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ABSTRACT: Water splitting is the essential chemical
reaction to enable the storage of intermittent energies such
as solar and wind in the form of hydrogen fuel. The oxygen
evolution reaction (OER) is often considered as the
bottleneck in water splitting. Though metal oxides had
been reported as OER electrocatalysts more than half a
century ago, the recent interest in renewable energy
storage has spurred a renaissance of the studies of
transition metal oxides as Earth-abundant and nonprecious
OER catalysts. This Perspective presents major progress in
several key areas of the field such as theoretical
understanding, activity trend, in situ and operando
characterization, active site determination, and novel
materials. A personal overview of the past achievements
and future challenges is also provided.

1. INTRODUCTION

Exploiting safe, clean, and sustainable energy sources is a major
societal and technological challenge in the 21st century.' >
Solar, and to a less degree, wind energy, are in principle able to
meet a large portion of the global energy demand. However,
they are intermittent and require efficient and economic storage
solutions. Among various storage solutions,” the water splitting
reaction (2H,0 — O, + 2H,) is an attractive solution as it
enables the sustainable production of hydrogen, a desirable
energy carrier.”™ Water splitting can be divided into two half
reactions, the hydrogen evolution reaction (HER, 2H" + 2e™ —
H,) and the oxygen evolution reaction (OER, 2H,0 — O, +
4H" + 4e”). Both reactions are kinetically sluggish, and even
with the best available catalysts, they require an overpotential
() to occur at a useful rate. The overpotential loss due to OER
is generally much greater than the loss due to HER. Thus, OER
is often regarded as the bottleneck of water splitting.*””
Efficient, stable, abundant, and cost-effective OER catalysts are
required to make water splitting a viable and scalable energy
storage technology.

RuO, and IrO, had been considered as the benchmarks of
OER catalysts because they exhibited high activity at a wide
range of pH values.” For a reference current density (j) of 10
mA cm ™2 an overpotential of 200 mV (in acid) to 300 mV (in
base) is required for thin films of RuO, and IrO,. Though these
catalysts are employed in proton exchange membrane water
electrolyzers, they might be too scarce and costly for a large-
scale application.
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The technological need of OER catalysts has motivated
intense research efforts on the development of catalysts that are
solely composed of Earth-abundant elements.”®”~'> These
catalysts might be classified into two categories: homogeneous,
molecular complexes and heterogeneous, inorganic solids.'”"’
Molecular catalysts'® have uniform and easy-to-identify active
sites; they are readily characterized by spectroscopy and X-ray
crystallography. Their properties can be finely turned by ligand
modification. The mechanistic understanding of molecular
OER catalysis is more advanced than its heterogeneous
counterparts. Notwithstanding these desirable features, molec-
ular catalysts suffer from their low long-term stability under the
harsh conditions of OER and the difficulty to integrate them
into electrochemical and photoelectrochemical devices. In this
regard, heterogeneous inorganic catalysts are more practical.
They often exhibit notable stability at OER potentials. Many of
them have been deposited onto electrodes to catalyze OER
with significant current densities (>1 mA cm™2) at modest
overpotentials (300—400 mV).

Commercial electrolyzers operate in highly conductive
medium, that is, either in acidic or alkaline conditions.
Unfortunately, only RuO,, IrO,, and their composites exhibit
substantial stability in acidic medium, where the majority of
nonprecious metal oxide OER catalysts gradually or rapidly
degrade. Thus, nonprecious metal oxide OER catalysts are
mostly studied in alkaline medium. Scholarly studies of Co-,
Ni-, Fe-, and Mn-based oxides or hydroxides in OER dated
back to more than half a century ago.'*™"” The samples used in
these early studies were either bulk oxides or electrochemically
deposited films. Sample purity and structural homogeneity were
not strictly controlled. The characterization was largely limited
to electrochemical measurements. As a result, mostly
phenomenal findings were reported and the field progressed
slowly. Several important technological advances make the
timing ripe for the recent renaissance. Thanks to developments
in nanoscience and nanotechnology, it is now possible to
synthesize a wide range of metal oxides with controlled
composition, morphology, size, structure, and surface area.
Modern analytical tools in spectroscopy and microscopy,
especially the access to in situ and operando techniques,
provide unprecedented fundamental information about the
catalytic sites. Progress in density functional theory (DFT)
computations makes it possible to calculate the properties and
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even catalytic activity of metal oxides with a reasonable
accuracy.

The recent developments of transition metal oxide catalysts
for OER in alkaline solution have been described in a number
of reviews.*>”'971>20 These reviews tend to be comprehensive
and are geared toward specialists. Here we select representative
studies to offer our perspective of the key progress, debate, and
challenge in this field. In addition to providing a critical
selection of current studies for active researchers in the field,
this Perspective aims to give a bird’s eye view for nonspecialists
who wish to enter the field.

2. REACTION MECHANISM

A general mechanism of OER on metal oxides in alkaline
medium is described in Figure 1.%"21 Here the active site is
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Figure 1. A generalized OER mechanism. M represents the active site.

simply drawn as “M”. In the first step, a hydroxyl radical is
adsorbed on the active site to give M—OH by 1 e oxidation of
hydroxide anion. Coupled proton and electron removals from
M—OH then gives M—O. In one pathway, nucleophilic attack
of hydroxyl anion on M—O coupled with 1 e oxidation yields
the hydroperoxide intermediate M—OOH. A further proton-
coupled electron transfer resulted in the release of O, and the
regeneration of the free active site. In another pathway,
combination of two M—O species gives directly O, and M. The
mechanism depicted here forms the blueprint for the majority
of proposed mechanisms, with the main variation being the
number of electron or proton transfer in individual steps. In
some cases, proton and electron transfers are proposed to be
decoupled.””

