and hydrophilicity (Figure 3b–d). The overpotentials of Ni2P-Fe2P in 1M KOH seawater were 581 and 774mV at the current densities of 100 and 500 mA cm−2, respectively (Figure 3e,f). Cobalt-doped Fe2P (Co-Fe2P) was tested by Wang et al. [61] in a simulated seawater electrolyte containing 0.5 M NaCl and 1.0 M KOH, which showed an overpotential of 460 mV at 100 mA cm−2 as well as an excellent electrochemical durability of 22 h operation.




3.1.3. Metal Nitrides for OER


Metal nitrides are of interest in electrocatalysis as an interstitial alloy because of its superior corrosion resistance, good conductivity, strong stability, and remarkable mechanical strength [77,78]. The density of states in the d-band of the transition metal can be altered by the introduction of nitrogen atoms. The introduction of nitrogen reduces the d-band density, exhibiting a higher catalytic activity than the original metal materials [79]. Among the metal nitrides, Ni3N/Ni, NiMoN, and NiFeMoN are mostly reported catalysts for their remarkable catalytic performance [80,81,82]. In order to prepare large active surface area and abundant active sites catalysts, Yu et al. [18] prepared a three-dimensional core-shell NiMoN@NiFeN consisting of NiFeN on NiMoN nanorods uniformly modified on a nickel foam carrier (Figure 4a–d). This catalyst showed overpotentials of 369 and 398 mV at current densities of 500 and 1000 mA cm−2 in natural seawater with 1 M KOH, respectively. In situ evolution occurred at the anode surface, and the resulting NiFe oxide and NiFe hydroxide amorphous layers were the true active sites. In addition, the three-dimensional core-shell NiMoN@NiFeN possessed multiple layers of pores, providing an abundance of active sites, allowing efficient charge transfer and accelerated gas release. As a result, NiMoN@NiFeN not only had significant OER performance but was also effective in preventing chlorine corrosion. Furthermore, by coupling NiMoN@NiFeN and NiMoN as anode and cathode catalysts, an excellent two-electrode seawater electrolyzer can be produced (Figure 4e,f). In alkaline natural seawater, the minimum voltage of this electrolyzer was only 1.608 V at a current density of 500 mA cm−2.




3.1.4. Metal Borides for OER


Metal borides are one of the most promising catalysts for OER in seawater electrolytes due to their low cost, high activity, and good stability [83,84]. Recently, Zhang et al. used an electroless plating method to prepare Ti@NiB electrodes on titanium plates [62] and test the OER performance for different electroless plating time (1, 1.5, and 2 h) in an alkaline seawater electrolyte. Ti@NiB-1.5 h showed the best activity and stability with an overpotential of only 397 mV at a current density of 50 mA cm−2. The good catalytic activity and stability of Ti@NiB was attributed to the high active surface area of the modified amorphous NiB and the good attachment between the catalyst and titanium plate. Compared to monometallic borides, bimetallic borides generally have superior activity and stability [85]. For example, Gupta et al. used hydrothermal method to prepare cobalt-iron bimetallic oxyboride (Co-Fe-O-B) nanostructures with various iron contents [23]. The catalysts were tested in an electrolyte containing 1 M KOH and 0.5 M NaCl and delivered an overpotential as low as 294 mV at a current density of 10 mA cm−2. The high activity of the catalysts was ascribed to the Co3O4-core-Co2B shell structure, which favored the formation of active CoOOH at lower potentials. In addition, Li et al. also reported a NiFe alloy plate electrode synthesized by thermal boronization with boron powder followed by electrochemical oxidation [63]. The catalytically active layer, the anti-corrosion layer, and the structural support of this multilayer electrode are the surface oxidized NiFeBx alloy layer, the NiFeBx alloy interlayer, and the NiFe alloy substrate, respectively. The presence of the outermost oxidized NiFeBx layer facilitates the generation of the catalytically active phase γ-(Ni,Fe)OOH, while the NiFeBx interlayer facilitates the prevention of corrosion of the anode material. In 1M KOH + 0.5 M NaCl electrolyte, the multilayer electrode not only had little change in overpotential, and the stability tests lasted for over 70 h.




3.1.5. Hybrid Electrocatalysts for OER


According to previous studies, hybrid structured catalysts usually show significant activity in seawater electrolysis. In contrast to single metal materials, the two components of a hybrid structured catalyst can create a synergistic effect, resulting in a mixed charge distribution and improved electrocatalytic performance [86,87]. For example, Cui et al. [64] prepared a heterostructured catalyst consisting of Fe-Ni(OH)2 nanosheets and Ni3S2 nanoarrays, which exposed abundant active sites for OER in alkaline seawater electrolyte (Figure 5a–e). When the current density was 10 mA cm−2, the overpotential was as low as 269 mV, and the Tafel slope was only 46 mV dec−1. In addition, it also shows significant stability after 27 h operation at a high current density of 100 mA cm−2 with a Faraday efficiency as high as 95%. The catalytic performance of FeNi(OH)2/Ni3S2 catalyst may benefit from the introduction of iron activator, which provides a large number of heterostructures with active and selective sites. In addition, Wu et al. [24] constructed the core-shell structure of CoPx@FeOOH with a multiphase cobalt phosphide (CoPx, CoP-CoP2) core (Figure 5f). Synergistic effects were yielded by integrating the highly conductive CoPx core into the active FeOOH shell, showing high conductivity, large surface area, and increased turnover frequency. CoPx core with negative charges modulated the adsorption energy between the OOH active species and the OER intermediates, finally enhancing the catalytic activity of the catalyst. In the seawater electrolyte with 1 M KOH, the overpotential was as low as 283 mV at a current density of 100 mA cm−2 and only 337 mV at a current density of 500 mA cm−2. Excellent stability over 80 h was also achieved, without generation of any hypochlorite.



