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Abstract: Electrochemical water splitting has emerged as a pivotal technology for green hydrogen production, offering a viable 

pathway toward a sustainable energy future. Among various electrolysis systems, Anion exchange membrane water electrolysis 

is particularly noteworthy as a cost-effective solution capable of operating under the fluctuating power inputs typical of renew-

able energy sources. However, the overall efficiency of water splitting is fundamentally limited by the oxygen evolution reaction, 

which exhibits sluggish kinetics compared to the hydrogen evolution reaction. While IrO2 and RuO2 serve as current benchmarks, 

their scarcity and high cost necessitate the development of earth-abundant alternatives. This review provides a comprehensive 

overview of fundamental OER mechanisms including the adsorbate evolution mechanism, lattice oxygen mechanism, and oxide 

path mechanism while highlighting how new pathways can circumvent traditional scaling relations. We discuss recent advance-

ments in transition metal-based electrocatalysts, encompassing oxides, hydroxides, chalcogenides, phosphides, nitrides, and 

carbides, with a focus on innovative design strategies such as defect engineering, heteroatom doping, and heterostructure con-

struction. This paper concludes by addressing current challenges and offering perspectives on future directions for the 

development of highly efficient and economically viable oxygen evolution electrocatalysts for large-scale applications. 
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1. INTRODUCTION 

Hydrogen is widely regarded as a promising alternative fuel 

due to its zero carbon emissions and high gravimetric energy 

density (140 MJ kg-1) [1]. Although the global hydrogen pro-

duction market was valued at approximately USD 120 billion 

in 2020, current production methods still rely heavily on steam 

methane reforming and coal gasification, which involve sig-

nificant greenhouse gas emissions. In this context, 

electrochemical water splitting powered by renewable energy 

sources, such as solar and wind, has emerged as a sustainable 

and promising production method [2]. Industrial water elec-

trolysis operating below 100℃ can be divided into three 

categories: proton exchange membranes water electrolysis 

(PEMWE), anion exchange membrane water electrolysis 

(AEMWE), and alkaline water electrolysis (AWE). Currently, 

only AWE and PEMWE have been successfully commercial-

ized. However, conventional AWE employs thick, porous 

diaphragms that necessitate precise pressure balancing to pre-

vent gas crossover (H2 and O2). Furthermore, it suffers from 

low operating current densities (< 0.5 A cm-2) due to high 

ohmic resistance, which limits the operational flexibility and 
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results in lower hydrogen purity. The produced gas also con-

tains alkaline mist, requiring additional purification 

equipment. While PEMWE adopts thin, dense proton ex-

change membranes, enabling high current density operation, 

high-purity gas production, and superior dynamic responsive-

ness. Its acidic environment mandates the use of expensive 

titanium bipolar plates and noble metal-based electrocatalysts. 

AEMWE effectively complements these technologies by inte-

grating the structural advantages of PEMWE with the material 

flexibility of AWE. By utilizing a thin, dense anion exchange 

membrane, AEMWE enables a compact architecture that sig-

nificantly reduces the ohmic losses and provides superior gas 

barrier properties, making it highly compatible with dynamic 

load fluctuations. Most importantly, the alkaline environment 

ensures compatibility with a wide range of non-noble metal 

catalysts and inexpensive metallic bipolar plates, positioning 

it as a highly promising and cost-effective technology for hy-

drogen production [3, 4].  

However, several technical bottlenecks remain for the in-

dustrial-scale commercialization of AEMWE, including 

catalyst activity and durability, the chemical stability of mem-

branes and ionomers, carbonate formation, and high interfacial 

resistance at elevated current densities. Electrocatalysts are es-

sential to accelerate the kinetics of hydrogen and oxygen 

evolution reactions. However long-term durability must be en-

sured to reduce maintenance costs and the overall price of 

hydrogen. The anion exchange membrane (AEM) facilitates 

the transport of hydroxyl anions (OH-) while acting as a phys-

ical barrier to electrons and product gases. Developing 

membranes that simultaneously possess high mechanical sta-

bility and high ionic conductivity remains a challenge. For 

instance, incorporating excessive ion-exchange functional 

groups may enhance conductivity but often leads to a loss of 

mechanical integrity due to excessive water uptake and swell-

ing. Similarly, ionomers, which bind the catalysts to the 

membrane and extend the reaction sites, face a trade-off: an 

excess ion-exchange groups improves conductivity but can 

cause dissolution or detachment at elevated temperatures. Fur-

thermore, the dissolution of CO2 from the air into the alkaline 

electrolyte forms bicarbonate (HCO3
-) or carbonate (CO3

2-) 

ions. These species have lower mobility than OH-, thereby in-

creasing ohmic resistance and deteriorating cell performance. 

Finally, operating at high current densities exacerbates inter-

facial and contact resistance, primarily due to gas bubble 

accumulation on the catalyst surface. This necessitates opti-

mized water transport designs and gas pressure management. 

In this review, we focus on the activity and durability of di-

verse, noble metal-free, and cost-effective transition metal 

(TM)-based electrocatalysts designed to address these chal-

lenges [4–6]. 

Electrochemical water splitting involves the two-electron 

transfer hydrogen evolution reaction (HER) and the four-elec-

tron transfer oxygen evolution reaction (OER). The OER is 

inherently kinetically sluggish due to its complex multi-step 

proton-coupled electron transfer process, and is thus consid-

ered the primary bottleneck of the overall water splitting 

efficiency [7]. In alkaline media, the relevant electrochemical 

half-cell reactions and the net reaction, along with their stand-

ard equilibrium potential (25℃, 1 atm) as follows: 

 

Cathode (HER): 4H2O+4e-→2H2+4OH- (E° = -0.828 V vs. 

SHE) 

Anode (OER): 4OH-→O2+2H2O+4e- (E° = 0.401 V vs. SHE) 

Net reaction: 2H2O→2H2+O2 (E°cell = - 1.229 V) 

 

The overpotential (η), which represents the additional energy 

required beyond the thermodynamic limit to overcome kinetic 

barriers such as activation energy and mass transport re-

sistance, is defined as: 

 

η = Eapplied − Eeq 

 

where Eapplied is the actual potential applied to the electrode and 

Eeq is the thermodynamic equilibrium potential. Minimizing 

overpotential for both HER and OER, particularly the latter, is 

crucial for improving the overall energy efficiency of the 

AEMWE system.  

