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1. Introduction

Water electrolysis—by using sustainable electricity—is
a promising process to split water into green H2 and O2 gases.
The demand for H2 production is rapidly increasing and
receiving more attention since it can be used as a feedstock
and energy carrier for diverse applications, for example, in the
chemical industry, transportation, and power sectors. More-
over, green H2 production and consumption do not cause air
pollution and waste. Thus, it offers the solution to reduce the
carbon footprint or even decarbonize some key industrial
processes like the Haber–Bosch ammonia synthesis and steel
production that account for a large amount of CO2 emission.[1]

This makes green H2 production a key element for us to meet
the targets set by the European Commission and the Paris
Climate Agreement towards being carbon neutral by 2050.[2]

Besides, water electrolyzers can be easily integrated into
photovoltaic and (on-) offshore wind farms for on-site H2

production and usage. The price of renewable electricity is
getting more comparable that produced by fossil fuel-based
power plants, which makes green H2 more affordable than
“gray” H2 from the conventional steam-reforming process.[3]

Water splitting is an endothermic reaction and requires an
energy input of DG = 237.1 kJ mol@1 under standard condi-
tions (25 88C, 1 atm), as shown in Equation (1). The hydrogen
evolution reaction (HER) and oxygen evolution reaction
(OER) take place at the cathode and anode, respectively, and
they are preferably separated by a membrane as illustrated in
Scheme 1. Depending on the pH of the electrolyte, HER and
OER proceed according to different reaction pathways. In an
acidic electrolyte, water is oxidized to O2 gas by forming the
protons at the anode. Protons are transferred to the cathode
as charge carriers and are reduced to H2 to complete the
electrochemical circuit [Eqs. (2) and (3)]. Under alkaline
conditions, hydroxyl anions play the role of electrochemical
charge carriers, which are formed by water reduction at the

cathode and oxidized at the anode to produce H2 and O2,
respectively [Eqs. (4) and (5)].

Water splitting : 2 H2OðlÞ ! 2 H2ðgÞ þO2ðgÞ ð1Þ

In acidic electrolyte:

HER : 4 Hþ þ 4 e@ ! 2 H2ðgÞ ð2Þ

OER : 2 H2OðlÞ ! 4 Hþ þO2ðgÞ þ 4 e@ ð3Þ

In alkaline electrolyte:

HER : 2 H2OðlÞ þ 4 e@ ! 2 H2ðgÞ þ 4 OH@ ð4Þ

OER : 4 OH@ ! O2ðgÞ þ 2 H2OðlÞ þ 4 e@ ð5Þ

A thermodynamic potential of 1.23 V is required to split
water into H2 and O2. However, typically a much higher
applied voltage is necessary to surmount the energy barrier
mainly related to kinetic and mass transportation.[4] This is
mainly determined by the overpotentials to overcome the
activation energy of the HER and OER. Additionally, some

Water electrolysis that results in green hydrogen is the key process
towards a circular economy. The supply of sustainable electricity and
availability of oxygen evolution reaction (OER) electrocatalysts are
the main bottlenecks of the process for large-scale production of green
hydrogen. A broad range of OER electrocatalysts have been explored
to decrease the overpotential and boost the kinetics of this sluggish
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electron configuration and spin state, versatility in terms of crystal and
electronic structures, as well as abundance in nature. This Review
provides some basic principles of water electrolysis, key aspects of
OER, and significant criteria for the development of the catalysts. It
provides also some insights on recent advances of Co-, Ni-, and Fe-
based oxides and a brief perspective on green hydrogen production
and the challenges of water electrolysis.
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potential is required to overcome the resistances of electro-
lyte, contact, and membrane as well as the parasitic resistance
of side reactions like electrode corrosion[5] and dioxygen
reduction.[6] The contact resistance is further affected by the
diffusion of reactants and gas products. So, the overall applied
potential (Eap) for water electrolysis can be described as in
Equation (6), where hHER and hOER are the overpotentials
while hother represents the total voltage drops resulting from
the system resistances.

Eap ¼ 1:23 Vþ hHER þ hOER þ hother ð6Þ

Under the ideal conditions, a theoretical value of
3.55 kWh of electricity is needed to produce one liter of H2.
This amount is increased to 4.26 kWh when the total voltage
drop is taken into account.[7] The overpotential for both half-
reactions is determined by accessible ions near the electrode
surfaces and the activation energy to overcome the kinetics

limitations of the electrochemical reactions. To increase the
concentration of accessible reactant ions, it is essential to
speed up the ion diffusion in the electrolyte. For instance,
vigorous stirring or increasing the operating temperature of
electrolytes could accelerate the diffusion of ions.

The activation energy dictating the reaction kinetics can
be significantly reduced by using electrocatalysts. Of the two
half-reactions, OER is triggered by multiple electron transfer
steps and oxygen–oxygen bond formation, which is thermo-
dynamically more challenging than the two-electron transfer
process in HER.[8] Therefore, the high energy input for OER
has been a key factor in limiting the overall efficiency of
electrochemical water splitting. Developing OER electro-
catalysts with high activity and robust stability is crucial to
reach the target of large-scale green H2 production for
sustainable future energy and industrial landscapes.

Over the past decades, Ir- and Ru-based oxide electro-
catalysts have been widely used in industrial proton-exchange
membrane water electrolyzers.[9] However, these noble-
metal-based materials are not suitable for practical large-
scale H2 production due to their cost as well as limited
supply.[10] Alternatively, non-precious-metal-based catalysts
have shown promising activity towards OER, and thus
attracted tremendous research interest, especially the first-
row transition metals like Mn, Fe, Co, and Ni. In recent years,
a wide range of active OER catalysts consisting of these
metals have been reported, which are prepared in various
forms, for example, oxides,[11] (oxy)hydroxides,[12] phos-
phides,[13] borides,[14] carbides,[15] nitrides,[16] arsenides,[17] sul-
fides,[18] selenides,[19] and tellurides.[20] Among them, the
oxides hold the greatest potential for industrial application
despite the fact that higher catalytic activity was achieved by
other metal compounds, such as (oxy)hydroxides for the OER
process.[21] The large-scale preparation of transition metal
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Scheme 1. A typical water electrolysis cell under alkaline conditions.
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oxides (TMOs) is more feasible than the synthesis of other
counterparts and thus, TMOs are more appealing for practical
utilization. Unfortunately, so far, there has not been a signifi-
cant breakthrough in this field at the level of commercializa-
tion since 1987, when Corrigan accidentally formed an active
Ni-Fe oxide electrocatalyst when studying the effect of Fe
impurities in NiO thin films.[22] For most reported TMO-based
OER catalysts, a significant overpotential (& 300 mV) is still
required to reach a current density of 10 mAcm@2 in 1 M
KOH electrolyte.[23] Hence, there is still a need for the design
and development of more effective, durable, sustainable, and
economical materials for OER.

In this Review, we present the basic principle of water
electrolysis by focusing on OER, and key electrochemical
terms for the evaluation of the electrocatalysts. We also
discuss crucial aspects of OER catalysts, including their
chemical and structural properties as well as defects and
catalyst alteration under the operating conditions by focusing
on Co-, Ni-, and Fe-based oxides. At the end, we discuss
challenges and further prospects in the development of water
electrolysis for green H2 production and its impact on the
future energy landscape.

2. Electrochemical Oxygen Evolution Reaction

The oxidation of water is a fundamental reaction in the
photosynthesis system that produces molecular O2 and water-
derived electrons, which are used to convert CO2 to biomass,
food, and fuel. It is very challenging to have insight into the
reaction process due to the alteration of the surface structure
of the electrocatalyst under operating conditions, and the
availability of a small number of catalytically active centers as
well as their short life-time.[6] However, with the rapid
advance of high-resolution and operando techniques, great
progress has been made in the last decades.[21c,24] In this
section, we discuss some of this progress and important
aspects of OER, including the reaction kinetics and main
parameters to evaluate the performance of the electrocata-
lysts.

2.1. Reaction Kinetics

The OER is a multiple-step reaction involving the
adsorption and desorption of several different surface inter-
mediates, for example, oxo, peroxide, and superoxide species.
The initial step of OER in alkaline electrolyte is the
adsorption of a hydroxide radical at the active site of the
electrocatalyst.[21b,24b] A simplified OER pathway on the
metal sites was proposed by Song and the co-workers, as
depicted in Scheme 2.[25] The active metal site is represented
as “M”, and the sequence of reaction steps is shown by the
direction of the arrows. In the first step, the active metal site
adsorbs a hydroxide ion (OH@) to form the initial M-OH
intermediate along with the release of one electron. Another
hydroxide ion reacts with the M-OH intermediate by coupling
with a proton and removing an electron to form molecular
H2O and an M-O intermediate. Two different pathways are

available to produce molecular O2 from the M-O intermedi-
ate. The first one is through the direct combination of two M-
O species. The second one, which is seen as a more
representative pathway, consists of two reaction steps. The
first step involves the formation of an M-OOH intermediate
by the nucleophilic attack of OH@ ion on the M-O inter-
mediate, where the third electron is fed into the circuit.
Subsequently, a hydroxide ion attacks the M-OOH inter-
mediate and forms molecular O2, and releases the fourth
electron. Although there are other proposed mecha-
nisms,[21b,24d, 26] the OER pathways are always associated
with the bonding interactions of the metal centers and
intermediates, which have a key impact on the reaction
kinetics.

To achieve fast reaction kinetics, all intermediates in each
elementary step of OER should be favored by the surface
energy and bonding interactions. The standard free energy
change (DG) of the OER is calculated to be 4.92 eV, and
a thermodynamically ideal OER catalyst would require the
same minimal free energy (DGs) of 1.23 eV (4.92 eV/4 =

1.23 eV) to drive the formation of each of the oxygen
intermediates, which are *OH, *O, *OOH, and O2.

[27] When
any of the intermediates are strongly bonded to the active
metal site, a higher DGs is required for the corresponding
electron-transfer step, resulting in an overpotential to drive
the OER process. In practice, an overpotential is always
present with either high or low values, depending on the type
of catalyst. This is due to the different bond strengths between
the surface of the metal catalyst and the oxygen intermedi-
ates. The fast diffusion of reactants and the quick release of
molecular oxygen are essential to obtain high catalytic
efficiency.