In summary, there have been successful examples of metal (hydrogen) oxides, nitrides, phosphides, borides as well as hybrid catalysts in seawater electrolysis reactions. All these catalysts have their own characteristics in seawater electrolysis. Metal oxides usually have low price and strong stability [70]. Metal hydroxides are characterized by their low cost, high catalytic efficiency, and their unique layered structure which provides a larger active surface area [19]. Metal oxides and hydroxides are the most widely used OER catalysts, but their intrinsic low electrical conductivity is a major challenge. Metal nitrides have recently become one of the most intensively studied OER catalysts because of their excellent corrosion resistance, low resistance, and high melting point [18]. Compared with oxides and hydroxides, metal phosphides usually have stronger conductivity, in addition to their excellent stability [61]. In terms of metal borides, they usually show excellent catalytic activity and stability in OER. Moreover, the metal boride layer is also conducive to preventing the corrosion of anode materials in seawater [88]. To fully utilize the advantages of different materials, hybrid catalysts combined with different materials or structures are receiving increasing attention.





3.2. Electrocatalysts for HER


Previous studies have shown few competitive reactions to the HER in seawater electrolytes, unlike those in the anode compartment. However, the main problem of cathodic HER is the presence of impurities in seawater, which leads to blockage and corrosion of the active sites, resulting in low efficiency and poor stability [89]. At this stage, mostly reported electrocatalysts for HER in seawater electrolysis include noble metal alloys, carbon-supported noble metals, MXene based complexes, metal phosphides, metal oxides, metal hydroxides, metal nitrides, hybrid electrocatalysts, and so on (Table 2).



3.2.1. Noble Metal Alloy Electrocatalysts for HER


Noble metals (such as Pt and Pd) and their alloys are widely used catalysts for HER due to their high electrical conductivity, excellent stability, and good catalytic activity [102,103,104]. In the volcano plot, Pt is located at the top, representing the most promising electrode material superior to other noble metal-based electrocatalysts [105]. However, the high cost inhibits its large-scale application in industry. Alloying Pt with some other transition metals is a good solution to lower the cost. In general, transition metals have three-dimensional orbitals. The alloying process of Pt changes the outermost electronic states of Pt atoms, affecting the HER process. For example, alloying the Pt with Fe, Co, Mo, Cr, and Ni atoms significantly reduced the overpotential of the catalyst as well as the Tafel slope [25]. In addition, the addition of foreign atoms such as Fe, Co, Mo, Cr, and Ni effectively mitigated the effect of Cl2 on Pt, thus improving the stability of the catalyst. The Ti/PtMo electrode had the highest catalytic activity and the maintained an initial current density of 91.13% after 172 h operation in real seawater. PtNix alloys were also used for catalyzing the HER reaction in seawater splitting [90]. By adjusting the Pt/Ni stoichiometric ratio, the final PtNi5 electrode exhibited the best catalytic performance with the minimum starting potential as low as 0.38 V and a good stability for more than 12 h operation.



Transition metals have been divided into two groups located at different sides of the Trasatti’s volcano plot according to the catalytic properties of HER, i.e., 3d series metal atoms (such as Fe, Co, and Ni) on the right side of the volcano plot and metal atoms (such as Mo, Cr, and W) on the left side of the volcano plot with extended d-orbitals [106]. Brewer–Engel theory indicates that d-orbital atoms in a half- or full-space state are more conducive to the adsorption of H atoms, and that electrons can be transferred to the H2O molecule through the d orbitals to break the O-H bond [107,108]. Therefore, Pt alloying with different transition metals shows different HER performance. For example, the alloy of Pt (5d96s1) and Mo (4d54s1) showed good HER performance due to adequate adsorption of H from synergistic interaction; however, the alloy of Pt and Cr (3d54s1) showed unsatisfactory performance due to too strong adsorption and thus difficult desorption of H [26].



In addition to Pt, other noble metals such as Au, Ru, and Ir have also been investigated for the electrolysis of seawater to produce hydrogen. Zhang et al. [91] prepared NiAu and NiPt alloys on titanium foil at onset potentials of 230 mV and 410 mV, respectively, though the NiPt electrode still showed better catalytic activity for HER process. Niu et al. [36] also prepared RuCo and RuCoMox alloys by electrodeposition on titanium foil substrates for hydrogen production in seawater catalysis. Ti foil-supported RuCo and RuCoMox alloy electrodes required overpotentials of 387 and 550 mV, respectively, to achieve a current density of 10 mA cm−2.




