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FeNi oxides/hydroxides are the best performing catalysts for
oxidizing water at basic pH. Consequently, their improvement is
the cornerstone to develop more efficient artificial photo-
synthetic systems. During the last 5 years different reports have
demonstrated an enhancement of their activity by engineering
their structures via: (1) modulation of the number of oxygen,

iron and nickel vacancies; (2) single atoms (SAs) doping with
metals such as Au, Ir, Ru and Pt; and (3) modification of their
surface using organic ligands. All these strategies have led to
more active and stable electrocatalysts for oxygen evolution
rection (OER). In this Concept, we critically analyze these
strategies using the most relevant examples.

1. Introduction

Storing green electricity in the form of chemical bonds is a
promising approach to generate green and renewable fuels and
help in the decarbonization of the environment. One of the
most studied and promising strategies to achieve this goal is
the extraction of electrons from water to use them to generate
a fuel such as hydrogen, in the so-called water splitting
process,[1,2] or to form reduced carbon molecules, e.g. ethanol,
in the well-known CO2 reduction reaction.[3,4] Independently of
the final product, these processes (water splitting and CO2

reduction) have in common the oxidative part, in which water
is oxidized to oxygen. This is a thermodynamic uphill (ΔG=

475 kJ/mol, pH=0) and kinetically slow reaction that is
proposed to be, in most cases, the bottleneck of the whole
process, involving the extraction of 4 electrons and 4 protons
from 2 water molecules to generate an oxygen-oxygen double
bound.[5,6] This reaction usually takes place through a 4 steps
pathway [Eqs. (1)–(4)]:[7]

H2OðlÞ þ* ! HO* þ Hþ þ e� (1)

HO* ! O* þ Hþ þ e� (2)

O* þ H2OðlÞ ! HOO* þ Hþ þ e� (3)

HOO* !* þO2 þ Hþ þ e� (4)

where * is the active site on the surface of the catalyst.
However, despite this being one of the most accepted
mechanisms, other pathways can also be considered.[8,9]

In this field, a lot of effort has been devoted to find an earth
abundant active catalyst towards the oxygen evolution reaction
(OER).[10] Currently, the best performing OER catalysts in alkaline
media are those based on NiFe oxides/hydroxides.[11,12] Even
though the positive effect of Fe3+ incorporation into Ni oxide/
hydroxide-based anodes for OER was reported by Corrigan in
1987,[13] it has not been until the last decade that this field has
exponentially grown, with the obtaining of different NiFe based
electrocatalysts. Since the revisiting of this effect by Boettcher
and coworkers in 2012,[14] a great number of studies have
investigated this phenomenon.[15–19] However, they did not
reach a clear picture on the exact role of Fe3+ in the OER
catalysis.[20]

Catalysts based on NiFe oxides/hydroxides can be prepared
following different methodologies. Among them, the most
widely employed are: (1) coprecipitation,[21,22]

(2) electrodeposition[23–27] and (3) hydrothermal synthesis.[28–30]

Each synthetic methodology yields different structures with
different catalytic behavior.[31] Among all the different structures
existing for NiFe oxides/hydroxides, in this Concept we will
focus on examples dealing with layered double hydroxides
(LDHs),[32–43] nanostructured alloys[44,45] and coordination
polymers.[46] In particular, NiFe LDH are widespread structures
leading to highly active electrocatalysts for OER. Their structure
consists in brucite-like layers of Ni(II) and Fe(III) mixtures stacked
with interlayer anions and hydration water molecules (Fig-
ure 1).[47–49]

In addition to Fe3+ incorporation, the scientific community
has also been studying other strategies to improve the OER
performance of NiFe oxide/hydroxide catalysts. (1) Increasing
the number of active sites by generating an amorphous
catalyst,[50] 2D layers[51] or 3D structures.[52] (2) Generating
heterostructures by coupling NiFe species with other
electrocatalysts,[53–55] or changing the conductive support to
improve the electronic properties.[56–60] (3) Changing the interca-
lated anions when using NiFe LDHs to improve the amount of
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exposed active sites, lowering the charge transfer resistance
and inducing a better contact with the electrolyte.[61–64]