First-principles periodic density functional theory (DFT)
calculations are applied on broad classes of metal oxides to
revisit the origin of the overpotential of OER, which revealed
a solid correlation between the binding energies of *OOH
and *OH intermediates.[27] Thus, a universal descriptor based
on free energy and the binding energy of *O and *OH
intermediates (DG*O@DG*OH) was introduced to reveal the
origin of the overpotential.[28] An OER volcano plot was
constructed based on this descriptor as shown in Figure 1.
Overpotentials at 1 mAcm@2 from experimental results turn

Scheme 2. An alkaline water-splitting cell; the magnification shows
a generalized mechanism of OER in the alkaline medium over a metal
electrocatalyst.
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out to have a good match with the overpotentials from the
theoretical calculations when DG*O@DG*OH is employed as
the descriptor. As seen in the volcano plot, the catalysts with
optimum binding strengths like IrO2, NiFeOx, and CoOx

exhibit superior OER activities with lower overpotentials.
Thus, design of an OER catalyst with neither too strong nor
too weak bonding to oxygen intermediates (Sabatier princi-
ple) is key to reach faster reaction kinetics.

2.2. Key Parameters for the Evaluation of OER Activity

The OER performance of electrocatalysts is very sensitive
to experimental conditions; however, most of the methods
used are not standardized and their apparatus and exper-
imental conditions largely fluctuate. This makes it challenging
to compare the performances of different materials. In the
following section, we elaborate on critical aspects of the
experimental conditions, configuration of electrode kits, and
other key features of OER measurements. Some of the key
aspects are summarized in Scheme 3.

Experimental conditions : The surroundings of an elec-
trode including pressure, temperature, pH, and type and
concentration of the electrolyte play an essential role in the
OER activity of electrocatalysts. The electrolyte provides
a pathway for ions to stream between the electrodes and
maintains the charge balance. For transition metal oxides, the
OER measurements in the laboratory are typically conducted
under alkaline conditions (pH 12–14) with KOH solution as
the electrolyte. Even a small amount of Fe impurities in the
KOH electrolyte has been shown to change dramatically the
OER performances of Co-, Ni-, and Fe-based electrocata-
lysts.[29] Besides the type of electrolyte, its concentration is
important, since higher concentration assists better charge
transport.[30] In practical alkaline water electrolyzers, typically
5–7 M KOH or NaOH solution is used as electrolyte and the
two cells are separated by Zirfon membrane (ZrO2-coated
polyphenyl sulfide mesh). The system runs at ambient
pressure or the cell is pressurized up to 30 bar.[31]

Laboratory temperatures typically fluctuate, depending
on the seasons and even time of day, and this can impact the
electrolyte and the activity of the catalyst. Thus, it is
recommended to use an external thermostat to maintain
constant cell temperature. In general, electrochemical OER
follows the ArrheniusQ law, where the reaction rate is

Figure 1. The OER volcano plot of overpotentials of diverse electro-
catalysts at 1 mAcm@2 vs. energy differences (DG*O@DG*OH). Repro-
duced with permission from ref. [28] Copyright 2017, American Associ-
ation for the Advancement of Science.

Scheme 3. Summary of important key parameters to evaluate OER activity, including experimental conditions and evaluation methods.
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proportional to the temperature. However, irregularities
could be found in some transition-metal-based oxides due
to the variation of the rate-determining step within a certain
temperature range. Pang et al. recently reported that for
cobalt-based catalysts at the optimum temperature of 65 88C,
the rate-determining steps were shifted to the combination of
adsorption and the cleavage of the OH group.[32] This
temperature is close to the operation temperature of the
commercial alkaline water electrolyzer (60–80 88C).[31, 33] It is
also recommended to use a cell made of Teflon instead of
glass for corrosive alkaline electrolytes, since the silica that
may be leached from the glassware and affects the exper-
imental conditions.

Electrode type and configuration : Different types of
materials are used as electrodes and their background current
and durability vary depending on the experimental condi-
tions. The most often reported working electrodes are glassy
carbon (GC), nickel foam (NF), carbon fiber paper (CFP),
and conductive thin-film-coated glass. Due to the different
surface properties and conductivity of these materials,
a dramatic difference can be observed in the OER perfor-
mance regardless of the catalysts. For instance, Ni foam has
a very high background current in an alkaline electrolyte as
the surface of NF is easily converted to nickel (oxy)-
hydroxide, which shows very good OER activity.[34] The
conductivity as well as the activity of the catalyst can be also
enhanced by deposition on a suitable substrate. For instance,
Co-, Mn-, Ni-, and Fe-based catalysts function more effec-
tively when they are deposited on Au substrates, while Ti
substrates gives a synergistic effect when coupled with a Ir-
based catalyst.[35]

In a typical three-electrode cell configuration, the counter
electrode (usually Pt) provides a means of applying input
potential to the working electrode while the reference
electrode (like Hg/Hg2Cl2, Hg/AgO, Ag/AgCl) holds a con-
stant potential and assists in measuring the potential of the
working electrode. The reference electrode should be chosen
carefully depending on the experimental conditions, for
instance, Ag/AgCl electrode is not suitable for very high pH
since the diffusion of OH@ would cause the formation of
Ag2O and block the frit. Metal-based counter electrodes tend
to dissolve in strong acid solutions. The reversible hydrogen
electrode and Hg/HgO reference electrode (filled with KOH
solution) are better options for highly alkaline condition.

Preparation of the working electrode preparation and the
binding agent effect: OER results are also strongly affected
by electrode preparation methods, the loading of catalyst, and
the binder, which affects the electrode–catalyst–electrolyte
interface. Typically, electrocatalyst materials are dispersed in
a binder-containing liquid to form a homogeneous ink, which
is then deposited onto the clean surface of the working
electrode via drop-casting, spray coating, sputtering, or
electrophoretic deposition. Depending on the type of the
working electrode, a suitable deposition method should be
used to fabricate a uniform thin film. The binder should be
carefully chosen to avoid suppressing the OER activity of
investigated materials. The binder should have good adhesive
properties to the surface of the working electrode and good
conductivity to facilitate the mass and charge transfer.[29c]

Fulfilling both requirements, NafionU 117 (a perfluorinated
polymer with sulfonate groups) is the most commonly used
binder. In lab-scale applications, the working electrode is
typically prepared with a binder. For large-scale applications,
such as in the alkaline water electrolyzer, the electrodes are
typically prepared from Ni mesh/plates via vacuum plasma
spray with Ni-Al alloy or by electroplating in the case of Ni-
Zn. Either Al or Zn is then leached with KOH to form
a Raney nickel catalyst.[33,36] Another common method to
fabricate electrodes for the alkaline water electrolyzer is
electrodeposition or Ni electroplating on stainless steel
mesh.[31, 37]

Catalyst loading is another important aspect: low loading
of the electrocatalyst could lead to inhomogeneity and leave
some of the electrode surface uncoated. In this case, the
current normalization to geometric surface area will not be
straightforward. On the other hand, high loading of the
electrocatalyst could result in stacked material and create
a rough electrode surface. It might hinder the mass transport
as well as block some active sites, resulting in lower mass-
specific activity.

Measurement techniques : Individual methods are usually
adapted to assess the catalytic properties accordingly. The
comparison of measurements made by various methods could
lead to contradictory results. The conditions and timing of the
measurements are also critical since alterations in electro-
catalyst (e.g. corrosion, contamination, and re-construction)
would lead to deactivation or activation. Since these afore-
mentioned factors can change the OER results, variable
catalytic performances on the same type of material are often
reported by different research groups.[38] Appropriate evalu-
ation parameters and indicators are required to quantitatively
compare the catalytic performances, which is elaborated
further below.

2.2.1. Overpotential and Tafel Slope

An overpotential is required to assist the adsorption and
desorption of OER intermediates, and it is described as the
activation potential. This value can be lowered by a good
choice of catalyst with optimized binding energy. There are
two more types of potentials, which can be called concen-
tration and resistance overpotential. The concentration over-
potential is caused by the diffusion limitation from the local
drop of reactant concentration near the interfaces, and it can
be minimized by rotating the working electrode or stirring the
electrolyte. In an electrochemical cell, additional resistances
from the electrolyte, wire, and connections are always
present, and they cause voltage growth according to OhmQs
law (V= I·R). Since these resistances are rather stable in
a cell, the resistance overpotential can be offset simply by
applying resistance compensation to the linear sweep voltam-
metry (LSV) curves.[39]

The overpotential (h) at a specific current density per
geometric area is used as a primary indicator to evaluate the
OER activity.[40] Typically, the overpotential required to
achieve a geometric current density of 10 mAcm@2 (denoted
as h10) is used, which originates from the potential of solar
cells to reach an efficiency of 10%.[41] In the case of metal
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electrodes, such as NF electrodes, the “background” current is
considerably larger; hence, the overpotential at much higher
current densities (100–1000 mAcm@2) is used as the indica-
tor.[42]

The second most commonly used evaluation indicator is
the Tafel slope, which reveals the dependency of the
compensated overpotential on the current density.[25, 43] The
Tafel slope is an important kinetic indicator and can be
calculated from the Tafel equation [Eq. (7)], where h is the
overpotential for OER, b is the Tafel slope, and j is the
measured current.[44]

h ¼ aþ b log j ð7Þ

For a multiple electron transfer reaction, the Tafel slope
provides valuable information on the reaction mechanism
since its value is dependent on the charge transfer coefficient
and the number of transferred electrons. The Tafel slope also
provides a direct correlation between the current changes and
the applied voltage. A smaller value of the Tafel slope
indicates a faster increase in the catalytic current when
a higher voltage is applied. Similar to the overpotential, the
interpretation of the Tafel slope suffers from the capacitive
current. A large error is possible due to the different
capacitive current measured at varied potential scan rates.
Also, the Tafel slope can differ depending on the over-
potential region. For instance, an unusually higher Tafel slope
(340 mVdec@1) was reported for a diamond electrode at an
overpotential of < 1.2 V, in comparison to the value
(121 mVdec@1) obtained in the high overpotential region
(> 1.2 V, as shown in Figure 2a).[45] Such a high Tafel slope
was considered as a result of the surface functional groups
slowing the kinetics of OER.[46] At a higher overpotential
region, the same electrode gave a Tafel slope of around
120 mVdec@1, which agrees with the theoretical value.[45]

Another important aspect that influences the Tafel slope
determination is Ohmic (iR) drop that mainly originates from
the electrical resistance of electrolyte solution as well as
distance between the working electrode and the reference
electrode in the three-electrode system. This disturbance
should be measured experimentally and compensated before
the OER measurements are performed by using electro-
chemical impedance spectroscopy (EIS) or current-inter-
rupted methods. EIS is the most common method to
determine Ohmic drop that can be easily detected by
observing the intercept of the real part of the impedance at
high frequencies in the Nyquist plot. The current-interrupted
method uses the basic principle of OhmQs law. Principally the
current step is applied, then the resistance is calculated when
the current is applied and interrupted. Nowadays, most
potentiostats are equipped with the feature to compensate
for Ohmic drop. However, Ohmic drop is generally compen-
sated by 80–90% since overcompensation may cause oscil-
lation in the measurement.[47] In the practical alkaline water
electrolyzer, the Ohmic drop effect is more severe than in the
proton exchange membrane (PEM) water electrolyzer due to
the cell geometry and usage of liquid electrolyte.

