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A B S T R A C T

Improving the kinetics of the oxygen evolution reaction (OER) is paramount in boosting the overall energy ef-
ficiency of alkaline water electrolysis. NiFe-LDH based OER electrocatalysts lead the activity charts at lab-scale
conditions (i.e., 1 M KOH, room temperature) and have thus attracted tremendous attention over the last decade.
A summary and distillation of the accumulated knowledge is imperative to promote further rational design and
active site modulation of the next-generation NiFe-LDH based OER electrocatalysts. Here, we present a detailed
review, commencing with the commonly employed synthesis techniques and proceeding to discuss the structural
evolution during operation, and strategies exploited to improve the OER activity. Emphasis is placed on operando
investigations aiming to identify the active phases and active sites of NiFe-LDH during OER and to understand
the reaction mechanism. Finally, we review the literature assessing the stability of the active sites under the
harsh OER operating conditions and summarize the influencing factors. We conclude with future research di-
rections required to bridge the gap between lab-scale testing and industrial application in large-scale devices.

1. Introduction

Since the middle of the 18th century, marking the beginning of the
fossil fuel driven industrial revolution, approximately 400 gigatons of
carbon (GtC) have been moved from the ground to the atmosphere in the
form of carbon dioxide (CO2) [1]. The tally is rapidly increasing as the
global economy is still primarily relying on the use of fossil fuels to meet
the exponentially growing demand for energy [2]. The constant increase
in the amount of CO2 in the atmosphere is alarming as we face the threat
of global warming and associated climate change. According to the In-
ternational Renewable Energy Agency (IRENA), “The window is closing
and the pathway to a net-zero future is narrowing” [3]. In order to
enable a greater integration of renewable energy into the energy infra-
structure, it is necessary to establish large-scale production of net-zero
carbon emission energy carriers and chemicals, for which green
hydrogen (H2) is key [4].

Hydrogen is a commodity in high need, with a 117 billion US$ global
market value per year and expected to reach 225 billion US$ by 2030
[5]. As of 2020, the global H2 production exceeded 200 million metric

tons/year which is primarily consumed by the oil and gas industry,
metal refineries, ammonia production, feedstock chemicals such as
methanol and others. Currently, most of the hydrogen (~96 %) is pro-
duced from fossil fuels (i.e., blue/gray hydrogen) with a CO2 emission of
around 830 million tons per year,[6] whereas only ~ 4 % is produced
from water electrolysis (i.e., green hydrogen) [7]. To mitigate the
negative climate impact of blue/gray hydrogen production, green
hydrogen production must necessarily replace these technologies,
however, its current cost of approx. US 7.5$ kg− 1 needs to be reduced to
approx. 1–2$ kg− 1 to become competitive with blue/gray hydrogen
[6,8,9]. Currently, two leading technologies, namely alkaline water
electrolysis (AWE)[10] and proton-exchange membrane water elec-
trolysis (PEMWE)[11] are available commercially, while anion-
exchange membrane water electrolysis (AEMWE),[12] and solid-oxide
steam electrolysis (SOE)[13,14] are in the development and scaling-up
phase, respectively [15]. A brief comparison of the working principle
and operating conditions is shown in Table 1 [10,15,16].

Among the aforementioned technologies, AWE is themost mature for
large-scale hydrogen production as it has a proven record of reliability
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and scalability, with stack units of up to 10MWalready available [15]. A
major drawback of AWE though is its poor conversion efficiency, pri-
marily due to the sluggish kinetics of the oxygen evolution reaction
(OER), and the durability of the electrocatalysts and electrodes used
under the harsh OER operating conditions [17]. Extensive efforts have
been devoted to the development of advanced transition metal-based
electrocatalysts for the OER, including rutiles,[18,19] spinels,[20–24]
metal oxides,[25–28] perovskites,[29–32] high-entropy alloys,[33,34]
metal-sulfides,[35–37] metal-phosphides,[38,39] metal–organic
frameworks (MOFs),[40–42] Ruddlesden-Popper oxides,[43,44] single-
atom catalysts (SACs),[45] and layered double hydroxides (LDHs),
[46–53] among others. Advanced experimental investigations in com-
bination with theoretical studies have generated useful insights on
fundamental aspects of their OER performance [54]. Out of these active
electrocatalysts, LDHs are certainly amongst the best in terms of OER
activity (smaller overpotential (OP) and Tafel slope (TS)) (Fig. 1a).
Amongst various binary LDH compositions (Fig. 1b), including Ni-Mn,
[55,56], Ni-Fe,[57–64] Co-Fe,[64–67] Co-Mn,[68–71] Ni-Co,[72–75]
Zn-Co,[76–78] Ni-V,[79–81] Co-Cu,[82] Co-Cr,[83,84] and Co-Al,[85]
NiFe-LDH (for convenience we will use NiFe-LDH as an abbreviation to
indicate the phase-pure Ni2+1− xFe

3+
x (OH)2, but one should bear in mind

that the Ni-Fe-ratio varies among studies) has outperformed its coun-
terparts in terms of electrochemical activity towards the OER, however,
its long-term stability under industrial operating conditions remains
undocumented.

In 1983, Hall et al.[86] first observed a 40–65 mV lower OP (in 30 wt
% potassium hydroxide (KOH) at 80 ℃) on α-Ni(OH)2-catalyzed anodes
than on similar uncatalyzed anodes. Later, in 1987, Corrigan et al.[87]

observed a sharp decrease in OER OP on Ni(OH)2 in the presence of
ultralow Fe impurities (1 ppm). The influence of Fe was further vali-
dated by Corrigan et al.[88] by achieving similar results on Fe-doped Ni
(OH)2. These studies triggered further efforts to gain insight into the
OER mechanism on the surface of mixed-phase Ni-Fe oxide/hydroxide,
[89,90] and phase-pure NiFe-LDH [91]. They observed approx. 100 mV
lower OP on NiFe-LDH relative to mixed phase Ni-Fe oxide/hydroxide.
These results captured the interest of the scientific community, and
intense efforts have since then been devoted to further understand and
develop NiFe-LDH-based OER electrocatalysts.

During the past 5–7 years, a number of review papers have been
published summarizing advancements on LDHs in terms of exfoliation
methods, synthesis techniques, doping and introduction of defects
[93–97]. There exist also several reviews discussing the synthesis and
electrochemical activity of the best-known OER electrocatalyst (i.e.,
NiFe-LDH) in particular [98–104]. However, a comprehensive review
bringing together the state-of-art understanding of the NiFe-LDH growth
process, the relationship between microstructural features and electro-
chemical activity, strategies to improve the electrochemical activity, the
theoretical understanding of active phases/sites, and most importantly
the activity/stability relationship of NiFe-LDH electrocatalysts is still
missing. Furthermore, thanks to the implementation of advanced oper-
ando/in-situ characterization techniques in combination with density
functional theory (DFT) calculations, our understanding of the OER
activity of NiFe-LDH has improved significantly in the past few years.

Considering the significance of NiFe-LDH for AWE and AEMWE, this
review attempts to offer an up-to-date overview of the synthesis-struc-
ture–property-activity-stability behavior of the complex and multi-
faceted NiFe-LDH OER catalyst. It starts with a thorough overview of

Table 1
Comparison of Alkaline Water Electrolysis, Proton Exchange Membrane Water Electrolysis, Anion Exchange Membrane Water Electrolysis, and Solid Oxide steam
Electrolysis.

Alkaline Water Electrolysis (AWE) Proton Exchange Membrane Water
Electrolysis (PEMWE)

Anion Exchange Membrane Water
Electrolysis (AEMWE)

Solid Oxide steam Electrolysis (SOE)

Temperature
(℃)

70–90 50–80 40–60 700–850

Pressure (bar) 1–30 < 70 < 35 1
Electrolyte 5–7.5 M KOH H+ conducting polymer (e.g.

perfluoro sulfonic acid)
OH– conducting polymer O2– conducting oxide (e.g. Yttria-

stabilized Zirconia, YSZ)
Efficiency Up to 70 % Up to 82 % − Up to 100 %
Separator Polysulfone-ZrO2 composite with

polyphenylene sulfide mesh
Dense polymer electrolyte Dense polymer electrolyte Dense solid oxide electrolyte

Anode Nickel or NiFeCo alloys Iridium oxide Nickel or NiFeCo alloys Perovskite e.g.,
La0.58Sr0.4Co0.2Fe0.8O3-δ

Cathode High surface area nickel or nickel
alloys

Platinum supported on carbon black High surface area nickel or nickel
alloys

Ni/YSZ

Porous
Transport Layer
Anode

Nickel mesh/expanded sheet/foam Platinum-coated sintered porous
titanium

Nickel mesh/expanded sheet/foam Perovskite

Porous
Transport Layer
Cathode

Nickel mesh/expanded sheet/foam Carbon cloth/paper Nickel mesh/expanded sheet/foam
or carbon cloth

Ni/YSZ

Bipolar plate
Anode

Nickel-coated stainless steel (Platinum-coated) titanium/
stainless steel

Nickel-coated stainless steel Mixed metal oxide coated on steel

Bipolar Plate
Cathode

Nickel-coated stainless steel (Coated) titanium/stainless steel Nickel-coated stainless steel (Coated) steel

Stack Lifetime
(h)

Up to 120 k Up to 100 k − −

System Lifetime
(year)

Up to 30 Up to 20 − −

adopted from ref.,[8,92]
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the different synthetic approaches and attempts to link the current un-
derstanding of the chemistry involved in the synthetic mechanisms with
the structural characteristics and functional properties of the resulting
NiFe-LDH. It proceeds to offer an overview of the current understanding
of the OER mechanism, active phases, and active sites in NiFe-LDH,

achieved through theoretical calculations and the application of
advanced experimental techniques. This is then linked to strategies
employed to optimize OER activity, with an emphasis on the NiFe-LDH
nanostructure, followed by an overview of durability investigations
carried out so far. The review concludes with a summary of the key

Fig. 1. (a) Comparison of the OER activity (TS and OP at conventional conditions of comparison (CCC), i.e. at 10 mA cm− 2 in 1 M KOH at room temperature) of
representative members of different catalyst classes, (b) and of various binary LDH systems highlighting the superior OER attributes of NiFe-LDH (shaded region).
Catalysts marked with * in (a) were tested in 0.1 M KOH while the rest were tested in 1 M KOH at room temperature.

Table 2
A comparison of electrochemical activity of reported electrocatalysts with varying electronic/structural properties relative to the state-of-the-art NiFe-LDH
electrocatalyst.

Electrocatalyst Influencing Parameter OP@CCC TS@CCC OP’@CCC TS’@CCC Ref.

NiFeW-LDH Ni and Fe substitution 249 79 ~280 96 [264]
NiFeMo/NF Ni and Fe substitution 215 ~38 250 65 [265]
core–shell-NiFeCu Ni and Fe substitution 180 33 250 34 [267]
Mn2+-NiFe-LDH Ni and Fe substitution 190 ~69 ~245 ~75 [269]
MnNiFe-LDH Ni and Fe substitution 194 ~50 211 ~45 [270]
Co3+-NiFe-LDH Ni and Fe substitution ~305 ~59 ~370 ~78 [271]
Ni3Fe0.5V0.5 Ni and Fe substitution 200 39 ~290 67 [274]
NiFe LDH-ultrasonicated-30 ◦C Anion exchange 203 42 256 50 [59]
H2PO2

- /NiFe-LDH Synthetic Intercalation ~245 ~38 ~340 ~44 [144]
NiFe-Dodecyl Sulfate Anion exchange ~317 ~80 ~367 ~103 [289]
*H2PO2

- /NiFe-LDH Synthetic Intercalation 240 ~37 370 ~81 [291]
Ni2Fe-Sodium Dodecyl Sulfonate-LDH/Carbon Fiber Paper Synthetic Intercalation 289 30 ~340 41 [292]
Dodecyl Sulfate-/NiFe LDH Anion exchange 300 36 341 50 [296]
NiFe-LDH Liquid Exfoliation 300 ~40 350 ~65 [58]
NiFe LDHs-3 Plasma Exfoliation 278 ~88 309 ~107 [311]
NiFe-OOHOV Plasma Exfoliation 288 38 ~320 145 [312]
Engraved NiFe-LDH Structural defects 250 69 330 127 [243]
porous monolayer-LDH Structural defects 230 47 304 108 [244]
NiFe-LDH-nano sheets/nickel foam-200 Structural defects 170 ~39 299 ~78 [245]
NiFe LDHs-VNi Cationic vacancies 229 ~63 266 ~77 [46]
NivacFevac-LDH Cationic vacancies 230 52 − − [57]
¤Ni3FeAlx–LDH Cationic vacancies 320 50 300 97 [247]
NFZ-TH-SR Cationic vacancies 217 − ~300 − [320]
NiFe-LDH/carbon nanotube Composite 235 31 270 − [91]
HPGC@NiFe Composite 265 56 312 94 [329]
NiFe LDH@NiCoP/
nickel foam

Composite 220 ~49 240 ~72 [111]

*LDH/oGSH Composite 350 54 525 64 [249]
NiFe LDH/NiS Composite 230 ~111 271 ~116 [323]
NiFe-LDH-15 h Strain tuning 270 36 341 53 [253]
S-70 Strain tuning 320 53 − − [336]

OP@CCC and TS@CCC represents overpotential and Tafel slope of modulated electrocatalyst in 1 M KOH at ambient temperature (OP are reported at a current density
of 10 mA cm− 2).
OP’@CCC and TS’@CCC represents overpotential and Tafel slope of the state-of-the-art NiFe-LDH electrocatalyst in 1 M KOH at ambient temperature (OP are reported
at a current density of 10 mA cm− 2).
NFZ-TH-SR represents Ni, Fe, Zn ternary-metal hydroxides after self-reconstruction
HPGC represents hierarchically porous graphitized carbon
oGSH represents mildly oxidized graphene/single walled carbon nanotube hybrid.

¤ represents a current density of 1 mA cm− 2.
* represents 0.1 M KOH.
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points and underscores remaining questions and opportunities for
further investigation and development of NiFe-LDH toward becoming a
mature OER catalyst of choice for application in industrial-scale
electrolyzers.

2. Synthesis of NiFe-LDH

Employing different synthetic approaches, the physicochemical at-
tributes of NiFe-LDHs can be tuned, which critically impacts its elec-
trocatalytic properties for the OER (See Table 2). On account of its
limited thermal stability, the synthesis of NiFe-LDH typically follows a
low-temperature precipitation/growth process while avoiding further
thermal treatment. The commonly employed synthesis routes are hy-
drothermal/solvothermal, corrosion engineering, metal–organic
framework derived, electrodeposition, co-precipitation, and top-
ochemical synthesis. Throughout the following subsections, we will
present these synthesis protocols, their immediate advantages in terms
of apparent activity, reproducibility, and stability. In addition, the
scalability of each protocol to industrial applications will be discussed.
The deposition and subsequent interaction of the NiFe-LDHs with a
suitable electrode substrate will in this regard play a central role, since
this is as important for the long-term stability as the chemical stability of

the synthesized LDHs themselves.

2.1. Hydrothermal/Solvothermal synthesis

Hydrothermal/Solvothermal is the most commonly employed tech-
nique to synthesize NiFe-LDH in which NiII/FeIII precursors, a precipi-
tation agent (i.e., urea, ammonia, hexamethylenetetramine, etc.), and a
chelating agent such as ammonium fluoride (NH4F) or trisodium citrate
are mixed in a solvent (i.e., water, ethanol, dimethylformamide, etc.)
and heated to 80–150 ℃ for 4–48 h. The resulting catalyst assumes the
form of nanosheets, the morphology and structure of which is critically
affected by the concentration of hydroxyl anions (OH− ) during the
crystallization process. Since urea and NH4F are frequently used as
precipitation and chelating agents, respectively, we discuss briefly the
steps involved in the hydrolysis of urea to yield the required OH− and
the role of NH4F in controlling the growth of the NiFe-LDH nanosheets.

2.1.1. Urea hydrolysis
Owing to the weak basicity of urea, its hydrolysis rate is prolonged,

which helps avoid a high degree of supersaturation of OH− and un-
controlled precipitation [105–107]. The size of the NiFe-LDH nano-
sheets can be tuned by optimizing the urea concentration, along with the

Scheme 1. (a) Formation mechanism of NiFe-LDH in the presence and absence of NH4F, reproduced with permission from ref.,[115] Copyright 2020, American
Chemical Society, (b) formation mechanism of NiFe-LDH in the presence of ascorbic acid, reproduced with permission from ref.,[62] Copyright 2021, Wiley-VCH.
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process temperature and duration. The hydrolysis of urea proceeds
through the formation of ammonium cyanate and its subsequent hy-
drolysis to ammonium cations and hydroxide, bicarbonate, and car-
bonate anions, as summarized in equations (1)–(4) [108].

(NH2)2CO+heat↔NH4OCN+H2O↔CO2 +2NH3 (1)

2NH3 +2H2O↔2NH+
4 +2OH− (2)

CO2 +OH− ↔HCO−
3 (3)

HCO−
3 +OH− ↔CO2−

3 +H2O (4)

2.1.2. Role of chelating agent
The application of urea as a precipitating agent often leads to the

inhomogeneous growth of NiFe-LDHs. To circumvent this, chelating
agents such as trisodium citrate,[60,109] ascorbic acid,[62,110] NH4F,
[61,111] etc. have been exploited, which not only help to control the
growth of NiFe-LDH but also to enhance its surface area and uniform
pore volume creation between nanoflakes [112]. For instance, Grégoire
et al.[113] studied the formation mechanism of NiFe-LDH in the absence
of a chelating agent (Scheme 1a). They proposed that crystallization of
NiFe-LDH starts with the precipitation of ferric oxyhydroxide (FeOOH)
due to its small solubility constant (Ksp = 1.07*10− 43) relative to Ni
(OH)2 (Ksp = 5.48*10− 16). [114] At pH~3 Ni2+ species exist mainly in
hydrated form, [Ni(H2O)6]

2+, whereas at pH~7 a neutral complex
[Ni(OH)2(H2O)4]

0 appears which transforms into α-[Ni(OH)1-
δ(H20)δ]δ+molecular clusters, with the ultimate nucleation of α-Ni(OH)2
at the surface of FeOOH. The increase in pH promotes the formation α-Ni
(OH)2 nuclei and the diffusion of Fe ions into α-Ni(OH)2, finally leading
to the formation of NiFe-LDH. The final product has poor crystallinity
and may contain FeOOH impurities. However, the addition of ammo-
nium fluoride changes the course of the reaction [115]. Fe3+ ions now
combine with F− ions to form stable complexes [FeFn](n− 3)− which in-
creases the critical pH for Fe3+ hydrolysis. Even if the critical pH is
reached, a large quantity of tiny FeOOH particles sustain a dynamic
equilibrium of complexing-dissolution/hydrolytic-precipitation, main-
taining the small size of FeOOH particles. Subsequently, the nucleation
of α-Ni(OH)2 occurs at the surface of FeOOH particles. The fluoride
complexation and small size of FeOOH particles enhance the dissolution
of FeOOH and substitution of Ni2+ in α-Ni(OH)2 with Fe3+ leading to a
smooth and uniform growth of NiFe-LDH with high crystallinity.

Recently, Zhang et al.[62] studied and compared the formation of
NiFe-LDH using ascorbic acid versus NH4F as chelating agent. They
observed that NiFe-LDH prepared with ascorbic acid is similar to that
with NH4F but has on average a smaller width of 26 nm, relative to 64
nm with NH4F. The group proposed that Fe3+ reacts with ascorbic acid
to form dehydroascorbic acid which limits the growth of NiFe-LDH
platelets through coordinating the edge sites and limiting growth
(Scheme 1b).

Industrial applicability: The hydrothermal synthesis of NiFe-LDHs
has the advantage of inherent interaction with a substrate. While the
precipitation of Ni, Fe, and NiFe-LDH nanoplatelets can proceed freely in
the solution, the introduction of a metallic substrate such as nickel
(typically in the form of a mesh or nickel foam) gives rise to additional
nucleation sites upon which the LDHs will grow,[116] resulting in self-
supported catalysts [117]. The substrate-free precipitation of NiFe-LDH
nanoplatelets can appear easier to control since there is one less
parameter (the substrate), but this synthesis must be combined with
subsequent deposition onto a suitable substrate. This is exemplified by
Dionigi et al.,[118] where the as-synthesized NiFe-LDH is combined
with conductive carbon powder and a binder such as Nafion to form a
catalyst ink, which is then cast onto an electrode. Although this pro-
cedure is commonplace in academic catalyst studies, the scalability and
stability of this compound ink to industrial conditions remains
unproven.

2.2. Corrosion engineering

Besides hydrothermal/solvothermal synthesis, corrosion engineer-
ing has been widely exploited to synthesize NiFe-LDHs [119–121].
Corrosion is a spontaneous redox process that generates the corrosion
layer which here serves as an electrocatalyst [122]. It is a promising
technique due to its mild reaction conditions and scalability. To promote
the corrosion process, auxiliary reagents such as NaCl and Na2S2O3 have
been employed in certain instances [123,124]. Despite intensive
research, the growth mechanism of NiFe-LDH by corrosion engineering
remains controversial. In this section, we highlight the differences
observed in different studies and discuss the corrosion mechanism.

2.2.1. Without corrosion promoter
Liu et al.[121] demonstrated the fabrication of a series of LDHs by

employing the corrosion engineering strategy. Iron foam (IF) and iron
plate (IP) were immersed in different solutions containing M2+ (M=Ni,
Co, Mn, and Mg) cations in the presence as well as absence of oxygen.
They conluded that the substrates (IF and IP) corrode only in the pres-
ence of air and summarized the corrosion process as follows (equation
(5)–(8):

Fe→Fe2+ +2e− (5)

Fe2+→Fe3+ + e− (6)

O2 +2H2O+4e− →4OH− (7)

Fe3+ +M2+ +OH− +CO2−
3 →LDH (M = Ni, Co, Mn, orMg) (8)

Undoubtedly, the study untangles the synthesis mechanism of LDHs
through corrosion engineering. However, several vital parameters, such
as the role of corrosion time, oxygen concentration, agitation, and
temperature were not explored. To address this missing information,
Zhao et al.[114] studied the growth process of NiFe-LDH on IF by
immersing it in NiSO4 solution for 50 to 200 h at varying temperature,
under-stirring or static conditions and under oxygen or inert-
atmosphere. They observed that agitation is limiting the growth of
NiFe-LDH as it enhances mass transport and leads to the decrease of OH−

at growth sites. A temperature of < 55 ℃ is favorable for the growth of
NiFe-LDH, with higher temperatures resulting in decreased concentra-
tion of dissolved oxygen, which limits the growth process. They also
observed that both the Ni-Fe replacement reaction and oxygen corrosion
contribute to the synthesis of NiFe-LDH on IF. Additionally, they
mentioned that NiFe-LDH grows on Ni-Fe alloy rather than IF (contra-
dictory to the previous observations) and summarized the growth pro-
cess as discussed below (Scheme 2) [119–121].

i. The IF reacts with dissolved oxygen and Ni2+ in water to generate
Fe2+ and OH–

2Fe+O2 +2H2O→2Fe2+ +4OH− (9)

Fe+Ni2+→Fe2+ +Ni (10)

Fe+2H+→Fe2+ +H2 (11)

ii. The Ni-Fe replacement reaction (10) will produce a Ni-Fe alloy which
then serves as a cathode due to its higher corrosion potential relative
to that of Fe. Fe2+ produced as a result of the reactions summarized
in equations (9)–(11) will react with oxygen to produce Fe3+ and
OH−

4Fe2+ +O2 +2H2O→4Fe3+ +4OH− (12)
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iii. The reduction of oxygen and hydrogen evolution will lead to a
high local pH around the cathode (equations (9), 11, and 12),
which supports the crystallization of NiFe-LDH on the Ni-Fe alloy
(equation (13)

Fe2+ +Ni2+ +Fe3+ +OH− + SO2−
4 →NiFeIIFeIII − LDH (13)

These results were further validated by preparing a Cu-Fe corrosion cell
by immersing electrically connected IF and Cu foam (CF) in NiSO4 so-
lution. Owing to the higher corrosion potential of Cu relative to Fe, Cu
acts as the cathode of the Cu-Fe corrosion cell and NiFe-LDH nanosheets
were observed on the CF [125].

2.2.2. With corrosion promoter
In general, chloride ions (Cl− ) is a critical component for the local

corrosion of metals and can accelerate oxygen corrosion due to its
depassivation capability [126]. Recently, Xiaoge and co-workers re-
ported the ultrafast synthesis of NiFe-LDH by immersing nickel foam
(NF) in an aqueous solution of ferric chloride [119]. They reported that
the presence of Cl− significantly accelerates the synthesis of NiFe-LDH.
Similarly, Luo and co-workers reported the ultrafast synthesis of (S-(Ni,
Fe)OOH) using Na2S2O3 as a sulfur source and corrosion accelerator
[124]. Liu et al.[123] demonstrated the synergistic effect of NaCl-NiCl2
solution to grow NiFe(OH)x on IF where Cl− accelerates the oxygen
corrosion of IF, and Ni2+ ensures the uniform growth of corrosion layers.
They proposed that due to the higher electrode potential of Ni2+/Ni
relative to Fe2+/Fe, a replacement reaction takes place at the surface of
the IF to generate elemental Ni. The as-produced Ni reacts with dis-
solved oxygen to form NiOxHy, which acts as a passivation film to sup-
press the corrosion of IF. However, due to the strong depassivation
capability of Cl− , the NiOxHy surface can be breached to generate NiFe

(OH)x. In summary, the growth process can be summarized as shown in
(Scheme 3).