(4) Doping with other elements, either metals and non-metals,
thus changing the intrinsic properties of the catalyst.[65–67]

(5) Introducing cationic and/or anionic vacancies.[32–35,68] (6) In-
ncorporating single atoms (SAs) into the catalyst
structure.[37–41,44] (7) Using organic molecules to modulate the
coordination sphere of the active species.[42,43,45,46] In this
Concept, we will discuss the last three methodologies that
atomically or molecularly modify the structure of the NiFe
oxide/hydroxide catalysts. These strategies allow to rationally
tune the electronic properties of the active sites, and
consequently to modulate their reactivity. The most relevant
examples of each strategy and their corresponding benchmark-
ing overpotential in OER are summarized in Table 1.

2. Vacancies Modulation

It is widely accepted that atomic scale defects (cationic and
oxygen vacancies) enhance OER in metal oxide catalysts.[33,69,70]

In the case of oxygen (anionic) vacancies, it is known that they
affect both the surface and bulk electronic structure. The former
will modulate the adsorption energy of the different reaction
intermediates, while the latter can increase the covalency of the
metal-oxygen bond, which can change the reaction mechanism
and improve the electronic conductivity. In NiFe oxides/
hydroxides, these vacancies can be M(II) (VNi) or M(III) (VFe) in
nature, each of them leading to different effects. Cationic
vacancies, specially VNi, have been reported to increase the
stability of NiFe-LDH in two ways: by allowing the accommoda-
tion of the lattice distortion caused by the presence of nearby
Fe(III) sites, and by increasing the binding energy of neighbor-
ing Fe� O moieties.[71] On the other hand, VFe modulate the
electronic structure of the materials and are the main respon-
sible for the improved intermediate binding energies leading to
an enhanced OER performance.[71] Focusing on NiFe oxides/
hydroxides for OER, different strategies have been used to
prepare defective materials: (1) modified synthetic methods to
produce materials rich in both cationic and anionic
vacancies,[68,72–74] (2) decomposition of molecularly well-defined
precursors such as Prussian blue,[75] (3) post-synthetic treat-
ments by (a) introducing cationic defects by synthesizing
NiFeZn or NiFeAl oxohydroxides and then etching the third
metal (Zn2+ or Al3+) to selectively produce Ni (M(II), VNi) or Fe

(M(III), VFe) vacancies, respectively,[33,34] (b) by introducing
anionic defects by reducing the pristine materials with a
reductive agent such as NaBH4

[35,76] or via flame treatment,[77]

and (c) by introducing both cationic and anionic defects by a
fluorination-enabled surface reconstruction after electrochem-
ical activation,[78] or by combination of strategies 3a and 3b
(entry 1,Table 1),[32] or finally (4) doping with non-metallic
anions such as B, S and P in negative oxidation states to
introduce different amounts of oxygen vacancies (VO).

[79]

Cationic vacancies: In two independent works,[33,34] the
authors selectively generated M(III) or M(II) vacancies by etching
Al in NiFeAl or Zn in NiFeZn, respectively (Figure 2a). Both works
found that both vacancy-containing catalysts were more active
than the pristine counterpart and that the catalyst containing
VNi outperformed the one containing VFe (entries 2, 3 and 4 in
Table 1 and Figure 2b). Sun and co-workers[33] associated this
different behavior to the different unsaturated sites generated
by the vacancies: VFe leads to Ni(II)� O� Ni(II) unsaturated sites,
which are less active than the Ni(II)� O� Fe(III) unsaturated sites
generated by VNi. In addition, DFT calculations indicate that
both cationic vacancies favor the deprotonation step in OER,
enhancing their activity (equation 2 and Figure 2c).[33,34]

Anionic vacancies: Lin and co-workers reported a material
rich in oxygen vacancies due to the post-synthetic treatment of

Figure 1. Schematic representation of a NiFe LDH structure.