Conventionally, noble metal oxides such as IrOx (η= 320 

mV@10 mA cm-2 in 1 M NaOH) [8] and RuOx (η=358 

mV@10 mA cm-2 in 0.5 M KOH) [9] have been utilized as 

noble metal-based reference catalysts for the OER due to their 

high intrinsic activity. However, in alkaline media, these noble 

metal oxides are not necessarily the absolute benchmarks be-

cause several TM-based catalysts, most notably NiFe 

(oxy)hydroxides (η=209 mV@100 mA cm-2 in 1 M KOH) 

[10] and Co3O4 (230 mV@10 mA cm-2 in 1 M KOH) [11], 

have demonstrated comparable or even superior performance 

and stability. Consequently, the research focus for alkaline 
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AEMWE has shifted toward cost-effective alternatives that do 

not rely on scarce noble metals. Recently, extensive research 

has focused on TM-based electrocatalysts, including oxides 

[12,13], hydroxides [14–18], sulfides [19,20], selenides 

[21,22], phosphides [23–25], nitrides [26,27], and carbides 

[28,29]. These materials are promising candidates for OER 

due to their tunable electronic structures, rich surface chemis-

try, and structural versatility. To overcome the inherent 

limitations of single-component catalysts, various strategies 

such as elemental substitution [30,31], interface engineering 

[28,32–34], defect engineering [15,33,35] have been investi-

gated to facilitate charge transfer, increase the density of active 

sites, and optimize electronic configurations. The develop-

ment of such high-performance catalysts is essential for 

making scalable and economical water splitting systems feasi-

ble. In this regard, this paper reviews the fundamental 

mechanisms of OER in alkaline media and summarizes recent 

progress in various TM-based electrocatalysts. Finally, current 

challenges and future perspectives for the field are discussed. 

 

 

2. MECHANISMS OF OER IN ALKALINE MEDIUM 

The OER process in alkaline electrolytes involves the trans-

fer of four hydroxide anions and four electrons to generate a 

single oxygen molecule, a process intrinsically linked to the 

redox cycling of the catalytic active sites. To date, three pri-

mary OER mechanisms have been proposed: adsorbate 

evolution mechanism (AEM), lattice oxygen mechanism 

(LOM), and oxide path mechanism (OPM) [36]. 

 

2.1 Adsorbate Evolution Mechanism (AEM) 

The AEM is the most conventionally accepted pathway for 

OER electrocatalysts in alkaline media (Fig. 1a). The reaction 

initiates on a hydroxyl-covered catalyst surface (M-OH).  The 

deprotonation of the M-OH group by an OH- ion in the solu-

tion forms an M=O intermediate:  

 

M-OH+OH-→M=O+H2O+e- 

 

This is followed by the formation of a M-OOH intermediate 

through reaction with another OH- ion:  

 

M=O+OH-→M-OOH+e- 

 

Subsequently, deprotonation leads to the formation of a M-OO 

species: 

 

M-OOH+OH-→M-OO+H2O+e- 

 

Finally, the O2 (OO) is released and the active site is regener-

ated by the adsorption of an OH- ion:  

 

M-OO+OH-→M-OH+O2+e- 

 

For an ideal catalyst, the difference in Gibbs free energy (ΔG) 

for each step would be exactly 1.23 eV, the theoretical ther-

modynamic potential for OER. 

Unfortunately, in real catalysts, these energy differences are 

not uniform. Furthermore, independently optimizing the ad-

sorption energy of a single intermediate is challenging because 

these energies are intrinsically linked by linear scaling rela-

tion, typically expressed as follows [37]: 

 

ΔGOOH − ΔGOH = 3.2±0.2 eV 

Fig. 1. Proposed mechanisms of oxygen evolution reaction in alkaline medium: (a) adsorbate evolution mechanism and (b) lattice oxygen 

mechanism, and (c) oxide path mechanism. Reproduced with permission from IOP Publishing Ltd (2020) Ref. [36]. 
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2.2 Lattice Oxygen Mechanism (LOM) 

The LOM involves the direct participation and coupling of 

lattice oxygen atoms (Fig. 1b). Initially, the active site is hy-

droxylated (M-OH). First step involves the deprotonation of 

OH group accompanied by the formation of an O-O bonding 

utilizing lattice oxygen: 
 

Olattice-M-OH+OH-→VO-M-OO+H2O+e- 

 

Upon the release of O2 (OO), one of the resulting oxygen va-

cancies (VO) is filled:  

 

VO-M-OO+OH-→VO-M-OH+O2+e- 

 

Subsequently, another vacancy site is occupied by OH- ion 

from the electrolyte: 

 

VO-M-OH+OH-→OH-M-OH+e- 

 

Finally, the bridging site is deprotonated to regenerate the ini-

tial state:  

 

OH-M-OH+OH-→Olattice-M-OH+H2O+e- 

 

The vacancy-filling steps are critical for regenerating the ini-

tial active surface and preventing structural degradation, 

which is essential for long-term stability. In contrast to AEM, 

the LOM can bypass the theoretical overpotential limits im-

posed by the scaling relation, as the reaction intermediates do 

not follow the conventional adsorption energy correlation. 

Consequently, LOM-based electrocatalysts often exhibit supe-

rior OER performance [38]. 

 

2.3 Oxide Path Mechanism (OPM) 

Beyond the conventional AEM and LOM, the OPM has 

emerged to explain the exceptional performance and stability 

of certain OER catalysts that surpass traditional theoretical 

limits [39]. Unlike the AEM, the OPM requires at least two 

adjacent hydroxylated metal sites (OH-M+M-OH). The pro-

cess begins with the deprotonation of two OH groups and the 

subsequent formation of an O-O bond through the coupling of 

two M=O species: 

OH-M+M-OH+2OH-→M-OO-M+2H2O+2e- 

 

The O2 molecule is then released, leaving behind two vacant 

sites (VO): 

M-OO-M→VO-M+M-VO+O2 

 

These vacant sites are subsequently filled by water molecules: 

 

VO-M+M-VO+2H2O→H2O-M+M-OH2 

 

Which are then deprotonated by OH- ions to restore the initial 

surface: 

 

H2O-M+M-OH2+2OH-→ OH-M+M-OH+2H2O+2e 

 

Notably, the OPM proceeds without the formation of an M-

OOH intermediate formation or the direct participation of lat-

tice oxygen, providing a unique pathway for high-performance 

OER electrocatalysts. 