Industrial applicability: In contrast to all the other presented syn-
thesis methods, the interaction with the substrate is an integral part of
the corrosion engineering procedure. Consequently, the resulting
catalyst-electrode interaction in these is supposedly strong, stabilizing
the catalyst further. The main drawback is, however, the relatively weak
control of the growth mechanism compared with other methods. This
calls for further optimization of the reaction time during the corrosion
procedure to ensure sufficient passivation of the support and to avoid
excessive leaching during operation conditions. Finally, corrosion en-
gineering certainly has the advantage of economic upscaling, as no
expensive pre-cursor chemicals are required, and the synthesis happens
spontanously without the necessity for challenging external condition-
ing (high pressures or temperatures, polarization, ultrasonic stirring
etc).

2.3. Metal-Organic framework derived NiFe-LDH

Hierarchical hollow nanostructures have stimulated interest because
of their intriguing structural features, such as multiple exposed active
sites and small diffusion lengths enhancing mass transport [127–129]. In
this regard, metal–organic frameworks (MOFs) have been employed as
templates for the fabrication of electrocatalysts for OER [130,131]. For
instance, Zhang et al.[132] reported the formation of double-shelled
NiFe-LDH nanocages from MIL-88A. They demonstrated that by
modulating the ratio of solvents, the number of shells can be tailored.
Bingqing and co-workers reported the use of NiFe-BDC MOF as a sacri-
ficial template for the synthesis of edge-rich NiFe-LDH nanosheets
[133]. The as-prepared nanosheets possess abundant active edge sites
with open coordination, regarded to optimize the binding energies of
oxygenated intermediates. Mia and co-workers reported the conversion

Scheme 2. Illustration of the synthesis process of NiFe-LDH@IF, reproduced with permission from ref.,[114] Copyright 2021, Wiley-VCH.
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of bimetallic MOF-74 into NiFe-LDH with open channels, facilitating
electrolyte transport [134].

Industrial applicability: Undoubtedly, the conversion of MOFs is
an attractive strategy to obtain unique nanostructures with enhanced
electrocatalytic activity. However, MOFs are not employed in any large-
scale commercial process, and the availability of these advanced struc-
tures thus needs to be addressed. Furthermore, the synthesis of NiFe-
LDHs from MOFs appears complicated due to the many process steps
required, resulting in an increased cost. Lastly, a suitable and scalable
strategy for depositing the derived high-surface-area NiFe-LDH-struc-
tures to the electrode substrate must be demonstrated.

2.4. Electrodeposition

Electrodeposition involves the plating of metals onto a conductive
substrate through the reduction of metal cations in an electrolyte, and
while it is common to plate both metallic nickel and nickel–iron alloys,
traditional electrodeposition of nickel or iron hydroxides has not been
observed. However, an electrochemically facilitated precipitation of
hydroxides has been demonstrated, and the overall effect of the process
appears to be a direct electroplating of hydroxides [135,136]. For this
type of electrodeposition, a conductive substrate is immersed in an
aqueous solution containing Ni2+ and Fe3+ precursors, and a cathodic
polarization of the substrate causes the surface pH to rise, resulting in
the precipitation of the α/β-phase of NiFe-LDH onto the substrate H. As
an example, we present here the chemistry involved during the elec-
trochemical deposition of NiFe-LDH using nitrate ions for the production
of OH− . Under potential bias, nitrate ions transform into nitrous acid,
hydroxylamine, or nitrite ions according to Equations (14)–(17) [137].
The in-situ generated OH− then react with Ni2+ and Fe3+ species to form
NiFe-LDH, with residual nitrate ions or dissolved carbonate ions along
with water molecules intercalating between the nanosheets of NiFe-
LDH.

Nitrate reduction to nitrous acid:

NO−
3 +2H+ +2e− →HNO2 +OH− (14)

Nitrate reduction to hydroxylamine:

NO−
3 +5H+ +6e− →NH2OH+2OH− (15)

Nitrate reduction to nitrite:

2H2O+2e− →2OH− +2H* (16)

2H* +NO−
3 →H2O+NO−

2 (17)

The electronic and structural characteristics of electrodeposited LDH are
highly sensitive to the type of metal salts, deposition current, concen-
trations of salts, and temperature [136,138]. Additionally, the substrate
can also influence the nucleation process [139]. Zhenhua and co-
workers deposited NiFe-LDH on a piece of NF or a glassy carbon elec-
trode by subjecting the substrates to a potential of 0.1–0.3 V vs. satu-
rated calomel electrode (SCE) for 5–500 s. It was observed that
increasing the deposition time produces bigger and denser NiFe-LDH
nanoflakes, which makes sense considering Faraday’s law. More inter-
estingly, increasing electrodeposition potential results in aggregated
nanoparticles of NiFe-LDH. Additionally, they observed that a mixed
solution of nickel and iron salts with equal molar concentrations pro-
duces relatively crystalline and ordered NiFe-LDH nanosheets. Similar
results were also obtained by Yu et al.,[140] Li et al.,[59] and Gultom
et al.[141] It should also be mentioned that many authors, including
Louie and Bell,[142] and Trotochaud et al.,[143] have studied NiFe-
LDHs by electrodepositing Ni and Fe from neutral solutions without
the addition of extra nitrate ions. In such cases, the prepared coating
might consist of a mixture LDHs and metallic NiFe-alloys, but the re-
petitive potential cycling and aging in lye would increase the proportion
of LDHs.

Industrial applicability: As mentioned above, electrodeposition/
plating is widely employed to produce metallic nickel and nickel/iron
coatings, yet the electrodeposition of NiFe-LDH appears more contro-
versial. It is however likely that a large-scale electroplating setup for e.g.
Watts nickel could be modified to function with the neutral plating baths
employed for hydroxide deposition. To demonstrate the applicability of
this synthesis procedure, the reproducibility of multiple depositions
from the same plating bath must be ensured. Here, the unbuffered
electrolytes in combination with the required pH increase at the cathode

Scheme 3. Illustration of the synthesis mechanism of NiFe-LDH@IF in the presence of Cl-, reproduced with permission from ref.,[123] Copyright 2020, Wiley-VCH.
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could turn out to be a challenge, and suitable buffers and stabilizing
agents have to be selected. The direct growth of the NiFe-LDHs on the
electrode substrate, the short fabrication times and low operational costs
do nonetheless make this technique attractive.

2.5. Co-precipitation

Co-precipitation is commonly used for the synthesis of NiFe-LDHs.
The synthesis involves the preparation of two solutions: (1) mixed
salts solutions with desired molar concentrations (SA) and (2) mixed
solution of a base and carbonate (SB). SA and SB are simultaneously
added dropwise in a beaker containing water under stirring until the pH
of the final solution reaches 8.5 [144]. This procedure yields amorphous
NiFe-LDH nanosheets, which can be subjected to thermal treatment at
50–120 ℃ to improve their crystallinity [145,146]. Synthesis of NiFe-
LDH through co-precipitation allows control of the intercalated anions
which has been observed to alter the electrochemical activity of NiFe-
LDH for OER, which will be discussed in later chapter [147].

Industrial applicability: The simplicity of adding two solutions
together makes co-precipitation an attractive method for producing
phase-pure NiFe-LDHs, however, the synthesis has to be combined with
a subsequent up-concentration of the resulting catalyst and deposition
onto an electrode substrate. As discussed for the previous synthesis
procedures, the separate deposition step complicates the process and
thus adds to the overall cost, and the long-term durability of a resulting
catalyst ink must be demonstrated.

2.6. Topochemical synthesis

A topochemical reaction involves the introduction of a guest species
into a host structure through their interface, resulting in the synthesis of
new materials that retain the structure or morphology of the precursor
[148]. Sudare et al.[140] performed a topochemical transformation of
NaNi1-xFexO2 to prepare [Ni2+1− xFe

3+
x (OH)2

�
CO2−

3
�
0.125.0.25H2O. In the

first step, NaNi1-xFexO2 was subjected to oxidative hydrolysis using an
alkali solution (2.1 M NaCl + 2 M KOH) at room temperature overnight.
The resultant product was then reduced by treating it with 0.021 MNaCl
and 0.02 M H2O2 solution at room temperature overnight. This reduc-
tion step was repeated three times to obtain
�
Ni2+1− xFe

3+
x (OH)2

�x+� CO2−
3
�
x/2.mH2O. Tipplook et al.[149] performed

the topotactic transformation of the oxide precursor NaNi0.75Fe0.25O2 to
Ni0.75Fe0.25(OH)2.

�
CO2−

3
�
0.125⋅0.25H2O by stirring 1 g of precursor in

100 mL of ultrapure water at 300 rpm for 6 h at room temperature.
Synthesis of NiFe-LDH by the topochemical approach has also been
demonstrated by Huang et al.[150] Zhu et al.[151] and Li et al.[152].

Industrial applicability: The topochemical synthesis route appears
to give special control of the purity, size, and composition of the
resulting NiFe-LDHs. Several authors also claim the synthesis to be a
one-step process, but this does not include the fabrication of the pre-
cursor and subsequent cleaning of the produced NiFe-LDHs. The over-
all procedure consequently comes out as complicated, and an effective
deposition onto an electrode substrate still has to be considered.

2.7. Other techniques

Other less common synthesis procedures, such as pulsed laser abla-
tion (PLAL),[147,153,154] and ion-exchange,[130,155] have also been
reported to yield phase-pure NiFe-LDH. For instance, Hunter et al.[156]
reported the synthesis of nitrate-intercalated NiFe-LDH by PLAL. During
synthesis, plasma comprising of elements from solid ablation and sur-
rounding liquid are rapidly cooled to obtain the desired product. This
condensation process is kinetically controlled and produces crystalline
nanomaterials. Zhang et al.[155] demonstrated the in-situ trans-
formation of NiFe-phenyl phosphonate to NiFe-LDH during an electro-
catalytic process. It was observed that the produced NiFe-LDH possesses

distorted octahedrons (NiO6 and FeO6) which enhance its electro-
catalytic activity.

Industrial applicability: The alternative synthesis techniques pre-
sented here are developed with the desire for excellent control over the
resulting structure to obtain a superior catalytic activity. In addition, the
lack of similar industrial production methods makes it difficult to draw
on any previous experiences hereupon. Despite their complexity, it is
possible that these niche techniques will be uniquely suited for other
applications where a very specific structure is strictly required.

3. Theoretical and experimental understanding of the active
sites

The thermodynamic equilibrium potential of the OER is 1.23 V
versus the reversible hydrogen electrode (RHE) under standard oper-
ating conditions,[157] however a rather large overpotential is required
to drive the OER process, resulting in low electrical conversion effi-
ciency [158]. It is the intent of this section to give a brief explanation of
how this large overpotential arises and give insight into the current
understanding of the origin of NiFe-LDH’s remarkable catalytic activity.
Firstly, the fundamentals of three typical OER mechanisms − that is (i)
the adsorbate evolution mechanism (AEM), (ii) the lattice-oxygen
mediated (LOM) mechanism, and (iii) the oxide path mechanism or
intramolecular oxygen coupling (IMOC/OPM) − are discussed, followed
by a discussion of our understanding of the OER mechanism on NiFe-
LDHs. The debate around the active phase (α, β, or γ) of NiFe-LDH is
then brought forward before concluding with the discussion of the active
site (iron, nickel, and/or synergy between Fe and Ni) resulting in the
exceptional performance of Ni1-xFexOOH for the OER.

3.1. OER mechanisms

AEM: The AEM involves four coupled electron–proton transfer
(CEPT) steps to yield O2, as described in equations (18)–(21) and Fig. 2a.
During the process, protons evolve at the anode and are injected into the
electrolyte. The process starts with the adsorption and deprotonation of
a water molecule, leaving an absorbed OH* behind (equation (18), fol-
lowed by a second deprotonation step to yield O* (equation (19). The
adsorbed O* then interacts with another water molecule undergoing
deprotonation to form OOH* (equation (20), which eventually deprot-
onates to produce O2 (equation (21).

H2O+ *→OH* +H+ + e− (ΔG1) (18)

OH*→O* +H+ + e− (ΔG2) (19)

O* +H2O→OOH* +H+ + e− (ΔG3) (20)

OOH*→ *+ O2 + H+ + e− (ΔG4) (21)

The overall OER performance on the surface of an electrocatalyst
may be hindered by any of the aforementioned steps depending on the
relative bonding strength between the active sites and the oxygenated
intermediates. The AEM has not been verified experimentally due to the
extremely short lifespan of the oxygenated intermediates; albeit ongoing
efforts are devoted to developing appropriate techniques.

Man and co-workers conducted a DFT-based study on a series of
perovskite oxides (LaMnO3, SrCoO3, and LaCuO3), rutiles, spinels, rock
salts, and bixbyite oxides and indicated that a general scaling relation-
ship exists between the binding energies of OH* and OOH* (i.e.,
ΔGOOH* − ΔGOH* = 3.2± 0.2 eV), highlighting that the OER activity is
mainly limited by the formation of OOH* species on surfaces that bind
oxygen too strongly and by the oxidation of OH* for surfaces that bind
oxygen too weakly [161]. Furthermore, considering that OH* or O2
formation rarely plays a rate-determining role in most of the OER
electrocatalysts,[162] (ΔGO* − ΔGOH* ) is commonly employed as the
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activity descriptor of the AEM OER performance for a wide range of
metal-oxide catalysts [163]. Several other descriptors have also been
proposed,[164–166] typically reflecting associated bulk or surface
thermodynamic or electronic parameters, but (ΔGO* − ΔGOH* ) descriptor
has the advantage that (i) it reflects the dependence on two adsorption
energies simultaneously, and (ii) it allows for a better representation of
materials falling in the right leg of the volcano plot (Fig. 2d) [167].
Based on this analysis, an ideal AEM OER electrocatalyst possesses a
(ΔGO* − ΔGOH* ) value of 1.6 eV, corresponding to the apex of the vol-
cano plot (Fig. 2d) and yielding a minimum theoretical AEM OER OP of
0.37V [161]. Too strong O* adsorption relative to OH* (represented by
the left side of the volcano plot) or too weak (right side of the volcano
plot) leads to the generation of OOH* or deprotonation of OH* as the
RDS, respectively.

Breaking the restriction imposed by the scaling relationships is
necessary to improve the electrocatalytic OER activity. Several strate-
gies have been proposed to stabilize OOH* over OH*, such as the
introduction of a second adsorption site, the introduction of a proton
acceptor group, or the direct coupling of two neighboring O* (O − O)
overcoming the path through OOH* [169]. Calle-Vallejo and co-workers
introduced an optimization procedure that relies on a scaling-dependent
parameter, δ, to tune the adsorption energy of OH* and OOH*, and a
scaling-free parameter, ε, to stabilize the adsorption energy of OOH*

only, according to equations (22)–(25). Using a value of δ =±0.3 eV and
ε = [-0.3, 0] eV, ~93 % of the studied catalysts exhibited an improve-
ment in OP upon δ optimization, whereas only ~ 37 % could be further
optimized upon ε optimization (i.e., by breaking the scaling relationship
between OH* and OOH*), highlighting the fact that only specific mate-
rials can benefit from the decoupling of the binding energies of OH* and

OOH*.

ΔG1 = ΔGOH + δ (22)

ΔG2 = (ΔGO +2δ) − (ΔGOH + δ) = ΔGO − ΔGOH + δ (23)

ΔG3 = (ΔGOOH+δ + ε)− (ΔGO +2δ) = ΔGOOH − ΔGO − δ+ ε (24)

ΔG4 = 4.92 − ΔGOOH − δ − ε (25)

Exner highlighted the significance of introducing kinetics into the
thermodynamic-based picture of the free energy landscape, showcasing
how breaking the scaling relationship can result in decreased electro-
catalytic activity [170]. It was pointed out that O* formation, OOH*

formation, or OOH* decomposition could correspond to the RDS at a
given OP, in contrast to the thermodynamic picture that considers only
O* or OOH* formation as potential limiting steps. Assuming a Brønsted-
Evans-Polanyi (BEP) relation to link thermodynamics with kinetics, he
pointed out that the OOH* decomposition could act as the RDS on either
side of the volcano (Fig. 2d), along with the OOH* or O* formation on
the left and right leg of the volcano, respectively. Lowering the value of
ΔG3 while at the left leg, results in a lower activation energy for the
formation of the OOH* intermediate, which is accompanied by higher
electrocatalytic activity as long as the OOH* formation corresponds to
the RDS. Nonetheless, a different situation arises when the OOH*

decomposition corresponds to the RDS, in which breaking the scaling
relationship leads to a decrease in electrocatalytic activity. Similarly, for
the right leg of the volcano, lowering ΔG3 does not affect the formation
of O*. On the other hand, when the OOH* is the RDS, the decrease in the
sum of ΔG2 +ΔG3 implies that ΔG4 could increase and thereby result in

Fig. 2. (a) Schematic illustration of the classical four CPET step adsorbate evolution mechanism (AEM), (b) lattice-oxygen mediated mechanism (LOM), and (c) oxide
path mechanism (OPM), reproduced with permission from ref.,[159] Copyright 2021, Springer Nature (d) volcano plot for the (001) surfaces of the monoxides with
ΔGO − ΔGOH as descriptor: the distance between red and blue lines provides an estimate of the OER OP on the oxides, reproduced with permission from ref.,[145]
Copyright 2015, American Chemical Society, and (e) illustration of the energy levels vs. DOS, depicting the respective position of the metal d-band with respect to the
oxygen p-band in going from cationic (left) to anionic (right) redox processes, reproduced with permission from ref.,[160] Copyright 2016, Springer Nature. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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inferior electrocatalytic activity [171]. These studies suggest that
breaking the scaling relationship is not a universal strategy for electro-
catalyst advancement and can in fact be detrimental in certain cases. It is
therefore important to also consider alternative strategies, such as the
direct coupling of two neighboring O* overcoming the path through
OOH*, along with detailed microkinetic modeling to improve the theo-
retical description of the OER.

LOM: In contrast to AEM, which proceeds on a single metal site, the
LOM mechanism includes the participation of a neighboring anion site.
As shown in Fig. 2b, the process starts with the adsorption of two OH* on
a metal site and a neighboring vacant anionic site, followed by the
deprotonation process, producing two oxo species. Subsequently, these
neighboring oxo species couple to produce (O2)2- instead of coupling
with OH− to produce OOH*. Subsequent oxidation and release of O2
returns the catalyst to its original state with a free metal site and a vacant
anion site [172,173]. The question then arises which materials favor the
LOM mechanism versus the AEM for the OER. The answer to this
question is related to the intrinsic strength and covalency of the met-
al–oxygen (M− O) bond in the metal oxide. Metal oxides with high
covalency of the M− O bond favor the LOM over AEM. For conventional
AEM, the metal site serves as the active center for OER, with the metal d-
band situated at the top of the oxygen p-band (first case in Fig. 2e).
However, for late transition metals possessing high oxidation states
(MIII/MIV) and high covalency, the metal d-band is strongly hybridized
with the oxygen p-band, and the redox center is no longer controlled by
the metal alone (second case in Fig. 2e). The transfer of electrons from
the oxygen p-band to the metal d-band is accompanied by the formation
of ligand holes, leading to a more facile formation of oxygen vacancies.

Using DFT, Zhang et al.[174] reported that for the LOM pathway on
Ni1-xFexOOH, the deprotonation of HO* to form O* is the potential
determining step (PDS) step with a low energy barrier of 0.28 eV,
whereas for NiOOH, the formation of HOO* is the PDS with a signifi-
cantly higher energy barrier of 0.76 eV. The deprotonation of HO* to
form O* has been experimentally confirmed by Tao et al.[175] and Xie
et al.[176] by employing methanol oxidation reaction measurements.
The involvement of lattice oxygen during the OER has indeed been
confirmed by isotope labeling expariments [177,178].

IMOC/OPM: Unlike the AEM and LOM, the IMOC/OPM considers
the direct coupling of O* intermediates residing on adjacent active metal
sites without the involvement of oxygen vacancies/lattice oxygen or an
OOH* intermediate (Fig. 2c). Thus, electrocatalysts favoring the OPM
pathway can break the scaling relationship without sacrificing stability.
However, such catalysts have strict requirements for the geometric
configuration of the active metal sites. Electrocatalysts with symmetric
dual-metal sites with suitable atomic distances are expected to promote
O* coupling with a low energy barrier [159,179].

Xiao et al.[180] investigated the IMOC/OPM reaction mechanism on
Ni1-xFexOOH and reported that surface FeIV sites with high spin d4

configuration stabilizes the O* intermediate whereas surface NiIV sites
possessing d6 configuration control the O − O coupling. They observed a
large energy barrier of > 2.4 eV to form a second neighboring O* on the
Ni site, required to drive the IMOC/OPMmechanism. On the other hand,
the reaction of O* with a water solvation molecule was downhill in free
energy. Thus, it was concluded that the IMOC/OPM mechanism is not
active for the OER on Ni1-xFexOOH.

Combining grand-canonical methods and micro-kinetic modeling in
the coupled reaction network composed of the AEM, LOM, and OPM,
Wang et al.[168] demonstrated that the dominant OER path on Ni1-
xMxOOH (M=Ni, Co, Fe) changes with the applied potential. In all cases,
the LOM is found to dominate at small and AEM at high overpotentials.
The induction of Fe in NiOOH significantly stabilizes the O* that drives a
more facile AEM mechanism. Furthermore, they observed that the
electrocatalytic activity of Ni1-xFexOOH is correlated with the spin
densities of Fe site and O species. The Fe sites on Ni1-xFexOOH possess a

large spin population which helps stabilize the O* via exchange in-
teractions. Moreover, the O–O coupling barriers in all mechanisms were
found correlated with the spin density of the reacting O species.

3.2. Crystal structure and electronic configuration of NiFe-LDHs

LDHs are a class of 2D nanomaterials that consist of brucite-like
layers (composed of edge-sharing MII(OH)6 and MIII(OH)6 octahedra)
sharing intercalated negatively charged anions and solvent molecules
(Fig. 3a). The chemical composition of LDHs can be represented by using
the following general formula, MII

1− xM
III
x (OH)2(A

n− )x/n.yH2O, where MII

is a divalent cation (such as (Ni2+, Cu2+, Zn2+, etc.), MIII is a trivalent
cation (such as Fe3+, Co3+, Cr3+, etc.), An− is the shared anion between
layers (such as CO2−

3 or NO2−
3 ) neutralizing the positive charge of the

sheets, and x is between 0.2–0.33 [116,181,182]. The oxygen ions of the
octahedral units are linked with protons, which form hydrogen bonds
with the intercalating species and solvation molecules, leading to weak
interaction amongst the host layers (dashed lines in Fig. 3a). The
interaction between host layers and intercalated anions depends on two
factors: (i) the electrostatic interaction among the metal cations in the
brucite-like layers and the intercalated anions (reducing the ratio of
MIII/MII weakens the electrostatic interaction), and (ii) the hydrogen
bond strength among the OH groups of the octahedra and the interca-
lated anions.

3.3. Active crystal plane of NiFe-LDHs

In 2D layered materials, edge sites are often more active than sites on
basal planes due to the presence of undercoordinated edge-site atoms
[184,185]. There are indications that this is likely the case for NiFe-LDH.
Song et al.[58] performed exfoliation of NiFe-LDHs yielding mono-
layered LDHs with reduced size and increased edge length per surface
area, resulting in 40–54 mV lower OP, which could be attributed to the
increased number of open coordination sites. Recently, Zhao et al.[183]
employed DFT calculations with on-site Coulomb interactions (DFT+U)
to investigate the theoretical catalytic activity of the crystal planes
(003), (110), and (012) of NiFe-LDH. Based on the adsorbate evolution
mechanism (AEM), this theoretical study revealed that the (012) plane
is the most active for OER with the lowest onset OP of 330 mV, being ~
200 mV and ~ 400 mV lower than that for the (003) and (110) planes,
respectively (Fig. 3b). A similar calculation was done using the lattice
oxygen mediated mechanism (LOM). Here, it was also observed that the
(012) plane had superior activity over the (110) and (003) plane, but
the onset OP was reduced to 410 mV and 460 mV for the (110) and
(003) planes (represented by red dots in Fig. 3b).

To gain insight into the origin of the varying electrocatalytic activity
on different planes of NiFe-LDH, it is worth exploring its correlation with
the configuration and electronic state of the surface Fe species. Ac-
cording to the DFT calculations, the superior OER activity of the (012)
planes originate primarily from the sub-coordinated nature of the Fe
active site on this plane, being only 4-O coordinated and with one of the
oxygen ions being shared with the neighboring NiO5 (corner-shared).
This facilitates the formation of O* in contrast to the (110) plane where
the FeO4 is edge-shared with NiO6. In the (003) plane, Fe is fully co-
ordinated with six oxygen ions (FeO6), restricting the adsorption of OH−

at a bridge site rather than the top site and thereby impeding the
adsorption of a second OH− to produce O*. The eg occupancy of 1.09
found for the Fe DOS on the (012) planes are also proposed to play a
positive role by facilitating bonding with the 2p orbital of oxygen
(Fig. 3c), similar to what was earlier proposed for perovskite surfaces by
Suntivich et al.[186] Their theoretical DFT calculations were supported
by the superior OER activity of a NiFe-LDH catalyst produced with
pronounced (012) orientation, thereby highlighting the importance of
the NiFe-LDH lattice plane orientation.
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3.4. Do we have a consensus on the origin of high catalytic activity of Ni1-
xFexOOH for OER?