Table 1. NiFe LDHs, NiFe coordination polymers and NiO materials atomi-
cally and/or molecularly modified with their corresponding OER bench-
marking overpotential at a current density of 10 mA/cm2 (unless otherwise
indicated) discussed in this work. VO, oxygen vacancies; VFe, Fe vacancies;
VNi, Ni vacancies; SAs, single atoms; EWD, electron withdrawing; FBS,
nonafluoro-1-butanesulphonate.

Entry Strategy Details η10
[mA/cm2]

Ref.

1 Vacancies VO, VNi
and VFe

205 [32]

2 Vacancies VNi 200
(20 mA/cm2)

[33]

3 Vacancies VNi 229 [34]

4 Vacancies VFe 245 [34]

5 Vacancies VO 195 [35]

6 Vacancies VO, VNi
and VFe

230 [68]

7 SAs Au 210 [37]

8 SAs Ir 200 [44]

9 SAs+vacancies Ru+VFe 189 [38]

10 SAs Ru 194 [40]

11 SAs Pt 270 [39]

12 SAs Pt 243 [41]

13 Ligand Terephthalic Acid
(Carboxylate)

188 [46]

14 Ligand C6F5 (most
EWD ligand)

268 [45]

15 Ligand FBS 199 [42]

16 Ligand+doping LiAc 159 [43]

17 Vacancies+

structural defects
VO+Ni3+

defects+porosity
170 [36]
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a NiFe LDH with NaBH4, which presented an improved perform-
ance compared to the pristine material (Figure 3a, entry 5,
Table 1).[35] DFT calculations demonstrate that this enhancement
is due to a reduction of the energy barrier of the formation of
*O from *OH (equation 2 and Figure 3b), in addition to the
conductivity improvement due to a decrease in the band gap.
Also, Ahn and coworkers studied the evolution of oxygen
vacancies under turnover conditions.[79] A decrease of the
population of vacancies over time was observed, which was
correlated with a decrease in the catalyst OER performance
along time.

Both anionic and cationic vacancies: The work reported by
Zhang and co-workers describes the preparation of defect-rich
ultrafine monolayer NiFe LDH nanosheets (entry 6, Table 1)
outperforming the non-defective non-ultrafine monolayer
ones.[68] According to density of states depicted by DFT

calculations, the highly defective nature of the material confers
it semimetal character due to the disappearance of the
bandgap. The DFT calculations also demonstrate that both
metal and oxygen vacancies, present in the ultrathin defective
NiFe LDH, enhance its ability to bond OH* (equation 1),
enhancing its catalytic performance.[68]

In short, selectively introducing atomic VFe, VNi and/or VO
vacancies can rationally increase the electrocatalytic activity of
NiFe oxides/hydroxides towards OER by the combination of
different positive effects of each defect: VFe and VNi will improve
the deprotonation step in the mechanism (equation 2) and VNi,
in addition, will generate more active Ni� O� Fe unsaturated
sites, while VO will reduce the energy barrier of the formation of
*O from *OH (equation 2) and increase the conductivity of the
materials. Moreover, the combination of all these defects will
lead to a more continuous density of states, reducing the
bandgap and yielding even higher conductivity due to an
increased metallic nature of the materials.

3. Doping with Single Atoms (SAs)

Metal doping is a well-known strategy to change the electronic
structure and the energy bonding of the key catalytic
intermediates formed for a given metal/metal oxide catalyst.[80]

When this doping takes place at the atomic scale (introducing
single atoms into a metal/metal oxide matrix), the strong metal-
matrix interactions arising from interfacial bonding confers
unique properties and catalytic performance to the doped
catalyst.[81] In this context, the incorporation of Au, Ir, Ru and Pt
single atoms (SAs) onto NiFe oxides/hydroxides has been
recently used to improve their OER catalytic activity thanks to
the strong interaction of the incorporated SAs with the
surrounding metal atoms, where the final effect of the SAs
strongly depends on the synthetic procedure employed. The
incorporation of these SAs onto NiFe oxides/hydroxides can
improve the catalyst activity in three ways: (1) the SAs are the
only active sites,[82,83] (2) the SAs strongly interact with the NiFe
oxide/hydroxides, changing their properties and leading to
more active Ni/Fe active sites,[37,39,41,44] (3) both the incorporated
SAs and the NiFe oxide/hydroxides directly contribute to the
OER activity under operational conditions.[38,40] In this work we
will mainly focus on the last two cases, were the SAs improve
the catalytic ability of the Ni and Fe metal centers.