3.2.2. Carbon-Supported Noble Metals for HER


Carbon-supported metal catalysts (CMCs) are receiving increasing attention due to adjustable surface physicochemical properties and simple synthesis process. The use of metal-carbon interaction to modify the surface of metal particles is a good method to improve catalytic activity [109]. Generally, it is necessary to optimize the surface and interface of CMC to make a uniform dispersion of metal loading. Liu et al. successfully synthesized N/S co-doped carbon nanosheet-loaded Rh nanoparticles (Figure 6a,b) [93]. This thin mesoporous nanosheet with a high surface area of 437.1 m2/g allowed a uniform dispersion of Rh nanoparticles (Figure 6c–f). The doping of S into the thin carbon nanosheet enhanced the interaction between Rh nanoparticles and carbon support, promoting electron deviation from Rh and transfer to the interface of Rh and carbon. As a result, this Rh-based catalyst exhibited extremely high catalytic activity in seawater at a low loading of only 0.5 wt%, comparable to the performance of commercial 20% Pt/C. The catalyst also delivered a current density of 15 mA cm−2 for 10 h with good stability.



Graphene is a kind of promising carbon-based carrier for catalysts due to its high stability and electron mobility [110]. The use of graphene, as carrier for noble metal catalysts, ensures high catalytic efficiency and improves the stability of noble metals in chloride ion-rich electrolytes while reducing the amount of noble metal used. A graphene-loaded nickel, ruthenium, and iridium-based nanostructured catalyst was synthesized by Sarno et al. [92]. The iridium element ensured the high hydrogen precipitation activity of this alloy in acidic and seawater environments and enhanced the stability of the alloy. In addition, the different work functions of each metal in the alloy promoted the aggregation of electrons on the Ir surface, which further enhanced the activity. Moreover, the negative charges accumulated on Ir prevented the attack of chloride anions. The highly conductive graphene network stabilized the nanoparticles immobilized on it and reduced the charge transfer resistance at the electrode. In 0.5 M H2SO4, an overpotential of 0.06 V and a Tafel slope of 28 mV dec−1 were maintained even after 11,000 cycles. The samples had a Tafel slope of 48 mVdec−1 and maintained a low overpotential of 0.08 V with no significant loss in current density after 250 cycles in real seawater. The results showed that the synthesized electrocatalysts were efficient for HER performance in real seawater, benefiting from the presence of graphene carriers and synergistic alloying effects.




3.2.3. MXene-Based Complexes for HER


MXene is a novel two-dimensional material that can be expressed as Mn+1XnTx (n = 1–3), with M denoting early transition metals (e.g., Ti, Mo, Nb, Ta, and V), X denoting N or C, and T representing surface groups [111]. MXene is promising as catalyst because of its structural diversity, high hydrophilicity, mechanical stability, and high electrical conductivity [112,113,114]. To maximize the exploitation of MXene for catalytic applications, it is often possible to design it as a three-dimensional hollow structure. Three-dimensional hollow structures can largely expose active surface area and prevent MXene aggregation to some extent. For example, a multi-stage hollow MXene improved Pt utilization by binding to ultra-low levels of Pt and enhanced charge transfer rates, intermediate H binding, and ion exchange rates [94]. When it was applied directly to the electrolysis of natural seawater, the catalyst showed significant catalytic activity and durability, far exceeding that of commercial 20% Pt/C. Wang et al. [27] also successfully prepared a novel electrocatalytic material VS2@V2C, in which T-VS2 was vertically embedded on a layered V2C substrate. VS2@V2C showed good catalytic performance in seawater at current densities greater than 100 mA cm−2. The VS2@V2C possessed a high carrier mobility and a low free energy for hydrogen adsorption, in which the VS2 nanosheets provided support and the S sites at their edges helped to facilitate H adsorption and release. In addition, Miao et al. prepared a composite containing h-MoN NPs and B, N co-doped carbon nanotubes (h-MoN@BNCNT) [95]. The h-MoN NPs were encapsulated in B, N co-doped carbon nanotubes, which facilitated the prevention of aggregation and poisoning of h-MoN NPs. The synergistic effects on the B and N doped CNTs and h-MoN NPs generated HER active sites. In seawater electrolytes, h-MoN@BNCNT exhibited a larger current density and remarkable stability, even better than the commercial Pt/C.




3.2.4. Metal Phosphides for HER


The electronegative P atom in the metal phosphides can capture the positively charged protons, and at the same time, it provides a higher activity for HER. With an appropriate ratio of metal to phosphorus atoms, the metal phosphide can exhibit excellent electrical conductivity. CoMoP@C (Figure 7a–d) showed good catalytic activity close to 20% Pt/C at pH = 0–1 and better than 20% Pt/C at high overpotential at pH = 2–14 [115]. The strong proton absorption capacity of the carbon shell effectively contributed to the HER performance. Meanwhile, the carbon shell on the CoMoP core protected the catalyst from corrosion, agglomeration, and poisoning in seawater. As a result, CoMoP@C exhibited outstanding HER performance in real seawater. Lv et al. prepared porous feather-like NiCoP electrocatalysts on foam nickel by hydrothermal and phosphorylation methods (Figure 7e) [96]. Meanwhile, their porous structure and conductive substrate were beneficial to increase the specific surface area and expose more active sites (Figure 7f–h), which also facilitated the release of the generated H2. In addition, the synergistic contribution of the 3D pore structures, electronic effects, and conductive substrates greatly improved the electrochemical stability. NiCoP/NF exhibited excellent activity and stability in seawater at a current density of 10 mA cm−2 and an overpotential of 287 mV.



