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Abstract  
 

 
Graphical abstract 

 

Nickel-based electrocatalysts have emerged as important alternatives to precious metal catalysts for alkaline water 

electrolysis because of their abundance, relatively low cost, electrical conductivity, and compatibility with alkaline 

operating environments. Considerable progress has been achieved through alloying, phase engineering, nanostructuring, 

defect generation, heterointerface construction, and electrode–substrate integration, particularly in Ni–Co, Ni–Mo, nickel 

sulfide, nickel phosphide, nickel oxide, and nickel hydroxide. However, reported improvements in electrocatalytic activity 

do not necessarily translate into efficient and durable hydrogen production under practical operating conditions. This 
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review critically examines the relationship between Ni-based catalyst composition, structure, electrochemical 

reconstruction, catalytic activity, and long-term stability in alkaline water electrolysis. Attention is given to the dynamic 

transformation of Ni-containing surfaces during operation, the influence of Fe, Co, and Mo incorporation, structural and 

interfacial engineering, and the effects of catalyst architecture on mass transport and gas-bubble management. This critical 

review further evaluates the limitations of conventional low-current-density catalyst screening. It emphasizes high-current-

density performance, full-cell voltage, Faradaic efficiency, electrode integrity, and long-term durability as more meaningful 

indicators of practical performance. Finally, it discusses the challenges associated with operating-state characterization, 

standardized testing, dynamic operation, scalable electrode fabrication, and translation from laboratory electrodes to 

practical electrolyzers. By connecting catalyst design with electrode engineering and electrolyzer-level performance, this 

review provides a framework for developing Ni-based electrodes capable of combining high activity, structural stability, 

and sustained hydrogen production under industrially relevant alkaline electrolysis conditions. 

Keywords: Nickel-based electrocatalysts; alkaline water electrolysis; hydrogen evolution reaction; oxygen evolution 

reaction; activity–stability trade-off; high-current-density electrolysis; electrode engineering; green hydrogen. 
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1. INTRODUCTION 
The increasing integration of renewable energy 

has created a growing demand for efficient methods of 

storing renewable electricity in the form of chemical 

fuels. Green hydrogen produced by water electrolysis is 

particularly attractive because it can provide a low-

carbon energy carrier and support the decarbonization of 

energy-intensive sectors. [1–3] However, the efficiency, 

cost, and durability of electrolyzers remain important 

barriers to large-scale hydrogen production. 

 

Among the available electrolysis technologies, 

alkaline water electrolysis (AWE) is one of the most 

established approaches for large-scale hydrogen 

production. Its use of an alkaline liquid electrolyte and 

relatively inexpensive non-precious electrode materials 

provide important economic advantages. [1, 2, 4] 

Nevertheless, conventional AWE is limited by electrode 

kinetics, ohmic losses, gas-bubble accumulation, mass-

transport limitations, and degradation, particularly when 

operation is extended toward higher current densities. 

 

These challenges have stimulated extensive 

development of nickel-based electrocatalysts. Nickel 

combines alkaline compatibility, electrical conductivity, 

and broad compositional tunability, enabling Ni–Fe, Ni–

Co, Ni–Mo, multimetallic, sulfide, phosphide, oxide, and 

hydroxide platforms. Recent work further demonstrates 

that performance can be altered by alloying, defect 

engineering, heterointerface construction, 

electrodeposition, direct growth, and electrode 

architecture. [1–3, 5–24] Recent work shows that NiFe 

catalysts can exhibit measurable Fe dissolution while Ni 

remains largely stable toward ionic dissolution. Despite 

this progress, comparing Ni-based catalysts remains 

challenging because reported overpotentials and Tafel 

slopes depend strongly on catalyst loading, substrate, 

electrolyte, iR compensation, activation procedure, and 

current-density normalization. More importantly, Ni-

based surfaces can reconstruct, redistribute elements, and 

undergo dissolution during operation [36–41]. Recent 

work shows that NiFe catalysts can exhibit measurable 

Fe dissolution while Ni remains largely stable toward 

ionic dissolution, demonstrating why post-operando 

characterization is essential for interpreting durability 

[34]. The recent perspective on Ni anodic 

electrocatalysis likewise emphasizes dynamic Ni 

oxidation-state changes and reconstruction toward 

NiOOH-like or Ni oxyhydroxide-rich operating surfaces 

[35]. Consequently, this review evaluates activity 

together with characterization, stability, electrode 

architecture, and high-current-density operation rather 

than treating the lowest overpotential as a universal 

ranking criterion. 