Au SAs supported onto a NiFe LDH have been prepared
through electrodeposition by Zhang et al.[37] As shown by DFT
simulations, Au SAs play a critical role in tuning the charge
distribution of active Fe atoms (considered the active sites, see
Figure 4) via electron transfer, provoking a change of rate
determine step (RDS) from equation 2 in the pristine material to
equation 3 in the modified one. This is because the strong
interaction between the Fe atoms and the Au lowers the energy
for the formation of O* from HO* (equation 2). These changes
lead to a lower OER overpotential (entry 7, Table 1) in
comparison to the pristine electrocatalyst.

Luo et al.[44] have described an easy and simple strategy to
anchor Ir SAs (characterized by EXAFS, XPS and HAADF-STEM)

Figure 2. (a) The synthesis of NiFe LDHs-VFe and NiFe LDHs-VNi by strong
alkali etching. (b) LSVs for OER under 1 M KOH of NiFe, NiFe-VFe and NiFe-VNi
LDHs at a scan rate of 5 mV · s� 1. (c) The free energy profile for the OER
pathways calculated by DFT for the three systems. Reproduced with
permission.[34] Copyright 2018, Wiley-VCH.

Figure 3. (a) LSVs for OER under 1 M KOH of NiFe LDH-VO (red curve) and its
pristine NiFe LDH counterpart (blue curve) compared to the blanks of
commercial RuO2 (purple curve) and commercial Ni foam, NF (black curve).
(b) Theoretical OER Gibbs free energy diagrams for NiFe LDH (green) and
NiFe LDH-VO (orange). Reproduced with permission.

[35] Copyright 2021, Royal
Society of Chemistry.
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on three-dimensional (3D) amorphous NiFe/Ni core-shell nano-
wire@nanosheets (NiFeIr0.03/Ni NW@NSs) by a one-step reduc-
tion via a kinetically controlled process. The presence of only
Ni-based hydroxides with disordered crystalline structure in the
shell area and the existence of only single Ir atoms uniformly
anchored in the core area contribute to obtain a material with
larger surface area, increased number of active sites and better
electron transfer properties. DFT calculations suggest that the
improved intrinsic activity of the as-prepared NiFeIr0.03/Ni
NW@NSs (entry 8, Table 1) is due to the synergistic effect
between Ir SAs and the Ni active sites in the NiFe nanostructure;
as a consequence, the energetic barrier of the RDS (equation 3)
is reduced, leading to a lower onset potential than the pristine
material.

Ru SAs have been incorporated into NiFe oxide/hydroxide
LDHs following two different strategies. Firstly, Zhai and co-
workers[38] incorporated Ru SAs into defective NiFe LDH via
electrodeposition followed by alkaline etching. This allowed to
remove Al from the NiFeAl LDH precursor and obtain defective
NiFe LDH nanosheets with Ru SAs. The authors found that the
precise regulation of local coordination environments of the
active sites and the presence of abundant defects in the LDH
(see previous section) contribute to promote the OER perform-
ance in alkaline media (entry 9, Table 1) by stabilizing Ru atoms
on the LDH support, thus outperforming the catalytic perform-
ance of the non-defective NiFe LDH (Figure 5). Both experimen-
tal and theoretical studies confirm that the intimate electronic

interaction between Ru SAs (considered the main active sites)
and defect-rich NiFe LDH nanosheets is beneficial to accelerate
the reaction kinetics, promoting the OER. In addition to Ru SAs,
the participation of Ni sites as catalytic centers was confirmed
under long-term electrolysis conditions. In a second example,
Ru SAs were anchored onto Fe2+ ion-doped NiFe LDH (Ru/
NiFe2+Fe LDH).[40] The prepared catalyst displays improved
activity and stability on both Ru sites and NiFe LDH, ascribed
(through DFT calculations) to the strong electronic interaction
between Ru and Fe2+, which lowers the oxidation state of Ru
and enhances the Fe� O bond strength (entry 10, Table 1), both
being considered the active sites.