Although the use of these two indicators, h10 and the Tafel
slope, can offer a fair comparison of the catalytic perform-

ances of OER catalysts in a similar system,[40, 43] they do not
give a holistic picture of the intrinsic activity of an OER
catalyst. As pointed out in a recent study,[41] the value of h10

and the Tafel slope are very much dependent on the mass
loading of the catalyst. With increasing NiO loading on the
working electrode, a decreasing trend was shown for the
values of these two evaluation parameters, illustrating an
enhancement in the catalytic activity (Figure 2b). However,
as is well known, the intrinsic activities and properties of the
materials are independent of the mass and loading amount of
the catalyst. Therefore, the primary use of h10 and the Tafel
slope is not indicative of the intrinsic activity but rather
reflects the ability of an electrocatalyst to catalyze OER from
an engineering point of view. This could lead to false
interpretations in evaluation of catalytic activity without
knowing the loading dependence.

2.2.2. Electrochemical Impedance Spectroscopy (EIS)

Charge transfer at the interface of electrocatalyst and
electrolyte is another important descriptor for the OER. EIS
can elucidate such charge transfer behavior and the nature of
the reaction at the interface. Electrochemical impedance is
typically measured by applying an alternating current (AC)
potential to an electrochemical cell and then measuring the
current. EIS is a one-point measurement by inducing small

Figure 2. a) LSV curves (1) before and (2) after Ohmic drop correction
on the boron-doped diamond electrode; inset shows the correspond-
ing Tafel plots. Reprinted with permission from ref. [45] Copyright
2018, Elsevier. b) Plots of NiO loading on the electrode against the
value of h10 and the Tafel slope, which were derived from the LSV
result after Ohmic drop correction. Reprinted with permission from
ref. [41] Copyright 2019, American Chemical Society.
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perturbation amplitude (E0 within the 1–10 mVof magnitude)
of the applied potential over the time E(t) in various
frequencies (w) as shown in Equation (8).[48] In a linear
system (where the response is directly proportional to input),
the measured current response, I(t), is then shifted in phase
(f) and has a different amplitude [Eq. (9)]. The impedance is
then stated as resistance in AC by analogous OhmQs law
[Eq. (10)].

EðtÞ ¼ jE0jsin wt ð8Þ

IðtÞ ¼ jI0jsin ðwt þ @Þ ð9Þ

ZðwÞ ¼ EðtÞ=IðtÞ ð10Þ

The EIS data are typically interpreted by using Nyquist or
Bode plots. In the Nyquist plot, as shown in Figure 3, the
impedance is plotted in a complex plane against a real plane
(ZIm vs. ZRe), giving a typical semicircle relation. The Bode
plot describes the magnitude of impedance jZ j and the phase
angle f as a function of frequency.[49] The Nyquist plot is
widely used to interpret EIS data of OER due to its direct
correlation to solution resistance (Rs) and charge transfer
resistance (Rct).[50] The experimental impedance data should
be always fitted to the equivalent circuit model to avoid bias
in interpretation and gain relevant information of the
aforementioned parameters. This equivalent circuit model
can be built from several elements, such as resistor (R),
capacitance (C), constant phase element (Q), impedance of
diffusion or Warburg diffusion (Zw), and other elements. For
OER catalyzed by a transition metal oxide, generally the

intercept at high frequency at the real plane (axis) is related to
the electrolyte solution resistance (Rs), while the diameter of
the semicircle can be directly translated into polarization or
charge transfer resistance (Rct). Figure 3 shows Nyquist plots
to evaluate the charge transfer resistance of Co3O4, NiO, and
their mixed oxides before and after electrochemical alteration
in the KOH electrolyte. After cyclic voltammetry (CV)
measurements, nickel-containing electrocatalysts were acti-
vated due to the uptake of Fe impurities from the electrolyte.
This causes a decrease in the charge-transfer resistance of
nickel-based catalysts—measured by the diameter of the
semicircle in the Nyquist plot—and enhancement of the
reaction kinetics.[29a]

2.2.3. Electrochemical Surface Area (ECSA)

To shed light on the intrinsic activity of the electrocatalyst,
it is essential to estimate the amount of catalytically active
sites. ECSA can be used to normalize the measured currents
for the evaluation of intrinsic activities and the determination
of the number of active centers. In principle, changing the
catalyst loading does not impact the ECSA-normalized
specific activity. However, practically the charge transfer
ability of electrode is largely affected by catalyst loading,
which can also influence mass transportation. Thus, the OER
activity can be underestimated for high loading and ECSA
cannot be used as a universal indicator to evaluate OER
performance.

Several methods are available to determine the ECSA,
those widely reported are electrochemical double-layer
capacitance (EDLC), redox peak, impedance, hydrogen
under-potential deposition, and CO stripping.[40] The deter-
mination of EDLC is well defined through the employment of
cyclic voltammograms by changing scan rate to determine the
capacitive current associated with double-layer changing.[51]

This method is commonly employed to evaluate the ECSA of
materials with a distinct redox couple. The determination of
ECSA is favored via redox peaks, especially for 3d transition-
metal-based catalysts. In the case of noble-metal-based
catalysts, H2 under-potential deposition and CO stripping
are widely used.[52] Regardless of the method, a certain
deviation should be expected for the calculation of ECSA.

2.2.4. Faradaic Efficiency

Faradaic efficiency is a quantitative indicator to determine
the selectivity of the electrocatalysts. It reflects the ratio of the
electrons provided by the oxygen intermediates on the active
sites through multiple-step reactions, to the total amount of
electrons that go into the external circuit. The Faradaic
current mainly originates from the electrochemical oxidation
of water; however, significant current can be also obtained
from side reactions. For instance, corrosion reactions occur on
most of the OER catalysts, especially when they are combined
with carbon-based materials.[53] The thermodynamic equilib-
rium potential of carbon oxidation is 0.207 V vs. RHE under
standard conditions, which is much lower than the OER
potential. Thus, the oxidation of carbon is unavoidable in the
potential region of OER. Recently, Mçller et al. could detect

Figure 3. Nyquist plots were obtained from EIS measurements for
Co3O4, NiO, and mixed spinel oxides before (a) and after (b) electro-
chemical activation. Reprinted with permission from ref. [29a] Copy-
right 2017, American Chemical Society.
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the formation of CO2 from carbon oxidation via mass
spectrometry, verifying that the measured current is not
only coming from the water oxidation, as illustrated in
Figure 4.[5]

The competing oxidation of the reactants can be triggered
in the presence of anions as well. For instance, generation of
Cl2 through Cl@ oxidation (chlorine evolution reaction) is
a major reaction in the electrolysis of brine.[54] Applying
higher voltage dramatically speeds up these side reactions and
thus lowers the Faradaic efficiency of the OER catalyst.
Therefore, measuring Faradaic efficiency is critical for the
evaluation of OER activity as it provides the catalytic current
rather than the total measured current. There are several
methods to calculate the Faradaic efficiency, which are mainly
based on the quantification of the produced gases through
diverse methods like sensors, rotating ring disc electrodes
(RRDEs),[8] and differential electrochemical mass spectrom-
etry (DEMS).[55] For Faradaic efficiency calculation with
RRDE, the measurement is conducted with chronopotenti-
ometry at 1 mAcm@2 geometric current density. The Faradaic
efficiency is denoted as the relative value of measured ring
current (ir) to the disc current as shown in Equation (11).[23]

The disc current is then calculated by multiplying the constant
disc current (id) by the collection efficiency of RRDE (N).

e ¼ 2ir

idN
ð11Þ

2.2.5. Chronopotentiometry and Chronoamperometry Plots for
Assessing Catalyst Stability and Durability

A desirable OER catalyst should exhibit not only high
catalytic activity but also long-term durability and stability.
The catalytic stability can be assessed by performing chro-
nopotentiometry or chronoamperometry experiments to
monitor the potential change at a constant current or current
variation at a fixed potential, respectively.[29b, 56] A widely
reported stability test to monitor the overpotential is keeping
the current density at 10 mAcm@2 over 12 hours. The

variation of h10 gives a hint about the stability of the catalyst
as well as its activation or deactivation.

A large current density is chosen to inspect catalyst
durability for industrial application.[42a, 57] Spçri et al. reported
the stability performances of most active noble-metal-based
electrocatalysts where the overpotential fluctuation at
1000 mAcm@2 was used as an indicator.[58] As shown in
Figure 5, Ru-based electrocatalysts undergo severe deactiva-
tion while Ir-based catalysts are more stable and hold their
high initial catalytic activities. Besides, CV measurements at
a higher scan rate are considered to be an accelerated
degradation test, whereby up to thousands of CV scans are
conducted to check the catalyst durability and monitor the
evolution of surface redox species.[29c]

3. Criteria for Electrocatalyst Development

The electrocatalyst should fulfill diverse criteria to be
considered for industrial applications: 1) it should be efficient
and deliver high current density at lower applied potentials;
2) it should be durable and not show loss of performance; 3) it
must be economical to be able to compete with gray H2 ; 4) it
must to be sustainable, ecological, and non-toxic, 5) it must be
based on earth-abundant elements rather than noble metals
that might be depleted within the next century, 6) it must be
recyclable, 7) the raw materials used to prepare the catalyst
should not have long-term supply and geopolitical risks.
Among others, these key factors should be considered for the
design and development of OER catalysts.

