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Abstract

Green hydrogen production via water electrolysis is a cornerstone of the sustainable energy
transition. However, the oxygen evolution reaction (OER) remains the kinetic bottleneck,
limiting overall efficiency. Nickel–iron (NiFe)-based catalysts are among the most promis-
ing nonprecious materials for the OER in alkaline media, offering high activity and low
cost. Nevertheless, their practical application at industrially relevant current densities
(>100 mA cm−2) is hindered by several challenges: structural degradation, uncontrolled
surface reconstruction, metal dissolution (corrosion), particularly Fe leaching, and the am-
biguous role of the fundamental mechanisms. This review critically discusses the current
understanding of these degradation pathways, the influence of preparation methods, the
interplay between Ni and Fe redox chemistry, and strategies for enhancing long-term sta-
bility. Future directions for designing durable NiFe OER electrocatalysts are also outlined.
The paper also considers a strategy for investigating new catalysts using electrochemical
and non-electrochemical techniques, devoted to young scientists interested in this field. In
the Outlook and Perspective section, the key drawback is presented, and a possible strategy
for improvement is discussed.
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1. Introduction
Global primary energy consumption is projected to rise by more than 25% by the

year 2040 [1]. Unfortunately, fossil fuels continue to supply the majority of this energy.
According to the World Meteorological Organization (WMO), total carbon dioxide equiva-
lent (CO2,eq) emissions reached approximately 42 gigatons (Gt) in 2024 [2]. This includes
37.4 Gt from fossil fuel burning, with the rest mainly originating from land use vicissitudes,
such as deforestation, contributing to a 2.0% increase over the previous record in 2023.
These tendencies emphasize the pressing need to transition to scalable and environmentally
friendly renewable energy transditions. In this context, green hydrogen (H2) has gained
attention as a favorable choice for considerably lowering the carbon footprint of global
energy systems. Due to hydrogen high gravimetric energy density (hydrogen boasts the
highest gravimetric energy density of all chemical fuels, delivering about 120 MJ kg−1,
approximately 33.6 kWh kg−1, which is roughly 2.5 to 3 times greater than traditional fossil
fuels like gasoline), wide availability, diverse applications, and near-zero carbon emissions
potential, hydrogen is poised to play a key role in advancing a sustainable energy future [3].
However, current hydrogen manufacture remains heavily reliant on methods such as
coal gasification and steam reforming of natural gas processes that generate considerable
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CO2 emissions [4]. For instance, steam methane reforming proceeds via the following
reaction [5]:

CH4 + H2O = 3H2 + CO (1)

And it is followed by the water–gas shift reaction:

CO + H2O = H2 + CO2 (2)

In that process, gray hydrogen is obtained, or if CO2 is separated and stored, for
example, underground via a very expensive route, blue hydrogen is obtained. A more
feasible alternative is green hydrogen production by means of water electrolysis, where
water is separated into hydrogen and oxygen using electricity sourced from renewables,
mainly wind, solar, and hydroelectric power. Several technologies of water electrolysis exist
that are in operation or under development, including the following: alkaline water electrol-
ysis (AWE); proton exchange membrane electrolysis (PEME); solid oxide electrolysis cells
(SOEC); and anion exchange membrane electrolysis (AEME) [6]. Each of these technological
procedures has different industrial, productivity, and price characteristics. Unfortunately,
all of these technologies have disadvantages. PEME is the most promising one. Proton
conductors, usually perfluorosulfonic acid (PFSA) polymers, such as different Nafions, are
widely used. They have acidity like ~1 M H2SO4; thus, due to corrosion, the noble metal
catalyst (Pt, Ir, Pd, and their different alloys) must be used, which significantly increases
their cost. Under relatively harsh conditions, high acidity, and an elevated temperature of
80-100 ◦C, the life span of membranes is only a few thousand hours. In addition, noble
metal catalysts are very sensitive to impurities, like CO, H2S, etc. SOEC works at elevated
temperatures (typically between 600 ◦C and 900 ◦C), offering significantly higher energy
efficiencies (often exceeding 90% in total system efficiency) compared to low-temperature
alternatives, like PEME or alkaline electrolyzers. But the exotic ceramic and rare earth
materials used for the electrodes and electrolytes are expensive to source and manufacture.
Also, high operating temperatures provoke severe component degradation and slow start-
up times. Anion exchange membrane (AEME) electrolysis is a relatively new promising
green hydrogen technology but currently suffers from three primary disadvantages: poor
membrane durability, low ionic conductivity, and high gas crossover risks [6,7]. Alkaline
water electrolysis (AWE) is well established as a mature technology, the most conventional
and widely adopted in industry. It sustains current attractiveness because of its low cost,
using inexpensive non-conductive porous diaphragms; cathodes and anodes are typically
constructed from low-cost, earth-abundant materials, like porous nickel, Raney nickel,
or nickel-coated stainless steel meshes, and it is related to the other electrolysis technolo-
gies [7]. But the disadvantages of this technology are relatively high electrolysis voltage
and high specific energy consumption, which arise from the oxygen evolution catalyst,
which requires high overpotentials to sustain high current density [6,7]. Even so, green
hydrogen produced through water electrolysis using renewable sources is a mainstay of
low-carbon energy systems. It offers decarbonization of difficult-to-electrify sectors, such
as steel and cement, mixing with natural or biogas, ammonia, and fertilizers, allowing
for long-duration energy storage and providing seasonal and grid-balancing flexibility
for large penetrations of variable renewables [8–11]. In addition, hydrogen-based internal
combustion engines and hydrogen fuel cells are promising alternatives for transportation.

Therefore, this review paper aims to provide the state of the art of oxygen evolution
catalysts for alkaline water electrolysis (AWE) and to critically consider the present status
of the widely investigated Ni-Fe catalyst as the most promising in reducing electrolysis
voltage, and, consequently, lowering specific energy consumption.
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2. Fundamentals of OER and Water Electrolysis
As green hydrogen can be produced with a near-zero CO2 lifecycle when produced

with renewables, it is an important enabler of climate neutrality and decarbonized industrial
value chains. Hence, to understand the different possibilities for leveraging oxygen overpo-
tentials, the basis of water electrolysis is presented in this part. Among different types of
water electrolyzers [12], even old technology, such as the alkaline electrolyzer (AWE), is
still dominant due to its ease of maintenance, usage of inexpensive catalysts, low working
temperatures, etc. [7]. The straightforward path to green hydrogen is electrochemical
water splitting:

2H2O ⇄ O2 + 2H2 (3)

But the oxygen evolution reaction (OER) in alkaline solution is the kinetic bottleneck.
Usually, it involves the formation of strongly bound intermediates (like *OH, *O, *OOH),
and four electron transfers are required:

4OH− ⇄ 2H2O + O2 + 4e− (4)

Thus, it is slow and energy-demanding [13].
Partial reactions for hydrogen (HER) and oxygen evolution (OER) reactions in alkaline

solutions are:
2H2O + 2e− ⇄ H2 +2OH− (5)

And
4OH− ⇄ O2 + H2O +4e− (6)

The theoretical decomposition voltage, U0, of water is 1.23 V. Due to different over-
potentials, η, and resistance of the electrolyte and diaphragm, operating voltages are in
the range of 1.7 to 3 V [14]. Theoretically, for 1 kg of H2, it is necessary to use ~33.6 kWh
of electric energy. In real systems, specific energy consumption, ws, per kg of H2 is much
higher, in the range from 50 kWh to 70 kWh [14]. The specific energy consumption is
given by:

ws =
UIt

m(H2)
=

(U0 + η+ + η−)It
m(H2)

= U × k (7)

where, under the same current, time, and mass of hydrogen, only the voltage can decrease
specific energy consumption. Hereafter, lowering the electrolysis voltage at constant
current, time, and mass of hydrogen, by finding good electrocatalysts that will decrease
overpotentials, plays a crucial role.