The relationship of current density (j) and overpotential (77)
in an electrochemical reaction can be described by the Butler—
Volmer equation (eq 1). Here j, is the exchange current
density, n is the number of transferred electrons, F is the
Faraday’s constant, R is the universal gas constant, T is the
thermodynamic temperature, @, and a. is the transfer
coefficient of anodic reaction and cathodic reaction, respec-
tively. a, and a. are normally assumed to be 0.5. When the
anodic overpotential is sufficiently large, the cathodic current is
negligible. Thus, eq 1 can be simplified into eq 2, the logarithm
form of which is the Tafel equation (eq 3).”**** For a
multistep electrochemical reaction, the Tafel slope (eq 4) may
provide information on the reaction mechanism. Assuming that
a rate-determining step (RDS) exists, the Tafel slope can be
described as eq 5.%*%*
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where ny, is the number of electrons transferred before the RDS,
v is the number of rate-determining steps, n, is the number of
electrons that participate in the rate-determining step, and S is
the transfer coefficient of the RDS (typically assumed to be
0.5). Equation S provides a simple yet rapid means to identify
the RDS of OER. This simple treatment, however, is not
sufficient to account for the real kinetic behaviors of OER
catalysts. The same Tafel values may originate from different
reaction pathways. Moreover, the treatment assumes a low
coverage of the surface intermediate before the RDS, which
does not always hold especially at high overpotentials. The
transfer coeflicient can deviate from 0.5 when the reorganiza-
tion energy is comparable to overpotential, or when there is a
significant barrier in the electron transfer.””>” Because of these
limitations, a full kinetic analysis, including rate order
determinations, in addition to Tafel analysis, is necessary to
establish the detailed reaction mechanism.””***® Another
important tool is first-principle DFT simulations of Tafel
kinetics,”®> which gives fundamental information about the
reaction mechanism.

3. DESCRIPTOR

The involvement of multiple intermediates makes the full
kinetic description of OER on metal oxides a daunting task.
There are significant efforts to correlate OER activity with a
single macroscopic parameter, or descriptor.'" The descriptor
could be either an experimentally determined parameter, or a
computed property. A good descriptor leads to a volcano-type
relation of the activity of OER catalysts as a function of that
descriptor. Identification of a good descriptor may give insights
into the key step of the OER and be applied to accelerate the
screening of new catalysts.

The first attempt to correlate the OER activity of metal
oxides with a descriptor is traced back to 1955 in the work of
Riutschi and Delahay.”® They demonstrated an approximate
linear correlation between the rate of oxygen evolution and the
M—OH bond energy, suggesting M—OH bonding strength as a
descriptor. By taking both the absorption and desorption of
oxygenated intermediates into account, Trasatti demonstrated
the enthalpy change for the lower-to-higher oxide transition
(MO, - MO,,,) as a descriptor. A “volcano-shape” correlation
of OER activity with this descriptor was obtained, with IrO,
and RuO, at the top of the volcano.””*° One limitation of these
studies is the sometimes inaccurate values of catalytic activity,
M-—OH bonding strength, and enthalpy change determined at
that time.

Recently, modern analytical techniques have been used to
obtain more precise parameters. Markovic et al. studied near-
monolayer (oxy)hydroxide films on single-crystal Pt support,

DOI: 10.1021/jacs.8b04546
J. Am. Chem. Soc. 2018, 140, 7748—7759


http://dx.doi.org/10.1021/jacs.8b04546

Journal of the American Chemical Society

and estabhshed OH-M?*’ bond strength (0 < § < 1.5) as a
descriptor.”’ They determined the OH—M?" bond strength by
measuring the CO oxidation rate on Pt, assuming a bifunctional
mechanism where CO is exclusively absorbed on Pt while OH
is absorbed only on metal oxides. The OH—M?*’ bond strength
followed the order of Ni < Co < Fe < Mn, which correlated
well with the OER activity order (Ni > Co > Fe > Mn). Trace
amounts of Fe impurities in commercial NaOH and KOH
electrolytes significantly increase the OER activity of NiO,.'”**
Boettcher revisited the activity trend of first-row transition
metal oxyhydroxides after eliminating incidental Fe incorpo-
ration. They used thin film catalysts electrodeposited on Au and
Pt electrodes through the nitrate reduction route. A modified
activity order of Ni(Fe)O,H, > Co(Fe)O,H, > FeO,H,~AuO,
> FeO,H, > CoOH, > N10 H, > MnO, H was obtalned 3
Our group recently developed an anodlc deposmon method for
thin films of transition metal oxides (oxyhydroxides).”* The
intrinsic activity of these catalysts could be determined after
filtering out deviations due to irregular surface area generations.
The activity correlated with the M—OH bond strength
proposed by Bockris and Otagawa,”*> and a volcano-type
plot was obtained using this bond strength as a descriptor
(Figure 2a). NiO, and CoO, were on the ascending branch,
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Figure 2. (a, b) Volcano plot of the intrinsic activities against
descriptors of: (a) the M—OH bond strength in transition metal
(oxy)hydroxides. Reprinted with permission from ref 34. Copyright
2016 American Chemical Society. (b) The occupancy of the e,
symmetry electron of the transition metal (B in ABO;). Reprmted
with permission from ref 39. Copyright 2011 AAAS. (c) The universal
scaling relation between adsorption energies of HO* and HOO* on
perovskites, rutiles, anatase, MnxOy, Co;0,, and NiO oxides.
Reprinted with permission from ref 43. Copyright 2011 Wiley-VCH.
(d) Volcano plot of the calculated activities against descriptor of the
AGo«—AGyo- for rutile, anatase, Co;0,, MnxOy oxides. Reprinted
with permission from ref 43. Copyright 2011 Wiley-VCH.