Recently, Tian et al. used Ni-Co-P as the core and a hybrid polymer of pyrrole and sodium polyphenylene sulfonate as the shell to make an ordered growth of core/shell type PSS-PPy/Ni-Co-P HER electrocatalyst on copper foil [97]. The electrical conductivity and hydrophilicity as well as electronic structure of the Ni-Co-P were optimized by the PSS-PPy. Another carbon-doped nanoporous cobalt phosphide C-Co2P (Figure 8a–d) also exhibited excellent catalytic activity in an artificial alkaline seawater electrolyte with a mixture of NaCl, MgCl2, and CaCl2 chlorides (Figure 8e) [28]. Carbon atoms with strong electronegativity and small atomic radius adjusted the electronic structure of Co2P and weakened the Co-H bond, finally promoting HER kinetics. In addition, C doping introduced two-step H-transfer pathways through the formation of C-Had intermediates, which lowered the energy barrier for hydrolysis (Figure 8f).




3.2.5. Metal Oxides and Hydroxides for HER


Metal oxides are considered as an effective HER catalyst because of their diverse crystal structures, great abundance, and high catalytic activity, which can show Pt-like performance in natural seawater. However, there is still a long way for the industrialization of metal oxides as catalysts for HER. Mn-doped nickle oxide/Ni (Mn-NiO/Ni) was prepared by pyrolyzing Mn-MOF/Ni-F precursor in an inert environment, in which nickle foam served as a substrate and provided nickel elements to interact with Mn-MOF [89]. Amal et al. used a simple and controllable method to design carbon-based NiO/Ni for HER and found that the degree of oxidation of Ni had a great impact on performance [116]. Doping noble metal atoms in metal oxides can tune the electronic structure of the catalyst, where Ru was more cost-effective than other noble metals. Since the binding energy of Rh to hydrogen is similar to that of Pt, it is potentially advantageous and promising for HER electrocatalysis. In addition, the structure of the metal oxide materials also plays a moderating role on the electrocatalytic performance. The arrangement of atoms in amorphous materials can provide a large number of exposed surfaces and defects [117]. An ultra-low Ru amorphous cobalt-based oxide Ru-CoOx/NF (Figure 9a) was constructed by Wu et al. [98]. The amorphous structure provided more active sites for electrocatalytic reactions. In addition, the incorporation of Ru elements promoted internal charge transfer, resulting in better performance (Figure 9b–d). These positive factors effectively drove its electrolysis under high current density conditions in seawater media (Figure 9e,f).



In addition to metal oxides, metal hydroxides have also been applied in HER. For example, Jiang et al. [118] synthesized NiFe-LDH/FeOOH heterostructure nanosheets on the surface of NF by electrodeposition. Due to the interaction between FeOOH and NiFe-LDH, the catalyst achieved significant HER performance in 1.0 M KOH + 0.5 M NaCl electrolyte. When the current density was 10 mA cm−2 and 100 mA cm−2, the overpotential of NiFe-LDH/FeOOH was 181.8 and 286.2 mV, respectively. The NiFe-LDH/FeOOH showed significant catalytic activity with good stability for 105 h operation at a current density of 100 mA cm−2. In addition, it was found that the cation doping can regulate the three-dimensional energy level of electrocatalysts or adjust the electronic structure and the surface adsorption energy of intermediates [119,120]. Zr is one of the most abundant elements on earth and has a variety of valence states. Adding Zr4+ ions in a stable oxidation state into the catalyst cannot only adjust the electronic structure but also reduce the crystallinity and expand the active surface area [74,121]. Liu et al. [74] studied HER performance of the Zr doped low crystalline layered double hydroxides on the surface of nickel foam, which showed 20 h stable operation in a water-splitting electrolyzer in 1 M KOH + 0.5 M NaCl electrolyte.