To understand the catalytic role of the catalyst, it is necessary to see the structure of
the electrolysis voltage:

U = U0 + η+ + |η−|+ I∑
i

Ri (8)

where U0 is the difference between anodic and cathodic reversible potentials and is
defined as:

U0 = Et(O2|OH−)− Er(H2 |H 2 O) (9)

Or, by taking into account the standard reversible potentials, Er
θ for oxygen is 1.23 V,

and for hydrogen, it is 0 V, neglecting the partial pressure. Then, the following is obtained:

U0 = 1.23 − 2.3RT
4F

log

(
1

c4(OH−)
)
−
(

0 − 2.3RT
2F

log

(
1

c2(OH−)
))

(10)
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Or after rearrangement:

U0 = 1.23 − 0.0591 × pH + 0.0591 × pH = 1.23 V (11)

Therefore, at a given temperature and concentration of OH−, the reaction rate cannot
be significantly improved with U0. But the overpotentials are directly connected with
current density and catalytic properties of the electrode materials. The current density
depends on overpotentials, as given by

j± = j0,± exp
(
±α±Fη±

RT

)
(12)

where “+” is valid for anodic and “−” is valid for cathodic current density, where η = E − Er

and j0 is the exchange current density, which contains exponential terms of Er, and, most
importantly, Gibbs energy ∆G# of activation, which is crucial for the increase rate of the
reaction, and α is the transfer coefficient that is dependent on reaction mechanisms and can
have values of 0.5, 1, 1.5, and 2. In Equation (12), the Tafel equations can be derived:

η = ±2.3RT
α±

log
(
|j±|
j0,±

)
(13)

From the pre-exponential terms, the Tafel slope can be derived:

b± = ±2.3RT
α±F

(14)

Taking into account the transfer coefficient, Tafel slopes can be 120, 60, 40, and
30 mV dec−1. The importance of the Tafel slope, which is connected with the mecha-
nism, can be seen in Figure 1a,b. Figure 1a shows the structure of the alkaline electrolyte
electrolysis potentials for two different Tafel slopes (for simplicity, j0 and b, for OER and
HER, are taken with the same values). As can be seen, the voltage of the electrolysis at
the constant current density is ~0.2 V lower for the Tafel slope of 60 mV dec−1 than for
120 mV dec−1. This is mainly a consequence of the better catalytic properties of the cata-
lysts. According to Equation (8), Figure 1 shows electrolysis voltages for two different Tafel
slopes, and it is obvious that with lower Tafel slopes, water splitting is more energetically
favorable, which directly decreases specific energy consumption and the price of hydrogen.

1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9
0.0
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0.3

0.4
(b)

U0

ΔU = 0.27 V
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j /
 A

 cm
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Figure 1. Simulated (a) structure of the potentials and (b) voltages of alkaline electrolyte electrolysis
for two different Tafel slopes.
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Considering OER, the four-electron transfer is highly demanding, which implies a very
complex mechanism [15]. In the oxygen evolution reaction (OER), the classical Adsorbate
Evolution Mechanism (AEM) and the lattice oxygen mechanism (LOM) differ in both the
reaction pathway and the origin of the evolved oxygen [16–18]. In the AEM, the catalyst
serves mainly as a surface for stepwise oxidation of adsorbed intermediates (*OH, *O,
*OOH), and the produced O2 comes entirely from water. In contrast, LOM involves direct
participation of oxygen atoms from the catalyst lattice; an oxygen atom from the solid can
leave the structure and combine into O2, creating an oxygen vacancy that is later refilled
by oxygen from water. Because of this, LOM can bypass some of the energetic limitations
typical of the AEM and potentially enhance activity, although it may also compromise
structural stability due to continuous lattice involvement. The mechanism of the AEM and
LOM can be presented with the following kinetic sequences:

AEM
S + OH− → S-OHads + e−

S-OHads + OH− → S-O* + H2O + e−

S-O* + OH− → S-OOH* + e−

S-OOH* + OH− → S + O2 + H2O + e−

LOM
M(II)-OlatH + OH− → M(III)-Olat + H2O + e−

M(III)-Olat + → M(IV)-O• + e−

2[M(IV)-O•] → M(II)-VO + O2(g)]

2M(II)-VO + 2OH− → 2M(II)-OlatH + 2e−

For the AEM, in the reactions, only surface active centers, S, are involved, and metals
do not change valence states, while for LOM, the lattice metal–oxide is involved.

Along with the AEM and LOM, recently, the oxide pathway mechanism (OPM) and
the Mars–van Krevelen mechanism have been proposed as further alternative directions for
O–O bond creation. OPM contains direct coupling of two adjacent metal–oxygen positions
without lattice oxygen removal, but it involves exact metal–metal distances on the surface,
which are problematic to reach and sustain under working conditions [19–21]. The Mars–
van Krevelen mechanism, thoroughly connected to LOM, explicitly includes the exchange
of lattice oxygen with the electrolyte; its main restriction is that the constant extraction
of lattice oxygen can lead to catalyst dissolution if oxygen vacancies are not adequately
refilled. Even though the direct O–O coupling for oxygen evolution is well known, the
study of the OPM for OER is still in its recent stage. Compared to the AEM and LOM, there
are additional unknown factors that may affect the OPM and Mars–van Krevelen pathway,
and even the identification of the OPM remains an inspiring task [19]. Understanding the
conditions under which each mechanism operates, and its particular limitations, is crucial
for designing stable and active OER electrocatalysts [22]. Consequently, the improvement
of OER characteristics is mainly connected with lowering the Tafel slopes, decreasing the
Gibbs energy ∆G# of activation for adsorbed intermediates, and finding the catalyst prone
to lattice attack.

After all, it is not surprising that Fabbri and Schmidt 2018 wrote that “Even though
the splitting of water was known since the 19th century, after Paets van Troostwijk and
Deiman, as well as Nicholson and Carlisle, discovered that (static) electricity can split the
water into hydrogen and oxygen, the oxygen evolution reaction is still an enigma [23].”
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The state of the art of the Ni-Fe catalyst, with synthesis methods and characteristics, is
discussed in the following text.