 

 

3. TRANSITION METAL (TM)-BASED 

ELECTROCATALYSTS FOR OER 

Among the diverse classes of TM-based OER electrocata-

lysts, TM oxides have been the most extensively studied. This 

is primarily due to their well-established synthesis protocols, 

exceptional structural diversity-encompassing spinel, perov-

skite, rock salt, bixbyite, and amorphous phases-and robust 

long-term stability under harsh electrochemical conditions. 

[40]. TM hydroxides, particularly oxyhydroxides and layered 

double hydroxides (LDHs), have garnered significant atten-

tion owing to their highly tunable compositions. These 

materials offer versatility through the incorporation of various 

metal ions within the brucite-like layers and the exchange of 

intercalated anions between the layers [41]. In contrast, TM 

chalcogenides (sulfides, selenides) have emerged as efficient 

OER electrocatalysts due to their superior electrical conduc-

tivity compared to their oxides counterparts, along with their 

unique surface chemistry [42]. Similarly, TM phosphides ex-

hibit promising OER performance, attributed to their distinct 

electronic structures and notable corrosion resistance [43]. 

Furthermore, TM nitrides have received growing interest be-

cause of their tailorable structural and electronic properties 
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[44]. Finally, TM carbides are considered as promising candi-

dates for OER due to their synergistic combination of high 

electrical conductivity, exceptional high mechanical strength, 

and chemical stability [45].  

 

3.1 TM Oxides 

TM oxides exhibit remarkable durability in harsh OER en-

vironments, even in the presence of Cl- anion. Malek et al. 

developed a NixCryO catalyst composed of mixed Ni and Cr 

oxides, which demonstrates exceptional OER performance via 

dynamic surface reconstruction (Fig. 2a) [46]. Interestingly, 

the NixCryO catalyst showed enhanced activity after a 1,000 h 

stability test at 10 mA cm-2. Specifically, the initial overpoten-

tials of 350 and 450 mV required to reach 100 and 500 mA 

cm-2 decreased to 270 and 320 mV, respectively (Fig. 2b). Fur-

thermore, the catalyst exhibited superior long-term stability, 

exceeding 475 h at 100 mA cm-2 and 280 h at 500 mA cm-2 in 1 

M KOH. X-ray photoelectron spectroscopy (XPS) analysis re-

vealed the oxidation of Ni2+ into Ni3+ and Ni4+ (Fig. 2c), 

accompanied by near-complete disappearance of Cr 2p signal 

(Fig. 2d). This indicates the selective leaching of Cr from the 

catalyst surface, a process further supported by an increase in 

double-layer capacitance (Cdl) and electrochemically active 

surface area (ECSA), which rose from 0.18 to 1.06 mF and 4.5 

to 26.5 cm2, respectively. Even in seawater (Red Sea water 

with 1 M KOH), the NixCryO catalyst maintained its perfor-

mance, requiring overpotentials of 370 and 460 mV for 100 

and 500 mA cm-2, respectively, with a negligible overpotential 

increase (<20 mV) for 1,500 h at 10 mA cm-2 (Fig. 2e). 

 

Fig. 2. Highly durable NixCryO electrocatalyst. (a) Schematic diagram of surface reconstruction of NixCryO electrocatalyst and (b) linear sweep 

voltammetry (LSV) curves of NixCryO electrocatalyst before and after 1,000 h continuous OER in 1 M KOH. High resolution XPS spectra of 

(c) Ni 2p and (d) Cr 2p. (e) 100 h long-term stability test in seawater at 500 mA cm-2. Reproduced with permission from Wiley-VCH GmbH 

(2023). Ref. [46]. 
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Doping is another effective strategy to optimize the elec-

tronic structure of electrocatalysts, thereby facilitating higher 

activity. He et al. synthesized Ni,Fe co-doped MoO2 nano-

spheres via a hydrothermal method [47]. In 1 M KOH at 10 

mA cm-2, the Ni,Fe co-doped MoO2, exhibited a significantly 

lower overpotential (249 mV) compared to pristine MoO2 (319 

mV), Ni-doped MoO2 (290 mV), and Fe-doped MoO2 (279 

mV). The corresponding Tafel slopes were 58.66, 64.99, 

90.16, and 97.06 mV dec-1, respectively, confirming that the 

Ni, Fe co-doped MoO2 possesses the most favorable OER ki-

netics. XPS analysis showed that doping induces the oxidation 

of Mo ions, with the average valence state increasing in the 

order: Fe-doped MoO2 (5.52) > Ni,Fe co-doped MoO2 (5.49) 

> Ni-doped MoO2 (5.38) > MoO2 (4.92). Raman spectroscopy 

further revealed the development of hydroxyl groups and ad-

sorbed water peaks after OER process, a phenomenon most 

prominent in the Ni,Fe co-doped MoO2, indicating the OER 

occurs more effectively on the Ni,Fe co-doped MoO2 surface. 

Chronopotentiometry tests demonstrated that Ni doping dra-

matically enhances long-term stability, which is further 

improved by Fe co-doping, showing almost no potential in-

crease over 80 h. To explain these improvements, virtual 

energetic span (δEV) was calculated to estimate the turnover 

frequency (TOF). The calculated δEV for MoO2, Fe-doped 

MoO2, Ni-doped MoO2 are 1.63. 0.44, and 0.99 eV, respec-

tively, which indicates the activity is in sequence of Fe-doped 

MoO2, Ni-doped MoO2, and MoO2. Additionally, free ener-

gies of intermediates were calculated, and it was revealed that 

the M-OH formation step is downhill for Ni-doped MoO2 

while Fe-doped MoO2 and MoO2 show uphill. Thus, syner-

getic effects of downhill M-OH formation energy in Ni-

doping site and the highest TOF in Fe-doping site makes 

highly effective and durable Mo-based OER electrocatalysts. 