3.2.6. Metal Nitrides for HER


Metal nitrides showed great potential in seawater electrolysis due to their high conductivity and excellent corrosion resistance [12,18,119]. In general, alloying, vacancy engineering, heteroelement doping, and interface engineering can be used to further improve the catalytic efficiency of metal nitrides, so as to make up for the inherent defects of metal nitrides [122,123,124,125,126]. Jin et al. applied a transition metal-catalyzed phase transition approach in combination with a two-dimensional lateral growth method to synthesize atomic-scale Mo5N6 nanosheets (Figure 10a–c) [12]. Compared with the traditional nitrogen-deficient metal nitrides, the two-dimensional Mo5N6 nanosheets prepared by rich metal-nitrogen bonds showed excellent HER performance in natural seawater (Figure 10d) and stability under high current for 100 h. The performance was far better than the Pt/C benchmark and other metal nitrides counterparts. The high activity of Mo5N6 stemmed from its Pt-like electronic structure. Its stability came from the high valence of its Mo atoms, which made it relatively less susceptible to active-site poisoning by other ions in seawater. In addition, the electronic structure of metal nitrides can be tuned by adjusting the ratio of nitrogen atoms in the metal matrix [77,121,125]. The nitrogen content in metal nitrides was controlled by nitrogen enrichment process and incomplete nitridation process [127,128]. The purpose of the nitrogen enrichment process was to embed additional nitrogen atoms in the metal nitrides lattice, but this process is often only possible under a high temperature and high pressure environment [127,129]. The incomplete nitridation process can promote the formation of the metal/metal nitridation interface, which usually has better electrical conductivity and electrocatalytic performance [99,130]. Jin et al. used an unsaturated nitridation process to synthesize a nickel surface nitride wrapped in a carbon shell (Ni-SN@C) [99]. Compared with conventional transition metal nitrides or metal/metal nitride heterostructures, Ni-SN@C possessed no detectable bulk nickel nitride phase with unsaturated NiN bonds on the surface. Instead, Ni-SN@C possessed metallic nickel as its main chemical component with a unique unsaturated surface NiN bond. At a current density of 10 mA cm−2, the overpotential of the Ni-SN@C catalyst was as low as 23 mV in alkaline seawater. This strategy not only produced catalysts with desirable characteristics of metal nitrides but also promoted the redistribution of charges on the surface of the catalyst, making it excellently corrosion resistant and highly active for HER in seawater electrolysis.




3.2.7. Hybrid Electrocatalysts for HER


Thus far, metal oxides, hydroxides, nitrides, phosphides, etc., have proven to be effective catalysts for hydrogen production in seawater electrolytes. In addition, the heterogeneous structures formed by a combination of them have the same high catalytic activity. The hybridization of electrocatalysts can induce synergistic hybrid catalyst systems by the presence of strong electronic interactions between two compounds, changing the charge distribution inside the hybrid electrocatalyst and optimizing the adsorption energy of H [86,87]. Yu et al. prepared a sandwich-like nickel phosphide (NixP) microplate array by decorating the sides of nickel cobalt nitride (NiCoN) nanoparticles with nanostructured HER catalysts [100]. The sandwich-like catalyst (NiCoN|NixP|NiCoN) had a high specific surface area, which enhanced the catalytic activity of each active site and provided high conductivity for efficient charge transfer. NiCoN|NixP|NiCoN in a natural seawater electrolyte only required an overpotential of 165 mV to achieve a current density of 10 mA cm−2, while its stability was impressive due to the good chloride resistance of the internal NixP microplate array. In addition, Huang et al. developed a hybrid electrocatalyst consisting of a hydrogen acceptor Ni5P4 and a hydroxyl acceptor amorphous nickel hydrogen (oxygen) oxide [Ni2+δOδ(OH)2−δ] to promote HER activity by a simple treatment of the nickel precursor in a nitrogen atmosphere [101]. The Ni5P4 and Ni2+δOδ(OH)2−δ hybridization provided protection to enhance the electrocatalytic performance and specific surface area of the composite electrocatalyst, and at the same time generated good electronic interaction and synergistic inhibition of P-Hads bonds to favor the water adsorption, optimize hydrogen adsorption free energy, and trigger the catalytic pathway in all pH ranges. The prepared hybrid catalysts exhibited an overpotential of 144 mV at a current density of 10 mA cm−2 and 108 mV dec−1 in real seawater. The excellent performance was ascribed to the higher specific surface area, the synergistic effect between the phosphide, and the hydroxide and the electronic interaction.



In general, compared with OER, HER faces few competitive reactions. However, impurities in seawater cause negative effects during the HER reaction process, such as the insoluble precipitation. At this stage, Pt and other noble metals are still the most outstanding catalysts for HER, but the high cost of Pt limits its wide application. Up to now, various noble metal alloys and transition metal compounds have been successfully studied for HER in seawater electrolysis [25,90]. Alloying Pt with other transition metals, such as PtM (M = Cr, Fe, Co, Ni, Mo), can effectively reduce the amount of noble metals while maintaining the catalytic activity of pure Pt [25,90]. In addition, carbon supported catalysts cannot only have a better dispersion of the noble metals but also improve the stability in seawater [93]. In addition to the above noble metals, many other non-noble materials, such as metal phosphides, nitrides, oxides (hydroxides), and new two-dimensional materials MXenes, also have significant HER performance and good resistance to impurities in seawater, which are promising catalysts in seawater electrolysis [74,98].






4. Conclusions and Outlook


Seawater is an inexhaustible resource on the planet; thus, the hydrogen production through the electrolysis of seawater can be effective in alleviating the energy crisis to some extent. Despite many efforts devoted into the field of seawater electrolysis in recent years, there is large space for the improvement of seawater electrolysis for high-performance production of hydrogen. Obviously, seawater electrolysis is more complex than freshwater electrolysis due to the presence of multiple cations and anions. Herein, we review the recent progress and summarize in detail the current status of research on HER and OER catalysts for seawater electrolysis, from fundamental mechanisms to the performance of catalysts.