 

Importantly, excellent activity at conventional 

laboratory current densities does not necessarily translate 

into practical hydrogen production. At higher current 

densities, gas evolution, mass transport, ohmic losses, 

electrode integrity, and catalyst stability become 

increasingly important. [2, 15, 16, 32, 34, 43–45, 49–53] 

A meaningful evaluation of Ni-based electrocatalysts 

therefore requires simultaneous consideration of activity, 

stability, electrode architecture, mass transport, and 

high-current-density performance, rather than relying on 

overpotential alone. 

 

Accordingly, this review provides a catalyst-

centered critical assessment of nickel-based 

electrocatalysts for alkaline water electrolysis. Ni–Fe, 

Ni–Co/Ni–Fe–Co, Ni–Mo and other Ni-based alloys, 

nickel sulfides/phosphides, and nickel 

oxides/hydroxides/spinels are examined through 

composition, structural engineering, catalytic activity, 

operating-state reconstruction, stability and practical 

electrode performance. Attention is given to the activity–

stability trade-off and to the evidence needed to translate 

laboratory-scale catalyst improvements into high-

current-density, scalable hydrogen production. 

  

2. Fundamentals of Nickel-based alkaline water 

electrolysis: 

Alkaline water electrolysis couples the 

hydrogen evolution reaction (HER) at the cathode with 

the oxygen evolution reaction (OER) at the anode, with 

OH⁻ serving as the principal charge carrier. For Ni-based 

electrodes, catalytic performance is best interpreted 

through a combination of electrochemical activity and 

electrode-level behavior rather than a single 

overpotential value. [4, 47] The key descriptors used 

throughout this review are overpotential at a defined 
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current density, Tafel slope, electrochemically accessible 

surface area (ECSA/Cdl), charge-transfer resistance 

(Rct), Faradaic efficiency (FE), full-cell voltage, and 

durability. 

 

The numerical context is essential because 

reported values depend strongly on catalyst loading, 

substrate, electrolyte, iR compensation, activation 

protocol, and current-density normalization. A catalyst 

delivering a low overpotential at 10 mA cm⁻² cannot 

automatically be considered superior to one 

demonstrated at 100–500 mA cm⁻² or in a complete 

electrolyzer. [15, 16, 25, 34, 35, 43, 49–51, 54] 

Accordingly, the catalyst sections below use quantitative 

electrochemical data together with XRD, XPS, 

SEM/TEM, EDS mapping, EIS, ECSA, and post-

electrolysis or operando evidence where reported, with 

particular attention to whether improved activity reflects 

intrinsic kinetics, greater accessible area, or changes in 

the operating-state catalyst. 

 

 
Figure 1: Illustrating the mechanism of alkaline water electrolysis, detailing the electrochemical reaction at 

electrodes separated by a porous diaphragm 

Cathode: 2H2O + 2e− → H2 + 2OH− 

𝐴𝑛𝑜𝑑𝑒:  4𝑂𝐻− → 𝑂2 + 2𝐻2𝑂 + 4𝑒− 

𝑂𝑣𝑒𝑟𝑎𝑙𝑙:  2𝐻2𝑂 → 2𝐻2 + 𝑂2 

 

3. Nickel-based electrocatalysts for alkaline water electrolysis: 
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Figure 2: Schematic illustration summarizing key design strategies for nickel-based electrocatalysts to enhance 

overall water splitting efficiency 

3.1 Ni–Fe-based electrocatalysts: 

Ni–Fe materials provide the clearest example of 

why Ni-catalyst assessment must combine quantitative 

electrochemistry with structural evidence. In 1.0 M 

KOH, NiFe-LDH-4 reported an OER overpotential of 

175 mV at 10 mA cm⁻² and 235 mV at 50 mA cm⁻², with 

a Tafel slope of 80.32 mV dec⁻¹. The same study 

reported 96.5 mV HER overpotential at 10 mA cm⁻² and 

a 66.97 mV dec⁻¹ Tafel slope. [10, 14, 34, 55–60] These 

values place NiFe-LDH-4 among the stronger 

bifunctional Ni-based systems in the supplied literature, 

but the comparison is meaningful only because the 

current densities and electrolyte are specified 

 

