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Climate change is showing its impacts now more than ever. The intense use of fossil fuels and the resulting CO2 emissions are mainly to blame, accentuating the need to develop further the available energy conversion and storage technologies, which are regarded as effective solutions to maximize the use of intermittent renewable energy sources and reduce global CO2 emissions. This work comprehensively overviews the most recent progress and trends in the use of transition metal-based electrocatalysts for three crucial reactions in electrochemical energy conversion and storage, namely, the oxygen evolution (OER), oxygen reduction (ORR), and hydrogen evolution (HER) reactions. By analyzing the state-of-the-art polyoxometalates (POMs) and metal-organic frameworks (MOFs), the performance of these two promising types of materials for OER, ORR, and HER is compared to that of more traditional transition metal oxides and alloy-based electrocatalysts. Both catalytic activity and stability are highly influenced by the adsorption energies of the intermediate species formed in each reaction, which are very sensitive to changes in the microstructure and chemical microenvironment. POMs and MOFs allow these aspects to be easily modified to fine-tune the catalytic performances. Therefore, their chemical tunability and versatility make it possible to tailor such properties to obtain higher electrocatalytic activities, or even to obtain derived materials with more compelling properties towards these reactions.
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1 INTRODUCTION
The world is facing an environmental crisis due to the overuse of carbon-emitting energy sources, namely, fossil fuels, for transportation or energy generation to power industry and domestic households, for example. This increases global greenhouse gas emissions, namely, CO2, consequently increasing the global temperature.
This fact comes with devastating consequences, such as more intense and extreme weather events (droughts, heat waves, flooding, and heavy rainfall), and it also brings about a rise in sea levels (IPCC, 2018). As such, it was identified that it is necessary to effectively reduce carbon dioxide emissions to a net-zero level to limit the temperature increase to 1.5 °C as ambitioned by the Paris Agreement signed by the United Nations (UN) members. Regarding the current global energy matrix, fossil fuels are a major contributor in many countries. They play a key role in supplying the energy necessary for proper economic and technological operations, accounting for over 80% of global energy consumption (Amin et al., 2022; Ritchie et al., 2022). However, the reduction in greenhouse gas emissions is mainly dependent on substituting fossil fuels (which are responsible for around 75% of these emissions) for cleaner and renewable energy sources, such as wind, solar, and hydropower energy, presenting themselves as powerful tools to combat the current climate crisis and to pave the way for a greener future.
Unfortunately, these renewable energy sources, especially wind and solar energy, which are the most abundant, have a highly intermittent character, meaning that there are periods where energy production peaks and periods where it declines (Amin et al., 2022; Chatenet et al., 2022). One solution to this intermittent character of renewable energy sources comes in the form of energy storage methods, generally via the use of batteries, which can store the surplus of electric energy during periods of low electricity demand and later release it during periods of high demand. This excess renewable energy can also be stored as green hydrogen (H2) produced via water electrolysis, a concept known as Power-to-X. The produced green H2 can be used for a panoply of applications, directly replacing typical grey H2 produced from steam-methane reforming, or even act as an energy carrier for electricity generation in fuel cells during periods when energy production does not meet the total energy demand.
Thus, H2 is seen as a promising energy carrier due to its high energy density, around 33 kWh/kg. Furthermore, the combustion of H2 merely releases water vapor and energy, a crucial factor when considering its use as a green energy source. Specifically, green H2 production is based on the electrochemical splitting of water powered by renewable energy sources. This process generates H2 gas in the cathode through the hydrogen evolution reaction (HER) and oxygen (O2) gas in the anode through the oxygen evolution reaction (OER), with no greenhouse gases emitted during the whole production process (Amin et al., 2022; Arcos and Santos, 2023). For this reason, green H2 production and its use are widely considered a natural solution to end the energy and climate crisis, establishing the so-called hydrogen economy.
From the perspective of batteries and fuel cells, even though they have already been shown to work safely and effectively, there is an increasing need for the development of bifunctional materials that can be utilized to make them rechargeable and reversible. This becomes relevant due to the need to reduce waste generation from the production and use of disposable batteries (Arcos and Santos, 2023). The relevant chemical reactions for rechargeable batteries and regenerative fuel cells are the oxygen reduction reaction (ORR) and the OER, which happen during the discharging and charging processes, respectively. Still on the topic of bifunctionality, materials with activity towards both the HER and the OER are also highly desired for alkaline water electrolysis technologies, mainly due to stability concerns.
However, the three aforementioned electrochemical reactions exhibit sluggish reaction kinetics (particularly the OER and ORR), meaning efficient electrocatalysts are needed to accelerate production. The best-performing ones are carbon-supported platinum (Pt/C) for HER and ORR, and iridium and ruthenium oxides (IrO2 and RuO2) for OER. These benchmark catalysts are expensive since they are based on scarce and precious metals, which increases total production costs. Much scientific effort is devoted to finding efficient, inexpensive, and stable electrocatalysts for the cited reactions, based mostly on common transition metals such as Ni, Co, Mn, and Cu.
Many strategies have been followed to produce effective electrocatalysts. Carbon supports have been widely applied, mainly due to the enhancement in electric conductivity and surface area, directly impacting performance. Examples of commonly tested supports are multi-walled carbon nanotubes (MWCNTs), single-walled carbon nanotubes (SWCNTs), reduced graphene oxide (rGO), graphene flakes (GFs), and carbon fiber paper (CFP) (Fernandes et al., 2018a; Liu et al., 2019; Jawale et al., 2022; Marques et al., 2022; Rehman et al., 2022). On the topic of organic supports, an exciting aspect to be aware of is the capability of including heteroatoms, such as N, in the final catalyst structure; this generally means carrying out an N-doping process on the support (Sun et al., 2015; Zhu et al., 2018; Wang C. et al., 2019; Jeong et al., 2020; Peng et al., 2020). Although N is the most popular dopant, other heteroatoms, such as F, S, P, and metals, are also applied (Zhang S. et al., 2017; Abdelkader-Fernández et al., 2019; Bhuvanendran et al., 2021).
Another method used to impact electrocatalytic activity is by modifying the catalyst composition. This can be done by adding other metals, mainly via alloying. An example is the reduction of Pt content in Pt-based electrocatalysts by alloying it with Ni or Fe (Vij et al., 2017; Zhang C. et al., 2017). This modifies the catalyst’s electronic structure, combining the advantages of the alloyed metals, and enhancing the overall activity. The modifications in composition may also impact the catalysts’ morphology. The production of octahedral (111) alloy PtNi nanoparticles, more effective for ORR than their cubic (100) Pt counterpart, has been shown to be dependent on composition when a solid-state chemistry method is utilized (Zhang et al., 2014). Still, on the topic of morphology-dependent activity, NiFe alloys are yet another example of how morphology can impact activity; alloys of those metals with hexagonal close-packed and face-centered cubic structures present quite different OER activities. Different morphologies have different surface areas, influencing the amount and type of exposed active sites and thus affecting catalytic activity.
Traditionally, oxide and alloy-based electrocatalysts are produced and tested, but new material classes, such as metal-organic frameworks (MOFs) and polyoxometalates (POMs) have been gaining interest recently due to their inherent advantages, mainly higher surface area due to their porous structures and their ability to be tailored for each specific application due to the ease in modifying their structures (Jiang et al., 2016; Luo W. et al., 2017; Lu et al., 2017; Horn et al., 2021; Gusmão et al., 2022; Jia et al., 2022; Tseng et al., 2022). Briefly, MOFs are known to have a high abundance of metal active sites and can also act as templates to form other electrocatalysts. POMs have a high abundance of redox sites that can act as both acidic and basic sites and possess high thermal stability. Structurally, MOFs are formed by the linkage of inorganic metal ions/clusters and organic ligands, generating a 3D structure with long-range crystallinity, and POMs are metal (e.g., V, W, and Mo) oxide ion clusters linked together by oxygen atoms with a high number of redox centers.
This review summarizes the recent progress of transition metal-based POM (classic POM structures shown in Figure 1) and MOF electrocatalysts for the OER, ORR, and HER. It compares their advantages over the more traditional transition metal-based oxide and alloy electrocatalysts, which mainly reside in their higher chemical tunability and versatility, as shown in Figure 2 for MOFs. This allows, for example, tailoring properties, such as adsorption energy, to obtain higher electrocatalytic activity. For each relevant reaction, a series of electrocatalysts belonging to a different material class are analyzed, with advantages and disadvantages being highlighted regarding the class as a whole. General innovations brought by each reviewed work include the use of carbon and non-carbon materials as POM or MOF electrocatalyst supports, modifications in POMs’ and MOFs’ morphology stemming from varying the synthesis method and applying different precursors (leading to the production of bimetallic or even polymetallic electrocatalysts), and the introduction of dopants in the final catalyst structure, directly impacting their composition and providing different synergistic effects between the utilized elements, thus improving the catalytic activity as a whole.
[image: Figure 1]FIGURE 1 | Polyoxometalates (POM) structures in polyhedral representations (Gusmão et al., 2022).
[image: Figure 2]FIGURE 2 | The classification and operation of MOF-based materials: pristine MOFs, MOF composite, and their derivatives.
2 OXYGEN EVOLUTION REACTION (OER)
The OER is an anodic reaction that can be carried out in alkaline (Equation 2.1) and acidic (Equation 2.2) media, releasing O2 gas.
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The equilibrium potential at standard conditions is ca. 1.23 V against the reversible hydrogen electrode (RHE). Still, to perform this reaction at reasonable rates requires applying higher overpotentials (η) than those needed for the hydrogen evolution reaction (HER). This happens due to the sluggish kinetics of the OER caused by its inherent reaction mechanism that involves 4 proton-coupled electron transfer steps, as seen in Figure 3, resulting in higher activation energy (Xu et al., 2019; Chatenet et al., 2022; Gusmão et al., 2022). The reaction kinetics also differ depending on the pH: the OER presents more sluggish kinetics in acidic media when compared to alkaline media, which in turn causes the overpotential to achieve the same reaction rate to be higher in acidic media than in alkaline media (Tahir et al., 2017; Chatenet et al., 2022).
[image: Figure 3]FIGURE 3 | OER mechanism in both acidic (A) and alkaline (B) media (adapted from Yan et al., 2020).
The need for a higher overpotential for the OER is also a bottleneck for alkaline water electrolysis, metal-air batteries (MAB), and regenerative fuel cells (RFC) since it is a main component of those technologies, and thus the high overpotentials contribute to higher energy consumption (Tahir et al., 2017; Chatenet et al., 2022). To reduce the high overpotentials associated with this reaction, electrocatalysts are applied to lower activation energies, increasing the reaction kinetics.
The most effective OER electrocatalysts to date are the noble-metal-based Ru and Ir oxides due to their remarkable activity, low overpotential, and excellent dissolution resistance in acidic conditions (Nakagawa et al., 2009; Jiang et al., 2018; Chatenet et al., 2022). This does not discard their use in alkaline conditions since they show good stability at all pH values (Katsunaros et al., 2014; Tahir et al., 2017). However, their main problem resides in their noble nature, meaning they are scarce metals with a high price, compromising their applicability on an industrial scale (Katsunaros et al., 2014; Tahir et al., 2017; Chatenet et al., 2022; Gusmão et al., 2022; Zeb et al., 2023). Because of these limitations, extensive efforts have been made to find cheaper alternatives to these noble-metal catalysts, mainly by utilizing more abundant transition metals such as Ni, Co, Cu, and Mn. These metals are more affordable, which facilitates their use in industrial conditions. Still, one should also be aware of the stability of these transition-metal-based electrocatalysts, which, in acidic conditions, is generally low (Goberna-Ferrón et al., 2015; Sun et al., 2015; Lu et al., 2019; Zand et al., 2023), hence why there are fewer studies on this type of media.
2.1 Transition metal oxides for OER
Metal oxides are commonly used electrocatalysts for OER due to their compositional and structural diversity, flexible tunability, low cost, abundance, and environmental friendliness (Mladenović et al., 2023a). Although pristine metal oxides are generally unsatisfactory for practical applications due to stability issues and unfavorable binding strength, mixed metal oxides are seen as a possible workaround due to the synergy of the properties of their pristine counterparts (Xu et al., 2022; Mladenović et al., 2023a; Pratama et al., 2023).
Moshkowitsch et al. studied NixFeyOz aerogels with different Ni/Fe ratios for OER activity in 1 M KOH. The best-performing material, NiFeOx AGHT1, surpassed the activity of the benchmark IrO2 electrocatalyst (Figure 4). The Ni/Fe ratio greatly affected the catalytic performance, and the best-performing sample had 6 at% Fe, surpassing the NiOx aerogel and showing that Fe has synergistic effects in the nickel oxide structure and that aerogels, which were initially only thought to act as supports, could also act as electrocatalysts (Moschkowitsch et al., 2022).
[image: Figure 4]FIGURE 4 | Cyclic voltammograms of NiFeOx AG1, NiFeOx AGHT1, and NiFeOOH in deaerated 1 M KOH solution at a scan rate of 50 mV/s (adapted from Moschkowitsch et al., 2022).
A phosphorus-modified hollow porous nickel-cobalt oxides nanocube with varying P content was tested for OER in 1 M KOH. The optimum P-NiO/NiCo2O4 sample was stable and presented an overpotential of 290 mV for a current density of 10 mA/cm2 and a Tafel slope of 49.6 mV/dec, outperforming even the benchmark RuO2 electrocatalyst. The superior performance was attributed to the effect of P-doping, which decreased the energy barrier, optimized the adsorption of intermediates, and changed the rate-determining step, and to the hollow porous hybrid structure and oxygen vacancies that increased the amount of exposed surface area (Zhang L. et al., 2022).
Similarly, Luo X.-F et al. tested, in alkaline medium (1 M KOH), MnOx oxides grown directly on Ti foil via electrodeposition with different morphologies obtained at different reaction temperatures: cotton wool structure, nanowire arrays, and nanosheet arrays. The nanowire arrays proved to be the best-performing material in the study, presenting an OER onset potential of 1.546 V vs RHE, a Tafel slope of 106 mV/dec, and a current density of 44.7 mA/cm2 when an overpotential of 538 mV is applied. The performance of the nanowire arrays was attributed to a larger surface area due to the direct growth of the nanostructure on the Ti foil support, which enhanced conductivity (Luo et al., 2017b). Alternatively, Zand et al. tested MnOx and silicate-stabilized MnOx in acidic medium (0.1 M H2SO4) and demonstrated that the poor stability of the Mn oxide in acidic conditions can be significantly improved by adding silicate to the structure of the Mn oxide. The results showed that the catalytic activity was less than optimal since the overpotential needed to achieve 10 mA/cm2 was 640 mV, and the OER onset potential was 1.757 V vs RHE. On the other hand, the stability was greatly improved because the modified Mn oxide showed higher current retention and virtually no structural changes after OER (Zand et al., 2023).
Zhang et al. evaluated copper-doped cobalt oxides deposited via a reactive DC magnetron sputtering process as electrocatalysts for OER in alkaline medium (1 M KOH). The mixed oxides demonstrated relevant activity and showed that copper doping improved the electrocatalytic performance with respect to the single metal cobalt and copper oxides. The best-performing mixed oxide, Cu1.97CoO3, demonstrated a performance close to that of RuO2. The increase in activity was attributed to changes in crystal structure and morphology that increased the surface-active area (Zhang et al., 2012). Later, Park et al. tested a nanosized synthetic Cu0.7Co2.3O3 oxide prepared using a thermal decomposition method in alkaline medium (1 M KOH) for OER. The overpotential necessary to obtain a 10 mA/cm2 current density was around 491 mV (Park et al., 2016). Xu et al. studied a cerium-doped cobalt oxide (CoOx(Ce)) in the form of an amorphous film deposited through an electrostatic spray deposition method. It presented an OER onset potential of 1.315 V vs RHE, an overpotential of 261 mV to achieve a 20 mA/cm2 current density, and a Tafel slope of 65.7 mV/dec for OER in 1 M KOH, exhibiting higher performance than regular CoOx, other cerium doped OER catalysts and even commercially available RuO2. The better performance was attributed to the increase in the electrochemical active surface area (ECSA) caused by the resulting sample’s amorphous nature and the formation of cerium-related oxygen vacancies without modifying the cobalt species (Xu et al., 2019).
Roy et al. tested a self-supported copper oxide electrocatalyst grown on Ni foam substrate via an electrodeposition method, demonstrating suitable activity for OER in a 1 M KOH solution. The best-performing material, CuO/Ni@400, presented an overpotential of 364 mV and 508 mV to achieve a 10 mA/cm2 and a 100 mV/cm2 current density and a Tafel slope of 90 mV/dec, while also presenting stability in alkaline medium by maintaining constant current density. The superior performance of CuO/Ni@400 was attributed to its microstructure, which made an even way for electron tunneling (Roy et al., 2019). Likewise, Wang et al. tested an in situ-produced copper foam-supported copper oxide (CuO-A/CF) sample prepared via the oxidation of copper selenide (Cu2Se) at OER conditions in 1 M KOH. The as-prepared electrocatalyst presented an overpotential of 297 mV to achieve a current density of 10 mA/cm2 and a Tafel slope of 72.8 mV/dec, pointing to fast electron and mass transfer between the catalyst and the electrolyte. The superior performance relative to CuO produced from calcination of Cu(OH)2 supported in copper foam is attributed to the nanoplate structure of CuO-A/CF, which increased the available electrochemical surface area. The catalyst stability was also stated by testing over 50 h in 1 M KOH at a constant 10 mA/cm2 current density, maintaining a constant overpotential over this period and showing no structural changes (Wang et al., 2020).
Ye et al. tested various iron-copper oxides with different Cu/Fe ratios for OER in 1 M KOH. The oxide that demonstrated the best performance was 6CuO2-Fe2O3, with an overpotential of 510 mV for 10 mA/cm2. All the samples were stable in the reaction conditions. The performance was attributed to the coexistence of the metal oxides, but the overpotentials are still high, which shows that further improvements can be made (Ye et al., 2022). Similarly, Bai L. et al. tested amorphous ternary Fe-Co-Ni oxides, FeNiCoOx, in alkaline medium (1 M KOH). The tests were made by depositing the material on a glassy carbon electrode and on a Ni foam electrode, which resulted in overpotentials of 240 and 203 mV and Tafel slopes of 45 and 75 mV/dec, respectively, showing a much better performance than the mono or binary metal oxides of those elements and showcasing good stability properties. This increase in catalytic performance was attributed to the synergistic interactions between the three employed metals in the oxide, which greatly reduced the charge transfer resistance and their homogeneous distribution in the oxide (Bai L. et al., 2019).
The OER performance parameters of the above-cited transition metal oxide-based catalysts are shown in Table 1. However, due to the generally high overpotentials presented by the metal oxides (Park et al., 2016; Xing et al., 2018; Sivakumar et al., 2019; Ye et al., 2022; Zand et al., 2023) and their generic instability in acidic medium (Zand et al., 2023), scientists have also tested another traditional catalyst class: transition metal alloys.
TABLE 1 | OER electrocatalysts and their key performance indicators: transition metal oxides.
[image: Table 1]2.2 Transition metal alloys for OER
Alloy compounds are sought out due to their low cost and high OER/HER catalytic activity. Their high versatility by including different metals (forming binary, ternary, or multicomponent alloys) also allows for selectivity and activity enhancement in the final alloy. Another advantage of alloying is that Pt-based materials can be synthesized with similar or higher catalytic activity while lowering Pt content, which inevitably lowers production costs on a large-scale perspective (Mladenović et al., 2021; Mladenović et al., 2022; Mladenović et al., 2023b; Xu et al., 2023).