Extensive research has been carried out on various materials, such as metal oxides (hydroxides), metal nitrides, metal phosphides, metal borides, noble metal alloy catalysts, and so on, for seawater electrolysis. Still, the catalytic activity and stability of most of the reported catalysts are not satisfactory to meet the requirement for practical application. As can be found from Table 1 and Table 2, the overpotential of these catalysts is not low enough. Furthermore, most of the electrolytes for current research are artificial saline water rather than real seawater, which increases the complexity of seawater electrolysis for hydrogen production. Therefore, in order to achieve high-performance seawater electrolysis, we believe more efforts are needed in the following directions:




	(1)

	
Combining experimental and theoretical analyses to further confirm the reaction pathways and active sites of catalysts for HER and OER in seawater electrolysis: in addition to monometallic compounds, various polymetallic compounds and heterostructured catalysts have been extensively investigated as catalysts in seawater electrolysis. It is a trend to design catalysts composed of more than a single metal component by taking advantage of the synergistic effect of multimetal components. As catalyst components become more complex, it is more difficult to identify the electrocatalytic reaction pathways as well as the active sites. Therefore, systematic research based on theoretical analyses is necessary, which can provide guidance for designing materials with desirable structures and properties.




	(2)

	
Employing in situ characterization methods to unravel the true active sites of catalysts: many current electrocatalysts, such as metal oxides, phosphides, and nitrides, undergo surface oxidation or reconstitution during seawater electrolysis, which means that the true active sites of the catalyst may be altered during the reaction. As each step in the catalytic reaction process changes rapidly, we need in situ characterization techniques to track changes in the intermediates during the catalytic reaction process. It will provide clear principle and guidance to design high-efficiency catalysts if more in situ techniques such as in situ XAS, Raman, Fourier transform infrared spectroscopy, and other novel techniques are involved for the mechanistic studies.




	(3)

	
Exploring and developing electrocatalysts with high activity and stability in seawater: Not only multiple cations but also chloride anions in seawater interfere with the water splitting reactions. It is highly desirable to synthesize catalysts with higher selectivity to HER and OER than other competitive reactions. To obtain highly efficient electrocatalysts for seawater electrolysis, modulating the electronic structure of active sites is of great significance and plays a major role in the improvement of catalytic performance. To optimize the electronic structure of catalysts, alloying, vacancy engineering, heteroelement doping, and interface engineering are common methods. Integration of different active materials into a hybrid catalyst is also a good solution for developing high-performance catalysts.




	(4)

	
Designing advanced reactors specific for seawater electrolysis: The current research of seawater electrolysis for hydrogen production is mostly focused on the catalysts. To realize the electrocatalytic production of hydrogen, we need to consider the entire reactor rather than the catalysts only. It is necessary to reasonably design reactors which are adaptable to specific seawater electrolysis. For example, the design of asymmetric reactors is considered to be more promising [31,88], which consists of alkaline water in the anode chamber and seawater in the cathode chamber. Such design not only facilitates the diffusion of Cl− to the anode but also protects the anode catalyst, which is of significance in seawater electrolysis.
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Figure 1. Advantages and challenges of seawater electrolysis. 
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Figure 2. (a) Crystal structure of Pb2Ru2O7−x, (b) XRD of Pb2Ru2O7−x, and (c) LSV curves of Pb2Ru2O7−x and RuO2. Reproduced with permission from [58]. Copyright © 2020 American Chemical Society, (d) Schematic representation of Mg|CoMnO2/Co(OH)2 bilayer structure, (e,f) SEM images of Co(OH)2 and CTA|Co-MnO2/Co(OH)2, and (g,h) LSV curves and the corresponding Tafel plots for the relevant films. Reproduced with permission from [50]. Copyright © 2020, American Chemical Society. 
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Figure 3. (a) Synthesis diagram of Ni2P-Fe2P/NF, (b)TEM, (c) HRTEM images, (d) SAED pattern of a slice of a Ni2P-Fe2P microsheet, (e) OER LSV curves, and (f) chronopotentiometric curves of Ni2P-Fe2P/NF. Reproduced with permission from [60], Copyright © 2020, Wiley-VCH GmbH. 
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Figure 4. (a) Schematic diagram of the synthesis of NiMoN@NiFeN, (b) SEM images of NiMoN, (c,d) SEM images of NiMoN@NiFeN, (e) schematic diagram of an electrolyzer using NiMoN and NiMoN@NiFeN as catalysts, and (f) LSV curves of NiMoN and NiMoN@NiFeN. Reproduced with permission from [18]. Copyright © 2019, Springer Nature. 
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[image: Catalysts 12 00123 g004]







[image: Catalysts 12 00123 g005 550] 