NiFe-based oxyhydroxides are amongst the most active OER elec-
trocatalysts in alkaline media and have stimulated immense interest for
further understanding and development towards industrial application
[99,100]. The doping of Fex+(x = 2, 3) into the lattice of Ni(OH)2 yields
a remarkable decrease in OP and TS for a broad diversity of fabrication
protocols [187,188]. However, the origin of this high electrocatalytic
activity is still debated. Several dedicated studies using operando XAS
and Raman spectroscopy have failed to unequivocally resolve the cata-
lytically active site(s) for NiFe-LDH based electrocatalysts
[178,189,190]. A central question that has occupied many studies is the
determination of the role of Fex+ under OER operating conditions.
Recent studies are seemingly in conflict, resulting in several hypotheses
and uncertainty over the function of Fex+ under OER. Arguments have
been put forth supporting Fe-ions,[191,192] Ni-ions,[193,194] and
synergy between Fe and Ni-ions as the catalytically active sites
[180,195]. Although differences between synthesis protocols,

electrochemical testing conditions, and handling of electrodes muddle
comparison, it is still enlightening to outline key structural and mech-
anistic observations reported. Before indulging in the discussion of
active sites though, it is important to familiarize oneself with the
different active phases of Ni(OH)2.

3.4.1. Demystifying the active phases of NiOOH: β-NiOOH vs. γ-NiOOH
Here, we will attempt to link the current understanding of the crystal

structure with the corresponding OP on various crystal planes of these
catalytically active phases. Since OER typically occurs near 1.5 V vs.
RHE, the Pourbaix diagram shown in Fig. 4a suggests that Ni(OH)2 and
NiOOH may coexist under OER operating conditions [196,197]. The
oxidation and deprotonation of Ni(OH)2 yields NiOxHy, where the O:H
ratio and the average oxidation state of Ni species remain uncertain. As
shown in Fig. 4b, Bode et al.[198] proposed four phases for di/trivalent
Ni(OH)2/NiOOH respectively, which is referred to as the Bode diagram
and has been validated by Doyle et al.[199] and Klaus et al.[200].

All these phases have a layered arrangement comprising edge-
sharing octahedra Ni(O/OH)6 with Ni metal centers and O/OH groups

Fig. 3. (a) Structural model of a typical LDH with intercalated water and anionic species, (b) different planes in the crystalline structure of NiFe-LDH: basal plane
(003), and the edge planes (110) and (012) with theoretical OP volcano plot using O* and OH* binding energies as descriptors, (c) projected density of states (DOS)
on the Fe 3d state of NiFe-LDH as a function of crystal plane and the coordination and orbital state of a surface Fe atom on the (012) plane, reproduced with
permission from ref.,[183] Copyright 2021, Royal Society of Chemistry.
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at the apexes pointing out on either side of the layer along the stacking
direction. Ni(OH)2 exists either as a hydrated phase (i.e., with water
molecules intercalated in the interlayer space, and O ions at the apexes
of the octahedra) in α-Ni(OH)2 or as an anhydrous phase (i.e. without
intercalated water, and OH groups at the apexes of the octahedra) in
β-Ni(OH)2, with Ni species existing as Ni2+ in both cases. The Ni3+

valence state γ-NiOOH also describes a hydrated phase (in the same
sense as α-Ni(OH)2) but has the additional characteristic of intercalating
metal cations between the layers. Both α-Ni(OH)2 and γ-NiOOH are re-
ported to exist as disordered layers with an interlayer spacing of 8 Å, and
7 Å respectively, whereas β-Ni(OH)2 and β-NiOOH exist as ordered
layers with an interlayer spacing of 4.6 Å and 4.8 Å, respectively.
Additional structures with different interlayer spacing have been re-
ported and are proposed to result from mixtures of α and β phases where
limited water intercalation results in variable distance between the
layers [201]. There is a general agreement that oxidation of α-Ni(OH)2
produces γ-NiOOH where Ni species possess a non-stoichiometric
oxidation state of 3.5–3.7. In contrast, oxidation of β-Ni(OH)2 results
in the formation of β-NiOOH where Ni species exist as Ni3+. Upon
overcharging, β-NiOOH transforms into γ-NiOOH, as Fig. 4b illustrates.
Amongst the various Ni(OH)2 and NiOOH phases, the crystal structure of
only β-Ni(OH)2 is known with a high degree of confidence, with lattice

parameters a = b = 3.12 Å and c = 4.66 Å (space group P 3m1) [103].
Thermogravimetric analysis showed ~ 1 % loss of weight upon drying
β-Ni(OH)2 at 100 ℃, whereas 30 % weight loss was observed for α-Ni
(OH)2 [202]. Infrared spectroscopy (IR) revealed sharp OH stretching
modes at 3650 cm− 1 and 3581 cm− 1 in α- and β-Ni(OH)2 respectively,
associated with the hydroxyl functional groups [200,203].

In the OER relevant region, potential cycling of Ni(OH)2 between 0.9
to ~ 1.6 V vs. RHE gives rise to two distinct peaks which are associated
with the conversion of Ni2+ → Ni3+. However, the precise nature of the
as-generated species remains elusive and the persisting questions
regarding the characteristics of the produced Ni3+ species will be
brought to light hereafter. Kim et al.[204] conducted a combined CV/
EQCM (electrochemical quartz cell microbalance) analysis on α-Ni(OH)2
and β-Ni(OH)2 and reported that α-Ni(OH)2 → γ-NiOOH and β-Ni(OH)2
→ β-NiOOH transition occurs at distinct potentials. For α-Ni(OH)2, an
anodic peak at 1.35 V vs. RHEwas observed which coincides with a large
increase in mass. During the cathodic sweep, a peak at 1.26 V vs. RHE
appeared, which concurs with a sharp decrease in mass. Interestingly,
for β-Ni(OH)2, the anodic peak was observed at 1.42 V vs. RHE with a
decrease in mass, and the cathodic peak was observed at 1.31 V vs. RHE
with an increase in mass. They explained the contrasting behavior of the
two phases by a strikingly different intercalation behavior. The larger

Fig. 4. (a) Ni Pourbaix diagram with and without Fe doping, reproduced with permission from ref.,[196] Copyright 2020, American Chemical Society, (b) Bode’s
diagram: an illustration of the crystal structures of different phases of nickel (oxy)hydroxide with average oxidation states and interlayer spacing. NiO6 octahedra, Ni,
O, H, and K is shown in green, silver, red, pale pink, and purple, respectively, (c) CV plots of Ni(OH)2 films at a scan rate of 10 mV/s in Fe-free 1 M KOH at room
temperature, reproduced with permission from ref.,[200] Copyright 2015, American Chemical Society, (d) schematic illustration of the redox evolution of α-Ni(OH)2
during CV cycles in alkaline media, reproduced with permission from ref.,[207] Copyright 2021, Elsevier. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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interlayer distance of α-Ni(OH)2/γ-NiOOH facilitates the deintercalation
of H+ with simultaneous intercalation of K+ during the anodic sweep.
Since K+ is 39 times heavier than H+, the intercalation of K+ over-
whelms the weight change, resulting in mass gain. For β-Ni(OH)2/
β-NiOOH, only H+ deintercalate during oxidation and intercalate during
reduction, which explains the decrease and increase in mass,
respectively.

Recently, Klaus et al.[200] employed electrochemical, spectroscopic
and microgravimetric techniques to study the Ni(OH)2/NiOOH struc-
tural changes and confirmed the description proposed by Bode et al.
[198] At 1.1 V vs. RHE, in-situ Raman revealed the presence of α-Ni
(OH)2 in the as-deposited Ni(OH)2 as evidenced by the presence of
v(O − H) at 3665 cm− 1. The α-Ni(OH)2 → γ-NiOOH transition occurred
at ~ 1.35 V vs. RHE and resulted in approximately 160 ng cm− 2 increase
in mass due to the K+ intercalation. β-Ni(OH)2 was formed by aging the
as-deposited α-Ni(OH)2 in 1 M KOH at room temperature for 1–6 days.
After one day of aging, a peak at 3581 cm− 1 was observed which could
be linked to β-Ni(OH)2, and approximately 110 ng cm− 2 mass decrease
was observed after 6 days of aging, agreeing with the results of Kim et al.
[205] Furthermore, an additional redox peak appeared at 1.4 V vs. RHE
during the anodic sweep which was attributed to the oxidation of β-Ni
(OH)2 → β-NiOOH (Fig. 4c). These results are well-aligned with the
original results of Bode et al.[198] which proposed that α-Ni(OH)2 →
γ-NiOOH occurs at a lower potential than β-Ni(OH)2 → β-NiOOH tran-
sition. Furthermore, they reported that potentials in excess of 1.7 V vs.
RHE resulted in only a single peak for the sample with an aging time of 6
days, possibly due to the overlapping of α/γ with β/β transition. They
reported that the transition of β/β impedes the oxidation of α/γ which
results in the anodic shift of α/γ and the merging of the two previously
distinct peaks. Interestingly, when the sample is overcharged (held at
1.8 V vs. RHE) after having been aged for six days below 1.6 V vs. RHE,
then the oxidation peak shifts cathodically. This implies that over-
charging reverses the effect of aging (i.e., overcharging converts β/β to
α/γ). Both β-NiOOH and γ-NiOOH exhibit Raman active bands at ~ 480
and ~ 560 cm− 1. However, the ratio of their intensity (I480/I560) is found
to be lower for β-NiOOH than for γ-NiOOH [142,206]. They utilized the
Raman peak ratio I480/I560, as a function of applied potential before and
after 6 days of aging and found that this ratio is close to 1.4 after the
onset of NiOOH formation at 1.4 V vs. RHE and reaches 1.55 after the
complete oxidation at 1.44 V vs. RHE. Similarly, for samples aged for 6
days, the ratio increases from 1.25 to 1.42 at potentials beyond 1.46 V
vs. RHE. Overcharging the aged samples to ~ 1.8 V vs. RHE revealed an
increase in 480 cm− 1/560 cm− 1 from 1.42 to 1.48, indicating that a
γ-like NiOOH is formed upon overcharging. The Raman peak ratio thus
confirms the findings from Bode et al.,[198] both with respect to the
transformation from α/γ to β/β upon aging and the reverse trans-
formation upon overcharging. Lee et al.[207] employed in-situ XANES
spectroscopy in combination with CV cycling. They found that during
the first anodic sweep in a CV cycle, α-Ni(OH)2 was completely oxidized
to γ-NiOOH, however, in the cathodic scan γ-NiOOH was partially
reduced to β-Ni(OH)2 with isolated γ-NiOOH still remaining (Fig. 4d). In
the following cycles, β-Ni(OH)2 transformed to β-NiOOH in the oxidative
potential region, with part of β-NiOOH overcharged to form γ-NiOOH
that was again isolated during the ensuing cathodic scan, accumulating
more γ-NiOOH over time. These results suggest that a combination of
both β-NiOOH and γ-NiOOH is likely to exist during the OER.

The adjacent appearance of both α → γ and β → β transitions before
the OER region and the frequent co-existence of both β- and γ-NiOOH
during OER complicates the determination of the active phase. Thus
conflicting opinions regarding the active phase of NiOOH for the OER
are found in the literature. For instance, Lu et al.[208] reported that
β-NiOOH is most active for the OER, whereas Bediako et al.[209]
concluded that γ-NiOOH is responsible for the high OER activity.
Additional complexity arises from the formation of Ni oxide at high
potential and the recently proposed redox activity of oxygen. Yeo et al.

[206] employed in-situ Raman spectroscopy under OER operating con-
ditions on a submonolayer of nickel hydroxide in 0.1 M KOH at room
temperature. They observed γ-NiOOH originally, which transformed to
β-NiOOH upon aging through electrochemical cycling at 10 mV/s,
resulting in a 3-fold increase in activity. However, the origin of higher
activity was inconclusive due to the possible formation of an unidenti-
fied nickel oxide phase at potentials above 1.45 V vs. RHE. Recently,
Jianxin and co-workers conducted in-situ Raman investigation on a Ni
(OH)2 monolayer and found indications of NiO2 formation, which was
further supported by first-principle calculations [210]. They observed
the initial peaks of β-Ni(OH)2 (314 and 445 cm− 1) to be replaced by
peaks at 474 and 555 cm− 1 upon transformation to β-NiOOH at a po-
tential of 1.33 V vs. RHE. Upon further increase of potential (1.36 V vs.
RHE), both peaks blue-shifted by 4 cm− 1, which was attributed to a
second hydrogen desorption process (HDP) associated with the trans-
formation of β-NiOOH to NiO2. In a similar experiment using bulk β-Ni
(OH)2, they observed the transformation to β-NiOOH at a potential of
1.45 V vs. RHE, which is 0.12 V higher relative to monolayer β-Ni(OH)2.
Interestingly, they did not observe any shift in peaks upon a further
increase in potential, implying that bulk β-Ni(OH)2 does not undergo
further HDP to NiO2. Merrill et al.[211] performed in-situ Raman spec-
troscopy on α-Ni(OH)2 and observed the presence of γ-NiOOH upon
oxidation at a potential close to 1.4 V vs. RHE. Besides the well-known
peaks at 470 and 555 cm− 1, they observed a broad peak around
900–1200 cm− 1 along with a decrease of 2/3 of the intercalated water
peak at 1330 cm− 1. The peak at 900–1200 cm− 1 was attributed to the
oxidation of intercalated water to oxygen atoms, O0. The peak at
900–1200 cm− 1 was more intense in γ-NiOOH than β-NiOOH which
supports the proposition that it is the intercalated H2O at 1330 cm− 1 that
is being oxidized and not the lattice oxygen. In-situ XAS revealed that the
coordination of the nickel ions remains constant and a distortion in the
symmetry occurs. Moreover, a coulometric investigation revealed that
the Ni(OH)2 could deliver 1.58 ± 0.02 e− per Ni ion which implies that
either the greatest portion of Ni species exist as Ni4+ or the occurrence of
oxygen redox activity. The results acquired by in-situ Raman and X-ray
absorption spectroscopy indicated the existence of redox active oxygen
rather than the existence of Ni4+. Oxygen redox activity was also pro-
posed by Tao et al. [175] through probing of oxygenated intermediates
using a nucleophile (i.e., methanol).

3.4.2. Demystifying the active phase of NiFeOOH: β-NiFeOOH vs.
γ-NiFeOOH

As already mentioned, partial substitution of Ni ions by Fe leads to
extraordinary reduction of the OER OP and TS [145,212–215]. Before
we delve into the investigation of the active phase of the resulting NiFe-
LDH, it is illustrative to recapitulate the general effect of doping NiOOH
by other transition metals. Diaz-Morales et al.[145] modeled NiMOOH
(M=Fe, Co, Mn, Cr, Cu, and Zn) and obtained a volcano plot vs.
ΔGO − ΔGOH, with its apex lying at ~ 1.6 eV. They observed that
oxygenated intermediates on the surface of NiOOH have weak binding
energies, with the activity descriptor having a value of ~ 1.84 eV, which
is ~ 0.24 eV more positive than the optimum. This deviation from the
optimum suggests that remarkable improvement may be obtained by
modulating the binding energies ofOH* andO* on the surface of NiOOH.
They compared the ηTD of NiMOOH by considering Ni vs. M as active
sites. Using Ni as an active site, they observed a slight increase in the
OER OP relative to pristine NiOOH for Mn, Fe, Co, Cu, and Zn dopants,
while Cr doping decreases the OP. On the contrary, Fe and Mn as active
sites in NiFeOOH and NiMnOOH, respectively, possess optimal binding
energies of the intermediates, which was attributed to the shorter M− O
bond length relative to pristine NiOOH. In contrast, Cr, Co, Cu, and Zn
increase the OER OP. Similar results have also been reported byMartirez
et al.[216] and Xue et al.[217] Conclusively, the activity improvement
from doping NiOOH with Fe is close to optimal, and the remaining of
this section will be dedicated to investigations of the origin of the
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activity caused by Fe doping.
Like in pristine NiOOH, various experimental and theoretical in-

vestigations have pointed at β-Ni1-xFex[218–220] or γ-Ni1-xFex[143] as
the active phase. Lin et al.[221] compared the OER activity of
β-NiFeOOH and γ-NiFeOOH. They reported a 40 mV lower OP@CCC on
β-NiFeOOH relative to γ-NiFeOOH. On the basis of the measured TS,
they reported the second proton release process as being the RDS for
both β-NiFeOOH and γ-NiFeOOH, in line with the theoretical predictions
of Selloni et al.[222] and Carter et al.[223] They also reported an
extrapolated Arrhenius activation energy value of 89 kJ mol− 1 and 101
kJ mol− 1 at zero OP for β-NiFeOOH and γ-NiFeOOH, respectively. By
employing in-situ Raman spectroscopy, Qin et al.[218] showed the
presence of β-NiOOH under OER relevant potentials.

The Ni-O bond lengths vary between 2.05 Å in Ni2+-comprising α-Ni
(OH)2 and 1.88 Å in γ-NiOOHwhich contains a mixture of Ni3+ and Ni4+

sites.[209] This observation was confirmed by Friebel et al.[191] by
employing operando high energy resolution fluorescence detection XAS
and observed that the Ni K-edge of Ni1-xFexOOH is well-aligned with the
spectral signatures of α-Ni(OH)2 at low potentials and γ-NiOOH at high
potentials. A significant shift in the pre-edge peak and the main ab-
sorption edge of the Ni K-edge spectra implies a complete oxidation of Ni
species (i.e., α-Ni(OH)2 transforms to γ-NiOOH) ruling out the presence
of β-NiOOH. Superior OER activity of γ-Ni1-xFexOOH relative to β-Ni1-
xFexOOH has also been reported by Trotochaud et al.[143].

3.5. Influence of Ni to Fe ratio on the OER activity

Since Fe plays a key role in elevating the activity of NiOOH for OER
in alkaline environment, a number of studies have explored the influ-
ence of the amount of Fe substitution in the electrocatalytic activity
[192,224,225]. For instance, Jiang et al.[225] investigated the water
oxidation characteristics of Ni3Fe1OOH, Ni3Fe2OOH, and Ni1Fe3OOH
and observed a dominant activity for Ni3Fe1OOH relative to its coun-
terparts. They correlated the subgrade activity of Ni3Fe2OOH, and
Ni1Fe3OOH with an increasing amount of Fe3+, decreasing number of
coordinated oxygen atoms, and increasing disorder upon increasing Fe
substitution. Burke et al.[192] reported that the exceptional OER ac-
tivity of Ni1-xFexOOH does not depend on Fe in the bulk but originates
from Fe species at edge/defect sites. Klaus et al.[200] studied the in-
fluence of Fe content on electrodeposited Ni1-xFexOOH and demon-
strated that the maximum OER activity is obtained with 12–17 % Fe
incorporation (i.e., 25–28.7 mA cm− 2 and η = 280 mV in 1 M KOH at
room temperature). Further incorporation of Fe did not result in addi-
tional activity enhancement. On the other hand, Louie et al.[142] re-
ported that electrodeposited Ni:Fe catalytic films comprising of 40 at.%
Fe show optimum OER activity, albeit the OER activity is rather insen-
sitive on Fe content in the region 20–40 at.%. Trotochaud et al.[143]
recorded highest OER activity on co-deposited Ni75Fe25OOH catalytic
films relative to Ni85Fe15OOH and Ni95Fe5OOH. They proposed that Fe
induces a partial charge transfer which activates Ni centers throughout
the catalytic film. Moreover, Strasser et al.[226] investigated the OER
activity of Ni1-xFexOOH (x = 0–100) and observed the highest OER ac-
tivity for Ni45Fe55OOH, a composition potentially reflecting synergy
between Ni and Fe species. Interestingly, Burke et al.[192] reported that
the exceptional OER activity of Ni1-xFexOOH does not depend on the
amount of Fe in the bulk but originates from the Fe species at edge/
defect sites. This may explain the different optimum Fe substitution
levels reported in different studies, which may reflect a different ratio of
Fe bulk/edge for different synthetic routes and conditions.

3.6. Demystifying the valence states of Ni and Fe

Besides geometry, another important aspect in understanding the
OER process is the valence state and ease of redox of the Ni and Fe
species under OER. Operando Raman, XAS, andMössbauer spectroscopy
have been employed to analyze the oxidation states and local atomic

structure of NiFe catalysts under OER operating conditions. Still, the
resulting findings tend to be conflicting. For instance, Go et al.[226]
observed, using quasi in-situ XAS (freeze quenching the samples using
liquid N2 under applied potential), that Fe species in Ni100-xFexOOH
retain a + 3-oxidation state both in the as-prepared catalyst and under
OER-operation, regardless of the Fe molar fraction in Ni100-xFexOOH.
However, Ni species during OER exist as Ni4+ for compounds containing
less than 4 at.% Fe and as Ni2+ for higher Fe content, where the active
state is described as Ni2+Fe3+OOH. Similarly, Gorlin et al.[227] re-
ported suppressed Ni oxidation with increasing Fe content. Using in-situ
UV–vis spectroscopy, they observed that a large fraction of Ni species in
Ni45Fe55-LDH remained as Ni2+ under OER potentials. Similarly, they
concluded that Fe suppresses the oxidation of Ni centers, moving the Ni
oxidation onset closer to the OER onset potential (at pH 13 being merged
with the OER). Though their results cannot distinguish whether the two
competing reactions (Ni oxidation and OER) are independent, they
provided spectroscopic evidence that the OER process starts at low-
valent Ni2+ centers in Ni45Fe55-LDH. Furthermore, they observed an
unusual super-Nernstian − 120 mV pH-1 behavior for Ni45Fe55-LDH
which is consistent with a two proton-one electron transfer (Equation
(27).

Ni2+Fe3+(OH)(OH)+ 2OH− →Ni3+Fe3+(O)(O)δ−
+2H2O+ e− (27)

In contrast, a − 60-mV pH-1 Nernstian potential shift was observed for Ni
(OH)2 that can be associated with a 2-CPET process (Equation (28).

Ni2+Ni2+(OH)(OH)+ 2OH− →Ni3+Ni3+(O)(O)+2H2O+2e− (28)

They proposed that initially a proton is removed from a terminal or
bridged OH at a Fe3+ center which results in the generation of a reactive
Ni2+Fe3+(OH)(O)δ- intermediate, followed by a CPET from an OH group
attached to a redox active Ni2+ center.

Friebel et al.[191] also observed that Ni2+ species oxidize to Ni3+

under OER operating conditions, regardless of Fe content, while Fe3+

species remain as Fe3+ both under open circuit conditions and under
OER operating conditions. On the other hand, Li et al.[193] reported
that Fe3+ doping promotes the formation of Ni4+ species under OER
operating conditions. Co-existence of high-valent Ni4+ and Fe4+ species
under OER operating conditions has also been reported by Qiao et al.
[228] and Kuai et al [229].

Chunguang and co-workers employed an alcohol intercalation
method to fabricate ultrathin NiFe-LDH with 100 % exposed active sites
[229]. Operando XAS revealed a clear positive shift in both the Ni K-edge
and Fe K-edge which was attributed to the transition of Ni2+ to Ni4+ and
Fe3+ to Fe4+, respectively. The presence of Fe4+ species under OER has
also been observed by Chen et al.[189] who carried out operando
Mössbauer analysis on Ni3Fe1-LDH revealing that up to 21 % of Fe
species exhibit Fe4+ oxidation state at a potential of 1.76 V vs. RHE
which conflicts the outcomes drawn from XAS studies indicating Fe3+ as
the highest relevant oxidation state [191]. Nonetheless, a direct corre-
lation between the existence of Fe4+ and enhanced OER activity could
not be established as 20 % of Fe species still existed as Fe4+ upon
lowering the potential to 1.49 V vs. RHE It is speculated that the Fe4+

species detected by Mössbauer spectroscopy originated from relatively
stable sites within NiOOH lattice, such as those fully surrounded by
second-coordination-sphere Ni ions and these Fe4+ species could be
kinetically slow toward reaction with water compared to Fe4+ species
generated at an edge or defect. This edge generated Fe4+ species do not
have sufficient lifetime to be detected by Mössbauer spectroscopy or
XAS.

3.7. Coordination environment for Fe ions in NiOOH host lattice

Another critical factor relates to the positioning of the Fe in the
lattice of NiOOH, and in particular at its surface, at different levels of
substitution and its impact on the OER performance. Regardless of the
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NiOOH doping, undercoordinated sites, including steps, terraces, edges,
kinks, and corners (Fig. 5a) are generally more active in adsorbing in-
termediates relative to saturated sites [230]. Similarly, different surface
defects, including vacancies and grain boundaries, are also potential
active sites for electrocatalysis [121,231].