Heterostructure formation can also surpass the intrinsic lim-

itations of single-component catalysts through interfacial 

electron transfer and charge redistribution. Wang et al. synthe-

sized NiFe2O4 nanoflakes on the tips of NiCo2O4 nanoneedles 

on Ni foam (NF) by successive hydro/ solvothermal reactions, 

followed by annealing [48]. This hierarchical structure derived 

from Ni(Co)x and NiFe-MIL53 MOF precursors exhibited a 

low overpotential of 265 mV at 50 mA cm-2 and exceptional 

stability for 100 h at 1 A cm-2. The outstanding performance is 

attributed to three factors: (i) the heterojunction between 

NiCo2O4 and NiFe2O4 increases the density of state (DOS) at 

the Fermi level, enhancing conductivity and intermediate ad-

sorption, (ii) interfacial electron transfer from Fe to Co and Ni 

facilitates surface reconstruction into active (oxy)hydroxide 

species (e.g., CoOOH and FeOOH), and (iii) the hierarchical 

architecture enhances hydrophilicity and provides abundant 

edge active sites. 

 

3.2 TM Hydroxides 

Among various hydroxides, layered double hydroxides 

(LDHs) have attracted significant attention due to their facile 

synthesis, compositional diversity, and excellent OER perfor-

mance. LDHs can accommodate multiple metal ions within 

their structure, which often leads to synergistic effects that en-

hance catalytic activity. Yadav et al. prepared sea urchin-like 

NiCo LDH by a hydrothermal method using NiCl2‧6H2O, 

CoCl2‧6H2O, and urea [49]. Interestingly, increasing the reac-

tion time from 4 to 12 h resulted in a decrease in crystallite 

size from 13.7 to 6.8 nm and a corresponding increase in spe-

cific surface area from 124.63 to 155.37 m2 g-1. Due to this 

increased surface area, the catalyst reacted for 12 h exhibited 

lower overpotentials of 300 and 360 mV for 25 and 100 mA 

cm-2, respectively, outperforming the 4 h counterpart (350, 460 

mV for 25, 100 mA cm-2, respectively). Similarly, Bera et al. 

synthesized V-doped NiCo LDH through a simple coprecipi-

tation method [50]. The V-doped NiCo LDH required a low 

overpotential of only 280 mV to reach 10 mA cm-2, signifi-

cantly lower than those of NiCo LDH (322 mV), Ni(OH)2 (412 

mV), and Co(OH)2 (501 mV).  

Beyond elemental substitution, introducing oxygen vacancy 

(VO) is a potent strategy to boost electrocatalytic performance. 

Li et al. synthesized CoNiFe LDH containing VO through the 

sacrificial co-precipitation of a CoNiFe-MOF followed by in-

situ reconstruction under an electric field (Fig. 3a) [51]. Under 

an applied potential of 1.45 V (vs. RHE.) in 1 M KOH, Co, 

Ni, and Fe atoms were gradually etched and redeposited as hy-

droxides, which simultaneously transformed into oxy-

hydroxides. XPS analysis confirmed the formation of NiOOH 

(Fig. 3b) and CoOOH (Fig. 3c). All peaks in Fe 2p spectra are 

matched with Fe3+ oxidation state (Fig. 3d). Notably, the O 1s 

spectrum showed a larger peak area at 531.1 eV for the recon-

structed catalyst, indicating a higher density of oxygen 

coordination defects (Fig. 3e). This VO-rich CoNiFe LDH ex-

hibited superior OER performance compared to commercial 
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RuO2, with overpotentials of 207 and 241 mV for 10 and 50 

mA cm-2, respectively (Fig. 3f, h). Low Tafel slope of 52.1 mV 

dec-1 (Fig. 3g, h), and negligible degradation at 10 mA cm-2 

after 60 h in 1 M KOH were observed (Fig. 3i). Chemical treat-

ment can also be employed to induce VO. Liu et al. used a 

NaBH4 reduction process to generate abundant VO in NiFe 

LDH [52]. Electron paramagnetic resonance spectroscopy and 

high-resolution transmission electron microscopy (HRTEM) 

confirmed the presence of these vacancies. XPS analysis re-

vealed a positive shift (0.4 eV) in the Ni 2p binding energy and 

a negative shift (0.3 eV) in the Fe 2p peak, suggesting a mod-

ulation of electronic structure where electron density is 

redistributed from Ni to Fe. NiFe LDH with VO achieved a 

remarkably low overpotential of 195 mV at 10 mA cm-2, and 

Tafel slope of 47.9 mV dec-1. DFT calculations identified the 

Fe site as the primary active site and demonstrated that VO ac-

celerates that rate-determining step (RDS), transformation of 

M-OH to M-O, by lowering the energy barrier from 2.55 to 

2.08 eV. 

Finally, the theoretical limitations of the AEM can be circum-

vented through heterostructure engineering. Gao et al. 

demonstrated that the scaling relation (ΔGOOH-ΔGOH= 

3.2±0.2 eV) can be lowered to 2.75 eV by forming NiO/NiFe 

LDH heterostructure [53]. This catalyst, prepared via pulsed la-

ser ablation of NiFe alloy in urea solution, followed by 

electrochemical oxidation (Fig. 4a-c), exhibited an extremely 

low overpotential of 205 mV at a current density of 30 mA cm-2 

(Fig. 4d), Tafel slope of 30 mV dec-1 (Fig. 4e), and stability for 

10 h at a current density of 20 mA cm-2 (Fig. 4f). Spin-polarized 

DFT+U calculations revealed that intermediates can adsorb 

simultaneously on both the NiFe LDH and NiO surfaces (Fig. 

4g, h). This dual-site adsorption breaks the conventional scaling 

relation, reducing the theoretical overpotential to 0.2 V, whereas 

pristine NiFe LDH remains limited by a higher theoretical over-

potential (0.36 V) due to its adherence to 3.2 eV scaling relation 

(Fig. 4i). 