Figure 5. (a) Schematic illustration for the synthesis of Fe-Ni(OH)2/Ni3S2, (b,c) SEM images of Fe-Ni(OH)2/Ni3S2, (d,e) TEM images of the lateral edge at a vertical plate. Reproduced with permission from [64]. Copyright © 2020, Springer Nature, (f) Schematic illustration of the synthesis of CoPx@FeOOH. Reproduced with permission from [24]. Copyright © 2021, Elsevier. 
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Figure 6. (a) Schematic diagram of the synthesis of Rh-G1000 and Rh-GS1000, (b) schematic diagram between Rh and carbon support, (c–e) HAADF-STEM of 0.5Rh-GS1000, and (f) elemental mapping of 0.5Rh-GS1000. Reproduced with permission from [93]. Copyright © 2019, American Chemical Society. 
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Figure 7. (a) Schematic diagram of the synthesis of CoMoP@C, (b) TEM images of CoMoP@C, and (c,d) HRTEM images of CoMoP@C. Reproduced with permission from [115]. Copyright © 2017 Royal Society of Chemistry, (e) Synthesis of NiCoP and schematic diagram of its structure, (f) SEM images of the NiCoP, (g) TEM images, and (h) HRTEM image and SAED pattern (inset) of the NiCoP. Reproduced with permission from [96]. Copyright © 2019, ACS Appl. Energy Mater. 
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Figure 8. (a) Schematic of the preparation of nanoporous C-Co2P electrocatalysts, (b) TEM image, (c) HRTEM image, (d) the element distribution of nanoporous C-Co2P, (e) Polarization curves of the as-prepared catalysts in simulated alkaline seawater, and (f) The relative energy diagram along the proton-deliver pathway on Co2P and C-Co2P surfaces. Reproduced with permission from [28]. Copyright © 2021, Wiley-VCH GmbH. 
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Figure 9. (a) Schematic representation of the synthesis of Ru-CoOx/NF, (b–d) TEM images of Ru-CoOx/NF, (e) polarization curves of Ru-CoOx/NF in seawater, and (f) multipotential stability test chart of Ru-CoOx/NF in seawater media. Reproduced with permission from [98]. Copyright © 2021, Wiley-VCH GmbH. 
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Figure 10. (a) Schematic diagram of the synthesis of MoN and Mo5N6 nanosheets, (b) low-resolution TEM image, (c) high-resolution STEM image of Mo5N6, and (d) LSV curves of different types of catalysts measured in Ar-saturated natural seawater. Reproduced with permission from [12]. Copyright © 2018, American Chemical Society. 
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Table 1. Summary of OER performance of reported electrocatalysts.
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	Catalyst
	Electrolytes
	Electrodes
	Overpotential@10mA cm−2 (mV)
	Tafel Slope (mV dec−1)
	Mass Loading (mg cm−2)
	Ref.





	FTO/NiO
	1.0 M

KOH + 0.5 M NaCl
	FTO
	401
	
	
	[57]



	Pb2Ru2O7−x
	0.6 M NaCl
	GCE
	500
	48
	0.2
	[58]



	Pb2Ru2O7−x
	0.6 M NaCl + 0.1 M NaOH
	GCE
	200
	45
	0.2
	[58]



	Co(OH)2
	0.25 M Mg(ClO4)2
	FTO
	
	125
	
	[50]



	Co(OH)2
	MgCl2
	FTO
	
	63
	
	[50]



	Mg|Co-MnO2/Co(OH)2
	0.25 M Mg(ClO4)2
	FTO
	
	151
	
	[50]



	Mg|Co-MnO2/Co(OH)2
	0.25 M MgCl2
	FTO
	
	144
	
	[50]



	NiFe-LDH
	1 M KOH + 0.5 M NaCl
	NF
	227 (100 mA/cm2)
	
	0.32
	[59]



	S-(Ni,Fe)OOH
	1 M KOH + Seawater
	NF
	300 (100 mA/cm2)
	
	
	[19]



	S-(Ni,Fe)OOH
	1 M KOH
	NF
	281 (100 mA/cm2)
	48.9
	
	[19]



	Ni2P-Fe2P
	1 M KOH
	NF
	452 (100 mA/cm2)
	58
	15.0
	[60]



	Ni2P-Fe2P
	1 M KOH + Seawater
	NF
	581 (100 mA/cm2)
	
	15.0
	[60]



	Co-Fe2P
	1 M KOH
	NF
	274 (100 mA/cm2)
	45
	2.0
	[61]



	Co-Fe2P
	1 M KOH + 0.5 M NaCl
	NF
	460 (100 mA/cm2)
	
	2.0
	[61]



	Ti@NiB
	1 M KOH + 0.5 M NaCl
	Ti plate
	397 (50 mA/cm2)
	34.2
	3.2
	[62]



	Co-Fe-O-B
	1 M KOH + 0.5 M NaCl
	GCE
	294
	
	0.1
	[23]



	multilayered NiFeBx
	1 M KOH + 0.5 M NaCl
	
	263 ± 14
	
	
	[63]



	NiMoN@NiFeN
	1 M KOH + Seawater
	NF
	369 (500 mA/cm2)
	
	
	[18]



	Fe-Ni(OH)2/Ni3S2
	1 M KOH + 0.5 M NaCl
	NF
	269
	46
	
	[64]



	CoPx@FeOOH
	1 M KOH Seawater
	NF
	283 (100 mA/cm2)
	
	1.82
	[24]







FTO, fluorine-doped tin oxide; GCE, glass carbon electrode; NF, Ni foam.
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Table 2. Summary of HER performance of reported electrocatalysts.
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	Catalyst
	Eectrode
	Electrolytes
	Onset Potential

(mV)
	Overpotential

@10mA cm−2 (mV)
	Tafel Slope

(mV dec−1)
	Exchange Current Density (mA cm−2)
	Mass Loading (mg cm−2)
	Ref.