3. The Catalyst Synthesis Methods and Their Influence on the Activity
The noble metals and their oxides (like IrO2, RuO2, Pt) are considered as the well-

known catalysts for the oxygen evolution reaction but are limited by their price and shortage
for scale-up. But, due to the difficulties with the adsorption of the oxygen intermediates
in basic solutions, those catalysts show modest activity [24–27]. Therefore, due to modest
activity and high price, noble metals and their oxides are not suitable for alkaline water
electrolysis as an anode catalyst. On the contrary, iron group metals, Fe, Ni, and Co, are of
intense research due to corrosion stability in alkaline electrolyte and their relatively low
price. However, as shown by Si et al. [28], overpotentials at 10 mA cm−2, for the metals
covered with oxy-hydroxide, were obtained by cycling of the pure metals in the oxygen
evolution region. For NiOOH, the overpotential is 441 mV; for CoOOH, it is 454 mV; and
for FeOOH, it is up to 1.7 V vs. RHE, and it did not show any significant activity.

Afterward, the innovative work of Corrigan [29] revealed almost four decades ago that
a thin-film nickel oxide electrode showed insignificant OER until overpotentials in excess of
400 mV were applied, and absorption of trace iron contamination (1 to 10 ppm) effectively
lowered the overpotential and improved activity. Iron is precipitated into the NiOOH film
when ferric nitrate is added to the nickel nitrate solution used for electrodeposition. Higher
concentrations of iron precipitated into a complex iron–nickel hydrous oxide effectively cat-
alyzed the OER by decreasing the Tafel slope from about 70 mV dec−1 with no iron existing
to about 25 mV dec−1 with 10–50% of the iron. This result was later confirmed and extended
by Trotochaud et al. [30], who methodically studied electrodeposited Ni(OH)2 and NiOOH
films in purified electrolyte. They showed unambiguously that Fe-free NiOOH required
>400 mV to reach 10 mA cm−2, although careless absorption of Fe sunk η10 by ~200 mV,
emphasizing the significance of Fe in main activity. These low-activity starting points
persist in significant control experiments, prompting the scientists to state that Ni alone
cannot explain the outstanding activity that is often reported in the literature. Nickel–iron
(oxy)hydroxides have become the standard benchmark for a non-noble OER electrocatalyst
in alkaline electrolyte, but their development has been anything but straightforward.

The state-of-the-art, earth-abundant electrocatalysts for the OER in alkaline media,
for now, are nickel–iron layered double hydroxides (NiFe LDHs). Initially, in 2013, Gong
et al. [31] described ultrathin NiFe LDH nanoplates on carbon nanotubes with an overpoten-
tial of ~210 mV at 10 mA cm−2, establishing their potential for OER. Additionally, dissimilar
synthetic methods were developed toward activity improvement, morphology control,
and stability. Due to different preparation methods and synthesis conditions, reported
overpotentials for a current density of 10 mA cm−2 vary between 130 mV and 350 mV [32].
The most broadly used approaches are co-precipitation, hydrothermal synthesis, electrode-
position, and, moderately less used, urea-assisted hydrolysis, microwave-assisted synthesis,
and the mechanochemical processes.

The structure of the LDH catalyst is highly intricate, as illustrated in Figure 2 [33]. Its
general formula is [M2+

1−xM3+
x(OH)2]x+[An−

x/n]x−·mH2O, where M2+ and M3+ represent
divalent and trivalent metal ions, respectively. An− represents negatively charged interlayer
guest anions (e.g., CO3

2−, NO3
−, Cl−, SO4

2−), and the molar ratio of M3+ to (M2+ + M3+)
is represented by x, which typically ranges from 0.2 to 0.33. The LDH structure is derived
from brucite-like Mg(OH)2 layers, which consist of infinite sheets of edge-sharing M(OH)6

octahedra. In these octahedral, metal cations occupy the center, surrounded by six OH−

ions at the corners. The host layer acquires a positive charge due to the coexistence of
divalent and trivalent metal cations, and this charge is balanced by anions along with water
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molecules located in the interlayer region. The basal spacing (d) in LDH materials refers
to the distance from the center of one host layer to the center of the adjacent layer; thus, it
equals the sum of the brucite-like layer thickness and the interlayer space.

Figure 2. The structure of the LDH catalyst. Adapted from Ref. [33].

As the structure is very complex, the morphology significantly varies, like hexagonal
platelets, nanosheets, nanolayers, microspheres, flakes, and nanoflowers, as can be seen in
Figure 3 [34].

Figure 3. SEM images of Ni fiber electrode (a) and NiFe LDHs/Ni fiber electrode (b–d) under
different magnifications. Adapted from Ref. [34].

Co-precipitation is a common method involving the precipitation of nickel and iron
salts under alkaline conditions, which permits control of the composition but produces
powders that usually exhibit low conductivity and rather modest performance at high
currents (for example, ~360 mV at 10 mA cm−2) [35]. Hydrothermal synthesis can grow
NiFe LDH nanosheets straight onto a conductive substrate for an enhancement in electrical
contact, alongside robustness at high currents. Li et al. [36] reported the hydrothermally
grown NiFe LDH onto nickel foam (NF) that reached 175 mV at 10 mA cm−2 with con-
stant operation at 500 mA cm−2 for 50 h. Liu et al. [37] investigated a simple one-step
hydrothermal method and at a current density of 100 mA cm−2 and achieved an over-
potential of 387 mV and acceptable stability after a constant operation of 28 h at 1.63 V
vs. RHE (η = 400 mV) at a current density of ~25 mA cm−2. Hydrothermal growth of
NiFe LDH nanosheets on nickel foam and Raney Ni precursor is found to form vertically
aligned electrodes with high surface area (>150 m2·g−1) and low overpotentials, ~124 to
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300 mV at 10 mA·cm−2 and ~320 to 400 mV at 100 mA·cm−2 in 1 M KOH [38]. Guoqi
et al. [39] investigated NiFe LDH synthesized by the hydrothermal method mixed with
terephthalic acid (TPA) in 1 M KOH that displays good performance at the current den-
sity of 2 mA cm−2 at an overpotential of 270 mV, with a Tafel slope of 40 mV dec−1. At
higher current densities, 10 mA cm−2 and 100 mA cm−2, overpotentials were 320 mV and
570 mV. Thermal decomposition (calcination) of the Ni/Fe composite is a scalable route for
NiFe oxides; activity is then sensitive to calcination conditions, time, after-treatment, and
Ni:Fe composition, with overpotentials at 100 mA·cm−2 being ~280–300 mV, depending on
optimization [40].