Pt atoms have also been introduced as SAs onto NiFe LDHs
following two different approaches. In 2021, Chen and co-
authors[39] used a two-step synthetic approach to intercalate
Pt SAs in a Ni3Fe� CO3

2� LDH through anionic exchange and
space-confined electroreduction. The resulting electrocatalyst
presents an improved OER activity (entry 11, Table 1) compared
to the bare NiFe LDH. Experimental and DFT studies show that
the interlayer Pt SAs increase the Ni valence state and shorten
the Ni/Fe� O bonds, contributing to increase the number of
active sites (Ni2+δ� O� Fe3+ζ) during the active phase transition,
from Ni3Fe LDH Pt SAs to Ni3

2+δFe3+ζOxHy Pt SAs, optimizing the
overall OER activity. Very recently, Wang et al.[41] have described
the fabrication of massive single-atom Pt-loaded α� NixFe1-x(OH)2
electrocatalysts via a facile in situ oxidation strategy with
H2PtCl6. During the synthetic process, Fe cationic vacancies are
generated at the surface of the hydroxide, whereas the Pt SAs
are anchored in situ on these vacancies with a massive loading
of ca. 6.15 wt%. DFT calculations show that the Pt single atoms
regulate the electronic structure of the NiFe LDH at the Fe
cationic vacancies, activating the neighbouring Ni (considered
the active centres) and Fe atoms to accelerate the reaction
kinetics, thus optimizing the OER performance (entry 12,
Table 1).

To summarize, the SAs introduced in the NiFe oxide/
hydroxides catalysts strongly interact, in general, with the
surrounding Ni and Fe atoms. This interaction leads to a
decrease of the activation energy of the RDS (equation 2) as
compared to their respective pristine materials, although some-
times the introduced SAs can also lead to a change in the RDS
step.

4. Ligand Functionalization

The local structure, chemical environment and accessibility of a
catalytic site play a key role in the tuning of its catalytic activity.
All these features can be modified through ligand-functionaliza-
tion of the NiFe oxide/hydroxide structure (see Figure 6a for the
ligands discussed in this section).[84] Indeed, ligands can aid in
the process of surface reconstruction that produces the catalyti-
cally active oxy(hydroxide) layer,[85] or can either stabilize the
OER intermediates[86] and increase the catalytic selectivity.[87]

Lastly, ligands with a large proton affinity can facilitate charge
mobility in the systems, thus benefitting the overall kinetics of
the sluggish OER process.

Figure 4. Differential charge densities of NiFe LDH with (top) and without
(bottom) one Au atom when one O atom is adsorbed on the Fe site. Iso-
surface value is 0.004 e ·Å� 3. Yellow and blue contours represent electron
accumulation and depletion, respectively. Reproduced with permission.[37]

Copyright © 2018 American Chemical Society.

Figure 5. (a) Schematic representation of the Ru/defective-NiFe LDH. (b) LSV
for OER under 1 M KOH of Ru doped defective NiFe LDH (blue curve), Ru
doped non-defective NiFe-LDH (red curve), pristine NiFe-LDH (black curve),
and commercial IrO2 (green curve). Reproduced with permission.

[38] Copy-
right 2021, Springer Nature.
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Carboxylate groups (Figure 5a, CP) have been shown to
increase the activity of a Ni and Fe coordination polymer
deposited on Ni foam (NiFeCP/NF) when used as an anode for
OER (entry 13, Table 1).[46] In this case, the functionalization
plays a double role. The carboxylate groups located at the first
coordination sphere increase the oxidation state of the metal
centers, while the uncoordinated ones (second coordination
sphere) act as proton shuttles, delivering charges from the
catalytic sites to the electrolyte. This phenomenon has also
been reported and studied for molecular catalysts.[88]

The electron withdrawing (EWD)/electron donating (EDG)
nature of the ligand (Figure 6b) is a major factor in determining
the final activity (entry 14, Table 1) of a functionalized NiO
catalyst (which contains Fe due the use of a non-purified
electrolyte). EWD groups attract the electron density of the
metallic centers, as is the case of the -C6F5 ligand (Figure 5a),
resulting in more oxidized sites with an increased activity
towards OER.[45] In the other extreme, EDG substituents produce
more reduced metal centers and hinder the OER reaction.