 

Fig. 3. Oxygen vacancy formation in ternary CoNiFe LDH in KOH under external voltage. (a) Schematic diagram of oxygen vacancy formation 

in ternary CoNiFe LDH. High resolution XPS spectra for (b) Ni 2p, (c) Co 2p, (d) Fe 2p, and (e) O 1s. OER electrocatalytic properties. (f) LSV 

curves, (g) Tafel slopes, (h) comparison charts of overpotential at 10 and 50 mA cm-2 and Tafel slopes, (i) chronopotentiometry curve for 

CoNiFe LDHs and RuO2. Reproduced with permission from Wiley-VCH GmbH (2021). Ref. [51]. 
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3.3 TM Chalcogenides 

TM chalcogenides (S, Se, and Te) have drawn much atten-

tion as OER electrocatalysts due to their low cost and high 

electrical conductivity. Heteroatom doping is a widely 

adopted strategy to modulate their catalytic performance. Mao 

et al. synthesized (Fe,Co)-doped Ni3S4 nanosheets on NF by 

two-step hydrothermal process, followed by sulfurization with 

Na2S [54]. The dual-doped Ni3S4 exhibited lower overpoten-

tials of 230 and 280 mV for 10 and 100 mA cm-2, respectively, 

outperforming Fe-doped Ni3S4 (257 and 307 mV), Co-doped 

Ni3S4 (260 and 317 mV), and Ni3S4 (268 and 357 mV). The 

Tafel slope for the (Fe,Co)-doped Ni3S4 was 63.2 mV dec-1, 

which was markedly lower than that of its counterparts, indi-

cating accelerated charge transfer kinetics. Long-term stability 

was confirmed by chronopotentiometry, showing only a 22 

mV overpotential increase after 360 h at 20 mA cm-2, and LSV 

curve difference between before and after cyclic voltammetry 

tests, showing little deviation. Similarly, Huang et al. synthe-

sized Co-doped (Ni,Fe)1+xS by stepwise electrodeposition and 

immersion, followed by annealing [55]. This catalyst demon-

strated superior OER activity with an overpotential of only 164 

 

Fig. 4. NiO/NiFe LDH heterostructured electrocatalysts. (a) XRD pattern, (b) TEM image, and (c) HRTEM image showing interface between

NiO and NiFe LDH. Electrochemical OER properties of NiO/NiFe LDH. (d) LSV curves, (e) Tafel slopes, and (f) long-term stability plots. 

(g) 3D and (h) 2D schematic diagram of the OER pathway through trimiensional adsorption of intermediates at NiO/NiFe LDH interface. (i) 

The Gibbs free energy diagram of the OER process with and without NiO. Reproduced with permission from Wiley-VCH GmbH (2019). Ref. 

[53]. 
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mV at 10 mA cm-2 and a low Tafel slope of 23.2 mV dec-1, 

which is superior to Co-doped Ni1+xS (216 mV, 33.8 mV dec-1), 

Co-doped Fe1+xS (219 mV, 28.3 mV dec-1), (Ni,Fe)1+xS (251 

mV, 39.8 mV dec-1), and RuO2 (276 mV, 48.0 mV dec-1). XPS 

analysis revealed that Co incorporation shifted the binding en-

ergies of Ni and Fe toward higher values of 0.20 and 0.32 eV, 

respectively, indicating an increase in their valence states. Fur-

thermore, the presence of polysulfides (Sn
2-), which are 

beneficial for OER, was confirmed and found to persist even 

after the OER process. Overall water splitting activity was 

evaluated with Co-doped (Ni,Fe)1+xS as the anode and 

MoNi4/MoO2 as the cathode. The cell needs 1.60 V to obtain 

a current density of 100 mA cm-2 and the cell works over 1,200 

h at 200 mA cm-2.  

Electrocatalytic activity can also be improved by construct-

ing heterostructure interfaces that induce strong electronic 

interactions. Wang et al. developed core-shell structured 

NixSy@MnOxHy nanorods on NF [56]. Comprehensive analy-

sis (XPS, X-ray absorption near edge structure spectra, Fourier 

transformed extended X-ray absorption fine structure spectra) 

revealed abundant Mn-S bonds at the interface, facilitating 

strong electronic coupling. The MnOxHy shell also served as a 

protective shell, inhibiting the corrosion of the NixSy core. 

Consequently, the catalyst required overpotentials of only 326, 

347, and 356 mV for current densities of 100, 300, and 500 

mA cm-2, respectively. In another study, Huang et al. synthe-

sized Fe-doped NiS/NiS2 heterostructured microspheres by 

etching Prussian blue analogues (PBA) [57]. The NiS/NiS2 in-

terfaces facilitated charge rearrangement, optimizing the 

Gibbs free energy of the reaction intermediates. XPS analysis 

showed a positive shift in the Ni 2p binding energy (0.25 eV) 

and a higher Ni3+/Ni2+ ratio value (1.64) compared to Fe-doped 

NiS2 (1.39), which is advantageous for the OER process (Fig. 

5a). Strong Fe-S bonding (Fig. 5b) and the presence of both 

S2- and S2
2- species (Fig. 5c) further demonstrated strong inter-

facial electronic interactions. The Fe-doped NiS-NiS2 catalyst 

achieved an overpotential of 270 mV for a current density of 

50 mA cm-2 (Fig. 5d) with low Tafel slope of 84.21 mV dec-1 

(Fig. 5e), and a small charge transfer resistance (3.38 Ω). The 

LSV curves before and after 1,000 continuous CV cycles 

showed almost perfect overlap and negligible degradation was 

observed in the chronoamperometry plots at 50 mA cm⁻² for 

12 h, indicating the excellent OER stability of the catalyst (Fig. 

5f). DFT calculations identified the RDS as the formation of 

M-OOH from M-O (Fig. 5g), with the Fe-doped NiS-NiS2 

showing the lowest energy barrier (1.79 eV) among all com-

pared samples (Fig. 5h-j). 

In addition to TM sulfides, TM selenides have been exten-

sively explored. Esmailzadeh et al. investigated the effect of 

pulse frequency during the electrodeposition of NiSe on NF 

[58], finding that high-surface-area agglomerated sheets 

formed at optimum frequencies provide superior performance 

(306, 318, 330 mV for 100, 150, 200 mA cm-2). Li et al. 

demonstrated that Fe doping in NiSe2 not only increases the 

number of active sites but also introduces lattice defects, 

which alter the intrinsic activity [59]. The Ni0.9Fe0.1Se2 catalyst 

required an overpotential of 285 mV for 10 mA cm-2 with 

Tafel slope of 90 mV dec-1, and showed a doubled double-

layer capacitance (Cdl) compared to pristine NiSe2. Han et al. 

showed that excellent OER performance could be achieved 

through a facile selenization of commercial stainless steel 

(SUS304), which contains Fe, Co, Ni, and Cr [60]. SUS304 

foil annealed at 400℃ required an overpotential of 284.3 mV 

with Tafel slope of 42 mV dec-1, and maintained stability for 

over 160 h at 10 mA cm-2. 