Electrodeposition is one of the most widely used methods for the synthesis of the NiFe
DLH. Quiroz et al. [41] investigated electrodeposited NiFe LDH using the electrolyte bath
containing Ni(NO3)2 × 6H2O and Fe(NO3)3 × 9H2O as precursors of nickel and iron. The
molar ratio of Ni:Fe in the electrolyte bath varied between 1:1, 2:1, 3:1, 4:1, 5:1, 10:1, 12:1,
15:1, and 20:1. The Ni:Fe electrodeposits of 15:1, corresponding to 9.83 at.% Ni, 28.07 at.% Fe,
and 62.10 at% O, determined using EDS, show the best catalytic activity for OER, with the
low Tafel slope of 38 mV dec−1 and overpotentials of 206 mV and 244 mV at 30 mA cm−2

and 100 mA cm−2 in 1 M NaOH. At the current density of 400 mA cm−2, a constant
overpotential of ~300 mV is achieved throughout 25 h. Electrodeposition of the NiFe/NF
electrode shows high catalytic activity towards OER in alkaline solutions that only needs
an overpotential of 200 mV to initiate the reaction, and overpotentials for current densities
of 50 and 500 mA cm−2 reached 250 and 620 mV, respectively [42]. Swierk et al. [43] present
a comprehensive manuscript about the OER activity of the electrodeposited NiFe LDH in
1 M KOH, varying Fe content from 0 to 100%. At overpotentials of 400 mV, they obtained
current densities of: 0% Fe 2 mA cm−2, 10% Fe 15 mA cm−2, 24% Fe 35 mA cm−2, 34% Fe
40 mA cm−2, 75% Fe 10 mA cm−2, and 100% Fe 5 mA cm−2. At 10 mA cm−2, determined
overpotentials are: 0% Fe 540 mV, 10% Fe 375 mV, 24% Fe 345 mV, 34% Fe 330 mV, 75% Fe
400 mV, and 100% Fe 440 mV. The Tafel slopes for these electrodes are in the range from 60
to 65 mV dec−1, except for pure nickel, with 105 mV dec−1.

In urea-assisted hydrolysis, the growth of NiFe LDH is controlled by the sluggish
decomposition of urea. Wu et al. investigated urea-assisted NiFe LDH and showed that
interlayer anions and the morphology of NiFe LDH are tunable via urea hydrolysis, but
the authors did not investigate OER [44]. Zuber et al. [45] investigated the urea-assisted
synthesis of NiFe LDH from nitrate, sulfate, and mixed salt. Applying the current density
of 10 mA cm−2, overpotentials for nitrate are 425 mV, 460 mV for sulfate, and 346 mV for
mixed precursor salt. Nevertheless, the permanence of the electrodes during the stability
test was very low.

Microwave-assisted synthesis of NiFe produces thin nanosheets in a very short period
of time, accordingly permitting the high surface area with low overpotentials, such as
250 mV at 10 mA cm−2, as reported by Hou et al. [46]. Iwasaki et al. [47] investigated
mechanochemical synthesis methods, but such methods produce low crystallinity of the
product. Molina-Muriel et al. [48], using a mechanochemical process, investigated the
obtained product for OER, and a current density of 10 mA·cm−2 achieved overpotentials
of 220 mV and a Tafel slope of ~100 mV·dec−1, demonstrating admirable OER kinetics.
In addition, the catalyst verified robust permanence, keeping a potential of about 1.55 V
(η = 520 mV) during 35 h at a current density of 100 mA·cm−2 and 1.75 V (η = 520 mV) at
1 A·cm−2.

Beyond structural factors, the type and concentration of the electrolyte also play a
critically important role. Del Rosario et al. [49] explore how hydroxide cations affect the
OER. They demonstrate that the activity of IrOx and NiCo2O3 increases in the order Li+ <
Na+ < Cs+ < K+ in 1 M MOH solutions. This trend arises mainly from differences in the
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interaction strengths of specifically adsorbed OHad intermediates and non-specifically
adsorbed alkali metal cations (AM+

ad) inside the electric double layer. Comparable results
are reported by Garcia et al. [50] for nickel oxyhydroxide (NiOOH), with the cation effect
following Cs+ > Na+ > K+ > Li+, confirming an intrinsic influence of the cation on OER
activity. In 1 M KOH, K+ ions favor better ionic movement and more uniform interfacial
charge separation, which lowers overpotentials compared to 1 M NaOH, where strongly
hydrated Na+ ions hinder ion movement and block access to the active centers [51]. Park
et al. [52] investigate the effect of NaOH concentration on IrO2 anodes’ activity. Applying
a constant overpotential of 420 mV and increasing NaOH concentrations from 0.01 to
0.02, 0.10, 0.50, and 1.0 M yields the current densities of 3, 5, 40, 50, and 80 mA cm−2,
respectively. Increased NaOH concentration improves conductivity (reducing IR losses),
which benefits kinetics and generally drops the overpotentials by about 200 mV under an
applied current density of 100 mA cm−2 when comparing 1 M and 30% KOH [53]. Luo
et al. [54] hydrothermally prepared a NiFe-LDH@Fe2O3@NF composite and observed a
remarkable pH-dependent activity increase. At 1.50 V vs. RHE (η = 0.27 V), raising the
pH from 13.30 to 14 boosts the current density from roughly 20 mA cm−2 to an impressive
250 mA cm−2.

4. Stability Challenges and Degradation Mechanisms
The stability of the NiFe electrodes depends on several factors, including their mor-

phology, adhesion to the substrate, degree of crystallinity, and electrical conductivity [55].
Therefore, both the synthesis method and the electrode design must be carefully tailored to
ensure that the resulting materials maintain high activity and durability under operating
conditions relevant to the oxygen evolution reaction (OER). The chosen synthesis pathway
directly influences the structure and function of NiFe-based catalysts. Although NiFe cata-
lysts perform excellently in laboratory settings, their application in industrial-scale alkaline
electrolysis requires an optimal chemical composition, a large specific surface area, scalable
production methods, and long-term durability to sustain low overpotentials at high current
densities over extended operation [7,22]. Dissolution is typically the primary driver of
catalyst performance degradation. During the oxygen evolution reaction (OER), harsh
operating conditions, such as strongly acidic or alkaline media and oxidative environments,
can readily trigger this process. The dissolution may also arise from surface reconstruction
and lattice oxygen participation. This is typical for LOM, where the lattice metal oxides,
such as M(II)–OlatH, M(III)-Olat, and M–O2−(lattice), and a highly reactive oxygen radical,
M(IV)-O•, are involved, and where metals (Ni, Fe) change their valence state, producing
vacancies, such as M(II)–VO. If the vacancies are not effectively converted to the lattice,
degradation of the catalyst can occur. The rate-determining step (RDS) depends on the
catalyst and cannot be simply determined. Even though the LOM is considered a favorable
path, on some occasions, the oxygen lattice from the subsurface could be involved, which
could produce material degradation (corrosion). When the lattice oxygen mechanism
(LOM) operates, oxygen atoms are removed from the solid lattice, creating oxygen vacan-
cies (M-VO). An oxygen vacancy in a NiFe OER catalyst refers to a missing oxygen atom in
the crystalline structure of nickel–iron oxides/hydroxides (like NiFe-LDH). This deliberate
structural defect acts as a powerful tool to maximize water-splitting efficiency. The overall
extraction can be described as:

2[M(IV)-O•] → M(II)-VO + O2(g)] (15)

Under steady-state conditions, vacancies can be repaired by hydroxide ions from
the electrolyte:

M–VO + OH− → M–OlatH + e− (16)
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At low overpotentials, the healing rate balances vacancy generation. However, at high
current densities, the extraction rate exceeds the healing capacity. Insufficient replenish-
ment leads to continuous vacancy accumulation, which ultimately induces lattice distortion.
Consequently, VO accumulates, leading to lattice distortion, loss of crystallinity, and struc-
tural collapse [56]. On the other hand, the AEM involves four concerted proton-coupled
electron transfer steps on a single metal site, producing specific oxygen intermediates: *OH,
*O, and *OOH. The Sabatier principle dictates that the adsorption energies of these inter-
mediates are linked by a linear scaling relation. Because of this, it is practically impossible
to independently optimize the binding strengths of both intermediates on a single site.
This thermodynamic interdependence creates an unavoidable theoretical overpotential
limit of approximately 0.37 V to 0.40 V. This overpotential hurdle prevents AEM catalysts
from achieving the highly efficient reaction rates required for commercial electrolyzers. In
addition, even Fe is the principal active site in the NiFe AEM cycle, optimizing the binding
energy of the oxygen intermediates. However, under highly oxidative anodic potentials,
these surface Fe species are prone to leaching into the electrolyte.