The electrochemical data are supported by 

measurements that help separate accessible surface area 

from charge-transfer effects. For OER, NiFe-LDH-4 

showed Cdl = 0.149 mF cm⁻² and Rct = 0.454 Ω cm⁻², 
while the corresponding Cdl values for NiFe-LDH-1, -2 

and -6 were 0.093, 0.101 and 0.148 mF cm⁻², 
respectively. Its lower Rct and larger Cdl are consistent 

with improved interfacial charge transfer and greater 

electrochemically accessible area, indicating that the low 

overpotential cannot be assigned to Fe incorporation 

alone. [27, 42, 55, 56, 58–60, 61, 62] SEM/TEM showed 

interconnected nanosheets within nanospheres, HRTEM 

gave a 0.254 nm lattice spacing, and EDS mapping 

showed relatively uniform Ni/Fe distribution. These 

measurements provide a stronger structure–performance 

argument than polarization data alone. 

 

 
Figure 3: Effect of electrolyte conditions on morphology degradation. SEM images of fresh and used NiFe-LDH 

catalyst films on Au after the stability tests conducted at 100 mA cm–2 for 1 h at different temperatures and 

electrolyte concentrations (scale bars 500 nm). Reproduced from Ref. [63] with permission from the Royal Society 

of Chemistry. Copyright 2020 

 

The stability evidence is equally important. 

After 12 h of cycling, the reported overpotentials at 50 

and 100 mA cm⁻² remained nearly unchanged, while 

post-cycling XPS, SEM, and TEM showed only limited 

morphological change. XPS indicated an increased 

Ni³⁺/Ni²⁺ ratio and greater M–OH contribution after 

OER, whereas the HRTEM lattice spacing changed by 

only about 0.004 nm and EDS continued to show a 

uniform Ni/Fe distribution. This suggests that activation 

involves surface chemical evolution toward an 

oxyhydroxide-rich state without complete structural 

collapse. [10, 53, 64] The implication is that the as-

synthesized NiFe-LDH should not be treated as identical 

to the operating catalyst; the electrochemically generated 

surface is part of the catalyst's functional identity 

 

The Fe effect therefore represents an activity–

stability trade-off rather than a simple monotonic 

composition rule. Increasing Fe can improve OER 

kinetics, but the optimum composition depends on Fe 

distribution and the surface state generated during 

operation. [14, 42, 55, 56, 58] This is why concentration-

dependent studies should be interpreted alongside post-

electrolysis composition and potential evolution, rather 

than comparing only initial overpotentials. 

 

The practical significance becomes clearer at 

higher current density. NiFe-LDH-4 required 476.3 mV 

OER overpotential and 401.7 mV HER overpotential at 

500 mA cm⁻² in alkaline conditions and retained its OER 

current for 50 h at 500 mA cm⁻². [44, 45, 55, 56, 58] In 

an AEM electrolyzer, a NiFe-LDH-4@NF‖NiFe-LDH-

4@NF cell reached 1.725 V at 10 mA cm⁻² and showed 

almost no potential change over 27 h. Thus, the same 

catalyst demonstrates a much larger polarization penalty 

when moving from 10 to 500 mA cm⁻², illustrating why 
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low-current overpotential alone can exaggerate practical 

differences among materials. 

 

 
Figure 4: Practical AEM water-electrolysis performance of NiFe-LDH, showing electrolyzer configuration, 

polarization behavior, and long-term operation. Reproduced/adapted from Ref. [10] under the applicable licence 

 

Overall, Ni–Fe remains a strong alkaline OER 

platform, but its advantage arises from the combined 

effects of composition, accessible morphology, 

interfacial charge transfer, and operating-state 

reconstruction. [34, 42, 53, 55–60, 64] The more 

convincing studies are therefore those that report 

quantitative activity at multiple current densities and 

connect those values to XPS/TEM/EDS/EIS evidence 

and long-duration operation. 

 

3.2 Ni–Co and Ni–Fe–Co multimetallic 

electrocatalysts: 

Ni–Co and Ni–Fe–Co systems expand the 

compositional space for tuning alkaline electrocatalysis, 

but the supplied literature provides a more limited 

quantitative basis for direct comparison than for Ni–Fe. 