Lim et al. reported the synthesis of bimetallic NiFe alloy nanoparticles used as electrocatalysts for the OER in alkaline medium (1 M KOH). The produced alloy presented much better activity than its unary metal Ni and Fe counterparts, having an overpotential of 298 mV for 10 mA/cm2 and a Tafel slope of 51.9 mV/dec, surpassing the performance of state-of-the-art RuO2 electrocatalyst. This performance was attributed to the synergistic effects between the metals and the modification of redox properties of Ni sites and the electronic structure of Ni atoms due to the presence of the Fe atoms, as well as the partial oxidation of the alloy into metal oxyhydroxides (Lim et al., 2020). Wang C. et al. reported the synthesis of a hexagonal close-packed (hcp) crystal structure in NiFe alloys and its use as an OER catalyst in alkaline medium (1 M KOH). The samples of different Fe/Ni ratios were supported on N-doped carbon shell structures. The electrocatalytic performance of the best sample (with Fe/Ni ratio of ca. 5.4 at.%) surpassed that of regular face-centered cubic (fcc) NiFe and commercially available RuO2, needing an overpotential of 226 mV to achieve 10 mA/cm2 and a Tafel slope of 41 mV/dec, and showed promising stability properties. The performance was attributed to the interaction between the intrinsic crystal structure and the carbon shell, resulting in different electronic properties at its surface that favored the OER process (Wang C. et al., 2019).
From another perspective, Jeong et al. determined the effects of using graphene-encapsulated porous NiMo alloys and compared them to bare porous NiMo alloys for OER in an alkaline medium (1 M KOH). The results showed that the graphene encapsulation enhanced the catalytic performance of the alloy by lowering the overpotential necessary to achieve 10 mA/cm2 and the Tafel slope from 396 to 351 mV and 101 to 69 mV/dec, respectively, resulting in a performance similar to RuO2. The stability in 1 M KOH also increased when supported in nickel foam by impeding the degradation of the metals into oxides and hydroxides. The better performance was assigned to synergistic effects between N-doped graphene and NiMo alloy that impacted the adsorption of intermediates, optimizing the free adsorption energies and accelerating the OER rate-determining step (Jeong et al., 2020).
Dai et al. studied a MnFeCoNi high entropy alloy activated for OER through a cyclic voltammetry treatment in an alkaline medium (1 M KOH). The activated alloy exhibited an overpotential of 285 mV to reach a 10 mA/cm2 current density, presented a Tafel slope of 83.7 mV/dec, and showed good stability properties, surpassing the benchmark RuO2 catalyst. The catalytic activation of the high entropy alloy was attributed to the formation of monometallic oxides of the metals dispersed as nanosheets throughout the particle’s surface, which acted as the true catalyst for OER and exposed more active sites (Dai et al., 2019).
Li et al. tested the use of 3D hierarchical flower-like materials composed of ultrathin cobalt-based bimetallic phosphide nanosheets (CoM-P-3DHFLMs, M = Mn, Cu, Ni) in a 1 M KOH solution for OER catalysis. The CoNi-P-3DHFLM, CoMn-P-3DHFLM, and CoCu-P-3DHFLM samples presented an overpotential of 292, 318, and 307 mV to reach 10 mA/cm2 and Tafel slopes of 84, 98, and 88 mV/dec, respectively, along with good stability. The enhanced performance compared to Co-P-3DHFLM was attributed to a synergistic interaction between the metals and to the exposition of more active sites in the bimetallic samples (Li et al., 2019).
Bai X. et al. used Co-Fe-based spherical nanoparticles coated with an amorphous carbon shell, whose active species was a Co7Fe3 alloy, for OER in alkaline medium (1 M KOH). This material showed an overpotential of 272 mV for 10 mA/cm2 and a Tafel slope of 40 mV/dec, surpassing most of their monometallic-based counterparts while remaining stable under the reaction conditions. The performance was attributed to the synergy between Co and Fe due to their strong electronic interaction, which lowered the activation energy for OER, favoring the reaction kinetics (Bai X. et al., 2021). Liu et al. presented the synthesis of a P-modified hollow, highly porous, and conductive CoFe alloy (Fe-Co-P) nanosphere structure and tested it for OER in alkaline medium (1 M KOH). It was determined that the optimized alloy for OER had a 3:2 Fe/Co ratio and showed an overpotential of 252 mV to reach 10 mA/cm2 and a Tafel slope of 33 mV/dec, while also presenting very good stability in the reaction conditions. The enhanced performance of the electrocatalyst was attributed to the high valent state of Fe stabilizing the low valent state of Co and the alloy formation being able to fine tune the energetics of all the intermediates involved in the water oxidation mechanism (Liu et al., 2018).
Zhang et al. reported the application of a coral-like carbon-wrapped NiCo alloy (Co0.5Ni0.5/rGO) for OER at alkaline conditions (1 M KOH). The sample showed an overpotential of 288 mV to achieve 10 mA/cm2 and a Tafel slope of 103 mV/dec, while demonstrating stability in the tested conditions, surpassing their monometallic counterparts and the benchmark RuO2 catalyst in the same conditions. The improved performance is attributed to the graphene sheets introducing a more homogeneous metal distribution, thus exposing more active sites, and to the synergistic interaction between Ni and Co, with Ni regulating the electronic structure of Co, favoring the OER performance (Zhang et al., 2020).
Kumar et al. described the use of bimetallic copper-nickel alloy nanorods textured nanoparticles supported on graphitic carbon (Cu3.8Ni@C) samples for OER in alkaline conditions (1 M KOH). The best-performing sample presented an overpotential of 233 mV for 10 mA/cm2 and a 114 mV/dec Tafel slope and good stability properties, which fared well against state-of-the-art IrO2 (Kumar et al., 2020). Zhu et al. disclosed the use of a Cu nanoparticles-embedded N-doped carbon nanowire array on copper foam (Cu-N-C NA/CF) as an OER electrocatalyst in alkaline medium (1 M KOH). The sample presented an overpotential of 314 mV to reach 20 mA/cm2, a Tafel slope of 115 mV/dec, and was demonstrated to be a stable catalyst in OER conditions for at least 16 h. The performance was attributed to the in-situ formation of CuO nanoparticles, which acted as the true OER catalyst, and to the increased electrochemical surface area, which exposed more active sites (Zhu et al., 2018). Jiang et al. tested a series of Cu-based alloys (CuM, M = Fe, Co, Ni; FeCo, FeNi, CoNi; FeCoNi) for OER in an alkaline electrolyte (1M KOH). The FeCoCu and FeCoNiCu samples presented, after optimization, an overpotential of 265 and 269 mV for 10 mA/cm2 and Tafel slopes of 49 and 48.9 mV/dec, respectively, along with proper stability properties, outperforming the benchmark RuO2 electrocatalyst. The enhanced performance relative to Cu was attributed to synergistic effects between the highly conductive Cu and the OER active Fe, Co, and Ni elements (Jiang et al., 2021).
Table 2 presents the performance parameters for each analyzed OER alloy-based catalyst. Metals and alloys often cannot survive in harsh acidic or basic environments mainly due to the strongly corrosive media, meaning they have to frequently be embedded or decorated in relatively stable hosts, such as carbon materials (Wu et al., 2020). This, amongst other reasons, fueled researchers to investigate more compelling and innovative materials, such as MOFs.
TABLE 2 | OER electrocatalysts and their key performance indicators: transition metal alloys.
[image: Table 2]2.3 Transition MOFs and MOF-derived electrocatalysts for OER
MOFs are a class of porous organic-inorganic hybrid materials formed by the linkage of inorganic metal ions/clusters and organic ligands, generating a 3D structure with long-range crystallinity. Recently, MOFs have gained attention from scientists due to their inherent properties, including high surface area, low density, high porosity, and tunable structure. Additionally, they are known for their abundance of metal active sites, utility as templates to generate other materials, and the high adjustability of chemical components (Jiang et al., 2016; Lu et al., 2017; Jia et al., 2022; Tseng et al., 2022). MOFs have found numerous applications, such as in catalysis, gas storage and separation, optics, drug delivery, adsorption, and chemical sensing (Lu et al., 2017; Li et al., 2020; Jia et al., 2022). As such, research efforts have also been dedicated to producing cost-effective and high-performance electrocatalysts based on pristine MOFs or MOF-derived materials for applications in the OER, HER, and ORR.
Ma et al. reported the in-situ synthesis of MOF-encapsulated bimetallic nanoparticles by etching Ni-Cu alloy nanoparticles without additional metal precursors and its performance for alkaline OER (1 M KOH). The bimetallic encapsulated MOF had better activity than its monometallic counterparts, showing a current density 1.6 and 71 times higher than for the Ni encapsulated and Cu encapsulated MOFs, respectively, at an overpotential of 624 mV and a Tafel slope of 98 mV/dec, and good stability. The higher activity was attributed to a higher number of exposed active sites and to synergistic effects between the Ni and Cu metals (Ma et al., 2019).
Tseng et al. disclosed the use of NiFe bimetallic MOFs deposited on pretreated nickel foam (NF) and processed by low-pressure plasmas with different composition atmospheres as OER electrocatalysts in alkaline electrolyte (1 M KOH). The electrocatalytically optimized sample, NiFe-MOFs/NF-AH, treated with a 95% argon +5% H2 atmosphere, presented an overpotential of 149 mV to achieve 10 mA/cm2 and a Tafel slope of 54 mV/dec, along with good stability (Tseng et al., 2022). MOFs are often used as precursors for low-cost highly-active electrocatalysts. One example comes from Jiang et al., who used Fe-Ni-based MOFs as self-templates to synthesize several Fe-Ni-Ox oxide architectures with different Fe/Ni ratios and tested those for OER in alkaline medium (0.1 M KOH). The obtained results indicated that the performance was closely related to the Fe/Ni ratio, and the optimized sample, Fe0.5Ni0.5Ox, needed a 584 mV overpotential to achieve 10 mA/cm2 and had a Tafel slope of 72 mV/dec, with good stability properties and performance comparable to that of benchmark RuO2 catalyst. The performance is attributed to the in-situ formation of NiOOH and to the presence of spinel NiFe2O4 species, which act as the active phases for OER (Jiang et al., 2016).
Ji et al. detailed the synthesis of a marigold flower-like MOF-aided manganese vanadium oxide and its OER performance in alkaline medium (1 M KOH). The MOF MnV oxide microflower required a 310 mV overpotential to reach 50 mA/cm2 and had a Tafel slope of 51.4 mV/dec, comparing its performance to the benchmark RuO2 electrocatalyst and outperforming the monometallic MOF Mn and MOF V oxide microflower counterparts while also being able to sustain OER for over 50 h at a current density of 50 mA/cm2. The activity was attributed to a higher number and exposition of active sites (Ji et al., 2023).
Zhao et al. assembled CoNi-based ultrathin MOF nanosheets (NiCo-UMOFNs) and tested them for OER in alkaline conditions (1 M KOH). The bimetallic MOF nanosheets presented an overpotential of 250 mV to reach 10 mA/cm2, a Tafel slope of 42 mV/dec, and good stability properties, outperforming its monometallic counterparts and the benchmark RuO2 electrocatalyst, especially when supported in copper foam, since the overpotential to reach 10 mA/cm2 reduces to 189 mV. The performance was attributed to the existence of unsaturated metal sites and to the coupling effect between Ni and Co metals (Zhao et al., 2016). Zhou et al. designed a series of isostructural hierarchical bimetallic CoNi MOF nanostructures (CTGU-10a2-d2) with different Co/Ni ratios and tested them towards OER in an alkaline electrolyte (0.1 M KOH). The best performing MOF, CTGU-10c2, presented an overpotential of 240 mV to achieve 10 mA/cm2, a Tafel slope of 58 mV/dec, and was stable in the OER conditions, surpassing the performance of the benchmark RuO2 electrocatalyst. This performance was attributed to synergistic effects between the metal atoms, the hierarchical nanobelt structure, and the presence of unsaturated metal sites (Zhou et al., 2019).
Li et al. produced a Cu-based MOF directly supported on copper foam (MOF [Cu(OH)2]/CF) and tested its activity towards OER in alkaline medium (1 M KOH). The resulting material used an overpotential of 330 mV to achieve 10 mA/cm2 and had a Tafel slope of 108 mV/dec, with activity comparable to the RuO2 electrocatalyst, while presenting good durability. The performance is attributed to the exposition of more active sites and to the in-situ formation of Cu oxide species, which act as active electrocatalysts towards OER (Li et al., 2020). Cheng et al. studied a bimetallic Cu-Co-based MOF nanobox as an OER electrocatalyst in alkaline medium (1 M KOH). The material required an overpotential of 271 mV to reach 10 mA/cm2 and presented a Tafel slope of 63.5 mV/dec, all while being stable in the OER conditions, outperforming the monometallic counterparts and the benchmark RuO2 electrocatalyst. The improved performance was attributed to the in situ formation of the bimetallic oxyhydroxide, which acts as the true catalyst with intrinsically higher electrocatalytic performance, synergistically enhanced by the Cu sites, while the Co sites act as the active ones (Cheng et al., 2021).
Table 3 presents a compilation of the analyzed MOFs OER performance parameters. In general, MOFs present poor electrical conductivity, poor stability, low mass permeability, and blockage of metal centers by organic ligands (Zhao et al., 2016; Lu et al., 2019; Ma et al., 2019), limiting their use in electrocatalytic applications. A way to circumvent this is the utilization of MOF-derived electrocatalysts, normally via calcination, to generate carbon materials with enhanced conductivity and stability. In spite of this, POMs have been studied as an alternative to MOF and MOF-derived electrocatalysts.
TABLE 3 | OER electrocatalysts and their key performance indicators: transition MOFs.
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Amidst the collective effort to find alternatives to the noble metal-based electrocatalysts, POMs have appeared as a viable and highly sought-out alternative. POMs are inorganic redox-active transition metal (e.g., V, W, and Mo) oxide ion clusters linked together by oxygen atoms with a high number of redox centers, which grants them significant advantages when multi-step electron transfer reactions are involved (Horn et al., 2021; Gusmão et al., 2022). Other positive aspects of POMs include stability under oxidative OER conditions, thermal stability, rapid and highly reversible electrochemical activity, and finely tunable structures to suit the specific application needs (Luo W. et al., 2017; Horn et al., 2021; Gusmão et al., 2022).
They possess an ordered 3D framework structure that can be easily tailored to introduce redox-active transition metals (that can act as redox centers) into the framework. POMs can serve as structural agents to form nanostructures with other types of materials, such as oxides. Additionally, they can be encapsulated in various materials, such as MOFs, to derive the so-called POMOFs. These examples showcase the versatility that POMs offer (Horn et al., 2021). Still, one cannot overlook the conductivity and stability problems present in POMs, which can fortunately be circumvented by combining them with appropriate supports, such as carbon-based supports, organic supports, or by confining them in MOFs or Covalent Organic Frameworks. The incorporation of POMs in a more conductive support with adequate binding strength can prevent leaching problems and inhibit agglomerations, both increasing stability and maximizing the number of active sites present (Wang C. et al., 2023). Relative to the catalysis application, the Keggin variation structure is best suited due to its proton binding sites and electron-rich oxygen sites, which participate in acid and base-catalyzed reactions, respectively. A variation of the Keggin structure is the lacunary Keggin structure, which results from removing a M=O moiety, and M can be substituted by a transition metal such as Ni, Mn, Co, or Cu to increase the redox catalytic properties (Horn et al., 2021; Gusmão et al., 2022).
Imani et al. produced a Keggin tungsten POM containing organic-inorganic hybrid composite material directly on a carbon paste electrode and later incorporated Ni and Fe ions (Ni-Fe/oA-POM/CPE). Afterward, they tested its performance towards OER in an alkaline electrolyte (0.1 M NaOH). The resulting composite required a 330 mV overpotential to reach 10 mA/cm2 and had a Tafel slope of 113 mV/dec. It presented good stability in alkaline OER conditions, since after 10 h at a constant overpotential of 300 mV, it lost almost no activity, with a minor decrease after 500 cycles (Imani et al., 2018).
Sood et al. constructed a rare POM cluster-based solid, (C5H7N2)6[NiW12O44], whose structure is shown in the center section of Figure 5, and tested its performance towards OER in alkaline medium (1 M KOH). The synthesized POM was able to provide 10 mA/cm2 at 347 mV of overpotential and showed a 130 mV/dec Tafel slope. It maintained a current density of 10 mA/cm2 for up to 96 h, indicating good stability and outperforming state-of-the-art RuO2 electrocatalyst. The observed performance was attributed to the in situ formation of WOx (x = 1,2) and NiO, Ni(OH)2, and NiOOH, which act as active phases in the electrocatalyst (Sood et al., 2022).
[image: Figure 5]FIGURE 5 | Different hetero-polyoxometalates belonging to the 1:12 series of POMs with various heteroatoms (adapted from Sood et al., 2022).
Al-Oweini et al. were the first ones to report the activity of a tetramanganese [MnIII3MnIVO4(CH3COOH)3(A-αSiW9O34)]6- POM towards photocatalytic OER in acid conditions (a pH 5 buffer was used) (Al-Oweini et al., 2014). Goberna-Ferrón et al. researched the electrocatalytic activity of a tetramanganese [Mn4(H2O)2(PW9O34)2]10- sandwich-type POM towards OER in neutral conditions. The tested POM showed considerable activity for OER, although it reached negligible levels after 30 min. This was owed to the formation of MnO2, which is inactive for water oxidation, indicating degradation and instability of the POM under harsh oxidative reaction conditions. The same effect was observed when the POM was used as a heterogeneous catalyst (Goberna-Ferrón et al., 2015).
Imani et al. designed a Mn-containing POM-based composite that was later deposited onto a rotating carbon paste electrode by two immobilization methods: direct formation and physical mixing. The resulting electrodes were tested for OER in basic medium (1 M KOH), attaining a 380 and 440 mV overpotential to reach 10 mA/cm2 and a Tafel slope of 111 and 133 mV/dec, respectively. In terms of stability and durability, they were able to perform for over 10 h while retaining 93.6% and 93.3% of current density, showing a small increase in overpotential (18 and 20 mV, respectively) after 600 cycles to keep 10 mA/cm2 (Imani et al., 2021).
Zhai et al. disclosed the synthesis of FeCoPMo12 POM through a room-temperature coprecipitation method, resulting in a porous and amorphous compound tested for OER in alkaline electrolyte (1 M KOH). The POM presented an overpotential of 258 mV to reach 10 mA/cm 2, a Tafel slope of 33 mV/dec, and stability for over 10 h of OER with a current loss of 8.3%, surpassing FePMo12, CoPMo12 and hydroxide counterparts, and benchmark RuO2 electrocatalyst. The performance was attributed to the synergistic effects of Fe incorporation, which activates the active sites (Zhai et al., 2017).
Kang et al. reported the synthesis and use of dodecahedral Co, N, and C co-doped POMs with a frame-like yolk-shell nanostructure as OER electrocatalysts in an alkaline solution (1 M KOH). After optimization, the best-performing sample required an overpotential of 241 mV to achieve 10 mA/cm2, while also having a Tafel slope of 75.8 mV/dec and long-term electrochemical stability (over 24 h with only a slight change in the output current density), outperforming the benchmark IrO2 electrocatalyst. The performance is credited to uniform N, C, and Co doping and a higher exposition of active sites (Kang et al., 2022).
Luo W. et al. described the deposition of Dexter-Silverton POM microcrystals, Co6.8Ni1.2W12O42(OH)4(H2O)8, in a nickel foam substrate and its use as an OER electrocatalyst in alkaline medium (0.1 M KOH). The resulting composite needed a 360 mV overpotential to reach a 10 mA/cm2 current density and showed a Tafel slope of 126 mV/dec, while also retaining 85% of its current density in a 10 h test at a 440 mV overpotential test with no degradation of its crystal structure and morphology (Luo W. et al., 2017).
Abdelkader-Fernández et al. reported the synthesis of two POM@MOFs hybrids, SiW9Co3@ZIF-8 and SiW9Co3@ZIF-67, and tested their activities towards OER in 0.1 M KOH electrolyte. It is demonstrated that the SiW9Co3@ZIF-67 hybrid has a more effective electron transfer process due to the presence of Co2+ nodes in the ZIF-67 skeleton, resulting from a synergistic interaction between the Co-based-POM encapsulated in the Co-based-MOF. This effect increases performance greatly: the resulting SiW9Co3@ZIF-67 presented a performance that well exceeded benchmark RuO2 and IrO2 electrocatalysts even though these benchmark materials exhibit higher “intrinsic” non-area dependent performances towards the OER in the roughness-corrected polarization curves (Abdelkader-Fernández et al., 2020).
Yu et al. studied the activity of the sandwich-type [Cu3(SbW9O33)2(H2O)3]12- POM towards OER in neutral conditions and as a homogeneous catalyst. The tested POM presented good overall stability properties and a Tafel slope of 113 mV/dec, and it was demonstrated that the POM acted as the real catalyst in the OER conditions (Yu et al., 2018).
Table 4 summarizes the discussed POM-based electrocatalysts and their main OER performance parameters.
TABLE 4 | OER electrocatalysts and their key performance indicators: transition metal POMs.
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The ORR converts molecular oxygen to water via electron acceptance, which can occur through a 4e− direct formation path or through a two-step 2e− pathway that produces a peroxide as an intermediate. Similar to the OER, there are slight differences in the reaction intermediates when the reaction proceeds in alkaline media versus when it proceeds in acidic media, as shown below in equations 2.3 through 2.8 for:

Alkaline conditions4e− pathway:
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2e− pathway:
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Acidic conditions
4e− pathway:
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2e− pathway:
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The main applications of ORR are in fuel cells and metal-air batteries, occurring during discharge at the cathode. Like OER, it presents sluggish kinetics and thus requires high overpotentials (Horn et al., 2021), emphasizing the need for highly active electrocatalysts. Furthermore, from an ideal perspective, the electrocatalyst would be bifunctional, i.e., it would also show good activity towards OER, as the reaction occurs during the charging process in these applications.
Generally, the 4e− pathway is preferred because it has higher reaction kinetics and efficiency (Lu et al., 2019). Additionally, peroxide formation is avoided, which is particularly critical because it is a strong oxidant that can lower the electrode performance over time and damage the structure of fuel cells via degradation of the polymer electrolyte membrane (Lee and Popov, 2007). However, the 2e− pathway can be preferred if the objective is peroxide production, since the electrochemical process may be more cost-effective than conventional technologies (Zheng et al., 2021).
The best metal electrocatalyst for ORR is Pt, as it shows high activity and selectivity towards the 4e− pathway. However, Pt is scarce (more than gold and silver) (Zhang C. et al., 2017), and thus an expensive noble metal, while also having durability issues, especially when Pt-based materials are concerned (Zhang C. et al., 2017; Lu et al., 2019). This encourages researchers to seek out more cost-effective, highly active, and durable electrocatalysts based on cheaper and earth-abundant early transition metals (Ni, Co, Cu, Mn, etc.) to make these applications economically viable at an industrial scale.
3.1 Transition metal oxides for ORR
Cui et al. prepared porous NiO/NiCo2O4 nanotubes and tested their activity for the ORR in alkaline conditions (0.1 M KOH). The prepared composite performs similarly to state-of-the-art Pt/C electrocatalysts, having close onset potentials but with the oxides having a higher limiting current density. Additionally, the tested electrocatalyst showed higher stability than Pt/C (87% of current retention after 40,000 s vs 70% for Pt/C) and exhibited resistance to methanol crossover. The obtained Tafel slope was 61.8 mV/dec, and the reaction mechanism followed the 4e− direct reduction path. The activity was attributed to the unique porous tubular structure with homogeneous oxide distribution along the surface (Cui et al., 2014).
Sidhureddy et al. disclosed the synthesis of NixCo3-xO4 mesoporous spinel nano-oxides with different morphologies based on the Ni/Co ratio and tested their activities towards the ORR in alkaline electrolyte (0.1 M KOH). The best-performing sample, NCO-1 (1:2.06 Ni/Co ratio), presented an onset potential of 0.9 V vs RHE and was three times more active than its mono-metal oxide counterparts, while also exhibiting great tolerance to methanol crossover (higher than benchmark Pt/C electrocatalyst), good general stability (94% current retention after 300 min) and a selective 4e− reduction pathway. The performance was attributed to the abundance of octahedral site cations and defective oxygen sites in the structure (Sidhureddy et al., 2019).
Liu and Qin tested graphene-supported β-MnO2 nanoparticles (MnOx/graphene) for the ORR using an alkaline electrolyte (6 M KOH). The composite showed a Tafel slope of 91 mV/dec and an average number of exchanged electrons of 2.5, meaning that the composite was more selective towards the 2e− peroxide forming path. The activity was attributed to the synergistic interactions between MnO2 and graphene sheets (Liu and Qin, 2015).
Swetha et al. designed manganese oxide samples with different morphologies (nanowires, nanoflowers, and nanoparticles) and tested them towards the ORR in alkaline medium (0.1 M KOH). The best-performing Mn oxide morphology was the nanowire structure, which showed an onset potential of 0.83 V vs RHE and a 1.75 mA/cm2 current density. This increased activity was attributed to the higher surface area contained by the nanowire structure, which increases active site exposition (Swetha et al., 2018).
Draskovic and Wu tested a series of cuprous delafossite oxides (CuBO2; B = Sc, Y, La) supported on carbon black towards the ORR in an alkaline electrolyte (0.1 M KOH). The results demonstrated superior activity in the presence of carbon support. The oxides exhibited similar onset potentials and diffusion limiting currents, with a number of exchanged electrons in the range of 2.1–2.2 for CuScO2 and CuYO2 and in the range of 2.3–2.9 for CuLaO2, indicating that the first two oxides prefer the 2e− peroxide pathway while CuLaO2 tends for the 4e− pathway. In addition, the samples had Tafel slopes of −59, −55, and −56 mV/dec for CuScO2, CuYO2, and CuLaO2 (Draskovic and Wu, 2017).
Saianand et al. reported the use of dispersed Cu/CuO nanospecies on mesoporous fullerenes (Cu-MFC60) samples for the ORR in alkaline conditions (0.1 M KOH). The optimized electrocatalyst, Cu(15%)-MFC60, presented an onset potential of 0.86 V vs RHE, a half-wave potential of 0.76 V vs RHE a diffusion limiting current density of −5.18 mA/cm2, Tafel slope of 82 mV/dec, high selectivity towards the 4e− transfer path, and improved stability, a performance comparable to that of benchmark commercial Pt/C electrocatalyst. The activity of the composite was attributed to the well-defined mesoporous features, abundant active sites, moderate surface area, and synergistic interactions between the metal and the support matrix (Saianand et al., 2020).
Table 5 compares the ORR performance parameters for the discussed oxide-based electrocatalysts.
TABLE 5 | ORR electrocatalysts and their key performance indicators: transition metal oxides.
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Sun et al. disclosed the synthesis and use of a 3D low-cost Co3Fe7 nanoparticles/nitrogen, manganese-codoped porous carbon (Co3Fe7/N, Mn-PC) as an ORR electrocatalyst in an alkaline electrolyte (0.1 M KOH). The composite material exhibited an onset and half-wave potential of 0.98 and 0.87 V and a Tafel slope of 86.9 mV/dec, outperforming the mono and bimetallic counterparts and the benchmark Pt/C electrocatalyst. Additionally, the average number of exchanged electrons was 4.01, and impressive methanol crossover resistance and stability were exhibited (i.e., current almost unchanged after adding 1 M CH3OH and negative shift of 9 mV to the onset potential after 2,000 CV scans). The performance was attributed to a higher number of active sites and nitrogen ligands chelated with Fe and Co, increasing the charge transfer kinetics, and to the synergistic effects of Mn and N doping, which adjusted the electronic structure, thus favoring catalysis (Sun et al., 2021).
Sun et al. studied Mo-Co alloyed nitrides supported on nitrogen-doped carbon nanocages (CoxMo1-xNy/NCNCs) as an electrocatalyst for ORR in acidic medium (0.5 M H2SO4). The best-performing electrocatalyst, Co0.5Mo0.5Ny/NCNCs, combined the advantages of high activity of Co nitride and good stability of Mo nitride in acidic conditions, which translated into an onset potential of 0.81 V vs RHE, good selectivity to the 4e− reduction pathway, high stability (>80% current retention after 100 h and immunity to methanol crossover. The activity was attributed to the cobalt active reaction sites, smaller particle size that inhibited agglomeration, thus exposing more sites, and the synergistic effects between the metals (Sun et al., 2015).
Sajeev et al. synthesized a trimetallic NiCoSn alloy and tested its electrocatalytic properties towards the methanol oxidation reaction and the ORR in alkaline medium (1 M KOH). Regarding the ORR, the trimetallic sample presented an onset and half-wave potential of 0.80 and 0.72 V vs RHE, respectively. Additionally, it had good selectivity for the 4-electron reduction pathway and exhibited good stability under ORR conditions and during methanol crossover. The verified performance was attributed to a higher abundance of metal redox active sites, larger surface area, and enhanced electron transport (Sajeev et al., 2023).
Zhang L. et al. disclosed the use of 50 nm Cu/Pd tetrapod as an ORR electrocatalyst in alkaline medium (0.1 M KOH). The material exhibited a half-wave potential of 0.90 V vs RHE and a 54 mV/dec Tafel slope, performing closely to state-of-the-art Pt/C electrocatalyst. The reduction was verified to follow the 4e− direct reduction mechanism, and accelerated durability tests showed excellent retention of both current and morphology after 10,000 cycles at ORR conditions. This performance was attributed to the synergistic effects of the alloy and sharp-tip effects, which enabled negative charge accumulation on Pd atoms at the tetrapod tips (Zhang L. et al., 2018).
Table 6 contains the performance indicators for the analyzed ORR alloy-based electrocatalysts. Transition metals tend to leach out of alloy catalysts under fuel cell operating conditions, causing a reduction of the catalytic activity for ORR (Lee and Popov, 2007). As such, other types of materials are also being investigated for this reaction, including MOFs and POMs.
TABLE 6 | ORR electrocatalysts and their key performance indicators: transition metal alloys.
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Qin et al. designed a series of nanocomposites derived from bimetallic iron/nickel MOFs and nitrogen-doped graphene denoted as Fe/Ni-MOFs/NG, which was tested in alkaline electrolyte for the ORR (0.1 M KOH). The best performance was shown by Fe/Ni-MOF/NG-20, which had an onset potential of 1.09 V, exchanged an average of 3.93 electrons, a Tafel slope of 58.2 mV/dec, methanol crossover resistance, and good stability features at ORR conditions. The performance was attributed mainly to the unique structure, which has Fe/Ni-MOF acting as catalyst and NG acting as cocatalyst, and high exposed surface area due to the hierarchical porous structure (Qin et al., 2019).
Rehman et al. synthesized Ni-N carbon nanotubes (Ni-N-CNTs) derived from ZIF-8 MOF crystals and tested their activities for ORR at alkaline conditions (0.1 M KOH). The electrocatalyst presented an onset and half-wave potential of 0.87 and 0.75 V vs RHE, a Tafel slope of 84 mV/dec, a transferred number of electrons around 3.9, and good stability properties. It also presented a −5.51 mA/cm2 limiting-current density, outperforming state-of-the-art Pt/C electrocatalyst, which showed a limiting-current density of −5.2 mA/cm2 (Rehman et al., 2022).
Tong et al. reported the synthesis of a series of cobalt nanoparticles/N-doped carbon catalysts derived from ZIF/CNT nanonecklaces and tested their use for the ORR in alkaline electrolyte (0.1 M KOH). The best-performing sample had an onset potential of 0.92 V vs RHE, exchanged 4 electrons during the reaction, and showed good stability after 1,000 cycles at ORR conditions. The verified performance was attributed to the synergistic effect of cobalt content and the well-dispersed one-dimensional structure (Tong et al., 2020).
Feng et al. developed a N-doped porous graphitized carbon-supported cobalt disulfide derived from ZIF-67 MOF and tested its activity towards ORR in alkaline conditions (0.1 M KOH). The sample showed an onset and a half-wave potential of 0.86 and 0.79 V vs RHE, a Tafel slope of 56 mV/dec, and a number of transferred electrons in the 3.62–3.72 range, exhibiting similar performance to the benchmark Pt/C ORR electrocatalyst, while showing better stability properties in methanol crossover conditions and after prolonged exposure to ORR conditions (1,000 cycles). The performance was attributed to N-doping, enhanced conductivity given by the porous graphitized carbon support, and the presence of active N-Co sites (Feng et al., 2019).
Mani et al. produced a Cu-based MOF [(Cu4Cl)3(H0.5BTT)8 (H2O)12]·3MeOH·9DMF with tetrazole ligand (H3BTT = 5,5’-(1,4-phenylene) bis(1H-tetrazole)) and tested its performance in alkaline medium (0.05 M KOH). The MOF showed an onset and half-wave potential of 0.94 and 0.78 V vs RHE, a number of transferred electrons of approximately 4, exceptional methanol crossover (no changes after addition of 1 M MeOH), and good cycling stability (84% of current retained after 12 h), with no changes to the porous morphology detected after ORR. The high activity was attributed to the formation of nascent copper(I) moiety from copper (II), which is also surrounded by nitrogen-rich tetrazole moiety, thus increasing ORR activity (Mani et al., 2019).
Kim et al. reported the use of a Cu(II)-MOF-derived Cu@CuO2 core-shell nanocatalyst obtained via reduction with borohydride as an electrocatalyst for the ORR in alkaline medium (0.1 M KOH). The material presented an onset and half-wave potential of 0.93 and 0.86 V vs RHE, and an average of 3.97 electrons exchanged, as shown in Figure 6, thus demonstrating good selectivity towards the preferred ORR pathway. The activity was attributed to the synergistic morphological effects of the core-shell structure, high dispersion of CuO2, and strong adsorption of O2 on the catalyst surface (Kim et al., 2018).
[image: Figure 6]FIGURE 6 | (A) Steady-state voltammograms of the ORR profiles at Cu@Cu2O core-shell nanocatalyst in O2-saturated 0.1 M KOH solution at different rotation rates and scan rate of 20 mV/s and (B) the corresponding Koutecky–Levich (K–L) plots (adapted from Kim et al., 2018).
Table 7 compiles the key ORR performance parameters for the MOF and MOF-derived electrocatalysts shown in this section.
TABLE 7 | ORR electrocatalysts and their key performance indicators: transition MOFs and MOF-derived electrocatalysts.
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Zhang S. et al. designed a series of carbonaceous supported (thermalized triazine-based frameworks (TTF), fluorine-doped TTF (TTF-F), reduced graphene oxide or carbon Vulcan XC-72) precious-metal free POMs (based on Ni, Co, and Cu) and tested their activities for ORR in alkaline medium (0.1 M KOH). The best-performing composite, Cu6Ni7/TTF-F, presented an onset potential of 0.91 V vs RHE and had an electron transfer number in the 3.92–3.94 range, while also presenting excellent stability (negligible changes after 6,000 cycles). They also tested the influence of the POM-core in the electrocatalyst, concluding that the Ni and Cu-based POMs (either individually or having both metals in the POM) induce higher activity when compared to the Co-POMs (Zhang S. et al., 2017).
Zheng et al. produced a new Ni-POM compound, NiP4Mo6, and later vulcanized it, testing both materials’ electrocatalytic activity towards the ORR in alkaline conditions (0.1 M KOH). The materials presented different selectivities for the ORR, with NiP4Mo6 being selective to the 4e− path and its vulcanized counterpart being selective to the 2e− path. The vulcanized material also presented higher half-wave potential and lower Tafel slope: 0.77 and 0.73 V vs RHE, and 98.1 and 106.2 mV/dec, respectively, for vulcanized and unvulcanized samples. Both materials also presented excellent stability with virtually no change after 8,000 cycles. The change in the ORR mechanism was attributed to the vulcanization process, which substituted O2- atoms with S2- atoms, affecting the adsorption energies, thus weakening it in such a way that H2O2 production would be favored (Zheng et al., 2021).
Sanji et al. reported the use of a POM-modified Pd8Ni2/rGO (Pd8Ni2/rGO-POM) as an ORR electrocatalyst in alkaline conditions (0.1 M KOH). It presented an onset potential of ∼0.83 V vs RHE, a Tafel slope of 59.8 mV/dec, and an average of 3.9 electrons exchanged during the ORR. Furthermore, the composite exhibited excellent methanol crossover tolerance and better current retention properties after 10 h at ORR conditions, outperforming the Pt/C state-of-the-art electrocatalyst. Lastly, the performance was attributed to the Pd-Ni alloy interaction (their interactions modify their electronic structures, contributing to enhanced ORR performance), the rGO support (improves conductivity and mass transfer), and the synergistic effects between them and the POM (Sanji et al., 2021).
Ammam et al. performed cyclic voltammetry tests on the Mn-substituted dissymmetrical Dawson-sandwich type and the Keggin sandwich banana-shaped POMs, [MnII4(H2O)2(H4AsW15O56)2]18- and [((MnIIOH2)MnII2PW9O34)2(PW6O26)]17- (Mn4As2W30 and Mn6P3W24). Subsequently, they evaluated their activity towards the ORR at pH 5 and pH 3, respectively. The results indicated that both catalysts demonstrated activity towards the ORR, but a deposited layer of Mn oxides (mainly MnO2) acted as the true catalyst. This was further corroborated by performing additional CV cycles, revealing an increase in the thickness of the oxide layer and a corresponding enhancement in ORR activity (Ammam et al., 2011).
Fernandes et al. disclosed the use of the Co-based sandwich (TBA)7H3[Co4(H2O)2(PW9O34)2] POM, TBA-Co4(PW9)2, supported on different carbon-based materials such as single-walled carbon nanotubes (SWCNT), graphene flakes (GF), nitrogen-doped carbon nanotubes (N-CNT), and nitrogen-doped few-layer graphene (N-FLG), as ORR electrocatalysts in alkaline medium (0.1 M KOH). The electrocatalysts had onset potentials ranging from 0.77 to 0.9 V vs RHE, Tafel slopes ranging from 68 to 96 mV/dec, and electron exchange numbers ranging from 2.7 to 4. POM@N-CNT is shown to have an activity that surpasses the state-of-the-art Pt/C electrocatalyst. Additionally, the electrocatalysts presented a cyclic stability similar to that of commercial Pt/C and much higher methanol stability. Lastly, all composite materials performed better than their isolated supports, with Co4(PW9)2@N-CNT catalytic activity outperforming Pt/C (Fernandes et al., 2018a).
Song et al. confined a cobalt-centered POM, [CoPW12]6-, in the void space of the ZIF-8 MOF and later prepared a Co-POM@MOF-derived N-doped porous carbon composite via pyrolysis treatment to test its performance towards ORR in alkaline electrolyte (0.1 M KOH). The material presented a half-wave potential of 0.84 V vs RHE, a Tafel slope of 63 mV/dec, an electron transfer number of 4.1, and good stability properties (retains activity after 1,000 cycles) (Song et al., 2022).
Rousseau et al. synthesized a noble metal-free Co/Zn POM complex supported on Vulcan carbon XC-72 (Co7Zn/C) and tested its activity towards the ORR in alkaline medium (0.1 M KOH). The material had an electron exchange number between 3.6 and 4, signifying its selectivity towards the 4e-reduction path. It presented activity comparable to commercial Pt/C, showing higher stability after 11 h at ORR conditions and much higher methanol crossover tolerance. The material also showed good activity in neutral medium, compared to commercial Pt/C, but with higher stability (Rousseau et al., 2015).
Liu et al. disclosed a top-down approach to deposit POM-like metal oxo clusters by using the solution-stable Keggin-type polyoxomolybdate H3PMo12O40 (PMo12) as a precursor to deposit [Mo-oxo]n (n = 1–20) cluster on mesoporous carbon, synthesizing three different composites, whose synthesis processes are presented schematically in Figure 7. Their electrocatalytic activity for the ORR in alkaline electrolyte (0.1 M KOH) was tested. The composites had an onset potential in the range of 0.75–0.93 V vs RHE, Tafel slopes in the range of 44.2–109 mV/dec, and the first two composites favored the 2e− reaction path, while the third composite favored the 4e− reaction pathway. Additionally, the third composite demonstrated an activation behavior during chronoamperometric tests to determine its stability, showing an increase in current after 20 h and no further changes after a total period of 50 h, and demonstrated high methanol crossover tolerance, outperforming the commercial Pt/C electrocatalyst both in activity and stability. The activity was attributed to good dispersion of the [Mo-oxo]n clusters, high surface area, and N-doping of the carbon substrate (Liu et al., 2019).
[image: Figure 7]FIGURE 7 | Fabrication route of composites with high ORR activity. The composites were based on Keggin-type polyoxomolybdate H3PMo12O40 (PMo12) as a precursor to deposit [Mo-oxo]n (n = 1–20) cluster on mesoporous carbon (adapted from Liu et al., 2020).
Zhao et al. combined a lacunary Keggin POM cluster, [PW11O39]7-, with 3D ordered microporous graphitic carbon nitride (3DOM g-C3N4) to generate an electrocatalyst with favorable selectivity for the 2 electrons ORR pathway, testing it electrochemically on neutral medium and via light-driven reaction. The synthesized composite showed activity for the light-driven production of H2O2, with a production rate of 2.4 μmol/h, and electrochemical tests demonstrated that it had an electron transfer number around 2.3, indicating its selectivity towards the intended ORR mechanism (Zhao et al., 2017).
Table 8 summarizes the ORR performance parameters for the discussed POM-based electrocatalysts.
TABLE 8 | ORR electrocatalysts and their key performance indicators: transition metal POMs.
[image: Table 8]4 HYDROGEN EVOLUTION REACTION (HER)
The HER is the cathodic reaction occurring in water electrolysis. The HER kinetics differ according to pH: at acidic conditions, it has higher kinetics, while in alkaline and neutral conditions, it has slower kinetics (around 2 to 3 orders of magnitude slower), constituting a disadvantage for alkaline water electrolysis technologies. The reason lies in the inherent HER mechanism, which differs from acid to alkaline/neutral conditions (Chatenet et al., 2022; Pratama et al., 2023), as shown in Figure 8.
[image: Figure 8]FIGURE 8 | HER mechanisms in acidic (A) and alkaline (B) media (Gusmão et al., 2022).
Interestingly, the choice of alkaline electrolytes relative to acidic ones for water electrolysis comes down to the high cost of noble metal electrode materials and equipment limitations, since acid conditions cause equipment corrosion, lowering its lifetime (Zeb et al., 2023). Additionally, the reaction products, akin to OER and ORR, change slightly depending on the pH, as can be seen in equations 2.9 and 2.10 for acidic and neutral/alkaline medium, respectively:
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Furthermore, the inherent HER mechanism only involves two electron transfers, meaning it has fewer thermodynamic demands (resulting in a lower activation barrier) (Horn et al., 2021; Chatenet et al., 2022). Thus, lower overpotentials are generally needed to reach reasonable reaction rates compared to the OER.
Regarding the state-of-the-art electrocatalysts, the one with the highest performance is, akin to ORR, commercial Pt/C, which shows the ideal adsorption energies (not too high and not too low), and thus presents high performance for the HER (Chatenet et al., 2022; Zeb et al., 2023). However, given the noble nature of Pt, it is an expensive and scarce material, and this limits the potential for large-scale applications due to cost-related reasons, meaning that much interest and investment has been applied in the discovery of stable, low-cost, and high-performance alternative electrocatalysts, generally based on early transition metals such as Ni, Mn, Co, and Cu.
4.1 Transition metal oxides for HER
Mukherjee et al. designed a reduced graphene oxide embedded nickel ferrite oxide (rGO-NiFe2O4) and tested its electrocatalytic activity for the HER in acidic medium (0.5 M H2SO4). The observed onset overpotential and the necessary overpotential to achieve current densities of 10, 30, and 100 mA/cm2 were 5, 42, 87, and 158 mV, respectively. Additionally, the obtained Tafel slope was 58 mV/dec. The electrocatalyst also presented great stability, with virtually no change in the cathodic current after 5,000 cycles and a stable current after 12 h of operation at HER conditions. The activity was attributed to the strong chemical-electronic coupling between rGO and NiFe2O4, the formation of non-agglomerated small nanoparticles, and the creation of oxygen vacancies in the electrocatalyst structure (Mukherjee et al., 2018), Chu et al. prepared and tested a hybrid Ni/NiO@C/GR-t-w (derived from the carbonization of Ni-MOF-74 and graphene oxide composites at different temperatures (t) and with different graphene oxide contents (w)) for the HER reaction in acid electrolyte (0.5 M H2SO4). The best-performing sample, Ni/NiO@C/GR-900-8, presented an onset potential of −34.7 mV vs RHE and an overpotential of 108 mV to reach 10 mA/cm2, a Tafel slope of 44 mV/dec, and good stability properties, with no observed relevant change after 24 h of operation at 10 mA/cm2 and after 1,000 HER cycles. The performance was attributed to the synergistic interactions at the Ni/NiO interface and the high surface area due to graphene incorporation (Chu et al., 2018).