There are two general figures of merit strategies to
enhance the performance of the OER catalyst from a materi-
als synthesis point of view. The first one is increasing the
number of active centers by tuning the structural properties of
the catalyst (such as morphology, geometry, dimension, shape,
size, and textural parameters of the materials) and the loading

Figure 4. Carbon oxidation and relevant current evaluation (iC) along
with the OER (iOER) of carbon-supported nickel boride catalyst. Adapted
with permission from ref. [5] Copyright 2019, Wiley-VCH Verlag GmbH
& Co.

Figure 5. A summary of the catalytic stability of noble-metal-based
electrocatalysts tested at 1 Acm@2 in proton-exchange-membrane water
electrolyzer. The overpotential changes (Dh= hfinal@hinitial) indicates
activity delay, with the results compiled from the literature.[59] Repro-
duced with permission from ref. [58] Copyright 2017, Wiley-VCH Verlag
GmbH & Co.
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on the working electrode. The second one is boosting the
intrinsic activity of each active center by tuning intrinsic
properties of the materials like the crystal, band, and
electronic structures.[28] The combination of these strategies
can lead to improved catalytic performances.

It should be kept in mind that for most of the reported
electrochemical systems, the active catalytic centers are
formed after alteration of the starting catalyst. Simply
immersing catalyst material into alkaline electrolyte leads to
a change at its surface and further electrochemical measure-
ments can cause crystal and structural transformations as well
as element dissolution.[21a, 24a] A good understanding of the
alteration of the surface of material helps to reveal the
degradation mechanisms and elucidate the activation and
deactivation processes in order to develop a more stable
catalyst. Therefore, it is crucial to monitor the alteration of
a catalyst via in situ, operando, and post characteriza-
tions.[21c,24b, 60] For instance, a combination of the electro-
chemical flow cell with an oxygen sensor and an inductively
coupled plasma optical emission spectrometry (ICP-OES)
system allows simultaneous analysis of electrocatalyst (de)-
activation, activity, and Faradaic efficiency of the catalyst.[29d]

This can be also used to monitor electrochemical deposition
of Fe impurities from KOH electrolyte, which has been
verified to cause significant activation of Co- and Ni-based
catalysts.[29a,e]

The electronics, surface structures, binding energy, and
interactions between the electrocatalysts and the intermedi-
ates govern the overall efficiency of the catalyst. Accordingly,
the precise adjustment of crystal and electronic structures of
the materials can tune the binding energy and improve the
OER performance of the electrocatalysts.[61] For instance,
among a range of transition-metal-based electrocatalysts, the
optimum overpotential could be achieved with the Ni-doped
b-CoOOH (Figure 6 a), whereby the surface binding energy
of intermediate species (DGO@DGOH and DGOH) is not too
strong nor too weak.[62] If the binding is weak, reactants are
not adsorbed and the reaction is not initiated; on the other
hand, if the binding is strong, the reactive sites are blocked by
either reactants or products. The adsorption behavior is
mainly governed by the surface and electronic structures of
the catalyst.[63] A correlation between the intrinsic activity and
eg orbital filling of perovskite crystal structures was likewise
reported.[64] The eg orbital filling impacts the binding energy
and interactions between the oxygen intermediates and the
catalyst surface.

Among other parameters, defects can play an essential
role in the OER performance of the catalysts. Various
structural defects, such as zero-dimensional point defects
(vacancy and interstitial), one-dimensional line defects (dis-
location), and two-dimensional planar defects (grain and
phase boundaries), can exist within the structure of electro-
catalysts.[66] Among these types of defects, zero-dimensional
point defects in terms of cation and anion vacancies are
commonly found in transition metal oxides.[65,67] As seen in
Figure 6b, the Co-defect sites could draw a hydrogen atom
from adsorbed water molecule onto the oxygen site (shorten
the H@O bond length from 2.117 c to 1.746 c) and decreased
the water adsorption energy (@1.07 eV) compared to defect-

free cobalt oxide (@0.98 eV). This favors better water
adsorption and H–OH bond cleavage during OER. 59] The
oxygen vacancy could also promote OER activity of the oxide
electrocatalyst by lowering the adsorption energy of water
molecules. Besides, oxygen vacancies could provide more
adsorption sites for OHC species and promote the formation of
the Co-OOHC intermediate.[67b,68]

The OER performance of the catalysts can be improved
by adjusting their structural and physicochemical properties
through a suitable synthetic strategy. In general, an OER
electrocatalyst should: 1) offer a large surface exposed to
reactants, 2) provide reactive sites that can effectively adsorb
reactants and have a balanced binding to intermediates,
3) display good electrical conductivity, allowing efficient
electron transfer from the reactant to the circuit, 4) have
a porous structure for better mass transport. Some of these
assets will be elaborated in more in detail in Section 4.

Figure 6. a) Theoretical overpotential plot of doped b-CoOOH as
a function of DGOH and DGO@DGOH. Adapted with permission from
ref. [62] Copyright 2013, American Chemical Society. b) Water adsorp-
tion on cobalt (111) surface of defect-free (left) and Co3@xO4 with Co
defect sites (right); numbers in blue denote the O@H bond length of
adsorbed H2O, numbers in yellow denote bond lengths between
adsorbed O and H from water species over Co and O sites of Co3O4.
Adapted with permission from ref. [65] Copyright 2018, American
Chemical Society.
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4. Transition Metal Oxide Electrocatalysts

The electrocatalysts consisting of first-row transition
metal oxides show good OER activity even compared to
RuO2 and IrO2 in alkaline electrolytes.[25, 64, 69] A range of
transition-metal-based compounds have been developed for
OER, including; 1) oxides (TMOs),[6, 25] 2) (oxy)hydrox-
ides,[70] and 3) MX compounds and alloys (M = transition
metals, X = non-metals or metalloids).[71] Some of the non-
oxide electrocatalysts like Co2B, Ni3FeN, and Co1@xNixP3

displayed stimulating OER activity, with reported overpo-
tentials from 200 to 300 mV at 10 mAcm@2.[72] But, the
preparation of MX compounds is costly and they are also
not very stable. MX compounds and alloys can be considered
as precatalysts to form active (oxy)hydroxides sites in alkaline
electrolytes.[71]

Transition-metal-based (oxy)hydroxides have proven so
far to be the most active OER electrocatalysts.[70a, 73] In
particular, NiFe-based (oxy)hydroxides are reported to show
the lowest OER overpotential in alkaline electrolytes.[70a] For
instance, Gong et al. reported an overpotential of & 230 mV
to reach 10 mAcm@2 over Ni-Fe (oxy)hydroxides.[74] More
complex (oxy)hydroxides have been also designed as very
active OER catalysts. For instance, Fe and W co-doped cobalt
oxyhydroxides were reported to have near-optimal OH
adsorption energies.[75] A gelled FeCoW oxyhydroxide was
reported to deliver a record-low overpotential of 191 mV at
10 mAcm@2. Although these (oxy)hydroxides are very active
OER catalysts,[76] they are commonly not stable under “real-
world” electrolysis conditions. Most of them are reported to
maintain high activity for a short time at a small current
density such as 10 mAcm@2.[42a] On the other hand, practical
water electrolysis requires stable electrode catalysts that can
work for a longer time with large delivered current densities
(e.g., 1000 mAcm@2).[77]

TMOs have been used as electrode materials since the
beginning of the last century[78] because they meet the
requirements in terms of catalytic activity and stability,
structural durability, elemental abundance, and low produc-
tion cost for the practical operation of commercial water
electrolysis.[6,79] Among TMOs, perovskites with the general
formula of ABO3, where A is commonly a rare-earth or
alkaline-earth metal, and B is a transition metal, have been
widely studied as remarkable catalyst materials due to their
highly tunable metal compositions, unique electronic struc-
tures, and robust stability in alkaline solutions.[80] One specific
perovskite, Ba0.5Sr0.5Co0.8Fe0.2O3@d (BSCF), has drawn special
interest since Shao-Horn et al. reported the volcano plot of
OER activity against eg orbital filling.[64] In such a plot, BSCF
perovskite is located at the summit with an optimal eg orbital
filling that is strongly related to the binding energies of the
surface oxygen. As for drawbacks, the oxides require very
high temperatures to be crystallized in the perovskite
structure, which translates to a high energy demand.[81]

Besides, it is challenging to prepare high-surface-area per-
ovskites by conventional synthetic protocols since particles
sinter at high temperatures.[82]

Other than perovskites, several oxides and spinels based
on first-row transition metals such as Mn, Fe, Co, Ni, and Cu

have been frequently studied as OER catalysts.[11, 29a,c,83] Of
these, Fe-, Co-, and Ni-based oxides have received more
attention. Table 1 presents a summary of the catalytic
performances of state-of-the-art Fe-, Co-, and Ni-based
OER electrocatalysts. For most of the reported oxide
catalysts, still, a significant overpotential is required to
achieve a current density of 10 mAcm@2 in 1 M KOH
electrolyte. Thus, there is a need for the design and develop-
ment of more effective electrocatalysts. For this, it is essential
to establish a solid structure–activity correlation from a holis-
tic perspective and monitor the electrocatalyst under operat-
ing conditions to gain some insight into the catalyst alteration,
reaction intermediates, and catalytically active centers as well
as the reaction mechanism. Some specific examples and
recent progress in Co, Ni, and Fe oxides as OER catalysts are
discussed in following sections.

4.1. Cobalt Oxide Based Electrocatalysts

Since the beginning of the last century, cobalt oxides have
been in the focus as catalysts for OER.[84] The electrochemical
behavior of cobalt oxide films was intensively studied in the
1980s.[85] In 2008, the Nocera group reported the stimulating
catalytic performance and stability of cobalt phosphate (CoPi)
in phosphate buffer.[13] Among the cobalt compounds, cobalt
oxides have received the most attention due to their activity
and durability in alkaline electrolytes.