Also, not only the chemical nature but also the positions
occupied by the ligands in NiFe LDHs impacts on their OER
catalytic activity. The surfactant nonafluoro-1-butanesulphonate
(FBS, Figure 6a) can occupy the space between the layers of the
NiFe LDHs and drastically increase their OER activity (entry 15,
Table 1).[42] Intercalation of the ligands sterically increases the

separation between layers, facilitating the access of the solvent
to the metal centers, while the sulfonate group aid in the
proton shuttling process, similarly to what has been observed
for other alkaline substituents such as carboxylates, previously
discussed.

Finally, some ligands can induce more than one effect at
once, increasing the activity of NiFe oxide/hydroxides based
catalysts through various coexisting pathways (entry 16, Ta-
ble 1). Lithium acetate (LiAc) (Figure 6a) can be introduced
during the synthesis of NiFe LDHs, resulting in a major OER
activity improvement.[43] In this case, the Li+ cations substitute
the Ni2+ sites in the LDH structure, while the acetate anions
accumulate in the interlayer space. The doping effect of Li+

stabilizes some active OER intermediates, and, at the same time,
the carboxylate anions facilitate the charge transfer (Figure 6c,
right). This example shows the potential of coupling more than
one strategy for perfecting OER catalysts.

In summary, the introduction of ligands on the surface or
the interlayers (for the LDH examples) of NiFe oxides/hydrox-
ides electrocatalysts is an attractive strategy to modulate both
the electronic properties of the active sites as well as the
second coordination sphere effects.

5. Summary and Outlook

All the examples described above demonstrate that atomically
and molecularly modifying NiFe oxides/hydroxides is an
attractive approach to rationally improve their activity towards
OER. On the one hand, introducing both cationic and anionic
vacancies lowers the activation energy of the RDS of the
reaction (equation 2) and, at the same time, increases the
metallic behavior of the materials due to the more continue
density of states (Scheme 1). The introduction of atomic SAs as
a doping strategy strongly influences the electronic properties
of the Ni and Fe atoms in the materials (Scheme 1), thus
provoking a lowering of the activation energy of the deproto-
nation step (equation 2) and enhancing the final performance
of the materials. In addition, the SAs are also active towards
OER, opening the door to new mechanistic pathways due to

Figure 6. (a) Most relevant ligands discussed in this section. (b) Influence of
the EWD and EDG effect of the ligands in the OER performance of ligand-
modified NiO materials onto a glassy carbon electrode in 1 M KOH.
Reproduced with permission.[45] Copyright 2020, Wiley-VCH. (c) LSV curves of
several ligand-modified NiFe LDHs onto a Ni foam electrode in 1 M KOH
with iR compensation of the as-prepared Li+ doped and acetate intercalated
(NFCL(70)- LDH@NF), the pristine NiFe LDH (NF-LDH@NF), the NiFe LDH
with carboxylate ligand (NFC- LDH@NF), the Li doped NiFe LDH (NFL-
LDH@NF) and the Ni foam support. On the right, the mechanistic OER
pathway for the as-prepared Li+ doped and acetate intercalated (NFCL(70)-
LDH@NF is shown. Reproduced with permission.[43] Copyright 2022, Wiley-
VCH.