Zeng et al. synthesized a series of NiMnO oxides with differing structures by adjusting the crystallization process via the addition of polyethylene glycol (PEG) in varying quantities and tester their properties towards the HER in alkaline medium (1 M KOH). The best-performing oxide was NMO-PEG-3g, which presented an onset potential of −36.3 mV vs RHE and an overpotential of 140 and 256 mV to reach 10 and 100 mA/cm2, respectively. Additionally, it presented a Tafel slope of 94 mV/dec, great stability properties with stable current after 24 h of HER, and activation with increased activity after 2,000 cycles. The enhanced performance was attributed to the petal-like scales in the structure, which increased surface area and thus exposed more active sites (Zeng et al., 2020).
Huang et al. produced a nanosized spinel Co-Mn oxide strongly coupled with ultrathin Ti3C2Tx Mxene nanosheets (MnCo2O4/Ti3C2Tx) with different oxide loadings and tested its electrocatalytic potential toward the HER in acidic medium (0.5 M H2SO4). The best-performing sample had 50% oxide content, presented an onset overpotential of 51 mV, an overpotential to reach 10 mA/cm2 of 177 mV, and a Tafel slope of 79 mV/dec, along with good stability and cyclic properties (nearly unchanged current after 16 h of operation and after 2,000 cycles). The activity was attributed to high electric conductivity and electronic structure optimization due to the incorporation of Mxene nanosheets, thus enhancing the intrinsic catalytic activity and higher surface area with more exposed active sites (Huang et al., 2022).
Wu Y. et al. reported the synthesis of octahedral cobalt oxide particles via a hydrothermal method and tested its capacities towards catalyzing the HER in basic medium (1 M KOH). The material presented an overpotential of 112 mV to achieve 20 mA/cm2, and a Tafel slope of 94 mV/dec. It also had good cyclic and stability properties, with little observed difference after 2,000 cycles and after 20 h of operation. The activity was attributed to a higher surface area, which exposes more active sites (Wu Y. et al., 2020).
Flores-Lasluisa et al. studied the Cu-doping of Co spinel oxides supported on high porosity activated carbon and their activity for the HER electrocatalysis in alkaline medium (0.1 M KOH). The obtained results indicate that the best-performing sample, AC-CuCo20, presented a Tafel slope of 300 mV/dec and −14.6 mA/cm2 for 400 mV of overpotential. The higher activity was attributed to better particle agglomeration control and higher electrical conductivity caused by the supporting activated carbon, substitution by Cu atoms at the octahedral position, and a higher number of oxygen vacancies and Co3+ sites, creating synergistic effects that enhanced catalytic activity (Flores-Lasluisa et al., 2019).
Muralikrishna et al. disclosed the production of graphene oxide and Cu hybrid (GO-Cu2+) by controlling pH and Cu2+ concentrations during synthesis. They tested their ability to electrocatalyze the HER in an acidic medium (0.1M H2SO4). The results indicated that the optimal synthesis was done at neutral pH and with a concentration of 30 mM of Cu2+. The hybrids had Tafel slopes around 120 mV/dec, along with moderate cyclic properties, with a brief reduction in current after 100 cycles (Muralikrishna et al., 2015).
Katubi et al. evaluated the performance of a hybrid nanocomposite comprising mixed metal oxides (Cu and W) and reduced graphene oxide (WO3/CuO/rGO nanohybrid) towards HER in alkaline medium (1 M KOH). The composite presented an overpotential of 400 mV to achieve 200 mA/cm2 and a Tafel slope of 44 mV/dec, along with good stability properties showing only a slight reduction in current after 12 h of operation, outperforming the unsupported and mono-metallic oxide counterparts. The verified activity was attributed to the high conductivity of rGO, higher number of exposed catalytic sites, and the synergistic interactions between the WO3 and CuO nanoparticles (Katubi et al., 2023).
Table 9 condenses the performance indicators for the discussed oxide-based HER electrocatalysts.
TABLE 9 | HER electrocatalysts and their key performance indicators: transition metal oxides.
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Zhang et al. designed porous nickel-supported nanostructured Ni-Co electrodes with different morphologies that depended on the electrodeposition current and tested their activities towards the HER in alkaline electrolyte (1 M KOH). The results demonstrated that the best-performing morphology were the Ni-Co nanocones, which presented an onset potential of −14 mV vs RHE, an overpotential of 86.7 mV to achieve 10 mA/cm2, and a Tafel slope of 69.8 mV/dec. Additionally, catalyst morphology was unchanged, and the overpotential to reach 10 mA/cm2 only increased slightly after 10 h of operation at HER conditions. Finally, the activity was attributed to the synergism between the catalytic properties of Ni and Co, and the hierarchical morphology and sharp edges structure (Zhang et al., 2019).
Cao et al. fabricated radially aligned NiMo alloy microtubes on nickel foam (NiMo MT/NF) and verified its performance towards the HER in basic conditions (1 M KOH). The electrocatalyst presented an overpotential of 119 mV to reach 10 mA/cm2 and a Tafel slope of 119 mV/dec. Additionally, the material shows good cyclic and stability properties, since a negligible current density is lost after 1,000 cycles, and it can retain its activity for at least 10 h. The verified performance is attributed to a higher number of active sites and facilitated electron transport because of the unique tubular structure and low boundary resistance (Cao et al., 2019).
Liu et al. synthesized Ni-Mn-P electrocatalysts via electrochemical deposition method and tested their abilities towards HER catalysis in a basic electrolyte (1 M KOH). The results demonstrated that the best sample presented an overpotential of 113 mV to achieve 10 mA/cm2 and a 74 mV/dec Tafel slope. Additionally, good stability properties were verified since the structural integrity was maintained after 20 h of HER operation (at 10 mA/cm2 and 60 mA/cm2), and only a slight current drop was observed. The activity was attributed to Mn doping, which promoted the formation of a coral structure, and the synergistic effects between Ni, Mn, and P (Liu et al., 2021).
Ge et al. used Mn metal as a dopant to enhance the HER activity of urchin-like CoP electrocatalysts at alkaline and acidic media (1 M KOH and 0.5 M H2SO4). The results demonstrated that the best performance in both media was attained by the sample with 15 wt% Mn. Accordingly, the overpotentials needed to reach 10 mA/cm2 were 100 and 65 mV, and Tafel slopes were 53 and 32 mV/dec, respectively, in alkaline and acid conditions, thus performing closely to benchmark Pt/C electrocatalyst and outperforming pristine CoP. Additionally, after 20 h of operation, the electrocatalyst showed a very small increase in overpotential (2.4 mV and 1.1 mV for alkaline and acid media, respectively) at 10 mA/cm2 and no morphological changes, thus demonstrating good stability properties. The observed activity was attributed to a reduction in the hydrogen adsorption energy with the Mn doping, which enhanced the HER rate (Ge et al., 2018).
Wang H. et al. proposed preparing a nitrogen-doped porous carbon-supported cobalt material with a high graphitization degree and different dispersant content as a HER electrocatalyst in alkaline medium (1 M KOH). The best-performing sample, Co@NPC-F4, exhibited an overpotential of 259 mV to achieve 10 mA/cm2 and a Tafel slope of 99 mV/dec. It also showed good stability properties, retaining 83% of current after 6 h of operation. The performance was attributed to the high surface area of the NPC and the optimization of the porous bundle structure during synthesis (Wang H. et al., 2019).
Guan et al. prepared Co-Ni alloys supported on N-doped carbon nanofibers via in-situ growth and tested their activity towards the HER in basic medium (1 M KOH). The material presented an 86 mV overpotential to reach 10 mA/cm2 and a Tafel slope of 152.3 mV/dec, alongside good cyclic and stability properties, with almost no change in activity after 1,000 cycles and 25 h of operation, respectively, performing closely to the state-of-the-art Pt/C electrocatalyst. The enhanced activity is related to more useable active sites due to the N-doped carbon nanofibers’ 3D structure, the NiCo alloy’s synergistic effects, and the presence of smaller and more uniform alloy nanoparticles (Guan et al., 2021).
Butt et al. deposited a layer of metallic Cu on thermally synthesized CuO nanowires via a dielectric barrier discharge method and tested its performance towards the HER in 0.1 M K2SO4 electrolyte. The best-performing sample, Cu500 (indicating that the CuO synthesis temperature was 500°C), presented an overpotential of 210 mV to achieve 10 mA/cm2, a Tafel slope of 178 mV/dec, and an exchange current density of 0.6 mA/cm2, along with good stability properties after almost 4 h of operation. The performance was attributed to the presence of the metallic Cu nanowires alongside the CuO nanowires (Butt et al., 2021).
Shen et al. produced a series of Ni-Cu alloy nanoparticles encapsulated into graphitic shells with different shell thicknesses and tested their performances toward HER electrocatalysis in different pH values (0, 7, and 14). The catalysts showed, in general, better performance on acidic media, and the best-performing sample (NiCo@C-1) presented an overpotential of 48 mV to achieve 10 mA/cm2 and a Tafel slope of 63.2 mV/dec under these conditions. Furthermore, accelerated durability tests demonstrated good cyclic properties, with virtually negligible differences after 2,000 HER cycles, and chronoamperometric tests showed good stability properties, with a current retention of around 63% and no structural changes. The performance was much better than the pristine NiCu alloy and closely resembled that of the benchmark Pt/C electrocatalyst. This was attributed to the interactions between the alloy and the carbon shell, which affected the electronic structure and adjusted the hydrogen adsorption energy to enhance activity (Shen et al., 2017).
Table 10 summarizes the performance indicators for the considered Alloy-based HER electrocatalysts.
TABLE 10 | HER electrocatalysts and their key performance indicators: transition metal alloys.
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Dao et al. developed graphene-doped Ni-MOFs via the solvothermal method with different graphene contents and tested their HER electrocatalytic properties in alkaline electrolyte (1 M KOH). The best-performing sample, MOF(Ni)-GR(4%), needed an overpotential of 268 mV to reach 10 mA/cm2 and had a Tafel slope of 108 mV/dec. Furthermore, chronopotentiometric tests indicated that the MOF catalyst had better stability than the benchmark Pt/C electrocatalyst, and the activity was attributed to a higher surface area, which contributed to exposing more active sites and to the better electronic conductivity of graphene, which facilitated charge transfer and thus enhanced HER catalysis (Dao et al., 2022).
Wu et al. designed Ni (II) based MOFs, [Ni(bib)2(SO4)]n; bib = 1,4-bis(1-imidazoly)benzene via hydrothermal method and calcination at different temperatures. These MOFs were tested for HER electrocatalysis in acid medium (0.5 M H2SO4). The best-performing sample, Ni-MOF-800, presented an overpotential of 356 mV to achieve 10 mA/cm2 and a Tafel slope of 127.3 mV/dec. The catalyst stability was also tested, and it was verified that after 2,000 cycles, the HER activity was almost unchanged, and the morphology was completely intact. The performance was attributed to the enhanced conductive properties, which increased charge transfer kinetics and thus incremented HER rate (Wu et al., 2022).
Duan et al. prepared peony petal-like CoMnP nanoparticles supported on nickel foam via solvothermal growth route on CoMn-MOF-71 nanosheets and tested its HER electrocatalytic properties in acid and basic media (0.5 M H2SO4 and 1 M NaOH). The sample presented overpotentials of 66.6 and 53.9 mV to reach 10 mA/cm2 and Tafel slopes of 38.8 and 63 mV/dec for acid and alkaline medium, respectively, which had close performance to Pt/C benchmark electrocatalyst. Additionally, in acid conditions, the current retention after 12 h only shows a small decrease, and the performance after 1,000 cycles slightly increased, while no morphological changes were observed after 1,500 cycles. The same results were observed for alkaline conditions. The enhanced performance was attributed to higher specific surface area, exposing more active sites and facilitating electrolyte diffusion, and to synergistic effects between Mn and Co that can modulate the electronic structure to optimize the adsorption energies and enhance the HER process (Duan et al., 2022).
Liu et al. described a phosphorization process to create carbon fiber paper-supported CoP species in a Co-MOF, thus originating a CoP/Co-MOF/CF hybrid, and tested its catalytic activity toward the HER in acidic (0.5 M H2SO4), neutral (pH 7 PBS buffer solution) and alkaline (1 M KOH) media. The overpotential needed to achieve a 10 mA/cm2 was 27, 34, and 49 mV, and the Tafel slope was 43, 56, and 63 mV/dec, for acidic, basic, and neutral conditions, respectively, performing closely to the benchmark Pt/C electrocatalyst. Additionally, the material demonstrated good cyclic and stability properties in acid, neutral, and alkaline conditions, with negligible differences in performance after 2,000 cycles. It showed a slight morphology degradation in alkaline medium but remained intact in the other testing conditions. The performance was attributed to the electronic interactions of CoP and Co-MOF, which modulated H2O and H adsorption energies to more optimal values, thus enhancing HER, and to the MOF porous network, which exposes more active sites and facilitates gas release (Liu et al., 2019).
Pan et al. reported a method to develop a Co,N-doped graphitic carbon electrocatalyst (Co-MOF-800) based on a flower-like MOF ({[Co(BIPA)(5-OH-bdc)](DMF)}n; BIPA = bis(4-(1H-imidazole-1-yl) phenyl)amine and 5-OH-bdc = deprotonated 5-hydroxyisophthalic acid) and tested its HER electrocatalysis properties in acidic medium (0.5 M H2SO4). An onset potential of ca. −120 mV vs RHE, an overpotential of 193 mV to achieve 10 mA/cm2, and a Tafel slope of 77.1 mV/dec were determined for those conditions, along with appreciable current retention after 20 h of operation and only a slight loss in performance after the elapsed time. The activity was attributed to synergistic interactions between Co and N, which optimized adsorption energies and modified the electronic structure of carbon, enhancing the HER rate (Pan et al., 2019).
Nivetha et al. synthesized a Meso-Cu-BTC MOF and tested its performance towards HER electrocatalysis in an alkaline electrolyte (1 M NaOH). The catalyst demonstrated an onset overpotential of 25 mV, an exchange current density of 6 mA/cm2, and a Tafel slope of 33.4 mV/dec, but still underperformed the benchmark Pt/C electrocatalyst. After 1,000 cycles, there was no observable change in performance, confirming the good stability properties of the material. The observed activity was attributed to the highly porous network of the octahedral MOF, which enhanced electronic and ionic transfer, thus increasing the HER rate (Nivetha et al., 2020).
Zhang et al. disclosed the synthesis of three different porous MOFs based on different transition metals, Ni, Co, and Cu, and on H3BTC (benzene-1,3,5-tricarboxylic acid), originating rhombic octahedral Cu-BTC, rod-shaped Co-BTC, and spherical Ni-BTC materials, which were tested towards HER electrocatalysis on acidic medium (0.5 M H2SO4). The materials presented an overpotential to reach 10 mA/cm2 of 53, 123, and 270 mV and Tafel slopes of 62, 100, and 155 mV/dec for Ni-BTC, Co-BTC, and Cu-BTC, respectively, with Ni-BTC performing similarly to Pt/C state-of-the-art electrocatalyst. The MOFs demonstrated different stability properties, with Ni-BTC demonstrating no current retention drops and Co-BTC and Cu-BTC showing 60% and 72% current retention, although no structural or morphological changes were detected after the tests. The performance was attributed to structural features such as large surface area, porous and adjustable structure, and transition metal center regulation (Zhang et al., 2020).
Table 11 compiles the relevant HER performance parameters for the discussed MOF electrocatalysts.
TABLE 11 | HER electrocatalysts and their key performance indicators: transition MOFs.
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Sun et al. prepared an electrocatalyst of Ni and Mo2C nanoparticles painted with N-doped carbon layers (Ni/Mo2C@NC) based on giant POM clusters of ((NH4)42[Mo132O372(CH3COO)30(H2O)72].10CH3COONH4.300H2O) (Mo132) and tested its activity towards HER electrocatalysis in basic and acid media (1 M KOH and 0.5 M H2SO4). The material had an overpotential of 107 and 125 mV at 10 mA/cm2 and a Tafel slope of 88 and 117 mV/dec, outperforming its monometallic counterparts and performing similarly to Pt/C benchmark electrocatalyst. The durability and stability properties were similar in acidic and alkaline conditions, with only a slight current drop after 48 h of operation and no structural or morphological changes after HER stability tests. The performance was attributed to the improved electronic structure with nickel doping and the higher exposition of active sites due to the mesoporous structure (Sun et al., 2023).
Jia et al. reported the production of nickel foam-supported Dexter-Silverton-type bimetallic POMs NiM-POMs (M = Co, Zn, Mn) using Keggin POM clusters as building blocks and tested their catalytic activities towards HER in basic conditions (1 M KOH). The POMs HER polarization curves are presented in Figure 9. These materials exhibited overpotentials at 10 mA/cm2 of 64, 68, 74, and 83 mV, and Tafel slopes of 75, 79, 87, and 98 mV/dec, respectively for NiCo-POM/Ni, NiMn-POM/Ni, NiZn-POM/Ni, and Ni-POM/Ni. The performance was correlated to the microcrystal size, with the range between 2–4 μm associated with the highest activity. The stability of NiCo-POM/Ni was also demonstrated, as no reasonable differences in performance or morphology were observed after 2,000 cycles. The good performance was attributed to the intrinsic reactivity of POM microcrystals with abundant active sites (Jia et al., 2019).
[image: Figure 9]FIGURE 9 | (A) Polarization curves of NiM-POM/Ni electrode, commercial Pt/C, and Ni foam in 1.0 m KOH at a scan rate of 5 mV/s. (B) Tafel plots of NiM-POM/Ni electrodes, Ni foam, and Pt/C (adapted from Jia et al., 2019).
Zhang Z. et al. have designed Ni-modified PW12 clusters with 3D nanoflower structure grown on Ni foam (NF) and tested its electrocatalytic potential towards HER in alkaline medium (1 M KOH). The study demonstrated that the overpotential needed to reach 10 mA/cm2 was 75 mV and that the Tafel slope was 86 mV/dec, slightly underperforming the benchmark Pt/C electrocatalyst. Additionally, there was practically no activity loss after 2,000 cycles, being kept for at least 30 h with no morphological or structural changes. The activity was attributed to the synergistic effect between Ni and W, the electric conductivity of the NF support, and the enhanced number of exposed active sites due to the unique micro-nanostructure (Zhang et al., 2022).
Zhang Z. et al. synthesized a two-fold interpenetrating POMOF compound, [(Ni3(bpp)3⋅(H2O)11(PW9VIW3VO40)]⋅2H2O (bpp = 3, 5′-bis(pyrid-4-yl)pyridine), and tested it for HER in basic electrolyte (1 M KOH). The produced electrocatalyst presented an overpotential of 74.6 mV to achieve 10 mA/cm2 and a Tafel slope of 111 mV/dec, slightly underperforming the benchmark Pt/C electrocatalyst, but demonstrating great stability properties due to no apparent decline in activity after 2,000 cycles and stable activity for more than 48 h. The activity was attributed to the synergistic effects between the enclosed POM and MOF complex and the highly exposed surface area (Zhang et al., 2023a).
Jawale et al. immobilized Ni-containing Dawson and sandwich-type POMs on the surface of carbon nanotubes and later tested their electrocatalytic properties towards HER in acid conditions (0.5 M H2SO4). It was verified that the Tafel slopes were in the 121–125 mV/dec range, but the catalysts still underperformed the Pt/C benchmark electrocatalyst. The enhanced performance was attributed to the number of Ni centers in the structure (a higher number of centers implied higher performance) and to the structure of the POM itself (the sandwich structure was able to contain a higher number of Ni centers) (Jawale et al., 2022).
Ahmad et al. immobilized a Mn sandwich POM, Na10[Mn4(H2O)2(VW9O34)2].26H2O, on the surface of CoSe2 nanobelts (CoSe2-NB) and tested its catalytic activity towards HER in acidic medium (0.5 M H2SO4). The composite attained a 187 mV overpotential at 10 mA/cm2 and a Tafel slope of 55 mV/dec, with no difference in performance or morphology after 2,000 cycles and no noticeable current drop after 24 h of operation. The performance was attributed to the 3D structural framework, high conductivity and surface area of the support, and the synergistic effects in the microenvironment induced by decorating sandwich-type POMs on the surface of CoS2-NBs (Ahmad et al., 2020).
Xu et al. designed a cobalt and tungsten-based bimetallic electrocatalyst based on a bimetallic POM, [Co9(OH)3(H2O)6(HPO4)2(PW9O34)3]16- via a one-step calcination process, Co/WC@NC, and tested its properties toward HER electrocatalysis in acid and basic solutions (0.5 M H2SO4 and 1 M KOH). The results demonstrated that Co/WC@NC presented an overpotential of 129 and 142 mV to reach 10 mA/cm2 and a Tafel slope of 93 and 91 mV/dec for acid and basic conditions, respectively, outperforming the catalyst’s monometallic counterparts. Furthermore, the activity shows only a small decline after 2,000 cycles, with no significant decrease after 24 h of continuous operation in both solutions, and no morphological or structural changes. The activity was attributed to the synergistic interactions between the two metals, which regulate the electronic structure of the catalyst and enhance conductivity and activity, as well as the protective effect of the carbon layers, which prevents metal corrosion, and N-doping, contributing to a faster charge transfer (Xu et al., 2021).
Chen C. et al. disclosed the use of a POMOF-derived bi-transition metal carbide (MoxCoxC) confined in uniform carbon polyhedrons synthesized via calcination after the formation of a POMOF-based on PMo12 Keggin POM and ZIF-67 MOF as an HER electrocatalyst in basic conditions (1 M KOH). Regarding the cathodic water splitting reaction, the material, PMo/ZIF-67-6-6N, needed an overpotential of 83 mV to deliver 10 mA/cm2 and had a Tafel slope of 50 mV/dec. Additionally, there was a negligible change in activity after 1,000 cycles, and the performance remained stable for 22 h. The activity was attributed to the small particle size of the formed carbides, which exposed more active sites, to the N-doped carbon coating that stabilized the carbides, the synergistic effects between the metals and the support structure, and the porous structure itself (Chen C. et al., 2018).