where the M—OH energies were lower than optimal. FeO, and
MnO, were on the descending branch, where the M—OH
energies were too strong. NiFeO, and CoFeO,, sat at the top of
the volcano thanks to near optimal M—OH bond strengths.
The superior activity of NiFeO, and CoFeO, compared to
unary oxides could be explained by considering a compromise
of too weak and too strong M—OH bond strengths of their
unary components. We then used this volcano-plot to design a
new OER catalyst, CoVO,, as Co and V also sat on two
opposite branches of the plot.*°
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Electronic structure parameters have been applied as
descriptors for perovskite catalysts. Bockris correlated the
activity of perovskites with the number of 3d electrons of the
transition metal ions in bulk perovskites.”*” A linear reactivity
scale was obtained, which was rationalized by molecular orbital
theory. Electrons from the d-orbitals occupy the antibonding
orbitals of the M—OH bond. As the number of the d electrons
increase, the bond strength of M—OH decrease, and the OER
activity increase. A similar d-band model was used to rationalize
the high activity of a Co—C;Nj catalyst.”® Shao-Horn proposed
surface filling of e, orbitals as an improved descriptor of the
activity of perovskites (Figure 2b).”” Compared to 3d electrons
counts, e, filling is in principle more appropriate because the e,
orbitals have more direct overlap with the oxygen-related
adsorbate than t,; orbitals. Moreover, as electrocatalysis occurs
at the surface, a surface-based parameter is more accurate than a
bulk parameter. A volcano plot was obtained using the e, filling
as a descriptor, with the optimal value being close to unity.
Bay sSr5CogsFeg ;055 (BSCF) had a near optimal e, filling,
and it was indeed the best perovskite catalyst. For perovskites
whose e, filling is hard to estimate, e.g., double perovskites with
multiple transition metal sites, Shao-Horn proposed the
computed O p-band center relative to the Fermi level as an
alternative descriptor.*

Although OER involves multiple steps and intermediates,
descriptors related to absorption energy of a single
intermediate, e.g., the M—OH bond strength, appear to work.
The underlying reason is that the binding energies of the
different intermediates (HO*, O*, and HOO*) are linearly
correlated. Rossmeis] et al. first showed computationally this
correlation for metals, and then for rutile-type oxides (RuO,,
IrO,, and TiO,).*"** The same group recently revisited the
trends of OER activity using an extensive database of calculated
binding energies on surfaces of a large number of rutile,
perovskite, spinel, rock salt, and bixbyite oxides.” A universal
scaling relationship between HO* and HOO* was found for all
the studied materials, as the difference between the adsorption
energies of HO* and HOO* was always approximately 3.2 eV
(Figure 2c). On the basis of this result, they proposed the
energy of the reaction step (AGo«—AGyo+) as a universal
descriptor for all oxides and perovskites. A volcano plot of the
theoretical OER activity as the function of this descriptor is
shown in Figure 2d. An interesting result originated from the
universal scaling relationship is that there is a lower limit for the
OER overpotential of metal oxides. The HO* and HOO*
intermediates are separated by two proton and electron transfer
steps; the perfect energy separation should be 2.46 eV. The
constant difference of 3.2 eV suggests that the minimal
overpotential is about 0.4 V, with an uncertainty of 0.2 eV.
The minimal overpotential is achieved by catalysts with a
(AGg+—AGyp+) of about 1.6 eV, which are located at the top
of the volcano plot. To avoid the activity limitation imposed by
the scaling relationship, the energy difference between HOO*
and HO* need to be lower than 3.2 eV. In other words, HOO*
need to be stabilized compared to HO*. Follow-up theoretical
studies suggest that this might be achieved by the addition of a
proton-acceptor functionality to RuO, and transition metal
doped graphene, with the latter being a hypothetical
catalyst.*"

The descriptor approach greatly simplifies the understanding
of the trends in the OER activity of metal oxides. Despite this
progress, there are still unresolved critical issues: (1) The
difficulty to accurately measure intrinsic catalytic activity and
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experimental descriptors. (2) The assumptions about the
structures and active sites of catalysts can be erroneous. (3)
It is difficult to correlate theoretical and experimental activity.
(4) Theoretical descriptions of realistic conditions (solvent,
electric field, etc.) and kinetics remain challenging. In a sense,
the success of the descriptor approach depends on accurate
knowledge of catalysts. Therefore, the descriptor approach will
not replace, but rather require experimental approaches to
define the structure, activity, and mechanism of catalysts.

4. ACTIVITY METRICS

Activity metrics are required to quantitatively compare the
activity of different OER catalysts. We recommend the
following four activity metrics including turnover frequencies
(TOPFs), specific current density (J;), geometric current density
(Jo), and overpotential (17).

TOF is defined as the number of O, molecules a catalytic site
evolves per unit of time, often second. In principle, TOF is the
best measure of the intrinsic catalytic activity. However,
accurate determination of TOF is not straightforward because
the true active sites of heterogeneous catalysts are very difficult
to determine. A more realistic method to calculate TOF is to
consider all relevant metal sites as active sites. The TOFs
determined in this way surely represent only a lower limit of the
true TOFs, nevertheless, they enable a fair and consistent
comparison among catalysts prepared by different groups.
Moreover, mass-averaged activity is highly relevant for
industrial applications. Considering that TOFs are typically a
function of potential, the overpotentials at which TOFs are
measured must be reported. The TOFs for some typical metal
oxides at 7 = 300 mV are 0.03 s™* for Nio.gFeO.szHy,46 0.02s7"
for Cogys,Fegqss(OOH),*” 0.002 s7! for FeO,,** 0.001 s7! for
Co0,,* 0.0009 s~! for NiO,,>* and 0.0004 s~! for MnO,.*

The specific current density (J;) is an alternative metric for
the intrinsic activity of electrocatalysts. J; is defined as the
current density at a specific overpotential normalized by the
active surface area of the catalyst. This metric complements the
TOF metric as inaccessible bulk sites are no longer counted.
Accurately measuring the active surface areas is difficult.”” The
surface areas deduced from the capacitances of catalysts
deposited on electrodes are often inaccurate because the
specific capacitance can vary widely depending on surface
chemistry, conductivity and porosity. Therefore, cautions need
to be executed when compare specific current densities of
different type of catalysts.