In practice, dissolution under oxidizing electrochemical conditions is highly complex.
Studies indicate that dissolution pathways vary significantly, depending on factors such as
crystal facets, support substrates, and applied potentials. Therefore, further investigation is
needed to fully elucidate these intricate mechanisms. Beyond the intrinsic stability of the
catalyst itself, dissolved species or leached ions in the electrolyte can also affect catalytic
performance—and may even undergo redeposition during prolonged electrolysis [22].
Although this aspect has received comparatively less attention, it is believed to play a critical
role in determining both activity and long-term stability. From the industrial perspective
of wives, the operational temperature is crucial. Although practically all experiments are
done at room temperature, there are missing investigations at elevated temperatures, e.g.,
~80 ◦C. The temperature dependency of NiFe-based OER catalysts’ activity is examined
by Li et al. [57], who find that higher temperatures enhance mixed ionic conductivity and
accelerate OER kinetics. This finding highlights the need to characterize catalysts under
realistic operating temperatures. On the other hand, Pascuzzi et al. [58] concluded that
while NiFe (oxy)hydroxide is a highly active alkaline OER electrocatalyst, its stability is
strongly tied to operating conditions. Under mild conditions (25 ◦C, 1 M KOH), only minor
structural and compositional changes occur. However, at higher temperatures (75 ◦C) and
more realistic alkali concentrations (5–10 M KOH), iron dissolution speeds up, lowering the
Fe/Ni percentage and growing charge transfer resistance, which speeds up OER activity.
NiFe layered double hydroxide (LDH) is widely considered as one of the most active,
non-noble metal electrocatalysts for the OER in alkaline water electrolysis. While highly
effective at the lab scale, large-scale industrial application faces specific synthetic hurdles
and operational bottlenecks. Scaling up NiFe LDH production requires moving away from
tedious, small-batch lab procedures to rapid, high-yield, and cost-effective methods. NiFe
LDH is essentially a semiconductor. At industrial-scale current densities (>500 mA cm−2),
high electrical resistance causes severe Ohmic heating and energy losses. Also, at high
current densities, gas bubbles can become trapped in the catalyst’s porous structures. This
gas blanketing blocks active catalytic sites and limits electrolyte penetration, significantly
increasing overpotentials and decreasing overall energy efficiency. The aggressive bubbling
subjects the catalyst layer to mechanical stress, often causing the NiFe film to peel or
delaminate from the conductive substrate (e.g., nickel foam).

In addition to parameters such as configuration, morphology, and actual surface area,
the catalytic activity of NiFe oxides or oxyhydroxides in the OER is strongly affected by the
oxidation states of nickel and iron. Specifically, the splitting of 3d orbitals into lower-energy
t2g and higher-energy eg levels plays a key role. Ni2+ (t2g

6, eg
2) typically exhibits low
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activity; however, its oxidation to Ni3+ (t2g
6, eg

1) results in an eg occupancy close to one,
which optimizes metal–oxygen covalency and the energies of reaction intermediates ad-
sorption, thereby enhancing catalytic behavior [30,59]. Further oxidation to Ni4+ (t2g

6, eg
0)

strengthens metal–oxygen bonds, which can increase activity but often reduces durabil-
ity [58,59]. The iron, in the configuration Fe2+ (t2g

4, eg
2), leads to extra eg electrons that

generally weaken activity due to stronger antibonding interactions. Nevertheless, mixed
Fe2+/Fe3+ valence states can increase charge transport inside the crystal framework [29].
On the contrary, Fe3+ (t2g

3, eg
2), with its half-filled eg orbitals, enhances the activity of

nickel sites by modifying the electronic configuration and increasing covalency [59,60].
Ultimately, the cooperative interaction between the Ni2+/Ni3+/Ni4+ and Fe2+/Fe3+ redox
couples benefits in maintaining an electronic configuration with eg occupancy close to one,
a state consistently linked to the supreme OER activity, but in some cases, it decreases
long-term operation due to preferential dissolution.

The outstanding initial activity of NiFe-based oxygen evolution electrocatalysts is
often compromised during prolonged operation at industrially relevant current densities
(>100 mA cm−2). Understanding the fundamental degradation pathways is essential for
designing durable anodes. At highly oxidative OER potentials, the structural iron atoms
oxidize and dissolve into the electrolyte. Under sustained, high-voltage OER conditions
(often exceeding 500 mV overpotential), iron is highly prone to dissolving and leaching
out of the catalyst lattice. This loss changes the optimal Ni:Fe ratio, steadily degrading
catalytic activity over time. Also, at the anodic polarization, the catalyst surface undergoes
continuous restructuring. Amorphous or nanocrystalline NiFe oxides gradually transform
into surface-layered (oxy)hydroxide phases, accompanied by oxidation of Ni2+ to Ni3+

(and occasionally Ni4+). This “electrochemical annealing” initially increases the number
of active sites, but, over extended periods, leads to irreversible phase segregation. For in-
stance, γ-Ni(Fe)OOH may convert to less active β-Ni(Fe)OOH, or the spinel structure may
separate into NiO-rich and Fe2O3-rich domains [61,62]. Such transformations reduce the
density of Ni–Fe pairs that are crucial for high OER activity. Nickel–iron LDHs are amongst
the most favorable alkaline OER materials due to their earth-abundant and extraordinary
activity [63,64]. Nevertheless, neither material fully overcomes the stability challenges asso-
ciated with long-term operation. For instance, NiFe-LDHs undergo structural degradation
as their layered morphology collapses into inactive species, decreasing the number of active
sites and diminishing performance [62,65]. These catalysts experience permanent surface
phase transitions between γ-Ni(Fe)OOH and β-Ni(Fe)OOH, with conflicting reports on
directionality. While such transitions lead to further activity loss, the β-Ni(Fe)OOH phase
is widely considered to offer higher operational stability [63,66–68]. Additionally, the
leaching of Ni and Fe in alkaline solutions contributes to degradation, especially at higher
currents [64,65].

Similar problems affect electrodeposited NiFe catalysts. The electrodeposition route
often produces films with poor mechanical integrity, making them prone to cracking or
delamination in OER environments [69,70]. Additionally, repeated surface phase trans-
formations convert the active NiFe (oxy)hydroxide phases into inactive oxides, thereby
reducing catalytic efficacy [69,70]. Extended tests similarly reveal activity loss in various
electrodeposited NiFe catalysts, showing their limited durability in alkaline media [69].