A representative NiCo-LDH benchmark reports an OER 

overpotential of 303 mV at 50 mA cm⁻² in 1.0 M KOH 

and an HER overpotential of 227 mV in the same 

electrolyte. [65, 72, 81, 84, 88] In the same literature 

comparison, NiFe-LDH is listed at 175 mV for OER and 

185 mV for HER, but the OER values are not measured 

at the same current density; therefore, these numbers 

should not be treated as a ranking. The key point is that 

Ni–Co modification can produce useful bifunctional 

activity, but its advantage must be demonstrated under 

matched current density and electrode conditions rather 

than inferred from composition alone. 

 

The quantitative evidence should also be 

connected to characterization. For Ni–Co/Ni–Fe–Co 

electrodes, XRD is needed to establish phase 

constitution, XPS to determine Ni/Co/Fe oxidation states 

and their evolution, and SEM/TEM with EDS mapping 

to distinguish genuine compositional integration from 

phase segregation. Cdl/ECSA and EIS are particularly 

important because a lower overpotential can arise from 

greater accessible area or lower interfacial resistance 

rather than a purely electronic effect. Where the supplied 

studies do not report FE, high-current polarization, or 

post-electrolysis composition, that absence should be 

treated as a limitation rather than used to claim superior 

practical performance.  

 

The critical issue for multimetallic Ni catalysts 

is therefore whether the additional element produces a 

measurable kinetic benefit that survives reconstruction 

and remains useful at elevated current density. [61, 66, 

67] Increasing compositional complexity can also make 

the active phase more difficult to identify and 

reproducibly fabricate. Ni–Fe–Co systems should 

consequently be judged by matched-condition activity, 

quantitative transport/kinetic measurements, structural 

retention and, ideally, full-cell validation rather than by 

the number of elements incorporated. 
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3.3 Ni–Mo and other Ni-based alloy electrocatalysts: 

Ni–Mo alloys are primarily attractive for 

alkaline HER, where the Ni component can assist water 

activation while Mo modifies hydrogen-related surface 

chemistry. [13, 18–20, 32] In the supplied literature, 

however, the strongest evidence for this family is its 

emphasis on electrode-level behavior rather than a single 

universally representative overpotential value. This is 

important because Ni–Mo performance depends strongly 

on alloy state, surface composition, catalyst loading, and 

substrate architecture. Accordingly, a reported low HER 

overpotential should be interpreted together with Tafel 

slope, Cdl/ECSA, Rct, and the current density at which 

the value was obtained. 

 

The practical evidence is particularly important. 

The supplied literature identifies electrode architecture 

and mechanical integrity as limiting factors near 1000 

mA cm⁻², where conventional deposited catalyst layers 

can experience cracking or exfoliation. This changes the 

interpretation of Ni–Mo activity: an alloy may exhibit 

favorable half-cell kinetics but still be unsuitable for 

sustained high-rate hydrogen production if adhesion, gas 

removal, or transport deteriorates. The relevant 

comparison is therefore not simply Ni–Mo versus Ni, but 

catalyst composition together with the electrode 

architecture that allows the composition to remain 

functional at high rate.  

 

For Ni–Mo, the most convincing evidence 

would combine overpotential at several current densities 

with Tafel slope, catalyst loading, Cdl/ECSA, Rct, FE, 

full-cell voltage, and post-electrolysis elemental 

analysis. [25, 32, 45, 52, 87–88, 96, 101] In the absence 

of these measurements, the review should avoid 

assigning the observed activity solely to Mo-induced 

electronic effects. Instead, the literature should be 

interpreted as showing promise for alkaline HER while 

leaving the relative contributions of intrinsic kinetics, 

accessible area, surface reconstruction, and electrode 

architecture incompletely resolved. 

 

3.4 Nickel sulfide- and phosphide-based 

electrocatalysts: 

Nickel sulfides and phosphides provide another 

route for modifying the electronic structure of Ni-based 

electrodes, particularly for HER. A representative 

Ni₂P/NiCr(OH)₂ nanosheet electrode in the supplied 

2026 study required 111 mV at 10 mA cm⁻² for HER, 

while its charge-transfer resistance decreased to 0.27 Ω 

compared with 0.53 Ω for Ni₂P alone. The hybrid 

demonstrated long-term stability for 800 h at 200 mA 

cm⁻² in the reported sulfide-oxidation-coupled 

hydrogen-production configuration. These data support 

an interfacial contribution to the activity rather than 

simply attributing the improvement to the Ni₂P phase. 

Because the anodic reaction is sulfide oxidation (SOR), 

these results should not be treated as conventional OER 

water-splitting performance. 