Some studies have proposed that Fe ions improve the OER activity of
NiOOH by adsorbing at defect sites or by substituting Ni ions at edges,
[192,232] or corner sites,[189,233] whereas others have suggested that
Fe doping induces lattice distortions that activate Ni ions [224,234]. It is
worth keeping in mind that multiple active sites with variable coordi-
nation environment are likely to exist, depending also on the level of Fe
substitution. Alsaç et al.[235] reported similar electrocatalytic activity
for samples prepared in the presence or absence of formamide (a growth
inhibitor, limiting stacking of brucite layers), despite the different Fe3+

coordination environments (Fig. 5b), with Fe3+ species into the Ni(OH)2
lattice in the presence of formamide, as opposed to a secondary edge-
sharing Fe3+ coordination environment atop the Ni(OH)2 sheets in the
absence of formamide. Stevens et al.[192] compared Fe species occu-
pying edge/defect sites versus replacing bulk Ni species within the
NiOOH lattice. When conducting cyclic voltammetry on electro-
deposited Ni(OH)2 in Fe-free 1 M KOH, a typical redox peak is observed

at ca. ~ 1.35 V vs. RHE, which is associated with the transformation of
Ni+2 → Ni+3 (Fig. 8c). After injecting 1 mM of Fe(NO3)3 into the elec-
trolyte solution, the catalyst yielded 1 mA cm− 2 of current density at an
OP of ~ 270 mV (cycle 2, orange line), approx. 150 mV less than in pure
NiOOH. Inductively coupled plasma – optical emission spectrometry
(ICP-OES) analysis revealed 11 % of Fe doping into the lattice of NiOOH.
However, further increase in Fe-doping, arriving at 24 % after 100 cy-
cles, resulted in only ~ 20 mV further decrease in OP. As shown in
Fig. 5d, they observed that with the increased Fe content, there is
initially a slight increase in the Ni redox peak area , i.e.e− per Ni (orange
line), however, with further increase in the Fe content, the Ni redox peak
(e− per Ni) starts to decrease, which suggests the substitution of bulk Ni
species with Fe species (inset of Fig. 5c). The decrease in e− per Ni with
increasing Fe content has also been observed by Lee et al.[236] All in all,
one can observe three major changes in cyclic voltammograms of
NiOOH expanding into the OER region upon exposure to Fe impurities,
(i) an immediate pronounced increase in catalytic activity which may be
attributed to adsorption of Fe species at defect sites or Ni substitution at
edge sites, (ii) initial increase and subsequent decrease of the anodic and
cathodic Ni redox peak areas upon increasing Fe content and substitu-
tion of bulk Ni species with Fe species, (iii) shift of the anodic and

Fig. 5. (a) Schematic illustrating special sites in an electrocatalyst, (b) proposed positions of FeO6 octahedra in NiFe-LDH: side (left) and top view (right), FeA and FeB
represent the site that resides inside or atop the Ni(OH)2 lattice, respectively, reproduced with permission from ref.,[235] Copyright 2022, Royal Society of
Chemistry, (c) iR-corrected CV plots in Fe-free 1 M KOH (red, cycle 1–4) and in 1 mM Fe-containing 1 M KOH (cycle 5–104), (d) upper panel represents the percent
change in e− per Ni (triangles) while the lower panel represents the change (in mV) in OP at 1 mA cm− 2 (circles) and in the position of the anodic peak as a function of
cycling, relative to the last cycle in Fe-free condition, reproduced with permission from ref.,[192] Copyright 2017, American Chemical Society, (e) schematic
description of the formation process of short-range ordered Fe-Ni(OH)2 by incorporating Fe into amorphous Ni(OH)2, (f) LSVs of so-Fe-Ni(OH)2 for different
incorporation times, (g) LSVs of so-Fe-Ni(OH)2 TTAs, so-Fe-Ni(OH)2 NSs, and lo-Fe-Ni(OH)2 NSs, reproduced with permission from ref.,[233] Copyright 2021,
Elsevier. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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cathodic Ni redox peaks towards higher potentials. This shift has been
attributed to an increasing covalency of the Ni2+− O bond upon
increasing Fe3+ content and/or to lattice strain [224,234].

Shi et al.[233] studied the transformation of amorphous Ni(OH)2 to
short-range ordered (so) Fe-Ni(OH)2 tube-in-tube arrays (TTAs) with
abundant electroactive edge/corner sites (Fig. 5e). The concentration of
Fe species in Ni(OH)2 matrix was controlled by adjusting the reaction
time of anodic galvanostatic treatment carried out in a solution of 0.025
M (NH4)2Fe(SO4)2 at 0.2 mA cm− 2 at 25 ℃. For comparison, so and long-
range ordered (lo) Fe-Ni(OH)2 nanosheets (NSs) were also prepared. The
optimized so-Fe-Ni(OH)2 TTAs with 45.7 at. %Fe exhibited an OP of 226
mV @CCC (Fig. 5f), whereas so-Fe-Ni(OH)2 NSs and lo-Fe-Ni(OH)2 NSs
exhibited 40 mV and 62 mV higher OP @CCC, respectively (Fig. 5g).

Several studies have also aimed to understand how the presence of Fe
species alters the environment of Ni ions [193,224,234]. By applying
operando XAS on photochemically deposited pristine Ni(OH)2 and Fe-
doped Ni(OH)2, Smith et al.[224] proposed that Fe doping induces
strain in the Ni(OH)2 lattice, which is the root cause of the anodic peak
shift and the enhanced OER activity of Ni1-xFexOOH. Spectroelec-
trochemical analysis revealed a correlation between the anodic shift of
the redox peaks and increasing Fe content (Fig. 6a), which is consistent
with previous literature [142,226]. The 2nd derivative of the current
density with respect to potential (d2j/dE2) is a handy tool for tracking
redox activity during anodic and cathodic sweeps. The plot of (d2j/dE2)
versus potential unfolds a linear positive shift with a rate of 2.6mV/%Fe

and 2.1mV/%Fe for the anodic and cathodic sweeps, respectively (left
bottom panel of Fig. 6a). These derivative plots exhibit asymmetric
behavior in the anodic peaks for Ni1-xFexOOH (x = 0–0.25), which im-
plies an overlapping redox process, however for cathodic peaks, no
overlapping processes were observed. The derivative of light absorption
intensity ΔA430 nm with respect to potential (d3ΔA430 nm/dE3), reflecting
the redox transition of Ni and Fe species, showed a nearly identical
behavior to (d2j/dE2) implying the redox dormant nature of Fe ions.

EXAFS data acquired from the Ni and Fe K-edges revealed similar Ni
and Fe environments across the composition series (Fig. 6b), but with
substantial local structural adjustments upon Fe substitution. LDH ma-
terials typically exhibit trigonal distortion, which is accompanied by the
formation of two distinct θO− M− O bond angles without disrupting M− O
distances within the equatorial plane of the octahedra (θ1 and θ2 in
Fig. 6b). They observed a θO− Ni− O angle of 82.5◦ and 81.7◦ for the
reduced and oxidized form, respectively, in pristine Ni(OH)2. Doping
with Fe introduces different Fe − O and Ni − O bond lengths which
disturb the distortion, resulting in θO− Ni− O and θO− Fe− O values towards
83.1◦ and 87.8◦, respectively, in the reduced state. In turn, this stabilizes
the material by mitigating the geometric strain. On the other hand,
oxidation of NiII to NiIV inverses the effect, reducing the θO− Ni− O to an
average of 78.3◦ and θO− Fe− O to an average of 82.6◦. The increased
geometric strain destabilizes the oxidized phase, rendering a thermo-
dynamic penalty to oxidation. Thus, they proposed that the inverted
effect Fe has on trigonal distortion introduces geometric strain that is the

Fig. 6. (a) Spectroelectrochemical behavior of the Ni-Fe (oxy)hydroxide composition series with the top left panel showing CV cycles recorded at a scan rate of 1
mV/s, the top right panel representing the first derivative of ΔA430nm, bottom left panel illustrating the second derivative of the anodic and cathodic sweeps of the CV
cycles, and the bottom right panel portraying the third derivative of the ΔA430nm: The dashed line represents the first CV cycle and solid line represents the second
cycle, (b) Fourier-transformed EXAFS spectra at Ni K-edge and Fe K-edge plus a model detailing the distances and bond angles observed due to a trigonal distortion,
reproduced with permission from ref.,[224] Copyright 2018, Royal Society of Chemistry, (c) electrochemical activity of the three MyNi100-yOx (M=Fe, Ga, and Al)
composition series, (d) operando IR spectra of electrochemically reduced (0.9 V vs. RHE), (e) electrochemically oxidized (1.5 V vs. RHE) of M10Ni90Ox (M=Al, Ga,
and Fe), and (f) proposed electronic structure and assignments for absorbance processes, reproduced with permission from ref.,[234] Copyright 2019, Royal Society
of Chemistry.
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root cause of the anodic shift of the oxidation peak and the improvement
in electrocatalytic activity.

The identification of geometric strain as a possible driving force for
high OER catalytic activity in Ni1-xFexOOH inspired Alsaç et al.[234] to
carry out a comparative study and gain insights on the role of geometric
strain upon doping of other trivalent cations (i.e., aluminum and gal-
lium) into the Ni(OH)2 lattice. Cyclic voltammetry on Ni-Ga, Ni-Al, and
Ni-Fe compositions exhibited similar trends in anodic and cathodic peak
shifts but contrasting electrocatalytic activity. As shown in Fig. 6c, a
gradual increase in Fe content in Ni(OH)2 resulted in an anodic shift of
2.5 mV/%Fe along with a significant increase in OER activity and a
sharp decrease in TS. Upon gradual addition of Ga and Al, an anodic shift
of 2.6 mV/%Ga or Al, and a gradual change in TS was observed, how-
ever, no significant change in catalytic activity could be observed. This
observation suggests that the precatalytic redox process is decoupled
from the electrocatalytic activity and implies that changes in the Ni-O
bond strength upon doping are not responsible for the OER activity
change.

Operando IR and DFT analysis revealed that the composition
modulated precatalytic redox processes are coupled to the asymmetric
strain in the oxidized and reduced states of Ni(OH)2 lattice. All
MyNi100-yOx (M=Fe, Al, and Ga) samples exhibit a broad peak at around
9000 cm− 1 and a sharp band at approximately 6000 cm− 1 when in the
reduced state (Fig. 6d). Upon electrochemical oxidation, the peak at
9000 cm− 1 splits into two well-resolved bands (assigned to d-d transi-
tion), and a red-shift is observed for the peak at 6000 cm− 1 (Fig. 6e). A
comparison was drawn between the operando IR spectra and DFT-
generated models to gain insight into the influence of Al, Ga, and Fe
on the electronic framework of Ni(OH)2. The position of v1 reflects the
location of orbitals with oxygen 2p character relative to Ni-based eg*
orbitals, whereas the gap between v2 and v3 represents the magnitude of
d-orbital splitting due to the trigonal distortion (ΔT), and the weighted
average of v2 and v3 yields the octahedral splitting (ΔO) (Fig. 6f). Upon
reduction, v1 decreases slightly whereas ΔT and ΔO increase with M
content for each series. Upon oxidation, v1 increases, ΔT decreases, and
ΔO slightly decreases with M content. These results implied that tensile
strain on the oxidized state destabilizes the a1g orbitals and stabilizes the
eg* orbitals. On the other hand, the compressive strain on the reduced
state has almost no effect on the a1g orbitals and slightly destabilizes the
eg and eg* orbitals. These results indicate that the insertion of suitably
sized cations into the Ni(OH)2 lattice can modulate its electronic
structure by regulating the geometric strain. They suggested that the
ionic radius of Fe+3, lying between NiII and NiIV, not only decreases the
activation energy for electron transfer but also the electron transfer
coefficient which leads to increased OER activity and reduced TS.

4. Factors influencing the electrocatalytic activity of NiFe-LDH

As illustrated in the previous section, combined theoretical and
experimental efforts have led to substantial progress in understanding
the origin of the catalytic activity of NiFe-LDH-based catalysts. In par-
allel with this progress, intensive efforts have been devoted to enhancing
NiFe-LDHs’ already remarkable OER activity. The starting point for this
work has in part been a rational catalyst design drawing on knowledge
from the fundamental studies of this specific catalyst, and in part been a
practical approach attempting to employ successful strategies from
other catalytic systems. In this section, we present an overview of these
efforts by first discussing a broad range of promising methods involving
direct modification of the NiFe-LDH structure and composition, fol-
lowed by a discussion of external parameters e.g. modifications of the
electrolyte.

In addition to discussing the methods themselves, a comprehensive
comparison of the resulting NiFe-LDH catalysts and their activity is
provided. Nonetheless, benchmarking the catalytic activity from
different studies is challenging due to inconsistencies in testing condi-
tions. For instance, various types of support – e.g. metal foam or catalyst

ink drop-casted onto a rotating disk electrode – will lead to a substantial
difference in the geometric activity of the same catalyst due to a dif-
ference in the electrochemical surface area (ECSA). It should however be
kept in mind that it is the geometric activity (and stability) that de-
termines the final suitability of a potential catalyst-substrate combina-
tion for industrial applications. Thus, while an increase in the intrinsic
activity of NiFe-LDHs appears attractive, increasing the number of active
sites might be an equally viable way of achieving an ideal activity as
long as the resulting structure won’t suffer from mass-transport limita-
tions [237].

In the following discussion, the reader should keep in mind that
unspecified governing factors of the catalyst (i.e., crystallinity, chemical
composition, particle size and morphology) and variations in testing
conditions (temperature, electrolyte, IR-compensation, electrochemical
procedures), challenge cross-study comparisons. By highlighting these
uncertainties, it is our belief that an insightful comparison can be ach-
ieved, allowing the identification of the most plausible parameters
influencing the OER activity of NiFe-LDH.

4.1. Electronic and structural modifications

From a materials science perspective, the seven most important
factors steering the OER activity of NiFe-LDHs are summarized below
(Fig. 7):

i. Tuning the electronic configuration of LDH nanosheets by doping
alien metal cations[238,239].

ii. Adjusting the interlayer spacing by intercalating anions of
selected ionic radius[147,240,241].

iii. Exfoliating stacked LDH nanosheets into monolayer nanosheets
[58,242].

iv. Introducing structural defects[243–246].
v. Tuning the electronic configuration by introducing cationic va-

cancies through strong alkali etching[46,57,247,248].
vi. Improving the electronic conductivity by integrating LDHs with

other highly conducting nanomaterials such as graphene, single-
walled carbon nanotubes,[249,250] metal sulfides,[251,252] etc.

vii. Inducing lattice strain to improve the binding energy of
oxygenated intermediates[238,253–255].

Fig. 7. Factors influencing the OER activity of NiFe-LDH from a material sci-
ence perspective.
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On account of the facile procedures already established for synthe-
sizing NiFe-LDHs, these factors can be fine-tuned to ameliorate the OER
activity. The following subsections address the impact of each of these
factors and provide insight on the optimal design of advanced NiFe-

LDHs.

4.1.1. Ni and Fe substitution
Doping is the most common approach to alter the electronic and

Fig. 8. (a) A comparison of cyclic voltammetry (CV) of NiFe-LDH, Mn-doped NiFe-LDH, and RuO2 at a scan rate of 5 mV/s, (b) DFT-estimated structure and electron
density evolution of pristine NiFe-LDH and Mn2+-doped NiFe-LDH, reproduced with permission from ref.,[269] Copyright 2018, Royal Society of Chemistry, (c)
Linear sweep voltammetry (LSV) curves of Ni3Fe1-xVx with different Fe/V ratios at a scan rate of 5 mV/s, (d) Tafel plots of Ni3Fe1-xVx obtained from the polarization
curve, and (e) schematic illustration of the electronic coupling among Ni, Fe, and V in Ni3Fe, Ni3V, and NiFe0.5V0.5 oxyhydroxide, reproduced with permission from
ref.,[274] Copyright 2018, Springer Nature, (f) ECSA-normalized LSV curves, and (g) potential-dependent variation of the Ni redox pair in Ni, NiFe, and NiFeMo
oxyhydroxide, reproduced with permission from ref.,[265] Copyright 2022, Royal Society of Chemistry.
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structural properties of a material, thus modulating the Ni − O − Fe
motif by partial substitution with other metallic,[256] monovalent,
[257,258] divalent,[259–261] trivalent,[262,263] and other higher
valent cations have been widely explored [264–266].

Due to the similar ionic radii of Cu2+ and Ni2+, Cu(OH)6 units can be
easily introduced in NiFe-LDH [190,267] The odd occupancy of the eg
orbitals of Cu2+ (t62ge3g ) results in a strong Jahn-Teller effect, which
makes Cu2+ doping in NiFe-LDH impactful for the following reasons: (i)
the tetragonal distortion of the octahedra promotes structural disorder
in the entire LDH, and (ii) the electronic modulations can influence the
magnetic properties [268]. For instance, Sun et al.[268] reported a
novel magnetic Fe3+ site spin-splitting strategy to improve the electro-
chemical activity of NiFe-LDH, wherein the spin states of Fe3+ sites are
optimized by the Jahn-Teller effect induced by Cu2+ species. They re-
ported that Cu1-Ni6Fe2-LDH requires a lower OP of 210 mV @CCC (Cdl
= 87.6 µF cm− 2 and TS=33.7 mV dec-1) relative to 278 mV (Cdl = 39 µF
cm− 2 and TS=101.6 mV s− 1) for Cu0-Ni6Fe2-LDH @CCC.

Zhou et al.[269] reported that doping with Mn significantly
enhanced the OER activity of NiFe-LDH with Mn-NiFe-LDH requiring an
OP of 190 mV@CCC relative to an OP of ~ 250mV@CCC for NiFe-LDH.
As shown in Fig. 8a, Mn-NiFe-LDH exhibits two redox peaks in contrast
to a single redox peak for pristine NiFe-LDH. The first peak, denoted as
①, is attributed to the oxidation of Ni2+ species adjacent to the reducing
Mn species (representing the formation of β-NiOOH), whereas peak ②
depicts the formation of γ-NiOOH. DFT calculations suggested that Mn
increases the electron density of neighboring Ni2+ and Fe3+ species
(Fig. 8b), which facilitates the deprotonation step (Equation (19). In
another study, Zhang et al.[270] reported that Mn doping promotes OER
activity but also the formation of Ni4+ ions which is contradictory to the
study of Zhou et al.[269] According to their DFT calculations, Mn
doping causes hybridization between Ni 3d and O 2p orbitals, facilitating
the oxidation of Ni2+ to Ni4+ which acts as the active site.

The incorporation of Co2+ has also been reported to improve the
electrochemical activity of NiFe-LDH for OER [271]. On the contrary,
incorporation of redox inactive Mg2+ and Ca2+ species reduces the
intrinsic activity of NiFe-LDH due to the reduced number of active sites
[272]. However, Mg2+ and Ca2+ doped NiFe-LDH have been reported to
improve the OER activity in neutral electrolyte by improving the water
dissociation process [273].

Jiang et al.[274] reported a significant improvement in OER activity
upon doping vanadium in the NiFe hydroxide matrix. The OER activity
of Ni3Fe1-xVx increased with increasing V content up to Ni3Fe0.5V0.5,
requiring an OP of 200 mV @CCC relative to ~ 300 mV for Ni3Fe
(Fig. 8c). Furthermore, the TS of Ni3Fe0.5V0.5 was 39 mV dec-1, being 28
mV dec-1 smaller than the reference catalyst Ni3Fe employed in this
study (Fig. 8d). In-situ X-ray absorption near edge spectroscopy (XANES)
and DFT analysis revealed a partial electron transfer from Ni and Fe to V
which stabilizes the 4- and 5-valent Vx+ (x = 4 or 5) species under OER
operating conditions and results in a near optimal binding strength of
oxygenated intermediates. A Ni − O − Fe − O − V − O − Ni motif is used
to illustrate the electronic interaction of Ni, Fe, V and O species in Ni3Fe,
Ni3V, and Ni3Fe0.5V0.5 oxyhydroxide. In Ni3Fe, the three lone electrons
in the π-symmetry orbitals associated with Fe3+ interact with the O2–

resulting in a weak π-donation, while a strong repulsive interaction
exists amongst π-symmetry Ni2+ and O2– electrons, leading to partial
transfer of electrons form Ni2+ to Fe3+ (Fig. 8e). In Ni3V, the partial
electron transfer from O2– to Vx+ is strong due to the low t2g occupancy
of Vx+. In Ni3Fe0.5V0.5, the Fe3+ relays the accepted electrons from Ni2+

to the strongly electron-deficient Vx+, resulting in enhanced delocal-
ization of the π-symmetry electrons amongst Ni, Fe, and V.

The redox of Ni (Ni2+ ↔ Ni3+/Ni4+) and Fe (Fe3+ ↔ Fe4+) has been
postulated to serve as the OER thermodynamic-limiting process. Zhang
et al.[275] reported that the Ni and Fe redox can be tuned by incorpo-
rating high-valent transition metals. By conducting XAS on a series of
NiFeX oxyhydroxides (X=W, Mo, Re, Nb, Ta, Re, and MoW), they

associated the lower OER OP observed with an increased near-surface
concentration of Fe2+, which was suggested to lead to facilitated
redox of Ni. Wei et al.[265] reported the fabrication of high-valent Mo-
doped NiFe-LDH and employed operando Raman spectroscopy along
with DFT calculations to investigate the origin of the enhanced OER
activity observed for the trimetallic NiFeMo (oxy)hydroxide, which
required an OP 215 mV @CCC and exhibited a TS of 37.9 mV dec-1. The
ECSA normalized current density (Fig. 8f) showed 7x higher activity for
NiFeMo vs. NiFe oxyhydroxide at 1.5 V vs. RHE. The redox of Ni was
observed to shift to higher potentials and to exhibit a higher rate con-
stant upon the incorporation of the less electronegative Mo (Fig. 8g),
which was associated with a near-optimum binding strength for OER
intermediates.

Many more studies have demonstrated the pronounced effects of
doping on the electronic and structural characteristics of NiFe-LDH and
its OER activity, a few of which are shortly listed here. Gd doping in-
duces oxygen vacancies and thereby regulates the adsorption energies of
oxygenated intermediates [262]. Nb generates lattice defects which can
alter the electron density and adsorption energy of the intermediates
[266]. Mo stabilizes the more active β-NiOOH phase,[265] and weakens
the metal–oxygen bond of Ni1-xFexOOH thus facilitating oxygen vacancy
formation [267]. W improves the catalytic activity of Fe sites via elec-
tronic interactions,[264] formation of crystalline-amorphous phase
boundaries, enhanced conductivity,[276] and concentration of oxygen
vacancies [277,278]. Ta induces lattice expansion and electronic
structure modulation through electron transfer from Fe to Ta [238]. Cr
doping promotes intrinsic activity by enhancing conductivity and ab-
sorption energies [259,279]. V doping narrows the bandgap, thereby
enhancing conductivity,[280] and promotes the intrinsic activity via
electron transfer from Fe3+ and Ni2+ [259,274]. Ce behaves as an
electron acceptor and promotes the oxidation of Ni2+ [281,282]. Co
facilitates the formation of crystalline-amorphous interfaces,[283] and
promotes the formation of oxygen vacancies [284]. Cu promotes struc-
tural disorder,[190,267] and enhances conductivity [256].

Substitution of Ni and/or Fe in NiFe-LDH has proven very impactful
in terms of improving OER activity with a variety of mechanisms being
at play, often simultaneously:

- Local lattice distortions associated with cation size and oxidation
state mismatch, as well as Jahn-Teller induced distortions.

- Modulation of the electronic configuration of the different cationic
species.

- Dissolution of substituted cations resulting in point and extended
defects, and associated exposure of more and/or more active sub-
coordinated active sites. The advantageous effects of these defects
are discussed in a later subsection.

An interesting question that remains unanswered is whether the
dopant serves as the active site or works in support to or in synergy with
Ni and/or Fe to ameliorate the OER activity.

4.1.2. Engineering of intercalated anions
As discussed in section 3, LDHs comprise brucite-like layers (host)

and charge-neutralizing ions (guest) between the layers. The host–guest
interplay is another fascinating characteristic of LDHs that can serve to
tune the electrocatalytic attributes of LDHs by controlling: (i) interlayer
spacing, the increase of which facilitates mass transport of reactants and
products within the interlayer region that may in turn increase the active
electrochemical surface area and influence local operative conditions,
(ii) the type of intercalated specie that may influence the intrinsic
turnover frequency of the active sites by tuning the binding energy of the
intermediates [285–287]. Even though carbonate ions (CO2−

3 ) are re-
ported to be the thermodynamically most stable intercalated specie in
LDHs due to the strong hydrogen-bonding network they engage in and
the extremely low isotropic thermal vibration parameters,[288] a
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precisely controlled synthetic environment (i.e., inert atmosphere and
non-aqueous media or boiled water) can be used to substitute CO2−

3 with
other species such as SO2−

4 , BF−4 ,ClO
−
4 , PO

3−
3 , etc [147,289]. The inter-

calation of noncarbonate species can be achieved during the chemical
synthesis (synthetic intercalation) or through an ensuing ion-exchange
process.

4.1.2.1. Synthetic intercalation. NiFe-LDH possessing CO2−
3 as interca-

lated anions have an interlayer spacing of ~ 7.6 Å [147]. Increasing the
interlayer spacing through substitution of CO2−

3 , has been shown to
enhance the electrocatalytic activity of NiFe-LDH in certain cases. For
instance, Xu et al.[290] employed a co-precipitation method that
resulted in the intercalation of NO−

3 ions instead of CO2−
3 and an

increased interlayer spacing of ~ 8 Å, exhibiting improved OER kinetics.
Later, Luo et al.[144] employed co-precipitation to synthesize a series of
NiFe-LDH with different phosphorus-containing intercalated species (i.
e., phosphate (PO3−

4 ), phosphite (HPO2−
3 ), and hypophosphite (H2PO−

2 ))
with interlayer spacing of 9.8 Å, 9.3 Å, and 8.1 Å, respectively. H2PO−

2
intercalated NiFe-LDH yielded the best OER activity with an OP of 215
mV (TS~38 mV dec-1) @CCC. The improved electrocatalytic activity of
H2PO−

2 /NiFe-LDH, despite its smaller interlayer spacing, was attributed
to the simultaneous pronounced shift of the Ni redox potential
(Ni2+→Ni3+) to lower values (Fig. 9a). Both PO3−

4 /NiFe-LDH and
HPO2−

3 /NiFe-LDH also outperformed CO2−
3 /NiFe-LDH.