Scanning electron microscopy (SEM) studies reveal that many NiFe catalysts prepared
by electrodeposition or co-precipitation undergo severe morphological changes. The
initially compact or nanosheet-like structure transforms into a highly porous, swollen
layer that eventually detaches from the substrate. This phenomenon is attributed to deep
hydration, vigorous oxygen bubble evolution, and internal stresses generated by oxygen
vacancy formation [55].
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The stability of NiFe catalysts is highly sensitive to the electrolyte environment. One of
the most critical stability challenges is the selective dissolution of iron from NiFe catalysts.
Iron dissolution from NiFe OER catalysts is heavily influenced by the interplay of elec-
trolyte alkalinity, applied anodic potential, and the catalyst’s structural defects. In alkaline
electrolytes, Fe3+ (or Fe2+) is released into the solution, especially at elevated temperatures
(e.g., 60–80 ◦C) [55] and in concentrated KOH (5–10 M) [60]. The dissolution of iron ferrates
involves the incongruent dissolution of iron-rich LDHs into water or alkaline environments,
which converts or oxidizes the liberated framework iron into iron(VI), as soluble FeO4

2− or
iron(III) oxyhydroxides. A simplified dissolution reaction is [71,72]:

FeOOH + H2O → Fe(OH)3(aq) + e− (17)

Fe + 8OH− → FeO4
2− + 4H2O + 6e− (18)

And it includes the formation of FeOOH and Fe(OH)2 as reaction intermediates. It
is also supposed that the reaction between FeOOH and Fe(OH)2 produces Fe3O4, which
can act as a barrier against additional iron dissolution and avoid the formation of ferrate,
but it can also decrease OER activity. It should also be mentioned that the formed, usually
colloidal, Fe(OH)3 can be incorporated into the membrane, decreasing conductivity and
increasing operational voltage.

The loss (corrosion) of iron reduces the Fe/Ni ratio at the surface, diminishes the
synergistic Fe–Ni interaction, and increases the charge transfer resistance. Tyndall et al. [35]
demonstrated that the rapid decline in activity of NiFe LDH’s immediately after the startup
of an alkaline cell is attributed primarily to electrochemically driven compositional degrada-
tion at active sites. Post-OER characterization using EDX, XPS, and STEM-EELS (Scanning
Transmission Electron Microscopy coupled with Electron Energy-Loss Spectroscopy) re-
veals notable leaching of Fe compared to Ni, particularly from highly active edge sites.
Additionally, post-cycle analysis identifies the formation of a ferrihydrite byproduct origi-
nating from the leached Fe. Density functional theory calculations elucidate the thermo-
dynamic driving force behind Fe corrosion and propose a dissolution path including the
elimination of [FeO4]2− under OER-relevant potentials. Chronopotentiometric measure-
ments typically show a gradual rise in overpotential over time, reflecting continuous iron
depletion [73]. This effect is particularly pronounced under industrial conditions with
frequent load cycling. Absorption of atmospheric CO2 leads to carbonate formation, which
can block active sites and induce the formation of passive carbonate layers, causing gradual
current decay. Elevated temperature enhances OER kinetics but drastically accelerates iron
leaching and phase transformation rates. While the initial overpotentials may drop, the
long-term stability window narrows [55]. An optimum temperature (typically 60–80 ◦C)
is often sought for a practical electrolyzer. Long-term OER stability remains a major hur-
dle, and a refined understanding of catalytic mechanisms is key to overcoming it. As
highlighted in this review, surface reconstruction can cause early-stage transient dissolu-
tion, while the lattice oxygen mechanism, though beneficial for activity, may compromise
structural stability. The less-studied dissolution–redeposition effect can both drive recon-
struction/phase segregation and enable dynamic stability. Ultimately, practical application
demands further investigation into catalyst–electrolyzer interactions to achieve durable
electrolysis [22].

Scaling up NiFe-LDH catalysts for industrial water electrolysis presents several major
obstructions. While they perform exceptionally well in small lab-scale batches, commer-
cializing them is hindered. Scaling up hydrothermal synthesis for NiFe-LDH catalysts is
hindered by the high energy costs of pressurized autoclaves, safety risks at large volumes,
and severe reactor corrosion. The process often results in poor batch-to-batch reproducibil-
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ity, particle agglomeration, and destruction of pristine layered structures, complicating
mass production for industrial water splitting [74]. To avoid these hydrothermal disadvan-
tages, researchers are successfully pivoting to substitute methods, like electrodeposition
or sol–gel processes. These methods allow for direct, room temperature growth of NiFe-
LDH onto conductive substrates without the need for high-pressure autoclaves. But these
methods produces low adherent coatings, as mentioned before.

Last but not least is the behavior of the NiFe catalyst support. A large number of
studies used nickel foam as support, but under prolonged anodic polarization, nickel forms
thick non-stoichiometric semiconductor oxides with reduced conductivity, which could
have a negative effect on the interlayer conductivity, and if formed through a porous catalyst
layer, they can provoke pilling of the catalytic layer from the substrate [75]. Therefore,
a significant study should be performed on the degradation and corrosion of different
supports for the electro-active materials and their interference due to operational conditions.

5. Diagnostic Indicators of Degradation and Guidance to
Young Researchers

The huge problem in comparison of the catalytic properties of materials is the unde-
fined procedure for the electrochemical and non-electrochemical characterization. Based on
the author’s experience, it should be suggested that when researchers decide to investigate
OER, they should prepare a minimum of four to five samples with more or less identical
structures, thickness, compositions, etc. A lot of authors, after catalyst synthesis, immedi-
ately use non-electrochemical techniques to characterize samples. It could be suggested
that, first, the catalytic electrochemical behavior is investigated, and if it shows good charac-
teristics, different techniques are used to characterize the samples. Otherwise, if the catalyst
did not show good characteristics, it would be a waste of time and probably money.

The electrochemical techniques, in principle, should include cyclic voltammetry (CV),
a polarization curve, and a stability test.

The electrolyte choice depends, but most of the studies use 1 M NaOH or KOH
solutions. The NaOH, p.a., is usually pure, but KOH is typically supplied at purities
ranging from 85% to over 99.9%. Consequently, it is important to look for impurities
detailed in Safety Data Sheets (MSDS) to avoid metallic impurities that can interfere with
the experiments. As a reference electrode, saturated calomel or silver chloride should be
avoided, as they can contaminate the electrolyte with chloride ions due to small leaks. The
best choice is the Reversible Hydrogen Electrode (RHE) that can be used in any electrolyte
and offers direct reading of potentials of interest. The price is around 200 USD. As a
counter-electrode, avoid Pt, as it can dissolve as traces, contaminate the electrode, and
give unrealistic results; glassy carbon or graphite is a much better choice. CV experiments
should be performed in an inert gas (N2, Ar) purged electrolyte, while the polarization
curve should be measured in an oxygen-saturated electrolyte.