In part, because of substantial work required for the
measurement of TOF and ], researchers in the field tend to
employ two other, more easily determined metrics to compare
OER activity: geometric current density (]g) at a specific
overpotential and overpotential (1) for a specific geometry
current density. These parameters are readily obtained from
electrochemical data (e.g, CV or electrolysis). Recently, in
work aiming at solar energy storage, 77 (10 mA cm™2) is widely
used as the activity metric, because 10 mA cm™ is the current
density from a solar conversion device with 12% solar to
hydrogen efficiency, which seems to be at the upper end of a
conceivable goal. 77 for higher current densities (e.g, S00 mA
cm™?) is more relevant to electrolyzers.

Both 7 and ], depend heavily on catalyst loading and
electrode configuration (flat or porous). Generally, activity
increases (lower 7 or higher ]g) when the loading increases until
other factors such as resistance, hindered mass transport, and
aggregation of catalyst start to undermine the activity. At a
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same loading, a porous electrode tends to give higher J, or
lower 7 than a flat electrode due to better dispersion of catalyst,
thus, higher surface area. For a meaningful comparison using #
or J, we suggest that catalyst loading and the nature of
electrode should be reported.

In the literature, Tafel slope is often used as an activity
metric. The Tafel slope is an important electrokinetic
parameter that reveals the dependence of the current density
on the overpotential. A lower Tafel slope can be desirable
because a faster increase in J, can be obtained when applying a
same amount of additional overpotential. However, Tafel slope
is dictated by the catalytic mechanism for an ideal system, and
influenced by conductivity of catalyst in actual systems, so the
slope alone is not a recommendable activity metric.
Comparison of 7 or ], under a wide range of operating
conditions already takes account of contributions from different
Tafel slopes.

Even with commonly agreed activity metrics, fair compar-
isons of different OER catalysts are a difficult task using
literature data, because catalytic activity is measured at a range
of pH values, temperatures, electrolyte compositions and
concentrations, and using different electrodes. Seemingly, the
same catalyst can have very different activity in two different
reports. To address this issue, benchmarking efforts using
internally consistent protocol was conducted on a range of
metal oxide OER catalysts.”' > In these studies, 7, Jg and J
were used as the activity metrics. Considering the dynamic
nature of OER catalysts under operating conditions, Boettcher
et al. reported a series of procedures and measurement
techniques that could assess the potential-induced phase
transitions, potential-dependent electronic properties, variable
oxidation and protonation states, and disordered local/surface
phases of oxide catalysts.”® According to these benchmarking
studies, NiFeO, stands out as a nonprecious, highly active, and
stable OER catalyst in alkaline solutions.

Statistical analysis has so far been overlooked when the
activity of OER catalysts is reported. Without a proper
statistical analysis, it is difficult to evaluate the uncertainty
and reproducibility of activity measurements. Consequently,
comparison of different catalysts becomes problematic. There
might be no statistical difference between a TOF of 0.02 s~
and a TOF of 0.03 s™', if the standard deviation is sufficiently
large. We recommend reporting sample size and standard
errors as a good practice in electrocatalytic studies.

5. IN SITU AND OPERANDO CHARACTERIZATION

In situ and operando characterization of surface electrocatalysts
are technically challenging due to the heterogeneous nature of
the catalysts, the liquid-phase reaction medium, the bubble-
evolving gaseous product, and the electrochemical interface.>
Several reviews have already summarized recent in situ and
operando studies of metal oxide-based OER catalysts.”**~>°
Only a few representative studies are recapitulated here (Figure
3).

X-ray absorption spectroscopy (XAS) is a powerful tool to
probe the chemical, electronic and structural information on
electrocatalysts (Figure 3a).”” In situ and operando XAS has
been employed to track changes in oxidation state, coordina-
tion geometry, and bond length of NiFeO,.**" Friebel et al.
obtained in situ XAS data to establish the local environment of
Ni and Fe cations in Ni,_,Fe, OOH.”® The oxidation states of
Ni and Fe in the as-prepared samples were as +2 and +3,
respectively, independent of the amount of Fe. As the potential
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Figure 3. (a) A scheme of electrochemical cell used for in situ XAS
analysis. Reproduced with permission from ref S7. Copyright (2010)
Elsevier. (b) (Left) A schematic diagram of the in situ SERS
electrochemical setup and (Right) a scheme and picture of the
installed SECM instrument used for the in situ measurements.
Reproduced with permission from ref 65 Copyright (2011) American
Chemical Society and Reproduced with permission from ref 66.
Copyright (2017) American Chemical Society. (c) A schematic
representation of AP-XPS used for the operando investigation of OER
electrocatalysts. Reproduced with permission from ref 69. Copyright
(2016) American Chemical Society.