Wang et al. reported the synthesis of 2D CoMo-POMOF nanopillar arrays on a conductive Ni foam substrate and its electrocatalytic activity in acid medium (0.5 M H2SO4). The results demonstrated that it needed an overpotential of 137 mV to attain 10 mA/cm2 and that it had a Tafel slope of 59 mV/dec, slightly underperforming the state-of-the-art Pt/C electrocatalyst. Additionally, good stability was verified, since the performance was practically unchanged and the morphological and structural characteristics were well maintained after 2,000 cycles. The activity was attributed to the self-supported open construction of nanopillar arrays, optimized Gibbs free energy of hydrogen adsorption, and the 2D nanosheets of CoMo-POMOF (Wang et al., 2022).
Shen et al. studied the HER performance of a new XC-72 carbon black supported Lindqvist POM-based inorganic-organic compound with a porous intercalation structure, [Cu2(bimb)2(ox)](W6O19)·4H2O [bimb = 1,3-bis(1-imidazoly)benzene, ox = oxalic acid] in acid conditions (0.5 M H2SO4). The material needed an overpotential of 146 mV to reach 10 mA/cm2 and had a Tafel slope of 69 mV/dec, performing closely to benchmark Pt/C HER electrocatalyst. The performance was attributed to the higher electronic conductivity of the carbon black support, hexatungstate fragments originating from the Lindqvist structure that act as active sites, and the porous intercalation structure present in the material (Shen et al., 2019).
Zang et al. disclosed the synthesis of Anderson-type POM-modified Cu nanomaterials on TiO2 nanotube array and tested their potential as HER electrocatalysts in acid medium (0.5 M H2SO4). The best composite material, NiMo6O24@Cu/TNA, presented a 215 mV overpotential to attain 10 mA/cm2 and presented a Tafel slope of 89.2 mV. Furthermore, there was a negligible shift in performance after 500 cycles, and no apparent current decrease after 3 h of operation. The activity was attributed to the synergy between the utilized POMs and Cu to produce a dendrite morphology that exposed more active surface area and modified the local electrochemical environment of the active sites, enhancing the HER (Zang et al., 2019).
Fernandes et al. prepared a series of nanocomposites based on three different POMs supported on reduced oxidized graphene flakes, P2W18@rGF_ox, P5W30@rGF_ox, and P8W48@rGF_ox, and tested their HER electrocatalytic properties in acid medium (0.5 M H2SO4). The materials showed an overpotential for 10 mA/cm2 of 35, 33, and 44 mV, and a Tafel slope of 37, 33, and 41, for P2W18@rGF_ox, P5W30@rGF_ox, and P8W48@rGF_ox, respectively, with performances that closely resembled that of benchmark Pt/C electrocatalyst. However, stability tests were only made for P5W30@rGF_ox and showed no significant changes after 1,000 cycles. The activity was attributed to the well-known POM property of undergoing reversible multi-electron reduction/oxidation without structural changes and the high electronic conductivity and porous network of the support, enhancing charge transfer rate and catalyst loading capabilities (Fernandes et al., 2018b).
Table 12 contains the HER key performance indicators for the analyzed POM-based electrocatalysts.
TABLE 12 | HER electrocatalysts and their key performance indicators: transition metal POMs.
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Wu et al. produced mesoporous NiO and NiCo2O4 using a hydrothermal template-free synthesis and tested them as bifunctional catalysts for the OER/ORR reactions pair in alkaline medium (0.1 M KOH). Concerning the OER, NiCo2O4 showed a lower Tafel slope, indicating better kinetics towards this reaction. NiCo2O4 also showed a better performance towards the ORR, which is confirmed by a higher onset potential and higher number of exchanged electrons, demonstrating higher selectivity towards the 4e− reduction pathway. This is further corroborated by the lower observed local yield of H2O2, 20% for NiO, against 5% for NiCo2O4. Additionally, NiCo2O4 showed good stability properties, with only ∼50 mV potential loss during 50 h of operation. The exhibited performance was attributed to the higher number of surface hydroxyl adsorbates that can promote the 4e− ORR path in NiCo2O4, as well as the synergistic effects of having a bimetallic Co and Ni oxide composition (Wu et al., 2023).
In a more innovative fashion, Sivakumar et al. tested three ternary Ni-Co-Mn oxides as bifunctional catalysts for OER/ORR in alkaline medium (0.1 M KOH), NiCoMnO4, Ni1.5Co0.75Mn0.75O4 and Ni2Co0.5Mn0.5O4. They all presented good stability, and the best-performing material, Ni1.5Co0.75Mn0.75O4, showed similar behavior to IrO2 for OER. Although its ORR activity was still far behind Pt/C, its bifunctional activity was higher than both IrO2 and Pt/C (Sivakumar et al., 2019).
Xing et al. tested OER/ORR bifunctionality of two nanoparticulate manganese vanadium oxide deposited on a nitrogen-doped reduced graphene oxide in alkaline medium (0.1 M KOH). The samples differed in the total time they were subjected to a thermal treatment. The OER study showed that the composites had good stability under the reaction conditions and good electrocatalytic performance, as they could achieve a 10 mA/cm2 current density at overpotentials of 440 and 420 mV. However, the materials had a Tafel slope of 286 and 271 mV/dec, indicating that there is still much room for improvement in terms of OER performance. For the ORR, both electrocatalysts demonstrated a 4e− pathway and stability over at least a 4-h period, as well as superior activity when compared to the benchmark Pt/C electrocatalyst (Xing et al., 2018).
Belkessam et al. synthesized spinel structure Ni and Co mixed metal transition oxides by using a facile sol-gel method with different metal salt precursors, namely, their chlorides (Cl-NiCoO), sulfates (S-NiCoO), and nitrates (N-NiCoO), and tested their activity for OER and ORR in alkaline conditions (0.1M KOH). Regarding the OER, the best-performing electrocatalyst was S-NiCoO. This was linked to the presence of Ni3+ as the main oxidation state for Ni and to the presence of sulfide, which increased the number of active sites and the coordination of Ni/Co. Relative to the ORR, the results showed Cl-NiCoO had the highest activity, albeit its selectivity to the 2e− pathway. These different activities were attributed to the different morphologies obtained for each sample and to the presence of the precursor anion, which could act as a doping element (Belkessam et al., 2020).
Wang et al. designed iron, nickel, and nitrogen-doped carbon nanofibers (Fe/Ni-N-CNFs) via an electrospinning technique and tested their activities for the OER/ORR pair in alkaline conditions (0.1 M KOH). The best-performing composite, with a 1:1 Fe to Ni ratio, performed better than the mono-metallic composites and compared itself to the benchmark Pt/C electrocatalyst, exchanging an average of 3.97 electrons during the reduction process. This electrocatalyst also demonstrated the best OER performance, with the lowest Tafel slope and higher currents for the tested OER polarization region, and it was determined to have the best bifunctional characteristics towards those reactions. The electrocatalyst also demonstrated stability after 2,000 CV cycles, and its performance was attributed to the metal alloying synergistic interactions, N doping, structural defects, and the 3D porous cross-linked microstructure (Wang et al., 2017).
Abdelkader-Fernández et al. reported the synthesis of noble-metal-free dual N,S-doped MOF-74-derived nanostructured carbon-based materials, outlining the effects of the type of doping and the metal composition in the MOF-74 template in the OER and ORR performances in 0.1 M KOH. They found that, individually, N,S-dual-doping (mainly in the Co-based MOF-74) and the use of two metals (Ni and Co) in the MOF-74 template structure were able to enhance the OER activities, making them comparable to state-of-the-art IrO2 and other similar reported materials. However, they demonstrated an adverse effect when used simultaneously. This was explained by the fact that the bimetallic dual-doped sample involves CoxNi1-xS sulfide instead of CoS, present in the purely dual-doped sample and more active for OER, and that it does not show “active” core/shell nanostructures, unlike the purely bimetallic sample. For the ORR, the dual-doping strategy increased the exhibited performances, albeit in a more limited manner, while the metal composition showed no significant effect on performance (Abdelkader-Fernández et al., 2019).
Yusinova et al. performed the pyrolysis of a mixed metal Mn/Co MOF (TAL-42) to produce an electrocatalyst active towards ORR and OER in alkaline medium (0.1 M KOH). The best-performing composite material towards ORR, TAL-42-900, presented an activity comparable to Pt/C, and superior stability properties. TAL-42-900 also exhibited the lowest overpotentials and Tafel slopes for the OER, performing better than the RuO2 benchmark electrocatalyst and being classified as the best bifunctional material amongst the tested electrocatalysts. The activity was attributed to the mesoporous structure, large surface area, and the presence of M-Nx species (M = Mn,Co) (Yusibova et al., 2023).
Wahab et al. reported the use of Mn-MOF@rGO nanocomposite as a bifunctional catalyst for both ORR and OER in alkaline conditions (0.1 M KOH and 1 M KOH, respectively). Regarding the ORR, the best-performing sample, MnBDC@75%rGO, compared itself to the benchmark Pt/C electrocatalyst and presented good methanol crossover resistance. Relatively to the OER, the electrocatalyst demonstrated better activity than Pt/C, with a 610 mV overpotential to achieve 10 mA/cm2 and a Tafel slope of 83 mV/dec The good performance was attributed to the synergistic effects between the mesoporous 3D framework and the transition metal-organic composition (Wahab et al., 2020).
Zhang M.-C. et al. synthesized a bimetallic CuCo MOF to work as a bifunctional electrocatalyst for OER/ORR in alkaline (0.1 M KOH) and neutral media. Regarding the alkaline OER, the material needed a 400 mV overpotential to achieve 10 mA/cm2 and had a Tafel slope of 122.3 mV/dec with good current retention properties. Regarding the neutral OER, the overpotential needed to reach 10 mA/cm2 was 550 mV, and the obtained Tafel slope was 276.1 mV/dec, also with good retention properties. In both cases, the bimetallic MOF had better performance than the monometallic Cu MOF. The ORR performance followed the same trend: the bimetallic MOF performed better than the monometallic Cu MOF, and the performance of both materials was higher in alkaline conditions, with the bimetallic MOF being ultimately considered the best bifunctional material. The higher activity was attributed to a higher exposition of active sites and the synergistic effect of the bimetallic active sites, which increased charge transfer efficiency at the catalyst electrode/electrolyte interface (Zhang et al., 2023c).
Lu et al. reported the synthesis of metallic Co nanoparticles embedded in N-doped porous carbon layers (Co@NPC-T, T = 800, 900, or 1,000°C), using macroscale Co-MOF crystals as a precursor, and its use as a bifunctional electrocatalyst for ORR and OER in alkaline medium (0.1 M KOH). For the OER, the best-performing material, Co@NPC-900, needed 380 mV of overpotential to achieve 10 mA/cm2 and presented good stability properties. Regarding the ORR, the activity was comparable to that of benchmark Pt/C with higher stability properties, and it was determined that Co@NPC-900 and Co@NPC-1,000 have similar bifunctional characteristics that are superior to those of Co@NPC-800. The verified performance was attributed to the improved electron transfer due to the graphitic carbon structure and to the synergistic effects between the metal and the graphitic carbon structure (Lu et al., 2017).
Marques et al. assembled sandwich-type Dawson family POMs anchored in N-doped multi-walled carbon nanotubes (MWCNT_N6) and tested their electrocatalytic properties towards OER and ORR in alkaline medium (0.1 M KOH). Regarding the OER, the three POMS@MWCNT_N6 (Ni4, Fe4, and Ni2Fe2) composites presented overpotentials of 580, 460, and 360 mV to achieve 10 mA/cm2 and Tafel slopes of 102, 54, and 45 mV/dec for Fe4@MWCNT_N6, Ni4@MWCNT_N6, and Ni2Fe2@MWCNT_N6, respectively. Furthermore, tests at 500 mV of overpotential for 12 h showed that Fe4 and Ni4 retained 80% and 87% of their current and Fe2Ni2 retained 64%, indicating that the bimetallic Fe-Ni composite had the worst stability properties, even though it was the best-performing material. Relative to the ORR, the results indicate that an onset potential of ∼0.8 V vs RHE was obtained for all materials, and Tafel slopes of 35.4, 34.7, and 37.9 mV/dec were obtained for Fe4, Ni4, and Fe2Ni2, respectively. Lastly, the number of transferred electrons is around 3, thus suggesting a mixed regime between the 4 and 2 electrons pathway, and good stability for the Fe4 and Ni2Fe2 (84% and 80% of current retention after 12 h) was observed at ORR conditions (Marques et al., 2022).
Limani et al. prepared a series of Co-POMs anchored on doped carbon materials (MWCNT_N8_Co4, GF_N8_Co4, GF_ND8_Co4, and GF_NS8_Co4) and tested their performance for ORR and OER at alkaline conditions (0.1 M KOH). The ORR results demonstrated that the best-performing material (MWCNT_N8_Co4) had a performance comparable to that of benchmark Pt/C and good stability properties, along with high methanol crossover tolerance, indicating its durability. Relative to the OER results, the catalysts demonstrated activities that very closely resembled those of benchmark IrO2 and RuO2 electrocatalysts, with the best-performing material, GF_N8_Co4, outperforming IrO2 and showing relatively good stability after almost 10 h of operation. No metric was calculated to determine the best bifunctional electrocatalyst, but all the tested materials presented bifunctionality towards those two reactions (Limani et al., 2022).
Table 13 groups the aforementioned bifunctional OER/ORR electrocatalysts and their performance parameters.
TABLE 13 | MOF and POM(-derived) bifunctional OER/ORR electrocatalysts.
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Zhou et al. described the use of trimetallic MOF-74 (MnxFeyNi-MOF-74) films grown on nickel foam as bifunctional electrocatalysts for OER and HER in alkaline medium (1 M KOH). The OER activity of the optimized film, Mn0.52Fe0.71Ni-MOF-74, surpassed its bimetallic counterparts, Mn2.67Ni-MOF-74 and Fe1.88Ni-MOF-74, as well as the state-of-the-art IrO2 electrocatalyst. HER activity of the same optimized film was superior to its bimetallic counterparts and comparable to the benchmark Pt/C electrocatalyst, and the film showed good stability in both OER and HER polarization conditions. The enhanced performance was attributed to Mn doping, which exposed more active sites, regulated charge transfer, and formed oxyhydroxides, acting as active phases in the electrocatalyst. Finally, a 2-electrode water electrolyzer (1 M KOH) with the optimized film as both cathode and anode was built to test the material’s overall water splitting capabilities, with 10 mA/cm2 being achieved at a 1.48 V and overall stability for over 100 h at 200 mA/cm2 being observed (Zhou et al., 2020).
Chen et al. reported the synthesis of a carbon-coated Co-doped selenide nanomaterial derived from nickel-cobalt bimetallic MOF, NiCoSe/C, and tested it as an overall water splitting electrocatalyst in alkaline medium (1 M KOH). The OER tests demonstrated a superior performance, with a low overpotential of 249 mV at 10 mA/cm2, and good stability properties, outperforming the benchmark RuO2 electrocatalyst. HER results, albeit not superior to benchmark Pt/C, were still significantly lower than other NiCo-based materials, with the material presenting excellent stability properties. Finally, a two-electrode cell was constructed to verify the overall water-splitting activity, with NiCoSe/C acting as both cathode and anode. The resulting cell was able to deliver 10 mA/cm2 at 1.68 V and showed stability both for over 20 h of operation and after 1,000 operation cycles. The performance was attributed to the synergy between Ni and Co, which modulated the material’s electronic structure, and to the highly porous and high specific surface area structure inherited from the parent MOF (Chen Z. et al., 2019).
Zhao et al. prepared Mo-CoS2 nanoparticles embedded in a hierarchically porous carbon hollow sphere, Mo-CoS2/NC (H), derived from ZIF-67 MOF, phosphomolybdic acid POM and polystyrene sphere. The resulting composite was tested as an overall water-splitting electrocatalyst in 1 M KOH. The OER results demonstrated that the produced nanoparticles outperformed the benchmark RuO2 electrocatalyst and exhibited good stability properties. Regarding HER, the material presented activity comparable to that of state-of-the-art Pt/C, alongside good stability. Regarding the overall water splitting activity, an electrolyzer where Mo-CoS2/NC (H) acted as both cathode and anode was constructed, and it delivered 10 mA/cm2 at 1.59 V vs RHE, which is comparable to other state-of-the-art water splitting catalysts. The enhanced activity was attributed to strengthened chemical adsorption of H and O, higher electrical conductivity due to Mo incorporation, and the micro/meso/macro porous structure, which offers a large specific surface area and a high number of active sites (Zhao et al., 2023).
Zhao et al. disclosed the use of a Ni-Fe bimetallic MOF-derived electrocatalyst, Fe-Ni@NC-CNTs, as an overall water-splitting electrocatalyst in alkaline solution (1 M KOH). The OER results indicated a good overall activity, with a 274 mV overpotential at 10 mA/cm2 and a 45.5 mV/dec Tafel slope. Relative to the HER, the tested material exhibited a performance comparable to that of benchmark Pt/C, and also demonstrated good stability properties at HER and OER polarization conditions. The performance of Fe-Ni@NC-CNTs as an overall water-splitting electrocatalyst was tested in an electrolyzer where it acts both as the cathode and as the anode, attaining a 145 mA/cm2 current density at 1.98 V vs RHE, which is comparable to the performance of an electrolyzer containing Pt/C as the cathode and Ir/C as the anode. The observed performance was attributed to the high conductivity and hierarchical pore structure, which resulted in both high activity and fast mass transport (Zhao et al., 2018).
Gao et al. deposited a mixed Cu, Co, and W metal oxide nanostructure onto a copper foam electrode by using [SiW11O39]8- POM as a structure directing agent and tested its performance towards OER and HER in alkaline conditions (0.1 M KOH). Regarding the OER, the obtained electrocatalyst needed an overpotential of 313 mV to reach a current density of 10 mA/cm2. The HER results show that a 103 mV overpotential was needed to achieve 10 mA/cm2, and the material presented stability for over 10 h in both HER and OER polarization conditions. The material was also tested as an overall water-splitting bifunctional material in a 2-electrode water electrolyzer (0.1 M KOH electrolyte), with sustained gas evolution being observed at 1.8 V vs RHE (Gao et al., 2019).
Zhang Z. et al. derived CoMoO4 hollow tubes (HT) from the annealing of a PMo12@Co-BTC POMOF hybrid and tested its ability to act as an overall water-splitting electrocatalyst in 1 M KOH. The OER activity proved superior to benchmark RuO2, and the material exhibited excellent stability properties. The HER activity was comparable to state-of-the-art Pt/C but did not surpass it, and CoMoO4 HTs also demonstrated excellent stability properties. Finally, a two-electrode cell with the CoMoO4 HTs acting as both cathode and anode was constructed to test the overall water-splitting capabilities and was compared to a similar cell constructed with Pt/C as the cathode and RuO2 as the anode. The results indicated that a current density of 10 mA/cm2 was attained at 1.57 V vs RHE for the first cell and 1.50 V vs RHE for the second cell, demonstrating that the material presented impressive overall water-splitting capabilities. The superior performance was attributed to the presence of a hollow and rough surface, which increased specific surface area, the mesoporous structure, which increased mass-transfer and charge-transfer rates due to more access points, and the inherent conductivity of Co-based materials (Zhang Z. et al., 2023b).
Gautam et al. designed a POM-anchored zinc cobalt sulfide nanowires on 3D Ni foam substrate (POM@ZnCoS/NF, POM = PW12) to be used as an overall water splitting electrocatalyst in alkaline electrolyte (1 M KOH). The material presented better OER activity than benchmark RuO2, and also had good stability properties, maintaining activity for over 20 h without structural changes. It also presented impressive HER activity, surpassing even benchmark Pt/C, and good stability, being able to consistently demonstrate activity for over 20 h without structural changes. A 2-electrode water splitting cell using POM@ZnCoS/NF as both cathode and anode was tested: it delivered 10 mA/cm2 at 1.55 V vs RHE, outperforming a similar cell that used Pt/C as cathode and RuO2 as anode (1.64 V vs RHE at 10 mA/cm2). The observed performance was attributed mainly to the mesoporous hierarchical heterostructure, which improved the conductivity and increased both the number of available active sites and the electrochemical surface area (Gautam et al., 2021). The discussed bifunctional materials for OER/HER are summarized in Table 14, along with the relevant performance indicators.
TABLE 14 | MOF and POM(-derived) bifunctional OER/HER electrocatalysts.
[image: Table 14]The future perspective of transition metal-based catalysts as a whole is one of optimism. There are dozens of studies highlighting the advantages of combining those abundant metals to replace current state-of-the-art noble metals in electrochemical energy conversion and storage, be it in the form of the more traditional oxide and alloy catalysts or in the form of the more modern POM and MOF catalysts (and their derivatives). Additionally, the versatility of transition metal catalysts is not limited to those four material classes, as other transition metal-based materials are also reviewed herein, including carbides, phosphides, and nitrides, which can also be derived from POMs and MOFs. Finally, the high tunability and structural versatility of POMs and MOFs means that there are multiple combinations to be applied in electrocatalyst materials, each with its own catalytic prowess, and some of them are yet to be studied. As such, this review’s main scope was to analyze some of those combinations for those two classes and compare them to the traditional electrocatalyst classes to bring a comprehensive understanding of the real catalytic capabilities of POMs and MOFs.
7 CONCLUSION
The electrochemical reactions involved in the main energy conversion and storage systems, OER, ORR, and HER, are sluggish, and their electrocatalysts are expensive since they are based on scarce noble metals. As alternatives to these benchmark electrocatalysts, transition metal-based POM and MOF-derived electrocatalysts are being studied. Their main advantage resides in the tailorability these structures present, meaning that one can easily modify it in the desired manner, normally through simple adaptations in the synthetic process. This means that when one of those materials is faced with performance or stability issues, they can be easily adapted, for example, by adding moieties that can enhance these aspects, thus generating a better-performing material. Additional strategies include inducing the formation of a core-shell nanostructure, where the active material in the core is protected by the external shell, enhancing stability, and anchoring POMs or MOFs on conductive supports, which can both enhance the activity and stability of the utilized materials. Their performance is comparable to that of the more traditional transition metal-based oxide and alloy electrocatalysts, meaning they show a promising future in the electrocatalysis application.
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Electrocatalyst 10 (MV) Tafel slope (mV/dec) Electrolyte Source
Ni/Mo,C@NC 107 88 1M KOH Sun et al. (2023)
Ni/Mo,C@NC 125 17 0.5 M H,S0, Sun et al. (2023)
NiCo-POM/Ni 64 7 1M KOH Jia et al. (2019)
NiMn-POM/Ni 68 79 1M KOH Jia et al. (2019)
NiZn-POM/Ni 74 87 1M KOH Jia et al. (2019)