Scheme 1. Schematic representation of the effects of molecularly and
atomically engineering NiFe oxides/hydroxides based electrocatalysts.
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the synergy between the SAs and the NiFe oxide/hydroxide
material. Most of the reported examples following this strategy
are based on noble metal SAs. However, non-precious metals
such as Cu and Mo have been successfully introduced as
dopants on NiFe oxide/hydroxides in the form of small clusters/
NPs[89] or as a third metal in the crystalline structure.[90,91]

Consequently, exploring the use of non-precious metal-based
SAs as dopants is a promising route to atomically tune the OER
activity of NiFe oxide/hydroxides without the introduction of
critical raw materials. Finally, the addition of a ligand in the
NiFe oxide/hydroxide electrocatalyst (both on the surface and
in the interlayer in the case of the LDH) has proven to be an
effective strategy to induce second coordination sphere effects,
especially important to accelerate the different proton coupled
electron transfers taking place during the catalytic cycle
(Scheme 1). In addition, by tuning the electronic properties of
the ligand, the properties of the metal centers are also
modified.

Traditionally, modifying the electronic properties and, in
consequence, the binding energies of the reaction intermedi-
ates has been very challenging from the experimental point of
view. However, currently, as demonstrated by these examples,
this is possible by atomically and molecularly modifying the
pristine materials. These modified NiFe oxides/hydroxides
present an enhanced performance towards OER thanks to the
rational tuning of their electronic and second coordination
sphere properties. As stands out from Table 1, the best perform-
ing systems are those combing more than one strategy. For
example, the system presenting the lower η10 overpotential[43]

(entry 16) is the one that takes advantage of the strong
electronic effect induced by the doping (in this case Li+ cations)
and the effect of the acetate as a shuttle for the proton electron
transfer involved in the RDS (equation 2). Thanks to the
synergistic effect of both modifications, the final NiFe oxide/
hydroxide LDH presents one of the lowest reported over-
potentials to achieve 10 mA/cm2, 159 mV. By comparing the
different effects (Table 1), one can see that using a ligand able
to facilitate the proton transfer the η10 parameter can be
substantially lowered. This strategy, which entails the use of
ligands to functionalize the catalyst surface, has been more
studied for reductive processes (i. e., proton and CO2 reduction),
and unfortunately remains almost unexplored regarding the
water oxidation counterpart.[84] Thus, more research should be
carried out to further exploit this powerful approach.

As recently published, combining more than one of these
effects with other strategies, such as an increase of the surface
area by preparing an amorphous material, leads to high
performing NiFe LDHs. Zhao and co-workers reported the
preparation of an ultrathin porous NiFe LDH with the presence
of Ni(III) defects (Ni(II) oxidized to Ni(III)) and oxygen vacancies
by a solvothermal method using H2O2.

[36] The synergistic effect
of the three modifications leads to an electrocatalyst with a η10
of 170 mV. Its porous nature increased the number of active
sites, while the Ni(III) ions close to the oxygen vacancies
modified the energetic barriers of the steps 2 and 3 (see
equations 2 and 3), favoring the final oxygen production, as
demonstrated by DFT calculations.

In general, the evolution of the different modifications over
time should be carefully analyzed, since under catalytic
conditions these can be strongly modified due to the harsh
conditions of OER. This highlights the need to use operando
spectroscopies to determine the fate of the different induced
modifications.

In short, further improvements in the field of catalytic OER
through the use of NiFe oxide/hydroxides will need to exploit
the combination of the three different strategies explained in
this Concept: the introduction of different vacancies to increase
the metallic nature of the NiFe oxides/hydroxides, the use of
SAs doping to strongly modify their electronic properties
through strong metal-support interactions arising from inter-
facial bonding, and finally the addition of a ligand able to
facilitate the different proton transfers. However, further steps
towards a higher volume utilization (higher number of actives
per geometric area) need to be taken for the use of these
catalysts in commercial alkaline electrolyzers.[92]
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CONCEPT

NiFe materials are the state-of-the-art
electrocatalysts for water oxidation,
therefore, fine tuning their properties
is the cornerstone to achieving more
active and efficient catalysts. In this
concept, we will review the recently
emerged strategies to engineer them
molecularly and atomically by intro-
ducing different vacancies, incorporat-
ing single atoms or by ligand func-
tionalization.
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