Among others, the stability test is of crucial importance. In many papers, it can be
seen that, for example, the authors investigated stability with 10 mA cm−2 for ~15 h and
concluded that excellent stability was achieved. For the electrodeposited NiFe alloy, using
chronopotentiometry with 10 mA cm−2 for 15 h shows a potential increase of only 20 mV,
while with 100 mA cm−2, it shows a potential increase of almost 150 mV [76]. During the
stability test, a few characteristic responses can be seen, as shown in Figure 4a. For instance,
good stability is when potentials are practically not changing over time. Sometimes, a
potential decrease is an indication of the surface formation of the more active species,
which accelerates OER. When potentials increase over time, but not considerably, slow
surface reconstruction occurs, and probably over a prolonged time, the catalyst can become
inactive. The worst case is when potential increases rapidly during a short period of
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time; the catalyst is useless. Stability tests should be performed with a current density of
about 100–200 mA cm−2 over 24 h or more, which is long enough to provoke considerable
surface change and to get some information about stability. Using low current densities
of 5–10 mA cm−2 should be avoided; it can show extraordinary stability over 100 h but
can be unstable at real operational conditions. Also, in some papers, it can be seen that
the stability of the electrode is with 0.5 to 1 A cm−2. Under such high current, oxygen
evolution is considerably fast, and oxygen bubbles are formed and detached rapidly, so the
measured values of the potentials will be highly unstable and scattered. If, in the paper,
under such conditions someone sees a horizontal straight line, something is wrong. Also,
high current produces Joule heat, and cooling or maintaining a constant temperature of the
electrolyte with a thermostat is necessary. The potential should always be corrected for the
IR drop from the impedance measurements or using instrument software; for example, the
current interrupt method. After the stability test, analysis of the electrolyte with Inductively
Coupled Plasma Mass Spectrometry (ICP-MS), an analytical technique used to detect trace
and ultra-trace amounts of possibly dissolved metals, is highly recommended.

Figure 4. Simulated (a) stability test, (b) cyclic voltammograms, (c) polarization curves,
and (d) electrochemical impedance spectroscopy, including a Nyquist plot, before and after the
stability test.

Before the stability test, cyclic voltammetry should be used first to investigate possible
redox reactions preceding oxygen evolution. The potential window should be from hydro-
gen to oxygen evolution potentials. It is recommended that the CV starts from negative
potentials by holding potentials for 300 to 1000 s. The CV should be repeated four to five
times to obtain stable behavior. The sweep rate should be 5 mV s−1 to 10 mV s−1, which
allows slow, solid-state-limited reaction peaks to be seen. Using 50 mV s−1 or 100 mV s−1

can mask some peaks. Cyclic voltammetry should be performed before and after the stabil-
ity test, as shown in Figure 4b, for the electrode that does not show good performance. For
a good electrode, the charge should not change significantly, but some new peaks could be
seen due to structural changes of the surface layer. After the CV, polarization measurements
should be performed. The potential should be held at ~1.3 V vs. RHE for ~600 s, and a slow
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sweep should be used, e.g., 1 mV s−1 (standards recommend 0.125 mV s−1, but it takes a
long time). Do not use 20 mV s−1 or 50 1 mV s−1, because electrodes cannot reach a steady
state, and activity could be much better than with 1 mV s−1. The polarization curve has to
be recorded for current densities of 150 to 200 mA cm−2 at higher current densities. Due to
fast oxygen bubble formation, the polarization curve will be scattered. It is recommended
to record two polarization measurements to see reproducibility. After the stability test,
another polarization curve should be recorded, and the results have to be similar to those
before the stability test. Figure 4c shows simulated polarization curves, before and after
the stability test, for a catalyst that decreases activity. If you got such a result, give up and
search for a new catalyst. If the polarization curve did not show significant variations, the
catalyst can be considered potentially good. Always report potentials, or overpotentials
(η = E − 1.23) at 10 mA cm−2 and 100 mA cm−2, which is standard in the literature. The
best case is that the catalyst increases activity. Polarization curves have to be also shown as
a Tafel plot, as a separate figure, or as an inset, as shown in Figure 4c. From the obtained
Tafel slope, do not comment on the mechanism; it requires more experiments. Electro-
chemical impedance spectroscopy can be performed at a constant potential, determined
from a polarization curve, for a current density of ~20 to 50 mA cm−2, e.g., 1.4 V to 1.6 V,
before and after the stability test. Figure 4d shows the characteristic Nyquist plot before
the stability test, after the stability test, for the case of decreased activity (increase in Z′),
and for the activated electrode (decrease in Z′). Using the appropriate equivalent electric
circuit, by fitting impedance data, a lot of important parameters could be obtained.

If the catalyst shows good electrochemical characteristics, the following non-
electrochemical techniques should be used to characterize the bulk and surface of the
catalyst. For such characterizations, the initial sample and the sample after the stability test
should be characterized.

X-ray diffraction (XRD) is a powerful, non-destructive analytical technique used by
scientists to determine the atomic and molecular structure of crystalline materials. By firing
X-rays at a sample and measuring the angles and intensity at which the X-rays scatter, XRD
generates a unique “fingerprint” of the material’s internal crystal lattice. Unfortunately,
X-ray penetration depth is in the order of µm, so it is usually used for bulk characterization,
and there is no need to use this technique after the stability test. After recording XRD, it is
recommended that the researcher who characterizes the sample use the software usually
supplied with the equipment to determine the phases of the sample.

In Figure 5 [77], the XRD of spinel NiFe2O4 is given. Typical crystal planes (hkl) are
marked, corresponding to the spinel phase.

Scanning Electron Microscopy coupled with Energy-Dispersive X-ray Spectroscopy
(SEM-EDS) is an analytical technique that pairs high-resolution surface imaging with ele-
mental analysis. It works by bombarding a sample with an electron beam, which generates
characteristic X-rays used to map and quantify the chemical composition of microscopic
areas. The SEM coupled with EDS is a powerful tool for catalyst characterization. Depend-
ing on the X-ray energy, EDS could be near-surface characterization, for 2–7 keV, or go
beyond 10 keV. With low energy, the penetration depth is limited to 100–300 nm, while it is
at higher energy for µm. Penetration depth is usually given in the instrument’s manual.
By recording the EDS with different X-ray energies through the sample, it is possible to
determine the metal concentration through the sample. Figure 6 presents SEM and EDS at
7 keV of spinel NiFe2O4 before and after the stability test at 100 mA cm−2 for 24 h. From
SEM, it can be seen that after the stability test, the morphology changes, and EDS shows
that the Fe concentration decreases, while the Ni concentration increases, which could be
an indication of iron dissolution or high-surface or near-surface reconstructions.
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Figure 5. The XRD of spinel NiFe2O4 Adapted from Ref. [77].

Figure 6. SEM (a,c), and EDS (b,d) at 7 keV, of spinel NiFe2O4 before and after the stability test at
100 mA cm−2 for 24 h. Adapted from Ref. [77].