was increased beyond the OER onset, the Ni cations were
oxidized to Ni** while the Fe cations remained as Fe®*. They
concluded that samples with less than 25% Fe, which were
more active, were Fe-doped NiOOH, in which Fe*" occupied
octahedral sites with unusually short Fe—O bond distances.
Gorlin et al. investigated metal redox states and local structure
motifs mixed Ni—Fe oxides using quasi-in situ XAS (quasi-in
situ means the catalyst films were first subjected to OER
potentials, freeze-quenched in liquid N,, and then analyzed ex
situ as dry samples).”” They observed that up to 75% of the Ni
centers changed from Ni** to Ni**, whereas up to 25% arrived
at Ni** for NIOOH under OER conditions. For NiFeO,, the Fe
centers remained as Fe®', regardless of the potential and
composition. However, the Ni ions largely remained as Ni**
under catalytic conditions. The low level of oxidized Ni in
NiFeO, was reconciled by considering a kinetic competition
between the metal oxidation process before oxygen evolution
and the metal reduction step during O, release. Nocera et al.
used in situ Ni K-edge XAS and O K-edge electron energy loss
spectroscoé}(:))y (EELS) to study the oxidation state of Fe-doped
Ni oxide.”” Previously they observed Ni** in NiOOH type
catalysts. They observed a decreased in Ni K-edge energy of
about 0.8 V in Fe-doped Ni oxide, less than Gérlin et al. (about
2 eV) in NiFeO,. This energy decrease was not assigned to
reduction of Ni as proposed by Gérlin et al., but to an increased
Ni—O covalency. According to electronic structure consid-
erations, the increased Ni—O covalency was correlated to
higher formal Ni(IV) character. Thus, the authors proposed
that Fe doping promoted the access to Ni(IV). These three
XAS studies of seemingly similar catalysts give rather different
information about the oxidation states of Ni and Fe, which in
turn leads to different hypotheses of their active site (see
Section 6). This discrepancy indicates the challenge in the
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interpretation of XAS data, in addition to filtering deviations
caused by different sample compositions and measurement
conditions.

In an interesting example, the function of different
geometrical sites in spinel cobalt oxide was distinguished by
in situ XAS.°" The experiments were done on modified Co;0,
samples where the tetrahedral site (Co**r4) and octahedral site
(Co*p,) were substituted by inactive Zn** and AI**,
respectively. The study suggested that Co™*(rq) was the active
site for OER whereas Co3+(0h) only contributed to surface
double layer capacitance.

Mossbauer spectroscopy has been applied to analyze Fe-
containing catalysts.””®> Stahl et al. observed Fe*" species in
NiFeO, by operando Mdssbauer spectroscopy.”’ These Fe**
sites were kinetically incompetent as active sites in OER, but
their presence pointed to the possibility of more active,
unobserved Fe** species located at the edge, corner, or related
defect sites as the active sites. The inability to capture such
active Fe** species reveals an important limitation of Mossbauer
spectroscopy, which is its low sensitivity even for *’Fe enriched
samples.

Both XAS and Modssbauer spectroscopies employ high
energy irradiations that can readily penetrate through the
liquid medium and into the bulk materials. As catalysis occurs
at the surface, more surface-sensitive spectroscopy is desirable.

Modern Raman spectroscopy covers the whole spectral range
from 100 to 4000 cm™ and is easily adapted for in situ
measurements.”* Thus, Raman spectroscopy is widely used in
the in situ and operando studies of OER catalysts (Figure
3b).%7% Bell et al. used in situ surface-enhanced Raman
spectroscopy (SERS) to investigate CoO,, deposited on Au and
other substrates (Figure 3b).°” They found that the as-prepared
Co0O, was Co;0,, which was transformed to CoOOH upon
applied potential. Au was the best substrate compared to Pt, Pd,
Cu, and Co. The enhanced activity of Au was attributed to an
increased population of Co(IV), which was proposed to
beneficial for OER. Using SERS, Smith et al. obtained evidence
for a so-called adsorbed active oxygen species (NiOO™) on
NiFeO,.”® This species has a broad Raman peak in the region
900—1150 cm™". Although the chemical identity of this species
is still unclear, they proposed that it was formed by a
deprotonation process that depended on the pH of the
electrolyte. The formation of this species seems to support Ni
as the active site in NiFeO, (see Section 6).

Conventional X-ray photoelectron spectroscopy (XPS)
requires ultrahigh vacaum (UHV) conditions. Recent develop-
ments of ambient pressure X-ray photoelectron spectroscopy
(AP-XPS), coupled with synchrotron radiation sources, have
enabled in situ XPS studies of OER catalysts (Figure 3¢).%
Friebel et al. characterized NiFeO, using operando AP-XPS.”’
Because of ohmic losses in the electrode/electrolyte system,
their method only allowed the operando studies at low current
densities, where the potentials were just above the onset for
OER. Under these conditions, they showed that a thin film of
NiFeO,, electrochemically deposited on Au initially composed
of metallic Ni and Fe as well as their oxides. The metal ions
were further oxidized upon electrochemical cycling, reaching
Ni?*/3* and Fe*. The authors proposed alternative approaches
to investigate the catalysts under realistic current densities (e.g.,
10 mA cm™2). Favaro et al. combined in situ XAS and AP-XPS
to study a quinary oxide catalyst (Ni—Fe—Co—Ce)0,.”’ The
AP-XPS data suggested that at low current densities the
electrochemical performance of Ni, Co, and Fe were oxidized
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from +2 in the as-prepared sample to active (Ni,Fe,Co)(III)-
O(OH) species, although the oxidation of Ni and Co is partial.
They also found that the changes in the surface of the catalyst
was quite different from the changes in the bulk. Though CeO,
was redox inactive, it influenced the redox processes of the
transition metals and boosted the catalytic activity at low
overpotentials.