Ni-POM/Ni 8 98 1M KOH Jia et al. (2019)
Ni-WO/NF 75 86 1M KOH Zhang et al. (2022a)
JURTALIAY 746 1 1M KOH Zhang Z. et al. (2023a)
Mn,V/CoSe, 187 55 0.5 M HyS0, Ahmad et al. (2020)
Co/WC@NC 129 93 0.5 M HS0, Xu et al. (2021)
Co/WC@NC 142 91 1M KOH Xu et al. (2021)
CoMo-POMOF nanopillar arrays 137 59 0.5 M HS0, Wang et al. (2022)
PMo/ZIF-67-6-6N 8 50 1M KOH Chen et al. (2018)
Cu, Wi 146 69 0.5 M H,80, Shen et al. (2019)

NiMogO,,@Cu/TNA 215 89.2 0.5 M H,50, Zang et al. (2019)
P,W,4@iGE_ox 35 37 0.5 M HS0, Fernandes et al. (2018b)
PsW0@rGF_ox 33 33 0.5 M H,50, Fernandes et al. (2018b)
PyW,s@rGF_ox “ 4 0.5 M H,80, Fernandes et al. (2018b)
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Electrocatalyst 1o (MV) fel slope (mV/dec) Electrolyte Source
MOF(Ni)-GR(4%) 268 108 1M KOH Dao et al. (2022)
Ni-MOF-800 356 127.3 05 M H,50, Wu et al. (2022)
CoMnP/NE 666 388 0.5 M H,50, Duan et al. (2022)
CoMnP/NE 539 6 1M NaOH Duan et al. (2022)
CoP/Co-MOF/CF 27 ) 0.5 M H,50, Liu et al. (2019)
CoP/Co-MOF/CF 34 56 PH 7 PBS* buffer Liu et al. (2019)
CoP/Co-MOF/CE 49 6 1M KOH Liu et al. (2019)
Co-MOE-800 193 77.1 05 M H,50, Pan et al. (2019)
Meso-Cu-BTC MOF - 3341 1M NaOH Nivetha et al. (2020)
rhombic octahedral Cu-BTC 53 62 05 M H,50, Zhang et al. (2020)
rod-shaped Co-BTC 123 100 05 M Hy$0, Zhang et al. (2020)
spherical Ni-BTC 270 155 05 M H,50, Zhang et al. (2020)