Cobalt oxide has two common crystal structures, namely
CoO and Co3O4. CoO possesses a rock salt structure and
consists of two interpenetrating fcc sublattices of Co2+and
O2@, while Co3O4 has a typical spinel structure in which
tetrahedral and octahedral sites are occupied by Co2+ and
Co3+ cations, respectively. These sites can be substituted with
a variety of transition metal cations, which influence the
electronic structure and catalytic performance.[86] Our
research group has been working on the design of well-
defined mesoporous cobalt oxides via the nanocasting
method[87] and we have used them as a toolbox to find
a structure–activity correlation as well as to explore the role
of the key properties for the development of more effective
OER catalysts.[4, 56, 88] Our early studies verified the impor-
tance of dimension, geometry, symmetry, morphology, par-
ticle size, and surface area of Co3O4 on its OER perform-
ance.[30,88a]

Although Co3O4 is resistant to alkaline solutions, its
structural alteration and surface amorphization are com-
monly observed under electrochemical operating condi-
tions.[89] Dau and Strasser observed a structurally reversible
alteration of Co3O4 spinel nanoparticles by using in situ X-ray
techniques including grazing-induced XRD and EXAFS.[90]

XRD patterns collected at different potentials demonstrated
that the catalyst film retained spinel structure under applied
potentials. An in-depth analysis based on the broadening of
Co3O4 reflections illustrated changes in the mean structural
coherence length of the crystallites. The initial irreversible
growth of Co3O4 crystallites occurred under potentials up to
1.2 V, which is likely due to Ostwald ripening and/or
coalescence of the particles.[90, 91] Increasing the potential
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further to 1.62 V resulted in a reversible structural trans-
formation with a lower degree of crystallinity. This structural
transformation was attributed to the formation of a CoOx-
(OH)y shell on the Co3O4 crystallites. Furthermore, the local
atomic structure of Co ions was revealed by Fourier-trans-
formed EXAFS over the same potential. By investigating the
modification of the Co oxidation state as well as coordination
numbers during OER, the reversible formation of amorphous
CoOx(OH)y shell on crystalline Co3O4 core could be con-
firmed. The Co3O4 phase provides a stable crystalline
structure in the resting state, while the reversible surface
CoOx(OH)y phase affords active sites for OER.

The OER mechanism in CoOOH was recently further
postulated experimentally by using operando XAS and
Raman spectroscopy (Figure 7 a–c).[24b] An additional iso-
tope-labeling experiment was performed to probe lattice
oxygen and active oxygen species exchange within the KOH
electrolyte. First, the CoOOH was conditioned at 1.75 V in
0.1 M 18O-KOH electrolyte. The dominating resting state was
found to be a CoIV species originating from CoO2. Afterwards
the electrolyte was exchanged with 16O-KOH and a blueshift
was observed for the A1g and Eg Raman bands (peaks at
around 470 and 580 cm@1, respectively) as well as for the OO@

peak (located around 1050 cm@1); this indicates the exchange

Table 1: Performance of state-of-the-art OER electrocatalysts, based on Co, Ni, Fe, and mixed oxides.

Catalyst Electrolyte Loading
[mg cm@2]

Substrate[a] Overpotential
[mV]

Tafel slope
[mvdec@1]

Ref.

Commercial samples:
Co3O4 (<50 nm) 1 M NaOH 0.8 GCE 500@10 mA cm@2 61 [133]
NiO (<50 nm) 1 M NaOH 0.8 GCE 430@10 mA cm@2 62 [133]
Fe2O3 (<5 mm) 1 M NaOH 0.8 GCE 1230@10 mA cm@2 – [133]
NiCoO2 (<150 nm) 1 M NaOH 0.8 GCE 390@10 mA cm@2 53 [133]
NiFe2O4 (30 nm) 1 M NaOH 0.8 GCE 510@10 mA cm@2 – [133]
CoFe2O4 1 M KOH 0.15 GCE 416@10 mA cm@2 &95 [134]

Co3O4, NiO, Fe2O3,
and mixed oxide electrocatalysts:
Co3O4 NPs (5.9 nm) 1 M KOH 1 NF 328@10 mA cm@2 – [135]
Co3O4 NPs (21.1 nm) 1 M KOH 1 NF 363@10 mA cm@2 – [135]
Spent tea leaves templated Co3O4 NPs 1 M KOH 0.025 GCE 401@10 mA cm@2 53 [83b]
Co3O4 NCs@CoO (<50 nm) 0.5 M KOH GCE 430@10 mA cm@2 89 [136]
OM Co3O4 1 M KOH 0.12 GCE 389@10 mA cm@2 56 [29a]
NiO NPs (16 nm)/CNT 0.5 M KOH – GCE 409@10 mA cm@2 &120 [137]
NiO NPs (16 nm) 0.5 M KOH 1.25 FTO 501@10 mA cm@2 – [138]
NiO NWs 0.5 M KOH 1.25 FTO 363@10 mA cm@2 – [138]
NiO NS arrays 0.1 M KOH – CFP 422@10 mA cm@2 – [139]
N+ ion irradiated NiO NS arrays 0.1 M KOH – CFP 410@10 mA cm@2 136 [140]
OM NiO 1 M KOH 0.12 GCE 414@10 mA cm@2 57 [29a]
Thin-film NiO 0.1 M KOH – Gold &480@10 mA cm@2 &55 [106a]
Thin-film Ni0.8Fe0.2Ox 0.1 M KOH – Gold &300@10 mA cm@2 &40 [106a]
Thin-film Ni0.6Fe0.4Ox 0.1 M KOH – Gold &280@10 mA cm@2 &37 [106a]
Thin-film Fe2O3 0.1 M KOH – Gold &530@10 mA cm@2 &55 [106a]
Fe2O3-(012) NCs (90 nm) 1 M NaOH 0.15 NF 317@10 mA cm@2 59 [118]
Fe2O3 NPs (100–200 nm) 1 M NaOH – FTO 500@10 mA cm@2 – [141]
Co-Fe2O3 NPs (100–200 nm) 1 M NaOH – FTO 340@10 mA cm@2 – [141]
Ni-Fe2O3 NPs (100–200 nm) 1 M NaOH – FTO 370@10 mA cm@2 – [141]
OM NixCoyO4 1 M KOH 0.12 GCE 382@10 mA cm@2 54 [29a]
Activated OM NixCoyO4 1 M KOH 0.12 GCE 336@10 mA cm@2 36 [29a]
Ni-Fe NPs I M KOH 2.5 NF 210@10 mA cm@2 53 [119]
NF-AC-NiOx-Fe 1 M KOH 0.014 NF 245@10 mA cm@2 34 [120]
NiFe-OH 1 M KOH 1 NF 219@10 mA cm@2 56 [34]
Ni-Fe-OH/Ni3S2 1 M KOH – NF 268@10 mA cm@2 54 [142]
Ni(Fe)OOH-FeSx 1 M KOH – NF 220@10 mA cm@2 55 [143]
Ni(Fe)OOH 1 M KOH – NF 300@10 mA cm@2 59 [143]
NiFe/Co9S8 1 M KOH – CC 219@10 mA cm@2 55 [144]
CoNiFeO 1 M KOH 1.9 NF 230@10 mA cm@2 40.7 [145]

LDH electrocatalysts:
NiCo-LDH 1 M KOH 0.07 GCE 334@10 mA cm@2 41 [146]
NiFe-LDH 1 M KOH 0.07 GCE 302@10 mA cm@2 40 [146]
NiFe-LDH 1 M KOH – NF 210@10 mA cm@2 34 [147]
NiFeCP-LDH 1 M KOH – NF 188@10 mA cm@2 29 [147]
CoNiFe LDH 1 M KOH – GCE 278@10 mA cm@2 54.2 [148]

[a] NP: nanoparticle, NS: nanosheet, OM: ordered mesoporous, NW: nanowire; Abbreviations for electrodes: GCE: glassy carbon electrode, NF:
nickel foam, CFP: carbon fiber paper, CC: carbon cloth, FTO: fluorine-doped tin oxide on glass.
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of lattice oxygen and OO@ with oxygen species from electro-
lyte (Figure 7a). Another experiment with 0.1 M KOD
electrolyte led to a 10 cm@1 redshift of the A1g peak in
comparison with measurements in normal KOH. This con-
firms the possible exchange of the OH group with OD in the
electrolyte or a hydrogen-bonding interaction with Co-O
moieties (Figure 7 b). On the other hand, no change in OO@

peak position was observed, pointing out that the equivalent
mechanism does not occur at superoxide (OO@) moieties. The
mechanism of OER by surface cobalt oxyhydroxide is
foreseen to involve the combination of two lattice oxygen
atoms to produce the Co-superoxide intermediate and the
release of dioxygen from the Co-superoxide as the rate-
determining step (Figure 7 c).[24b] The formation of CoIV

species as an intermediate on the surface of cobalt oxide
has been also confirmed by an in situ electron paramagnetic
resonance (EPR) study, whereby CoII EPR signal was
converted into a CoIV signal at higher electrode potential.[92]

Co3O4 spinel has the advantage that it can incorporate
other di- and trivalent cations, thus the intrinsic properties can
be easily adjusted. The integration of a second metal such as
Mg, Ni, Fe, and Cu has been shown to improve the OER
activity of Co3O4.