Zhou et al.[291] verified the results of Luo et al.[144] by conducting
a systematic investigation on X/NiFe-LDH (X = NO−

2 , H2PO−
2 , HPO

2−
3 ,

SO2−
3 , S2O2−

3 , S2O2−
8 , I− , Br− , F− , ClO− , ClO−

2 , ClO
−
3 , ClO

−
4 , CO

2−
3 , and

C2O2−
4 ). In Fig. 9b, it is illustrated that a near linear relationship exists

between the OER onset potential in 0.1 M KOH and the standard redox
potential of the intercalated anions. Fig. 9c depicts a model of NiFe-LDH
with HPO2−

3 as intercalated anion and a classical AEM OER mechanism
taking place at the surface of NiFe-LDH. At the onset of the first
deprotonation during the OER process, high-valent M (M=Ni and Fe)
sites are formed. Electron transfer from phosphite to M species yields

electron-rich metal sites that are easier to oxidize, which could be the
reason for the superior OER activity.

Besides inorganic anions, organic molecules can also be intercalated
between sheets of LDHs to achieve charge balance. For instance, Zhong
et al.[292] employed a mild hydrothermal synthesis to produce NiFe-
LDH with CO2−

3 or sodium dodecyl sulfonate (SDS) as interlayer
spacing agents. The interlayer spacing was estimated to be 7.6 Å and
24.9 Å for CO2−

3 /NiFe-LDH and SDS/NiFe-LDH, respectively. They re-
ported that SDS/NiFe-LDH yielded superior OER activity relative to
CO2−

3 /NiFe-LDH requiring an OP of 289 mV @CCC vs. 333 mV,
respectively.

4.1.2.2. Ion-Exchange method. Besides in-situ intercalation of anions,
ion-exchange methods have been commonly used to substitute the
intercalated species in LDHs [293–295]. For instance, Guan et el.[59]
reported the increase in interlayer spacing of the NiFe-LDH from 7.8 Å to
9.5 Å upon substitution of CO2−

3 with formamide under ultrasonication
for 10 min at 30 ℃. The increase in interlayer spacing resulted in a
significant reduction in OP from 256 mV to 203 mV @CCC. Carrasco
et al.[289] employed anion-exchange at 25–65 ℃ under an Ar atmo-
sphere and magnetic stirring to obtain NiFe-LDH with different inter-
layer spacing agents. They studied the influence of Cl− , SO2−

4 , sodium
ethyl sulfate (ES), sodium octyl sulfate (OS), sodium dodecyl sulfate
(DS), sodium hexadecyl sulfate (HDS), and sodium octadecyl sulfate
(ODS) on the OER activity of NiFe-LDH. As shown in Fig. 10a and b, an
increase in the size of intercalating species resulted in the enlargement
of the interlayer spacing reaching up to a maximum of 32 Å for ODS.
However, DS/NiFe-LDH with an interlayer spacing of 25.2 Å exhibited
the minimum OP of ~ 320 mV @CCC.

Hunter et al.[147] demonstrated that the water oxidation properties
of NiFe-LDH are correlated with the pKa of the conjugate acid of the
interlayer anions and proposed that Lewis basicity plays a critical role in
the water oxidation behavior of NiFe-LDH, i.e., the larger the pKa, the
lower the OP (Fig. 10d). They employed PLAL to synthesize NO−

3 /NiFe-
LDH followed by anion exchange in an inert atmosphere to obtain

Fig. 9. (a) iR-corrected LSV curves of PO3−
4 /NiFe-LDH, HPO2−

3 /NiFe-LDH, H2PO−
2 /NiFe-LDH, and CO2−

3 /NiFe-LDH at a scan rate of 1 mV/s, reproduced with
permission from ref.,[144] Copyright 2017, Springer Nature, (b) onset potential vs. standard redox potential of the intercalated anions measured at 1 mA cm− 2, (c)
schematic illustration of OER process on HPO2−

3 /NiFe-LDH, reproduced with permission from ref.,[291] Copyright 2018, Springer Nature.
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Cl− /NiFe, I− /NiFe, BF−4 /NiFe, ClO−
4 /NiFe, SO2−

4 /NiFe, C2O2−
4 /NiFe,

CO2−
3 /NiFe, and PO3−

4 /NiFe. They compared the activity of as-prepared
electrodes at a current density of 1 mA cm− 2 in a barium hydroxide
treated (CO2−

3 -free) and CO2−
3 -saturated 1 M KOH at room temperature

in an inert atmosphere and ambient air, respectively. As shown in
Fig. 10c, all the prepared electrodes yielded inferior electrochemical
activity (higher OP) in carbonate-free electrolyte. Ex-situ IR, X-ray
photoelectron spectroscopy (XPS), and XRD data confirmed that all
interlayer spacing agents were quickly replaced by CO2−

3 after exposure
to CO2−

3 -saturated 1 M KOH. Additionally, they emphasized that the
electrocatalytic activity is not a function of Ni3+→Ni2+ position
(Fig. 10e), suggesting that the Ni2+/Ni3+ redox is not influencing the
rate-limiting step in carbonate-free electrolyte, in contrast to the find-
ings of Luo et al.[144].

Lianna and co-workers have recently demonstrated that Cl− /NiFe,
CO2−

3 /NiFe, and SO2−
4 /NiFe-LDHs can be synthesized using a hydro-

thermal approach without inert atmosphere protection [296]. Testing
for electrochemical activity in CO2−

3 -saturated 1 M KOH at room tem-
perature in ambient air revealed similar surface area normalized elec-
trochemical activity for all three electrodes and the substitution of Cl−

and SO2−
4 by CO2−

3 as interlayer spacing agent was observed, meaning
that long-term viability of substituted anions seems ineffective. How-
ever, DS/NiFe-LDH prepared from Cl− /NiFe-LDH by anion-exchange
yielded ~ 40 mV lower OP relative to Cl− /NiFe, CO2−

3 /NiFe, and

SO2−
4 /NiFe-LDHs. In addition a shift in Ni2+→Ni3+ to lower potential

and only partial CO2−
3 substitution was observed in CO2−

3 -saturated 1 M
KOH at room temperature in ambient air (Fig. 10f). Though the reason
for the observed resistance to anion substitution from DS to CO2−

3 was
not identified, they hypothesized that the enlarged interlayer spacing
may be responsible for the enhanced electrocatalytic activity. Further-
more, they highlighted that the pKa of DS anions is predicted to be 1.9,
which closely resembles the sulfate anions, thus deviating from the
observations of Hunter et al.[147]

The above studies divulge conflicting insights on the origin of
enhanced water oxidation activity of NiFe-LDH with certain spacing
agents. The enhanced OER activity was, in some cases, correlated with
the expansion of the interlayer spacing, the Ni2+/3+ redox position, the
standard redox potential of the spacing agent, and/or the Lewis basicity
(pKa) of the spacing agent. It is important to highlight that some studies
carried out testing in carbonate-free electrolyte, while others conducted
testing in carbonate-containing electrolyte, where the interlayer spacing
agents may be at least partially substituted by CO2−

3 . Furthermore, the
catalyst synthesis procedure varied amongst studies, which suggests that
additional morphological, compositional, and/or crystallographic dif-
ferences may be blurring the picture. Finally, considering the favorable
intercalation of CO2−

3 , it is important to assess the possibility of main-
taining any potential advantage from the selected spacing agent in
practical applications.

Fig. 10. (a) Basal spacing of NiFe-LDH with different intercalated anions, (b) schematic illustration of the NiFe-LDH before and after anion exchange, reproduced
with permission from ref.,[289] Copyright 2019, American Chemical Society, (c) chronopotentiometric investigation of the OER overpotential of NiFe-LDH with
different intercalated anions mixed with highly ordered pyrolytic graphite (grey) at a current density of 1 mA cm− 2 in carbonate-free (blue) and carbonate-containing
electrolyte (red), (d) OP vs. pKa of the conjugate acid of the interlayer anions in NiFe-LDHs at a current density of 1 mA cm− 2 in carbonate-free electrolyte, (e)
Ni3+→Ni2+ reduction peak potential of NiFe-LDHs with different intercalated anions in carbonate-free electrolyte, reproduced with permission from ref.,[147]
Copyright 2016, Royal Society of Chemistry, (f) schematic illustration of the synthetic procedure and anion exchange process of NiFe-LDHs containing carbonate,
chloride, sulfate, and dodecyl sulfate anions between the brucite layers, reproduced with permission from ref.,[296] Copyright 2018, American Chemical Society.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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4.1.3. Exfoliation of LDH nanosheets
The electrostatic forces originating from the interaction between the

hydroxyl groups and intercalated anions lead to the ordered stacking of
LDH nanosheets along the [00 l] direction [297]. The stacking of the
brucite layers limits the number of exposed active sites and restricts
mass transport, which leads to substandard electrochemical activity
towards OER as observed by Song et al.[58] and Chen et al.[298] This
was also part of the reason for the attempt to increase the interlayer
spacing as discussed in the previous subsection. Past studies have indeed
shown that undercoordinated metal sites serve as active sites for the
OER,[299,300] thus it is beneficial to increase their proportion. Exfoli-
ation of LDHs into single- or few-layered nanosheets is a promising
approach to modulating the coordination environment of metal sites
[301]. So far, several exfoliation techniques have been identified and
can be arranged into two major categories: (1) liquid phase exfoliation
and (2) plasma-assisted exfoliation.

4.1.3.1. Liquid phase exfoliation. Due to the high charge density of the
intercalated anions, complete separation of the individual NiFeOOH
layers in water is reluctant. Therefore, the exfoliation of LDHs is usually
carried out in a suitable solvent (e.g., formamide) or chemical reagent
(e.g., NaOH or urea) with the help of ultrasonication or stirring
[302,303]. Ultrasonic treatment or stirring leads to the generation and
collapse of microbubbles, instigating shock waves and amicrojet flow on
the circumference and interlayer space of the LDH, thus breaking the
interlayer bonding and resulting in delaminated nanosheets of LDHs. For
example, Jia et al. [242] reported the successful exfoliation of NiFe-LDH
nanosheets by stirring in formamide under nitrogen protection for 2
days. The delaminated nanosheets had a thickness of 0.6 nm, which is
close to the crystallographic thickness of the LDH host layer (0.48 nm). It
is hypothesized that the carbonyl group (C = O) of formamide interacts
strongly with the LDH nanosheets, whereas the − NH2 group of form-
amide has a weak interaction with the LDH layers. Consequently,
swapping the interlayer species (CO2−

3 in this case) with formamide
weakens the strong hydrogen-bonding nexus and facilitates exfoliation.
The exfoliated nanosheets were then coupled with defective graphene,
denoted as NiFe-LDH-NS@DG (Fig. 11a) to yield an OP of only 210 mV
(TS of 52 mV dec-1) @CCC (Fig. 11b and c).

Song et al.[58] employed a typical hydrothermal process to synthe-
size Br− /CoCo, Br− /NiCo, and CO2−

3 /NiFe LDHs, respectively. The
Br− /CoCo and Br− /NiCo samples were then treated with NaNO3 under
mechanical stirring and N2 protection for 24 h to obtain NO−

3 /CoCo and
NO−

3 /NiCo. The CO2−
3 /NiFe sample was treated with a mixture of NaCl

(1 M) and HCl (4 mM) under mechanical stirring and N2 protection for
24 h to obtain Cl− /NiFe, which was further treated with a concentrated
solution of sodium perchlorate (2.5 M) to obtain ClO−

4 /NiFe. Finally, the
NO−

3 /CoCo and NO−
3 /NiCo, and ClO−

4 /NiFe were dispersed in a
sonication-assisted degassed formamide solution and mechanically
stirred under N2 protection for 24 h to obtain exfoliated nanosheets of
LDHs (Fig. 11d). The successful exfoliation was verified by XRD and
Atomic Force Microscopy (AFM), yielding a thickness of ca. 0.8 nm. As
shown in Fig. 11e, the exfoliated nanosheets required 40–54 mV lower
OP @CCC compared to the bulk structures.

As shown in Fig. 11f, Ma et al.[304] combined exfoliation with
superlattice formation, creating a superlattice of alternately stacked
exfoliated NiFe-LDH nanosheets and reduced graphene oxide (rGO).
They employed a topochemical oxidation approach to synthesize
Cl− /NiFe (Ni:Fe = 2:1). Subsequently, Cl− /NiFe was treated with a
mixed solution of SDS (1 M) and HCl (2 mM) for 1 week to obtain
DS− /NiFe. The obtained DS− /NiFe was then dispersed in a formamide
solution for 48 h to obtain exfoliated NiFe-LDH (denoted as
Ni2/3Fe1/3-NS). The exfoliated nanosheets were then characterized by
AFM, where a thickness of 0.8 nm was observed for a single layer of
LDH, which is higher than the crystallographic thickness of LDH host
layers (0.48 nm). This could be explained by residual water or organic

molecules. A certain volume of GO or rGO was then added to the exfo-
liated NiFe-LDH suspension under continuous stirring to obtain a
superlattice of NiFe-LDH and GO or rGO (denoted as Ni2/3Fe1/3-GO or
Ni2/3Fe1/3-rGO). HRTEM and SAED analysis confirmed a superlattice
comprising LDH and rGO or GO nanosheets. The Ni2/3Fe1/3-rGO,
Ni2/3Fe1/3-GO, and Ni2/3Fe1/3-NS required an OP of 210 mV (TS=40 mV
dec-1), 230 mV (TS=42 mV dec-1), and 310 mV (TS=76 mV dec-1),
respectively, @CCC (Fig. 11g and h).

4.1.3.2. Plasma-Assisted exfoliation. Plasma-induced exfoliation has
been widely adopted for the delamination of 2D materials including
graphene,[305,306] MoS2/WS2,[307,308] and LDHs [309,310]. As an
example, Wang et al.[311] reported the successful application of Ar
plasma to exfoliate bulk NiFe-LDH into ultrathin nanosheets. In addi-
tion, the plasma treatment introduced defects into the structure, which
are shown to increase the activity (see next subsection). The defect-rich
nanosheets required an OER OP of 278 mV @CCC. Similarly, Ahmed
et al.[312] employed O2-plasma to split ~ 6 nm thick NiFe-LDH nano-
plates (synthesized by co-precipitation method) into ~ 2 nm. The
thinned nanoplates yielded an ECSA-normalized OER OP of 288 mV
@CCC.

Other techniques, such as solid-phase and Ostwald-ripening, have
also been reported for the exfoliation of NiFe-LDHs [313,314]. To gain
further insights into the mechanism and chemistry involved in the
exfoliation of LDHs, we direct the readers to the following reviews
[302,315].

4.1.4. Introduction of structural defects
Defects in nanomaterials are widely acknowledged as potential

active sites for electrocatalytic processes courtesy of the modulated
localized electronic properties [316]. Several studies have exhibited that
the rate of an electrocatalytic reaction is directly linked to the intrinsic
electronic properties of the electrocatalyst at play (i.e., d-band position
for metals and valence orbital level of non-metals) which determine the
binding energy of the reaction intermediates and thus the reaction en-
ergy barriers of electrochemical reactions [157,317]. Unlike in a perfect
lattice surface, metal species around defects possess a unique coordi-
nation environment that may influence the binding energy of reaction
intermediates to promote electrochemical activity [318,319]. For
instance, Zhou et al.[243] employed a 30 s flame-engraving approach to
introduce oxygen vacancies and distinct hexagonal cavities with (110)
edges in the (003) basal plane of NiFe-LDH (Fig. 12a). The engraved
NiFe-LDH required an OP of 250 mV to reach a current density of 10 mA
cm− 2 in 0.1 M KOH at room temperature, 80 mV less than the pristine
NiFe-LDH (Fig. 12b). DFT-based simulations revealed that oxygen va-
cancies facilitate the adsorption of the OH− on the bridge site of the
engraved NiFe-LDH (Fig. 12c), exhibiting a significantly lower energy
barrier of 0.84 eV for the rate limiting step of OH* deprotonation, 0.08
eV lower than for pristine NiFe-LDH.

Zhao et al.[245] applied an H2O2-assisted etching method to syn-
thesize holey NiFe-LDH (denoted as NiFe-LDH-NSs/NF-x, where x =

volume of H2O2) with abundant oxygen and Ni vacancies, as illustrated
in Fig. 12d. A comparison of OER activity of pristine NiFe-LDH (denoted
as p-NiFe-LDHs/NF) and NiFe-LDH-NSs/NF-x (x ranging from 20 µL to
300 µL) is shown in Fig. 12e and f. Increasing the amount/concentration
of H2O2 resulted in an increased OER activity. Here, pristine p-NiFe-
LDHs/NF and NiFe-LDH-NSs/NF-200 required an OP of 299 mV
(TS=78.2 mV dec-1) and 170 mV (TS=78.2 mV dec-1) @CCC, respec-
tively. A further increase in the concentration of H2O2 resulted in
decreasing activity due to the collapse of the holey structure. DFT
calculated projected partial density of states (PDOSs) revealed a clear
suppression of the Ni eg-component (favoring adsorption of OH− ) upon
induction of oxygen vacancies, whereas the t2g-components of the Ni-
sites exhibited an up-shifting trend towards the Fermi level (EF),
which was associated with the higher electron-transfer activity.

S. Iqbal et al. Chemical Engineering Journal 499 (2024) 156219 

22 



(caption on next page)

S. Iqbal et al. Chemical Engineering Journal 499 (2024) 156219 

23 



Additionally, it was observed that the formation of oxygen vacancies
promoted the formation of Ni3+ species, and the Gibbs free energy
analysis revealed a strong binding of OH* on pristine p-NiFe-LDHs/NF.

In contrast, a much-improved binding energy of OH* was observed on
Ni-sites near oxygen vacancies for NiFe-LDH-NSs/NF.

Zhang et al.[244] developed a fast synthesis strategy for defect-rich

Fig. 11. Schematic description of the synthesis of NiFe-LDH-NS@DG composite, (b) comparison of the iR-corrected LSV curves at a scan rate of 5 mV/s, (c) Tafel
plots of the prepared electrocatalysts, where 10 represents the percentage of weight ratio of defective graphene, graphene, and nitrogen-doped graphene, and NS
represents nanosheets, reproduced with permission from ref.,[242] Copyright 2017, Wiley-VCH, (d) schematic representation of bulk NiFe-LDH, interlayer expanded
NiFe-LDH, and exfoliated NiFe-LDH dispersed in solution, (e) LSV curves (Inset: Tafel plots) of bulk and exfoliated NiFe-LDH, NiCo-LDH, and CoCo-LDH at a scan rate
of 5 mV/s, reproduced with permission from ref.,[58] Copyright 2014, Springer Nature, (f) schematic illustration of the integration of exfoliated NiFe-LDH with
graphene, (g) iR-corrected polarization curves at a scan rate of 5 mV/s, and (h) Tafel plots of Ni2/3Fe1/3-rGO, Ni2/3Fe1/3-GO, Ni2/3Fe1/3-NS, and GO, where NS
represents nanosheets, rGO represents reduced graphene oxide, and 2/3 and 1/3 represents the molar ratio of Ni:Fe, reproduced with permission from ref.,[304]
Copyright 2015, American Chemical Society.

Fig. 12. (a) Schematic representation of the preparation of defective NiFe-LDH by flame-engraving, (b) a comparison of the iR-corrected LSV curves of the as-
prepared electrocatalysts at a scan rate of 5 mV/s, (c) Gibbs free energy diagram, reproduced with permission from ref.,[243] Copyright 2018, Wiley-VCH, (d)
schematic depiction of the synthesis process of p-NiFe-LDHs/NF and NiFe-LDH-NSs/NF, (e) comparison of iR-corrected LSV plots, (f) Tafel plots of p-NiFe-LDHs/NF
and NiFe-LDH-NSs/NF-x (x represents volume of H2O2 in µL, i.e., 20, 60, 200, and 300), reproduced with permission from ref.,[245] Copyright 2021, Springer Nature,
(g) illustration of the synthesis process of monolayer and porous monolayer LDH, (h) comparison of their LSV plots at a scan rate of 5 mV/s, reproduced with
permission from ref.,[244] Copyright 2019, Wiley-VCH.
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porous monolayer NiFe-LDH nanosheets with a lateral size of 30 nm and
a thickness of 0.8 nm. As shown in Fig. 12g, monolayers of NiFe-LDH
(denoted as M− LDH) could be produced by a conventional co-
precipitation process in the presence of formamide. Furthermore, a
tenfold increase in alkali and metal-ion concentrations led to fast
nucleation and growth of porous monolayer LDH nanosheets (denoted
as PM-LDH). Extended X-ray absorption fine structure (EXAFS) and
electron spin resonance analysis revealed a high concentration of oxy-
gen and cationic vacancies which worked in synergy to enhance the OER
activity, with PM-LDH yielding a low OP of 230 mV (TS=47 mV dec-1)
@CCC (Fig. 12h). DFT analysis revealed a favorable binding energy of
OH*, as observed previously by Zhao et al.[245].

4.1.5. Introduction of cationic vacancies through alkali etching
Introduction and selective etching of unstable cations in NiFe-X

LDHs (X representing the sacrificial element, such as Zn, Al, etc.) is
another effective strategy to generate structural defects and achieve
exposed/active Ni and Fe sites. For example, Liu et al.[247] employed a
hydrothermal recipe to synthesize Ni3FeAlx − LDH (x ≈ 0, 1.0, 1.5, or
3.0) followed by alkali partial etching of Al3+ (Fig. 13a). Electro-
chemical analysis revealed that Ni3FeAl0.91 − LDH yielded a superior
electrocatalytic activity relative to Ni3FeAl1.27 − LDH, Ni3FeAl2.73 −

LDH, and Ni3Fe − LDH, requiring an OP of 304 mV (TS=57 mV dec-1),
306 mV (TS=63 mV dec-1), 316 mV (TS=67 mV dec-1), and 336 mV
(TS=91 mV dec-1), respectively, to reach a current density of 20 mA
cm− 2 in 1 M KOH at room temperature (Fig. 13b and c).

As shown in Fig. 13d, Wang et al.[46] employed a typical hydro-
thermal approach to fabricate NiFeAl LDHs with Ni/(Fe + Al) molar
ratio of 3 (Fe/Al ratio of 9), and NiZnFe LDHs with (Ni + Zn)/Fe molar
ratio of 3 (Ni/Zn ratio of 9). Al and Zn ions were assumed to create Fe
vacancies (denoted as NiFe-LDHs-VFe) and Ni vacancies (denoted as
NiFe-LDHs-VNi, having a lower Ni/Fe ratio relative to NiFe-LDHs-VFe),
respectively. Notice that the leaching of Al was done in 2 M KOH while
Zn was leached in 5 M KOH. Chemical valence study of the as-produced
catalysts by ex-situ XPS revealed the presence of 16.7 %, 30.3 %, and
32.6 % Ni3+ species in NiFe-LDHs, NiFe-LDHs-VFe, and NiFe-LDHs-VNi

respectively. As shown in Fig. 13e and f, OER testing revealed that NiFe-
LDHs, NiFe-LDHs-VFe, and NiFe-LDHs-VNi needed an OP of 270 mV
(TS=76.5 mV dec-1), 245 mV (TS=70 mV dec-1), and 229 mV (TS=62.9
mV dec-1) @CCC, i.e. OER activity correlating favorably with an
increasing (ex-situ) concentration of Ni3+ and defective nanosheets
exposing more edge sites. Spin-polarized DFT analysis was then
employed to explore the relationship between the improved activity and
the presence of Fe and Ni vacancies. For conventional NiFe-LDHs, Fe
sites were found to be more active than Ni sites towards OER (Fig. 13g),
and the deprotonation ofOH*was found to be the rate-limiting step with
an energy barrier (ΔG2) of 2.78 eV, that corresponds to a theoretical OP
of 1.55 V (Fig. 13j). The introduction of Fe and Ni vacancies in NiFe-
LDHs significantly improved the theoretical OER activity. The models
used to predict the theoretical OP on NiFe-LDHs-VFe and NiFe-LDHs-VNi
are shown in Fig. 13h and i, respectively. For NiFe-LDHs-VFe and NiFe-
LDHs-VNi, ΔG2 reduced to 1.59 and 1.56 eV, corresponding to a theo-
retical OP of 0.36 and 0.33 V, respectively. Furthermore, the DOS
analysis revealed that pristine NiFe-LDHs are semiconducting with an
obvious bandgap near the Fermi level (Fig. 13k), whereas the intro-
duction of Ni and Fe vacancies generates electronic states in the con-
duction and valence bands of NiFe-LDHs near the Fermi level. The
hybridization of defective states with the 2p states of O* results in
stronger O* adsorption in both cases, which improves the intrinsic OER
activity.

Peng et al.[57] applied an alkali etching technique to study the effect
of the simultaneous introduction of Ni and Fe vacancies in NiFe-LDHs
(denoted as NivacFevac-LDH). DFT calculations revealed that for pris-
tine NiFe-LDHs and NiFevac-LDH, the deprotonation ofOH*was the rate-
determining step (RDS) with an energy barrier of 1.14 eV and 0.5 eV
respectively, whereas for NivacFe-LDH, the generation of OOH* was the
RDS with an energy barrier of 0.77 eV which contradicts the findings of
Wang et al.[46] as they observed the deprotonation ofOH* to be RDS for
NivacFe-LDH. The impact of cationic vacancies induced by alkali etching
has also been investigated by Meng et al.[320] who reported that Fe
atoms neighboring defect sites exhibit better activity than Fe atoms at a
defect free surface and that the RDS changes from the deprotonation of

Fig. 13. (a) Schematic illustration of the preparation of alkali etched Ni3FeAlx-LDH, (b) comparison of the iR-corrected LSV plots at a scan rate of 10 mV/s, and (c)
OP of the Ni3Fe-LDH, Ni3FeAl0.91-LDH, Ni3FeAl1.27-LDH, and Ni3FeAl2.73-LDH, reproduced with permission from ref.,[247] Copyright 2017, Elsevier, (d) scheme of
the synthesis process of NiFe-LDHs-VFe and NiFe-LDH-VNi, (e) iR-corrected LSV plots at a scan rate of 5 mV/s, (f) Tafel plots of NiFe-LDH, NiFe-LDHs-VFe and NiFe-
LDH-VNi, (g) structural model of NiFe-LDH, (h) NiFe-LDH-VFe, (i) NiFe-LDH-VNi, (j) Gibbs free energy diagram of NiFe-LDH, NiFe-LDHs-VFe and NiFe-LDH-VNi, and
(k) projected density of states of NiFe-LDH, NiFe-LDHs-VFe and NiFe-LDH-VNi, reproduced with permission from ref.,[46] Copyright 2018, Wiley VCH.
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OH* to the release of O2 for Fe atoms neighboring defect sites. Inter-
estingly, for Ni species, the OER activity decreases for Ni atoms neigh-
boring defective sites and increases for Ni atoms as next nearest
neighbors to defective sites (with the RDS being the same as for Fe
neighboring defective sites).