 

3.4 TM Phosphides 

TM phosphides are essentially interstitial compound where 

the P atoms occupy the lattice interstices of the TM, increasing 

metal-metal spacing and resulting in unique electronic config-

urations. Liu et al. prepared Fe2P nanoparticle-embedded Co2P 

nanosheets (Fe2P-Co2P) on cobalt foam [61]. The synthesis in-

volved air calcination of cobalt foam to obtain cobalt oxide, 

followed by the electrodeposition of FeOOH nanosheets and 

subsequent phosphorization with NaH2PO2 under an Ar at-

mosphere. XPS analysis revealed a positive shift of 0.2 eV in 

the Co 2p binding energy and a negative shift of 0.1 eV in the 

P 2p peaks for Fe2P-Co2P compared to pristine Co2P. Conse-

quently, the Fe2P-Co2P catalyst exhibited remarkably low 

overpotentials of 185, 243, 291, and 317 mV to achieve 10, 

100, 500 and 1,000 mA cm-2, respectively, along with a low 

Tafel slope of 51 mV dec-1. Multistep chronopotentiometry 

confirmed the robust stability of the catalyst across a wide 

range of current densities. Similarly, Chen et al. evaluated the 

OER activity of heterostructured Fe-doped Ni2P-Ni5P4 sup-

ported on N-doped carbon [62]. XPS spectra indicated that Fe 

doping induces electron transfer from Ni to P. Fe-doped Ni2P-
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Ni5P4 shows lower overpotential of 280 mV for a current den-

sity of 50 mA cm-2 with Tafel slope of 60.8 mV dec-1, while 

undoped Ni2P-Ni5P4 shows 401 mV with Tafel slope of 96.6 mV 

dec-1, indicating Fe doping can enhance intrinsic performance of 

OER of nickel phosphides. Theoretical investigations via DFT 

calculations revealed that the RDS for Fe-doped Ni2P-Ni5P4 is  

the formation of M-OOH from M-O, with a significantly lower 

energy barrier (1.72 eV) at the Fe site compared to pristine Ni2P-

Ni5P4 (2.33 eV). Furthermore, band structure calculations 

showed that Fe doping shifts the d-band center toward the Fermi 

energy from -1.808 to -1.765 eV, which strengthens the binding 

affinity with reaction intermediates.  

 

Fig. 5. Fe-doped NiS-NiS2 OER electrocatalysts. High-resolution XPS spectra of Fe-doped NiS-NiS2. (a) Ni 2p, (b) Fe 2p, and (c) S 2p. 

Electrochemical performance of Fe-doped NiS-NiS2. (d) LSV curves, (e) Tafel slopes, and (f) LSV curves before and after 1,000 CV cycles,

the inset shows chronoamperometry plot. (g) Schematic illustration of four step OER process on Fe-doped NiS-NiS2. Gibbs free adsorption 

energy diagrams of (h) NiS2, (i) NiS, and (j) Fe-doped NiS-NiS2. Reproduced with permission from Wiley-VCH GmbH (2022). Ref. [57]. 
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Recently, Tan et al. demonstrated that a heterojunction be-

tween CoP and Ni5P4 can significantly enhance the OER 

performance of NiFe LDH [63]. This hierarchical catalyst 

NiFe LDH@CoP-Ni5P4 was synthesized through a multi-step 

process involving hydrothermal growth of cobalt precursors, 

phosphorization, and final electrodeposition of NiFe LDH 

(Fig. 6a-e). XPS analysis confirmed electron transfer from 

NiFe LDH to CoP-Ni5P4, the resulting NiFe LDH@CoP-Ni5P4 

catalyst showed exceptional activity, requiring overpotentials 

of 179, 221, and 246 mV for current densities of 10, 50, and 

100 mA cm-2, respectively (Fig. 6f). NiFe LDH@CoP-Ni5P4 

electrocatalysts also exhibited ultralow Tafel slope of 38.4 mV 

dec-1 (Fig. 6g) and exceptional stability, where only 2 mV 

overpotential increase at 100 mA cm-2 after 3,000 cycles of 

LSV test, and minimal change of current density (200 mA cm-

2) during 100 h was observed (Fig. 6h). The Mott-Schottky 

measurements suggested the formation of an n-n heterojunc-

tion at CoP/Ni5P4 interface (Fig. 6i). Due to higher Fermi level 

of CoP relative to Ni5P4, band bending occurs, facilitating in-

terfacial charge transport and carrier separation, which 

ultimately promotes OER on the surface. While Tan et al. de-

posited TM hydroxides onto TM phosphides, Chen et al. 

 

Fig. 6. NiFe LDH@CoP-Ni5P4 heterojunction nanoarrays electrocatalyst. (a) Schematic diagram of synthesis process and (b-e) corresponding 

SEM images. OER performances of electrocatatalysts. (f) LSV curves, (g) Tafel slopes, and (h) durability of NiFe LDH@CoP-Ni5P4. (i) 

Illustration of heterojunction between CoP and Ni5P4. Reproduced with permission from American Chemical Society (2024). Ref. [63]. 
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explored the reverse sequence by forming NiPx nanoparticles 

on the Co(OH)2 nanosheets [64]. XRD and Raman spectros-

copy indicated a unit cell shrinkage of Co(OH)2 in the 

Co(OH)2/NiPx composite, while XPS showed a negative shift 

(0.2-0.4 eV) in the Co 2p binding energy, signifying strong 

electronic interaction. This catalyst required overpotentials of 

236, 304, and 340 mV for a current density of 10, 100, and 400 

mA cm-2, respectively. Tafel slope of Co(OH)2/NiPx (52 mV 

dec-1) was the smallest among the control samples (87 mV dec-

1 for Co(OH)2, 237 mV dec-1 for NiPx). Beyond electronic 

modulation, the introduction of NiPx significantly enhanced 

the surface hydrophilicity, as evidenced by a drastic reduction 

in the water contact angle from 137.5° to 18.9°. This improved 

wetting and facilitated the rapid release of oxygen bubbles, 

further boosting the OER process. 