	Pt
	Ti mesh
	seawater
	151.80
	285
	45.8
	7.336 × 10−5
	
	[25]



	Pt-Ru-Cr
	Ti mesh
	seawater
	129.89
	256
	45.7
	9.280 × 10−5
	
	[25]



	Pt-Ru-Fe
	Ti mesh
	seawater
	125.92
	248
	45.2
	9.337 × 10−5
	
	[25]



	Pt-Ru-Co
	Ti mesh
	seawater
	112.79
	222
	44.8
	9.339 × 10−5
	
	[25]



	Pt-Ru-Ni
	Ti mesh
	seawater
	103.25
	206
	44.5
	1.006 × 10−4
	
	[25]



	Pt-Ru-Mo
	Ti mesh
	seawater
	96.22
	196
	44.0
	1.080 × 10−4
	
	[25]



	Pt/C
	GCE
	seawater
	185
	
	59
	1.05 × 10−4
	0.199
	[90]



	PtNi5
	GCE
	seawater
	380
	
	119
	8.51 × 10−5
	0.199
	[90]



	PtCr0.1
	Ti mesh
	seawater
	166.03
	283.8
	
	3.90 × 10−5
	
	[26]



	PtFe0.1
	Ti mesh
	seawater
	157.69
	275.2
	
	4.55 × 10−5
	
	[26]



	PtCo0.1
	Ti mesh
	seawater
	149.93
	266.5
	
	5.18 × 10−5
	
	[26]



	PtNi0.1
	Ti mesh
	seawater
	147.75
	263.3
	
	5.27 × 10−5
	
	[26]



	PtMo0.1
	Ti mesh
	seawater
	142.50
	254.6
	
	5.35 × 10−5
	
	[26]



	Ti/NiPt
	Ti foil
	seawater
	230
	
	111
	9.59 × 10−3
	
	[91]



	Ti/NiAu
	Ti foil
	seawater
	410
	
	170
	3.35 × 10−3
	
	[91]



	RuCo
	Ti foil
	seawater
	253
	
	107
	4.71 × 10-3
	
	[36]



	RuCoMo1
	Ti foil
	seawater
	354
	
	137
	2.69 × 10−3
	
	[36]



	NiRuIr_G
	
	seawater
	
	80
	48
	
	
	[92]



	0.5Rh-G1000
	GCE
	1 M PBS
	
	250
	
	
	1.0
	[93]



	0.5Rh-G1000
	GCE
	seawater
	
	340
	
	
	1.0
	[93]



	0.5Rh-GS1000
	GCE
	1 M PBS
	
	19
	
	
	1.0
	[93]



	0.5Rh-GS1000
	GCE
	seawater
	
	320
	
	
	1.0
	[93]



	2.4% Pt@mh-3D MXene
	GCE
	seawater
	
	280
	
	
	0.2
	[94]



	VS2@V2C
	GCE
	seawater (PH = 0)
	
	148 (20 mA cm−2)
	37
	
	27.55
	[27]



	h-MoN@

BNCNT
	GCE
	seawater
	
	
	128
	
	0.254
	[95]



	NiCoP/NF
	NF
	seawater
	
	287 mV
	
	
	2.0
	[96]



	PSS-PPy/Ni-Co-P
	CF
	artificial seawater
	
	144
	
	
	
	[97]



	C-Co2P
	GCE
	1 M KOH
	
	30
	
	
	2.18
	[28]



	C-Co2P
	GCE
	1 M KOH, 0.5 M NaCl, 41.2 × 10−3 M MgCl2 and 12.5 × 10−3 M CaCl2
	
	192 (1000 mA cm−2)
	
	
	2.18
	[28]



	Ru-CoOx
	NF
	1 M KOH + seawater
	
	630 (100 mA cm−2)
	
	
	
	[98]



	Mo5N6
	GCE
	1 M KOH
	
	94
	
	
	0.41
	[12]



	Ni-SN@C
	GCE
	1 M KOH
	
	28
	
	
	0.255
	[99]



	Ni-SN@C
	GCE
	1 M KOH seawater
	
	23
	
	
	0.255
	[99]



	NiCoN|NixP| NiCoN
	NF
	seawater
	
	165
	
	
	1.26
	[100]



	Ni5P4/ Ni2+δOδ(OH)2-δ
	CC
	seawater
	
	144
	
	
	
	[101]







PBS, phosphate buffer solution; GCE, glass carbon electrode; NF, Ni foam; CC, carbon cloth; NiRuIr_G, graphene-supported NiRuIr; 0.5Rh-G1000, Rh supported by N-doped carbon nanosheets; 0.5Rh-GS1000, Rh supported by N/S-codoped carbon nanosheets; mh-3D MXene, multilevel hollow MXene; BNCNT, boron, nitrogen codoped CNT; C-Co2P, carbon doped Co2P.
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