X-ray photoelectron spectroscopy (XPS) is a powerful technique for surface catalyst
characterization. The separately prepared sample without characterization after the stability
test should be examined. From the XPS survey scan (0–1100 eV), the surface elemental
composition of the NiFe catalyst could be determined. The high-resolution spectra shown
in Figure 7 present a Ni 2p spectrum (binding energy range ~850–880 eV) that reveals
the oxidation states of nickel (e.g., metallic Ni, Ni2+, or Ni3+) and the presence of satellite
features characteristic of Ni(OH)2 or NiO. The Fe 2p spectrum (~705–730 eV) indicates the
dominant iron species (typically Fe3+ oxide/hydroxide) and possible Fe2+ contributions.
The O 1s spectrum (~528–535 eV) distinguishes between lattice oxygen (M–O), hydroxyl
groups (M–OH), and adsorbed water [78]. By fitting the spectra with appropriate software,
the relative amounts of different chemical states and the surface enrichment of Fe or Ni can
be quantified.
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Figure 7. (A) XPS peaks before and after OER of the FeOOH/NiFe-LDH sample; (A,D) Ni 2p; (B,E) Fe
2p; (C,F) O1s. Adapted from Ref. [78].

This “recommendation” is only one of the possibilities for testing the OER catalyst
and should be considered as guidance, not a rule.

6. Outlook and Perspective
Green hydrogen is one of the ultimate goals of energy transitions. The simplest way for

production is water electrolysis. Several technologies of water electrolysis exist that are in
operation or under development, including the following: alkaline water electrolysis (AWE);
proton exchange membrane electrolysis (PEME); solid oxide electrolysis cells (SOEC); and
anion exchange membrane electrolysis (AEME). But all of them suffer from different
disadvantages. Even old alkaline water electrolysis (AWE) is still the dominant technology,
but due to the high oxygen evolution overpotentials, the specific energy consumption is
very high, making green hydrogen steel too expensive for broader applications. Following
the great success in the research of NiFe catalysts for the oxygen evolution reaction in
laboratory conditions, nickel, especially Raney nickel, as a highly porous, catalytically active
form of nickel, and stainless steel electrodes continue to serve as industrial benchmarks for
alkaline water electrolysis [79]. Realization of the long-term stability of OER is a serious
challenge, and a more comprehensive understanding of NiFe catalytic mechanisms is
required to reach this goal [22]. Also, the stability test with 5–10 mA cm−2 should be
avoided because such investigations usually give false results of the catalyst stability.
The impressive catalytic activity of nickel–iron (NiFe) (oxy)hydroxides for the oxygen
evolution reaction (OER) is consistently undermined by their limited operational stability.
The predominant source of this instability is the selective and continuous leaching of iron
from the catalyst lattice under harsh alkaline conditions, which not only reduces the Fe/Ni
ratio but also causes irreversible structural collapse of the active layered double hydroxide
(LDH) architecture [35,37]. This loss of the critical Fe sites weakens the synergistic Ni–O–Fe
motif and leads to a progressive increase in the overpotential and charge transfer resistance.
To address this fundamental challenge, doping with specific transition metals has emerged
as a highly effective strategy to electronically and structurally fortify the NiFe framework.
Doping with different transition metals (e.g., Co, Mn, Mo, Ag, Cu, etc.) strengthens the NiFe
framework and improves resistance to phase deviations and metal leaching [80,81]. Each
dopant offers a distinct stabilization mechanism that enhances both activity and durability.
Molybdenum (Mo), as a high-valence electron donor, significantly elevates the valence
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states of both Ni and Fe, while shifting the d-band center of the metal active sites, which
improves electrical conductivity and overall OER kinetics [82,83]. Cobalt (Co) dopants
are particularly potent, as they facilitate a unique “dynamic ferrous iron regeneration”
pathway that chemically restores leached Fe2+ species into the catalyst layer, a process
that has enabled a NiFeCo LDH to maintain stable water oxidation for over 120 h [84].
Copper (Cu) functions as an efficient “electron donor,” optimizing the adsorption-free
energy of key OER intermediates, like *OOH, thereby synergistically boosting the intrinsic
activity and stability of the resulting trimetallic NiFeCu LDH structure [85]. Silver (Ag),
though less common, has proven effective by tailoring the atomically local electric field
around NiFe active sites, enhancing oxygen intermediate adsorption [86]. By tackling
the root cause of iron dissolution through these tailored electronic and chemical doping
strategies, NiFe-based catalysts are rapidly evolving into robust and durable anodes,
moving them ever closer to the long-term stability demands of industrial alkaline water
electrolysis. Also, incorporating NiFe LDHs and electrodeposited NiFe layers into a
conductive medium provides mechanical reinforcement and improves electron transport,
thereby enhancing durability [87]. Applying protective coatings helps mitigate dissolution
and suppress surface alterations [69,70]. Generally, these approaches considerably enhance
the stability and working lifespan of NiFe LDH and electrodeposited NiFe OER catalysts in
alkaline environments, carrying them more rapidly to application in large-scale alkaline
water electrolysis. Mitigating these degradation pathways requires a holistic approach
combining structural stabilization (e.g., spinel frameworks), electronic regulation, and
electrolyte engineering.

Also, we proposed one of the possible experimental guidelines for testing the stability
of the oxygen evolution catalyst.

With a thorough mechanistic understanding of the OER, the ultimate goal is to translate
OER catalysts into practical applications. However, bridging the gap between laboratory-
scale performance and real-world, large-scale operation requires closer attention to the
reaction environments in which these catalysts operate, factors that are often oversimplified
or overlooked in fundamental studies.

Scaling up NiFe-LDH catalysts, or some new catalyst based on NiFe oxides, for indus-
trial water electrolysis presents the biggest major obstacles. Scaling up the hydrothermal
synthesis for NiFe-LDH catalysts is overly involved by the high energy costs of pressurized
autoclaves, safety risks at large volumes, and severe reactor corrosion. To avoid these
hydrothermal drawbacks, researchers are successfully pivoting to substitute methods,
like electrodeposition or sol–gel processes. These approaches allow for thorough, room-
temperature growth of NiFe-LDH onto conductive substrates. But these methods produce
low-adhesion coatings, as mentioned before.

A large number of studies cast off nickel foam as support, but under continued anodic
polarization, nickel foam forms thick oxides with reduced conductivity, which could have
an undesirable effect on the interlayer conductivity and could provoke pilling of the
catalytic coating from the Ni-foam substrate [75]. Therefore, a significant study should be
performed on the degradation and corrosion of support for electro-active materials. Pilot
cell testing, which is crucial for determining the behavior of the electrolyzer, should be
included in further research.

The main conclusion is that the search for a scalable and durable NiFe electrocatalyst
for an oxygen evolution reaction in alkaline water electrolysis still presents a great incentive
for further research.
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76. Elsharkawy, S.; Żabiński, P. Effect of Fe/Ni ratio on electrodeposition of Ni-Fe alloys and their bifunctional catalytic performance
in hydrogen and oxygen evolution reactions. J. Power Sources 2025, 660, 238516. [CrossRef]

77. Grgur, B.N. (Faculty of Technology and Metalyrgu, University of Belgrade, Karnegijeva 4, Belgrede, Serbia); Popović, A.S. (Faculty
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