[4, 88b, 93] To investigate the effect of Fe doping
and incorporation, we utilized ordered mesoporous silica
templates (SBA-15 and KIT-6) to prepare well-defined Co-Fe
and Co-Ni oxides as the model electrocatalyst. A small
amount of iron incorporation (Co:Fe atomic ratio of 32:1)
was found to alter the pore structure of the sample with
a more open pore structure (Figure 8a) compared to the long-
range-order nanowires of pristine Co3O4. Magnification on
the A1g Raman band (Figure 8b) corresponding to the

symmetric Co3+–O stretch of the octahedral sites showed
a clear shift, indicating a distortion in octahedral sites and
alteration of the electronic structure upon Fe incorpora-
tion.[94]

This finding was further supported by X-ray absorption
spectroscopy (XAS) which revealed the increasing ratio of Co
in tetrahedral and octahedral sites as well as distortion in the
crystalline lattice (Figure 8c). The alteration of the electronic
structure and the increase of Co in tetrahedral sites was found
to enhance the formation of m-OOH moieties and improve
the OER activity with a very small amount of incorporated
iron[95] (Figure 8 d). Further increase of Fe content is unfav-
orable for the OER due to the formation of the cobalt ferrite
spinel phase with low conductivity and poorer charge transfer
ability.[12] All in all, the incorporation of Fe tunes the intrinsic
properties of cobalt oxide by altering the crystal and
electronic structures and overall OER performance depend-
ing on the loading amount.[83a,88b]

A similar concept can be used to investigate the effect of
Ni incorporation into cobalt oxide spinel and to optimize the
electrocatalyst composition.[29a] As shown in Figure 8e,f, Ni-
containing cobalt oxide samples show different OER activ-
ities after an activation process due to the uptake of iron
impurities from KOH electrolytes.

In an analogous line of research, Liu et al. prepared three
cobalt oxides which incorporated Mg2+, Cr3+, and Ti4+ through
the formation of MgCo2O4, CoCr2O4, and Co2TiO4 in order to
study the role of different catalytic sites. The catalytically non-
active Mg2+, Cr3+, and Ti4+ ions occupy Td, Oh, and Td centers,
respectively.[96] Therefore, only Co3+ at the octahedral sites
(Co3+ Oh), Co2+ at the tetrahedral sites (Co2+ Td), and Co2+ at

Figure 7. a) Electrochemical in situ surface-enhanced Raman spectra (SERS) of isotope-labeled Co18O2 in 0.1 M purified 16O-KOH after
conditioning in 18O-KOH. b) In situ SERS of Co16OOH in 0.1 M Fe-free isotope-labeled purified KOD. c) Proposed OER mechanism on cobalt
oxyhydroxide. Adapted with permission from ref. [24b] Copyright 2020, American Chemical Society.
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the octahedral sites (Co2+ Oh) were present as active sites for
OER. The electrochemical measurements found out that
substitution of Co2+ or Co3+ by an inactive element decreased
the OER activity relative to pristine Co3O4. The following
sequence for OER activity is obtained: Co3O4 > MgCo2O4 >

Co2TiO4 > CoCr2O4, illustrating that the geometrical config-
uration Co3+ Oh is more optimal than Co2+ Td and Co2+ Oh.
The calculated Gibbs free energy diagram showed a sequence
of Co3O4 < MgCo2O4 < Co2TiO4 < CoCr2O4, matching well
with the OER results. The combination of Co3+ Oh and Co2+

Td was found to promote the formation of *OOH, leading to
superior OER activity due to the lowest energy barrier.
Besides the surface energy, spin state and eg orbital play also
essential roles for the OER activity.[95, 97]

Apart from its crystalline phase counterparts, amorphous
cobalt oxide has gained a lot of interest in recent years due to
its easy preparation as well as ability to adsorb Fe impurities
from the electrolyte.[21a] It has been shown that CoOOH can
take up Fe impurities from KOH electrolyte and form highly
conductive and OER-active Co1@xFex(OOH).[12] The co-
existence of Fe3+ and CoOx creates a synergetic effect and
decreases the overpotential at 10 mAcm@2 up to 69 mV.[98]

XAS measurements confirmed the decrease in the coordina-
tion number of Fe and the formation of oxygen vacancies that
boost the OER activity. Going along a similar direction, our
group has developed a facile method to produce highly active
amorphous cobalt-based electrocatalyst starting from cobalt-

(II) nitrate that can be converted to Co-oxyhydroxide during
OER.[29c]

Although cobalt oxide is a decent OER catalyst it suffers
from its low conductivity. Its conductivity can be improved by
merging with more conductive materials like graphitic
carbon,[99] gold,[100] and silver.[101] Recently, we have shown
the dual functions of Ag species when they are coupled with
mesoporous cobalt oxide.[101] Ag can be merged into the 3D
mesostructure during the hard templating process in the form
of metallic Ag and ultrasmall Ag2O nanoparticles. While
metallic Ag increased the conductivity of the composite, silver
oxide moieties led to increased Fe uptake from KOH
electrolyte and resulted in a significant activation and
a twofold increment of current density at 1.7 V.

The surface area, crystal structure, and electronic struc-
ture and consequently the OER performance of cobalt oxides
can be also tuned via post-treatment methods. Liu et al.[102]

reported that heterophase Co3O4/CoO nanosheets prepared
via Ar-plasma etching on Co3O4 could decrease the over-
potential up to 92 mV. DFT calculations revealed that the
phase transformation of Co3O4 spinel into the CoO rocksalt
phase is followed by lattice Co diffusion which causes oxygen
vacancy. The lower p-state orbital energy of adsorbed O
species on the Co3f site of Co3O4/CoO was proved to decrease
the adsorption energy of reactive oxygen species on the
catalystQs active sites. Similarly, our group reported the effect
of post-treatment on mesostructured Co3O4 and CoO via
pulsed laser fragmentation in liquid.[67a] The laser fragmenta-

Figure 8. a) Morphology of mixed cobalt iron oxide (Co/Fe 32) templated on SBA-15 silica. b) Co Kb-detected HERFD XAS spectra of sample
series. c) A1g Raman band and d) LSV curve of SBA-15 templated cobalt iron oxide series; inset: magnification at 10 mAcm@2. Adapted with
permission from ref. [83a] Copyright 2020, American Chemical Society. e) Initial LSV curve of mesostructured cobalt nickel sample series and
f) LSV curves after 150 CV scans. Adapted with permission from ref. [29a] Copyright 2017, American Chemical Society.
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tion results in the formation of a Co3O4/CoO biphase as well
as the reduction of the nanoparticle size to less than 5 nm,
which led to a threefold increase of BET surface area.
Rietveld refinement of high-resolution XRD pattern and
surface chemical state investigation revealed the formation of
Co vacancies in tetrahedral sites and the oxygen vacancies.
These vacancies were found to be beneficial to boost OER
activity by decreasing charge transfer resistance.

As an alternative practical post-treatment method, we
have recently established a facile selective acid leaching
method to tune textural parameters of Co3O4.

[56] Compared to
the aforementioned post-treatment methods, selective acid
leaching does not require a complicated and expensive setup,
and hence it is more favorable for large-scale synthesis. The
process was carried out by utilizing Mo, Li, Ca, or Mg as
a sacrificial agent during the synthesis, which was leached out
via the post-selective acid leaching process. The BET surface
area of the post-treated Co3O4 could increase up to threefold,
as a result, more active sites could be exposed and this favors
fast OER reaction kinetic. In this way, the current density at
1.7 V vs. RHE of the OER catalyst could be increased from
70 mAcm@2 to 123 mAcm@2.

It should be kept in mind that regardless of the crystal
structure and crystallinity of cobalt oxide, its dynamic
behavior in the water environment and electrolyte must
always be considered. A recent study by Hein et al.[24a]

utilizing near-ambient-pressure X-ray photoelectron spec-
troscopy (NAP-XPS) showed that simple immersion in water
could induce reversible phase transformation from tetrahe-
drally coordinated Co2+ shell and octahedrally coordinated
Co2+ core to the octahedrally coordinated Co2+ and partially
oxidized octahedrally coordinated Co3+. Thus, in most cases,
the starting material possibly goes through an alteration in the
electrolyte even without an applied external bias.

4.2. Nickel Oxide Based Electrocatalysts

Ni is more attractive than Co for real application since it is
more abundant, cheaper, and less toxic, and has fewer
geopolitical risks.[22, 103, 105] In terms of catalytic OER perfor-
mance, Ni is as active as Co at a lower potential range based
on the h10 values listed in Table 1. However, pristine NiO has
an inferior conductivity and this limits its performance in the
high voltage range, where a large number of electrons are
required to be transferred into an external circuit. To
overcome the conductivity issue, nickel oxide is widely
combined with other transition metals like Co and Fe. For
instance, Ni-Fe-based oxides have been reported to among
the most active for alkaline water electrolysis.[22, 106] The
catalytic performances of Ni-Fe oxides strongly depend on the
specific metal stoichiometry and preparation method.[106c]

NiO has the rock salt structure (as CoO) with octahedral
Ni2+ and O2@ sites and is very sensitive to phase trans-
formation. During OER in alkaline electrolytes, NiO is easily
transformed into the layered hydroxide/oxyhydroxide phase
as shown in Figure 9 a.[103] A narrow anodic and broad
cathodic peak observed in CV curves are ascribed to the
NiO/NiOOH redox couple of NiO. Initially, stable activity

was achieved within a few cycles, as depicted as curve “a” in
Figure 9a. When an external voltage was applied, the initial
OER activity of NiO was significantly increased (curve “b” in
Figure 9a), which was preliminarily associated with surface
amorphization and phase transformation of NiO to Ni-
(OH)2.