In situ and operando microscopy has also been developed for
the studies of OER catalysts.”””"’* Boettcher et al. employed
operando electrochemical atomic force microscopy (EC-AFM)
to investigate the dynamic changes of single-layered Ni(OH),
nanosheets during catalysis (see also Section 7.1).”" Morphol-
ogy, surface area, and volume changes were observed.
Moreover, heterogeneous Fe incorporation was revealed,
which was an important finding for the understanding of
NiFeO,. Bard et al. used surface interrogation scanning
electrochemical microscopy (SI-SECM) to probe the kinetics
of surface Ni and Fe sites in NiOOH, FeOOH, and NiFeO,
(see also Section 6).”* Bron et al. combined Raman microscopy
with SI-SECM to provide both spectroscopic and electro-
chemical information on the very same location of an
electrocatalyst (Figure 3b).°° They demonstrated the utility
of this method for the study of NiOOH and NiFeO,. The
incorporation of Fe introduced structural disorder which was
essential for the high OER activity of NiFeO,.

It is now well established that the composition, morphology,
oxidation state of metal ions, and intermediates of metal oxides
depend critically on the applied potential and reaction
conditions. Therefore, in situ and operando characterization
is indispensable for the understanding of these catalysts and
their reaction mechanism. Because access to synchrotron
facility is restricted for most researchers, benchtop in situ and
operando tools are highly desirable. Improvement of temporal
and point resolution is another important objective.

6. ACTIVE SITE OF FE-CONTAINING MIXED METAL
OXIDES

FeO, alone has low OER activity, but even a trace amount of Fe
ion significantly increase the activity of Ni or Co (oxy)-
hydroxides.'”*>*’ Fe increases the activity of Co and Ni
(oxy)hydroxides by up to 30- and 1000-fold, respectively. It is
now widely accepted that the high activity sometimes observed
with NiO,, is due to incidental incorporation of Fe ions present
as impurities in the commercial electrolyte medium (Figure
4a).”>”® There is not yet consensus whether Fe incorporation is
always responsible for highly active CoO, catalysts.””*” In any
case, NiFeO, and CoFeO, are among the most active OER
catalysts in alkaline solutions, much more active than the
corresponding unary oxides.””***” The element nature of the
active site in NiFeO, and CoFeO, is actively debated in the
field.

The promoting effect of Fe on Ni(OH),/NiOOH was
discovered by Corrigan in the 1980s."” It was hypothesized that
increased conductivity due to Fe incorporation and the
electron-withdrawing effect of Fe on Ni were responsible for
the promotion.'”®* Boettcher revisited Fe doped Ni/Co
oxyhydroxides, and found neither the conductivity nor
electron-withdrawing effect was sufficient to explain the
dramatic enhancement of activity upon Fe incorpora-
tion.”*””*”> By eliminating Fe impurities from electrolytes,
they were able to obtain “clean” TOFs of FeOOH, CoOOH,
and NiOOH. FeOOH is actually more active (TOF = 0.016 +
0.003 s™! at # = 350 mV) than CoOOH (TOF = 0.007 + 0.001
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Figure 4. (a) CV scans of Fe contaminated Ni(OH), and
Ni,_,Fe,OOH films of different Fe contents deposited on IDA
electrodes. Reprinted with permission from ref 32. Copyright 2014
American Chemical Society. (b) Theoretical OER activity volcano
showing the overpotential as a function of Gibbs free energies of the
reaction intermediates at Ni and Fe surface sites in pure and doped y-
NiOOH and y-FeOOH model structures. Reprinted with permission
from ref 58. Copyright 2015 American Chemical Society. (c) Surface-
enhanced Raman spectroscopic evidence for the generation of
adsorbed “active oxygen” (negatively charged NiOO~ sites) in
Ni(Fe)(OH), acquired in the potential range 1.0—1.9 V vs RHE in
0.1 M KOH. Reprinted with permission from ref 68. Copyright 2015
American Chemical Society.

s~'at # = 350 mV) and NiOOH (TOF = 0.01 s™* at 5 = 400
mV). Moreover, FeOOH is an insulator under OER conditions,
whereas NiOOH (6 = 0.1 to 0.2 mS cm™") and CoOOH (o ~
4 mS cm™!) are conductive.”*” On the basis of these results,
they proposed that Fe is the active site in NiFeO, and CoFeO,,
and NiOOH or CoOOH mainly serves as an electrically
conductive and chemically stable host for the Fe sites.
Boettcher then studied the effects of La, Mn, Ce, and Ti
incorporation on the activity and redox behavior of Ni
(oxy)hydroxide, NiO,H,.”* Only Ce increased the activity of
NiO,H, (by about 10-fold), but the effect was transient. No
correlation between activity and the nominal Ni**/** redox
potential was found. These results underscore the uniqueness
of Fe, and is consistent with it being the active site in NiFeO,.
The same group then reported evidence for different types of
Fe species in NiFeO,: those rapidly incorporated upon contact
with an iron source and those required more time for
incorporation.”” The former likely locate at edges or defects
of the material whereas the latter likely substitute Ni in the bulk
material. Only the former type of Fe species is responsible for
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the enhanced OER activity, whereas the latter type modulates
the observed Ni voltammetry but not the activity.