 

3.5 TM Nitrides 

TM nitrides have emerged as highly promising electrocata-

lysts due to their high intrinsic electrical conductivity and 

excellent corrosion-resistance, which contribute to sustained 

long-term activity. Chen et al. synthesized metallic Co4N nan-

owire arrays on carbon cloth by nitridation of Co(OH)F 

nanowire arrays by NH3 [65]. While Co(OH)F nanowire and 

Co3O4 nanowires required overpotentials of 375 and 320 mV 

to reach a current density of 10 mA cm-2, respectively, Co4N 

nanowires array exhibited a low overpotential of 257 mV to 

obtain 10 mA cm-2 with a Tafel slope of 44 mV dec-1. HRTEM 

revealed the formation of a thin (1-2 nm) surface oxide layer, 

suggesting that the sequential oxidation of surface Co to 

CoOOH and CoO2 serves as the active OER mechanism. Sim-

ilarly, Yu et al. prepared FexN on graphene-coated NF by 

direct nitridation of Fe(NO3)3 precursor [66]. The resulting 

mesoporous catalyst required an overpotential of only 238 mV 

for a current density of 10 mA cm-2 with a Tafel slope of 44.5 

mV dec-1, and exceptional durability during 17 h chronoam-

perometry test. 

The construction of heterostructures with LDHs is a partic-

ularly effective strategy for achieving industrial-scale OER 

performance. Zhai et al. developed NiMoN/NiFe LDH cata-

lyst arrays with outstanding performance at high current 

densities [67]. NiMoN nanoarrays were prepared by the NH3 

nitridation of NiMoO4·H2O on nickel foam grown by hydro-

thermal reaction. Then, amorphous NiFe LDH nanosheets 

were electrodeposited on as-prepared NiMoN nanorods (Fig. 

7a). XPS analysis confirmed strong electronic interactions be-

tween the amorphous NiFe LDH nanosheets and the NiMoN 

nanorod arrays, evidenced by binding energy shift in Ni 2p 

(Fig. 7b), Mo 3d (Fig. 7c), and Fe 2p (Fig. 7d) spectra. Re-

markably, the NiMoN/NiFe LDH electrocatalyst required only 

236 and 266 mV to deliver industrial-level current densities of 

500, and 1,000 mA cm-2, respectively, which is lower than 

those of NiFe LDH (351 and 406 mV), NiMoN (492 and 575 

mV), NiMoO4 (465 and 548 mV), and Ni foam (719 mV) (Fig. 

7e). Low Tafel slope of 42.2 mV dec-1 was also obtained, 

which is lower than counterparts: NiFe LDH (83.2 mV dec-1) 

and NiMoN (170.9 mV dec-1) (Fig. 7f). This catalyst also 

showed a high Faradaic efficiency (~ 98.5 %) and maintained 

stability for over 250 h at 1,000 mA cm-2 (Fig. 7g). In 1 M 

KOH at 25℃, the bifunctional catalyst required cell voltages 

of only 1.70 and 1.77 V to achieve 500, and 1,000 mA cm-2, 

respectively (Fig. 7h). In industrial conditions where 30% 

KOH electrolyte is used at high temperature (80℃), the Ni-

MoN/NiFe LDH showed better activities of 1.54 and 1.62 V 

for 500 and 1,000 mA cm-2 (Fig. 7i), with no evident fluctua-

tion at a current density of 1,000 mA cm-2 over 50 h (Fig. 7j). 

In-situ Raman and UV-Vis spectroscopy identified γ-

Ni(Fe)OOH as the active species, which formed more readily 

on the heterojunction interface. Furthermore, 18O isotope la-

beling combined with differential electrochemical mass 

spectrometry confirmed that the reaction follows the LOM, 

bypassing the scaling relation limitations of the conventional 

AEM. 

Additionally, ANM3-type antiperovskite nitrides (where A 

and M are transition metals) have gained increasing attention. 

Cui et al. identified CuNCo2.4V0.6 as an optimal composition 

with an overpotential of 235 mV at 10 mA cm-2 [68]. Zhu et 

al. reported that CuNCo3 nanosheets and CoN0.73Co3 nan-

owires on NF serve as excellent bifunctional electrodes for 

OER and HER, respectively [69]. A two-electrode water elec-

trolysis cell using these catalysts achieved current densities of 

10 and 100 mA cm-2 at 1.53 and 1.79 V. Post-stability analysis 

via XRD and HRTEM confirmed that the surface of these ni-

trides reconstructs into a CoOOH active phase, which is 

responsible for the high catalytic efficiency. 
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3.6 TM Carbides 

Among various metal carbides, molybdenum carbide 

(Mo2C) has attracted interest because its electronic structure 

resembles that of platinum-group metals. Jayawardana et al. 

synthesized N-doped Co nanoparticle-decorated Mo2C (N-

Co/Mo2C) by simple precipitation, followed by the pyrolysis 

of a mixture containing ammonium molybdate, TMA, mela-

mine, and cobalt chloride [70]. N-Co/Mo2C electrocatalyst 

showed low overpotential of 198 mV at 10 mA cm-2 with Tafel 

slope of 64 mV dec-1, exhibiting negligible activity decay over 

100 h chronoamperometry test at 10 mA cm-2. Recently, Sial 

 

Fig. 7. NiMoN/NiFe LDH electrocatalyst for industrial scale water splitting. (a) Schematic illustration of synthesis route of NiMoN/NiFe LDH.

(b) Ni 2p, (c) Mo 3d, and (d) Fe 2p high-resolution XPS spectra of NiMoN/NiFe LDH. (c) LSV curves, (f) Tafel slope, and (g) long-term 

stability at 1,000 mA cm-2. Overall water splitting performance of NiMoN/NiFe LDH in (h) 1 M KOH at 25℃, and (i) 30% KOH at 80℃. (j) 

Chronoamperometry curve of overall water splitting in 30 % KOH at 80℃. Reproduced with permission from Proceedings of the Springer 

Nature (2023). Ref. [67]. 
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et al. developed NiCoFe carbide on NF using direct laser writ-

ing, which significantly reduced the production time to mere 

minutes [71]. Unlike conventional structures, these laser-in-

duced carbides possessed distorted crystal lattices with a high 

density of defect sites. The resulting defective NiCoFe carbide 

exhibited an overpotential of 198 mV at current density of 10 

mA cm-2 with Tafel slope of 106 mV dec-1, which is much 

lower than the overpotentials of monometallic carbides syn-

thesized by the same procedure. DFT calculations revealed 

that the presence of lattice defects lowered the theoretical 

overpotential from 1.69 V (pristine) to 0.97 V (defective), 

thereby enhancing the intrinsic OER activity.  