From the studies discussed above, it appears that both Ni and Fe
vacancies ameliorate the OER kinetics, however the origin of the
enhanced activity remains elusive since both Ni vacancies and Fe va-
cancies have been reported as active sites despite the use of a similar
synthesis procedure among different studies.

4.1.6. Composites induced modulation of intrinsic activity
High electronic conductivity is a critical factor in achieving the

much-desired excellent electrochemical performance towards water
oxidation, however, Ni(OH)2 suffers from poor electronic conductivity,
which challenges its applicability in technological electrodes [321]. An
increase in conductivity (to approx. 0.1 mS cm− 1) is observed for sam-
ples with thickness of ~0.8–1.5 μm upon oxidation of Ni (Ni2+ → Ni3+)
under Fe-free conditions [143]. Incorporation of Fe further enhances the
conductivity of NiOOH (3.5 to 6.5 mS cm− 1 for samples with 5% to 25%
Fe content). The conductivity turn-on shifts to higher potentials with
increasing Fe content (investigated up to 25 % in this study) and can be
correlated with the oxidation peak potential of Ni (Ni2+ → Ni3+).
Another way of increasing the effective conductivity of NiFe-LDHs is by
coupling the LDHs with other conductive nanomaterials such as CNT,
[91] graphene,[251,322] metal sulfides,[323] phosphides,[111] and

nitrides among others [324,325]. In addition, the catalyst-substrate
interaction is also shown to influence the activity of the catalyst itself,
which is highlighted in this section as well.

Integration of electrocatalysts with conjugated all-carbon structures,
including carbon nanotubes (CNTs) and graphene, has stimulated
enormous research attention for electrocatalysis owing to their high
electrical conductivity, high surface area, and their tunable and defect-
inducive surface chemistry [326,327]. One of the first demonstrations of
the successful integration of NiFe-LDHs with CNTs (denoted as NiFe-
LDH/CNT) was reported by Gong et al.[91] (Fig. 14a) who exhibited
that NiFe-LDH/CNT needs an OP of 240 mV @CCC, 75 mV lower than
pristine NiFe-LDH at the same conditions (Fig. 14b). The superior
electrochemical activity was associated with the strong interaction be-
tween NiFe-LDHs and CNTs afforded by the direct growth of NiFe-LDHs
nanosheets on the functional groups of the CNTs. XANES analysis at the
carbon K-edge revealed a remarkable decrease in carbonyl (C = O) π*

peak intensity at approximately 288.5 eV relative to the CNTs, which
was associated with the formation of M − O − C (M=Ni, Fe) through the
carbonyl group (Fig. 14c). These drastic changes revealed a strong
interplay between NiFe-LDHs and CNTs, which promoted charge
transport and boosted OER activity.

Guo et al.[328] demonstrated that the surface electronic configura-
tion of NiM-LDHs (M=Fe, Co, and Mn) can be modulated by adsorbing
graphene quantum dots (GQDs) on the surface of NiM-LDHs denoted as
Ni-based LDHs/GQDs (Fig. 14d). Among all the synthesized composites,
NiFe-LDHs/GQDs (NiFe/G) demonstrated outstanding OER activity,

Fig. 14. (a) Schematic illustration of the hybrid CNT and LDH catalyst, (b) iR-corrected LSV plots of NiFe-LDH/CNT, NiFe-LDH NP (nanoplates), a composite of β-Ni
(OH)2/CNT+FeOx/CNT, β-Ni(OH)2 NP+FeOx NP, and carbon fiber paper (CFP) at scan rate of 5 mV/s, and (c) C K-edge XANES spectra of NiFe-LDH/CNT and multi-
walled carbon nanotubes, reproduced with permission from ref.,[91] Copyright 2013, American Chemical Society, (d) schematic illustration of the fabrication
process of the Ni-based LDHs/GQDs nanosheet arrays, (e) iR-corrected LSV curves of NiM LDHs (M=Fe, Co, and Mn) and NiM LDHs@GQDs at a scan rate of 1 mV/s,
(f) XPS spectra of Ni 2p for NiFe-LDH (lower) and NiFe-LDH@GQDs (upper), and (g) Gibbs free energy diagram for NiFe-LDH and NiFe-LDH@GQDs, reproduced with
permission from ref.,[328] Copyright 2021, Elsevier.
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requiring an ultralow OP of 189 mV (TS=52 mV dec-1) @CCC, 23 mV
lower than that of NiFe-LDH (Fig. 14e). As shown in Fig. 14f, ex-situ XPS
analysis exhibited a red shift of the Ni2p3/2 upon integration of NiFe-
LDHs with GQDs, implying strong interfacial interaction. The remark-
able activity was attributed to the strong interplay among NiFe-LDHs
and GQDs, which regulates the charge distribution around the metal
ions. DFT analysis suggested that the transformation of O* to OOH* is
the RDS for both NiFe-LDH and NiFe/G, with GQDs decreasing the
theoretical OP from 0.95 V to 0.45 V (Fig. 14g). The successful inte-
gration of carbon-based materials with NiFe-LDHs has also been re-
ported by Zhu et al.[249] and Ni et al.[329].

Other than carbon-based materials, metal-based compounds with a
higher conductivity than LDHs, including phosphides,[111,330] sul-
fides,[331,332] and selenides among others, have been extensively
utilized to control the local charge distribution [251,333]. For instance,
Wen et al.[323] developed a Schottky heterojunction nanosheet array
comprised of NiFe-LDH and NiS nanosheets, which controls the spon-
taneous electron flow across the heterointerface and modulates the local
charge distribution for efficient OER (Fig. 15a). As shown in Fig. 15b,
the composite needed an OP of 230 mV@CCC which was 41 mV, and 71
mV lower than NiFe-LDHs and NiS, respectively. DFT analysis revealed
that the merging of NiFe-LDH with NiS altered the binding energy of the

Fig. 15. (a) Schematic representation of the synthesis route of NiS and NiFe-LDH/NiS electrode, (b) iR-corrected LSV plots of NiFe-LDH/NiS, NiFe-LDH, NiS, and Ni
foam at a scan rate of 5 mV/s, (c) projected DOS on d-orbital of NiFe-LDH/NiS, NiFe-LDH, and NiS, and (d) Gibbs free energy diagram of the OER process on NiFe-
LDH/NiS, NiFe-LDH, and NiS, reproduced with permission from ref.,[323] Copyright 2021, Wiley-VCH, (e) schematic representation of the synthesis of NiFe-
LDH@NiCoP/NF, (f) comparison of LSV curves at a scan rate of 10 mV/s (g) Tafel plots, and (h) Nyquist plots of NiFe-LDH@NiCoP/NF, NiFe-LDH/NF, NiCoP/
NF, and Ni foam, reproduced with permission from ref.,[111] Copyright 2018, Wiley-VCH.
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oxygenated intermediates through tuning of the d-band center. As
depicted in Fig. 15c, the d-band center moved to a higher-energy level
relative to NiFe-LDH and NiS, which reduced the free energy barrier
from OOH* to *+O2 relative to that for pristine NiFe-LDH, thus yielding
a theoretical OP of 460 mV, 220 mV and 390 mV lower than for NiFe-
LDH and NiS, respectively (Fig. 15d).

As exhibited in Fig. 15e, Zhang et al.[111] fabricated a self-standing
3D hierarchical heterostructure comprised of NiFe-LDH and NiCoP on Ni
foam (denoted as NiFe-LDH@NiCoP/NF) requiring an OP of 220 mV (TS
=~48mV dec-1) @CCC. On the contrary, NiFe-LDH/NF, NiCoP/NF, and
bare NF needed an OP of 240 (TS = ~72 mV dec-1), 250 (TS = ~77 mV
dec-1), and 330 mV (TS = ~144 mV dec-1), respectively (Fig. 15f &
Fig. 15g). They attributed the improved OER activity of NiFe-
LDH@NiCoP/NF to the fast charge transfer and favorable reaction ki-
netics (Fig. 15h). Similarly, Zhang et al.[330] reported the conversion of
NiFe-LDH to Ni2P@FePOx through a phosphorization process. The
synthesized composite transformed to Ni2P@NiFe-oxyhydroxide during

water oxidation requiring an OP of 205 mV (TS=32 mV dec-1) @CCC,
45 mV lower than for NiFe-LDH (TS=70 mV dec-1).

4.1.7. Lattice-strain engineering
Engineering of lattice strain offers an additional lever to improve the

binding strength of the oxygenated intermediates on NiFe-LDHs. Before
discussing the case of NiFe-LDHs for water oxidation, it is helpful to
recall the effect of lattice strain on the d-band. DFT assisted studies have
shown that application of tensile strain leads to reduced bandwidth and
down- or up-shifting of the d-band center for less or more than half-filled
d-bands, respectively, resulting in weaker or stronger adsorption of the
oxygenated intermediates, respectively (Fig. 16a). Compressive strain
induces the reverse effect [334,335].

Zhou et al.[253] employed a time-dependent ball-milling approach
to generate tensile strain in NiFe-LDH, which improved the OER activity
with respect to the unstrained NiFe-LDH. As shown in Fig. 16b, the
lattice distortion was studied by XRD, which showed a shift towards

Fig. 16. (a) Energy profiles describing the influence of tensile strain on the position of the d-band in early and late transition metals, reproduced with permission
from ref.,[335] Copyright 2017, Springer Nature (b) XRD patterns of NiFe-LDH ball-milled for different times, (c) iR-corrected CV plots at a scan rate of 5 mV/s, and
(d) electron density distribution and Gibbs free energy profile of the OER process on pristine and ball-milled NiFe-LDH for 15 h, reproduced with permission from
ref.,[253] Copyright 2018, Wiley-VCH.
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smaller diffraction angles for the (110) plane, implying tensile strain.
They employed the Williamson-Hall equation to obtain the strain
component (∊) and found it to be positively correlated to the ball-milling
time. As shown in Fig. 16c, the ball-milled NiFe-LDH needed an OP of
270 mV @CCC, 70 mV lower than that of pristine NiFe-LDH. As por-
trayed in Fig. 16d, the (110) plane was modeled with a stretching of
0.16 Å in both the Ni − O and Fe − O distances, and DFT calculations
were performed to assess the evolution of the Gibbs free energy land-
scape on strained NiFe-LDH. The electron densities around the Ni and Fe
sites showed a clear increase upon induction of lattice tensile strain in
NiFe-LDH. The estimated OER OP decreased from 0.55 eV to 0.48 eV,
which was attributed to the enhanced adsorption strength of the
oxygenated intermediates. Likewise, Wang et al.[336] utilized a multi-
inlet vortex mixer to control the strain extent in NiFe-LDH. They
observed that a 0.55 % stretching along the (116) plane reduces the OP
by 10 mV with respect to unstretched NiFe-LDH.

4.2. Electrolyte parameters influencing the electrocatalytic activity of
NiFe-LDH

Recent studies have shown that the pH and the type of alkali cations
(i.e., Li+, Na+, K+, Cs+) in the electrolyte can strongly influence the
electrocatalytic activity of NiFe-LDH. The following discussion will shed
light on the properties of the electrolyte that play a key role in governing
the electrocatalytic activity.

4.2.1. Effect of pH
Analyzing the pH dependence of the redox peak potentials and OER

onset (derived from the cyclic voltammograms) can reveal useful in-
sights concerning the reaction mechanism and the relevance of the
Ni2+/Ni3+ transition for the OER path. Diaz-Morales et al.[337]
observed no pH dependence on the RHE scale for the position of the Ni2+

↔ Ni3+ redox peaks of Ni (oxy)hydroxide within the pH range 11 to 14
when using meticulously purified NaOH electrolyte (to avoid the effect
of Fe deposition on the redox peak position discussed later). On the other

Fig. 17. (a) Scheme illustrating the concerted two-proton two-electron transfer (PCET) during Ni(OH)2 oxidation, and (b) two-proton one-electron transfer (PT/ET)
during deprotonation of Ni(Fe)OOH, reproduced with permission from ref.,[227] Copyright 2017, American Chemical Society, (c) CVs of Ni0.65Fe0.35OOH at 10 mV/s
in 0.05 M, 0.25 M, and 1 M CsOH (top panel) and CVs at 10 mV/s in 0.1 M LiOH, NaOH, and CsOH (bottom panel), (d) current density j at 1.56 V vs. RHE plotted
against electrolyte concentration, (e) experimental pH of the alkali hydroxides; the color code shown in the legend in (d) also applies to (e), reproduced with
permission form ref.,[341] Copyright 2020, Springer Nature.
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hand, the OER activity increased with increasing electrolyte pH. Using
in-situ surface-enhanced Raman spectroscopy (SERS), they observed a
broad double peak in the 800–1150 cm− 1 wavenumber region which
was attributed to negatively charged O- or OO– surface species with
somewhat increased intensity at higher electrolyte pH. Based on these
results, they proposed a concerted OH− /e− deprotonation mechanism
for the Ni(OH)2 oxidation, exhibiting no pH dependence on the RHE
scale. NiOOH then further deprotonates via a OH− proton acceptor
(decoupled OH− /e− transfer) if the pH of the electrolyte is higher than
the pKa of the proton attached to the NiOOH species, leading to the
generation of NiO− or NiOO− . Based on these observations, they pro-
posed an OER mechanism that proceeds through the formation of a
superoxo-type intermediate (NiOO− ) at pH>11 or via the decomposition
of OOH− intermediates formed from the negatively charged surface
oxide (NiO− ).

Similarly, Gorlin et al.[227] observed a Nernstian pH-induced shift
of the redox peak potentials for pure Ni (oxy)hydroxide. However, a
large deviation from the ideal Nernstian thermodynamics was observed
upon Fe incorporation and the Pourbaix slope (ΔEpeak,SHE/ΔpH) reached
a value as low as − 120 mV/dec (37 at.% Fe). This was attributed to a
CPET for the pure Ni catalyst (Fig. 17a and Equation (27), as opposed to
a 2H+/e− for the atypical super-Nernstian − 120 mV/dec behavior of the
NiFe-catalyst (Fig. 17b and Equation (28). It was proposed that the first
deprotonation takes place at a terminal or bridged OH at a Fe3+ center,
leading to the formation of a reactive Ni2+Fe3+(OH)(O)δ- intermediate,
followed by a CPET at an OH group attached to the redox active Ni2+

center.
Xie et al.[176] conducted operando Mössbauer and SERS to investi-

gate the OER mechanism of NiFe-LDH (Ni:Fe, 3:1) in 0.1 M KOH
(pH=13), 0.1 M borate buffer solution (BBS, pH=9.2), and 0.1 M
phosphate buffer solution (PBS, pH=7). In 0.1 M KOH, a strong oxida-
tion and reduction peak was observed at 1.45 V and 1.3 V vs. RHE,
respectively, which were assigned to the Ni(OH)2/NiOOH transition. In
0.1 M BBS, the transitions occurred at higher potentials with smaller
redox peaks, and no clear redox peaks were observed in 0.1 M PBS.
Operando SERS analysis unfolded the typical NiOOH peaks at 475 cm− 1

and 560 cm− 1 which are associated with the δ(Ni3+ − O) and v(Ni3+ − O),
respectively. Additionally, a broad peak in the spectral range of
800–1200 cm− 1 linked to the formation of NiOO− , was observed in all
three electrolytes, albeit at higher anodic potential in neutral relative to
alkaline electrolyte. Operando Mössbauer spectroscopy revealed the
presence of Fe4+ in 0.1 M KOH at 1.37 V vs. RHE, however, no Fe4+ was
observed in BBS and PBS even at a high potential of 1.77 V vs. RHE. To
understand the role of high valent species (i.e., Ni3+ and Fe4+), the NiFe-
LDH sample was activated in 1 M KOH and was then tested in 0.1 M BBS
and PBS. A slight increase in activity was observed, however, the activity
was still much inferior to that in 0.1 M KOH. To further untangle the
reaction mechanism, they utilized the methanol oxidation reaction
(MOR) to probe oxygen evolution intermediates. They explored NiFe-
LDH sample in 0.5 M KOH, BBS, and PBS electrolytes with/without
0.5 M methanol and observed the onset of MOR is concurrent with the
Ni2+ → Ni3+ transition. They attributed the higher activity observed for
methanol oxidation to fast kinetics of reaction with *OH suggesting the
deprotonation of *OH as RDS. A similar trend was observed in BBS albeit
with lower oxidation currents observed both with and without meth-
anol. In PBS however, the i-V curves with/without methanol overlapped
implying lower concentration of *OH the formation of which was pro-
posed to be the RDS for OER on NiFe-LDH in neutral electrolyte.

4.2.2. Effect of alkali and alkaline earth cation
Since the report describing alkaline electrolyte cation effects on

TiO2-based photoanodes where the OER current density followed the
trend Li+ > Na+ > K+,[338] a strong emphasis has been placed on un-
derstanding the role of alkali cations on the OER activity of Ni-based
electrocatalysts. Michael et al.[339] investigated the effect of varying
alkali cations on the electrocatalytic activity and phase structure of

NiOOH for OER. They reported that in Fe-free electrolytes the activity
followed the trend Cs+ > K+ ≈ Na+ > Li+, and in Fe-saturated electro-
lytes the trend K+ ≈ Na+ > Cs+ > Li+. In-situ Raman spectroscopy per-
formed on NiOOH in Fe-free LiOH and CsOH unfolded different active-
phase structures of NiOOH in the two electrolytes. They reported that
Fe-free CsOH promoted a NiOOH active structure with longer Ni-O
bonds and superior OER activity relative to Fe-free LiOH. For Fe-
saturated electrolyte, a slight shift (~1 cm− 1) to smaller wavenumbers
was observed for the bending mode of NiOOH (i.e., δ(Ni3+− OH)) in both
LiOH and CsOH, whereas no change was observed for the stretching
mode of NiOOH (i.e., v(Ni3+− OH)). It is worth mentioning that these
results indicated a negligible effect of Fe on Raman-sensitive NiOOH
structural features, which is consistent with the results of Friebel et al.
[191] Even though a correlation was observed between OER activity and
Ni-O bond length, the exact mechanism through which CsOH promoted
superior OER activity relative to LiOH remained unclear. Also, the
structural evolution of NiOOH in Fe-free and Fe-saturated KOH and
NaOH was not investigated, and the origin of superior OER activity in
these electrolytes was not specified.

Garcia et al.[340] reported that the activity of NiOOH in both Fe-free
and Fe-saturated electrolyte followed the trend Cs+ > Na+ > K+ > Li+

and postulated that the cations interact with NiOO− , leading to the
formation of NiOO− − M+ species which act as a precursor to O2 evo-
lution. An in-situ Raman investigation unfolded Raman bands at smaller
wavenumbers for δ(Ni3+− OH) and v(Ni3+− OH) vibrations in both Fe-
free and Fe-saturated CsOH relative to other electrolytes which partly
contradicts the results of Michael et al.[372] as they only observed a
minor shift for the bending mode in Fe-saturated CsOH and LiOH elec-
trolytes. Furthermore, they observed two broad peaks at 1010 and 1110
cm− 1 for all cations with the highest intensity observed for CsOH in-
dependent of the Fe content of the electrolyte. It must be noted that the
peaks in the range of 800–1150 cm− 1 have previously been assigned to
an active oxygen intermediate (NiOO− and/orNiO− ). These results un-
derscore a strong interaction of alkali cations with NiOO− species that
leads to a different stabilization of this intermediate. However, the exact
nature of this stabilization remains elusive and should be the subject of
discreet theoretical and experimental studies.

Different from the previously mentioned studies, Gorlin et al.[341]
proposed that the OER activity of Ni0.65Fe0.35OOH follows the variation
in electrolyte pH rather than the cations’ size. As shown in Fig. 17c and
d, they conducted the tests in a wide range of molar concentrations (i.e.,
0.05, 0.1, 0.25, 0.5, and 1 M) of alkali hydroxides and observed a
negative shift vs. RHE of the anodic peak (associated with Ni2+ to Ni3+/

4+ transition) and OER onset potential for Ni0.65Fe0.35OOH. Switching
the electrolyte from LiOH to CsOH had a similar effect. A plot of OER
activity and experimentally measured electrolyte pH against MOH
concentration (Fig. 17e) suggested that the cationic trend is linked to a
varying electrolyte pH with M for the same concentration of MOH, the
OER activity increasing from low to high electrolyte pH. The experi-
mental pH of aqueous LiOH could not be determined using a typical pH-
meter due to the small size of Li+. Furthermore, Henderson-Hasselbalch
formalism verified that the pH increases with an increase in cation size
due to a large number of dissociated OH− . In-situ XAS was performed at
the Ni and Fe K-edges in Fe-free 0.1 M alkali hydroxides to probe the
electronic transitions and coordination environment under OER oper-
ating conditions. Before the onset of metal oxidation, Ni and Fe oxida-
tion states were found to be + 2 and + 3, respectively, independent of
the electrolyte cation. The simulated EXAFS patterns exhibited that Ni-O
is coordinated at 2.04 Å which is aligned with the oxidation states from
the edge positions. At 1.48 V vs. RHE, the largest difference is observed
between the Ni K-edge positions and followed the trend LiOH<R-
bOH<KOH ≈ CsOH<NaOH whereas the Fe K-edges remained stagnant
independent of the potential and electrolyte cation. At 1.66 V vs. RHE,
the simulations of the k3-weighted EXAFS unfolded a shortening of both
the Ni-O and Fe-O bonds which contradicts the results of Michael et al.
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[339] demonstrating that CsOH promotes a longer Ni-O bond. This
aforementioned study suggests that the MOH dependence of the OER
activity may not be directly linked to the cation size but to the corre-
sponding influence in electrolyte pH.

The layered structure of Ni(Fe)OOH permits the electrolyte cations to
easily (de)intercalate between the brucite layers, however, these cations
have long been considered inert during electrocatalysis. By combining
experimental and theoretical investigations, Zaffran et al.[272] reported
the concealed role of electrolyte cations (K+, Na+, Ca2+, and Mg2+) on
the OER activity of Ni(Fe)OOH in alkaline media. Their DFT study un-
veiled a theoretical OP of 0.35, 0.36, 0.68, and 0.76 V for Na+, K+, Ca2+,
and Mg2+, respectively, on (101)-Ni(Fe)OOH. The experimental results
were semi-quantitatively aligned with the predicted OER trend. As
known, the bond between electrolyte cation and surrounding O (M− O)
is dependent on the electrolyte nature and was found to be largest for
K+ − O (2.85 Å) and shortest for Mg2+ − O (1.98 Å) with Na+ − O and
Ca2+ − O having a distance of ~ 2.4 Å. The larger ionic radius and high
oxophilicity of Ca2+ relative to K+, allow Ca2+ to link with five oxygen
atoms rather than four. Furthermore, the Bader charge analysis revealed
that the M− O bond is clearly more ionic for divalent species compared
to monovalent species, which suggests that M− O bonds are much looser
in alkali electrolytes, allowing water molecules to interact easier with
the adsorbed intermediates and facilitate the OH scission through
nucleophilic attack. On the other hand, the high affinity of the alkaline
earth cations for O atoms in water molecules and other adsorbed in-
termediates suppresses the effective interaction required for efficient
OER activity.

These studies suggest that the electrolyte is a key figure in alkaline
electrolysis, but a clear consensus on what is boosting the OER activity
as we move from LiOH to CsOH is lacking. Therefore, more in depth
investigations are needed to fully understand the role of pH and alkali
cations on the OER activity of Ni(Fe)OOH. Future experimental and
computational investigations may consider the interaction of alkali
cations with the deprotonated Ni(Fe)OOH active sites and manipulating
the electrified solid–liquid interface by tuning the double layer
structure.

5. Stability challenges of NiFe-LDH

Though improving a catalyst’s OER activity is crucial, ensuring long-
term stability under realistic operating conditions is even more vital for
practical applications, as shown in Fig. 18b and c. To highlight the
significance of stability, let us assume two types of catalysts: One with a
higher initial activity (OP=200 mV @ 1 A cm− 2 (Magenta color)) but
also a faster degradation rate of 0.03 mV h− 1 and another one with a
lower initial activity (OP=250 mV @ 1 A cm− 2 (Blue color)) but with a
relatively slow degradation rate of 0.005 mV h− 1 (Fig. 18b). After
continuous operation for ~ 9000 h (1 year), the catalyst with the lower
initial activity but higher stability would have consumed ~ 37 % less
electricity (Fig. 18c). Even if neither catalyst degraded further after this
point, the more stable catalyst would still have consumed less than half
the electricity over the typical 10-year lifetime of a commercial
electrolyzer.