One of the earliest evidence for Fe as the active site in
NiFeO, was provided by DFT computations.”® Using geo-
metries established by an operando XAS study, computations
revealed that the Fe site had a theoretical overpotential of about
0.43 V whereas the Ni site had an overpotential of 0.56 V
(Figure 4b). Note that the overpotential for this Fe site
approaches the minimal value predicted by previous DFT
computations (see Section 3; ref 43.) due to the universal
scaling relationship. Ahn and Bard employed SI-SECM to
direct measure the surface OER kinetics of Ni(IV) and Fe(IV)
in NiOOH, FeOOH, and NiFeO, (see also Section 5). They
found two types of surface sites with fast and slow kinetics,
respectively.”” The fraction of the fast site in NiFeO, matched
its iron content. Thus, they concluded that the Fe(IV) site was
the active site for OER, with a TOF of 1.7 s™' at 7 = 438 mV
(06 V vs Ag/AgCl (1 M CI") in 2 M NaOH). As a
comparison, the Ni(IV) site in NiOOH has a TOF of 0.04 s/,
whereas the Fe(IV) site in FeOOH has a TOF of 0.18 s™".
These results provided experimental support for the conclusion
of the DFT study.”® It is noted that redox titration employed in
this study appears to catch the Fe(IV) oxidation state whereas
XAS studies only detected Fe(III) even under OER
conditions.”**””® On the other hand, Fe(IV) was observed
by an operando M@ssbauer spectroscopic study (see also
Section 5).%% Interestingly, the observed Fe(IV) species (up to
21% of the total Fe) were not responsible for OER, and the
authors proposed unobserved Fe(IV) species, likely at edge,
corner, or defect sites, as possible active site. This proposal was
echoed in the Boettcher study which revealed different types of
Fe species in NiFeO, (see above).”” A following combined
DFT computational and spectroelectrochemical study further
supported the role of Fe(IV) species in OER catalyzed by
NiFeO,.”” Adding to the evidence that Fe is the active metal in
NiFeO,, the group of Gray and Winkler reported in situ
spectroscopic measurements of NiFe layered double hydroxide
(LDH) in nonaqueous medium and identified cis-dioxo-
iron(VI) as the reactive intermediate.”®

Though an increasing number of studies favor the Fe active
site mechanism, the Ni active site mechanism has some support
as well. Negatively charged sites of NiOO~ (described as
adsorbed “active oxygen”) was identified by in situ Raman
spectroscopy studies of both NiOOH.”* and NiFeO, catalysts®®
(Figure 4c; see also Section 5). The generation of these sites
was linked to the OER activity. These studies did not rule out
the Fe as the active site, but indicated that the formation of
highly oxidized Ni sites played an important role in catalysis. In
a quasi-in situ XAS study, Gorlin et al. observed that Ni ion
remained as Ni(II) in NiFeO,, rather than being oxidized to
Ni(1II) and Ni(IV) in pure NiOOH (see also Section 5).>
They hypothesized that high-valent Ni ions were reduced upon
releasing O,, thus, proposing Ni as the active site. The group of
Nocera found that doping of Fe promoted the ability of Ni ion
to access a Ni(IV) state at modest overpotentials (see also
Section 5) They observed greater covalency of Ni—O when the
oxidation state of Ni is increased. Considering that Fe(III) is a
very Lewis-acidic metal ion, they proposed the role of Fe is to
promote the formation of Ni(IV) through a Lewis-acid effect.”’

The difficulty in settling the element nature of the active site
in NiFeO, and related CoFeO, might be attributed to the lack
of direct, unambiguous detection of the active site. The
presence of Fe(IV) or Ni(IV), and even its correlation with the
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activity, neither prove that such a site is an active site, nor
exclude the alternative site assignment. Direct comparisons of
site activity are made in several DFT computations that favor
the Fe site mechanism.”®”” Nevertheless, the computations are
limited by assumptions of site structure as well as methodology.
The SI-SECM study directly measured and compared the site
activity of Ni and Fe sites; however, the assignment of the fast
reaction site to Fe site was mainly based on the fraction of the
fast site, which was similar to the Fe content.”> An alternative
explanation is that only a Ni site activated by a neighboring Fe
site becomes a fast site. Element specific characterization
techniques together with improved, experimentally calibrated
DFT computations are necessary to resolve this issue.
Meanwhile, we propose an approximate, unifying treatment
of the active site: an oxygen-bridged Ni—Fe dimer. This
treatment takes into consideration that both Ni and Fe are
essential for the activity, as well as the correlation of activity
with active Fe content. According to this treatment, the TOFs
of NiFeO, (extendable to CoFeO,) should be calculated based
on Fe content (often less than Ni), which is the upper limit of
the number of such dimeric unit.

7. MATERIALS DEVELOPMENT

7.1. 2D materials. Two dimensional (2D) materials have
close to maximum surface to bulk ratio, and the surfaces are
highly exposed. They generally have higher conductivity than
their bulk counterparts as well. These features make 2D
materials attractive for electrocatalysis.”’ 2D materials are also
excellent building blocks for hierarchical, hybrid catalysts.
Finally, 2D materials are more “molecularly” defined than 3D
nanoparticles, as a result, structure—activity studies are
simplified.

2D OER catalysts can be synthesized following a “top-down”
strategy, that is, to delaminate layered 3D catalysts into mono-
or few-layered species. Our group applied a liquid-phase
exfoliation method to delaminate three bulk LDHs (NiFe,
NiCo, and CoCo) into single-layered hydroxides (0.8 nm)
(Figure 5).*" The exfoliated LDH nanosheets exhibited 2.6-,
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Figure S. Schematic illustration of the exfoliation of bulk LDH to 2D
catalysts. Reprinted with permission from ref 81. Copyright, the
authors.