Co2P/Mo2C heterojunctions have also emerged as efficient 

bifunctional electrocatalysts. Sun et al. synthesized Co2P/ 

Mo2C@N-doped carbon heterostructure using SiO2 nano-

spheres as templates, which were subsequently removed by 

acid etching (Fig. 8a) [72]. The electrocatalyst required over-

potentials of 209, 270, and 350 mV to reach current densities 

of 10, 50, and 100 mA cm-2, respectively. The Tafel slope (91 

mV dec-1) was considerably lower than those of RuO2 (132 

mV dec-1), Mo2C@N-doped carbon (140 mV dec-1), and 

Co2P@N-doped carbon (169 mV dec-1) (Fig. 8b), and the cat-

alyst maintained its overpotential for 30 h continuous 

chronopotentiometry test (Fig. 8c). Furthermore, the catalyst 

 

Fig. 8. Co2P/Mo2C@N-doped carbon electrocatalyst. (a) LSV curves, (b) Tafel slope (c) polarization curves before and after 3,000 continuous

cycles (inset: chronoamperometry curve at 10 mA cm-2) of Co2P/Mo2C@N-doped carbon. Projected density of states, (e) plane-averaged 

electrostatic potential drop across the Co2P/Mo2C@N-doped carbon interface. (f) Gibbs free adsorption energies of OER intermediates. (g)

Polarization curves for two-electrode cell. (h) J-V curves for solar cell and electrochemical cell. (i) Digital camera image of water electrolyzer 

directly connected to solar cell. Reproduced with permission from Proceedings of Elsevier (2022). Ref. [72]. 
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demonstrated excellent bifunctionality, requiring only 1.55 V 

to achieve a current density of 10 mA cm-2 in a two-electrode 

overall water splitting cell near 100% Faradaic efficiency. The 

projected DOS analysis indicated that the Co orbitals in 

Co2P/Mo2C heterostructure exhibit a higher DOS near the Fermi 

level compared to pristine Co2P, suggesting that the heterojunc-

tion facilitates enhanced electron transfer (Fig. 8d). Charge 

density difference calculations further confirmed an electron 

mitigation from Mo to Co at the interface (Fig. 8e). Gibbs free 

energy diagrams identified the formation of M-OOH from M-O 

as the RDS, with the heterostructure reducing the energy barrier 

(2.02 eV) compared to Co2P (2.12 eV) (Fig. 8f). Remarkably, 

when integrated with GaAs solar cell under AM 1.5 G irradia-

tion, this system achieved a solar-to-hydrogen conversion 

efficiency of 18.1 %, demonstrating its potential for practical, 

light-driven hydrogen production (Fig. 8g-i).  

 

 

4. SUMMARY AND OUTLOOK 

Electrochemical water splitting represents one of the most 

promising technologies for carbon-free hydrogen production. 

Among the various electrolysis systems, AEMWE has garnered 

significant attention due to its compatibility with cost-effective 

electrocatalysts and its operational flexibility under power fluc-

tuations. However, the sluggish kinetics of the OER remains a 

critical bottleneck, necessitating the urgent development of 

highly efficient and durable catalysts. This review has summa-

rized the primary OER mechanisms: AEM, LOM, and OPM. 

While the AEM is conventionally used to describe the stepwise 

adsorption/desorption of oxygenated intermediates, it is inher-

ently limited by the scaling relation between M-OOH and M-

OH species. In contrast, the LOM bypasses these constraints by 

involving lattice oxygen, thereby eliminating the mandatory M-

OOH formation step. Furthermore, the OPM has been proposed 

to explain the exceptional activity and stability of next-genera-

tion catalysts, as it avoids both lattice oxygen depletion and the 

scaling -limited intermediates. This review further discussed 

various TM-based electrocatalysts, including oxides, hydrox-

ides, chalcogenides, phosphides, nitrides, and carbides. To 

enhance catalytic performance, diverse strategies such as multi-

metal doping, interface engineering, and defect modulation have 

been employed. These approaches effectively enhance electrical 

conductivity, maximize the electrochemically active surface 

area, and optimize the adsorption energies of reaction interme-

diates via electronic structure regulation. Despite extensive 

progress, several challenges must be addressed to advance the 

field toward practical application. 

⋅ Mechanistic understanding: Although AEM, LOM, and 

OPM provide theoretical frameworks, a complete mechanistic 

understanding remains elusive. Future research should priori-

tize in-situ and operando characterization—including XPS, 

Raman spectroscopy, and X-ray absorption spectroscopy 

(XAS)—to monitor the dynamic evolution of active sites and 

intermediates under real-time reaction conditions. 

⋅ Degradation and mitigation strategies: To achieve practi-

cal durability, future research must align enhancement 

strategies with specific failure modes of TM-based catalysts. 

Metal leaching and dissolution can be mitigated by multi-

metal doping to stabilize the crystal lattice. Mechanical de-

tachment and the resulting growth in interfacial resistance 

caused by gas evolution can be addressed through interface 

engineering to enhance catalyst-substrate adhesion. Addition-

ally, loss of conductivity and excessive surface reconstruction 

can be managed via defect regulation, ensuring the mainte-

nance of robust active sites and efficient charge transfer paths 

even under harsh oxidative conditions. 

‧ Industrial-scale evaluation: Most catalysts are currently 

evaluated in three-electrode configurations at low current den-

sities (10 mA cm-2) and ambient temperatures. However, 

industrial AEMWE operates at high temperatures (> 60℃) 

and high current densities (> 1 A cm-2) for thousands of hours. 

Future studies must evaluate catalyst performance within 

membrane-electrode assemblies under these rigorous condi-

tions to ensure practical viability. 

‧ Large-area fabrication and catalyst integration: Scalable 

manufacturing must be directly linked to the catalyst/electrode 

concepts. While catalyst-ink deposition is applicable to large 

areas, it often suffers from binder-induced resistance and cat-

alyst detachment. To address this, the direct growth or surface-

corrosion methods discussed for TM-based catalysts/elec-

trodes should be optimized to ensure high compositional 

tunability. Future efforts should focus on integrating scalable 

defect engineering (e.g., plasma treatment or chemical etch-

ing) during the electrode fabrication process to ensure that the 

high intrinsic activity of the catalyst is preserved at the indus-

trial scale. 
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