[107]

The activation of nickel-based oxide catalysts has been in
the focus of the scientific community for a long while and
different reasons have been given in reported studies: 1) due
to the structural transformation of nickel oxide into a more
active oxyhydroxide species during applying anodic poten-
tial;[106a, 108] 2) because trace amount of Fe impurities originat-
ing from commonly used KOH electrolyte can form highly
active Ni-Fe oxyhydroxide.[106b, 109] The phase transformation
of Ni catalyst was studied by Bode et al.[110] by monitoring the
electrocatalyst by several techniques including X-ray and
neutron diffraction (Figure 9b). Briefly, immersing nickel
oxide in alkaline electrolyte turns it into a hydrous a-Ni(OH)2

phase. Upon aging in alkaline solution, the a-Ni(OH)2 phase
is further transformed into the anhydrous b-Ni(OH)2 phase.
Applying positive potential causes the oxidation of these
hydroxide phases to form g-NiOOH and b-NiOOH. Long-
term overcharging at high potential converts b-NiOOH to g-
NiOOH phase. The metal sites in a high oxidation state are
proposed to be beneficial for OER, making either Ni3+ in b-
NiOOH or Ni3+ in g-NiOOH an active site, which is a subject
of controversy. It has been also reported that nickel was first
oxidized into g-NiOOH followed by a reversible electro-
chemical formation of Ni4+ peroxide (NiOO2), which was
proposed to provide active sites for high OER activity.[111]

Metallic Ni foam is commonly used as the substrate of the
working electrode as well as an active OER catalyst.[112]

Dipping Ni foam into alkaline electrolyte forms an OER-
active nickel oxyhydroxide species. The phase transformation
of metallic Ni electrode to g-NiOOH under bias could be
confirmed by in situ Raman spectroscopy.[108] Potential cycling
transformed g-NiOOH to b-NiOOH and this newly formed b-
NiOOH was found to be three times more active than g-
NiOOH. However, later on, it was reported that the experi-
ments were conducted in unpurified KOH electrolytes, which
contain Fe impurities from industrial production.[104] When
the same experiments were conducted in purified Fe-free
electrolyte, significantly increased values of h10 and the Tafel
slope was obtained as shown in Figure 9c. On the other hand,
a Ni-hydroxide catalyst was activated in commercial KOH
with Fe impurities and gradually reached a stable activity
after 4 days of applied potential (Figure 9c). The layered
structure of Ni-hydroxide efficiently absorbed Fe impurities
from unpurified KOH solution and up to 20 at. % Fe could be
incorporated into the catalyst, which could be experimentally
confirmed by XPS and ICP analyses (Figure 9d). This
indicates that the electrochemical aging-induced activation
of Ni-based catalyst is not due to the phase transformation,
but rather related to the uptake of Fe impurities from the
electrolyte. This kind of Fe-induced activation was also
observed on mixed Ni-Co oxide electrocatalysts.[29a]

The OER activity of Ni-based oxides might be further
enhanced by increasing the number of their active cites by
coupling with other transition metals and/or supporting
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conductive support. For instance, the electrochemical surface
area of NiO could be doubled via self-assembly of Cu-Ni
bimetal oxide grown on Ni foam (NF). In addition, the
synergetic effect between Cu and Ni improved activity and
stability as compared to the single NiO/NF electrode.[113]

Similarly, it has been shown that Mo could also promote the
OER activity when combined with Ni-based oxide cata-
lyst.[42a] An in-depth XPS study revealed that Mo5+ species in
NiMoO4@x/MoO2 play an important role by delocalizing the
oxygen vacancies and promote the adsorption of water
molecules onto the low-coordinated Mo5+ centers. Similarly,
a W-doped a-Ni(OH)2 electrocatalyst was reported with high
efficiency and an overpotential of 237 mV at 10 mAcm@2 and
low Tafel slope of 33 mVdec@1 in 1 M KOH electrolyte.[114]

The presence of the low-spin d0 orbital of W6+ was stated to be
the key factor to stabilize the O radical, resulting in an
optimal OH@ adsorption on the exposed W sites of the
Ni(OH)2.

The activity of Ni oxide has been demonstrated to be
further increased when it is supported on a substrate. For
instance, Bell et al. observed that a sub-monolayer of Ni oxide

deposited on Au showed an order of magnitude higher
turnover frequency compared to its nickel oxyhydroxide
counterparts.[108] Their in situ Raman study revealed that
charge transfer from the oxide to the highly electronegative
Au leads to the formation of Ni/Au surface oxide, which was
found to be responsible for OER activity enhancement.
Likewise, anchoring nickel oxide into polymer-based carbon
nitride was reported to give a similar effect.[115] NiO and
carbon nitride linked through Ni@N bonding was found to
enhance the conductivity as well as possess a low Gibbs
energy for the adsorptions of OER intermediates, resulting in
a low overpotential of 261 mV at 10 mAcm@2. A similar
synergy was also observed for the NiCeOx-Au system where
an overpotential of 279 mVat a current density of 10 mAcm@2

was reported.[105a] The cerium dopant was proven to alter the
local electronic structure, resulting in favorable binding
energies of the OER intermediates.

Recently, Strasser et al. unraveled the Mars-van-Kravelen
mechanism for OER over Ni(OH)2 and NiFe layered double
hydroxide (LDH) electrocatalysts through continuous sub-
stitution of oxygen species of catalyst with the species from

Figure 9. a) CV curves of NiO nanoparticles deposited on a gold-coated electrode. The CV curves were collected in 0.5 M KOH before and after
electrochemical aging and are labeled “a” and “b”. Reproduced with permission from ref. [103] Copyright 2014, Wiley-VCH Verlag GmbH & Co.
b) Illustration of the Bode scheme for the phase transformation on Ni(OH)2. c) Aging effect on the OER activity of Ni(OH)2 thin films in Fe-free
(blue) and unpurified (red) KOH electrolyte. d) Change of iron amount in Ni(OH)2 thin films after aging in unpurified KOH. Reproduced with
permission from ref. [104] Copyright 2015, American Chemical Society.
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electrolyte.[117] This finding on lattice oxygen contribution is in
agreement with the OER mechanism over CoOOH catalyst
as proposed by Hu et al.[24b] The mechanism on the metal
species, however, seems to be different since a large propor-
tion of Ni metal centers in the NiFe LDH catalyst remain in
the + 2 oxidation state under the potential bias instead of
being oxidized to + 4 as in cobalt counterpart.

Even though the pure Ni-based OER electrocatalyst often
suffers from bad electrical conductivity, these problems could
be resolved by controlling the structural transformation of the
starting material into the active Ni oxyhydroxide intermedi-
ate or blending them with other hetero elements.[116] Due to
their adsorption capability toward Fe species, the OER
activity of Ni-based oxides could be boosted by coupling
with iron by forming dynamic active sites. All in all, NiFe-
based oxides are still considered to be promising candidates
for use in large-scale water electrolyzers.

4.3. Iron Oxide Based Electrocatalysts

Fe-based catalysts are very attractive in thermal catalysis
because of the abundance of Fe (second most earth-abundant
metal) and some fascinating chemical properties (e.g., various
oxidation states, non-toxicity, and its magnetic property).
Among different forms of iron oxide, hematite (a-Fe2O3)
which crystallizes in a corundum structure with Fe3+ in
octahedral sites, has been in the focus for photo-electro-
chemical water splitting due to its good light absorption.
However, its application as a pristine electrocatalyst is
severely hindered due to its high resistance which results in
very low OER activity (Table 1).

Wu et al. investigated the relationship between the
exposed facets and catalytic activity of a-Fe2O3 and concluded
that the OER activity is mainly governed by the predominant
facets.[118] As shown in Figure 10 a, among a-Fe2O3 with
diverse facets, the one with high-index exposed facets of (012)
shows decent activity. The catalytic stability was not much
influenced by the exposed facets, illustrating the good
durability of a-Fe2O3 in the alkaline solution (Figure 10 b).
As seen in Figure 10 c, a lower energy barrier of each step
reaction was shown on the high-index facet (012) based on the
DFT calculations, which was found to be favorable for the
adsorption and desorption of oxygenated intermediates.[118]

Instead of being used as a pristine oxide electrocatalyst,
Fe is commonly combined with other transition metals,
especially with Co and Ni.[29b, 119] Our recent study demon-
strated the usage of hard templating to prepare Fe2O3 and
NiO, and optimize the composition of Fe-Ni mixed oxides for
OER.[83a] A nice synergy between Fe and Ni has been
observed, whereby the highest OER could be achieved with
the Ni/Fe ratio of 32:1. EIS as well as electrochemical surface
area analysis revealed that at this stoichiometric ratio, the
lowest charge transfer resistance and the highest intrinsic
activity were reached. The Ni32Fe oxide catalyst deposited on
Ni foam reached a geometrical current density of over
600 mAcm@2 at 1.7 V vs. RHE with long-term stability. This
value is close to the required current density for a large-scale
water electrolyzer. Suryanto et al.[119] recently reported the

role of the interface between Ni metal and g-Fe2O3. LSV
measurements revealed that the Ni metal domain intercon-
nected to g-Fe2O3 has superior OER activity (with over-
potential as low as 210 mV at 10 mA cm@2) compared to that
of bare Ni as well as several benchmark catalysts. An
analogous finding was reported by Song et al. with nano-
clusters of g-FeOOH covalently linked to a g-NiOOH support
electrocatalyst.[120] Based on DFT calculations, Fe species
were found to act as oxygen-evolving sites while hydrogen
was bonded at the neighboring O site of g-NiOOH. These
examples indicate the impact of grain boundaries on the
formation of new active centers for OER.

Among mixed electrocatalysts, Ni-Fe layered double-
hydroxide (LDH) catalysts have been investigated intensively
due to their high OER activities.[109b,121] Trotochaud et al.
conducted a systematic characterization of the Ni1@xFex LDH
catalysts containing various amounts of Fe.[109b] Intentional
addition of Fe during the synthesis as well as the Fe impurities
present in the KOH electrolyte were found to increase OER
activity dramatically. The addition of Fe increases the
electrical conductivity of NiOOH by a factor of 30 and the
reaction intermediates are found to bond with oxidized Fe
sites much easier than with Ni sites in the form of oxo ligands.

Figure 10. a) LSV curves and b) chronopotentiometry measurements
for (012)-O, (012), (104), and (110) facets exposed on a-Fe2O3. c) Free
energy diagram of OER intermediates. Adapted with permission from
ref. [118] Copyright 2018, Wiley-VCH Verlag GmbH & Co.
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Additionally, the stability of the metal-oxo complexes
decreases with the addition of d electrons to p* orbitals.[122]

Thus, Fe with a high oxidation state has been widely accepted
as the determinative factor for the activity enhancement. A
series of in situ techniques like XAS and Mçssbauer were thus
applied and discovered the presence of Fe4+ in Ni-Fe
LDH.[122, 123] Application of anodic voltage induced the
formation of Fe4+ with its signature spin-flip excited singlet
to triplet emission.[122]

This observation could be further supported by an in situ
Mçssbauer spectroscopy study. At the beginning in the
absence of applied voltage, high-spin Fe3+ species were
detected with an isomer shift of d& 0.34 mms@1 and a quadru-
pole splitting of D& 0.46 mms@1.[123] When a voltage of 1.76 V
was applied, a shoulder appeared in the Mçssbauer spectra,
which is ascribed to the oxidation of Fe3+ to Fe4+. After OER
and when the electrode was kept at the open circuit for
a while, the shoulder disappeared, indicating that the
oxidation of Fe3+ to Fe4+ is a reversible process for Ni-Fe
LDH. It is believed that the formation of Fe4+ is due to the
stabilization effect of the LDH host lattice. The Fe4+ species,
especially those located at the edges, corners, and defects, are
assumed to be the catalytically active sites for OER.[70a, 122,123]

Furthermore, MarkovicQs group found that Fe active species
are dynamically stable as a result of dissolution and re-
deposition at the electrolyte/host interface.[21a] The strong
interaction of Fe with the host is the key to control the
average number of Fe active sites present at the solid/liquid
interface for an efficient OER catalyst.