 

The characterization provides unusually useful 

mechanistic evidence for this catalyst family. XPS 

showed a 0.7 eV negative shift in the Ni 2p spectrum 

after coupling Ni₂P with NiCr(OH)₂, consistent with 

electronic interaction between the two components; P–M 

bonding was also observed together with surface P–O 

species, indicating partial surface oxidation. In situ ATR-

FTIR and Raman measurements further probed 

interfacial water and reaction intermediates. The 

reported SOR Tafel slope decreased from 65.3 mV dec⁻¹ 
for Ni₂P to 24.3 mV dec⁻¹ for Ni₂P/NiCr(OH)₂, while 

the assembled hybrid system operated for 800 h. [ 22, 23, 

26, 29, 36, 37, 68, 69, 73, 77, 84, 90, 92, 100] Because 

the anodic reaction in this study is sulfide oxidation 

rather than conventional OER, the 800 h result should not 

be presented as direct evidence of conventional alkaline 

water-splitting durability; its value lies in demonstrating 

the benefit of interfacial and operando characterization 
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Figure 5: Long-term alkaline OER stability of NiFeS nanowire electrodes at 50 mA cm⁻². (a) Short-term and (b) 

125 h stability measurements comparing untreated and thermally stabilized NiFeS electrodes. 

Reproduced/adapted from Ref. [42] under the applicable licence 

 

The principal limitation of sulfide/phosphide 

systems is therefore chemical persistence. Surface 

oxidation or reconstruction can generate the species 

responsible for activity, while continued sulfur or 

phosphorus redistribution may alter the catalyst during 

operation. The strongest studies consequently combine 

initial phase characterization with XPS, Raman/FTIR, or 

other operando methods, elemental-retention 

measurements, current-density-dependent activity, and 

long-duration testing. [37, 64, 69] Where FE or 

conventional OER data are absent, those omissions 

should be stated explicitly rather than treating precursor-

phase activity as proof of practical water-electrolysis 

performance. 

 

3.5 Nickel oxides, hydroxides, and spinel 

electrocatalysts: 

Nickel oxides, hydroxides and mixed-metal 

spinels are particularly relevant to alkaline OER because 

their surface chemistry is compatible with the 

hydroxide/oxyhydroxide environments generated during 

anodic polarization. The supplied NiFe-LDH evidence 

illustrates why this family must be interpreted 

dynamically: after electrolysis, XPS showed an 

increased Ni³⁺/Ni²⁺ ratio and greater M–OH 

contribution, while TEM retained the nanosphere 

morphology and the HRTEM lattice spacing changed by 

only about 0.004 nm. Thus, substantial surface chemical 

evolution can occur without complete morphological 

collapse. The important question is not simply which 

precursor phase has the lowest overpotential, but whether 

the operating-state surface remains active and stable 

 

For oxide/hydroxide/spinel systems, 

quantitative comparison should therefore combine 

overpotential and Tafel slope with Cdl/ECSA, Rct, 

catalyst loading, and current density, followed by pre- 

and post-electrolysis XPS, XRD, and microscopy where 

available. [53, 55, 56, 59, 60, 62, 66, 70, 71] A high Cdl 

can indicate greater accessible area but does not by itself 

establish higher intrinsic activity; similarly, a low Rct 

supports efficient charge transfer but does not prove 

selectivity or long-term durability. The supplied 

literature also indicates that mixed oxides and spinels 

offer compositional and structural flexibility, but the 

evidence is less uniform across studies than for Ni–Fe. 

Accordingly, claims of superiority should be limited to 

the metrics actually reported, with FE, high-current 

performance, and full-cell data identified as missing 

where applicable. 

 

3.6 Integrated critical comparison: activity, stability, 

electrode architecture and practical operation 

The quantitative evidence illustrates why no 

single Ni-based family can be ranked by overpotential 

alone. NiFe-LDH-4, for example, moved from 175 mV 

at 10 mA cm⁻² to 476.3 mV at 500 mA cm⁻² for OER, 

while an AEM cell using the same electrode reached 

1.725 V at 10 mA cm⁻². [55, 58, 59, 69] In contrast, the 

Ni₂P/NiCr(OH)₂ system demonstrated 111 mV at 10 mA 

cm⁻² for HER and a 0.27 Ω charge-transfer resistance, 

but its long-duration validation was performed in a 

hybrid sulfide-oxidation configuration rather than 

conventional overall water splitting. These examples are 

not directly interchangeable; they show that current 

density, reaction, cell configuration, and stability 

duration must remain attached to every numerical 

comparison. 