The OER stability of NiFe-LDHs depends critically on the specific
characteristics of the catalyst (composition, structure, defects, etc.), as
well as those of the electrode and the operating conditions (current
density, temperature, electrolyte composition, etc.). Besides the stability
of the catalyst structure itself, a sufficiently strong cohesion onto the
support material must be maintained as well to avoid peeling of the
catalyst layer. Regrettably, our current understanding is limited by the
fact that most OER stability tests are carried out in 1 M KOH, at room
temperature, at small current densities (10–100 mA/cm2), and most
importantly for a very limited period of time (1–200 h) [91,114]. Even
under these mild conditions, the electrochemical activity of NiFe-LDH is
often found to degrade quickly when the current density exceeds 100
mA cm− 2 with only a few studies reporting NiFe-LDH catalysts that
retained > 80 % of their initial activity after 24 h of operation
[57,343,344].

While specific degradation mechanisms of NiFe-LDHs can vary sub-
stantially, it is often possible to categorize them into (1) excessive
dissolution of Fe species,[190] and (2) phase segregation of NiOOH and
FeOOH.[345] Chung et al.[190] showcased the importance of gener-
ating dynamically stable Fe sites for retaining the initial high activity of
nickel iron oxyhydroxides, by balancing the rates of Fe dissolution and
redeposition (Fig. 19a). They observed that in Fe free 0.1 M KOH

Fig. 18. (a) Influence of activity and stability in the operating cost of the OER (b) overpotential evolution of two different catalysts at 1 A cm− 2: one with higher
initial activity but also higher degradation rate (magenta) and one with lower initial activity and lower degradation rate (blue), (c) comparison of the electricity
losses associated with the OER OP at 1 A cm− 2 for a period of 1 year, reproduced with permission from ref.,[342] Copyright 2021, Elsevier. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)
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solution, the activity of Fe-NiOxHy portrayed an incredible deactivation
(>80 %) after 1 h of chronoamperometry (CA) at 1.7 V vs. RHE at room
temperature (Fig. 19b). However, the introduction of 0.1 ppm of Fen+ to
the electrolyte significantly suppressed the activity loss under the same
test conditions (Fig. 19c). In-situ Inductively Coupled Plasma – Mass
Spectrometry (ICP-MS) analysis during potential cycling revealed that in
Fe-free KOH, the rate of Fe dissolution is remarkably higher relative to
the Ni leaching, implying a poor retention capability of Fe in Fe-NiOxHy
during the OER process. On the other hand, although the Fe dissolution
was still observed in Fen+-containing electrolyte, the activity level
remained unchanged during the experiment. To probe the origin of the
retention of electrocatalytic activity in the Fe-containing electrolyte,
they conducted Fe isotope (56Fe and 57Fe) labeling experiments, where
they observed a dynamic Fe exchange at the interface of electrode and
electrolyte. Using ICP-MS analysis and starting with 56Fe in the electrode
and 57Fe in the electrolyte, it was observed that half of 56Fe was switched
with 57Fe in less than a minute and the tally reached 70 % after 1 h of
operation. As a result of this dynamic exchange, the overall number of
active Fe sites remained constant, and the activity was preserved despite
Fe dissolution. Similar trends were also observed for Fe-CoOxHy. From
the above observations, three important conclusions were drawn: (1) Fe
active sites are highly unstable under OER operation regardless of the
oxyhydroxide host, (2) the activity decay is associated with Fe leaching
through dissolution, and (3) high activity can be retained when the

electrolyte contains Fen+ due to the reincorporation of iron into the
oxyhydroxide structure.

The above conclusion then raises the following questions:

- Is introducing Fen+ in the electrolyte a technologically acceptable
solution?

- Can the activity of Ni1-xFexOOH be retained for longer periods of
time by introducing Fen+ in the electrolyte?

- How much Fen+ per volume of electrolyte is needed to sustain the
equilibrium?

- Can the equilibrium persist at higher pH, temperature, and current
density as well as during intermittent operation?

- Is it possible to avoid the electrodeposition of Fen+ ions in the elec-
trolyte on the cathode (potentially damaging the HER performance)?

In the long run, the dynamic Fe dissolution-redeposition process may
result in Fe segregation and the formation of FeOOH as a secondary
phase, which may lead to the deactivation of the catalyst. Kuai et al.
[345] applied operando XAS during CA at 1.63 V vs. RHE of mixed
nickel–iron hydroxides (MNF) and observed a clear change in the pre-
edge feature of the Fe K-edge, where the doublet pre-edge became a
singlet, implying the formation of FeOOH (Fig. 19e). EXAFS analysis of
the Fe K-edge of MNF and FT in R space portrayed similar peaks to that
of FeOOH, supporting the formation of FeOOH (Fig. 19f). The

Fig. 19. (a) Schematic representation of the dynamically stable surface Fe active sites in a nickel (oxy)hydroxide host; CA test at 1.7 V vs. RHE (b) in Fe-free
electrolyte showing the dissolution of Fe species into the electrolyte, (c) in Fe-containing electrolyte showing dynamic exchange (dissolution and redeposition) of
Fe species, reproduced with permission from ref.,[190] Copyright 2020, Springer Nature, (d) different Fe segregation configurations for the (001) plane of originally
mixed nickel–iron hydroxides (MNF) at the OER potential, (e) comparison of Fe K-edge XANES of MNF at open-circuit and at 1.6 V vs. RHE, (f) comparison of the
Fourier-transformed Fe K-edge EXAFS spectra for MNF at 1.6 V, at open circuit, and for FeOOH, (g) long-term stability test of the MNF electrode at a current density
of 200 mA cm− 2: continuous CA at 1.63 V vs. RHE leads to deactivation (green line) whereas dynamic CA at 1.63 V vs. RHE for 1 h and 1.33 V vs. RHE for 2 min helps
retain the activity, reproduced with permission from ref.,[345] Copyright 2020, Springer Nature. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)
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investigation of the Ni-M (M=Ni, Fe) peak intensities in R space and CN
confirmed the decreased concentration of Fe around Ni sites, confirming
the formation of Fe rich domains. Furthermore, operando EXAFS per-
formed on both Ni(OH)2 and MNF showed significant contraction upon
polarization at 1.6 V vs. RHE with regards to their pristine state. For Ni
(OH)2, the contraction of Ni-O and Ni-Mwas found to be ~ 9%, whereas
for MNF, it ranged from ~ 2 to ~ 9 %, with the anisotropic contraction
of the NiO6 motif attributed to the presence of Fe species. It was hy-
pothesized that Fe may be expelled from the lattice in order to relieve
the distortion, redepositing at the edge sites of NiOOH and leading to the
generation of FeOOH. DFT was used to estimate the energy of the
different MNF structural configurations (Fig. 19d). It was observed that
homogeneous MNF is stable at low potentials, whereas Fe segregated
MNF is more stable at high potentials, implying that phase separation
can occur at high potentials. Furthermore, the DFT calculations revealed
that Fe segregation is likely to occur at the edge sites of NiOOH which
was supported by X-ray fluorescence microscopy (XFM) carried out
before and after electrochemical operation of MNF in Fe-purified and Fe-
containing 1 M KOH. In Fe-containing electrolyte, the full-width at half-
maximum (FWHM) of the Ni/(Ni + Fe) after CA test at 1.63 V vs. RHE
was wider relative to the pristine state implying that Fe redeposition is
site-selective. However, the FWHM is narrower relative to the pristine
state after cyclic voltammetry at 1.2–1.8 V vs. RHE, implying that Fe

redeposition is not site-selective at low potentials. Similar results were
obtained in Fe-purified electrolyte as well. It was hypothesized that an
intermittent electrochemical reduction process applied to the MNF may
reverse the Fe segregation and phase separation and therefore improve
the catalyst stability. To put this hypothesis to the test, they held the
potential at 1.33 V vs. RHE for 2 min after every 1 h of CA at 1.63 V vs.
RHE (Fig. 19g). XFM analysis revealed that phase separation could
indeed be avoided by the intermittent reduction process, which helped
retain the initial excellent activity at 200 mA cm− 2.

Besides the selective dissolution of Fe, a dissolution of the entire
LDH-structure can be observed under certain harsh reaction conditions.
Chen et al.[298] demonstrated that the OER activity on the NiFe-LDH
basal planes combined with the slow diffusion of proton acceptors
(OH–) in the interlayers results in local acidification of the reaction
environment, which in turn causes dissolution of the catalyst. To
conclude this, they tested NiFe-LDH in both phosphate buffer solution
(PBS) (pH=7) and 1 M KOH (pH=14) electrolyte at room temperature
and suggested that in PBS electrolyte, H2O molecules diffuse into the
layers of NiFe-LDH and participate in the OER, forming H+

(2H2O→O2 + 4H+ + 4e− ) with HPO2−
4 acting as a proton acceptor. The

large size of HPO2−
4 (d = 4.6 Å/6.54 Å, ionic diameter/equivalent hy-

drated diameter) makes diffusion of HPO2−
4 into the interlayers of NiFe-

LDH sluggish, resulting in a decrease in local pH, leading to the

Fig. 20. (a) Schematic illustration depicting multilayered NiFe-LDH nanosheets with varying accessibility for OH− and HPO2−
4 , (b) comparison of the OER stability of

bulk and atomically thin nanosheets of NiFe-LDH for 20 h at a current density of 0.5 A cm− 2 in 1 M KOH at 80 ℃: inset represents the AFM images and corresponding
height profiles of monolayered and multilayered NiFe-LDH, reproduced with permission from ref.,[298] Copyright 2019, Wiley-VCH, (c) CA test at 1.6 V vs. RHE in 1
M KOH at room temperature for NivacFevac-LDH, NivacFe-LDH, NiFevac-LDH, and NiFe-LDH, (d) correlation of OER degradation and metal dissolution during the CA
test, XAS spectra at the (e) Ni L-edge and (f) Fe L-edge collected for NivacFe-LDH, NiFevac-LDH, and NiFe-LDH, reproduced with permission from ref.,[57] Copyright
2021, Wiley-VCH.
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dissolution of the interlayers (Fig. 20a). On the other hand, the smaller
size of OH− (d = 2.7 Å/4.82 Å, ionic diameter/equivalent hydrated
diameter) facilitates its transport into the interlayer of NiFe-LDH. Albeit
lower than in PBS, Ni and Fe dissolution was still observed in 1 M KOH.
To improve the stability, they proposed to exfoliate NiFe-LDH into single
layer nanosheets, thereby improving the accessibility of proton accep-
tors to the catalytically active sites. A comparison of the electrochemical
stability of single layer nanosheets versus bulk NiFe-LDH (Fig. 20b)
confirmed a negligible loss in activity and an approximately 4-fold
lowering of metal dissolution for the atomically thin nanosheets at a
current density of 0.5 A cm− 2 in 1 M KOH at 80 ℃. Interestingly, they
also pointed out that most authors would not recognize this problem
when the stability of the NiFe-LDH is assessed at room temperature and
lower current densities (<100 mA). Under such conditions, the OER rate
at the basal planes would not be sufficient to cause any severe depletion
of proton acceptors.

As an alternative to this operational approach to mitigate FeOOH/
NiOOH phase segregation, Peng et al.[57] confronted this challenge by
intrinsically stabilizing the NiFe-LDH structure during OER conditions.
They likewise concluded that lattice distortions were the underlying
cause of Fe dissolution and the associated loss of OER activity but

proposed the introduction of cationic vacancies in the basal plane (00 l)
of NiFe-LDH as a means to suppress these distortions. As shown in
Fig. 20c, CA at 1.6 V vs. RHE unfolded the following trend with regards
to the OER stability: NivacFevac-LDH>NivacFe-LDH>NiFevac-LDH>NiFe-
LDH. After completing the CA test, ICP-OES analysis was conducted to
determine the concentration of dissolved metal ions in the electrolyte.
As shown in Fig. 20d, samples with Ni vacancies (synthesis method is
discussed in section 4.1.5.) had the lowest dissolution rate, verifying its
superior robustness. XAS at the Ni L2,3-edge and Fe L2,3-edge (Fig. 20e)
showed that the incorporation of Ni vacancies weakened the intensities
of L3 and L2 eg empty states. Furthermore, the Fe t2g intensity decreased
for all the vacancy-containing NiFe-LDHs, potentially suggesting stron-
ger Fe 3d − O 2p hybridization and higher electron transfer from O 2p to
Fe 3d upon introduction of cationic vacancies (Fig. 20f), which may be
the reason for the superior electrocatalytic stability and suppressed Fe3+

dissolution.
As illustrated in Fig. 21a, the operating conditions of industrial

electrolyzers deviate significantly from those reported in most literature.
To summarize, a commercial alkaline electrolyzer operates in a zero-gap
configuration at elevated temperatures (70–90 ℃), high current den-
sities (1 A cm− 2), high KOH concentrations (6–7.5 M), and in some cases

Fig. 21. (a) Comparison of typical testing conditions in most of the reported literature with industrial operating conditions, (b) schematic illustration of the
fabrication process of the LDH-Bir composite by exfoliation and electrostatic self-assembly process, (c) comparison of the iR-corrected LSV curves at a scan rate of 5
mV/s, (d) CA conducted at 100 mA cm− 2 and 500 mA cm− 2 for LDH-Bir composite in 6 M KOH at 85 ℃, reproduced with permission from ref.,[346] Copyright 2021,
Wiley-VCH, (e) CA study of NiFe-LDH/NiS conducted at 400 mA cm− 2 in 30 wt% KOH at 25, 45, 65, and 85 ℃, (f) polarization curve, and (g) CP test of an
electrolyzer using NiFe-LDH/NiS as anode and commercial Raney Ni as cathode at 400 mA cm− 2 for 80 h in 30 wt% KOH at 85 ℃, reproduced with permission from
ref.,[323] Copyright 2021, Wiley-VCH.
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increase in Fe oxidation state. Additionally, operando EXAFS revealed
that the Fe-O bond shrinks from 1.99 to 1.88 Å, suggesting an increase in
valence state of Fe ions (i.e., Fe3+ to Fe4+).

Abbott et al.[350] utilized hXAS to demonstrate that incorporation
of Fe species stabilizes the Ni electronic and local coordination envi-
ronment in highly crystalline Ni1-xFexOy during the OER process,

inhibiting transformation to layered and more disordered polymorphs
(β/γ-Ni1− xFexOOH). No doubt, hXAS is a very powerful technique due to
its relatively simple application for operando studies and its invaluable
element specific information concerning the electronic configuration
near the Fermi level and the local coordination environment. None-
theless, it reveals an average information from both the bulk and the

Fig. 22. (a) Customized electrochemical flow cell for hXAS, reproduced with permission from ref.,[351] Copyright 2022, Elsevier (b) operando Ni XANES spectra for
ultrathin and bulk NiFe-LDH samples, (c) operando Fe XANES spectra for ultrathin NiFe-LDH sample, reproduced with permission from ref.,[229] Copyright 2019,
American Chemical Society, (d) Customized electrochemical flow cell for operando sXAS, (e) X-ray fluorescence plot to estimate the probe depth, and (f) operando Ni
L-edge of NiCoFeP, reproduced with permission from ref.,[353] Copyright 2018, Nature-Springer, (g) scheme of thin-film electrochemical cell and sample config-
uration in which the photoelectrons from the sample penetrate through the electrolyte and surrounding gas to the differential pumped electron energy analyzer, (h)
operando O 1 s XPS spectra of Ni-Fe electrocatalyst (indicated potentials are recorded using Ag/AgCl in 0.1 M KOH), (i) Fitting results of XPS spectra (top panel) and
comparison of XPS measurements taken at identical applied potentials before (green) and after (red) electrochemical activation (lower panel), (j) operando XPS
spectra of Ni 2p and Fe 2p transitions for Ni-Fe electrocatalyst, reproduced with permission from ref.,[354] Copyright 2016, American Chemical Society. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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surface of the catalyst which often hinders the conclusive understanding
of the nature and characteristics of the active sites [226,352].

sXAS: Unlike hXAS, sXAS has a probing depth of only a few nano-
meters which makes it a powerful tool in probing the surface charac-
teristics of an electrocatalyst. However, designing an in-situ sXAS cell is
more challenging. A schematic depiction of a representative custom-
designed operando sXAS cell is shown in Fig. 22d which was used to
study the surface evolution of NiCoFeP during OER [353]. XAS was
performed by collecting X-ray fluorescence on the vacuum side
(Fig. 22e). Due to the 2p core hole spin–orbit splitting, the Ni L-edge XAS
spectra are divided into two regions of interest: the L3-edge near 856 eV
and the L2-edge near 874 eV.

Ex-situ sXAS analysis of the L2, 3-edges of Ni revealed the existence of
Ni2+/3+ species and the spectrum retain its shape under open circuit
voltage (OCV) (Fig. 22f). Upon applying anodic polarization, a broader
peak at the Ni L2-edge around 875.1 eV emerges signifying the gener-
ation of Ni4+. Furthermore, the intensity ratio of the doublet-peak in the
L3-region also provides a qualitative indication of the progression of
Ni2+/3+ to Ni4+ species. Upon application of cathodic polarization, both
the Ni L3- and L2-edge results revert to their original position, sug-
gesting a reversible redox of Ni2+/4+. Operando sXAS has also been used
for the study of the atomic and local geometric configurations in NiFe-
LDH [240,270].

6.1.2. Ambient pressure X-ray photoelectron spectroscopy (AP-XPS)
Near ambient pressure XPS, coupled with a differentially pumped

electrostatic lens system, is known as AP-XPS and has been widely
employed to study the gas–solid interfaces during catalysis. Though the
operating pressure in AP-XPS typically reaches a few mbar, pressures of
up to 130 mbar have recently also been reported [355]. Lately, special
cell designs using graphene membranes, or a dip-and-pull method have
enabled the use of AP-XPS in the study of liquid–solid interfaces (also
during electrochemical reactions) [356–360].

Ali-Löytty et al.[354] employed a dip and pull method to investigate
a thin film of Ni-Fe oxyhydroxide in 0.1 M KOH at room temperature.
Fig. 22g depicts a schematic illustration of the thin film electrochemical
cell as well as the sample configuration with regards to the electron
energy analyzer. As shown in Fig. 22h, the normalized XPS spectra of the
O 1 s region for the as-prepared sample at 9 Torr revealed four distinct
chemical states of oxygen: 1) M− O at 530.1 eV, 2) M− OH at 531.6 eV, 3)
liquid-phase H2O(l) at 533 eV, and 4) gas-phase H2O(g) at 536.1 eV. After
electrochemical conditioning (i.e., 6 CV cycles between 0 to 0.65 V vs.
Ag/AgCl followed by 6 CV cycles between 0 to 0.85 V vs. Ag/AgCl at 10
mV s− 1), a significant increase in the relative intensity of the M− O peak
(relative to the sum of M− O and M− OH) was observed which was
attributed to the transformation of OH species to O in Ni-Fe oxy-
hydroxide. Fig. 25i shows a comparison of the normalized XPS of the Ni
and Fe 2p regions at 9 Torr, 0.3 V, and 0.55 V vs. Ag/AgCl. A near-
complete oxidation of the metallic Ni and Fe species was observed
upon application of 0.3 V vs. Ag/AgCl. Further increase in potential did
not reveal any changes to the peak positions of Ni 2p or Fe 2p. Favaro
et al.[361] employed also the dip and pull method to study the surface
evolution of the quaternary metal oxide (Ni-Fe-Co-Ce)Ox under AP-XPS
in 1 M KOH at room temperature. They observed no changes in the
oxidation state of the Ce species under catalytic conditions whereas an
increase in the oxidation states of Ni, Fe, and Co was observed under
applied polarization.

6.2. Mössbauer spectroscopy

An alternative technique that has been utilized to study the oxidation
states and local environment of Fe species in NiFe-LDH is Mössbauer
spectroscopy. Chen et al.[189] employed operando Mössbauer spec-
troscopy to study the evolution of Fe species in Ni3Fe1-LDH and FeOOH
during OER. Their analysis revealed the formation of Fe4+ species in
Ni3Fe1-LDH whereas only Fe3+ species were observed in FeOOH.

Nonetheless, they concluded that the detected Fe4+ species are likely not
responsible for the high OER activity of Ni3Fe1-LDH, as they appeared at
a relatively high anodic potential of 1.62 V vs. RHE, which was 0.13 V
higher than the onset potential of OER. Furthermore, they speculated
that the Fe4+ species detected by Mössbauer spectroscopy arise from Fe
sites within the NiOOH lattice, not contributing to the OER. A CPET
process associated with surface Fe3+–OH could produce highly reactive
Fe4+=O species but with too short life-span to be detectable by
Mössbauer spectroscopy.

6.3. Optical spectroscopies

Optical spectroscopies including Raman, Fourier transformed
infrared (FTIR), and ultraviolet–visible (UV–vis) are powerful tech-
niques to track the evolution of NiFe-LDH during OER. Raman measures
the inelastic scattering caused by vibration induced alteration in
polarizability, IR monitors the specific frequencies absorbed by a
molecule, and UV–vis fingerprints the electronic transitions upon
exposure to UV–vis light [360,362].

6.3.1. Raman spectroscopy
Other than easy handling and rapid operation, Raman scattering is

extricated from electrolyte interference which has led to the extensive
use of operando Raman spectroscopy to study the formation of reaction
intermediates. A schematic of a typical operando Raman set up is shown
in Fig. 23a. One of the earliest attempts to establish the use of in-situ/
operando Raman to study the role of Fe doping in empowering the OER
activity of Ni (oxy)hydroxide was demonstrated by Louie et al.[142]
Lately, Lee et al.[178] employed oxygen labelling experiments com-
bined with in-situ Raman spectroscopy to unfold different active sites of
Fe-free and Fe-containing Ni-LDH (i.e., Ni-LDH, NiFe-LDH, NiCo-LDH,
and NiFeCo-LDH) for OER. At first, 16O in the LDH samples was
replaced with 18O by performing OER at 1.65 V vs. RHE for 3 min in 0.1
M K18OH, resulting in a negative shift of 25 cm− 1 and 50 cm− 1 for δ(NiIII-
O)/v(NiIII-O) and v(O-O), respectively, for all samples (Fig. 23b). The
18O-tagged catalysts were then immediately placed back in 0.1 M so-
lution of K16OH, and the samples were subjected to OER at 1.65 V vs.
RHE for 20 min. For Fe-free LDHs, the δ(NiIII-O)/v(NiIII-O) and v(O-O)
immediately reverted to their original positions, as opposed to the Fe-
containing LDHs. The δ(NiIII-O), v(NiIII-O), and v(O-O) peaks for NiFe
and NiCoFe-LDHs remained at their original frequencies indicating that
the lattice oxygen is not involved in the OER. The authors hypothesized
that for NiFe and NiCoFe-LDHs, oxygen exchange is only possible in the
first step in which Ni species exist as Ni2+. These results suggest that
lattice oxygen may play a role in catalyzing OER in Fe-free LDHs but is
not involved in the OER mechanism and LOM can therefore not be
responsible for the high catalytic activity of Fe-containing LDHs.

Li et al.[363] studied the transformation of FeOOH@NiFe-LDH to
FeOOH@β-Ni(Fe)OOH by means of operando Raman. Fig. 23c and c’
depicts that as the applied potential increased from 0.97 to 1.47 V vs.
RHE, the band intensities of v(NiII-OH) at 460 cm− 1 and v(NiII-O) at 580
cm− 1 subsided and two new strong Raman bands at 480 and 555 cm− 1

appeared which could be associated with the δ(NiIII-O) and v(NiIII-O) of
NiOOH, respectively. Furthermore, no changes in the peak intensities of
FeOOH were observed. For comparison, pristine NiFe-LDH was also
studied using operando Raman. At 0.97 V vs. RHE, three peaks were
observed at 448, 490, and 527 cm− 1 which could be assigned to the Ni-O
vibration of Ni(OH)2 (Fig. 23d and d’). Under applied potential (1.47 V
vs. RHE), two Raman bands at 480 and 555 cm− 1 appeared with no sign
of FeOOH. Interestingly, a broad Raman band was observed in the range
of 850–1100 cm− 1 which was tagged as NiOO− and was taken to indi-
cate the formation of γ-NiOOH. Notably, this broad band was not
observed for FeOOH@NiFe-LDH, suggesting the transition of
FeOOH@NiFe-LDH to FeOOH@β-Ni(Fe)OOH under OER operation in
the presence of FeOOH as opposed to formation of γ-Ni(Fe)OOH in its
absence.
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6.3.2. Uv–vis spectroscopy
UV–vis spectroscopy is highly sensitive to the redox behavior of the

material and has thus been extensively used to study the oxidation states
of 3d-transition metals during OER [364,365]. Ying and co-workers
analyzed the oxidation states of Ni and Fe species in FeOOH@NiFe-
LDH during the OER process and observed that at potentials up to
1.43 V vs. RHE the differential absorption spectra at 300–900 nm did not

change significantly (Fig. 24a) [363]. With further increase in potential,
two distinct absorption bands at approximately 365 and 550 nm were
observed which could be associated with the d-d transitions of Ni3+

(formation of β-NiOOH) and the characteristic coloration produced by
the oxidation of Ni2+ → Ni3+ or Ni4+, respectively. Reversal of the
applied potential led to a decrease in intensity of the absorption bands,
however the bands did not return to the original position, suggesting

Fig. 23. (a) Schematic of an electrochemical cell for operando Raman spectroscopy, (b) in-situ Raman spectra of 18O-labeled Ni LDH (left), NiCo LDH (middle), and
NiFe-LDH (right) obtained at 1.65 V vs. RHE in 0.1 M KOH in H2

16O at room temperature, reproduced with permission from ref.,[178] Copyright 2019, Wiley-VCH, (c
and c’) operando Raman spectra of FeOOH@NiFe-LDH obtained at different potentials in forward and reverse scan, respectively, (d and d’) operando Raman spectra
of NiFe-LDH obtained at different potentials in forward and reverse scan, respectively, reproduced with permission from ref.,[363] Copyright 2022, Elsevier.
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residual Ni3+/Ni4+ species (Fig. 24a’).
Goldsmith et al.[366] investigated the electronic structure and redox

thermodynamics of thin-films of Ni(OH)2 and NiFe-LDH by operando
UV–vis spectroscopy at different applied potentials. For Ni(OH)2, the
film started turning darker as the potential approached ~ 1.3 V vs. RHE,
and a distinct spectroscopic feature appeared beyond ~ 1.4 V vs. RHE.
The film continued to grow darker as the potential moved further into
the OER region (Fig. 24c and d). On the other hand, NiFe-LDH showed
negligible absorption changes until the onset of the OER, consistent with
the redox behavior portrayed in the CV (Fig. 24e and f). Nonetheless, the
band-edge absorption energy was similar to that of Ni(OH)2 (i.e., 1.5
eV). Combining their spectroelectrochemical findings with DFT calcu-
lations, they concluded that the Ni species in Ni(OH)2 transform from
Ni2+ to Ni3+ followed by further oxidation to a mixed state of Ni3+/4+.
For NiFe-LDH, no redox is observed below the onset potential of the
OER, which coincides with the oxidation of Fe3+ to Fe4+. Similar find-
ings were reported by Gorlin et al.[227] who also employed operando
UV–vis spectroscopy on Ni(OH)2 and NiFe-LDH during the OER. They
found that in pure Ni(OH)2, Ni species transform from Ni2+ to Ni3+/4+,
whereas the presence of Fe in NiFe-LDH hinders the oxidation of Ni2+ to
Ni3+/4+.