a) PBS, phosphate buffer solution.
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Electrocatalyst OER Tafel slope HER Tafel slope Electrolyte Source

(mV/dec) (mV/dec)
MngsaFe Ni- 267@ 367 19@ 1038 IMKOH  Zhouetal. (2020)
MOF-74 100 mA/em® 100 mA/cm?
NiCoSe/C. 249 54 143 1048 1M KOH Chen Z. et al.
(2019)
Mo-CoS,/NC (H) 296 65 158 150 IMKOH  Zhao et al. (2023)
Fe-Ni@NC-CNTs 274 455 202 137 IMKOH | Zhaoetal (2018)
CuCoWO, 313 162 103 335 01MKOH | Gao et al. (2019)
CoMoO, HTs 210 803 75 89.1 1M KOH Zhang et al.
(2023b)
POM@ZnCoS NWs | 200@20 mA/cm? 67.7 170 535 1M KOH Gautam et al.
(2021)
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Electrocatalyst ~ OER 1 (mV) OER Tafel ORR Tafel slope (mV/dec) AE® (V) Electrolyte

slope (mV/dec)
NiCo,0, 340 50 - - 0.1 M KOH Wu et al. (2023)
NiO 380 56 - [ 0.1 M KOH Wu et al. (2023)
Ni, 5C0g75Mn 704 570 68 - o 01MKOH  Sivakumar et al. (2019)
MnVOX@N-rGO-440 440 286 666 [ = 0.1 M KOH Xing et al. (2018)