 

The most defensible comparison therefore 

combines five dimensions: activity at defined current 

density, kinetic response (Tafel slope/Rct), accessible 

active area (Cdl/ECSA), chemical/structural retention 

during operation, and electrode-level performance 

including FE, full-cell voltage, and durability. [39–45, 

49–54, 56–58, 64] Where one of these dimensions is 

missing, the literature should be treated as incomplete 

rather than assigning a categorical ranking. This 

approach also prevents complex nanostructures or 

multimetallic compositions from being favored solely 

because they produce a lower initial overpotential. 

 

4. From laboratory catalysts to industrially relevant 

hydrogen production: 

Catalyst-level activity is only the first step 

toward practical hydrogen production. Once Ni-based 

materials are incorporated into an electrode and operated 

in a complete electrolyzer, cell voltage, gas removal, 

transport, mechanical integrity, and long-term 

degradation become coupled. [50, 52, 53] Section 6 

therefore evaluates the transition from promising 

laboratory catalysts to practical alkaline electrolyzer 

performance rather than repeating catalyst-family 

comparisons. 

 

4.1 High current-density and full-cell performance: 

High current density is a critical discriminator 

between laboratory screening and practical electrolysis. 

Increasing the production rate intensifies charge-transfer 

demand, ionic transport, water supply, gas-bubble 

formation and detachment, ohmic losses, local heating, 

and catalyst degradation. Consequently, low-current 

half-cell measurements cannot by themselves establish 

practical superiority. 

 

For Ni-based electrodes, high-current 

performance should therefore be reported together with 

electrode configuration, catalyst loading, gas-

management behavior, stability duration, and full-cell 

voltage. The latter is particularly important because the 

energy required for hydrogen production depends on the 
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combined HER and OER kinetics together with ohmic 

and transport losses. [87–91, 93–95] 

 

4.2 Electrode architecture, mass transport, and 

mechanical integrity: 

At high production rates, catalyst performance 

becomes inseparable from electrode architecture. Nickel 

foam, nickel mesh, porous electrodes, nanowire arrays, 

and directly grown catalyst layers can improve electrical 

connectivity and electrolyte access, but excessive 

porosity or thick catalyst layers can also promote gas 

retention and transport limitations. Direct growth or 

electrodeposition can additionally improve catalyst–

substrate contact and reduce the need for polymeric 

binders.  

Catalyst loading must be optimized rather than 

maximized. Increasing loading can raise the number of 

nominal active sites, but thick or poorly connected layers 

may contain material that is inaccessible to electrolyte or 

electrically underutilized. [88, 93, 97–99, 101] Practical 

electrodes therefore require a balance among active-site 

accessibility, conductivity, electrolyte transport, gas 

removal, and mechanical integrity. 

 

4.3 Durability under steady-state and dynamic 

operation: 

Long-term durability is a decisive requirement 

for green hydrogen production. Ni-based electrodes can 

experience reconstruction, elemental redistribution, 

dissolution, mechanical damage, and changes in wetting 

or gas-management behavior during prolonged 

operation. These processes may be intensified when 

electrolyzers are coupled to intermittent renewable 

electricity, where current density and operating 

conditions fluctuate.  

 

Stability tests should therefore move beyond 

short chronoamperometric measurements and report the 

operating current density, duration, electrolyte 

conditions, electrode area, and changes in composition 

or structure where possible.  Dynamic start–stop and 

variable-load testing is also valuable because a catalyst 

that remains stable at constant current may respond 

differently to repeated transients. The cross-family 

quantitative evidence is summarized in Table 1. 

 

4.4 Barriers to scale-up and standardized evaluation: 

The principal challenge is not the lack of highly 

active Ni-based materials, but the difficulty of 

determining which laboratory improvements remain 

meaningful at electrode and electrolyzer scale. [85, 87–

91] Differences in catalyst loading, substrate, electrolyte, 

current density, electrode area, and stability protocols 

continue to complicate cross-study comparisons. 

 

Future studies should therefore prioritize 

standardized reporting and larger-area validation, 

including full-cell voltage–current-density curves, 

Faradaic efficiency, energy consumption, long-term 

durability, and, where relevant, dynamic operation. 

Scalable fabrication methods such as electrodeposition 

and direct growth are particularly attractive when they 

simultaneously provide good adhesion, controlled 

catalyst loading, and reproducible electrode architecture.  