Supporting that hypothesis, HuQs group studied the OER
mechanism on Ni-Fe LDH and FeOOH-NiOOH catalyst by
using 18O isotopic labeling, operando Raman spectroscopy,
and electrokinetic analysis (Figure 11a,b).[124] Superficial g-
FeOOH was detected only in the FeOOH-NiOOH system by
Raman spectroscopy; g-FeOOH is reported to be favorable to
boost the OER activity of FeOOH-NiOOH compared to Ni-
Fe LDH with Fe doped in lattice.[124,125] 18O isotopic labeling
coupled with operando Raman assisted to formulate the
reaction mechanism. In the initial stage of OER over
FeOOH-NiOOH, dimeric NiII species at the dioxo bridge
were oxidized into dimeric NiIII. The OER mechanism in
FeOOH-NiOOH then proceeded in a bifunctional fashion,
whereby OH@ bond cleavage was followed by oxygen
evolution and hydrogen adsorption to NiIII-O species as the
rate-determining step. This is in agreement with the previous
reaction mechanism predicted based on DFT calculations.[120]

On the other hand, OER on Ni-Fe LDH follows a differ-
ent reaction pathway (Figure 11 b). The OER on Ni-FE LDH
was initiated by oxidation of FeIII into FeIV accompanied by
Fe=O bond formation in the pre-equilibrium step. The whole
reaction is followed by the conventional four-electron transfer
mechanism, where the reaction is governed by the formation
of FeIII-OOH intermediate from OH@ attack on the Fe=O
unit as the rate-determining step.[25, 126]

Finally, despite the low electrical conductivity of pristine
Fe oxide, the properties of Fe-based electrocatalysts could be
tailored via doping or by combination with Ni, Co, or other
metals. The formation of Ni-Fe oxide interface or Fe species
supported on nickel oxide remarkably enhances the OER

activity by initiating the new active sites and unconventional
reaction pathways. Nevertheless, the nature of Fe dissolution
and corrosion as well as the impurity of the electrolyte should
be taken into account in developing a robust Fe oxide-based
catalyst for water electrolysis.

Figure 11. Proposed OER reaction mechanisms of a) FeOOH-NiOOH;
Fe ion is located on the surface of the g-FeOOH cluster and the rate-
determining step is OH@ attack on Fe=O and H atom transfer to
a NiIII-O site. b) NiFe LDH, Fe is doped in the lattice of Ni LDH, with
the rate-determining step OH@ attack on Fe=O. Reprinted with
permission from ref. [124] Copyright 2021, Wiley-VCH Verlag GmbH &
Co.
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5. Summary and Perspective

Sustainable energy production and usage are going to be
the key features for achieving climate-neutrality and sup-
pressing global warming. Although solar and wind energy
have huge potential as renewable energy sources, only around
5% of the worldQs current electricity is produced from these
sources.[127] This amount has to be significantly increased. We
need to develop effective processes and catalytic concepts to
convert solar and wind energy into sustainable chemicals,
materials, and storable fuels. Carbon-footprint-free, green H2

can be produced by water electrolysis by using renewable
electricity. This H2 can be stored and reconverted into energy
for power and heat generation, and can be used in fuel cell
vehicles for transportation and as a feedstock to produce
valuable chemicals (Scheme 4).

When we think about a carbon-neutral energy roadmap,
green H2 production is the bottleneck to reach the vision and
target. With the current technologies, production by water
electrolysis is still very energy-intensive and expensive in
comparison to steam reforming of natural gas. Commercial
HER and OER catalysts are based on Pt, Ir, and Ru. The high
cost and limited resources of these noble metals force us to
look for alternatives. Thus, there is a need for the design and
development of a new class of OER catalysts. The OER
catalysts should fulfill different requirements like having high
performance, being durable, and economical. On the other
hand, we should have a holistic approach for catalyst design
with consideration of recyclability, life cycle assignment, and
sustainability. Sustainability, at each stage of production, is

essential, since we will certainly face supply limitations of
many elements soon if we keep consuming our resources at
the current rate. Thus, it is vital to focus on the development
of OER catalysts based on more abundant first-row transition
metals.

Co-, Ni-, and Fe-based oxides are promising OER
electrocatalysts. Stimulating catalytic behaviors are observed
on these oxides and their activities depend on their crystal and
electronic structures, and the oxidation state. Co3O4 itself is an
active and stable OER catalyst, with Co3+ Oh proposed as the
most desirable configuration. Its spinel structure can host
a variety of transition metals to tune the electronic structure
and boost its activity.

In comparison to Co, Ni is much cheaper and less toxic.
The OER activity of NiO can be significantly enhanced by Fe.
NiO is sensitive to an electrochemical aging process during
electrolysis, leading to the formation of nickel oxy/hydrox-
ides. These species are catalytically active and can be further
activated by incorporating Fe impurities from KOH electro-
lyte. The uptake of Fe species is the reason for the high
activity of Ni-Fe catalysts, with Fe4+ species likely as the active
sites.

Fe is very abundant and Fe-based catalysts have been
employed in many industrial processes including the Haber–
Bosch ammonia synthesis and the Fischer–Tropsch process.
However, as electrocatalysts iron oxides are typically not very
active towards OER due to their poor electron transferability.
Nevertheless, its combination with Co and Ni can improve the
overall efficiency of the electrocatalyst significantly.

Scheme 4. Future energy landscape including usage of sustainable electricity for water electrolysis for green hydrogen production, its storage, and
utilization for power and heat generation, as fuel for transportation as well as feedstock for industrial application.
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As a perspective for future work, several key aspects
should be studied. Firstly, it is worth investigating the mass
transfer effect on the nanoscale catalyst, especially for highly
porous materials in which oxygen gas can be trapped and
cover the catalytic sites. Secondly, not only metals like Ag but
also surface-modified carbon with improved stability can be
a good choice to enhance the conductivity of oxide-based
catalysts as well as reduce the cost of the electrode material.
Thirdly, advanced spectroscopic methods should be used to
resolve the electronic structure of catalytic metal sites, as well
as monitor the change in the local environment of the catalyst
surface under operando conditions, which includes morphol-
ogy alteration, phase transformation, and material dissolu-
tion.

Next, the utilization of machine learning and artificial
intelligence might be a means to reduce computational costs
as well as improve the handling of big data sets. This might
shorten the time required to find and design optimum
electrocatalyst for OER.[128] Lastly, it is worth mentioning
that joint efforts on the design of catalyst and separator
including diaphragm and membrane, the configuration of the
electrolyzer, and process engineering are necessary to achieve
efficient hydrogen production and establish a sustainable
energy system.

Merging material synthesis and electrode preparation into
one step will not only reduce the processing time but also
decrease the cost of the electrode. For instance, electro-
chemical deposition and in situ catalyst formation on practical
support materials like metal mesh and conductive carbon
papers could make water electrolysis more operative and
affordable. Indeed, these types of catalysts should have long-
term durability and they should be recyclable.

Raw material mining and the production of catalysts must
be sustainable and without substantial environmental and
geopolitical risks. For instance, cobalt-based materials are
very promising for OER; however, Co is not only toxic but
has also geopolitical and supplies risks. Currently, more than
half of the worldwide Co is produced in the Republic of the
Congo under hazardous and unsafe working conditions.[129]

Co has limited reserves and these are being rapidly depleted,
since Co is getting more attention in the battery sector for
energy storage. In the near future, there will be noteworthy
supply limitations for large industrial-scale application of
cobalt oxide.

Within the current water electrolysis technology, the
electrolyte or water should be ultrapure to avoid other side
reactions (such as chlorine oxidation) as well as contamina-
tions that deteriorate both electrodes and separator. This will
be another challenge, taking into account that many countries
in the world have limited clean water resources even for
drinking and daily consumption. Thus, there is also a need for
the development of more effective cells, reactors, and
membranes that could be operated in non-distilled water.

Another key important aspect, besides the catalystQs
development, for the future is the availability of sustainable
electricity for large-scale water electrolysis plants (Scheme 4).
Let us look at GermanyQs electricity production as an
example. The Fraunhofer Institute for Solar Energy Systems
(ISE) reported that Germany could produce 55.8% of its

electricity from renewable sources in the first half of 2020,
thus reaching a new record high. In the first six months of
2020, solar and wind produced a total of 102.9 terawatt-hours
(TWh), which is only 10.6 TWh more than in the first half of
2019.[130] GermanyQs energy sector is predicted to have
a demand for a sustainable electrolysis capacity of between
7 and 71 GW in 2030 and 275 GW in 2050.[131] Haber–Bosch
ammonia synthesis alone would need a renewable electricity
supply of up to 27.5 TWh per annum to be operated with
100 % green H2.

[132] Now, the question is, where this energy
would come from? It cannot be provided by sustainable
sources with the current technology since Germany is not able
to cover the production of sufficient carbon-free electrical
power. Investments are needed for more photovoltaic as well
as for on and offshore wind farms. Nuclear energy could be an
additional option to produce electricity for on-site water
electrolysis and green H2 production; however, Germany has
decided to shut down all nuclear power facilities by the end of
2022 after the Fukushima Daiichi nuclear disaster.

Finally, there is also a need for investment in the
infrastructure for H2 storage and distribution. Indeed, sub-
stantial technological developments and investments are
necessary for the integration of on-site green H2 production
into existing industrial processes such as green steel produc-
tion. In the end, there is a long way to go not only for large-
scale green H2 production but also for its storage, distribution,
utilization, and integration into the existing infrastructures.
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