6.4. Differential electrochemical mass spectrometry (DEMS)

Differential electrochemical mass spectrometry (DEMS) has been
utilized for the in-situ and time-resolved detection of reactants, reaction
intermediates, and/or products. Corrosion of a carbon-based support is
commonly reported during electrocatalysis at high anodic potentials,
with the analysis of carbon corrosion in alkaline environment being
challenging due to the CO2/CO2−

3 equilibrium [147]. In this regard,
DEMS is a powerful technique to distinguish the carbon corrosion from
oxygen evolution based on the direct detection of the gaseous products
formed during the OER process [367,368]. Apart from the investigation
of carbon corrosion, DEMS has also found application in the determi-
nation of the faradaic efficiency, reaction pathway, and involvement of
lattice oxygen for NiFe-LDH during OER. For instance, Gorlin et al.[227]
tracked the proportion of faradaic charge injected into the formation of
oxygen and into other redox process for unsupported Ni0.45Fe0.55 and
carbon-supported Ni0.45Fe0.55/C. Oxygen evolution measurements were
conducted in 0.1, 0.5, and 1 M KOH at room temperature and the

faradaic efficiencies of O2 (FEO2) were determined by converting the ion
currents to corresponding DEMS-derived faradaic currents (iDEMS

F,O2 ), the
integral of which was afterwards divided by the total faradaic charge
derived from voltammetry. As shown in Fig. 25a, the colored areas in the
insets represent the proportion of charge used for the OER, while the
black line represents the total faradaic current. The faradaic efficiency
for O2 evolution was found to be 93 % and 81 % for unsupported and
carbon-supported Ni0.45Fe0.55 in 0.1 M KOH, respectively. Upon
increasing the pH, the faradaic charge linked with processes other than
the OER increased significantly and the FEO2 decreased from 93 % → 86
% → 85 % for Ni0.45Fe0.55 and 81 % → 61 % → 55 % for Ni45Fe55/C in
0.1 M, 0.5 M, and 1 M KOH, respectively. Subtracting the catalyst redox
charge from the total faradaic charge, the FEO2 approached 100 % for
the Ni45Fe55 catalyst, whereas for Ni45Fe55/C, it was still much lower
which implies a carbon corrosion process in addition to the catalyst
redox. The DEMS charge efficiency analysis revealed that both carbon
support and pH influence the catalyst metal redox process, though in
different ways. Increasing pH not only shifts the catalyst redox wave
cathodically, but it also increases the magnitude and shifts the OER
onset OP to lower values. The carbon support further shifts cathodically
and strongly enhances the catalyst redox wave along with further
lowering the onset OP for the OER.

More recently, Ferreira de Araujo et al.[177] used a novel DEMS cell
(reported as hanging droplet DEMS flow cell) to perform oxygen isotope-
labeling experiments in 0.1 M K18OH on Ni(OH)2 and Ni0.78Fe0.22-LDH
and revealed the existence of a Mars-van-Krevelen LOM mechanism in
both catalysts to various degrees, involving the coupling of oxygen from
the catalyst and the electrolyte (Fig. 25b). To begin with, the DEMS cell
was used to assess the O2 faradaic efficiency in non-isotope enriched
environment by conducting a mass spectrometric cyclic voltammogram
(MSCV) at a scan rate of 5 mV/s which revealed the formation of 16O2
and almost no mass current associated with 16O18O or 18O2. Interest-
ingly, subjecting the catalysts (16O-Ni0.78Fe0.22-LDH and Ni(16OH)2) to
OER in 18O-isotope-labelled electrolyte, revealed the appearance of
mass current for 16O18O (coupling of two distinct oxygen isotopes) and
18O2 (coupling of electrolyte-derived intermediates) whereas no mass
current was observed for 16O2 for either catalyst (Fig. 25c). The 16O
isotope could possibly have originated from residual solvent H2

16O or
from the surface/bulk lattice oxygen present in the catalyst. The
appearance of mass current of 16O18O signifies the participation of

Fig. 24. (a and a’) operando UV–vis spectra of FeOOH@NiFe-LDH obtained at different potentials along the anodic and cathodic scans, respectively, (b and b’)
operando UV–vis spectra of NiFe-LDH obtained at different potentials along the anodic and cathodic scans, respectively, reproduced with permission from ref.,[363]
Copyright 2022, Elsevier, CV and UV–vis spectra of (c and d) Ni(OH)2, and (e and f) NiFe-LDH: UV–vis spectra are obtained during constant-potential electrocatalysis,
reproduced with permission from ref.,[366] Copyright 2017, National Academy of Sciences.
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lattice oxygen atoms at the surface and/or bulk of the catalyst in the
oxygen evolution mechanism. As the OER proceeds, the 18O will replace
the 16O and this was supported by the anodic shift of the onset potential
of the 18O18O relative to 16O18O (inset of Fig. 25c). In order to confirm
the exchange of oxygen between the catalyst and the electrolyte, non-
labelled electrolyte was then flown over the catalyst surface to ensure
the complete exchange of electrolyte. They observed approximately 3-
fold and 4-fold higher 18O abundance during the initial cycle for Ni
(OH)2 and Ni0.78Fe0.22-LDH, respectively, confirming the inverse oxygen
isotope exchange between the catalyst and the H2

16O/K16OH electrolyte.
This is in contrast to the work of Lee et al.[178] where they reported that
oxygen exchange is only possible in the first step in which Ni species
exist as Ni2+.

Similarly, He et al.[369] performed in-situ DEMS on 18O-labeled
NiFe-LDH (atomic ratios unknown) and MoNiFe (oxy)hydroxide and
observed mass current signals for 16O2, 16O18O, and 18O2 in the product,
implicating again the involvement of lattice oxygen for both NiFe and
NiFeMo (oxy)hydroxide in the OER. For 18O-labeled MoNiFe (oxy)

hydroxide, the mass current of 16O18O and 18O2 is significantly higher
than 18O-labeled NiFe (oxy)hydroxide implying that lattice oxygen of
MoNiFe (oxy)hydroxide is participating more actively in the OER rela-
tive to NiFe (oxy)hydroxide. By combining these results with DFT cal-
culations, they concluded that for NiFe (oxy)hydroxide, the desorption
of O2 combined with oxygen vacancy formation is the rate limiting step.
Contrastingly, the barrier for oxygen vacancy formation became much
smaller upon Mo doping and the limiting step was found to be the
deprotonation of *OOH. Interestingly, the RDS barriers for both NiFe
and MoNiFe (oxy)hydroxide in LOM were significantly lower than in
AEM pathway. Upon Mo doping, the Ni 3d/Fe 3d anti-bonding states
shift downwards increasing overlap with O 2p relative to NiFe (oxy)
hydroxide, leading to the filling of more electrons into the anti-bonding
orbitals upon Mo doping, thereby weakening the metal–oxygen bond
and facilitating oxygen vacancy formation.

Fig. 25. (a) Operando DEMS performed in an electrochemical flow cell on unsupported and carbon supported Ni0.45Fe0.55: The CV was recorded at a scan rate of 10
mV/s, the electrolyte was sequentially changed from 0.1 → 0.5 → 1 M KOH, and the insets show the CVs in time domain. The current densities recorded by the
Potentiostat are shown in black curves and the mass spectroscopic faradaic ion currents of O2 are shown in colored lines and areas. The inset indicates the faradaic
efficiency of O2 and the potential values at the bottom indicate the OER onset potential, reproduced with permission from ref.,[227] Copyright 2017, American
Chemical Society, (b) a schematic representation of the hanging droplet DEMS flow cell with close up of main components: working electrode (WE), counter electrode
(CE), reference electrode (RE); (1) Teflon gasket, (2) the inlet channel, (3) the outlet channel, (4) the internal channel, and (5) the bulk flow channel stack, (c) MSCV
and faradaic CV curves of NiFe-LDH (left) and Ni(OH)2 (right) recorded in 18O-0.1 M KOH: blue line, grey line, and green line represent mass current of 18O2, 18O16O,
and 16O2, respectively, related to the faradaic current (red) and the applied potential (black); the lower panels depict the experimental mass current of 18O2
normalized to the maximum mass current of 18O16O (blue line) and the theoretically expected 18O16O (dotted black line) ion current based on the 16O abundance of
0.78 % in the 0.1 M K16OH/H2

18O electrolyte, reproduced with permission from ref.,[177] Copyright 2021, Wiley-VCH. (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)
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has any negative impact on the HER at the cathode, as the anolyte and
catholyte unavoidably will mix through the diaphragm.

No doubt, remarkable achievements have been realized in pushing
the water oxidation activity of Ni1-xFexOOH, however, the long-term
stability of Ni1-xFexOOH, which plays an even more critical role for its
commercial-scale application, has been less dwelled upon. Nevertheless,
three major degradation mechanisms have been identified that raise
concerns: 1) preferential Fe dissolution, 2) phase segregation due to the
redeposition of dissolved Fe species, and 3) poor mass transport of
proton acceptors within the layered bulk structure of Ni1-xFexOOH. To
improve the robustness, various strategies have been proposed, such as
cation vacancy generation, injection of Fe species in the electrolyte, and
delamination of nanosheets of NiFe-LDH. Furthermore, phase segrega-
tion has been reported to be impeded by periodically switching the
anode potential to below the OER region, suggesting that the stability
can be promoted through adjusting the operational pattern.

While these findings are encouraging for developing stable Ni1-
xFexOOH-based catalysts, most stability tests in the literature are con-
ducted at conditions toomild to predict performance loss in an industrial
setting. The test procedures assessing the stability should therefore in-
crease the electrolyte concentration from the typical 0.1–1 M to approx.
6 M KOH while also increasing the temperature from room temperature
to 80 ◦C or above. Under such conditions, Pacsuzzi et al.[344] and
Andronescu et al.[347] have demonstrated a significant negative impact
on the stability of Ni1-xFexOOH both with and without polarization, in
comparison to their reference tests conducted in mild conditions.
Commercial electrolyzers are in addition expected to operate intermit-
tently – either because they are coupled to fluctuating renewable energy
sources or because their use will be limited when grid spot prices are
high – and constant CP and CA testing poorly reflects realistic operation.
In the case of Ni1-xFexOOH, interruptions in the current have been re-
ported to have a positive effect,[345] whereas in other cases such as
NiCoOx, intermittent operation appears to accelerate degradation of the
electrodes [371]. This problem occurs since the electrodes in alkaline
water electrolyzers are linked electrically through the bipolar plate and
ionically via the electrolyte manifolds and diaphragms, enabling the
flow of reverse currents upon shutdown, which might lead to permanent
changes [372,373]. To assess whether or not this turns out to be

detrimental for Ni1-xFexOOH, one should aspire to validate the stability
under the most realistic conditions possible (Fig. 26).

Furthermore, the vast majority of the literature on Ni1-xFexOOH
concludes the stability (or the lack thereof) from experiments that rarely
last longer than 100 h. From such tests, several faulty conclusions might
be drawn. First of all, the absolute increase in overpotential, e.g. 5 mV
might seem insignificant but over the desired 100.000 h lifetime of a
commercial electrolyzer stack, such degradation rates would be alarm-
ing [374]. Besides, during the initial hundreds of hours, the stability of
the catalyst might appear promising by observing the overpotential
alone, but minor changes to the catalyst’s structure might still occur. As
an example, the preferential leaching of iron could at first have no
negative effect – in fact, it might be positive if the initial iron content was
too high – but at some turning point the iron would deplete from the
catalyst and the overpotential would start to increase. It is for this reason
difficult to conclude on the robustness of a specific Ni1-xFexOOH catalyst
by demonstrating a stable overpotential over a few hundred or even
thousand hours, regardless of the testing conditions. In addition to such
prolonged testing, researchers should carry out post-mortem charac-
terization of the catalyst and exploit the multitude of effective in-situ and
operando characterization tools to assess the changes that might occur
to the catalyst during operation. From a thermodynamic standpoint, it is
also naïve to believe that a specific Ni1-xFexOOH structure should be
stable under operation conditions when they were formed under very
different reaction conditions [375]. While the as-synthesized catalyst
might be kinetically stabilized in a highly active structure, its dopants,
intercalated anions, and other activity-enhancing artifacts are subjected
to the risk of relaxing to a thermodynamically more favorable state over
time. In such cases, the increased operation temperature would only
accelerate such relaxation. In this light, it seems important that new
synthesis techniques and routes for modulating the efficiency not
necessarily target to optimize the structure directly, but rather seek to
form an ideal pre-catalyst structure, which subsequently activates into
the best possible catalyst in situ.

From the presented literature, Ni1-xFexOOH undeniably appears as
one of the most active electrocatalysts for water oxidation under lab-
scale conditions. However, it is likely that Ni1-xFexOOH already func-
tions as the OER active phase on the anode in industrial alkaline water

Fig. 26. A comparison of lab-scale testing and commercial water electrolysis conditions and proposed testing conditions to evaluate the applicability of Ni1-xFexOOH
for commercial water electrolysis.

S. Iqbal et al. Chemical Engineering Journal 499 (2024) 156219 

42 



electrolyzers, as iron impurities from the electrolyte will intermix in the
NiOOH structure, although the activity of these in situ modified elec-
trodes appears suboptimal compared to the phase pure NiFe-LDHs
investigated in this review. While it might therefore seem straightfor-
ward to implement phase pure NiFe-LDHs, there are still several chal-
lenges that remain to be addressed before the suitability of this catalyst
for industrial applications can be concluded. First of all, the research
must consider suitable methods for depositing the catalyst into the
electrode – if it is not directly grown into the electrode already – and the
resulting cohesion needs to be tested in conditions where vigorous
electrolyte flow and bubble formation occur to assess the risk of
delamination. Furthermore, since iron contamination of the electrolyte
appears unavoidable considering the preferential leaching of iron from
the NiFe-LDHs, the performance of both the cathode and the anode must
be examined simultaneously [376]. Finally, as a bare minimum, the
industrial applicability of a potential NiFe-LDH catalyst can only be
supported after it has been tested under relevant conditions, e.g. 6–8 M
NaOH or KOH, 80 ℃ and > 400 mA cm− 2. Ideally, testing should take
place for prolonged time periods and under different operating profiles
of relevance and combined with a careful characterization of the catalyst
for any changes to its structure and composition, ideally in-situ during
electrochemical testing, or by thorough post-mortem analysis.
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[196] Y. Zhou, N. López, The role of fe species on NiOOH in oxygen evolution reactions,
ACS Catal. 10 (11) (2020) 6254–6261, https://doi.org/10.1021/
ACSCATAL.0C00304/ASSET/IMAGES/LARGE/CS0C00304_0004.JPEG.

[197] Z. Zeng, M.K.Y. Chan, Z.J. Zhao, J. Kubal, D. Fan, J. Greeley, Towards first
principles-based prediction of highly accurate electrochemical pourbaix
diagrams, J. Phys. Chem. C 119 (32) (2015) 18177–18187, https://doi.org/
10.1021/ACS.JPCC.5B03169/ASSET/IMAGES/LARGE/JP-2015-03169R_0009.
JPEG.

[198] H. Bode, K. Dehmelt, J. Witte, Zur kenntnis der nickelhydroxidelektrode—I. Über
Das Nickel (II)-hydroxidhydrat, Electrochim. Acta 11 (8) (1966) 1079–1087,
https://doi.org/10.1016/0013-4686(66)80045-2.

[199] R.L. Doyle, I.J. Godwin, M.P. Brandon, M.E.G. Lyons, Redox and electrochemical
water splitting catalytic properties of hydrated metal oxide modified electrodes,
Phys. Chem. Chem. Phys. 15 (33) (2013) 13737–13783, https://doi.org/
10.1039/C3CP51213D.

S. Iqbal et al. Chemical Engineering Journal 499 (2024) 156219 

47 



[200] S. Klaus, Y. Cai, M.W. Louie, L. Trotochaud, A.T. Bell, Effects of Fe electrolyte
impurities on Ni(OH)2/NiOOH structure and oxygen evolution activity, J. Phys.
Chem. C 119 (13) (2015) 7243–7254, https://doi.org/10.1021/ACS.
JPCC.5B00105.

[201] D.S. Hall, D.J. Lockwood, C. Bock, B.R. MacDougall, Nickel hydroxides and
related materials: a review of their structures, synthesis and properties, Proc. r.
Soc. A Math. Phys. Eng. Sci. 471 (2174) (2015), https://doi.org/10.1098/
RSPA.2014.0792.

[202] Q. Song, Z. Tang, H. Guo, S.L.I. Chan, Structural characteristics of nickel
hydroxide synthesized by a chemical precipitation route under different PH
values, J. Power Sources 112 (2) (2002) 428–434, https://doi.org/10.1016/
S0378-7753(02)00396-8.

[203] C. Faure, Y. Borthomieu, C. Delmas, M. Fouassier, Infrared characterization of
turbostratic α- and well crystallized А*-cobalted nickel hydroxides, J. Power
Sources 36 (2) (1991) 113–125, https://doi.org/10.1016/0378-7753(91)80008-
L.

[204] M. Kim, K. Kim, A study on the phase transformation of electrochemically
precipitated nickel hydroxides using an electrochemical quartz crystal
microbalance, J. Electrochem. Soc. 145 (2) (1998) 507–511, https://doi.org/
10.1149/1.1838294/XML.

[205] M. Kim, T. Hwang, K. Kim, A study of the electrochemical redox behavior of
electrochemically precipitated nickel hydroxides using electrochemical quartz
crystal microbalance, J. Electrochem. Soc. 144 (5) (1997) 1537–1543, https://
doi.org/10.1149/1.1837637/XML.

[206] B.S. Yeo, A.T. Bell, In situ raman study of nickel oxide and gold-supported nickel
oxide catalysts for the electrochemical evolution of oxygen, J. Phys. Chem. C 116
(15) (2012) 8394–8400, https://doi.org/10.1021/JP3007415/SUPPL_FILE/
JP3007415_SI_001.PDF.

[207] S.Y. Lee, I.S. Kim, H.S. Cho, C.H. Kim, Y.K. Lee, Resolving potential-dependent
degradation of electrodeposited Ni(OH)2 catalysts in alkaline oxygen evolution
reaction (OER). In situ XANES studies, Appl. Catal. B Environ. 284 (2021)
119729, https://doi.org/10.1016/J.APCATB.2020.119729.

[208] Z. Lu, W. Xu, W. Zhu, Q. Yang, X. Lei, J. Liu, Y. Li, X. Sun, X. Duan, Three-
dimensional NiFe layered double hydroxide film for high-efficiency oxygen
evolution reaction, Chem. Commun. 50 (49) (2014) 6479–6482, https://doi.org/
10.1039/C4CC01625D.

[209] D.K. Bediako, B. Lassalle-Kaiser, Y. Surendranath, J. Yano, V.K. Yachandra, D.
G. Nocera, Structure-activity correlations in a nickel-borate oxygen evolution
catalyst, J. Am. Chem. Soc. 134 (15) (2012) 6801–6809, https://doi.org/
10.1021/JA301018Q/SUPPL_FILE/JA301018Q_SI_001.PDF.

[210] J. Kang, Y. Xue, J. Yang, Q. Hu, Q. Zhang, L. Gu, A. Selloni, L.M. Liu, L. Guo,
realizing two-electron transfer in Ni(OH)2nanosheets for energy storage, J. Am.
Chem. Soc. 144 (20) (2022) 8969–8976, https://doi.org/10.1021/
JACS.1C13523/ASSET/IMAGES/LARGE/JA1C13523_0005.JPEG.

[211] M. Merrill, M. Worsley, A. Wittstock, J. Biener, M. Stadermann, Determination of
the “NiOOH” charge and discharge mechanisms at ideal activity, J. Electroanal.
Chem. 717–718 (2014) 177–188, https://doi.org/10.1016/J.
JELECHEM.2014.01.022.

[212] J. Liu, J. Xiao, Z. Wang, H. Yuan, Z. Lu, B. Luo, E. Tian, G.I.N. Waterhouse,
Structural and electronic engineering of ir-doped Ni-(Oxy)hydroxide nanosheets
for enhanced oxygen evolution activity, ACS Catal. 11 (9) (2021) 5386–5395,
https://doi.org/10.1021/ACSCATAL.1C00110/ASSET/IMAGES/LARGE/
CS1C00110_0006.JPEG.

[213] Y. Dou, C.T. He, L. Zhang, M. Al-Mamun, H. Guo, W. Zhang, Q. Xia, J. Xu,
L. Jiang, Y. Wang, P. Liu, X.M. Chen, H. Yin, H. Zhao, How cobalt and iron doping
determine the oxygen evolution electrocatalytic activity of NiOOH, Cell Reports
Phys. Sci. 1 (6) (2020) 100077, https://doi.org/10.1016/J.XCRP.2020.100077.

[214] J. Yan, L. Kong, Y. Ji, J. White, Y. Li, J. Zhang, P. An, S. Liu, S.T. Lee, T. Ma, Single
atom tungsten doped ultrathin α-ni(oh)2 for enhanced electrocatalytic water
oxidation, Nat. Commun. 10 (1) (2019) 1–10, https://doi.org/10.1038/s41467-
019-09845-z.

[215] S.R. Ede, Z. Luo, Tuning the intrinsic catalytic activities of oxygen-evolution
catalysts by doping: A comprehensive review, J. Mater. Chem. A 9 (36) (2021)
20131–20163, https://doi.org/10.1039/D1TA04032D.

[216] J.M.P. Martirez, E.A. Carter, Noninnocent influence of host β-NiOOH redox
activity on transition-metal dopants’ efficacy as active sites in electrocatalytic
water oxidation, ACS Catal. 10 (4) (2020) 2720–2734, https://doi.org/10.1021/
ACSCATAL.9B05092/SUPPL_FILE/CS9B05092_SI_002.ZIP.

[217] Z. Xue, X. Zhang, J. Qin, R. Liu, Revealing Ni-based layered double hydroxides as
high-efficiency electrocatalysts for the oxygen evolution reaction: A DFT study,
J. Mater. Chem. A 7 (40) (2019) 23091–23097, https://doi.org/10.1039/
C9TA06686A.

[218] M. Qin, J. Chen, X. Zheng, M. Qi, R. Yang, S. Mao, Y. Wang, Operando
deciphering the activity origins for potential-induced reconstructed oxygen-
evolving catalysts, Appl. Catal. B Environ. 316 (2022) 121602, https://doi.org/
10.1016/J.APCATB.2022.121602.

[219] Y. Elbaz, M. Caspary Toroker, Dual mechanisms: hydrogen transfer during water
oxidation catalysis of pure and Fe-doped nickel oxyhydroxide, J. Phys. Chem. C
121 (31) (2017) 16819–16824, https://doi.org/10.1021/ACS.JPCC.7B04142/
ASSET/IMAGES/LARGE/JP-2017-041425_0007.JPEG.

[220] B. Kim, M.K. Kabiraz, J. Lee, C. Choi, H. Baik, Y. Jung, H.S. Oh, S.II. Choi, K. Lee,
Vertical-crystalline Fe-doped β-Ni oxyhydroxides for highly active and stable
oxygen evolution reaction, Matter 4 (11) (2021) 3585–3604, https://doi.org/
10.1016/J.MATT.2021.09.003.

[221] Z. Lin, P. Bu, Y. Xiao, Q. Gao, P. Diao, β- and γ-NiFeOOH electrocatalysts for an
efficient oxygen evolution reaction: an electrochemical activation energy aspect,

J. Mater. Chem. A 10 (39) (2022) 20847–20855, https://doi.org/10.1039/
D2TA04688A.

[222] Y.F. Li, A. Selloni, Mechanism and activity of water oxidation on selected surfaces
of pure and fe-doped NiOx, ACS Catal. 4 (4) (2014) 1148–1153, https://doi.org/
10.1021/CS401245Q/SUPPL_FILE/CS401245Q_SI_001.PDF.

[223] A.J. Tkalych, J.M.P. Martirez, E.A. Carter, Effect of transition-metal-ion dopants
on the oxygen evolution reaction on NiOOH(0001), Phys. Chem. Chem. Phys. 20
(29) (2018) 19525–19531, https://doi.org/10.1039/C8CP02849D.

[224] R.D.L. Smith, C. Pasquini, S. Loos, P. Chernev, K. Klingan, P. Kubella, M.
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