V MnVO,@N-rGO-900 420 271 1309 : 085 0.1 M KOH Xing et al. (2018)
N-NiCoO - - [ - [ - 0.1 M KOH Belkessam et al. (2020)
$-NiCoO 340 - - [ 01MKOH  Belkessam et al. (2020)
CINICoO - - - - 01MKOH  Belkessam et al. (2020)

Fe/Ni-N-CNFs 372 | 106.1 612 080 0.1 M KOH Wang et al. (2017)
TAL-42-900 | 410 71 [ 45 080 01MKOH | Yusibova et al. (2023)
MnBDC@75%:GO 610 [ 83 935 [ 1 M KOH Wahab et al. (2020)
CuCo-HITP 400 1223 96.4 094 0.1 M KOH Zhang M.-C. etal,, 2023
CuCo-HITP 550 276.1 3193 141 0.1 MPBS' | Zhang M.-C.etal, 2023
Co@NPC-900 380 - [ - 085 0.1 M KOH Lu et al. (2017)
Ni@MWCNT N6 580@0.1 mA/cm® 102 347 - o1MKOH Marques et al. (2022)
Fe,@MWCNT_N6  460@0.1 mA/em’ 54 | 354 - 01MKOH  Marques et al. (2022)
Ni;Fe;@MWCNT_N6 | 360@0.1 mA/cm® 45 379 - 01MKOH | Marques et al. (2022)
MWCNT_N8_Cod 400 55 [ 4 [ 0.1 M KOH Limani et al. (2022)
GE_N8_Cot 340 67 50 - 0.1 M KOH Limani et al. (2022)
GE_ND8_Cod 490 68 90 - 0.1 M KOH Limani et al. (2022)
GE_NS8_Cod 460 [ 62 40 | = 0.1 M KOH Limani et al. (2022)

) PBS, phosphate buffer solution.
b) AE, means the difference between the ORR, half-wave potential and the OER, potential to attain 10 mA/cm’. Lower values indicate a better material in terms of bifunctionality. The ORR,
potential to achieve 3 mA/cm? may be used instead of the half-wave potential.
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Electrocatalyst N1o (M! Tafel slope (mV/dec) Electrolyte ource
1GO-NiFe;0, 2 58 0.5 M H,S0, Mukherjee et al. (2018)
Ni/NiO@C/GR-900-8 | 108 44 0.5 M H,80, Chu et al. (2018)
NMO-PEG-3g 140 94 1M KOH Zeng et al. (2020)
MnCo,0,/TirC;Ty | 177 79 05 M H,S0, Huang et al. (2022)
Octahedral CoO, particles 112@20 mA/em® 9 1M KOH Wau Y. et al. (2020)
AC-CuC020 | - 300 0.1 M KOH Flores-Lasluisa et al. (2019)
GO-Cu* - 120 0.1 M H,S0, Muralikrishna et al. (2015)
WO,/CuO/rGO nanohybrid | 1000200 masem? 44 1M KOH Katubi et al. (2023)
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Electrocatalyst Onset potential (V Tafel slope Number of Electrolyte Source

vs RHE) (mV/dec) exchanged e
CugNi/TTE-F 091 - 392-394 0.1MKOH | Zhangs.etal. (2017)
NiP;Mog - 9.1 386-388 01MKOH | Zheng etal. (2021)
S-NiP,Mog - 106 202-208 O.MKOH | Zheng et al (2021)
Pd;Nin/1GO-POM 0.83 598 39 0IMKOH | Sanjietal. (2021)
Co,(PW,),@N-CNT 0.90 92 4 0.1 M KOH Fernandes et al.
(2018)
Coy(PW;),@SWCNT 0.77 68 39 0.1 M KOH Fernandes et al.
(2018)
Coy(PW,),@GF 0.89 71 27 0.1 M KOH Fernandes et al.
(20182)
Coy(PW,),@N-FLG 0.89 63 36 0.1 M KOH Fernandes et al.
(20182)
Co-W-NC - 63 4.1 0.1 M KOH Song et al. (2022)
Co-Zn/C - - 36-4 0.1 M KOH Rousseau et al.
(2015)
MoO,@P-C 075 109 2 0.1 M KOH Liu et al. (2020)
[Mo-0],@P-C, X = 1-20 0.88 68.1 2 0.1 M KOH Liu et al. (2020)
[Mo-O},@NP-C, X = 1-20 0.93 442 38-39 0.1 M KOH Liu et al. (2020)
3DOM g-CsN, - - 23 0.1 M PBS* Zhao et al. (2017)

3} PBE ibisate bies soliisai,
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Electrocatalyst 10 (MV) Tafel slope (mV/dec) Electrolyte Source
Ni-Co nanocones 867 69.8 1M KOH Zhang et al. (2019)
NiMo MT/NF 119 119 1M KOH Cao et al. (2019)
Ni-Mn-P 13 74 1M KOH Liu et al. (2021)
15Mn-CoP 100 53 1M KOH Ge etal. (2018)
15Mn-CoP 65 32 0.1 M H,50, Ge et al. (2018)
Co@NPC-F4 259 99 1M KOH Wang H. et al. (2019)

Co-Ni/NCNFs 86 1523 1M KOH Guan et al. (2021)
Cus00 210 178 0.1 M K;80, Butt et al. (2021)
NiCO@C-1 48 632 acidic electrolyte Shen et al. (2017)
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Electrocatalyst Onset potential Tafel slope Number of Electrolyte

(V vs RHE) (mV/dec) exchanged e”
NiO/NiCo,0, nanotubes 092 618 39 0.1 M KOH Cui et al. (2014)
NCO-1 090 - 3.96 0.1 M KOH Sidhureddy et al.
(2019)
MnO,/graphene - 91 25 6 M KOH Liu and Qin (2015)
MnO, nanowires 083 - - 0.1 M KOH Swetha et al. (2018)
CuScO, - 59 21-22 0.1 M KOH Draskovic and Wu
(2017)
CuYo, - 55 0.1 M KOH Draskovic and Wu
(2017)
CulaO, - 56 0.1 M KOH Draskovic and Wu
(2017)
Cu(15%)-MFCqo 086 82 399 01MKOH | Saianand et al. (2020)
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Electrocatalyst Mo (MV) fel slope (mV/dec) Electrolyte Source
Ni-FefoA-POM/CPE 330 13 0.1 M NaOH Tmani et al. (2018)
(CsHN,)G[NiW,,0,4] 347 130 1 M KOH Sood et al. (2022)
Mn/oMA-PW/RCPE 380 it 1 M KOH Tmani et al. (2021)
Mn-0MA-PW + RCPE 440 133 1 M KOH Tmani et al. (2021)
FeCoPMoy» 258 33 1 M KOH Zhai et al. (2017)
CNCP-6 241 758 1 M KOH Kang et al. (2022)
NiCo-POM/Ni 360 126 0.1 M KOH Luo et al. (2017a)
SiW,Co,@ZIF-67 470 1136 0.1 M KOH Abdelkader-Fernandez et al. (2020)
SiW,Co;@ZIF-8 - 694 0.1 M KOH Abdelkader-Ferndndez et al. (2020)
[Cus(SbW,03)5(H,0)3]** - 13 80 mM Tris-HCI solution Yu et al. (2018)
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Electrocatalyst Onset potential Half-wave Tafel slope Number of Electrolyte

(V vs RHE) potential (mV/dec) exchanged e~
(V vs RHE)

Fe/Ni-MOF/NG-20 109 - 582 3925 0.1 M KOH Qin et al.

(2019)
Ni-N-CNTs 087 075 84 39 01MKOH | Rehman et al.

(2022)

ZIF/CNT-800-AL (Zn/Co = 092 - - 4 01MKOH | Tongetal
28) (2020)

Co$,@NC 0.86 079 56 362-372 0.1 M KOH Feng et al.
(2019)

[(CusCs(Ho sBTT)s (H:0)1a): 0.94 078 - 4 005 M KOH Mani et al.
3MeOH-9DMF (2019)

Cu@Cu0; core-shell 093 086 - 397 0.1 M KOH Kim et al.
(2018)
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Electrocatalyst N1o (MV) Tafel slope (mV/dec) Electrolyte Source

NiFeO AGHT-1 380 - 1M KOH Moschkowitsch et al. (2022)
P-NiO/NiCo,0, 290 496 1M KOH Zhang et al. (2022b)
MnO, nanowire arrays 538@44.7 mA/cm® 106 1M KOH Luo et al. (2017b)
$i0,/MnO, 610 - 0.1 M HyS0, Zand et al. (2023)
Cuy5,Co0; - 70.15 1M KOH Zhang et al. (2012)
CugC02:05 491 | - | 1M KOH | Park et al. (2016)
Co0,(Ce) 261@20 mA/cm? 657 1M KOH Xu et al. (2019)
CuO/Ni@400 364 90 1M KOH Roy et al. (2019)
CuO-A/CE 27 728 1M KOH Wang et al. (2020)
6Cu0,-Fe;05 510 - 1M KOH Ye et al. (2022)
FeNiC00,/GC 240 45 [ 1M KOH Bai L. et al. (2019)
FeNiCoO,/NF 203 75 1M KOH Bai L. et al. (2019)
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Electrocatalyst Tafel slope (mV/dec) Electrolyte Source

Ni-Cu@Cu-Ni-MOF - %8 1M KOH Ma et al. (2019)
NiFe-MOFs/NF-AH 149 54 1M KOH Tseng et al. (2022)
FeosNigsOx 584 72 1M KOH Jiang et al. (2016)

MOF MnVO microflower 310@50 mA/cm® 514 1M KOH Ji et al. (2023)
NiCo-UMOFNs 250 2 1 M KOH Zhao et al. (2016)
CTGU-10c2 240 58 0.1 M KOH Zhou et al. (2019)

MOF[Cu(OH),J/CF 330 108 1 M KOH Liet al. (2020)
CoCu-MOF-NBs 271 635 1M KOH Cheng et al. (2021)
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Electrocatalyst N1o (MV) Tafel slope (mV/dec) Electrolyte Source

NiFe NPs 298 519 IM KOH Lim et al. (2020)
Hep-phase NiFe NPs 26 | 41 1M KOH Wang C. et al. (2019)
NiMo-FG | 351 | 69 1M KOH Jeong et al. (2020)
MnFeCoNi 285 | 837 ‘ 1M KOH Dai et al. (2019)
CoNi-P-3DHFLM 292 | 84 1M KOH Liet al. (2019)
CoMn-P-3DHFLM [ 318 | 98 1M KOH Li et al. (2019)
CoCu-P-3DHFLM | 307 | 88 1M KOH ] Li et al. (2019)
Fe,C0;0,@C-800 [ 272 | 40 | 1M KOH [ Bai X. et al. (2021)
Fe-Co-P 252 33 1M KOH Liu et al. (2018)
CogNigs/rGO [ 288 | 103 1M KOH Zhang et al. (2020)
Cus Ni@C 233 114 1M KOH Kumar et al. (2020)
Cu-N-C NA/CF | uewmAm | 115 1M KOH Zhu et al. (2018)
FeCoCu 265 49 | 1M KOH Jiang et al. (2021)
FeCoCuNi [ 269 | 489 1M KOH Jiang et al. (2021)
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