 

Taken together, practical Ni-based electrodes 

should be judged as integrated catalyst–electrode 

systems rather than isolated materials. The most useful 

evidence is obtained when catalyst composition and 

operating-state chemistry are linked to high-current 

performance, low cell voltage, durable electrode 

architecture, and reproducible fabrication. 

 

Table 1: Comparison of representative nickel-based electrocatalysts for alkaline electrolysis under the conditions 

reported in the cited studies 
Catalyst family Representative 

evidence 

Key activity 

data 

Kinetic/structural 

evidence 

Stability / 

practical 

relevance 

Key 

references 

Ni–Fe NiFe-LDH-4 / 

NiFe-based 

electrodes 

175 mV @ 10; 

235 mV @ 50; 

476.3 mV @ 

500 mA cm⁻² 
(OER) 

Tafel 80.32 mV dec⁻¹; 
Cdl 0.149 mF cm⁻²; Rct 

0.454 Ω cm²; 

XPS/TEM/EDS support 

reconstruction. 

50 h at 500 mA 

cm⁻²; AEM cell 

1.725 V at 10 mA 

cm⁻². Strongest 

overall evidence, 

but condition 

dependent. 

[10,66,68] 

Ni–Co / Ni–Fe–Co NiCo-LDH and 

multimetallic 

electrodes 

303 mV @ 50 

mA cm⁻² 
(NiCo-LDH, 

OER) 

Composition/phase 

effects require XRD, 

XPS, EIS, and ECSA/Cdl 

to separate intrinsic 

kinetics from surface-area 

effects. 

Promising 

bifunctional 

behavior; matched-

condition high-

current and full-

cell data remain 

less consistent. 

[58] 

Ni–Mo NiMo-based 

alloy / coated 

electrodes 

Quantitative 

value varies 

strongly with 

substrate and 

architecture; 

Tafel, ECSA/Cdl, Rct, 

and post-test composition 

are needed to distinguish 

Mo effects from electrode 

architecture. 

High-current 

operation is 

promising, but 

coating integrity 

and mass transport 

become limiting 

[26,40,61] 
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Catalyst family Representative 

evidence 

Key activity 

data 

Kinetic/structural 

evidence 

Stability / 

practical 

relevance 

Key 

references 

avoid single-

value ranking. 

near industrial 

rates. 

Ni sulfides/phosphides Ni₂P/NiCr(OH)₂; 
NiFeS nanowires 

111 mV @ 10 

mA cm⁻² 
HER; Rct 0.27 

Ω cm² vs 0.53 

Ω cm² for 

Ni₂P 

Operando XPS/ATR-

FTIR/Raman indicate 

interfacial electronic 

effects and 

reconstruction/oxidation. 

Long-duration 

results exist, but 

reaction 

configuration must 

be distinguished 

from conventional 

overall water 

splitting. 

[28,32] 

Ni 

oxides/hydroxides/spinels 

NiFe 

oxyhydroxides; 

Ni–Co / mixed-

metal oxides 

No single 

representative 

value; direct 

ranking is 

inappropriate 

without 

matched 

conditions. 

XPS/XRD/TEM and 

operando methods are 

essential because active 

phases evolve under 

anodic bias. 

Strong OER 

platform; 

remaining issues 

include Fe 

dissolution, 

reconstruction, and 

reproducibility of 

electrode 

architecture. 

[66,68,69] 

 

5. CONCLUSIONS 
Nickel-based electrocatalysts provide a 

versatile platform for alkaline water electrolysis, with 

Ni–Fe systems showing particularly strong OER 

performance and Ni–Mo, sulfide, phosphide, 

oxide/hydroxide, heterostructured, MOF-derived, and 

multimetallic systems offering complementary routes for 

HER/OER improvement. Across the supplied literature, 

catalyst performance cannot be judged from 

overpotential alone because activity, reconstruction, 

accessible active sites, electrode architecture, bubble 

management, stability, and current density are closely 

coupled. The evidence therefore supports a catalyst–

electrode–electrolyzer evaluation framework in which 

matched current density, kinetic descriptors, 

structural/operando characterization, Faradaic 

efficiency, full-cell voltage, and long-term durability are 

considered together. Future studies should prioritize 

standardized high-current testing, operating-state 

characterization, scalable electrode fabrication, 

reproducibility, and long-term full-cell validation.  
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