3.4-, and 4.5-fold higher OER activity than their bulk
counterparts in alkaline conditions. Both NiFe and NiCo
LDH nanosheets were more active and stable than a
commercial IrO,, catalyst. We showed that surface area increase
was not the main contributor to the enhanced activity; instead,
a higher number of active sites, probably at the edges, were
created through exfoliation. A similar exfoliation strategy was
applied for Ni,Co;_(OH),.**"*" It was shown that breaking
monolayer NiFe LDH into ultrafine nanosheets (2.3 nm in
size) further improved its OER activity.*> Water and Ar plasma
techniques were employed to facilitate the exfoliation, and
more importantly, to create multiple vacancies (Co, Fe, and O),
of CoFe LDH.**"
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2D OER catalysts can also be directly synthesized from
molecular precursors, ie., via a “Bottom-up” strategy. Our
group developed a one-pot coprecipitation method to
synthesize ultrathin nanoplates of CoMn LDH.*® These
nanoplates have an average thickness of 3.6 nm. Sun et al
developed a hydrothermal method for the synthesis of highly
active NiV LDH monolayers.”” 2D metal oxide and hydroxide
catalysts were also obtained by annealing” or chemical
oxidation”" of ultrathin metal hydroxides, which were in turn
prepared from molecular precursors.

The enhanced OER activity of 2D catalysts (compared to
their 3D counterparts) was generally attributed to more
abundant active sites and higher conductivity.*' Xie correlated
the OER activity with oxygen vacancies in spinel NiCo,O,
nanosheets.”” Their DFT computations indicated that oxygen
vacancies reduced the H,O adsorption energy at Co’*, which
would lead to higher activity in their analysis. Plasma
treatments were then successfully applied to create various
vacancies in 2D catalysts.*”®” Improved conductivity and
structural distortion of surface CoOg_, octahedrons were
proposed to lead to much higher activity of y-CoOOH
nanosheets compared to bulk CoOOH.”" Improved con-
ductivity was also proposed as a main contributor to the high
activity of NiO and MnO, nanosheets.”””* Selective etching of
Ga and Al ions from Ga- and Al-containing LDH nanosheets
created porous structures and highly active OER catalysts.”>”®
The enhanced activity was proposed to result from a higher
abundance of edge sites in the porous nanosheets.

The development of 2D OER catalysts is still limited by their
synthesis. Direct synthesis of 2D oxides is difficult due to the
screw dislocation-driven growth mechanism.”” Exfoliation of
layered oxides is currently the most commonly used method,
however, exfoliation can create defects which can be difficult to
detect and analyze. Given that defects are possible reaction
sites, uncontrolled creation of defects, either in exfoliation or in
post modification, makes meaningful structure—activity corre-
lation difficult. Oxide catalysts undergo dynamic changes in
composition, structure, and oxidation states of metals during
OER. However, the majority of spectroscopic characterization
of 2D catalysts is ex situ, precatalytic. In this sense, convincing
experimental evidence for the role of conductivity and vacancy
in catalysis has not been obtained for 2D catalysts. For practical
applications, 2D catalysts need to be prepared easily, cheaply,
and in large quantity, be integrated into relevant devices, and
exhibit good system performance and stability. All these
challenges make the studies of 2D OER catalysts an exciting
research area.

7.2. High Surface Area Catalysts. Porous metal oxides
have high surface areas, which can be beneficial for the OER
activity. A template approach has been developed to prepare
porous OER catalysts. For example, Yang et al. prepared
mesoporous Co;0, using porous silica as a hard template via a
nanocasting route.”® The mesostructured Co;0, exhibited
dramatically increased OER activity compared to bulk Co;0,
due to increased surface area increased. Cao et al. synthesized
porous Ni—Fe mixed oxides by low-temperature (200 °C)
removal of organic surfactant Tween 85.°° The porous
structure resulted in higher OER activity compared to samples
prepared in the absence of Tween 85. Our group recently
reported that Sn ions in perovskite hydroxide CoSn(OH)g
nanocubes can be electrochemically etched away to form a
hierarchical nanoporous CoOQ, catalyst."”> A current density of
10 mA cm ™' was obtained at an overpotential of only 274 mV.
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It was shown that oxygen vacancies promoted the selective
etching of Sn.

High surface area metal oxides were also prepared using
metal organic frameworks (MOF) as precursors in controlled
heat treatments. Qjao et al. prepared Co;0,—C hybrid porous
nanowire arrays by carbonization of Co-based MOF grown on
Cu foil."”" This material had a high surface area of 251 m* g~
and a carbon content of 52.1 wt %. It could be directly used as
an electrode and exhibited higher OER activity and stability
than IrOZ/C.wl

Directly growing metal oxides on porous metal substrates,
such as nickel (Ni) foam, is another strategy to prepare high
surface area OER catalysts. The metal substrate can serve as a
highly conductive scaffold to overcome the poor electrical
conductivity of metal oxides. Various synthetic methods such as
hydrothermal/solvothermal reactions,'”*~'%* electrodeposi-
tion,ms’mé and chemical bath deposition,63 have been
employed to grow metal oxides on porous metal supports.
Qiao et al. grew N-doped NiFe LDH nanolayers on a 3D Ni
foam. The resulting electrode had superior performance in
OER, delivering 10 mA cm ™" at a low overpotential of 230 mV
and exhibiting durability in more than 60 h of operation.”* The
study indicated that the 3D conductive framework, ultrathin
N—NiFe LDH nanolayer (~0.8 nm), and high N-doping
content (~17.8%) all contributed to the catalytic performance.
Li et al. prepared FeEOOH/Co/FeOOH hybrid nanotube arrays
supported on Ni foam for OER in alkaline media.'”> They
proposed that the Co core served as an eflicient conductive
layer to overcome the poor conductivity of FeOOH. Their
DFT computations indicated strong interaction between Co
and FeOOH. The catalyst exhibited a high surface area. A
current density of 20 mA cm™> was obtained at 77 = 250 mV.
The same group further synthesized MOF-74-Co/Fe nanorod
arrays on Ni foam.'”* After calcination in N, 3D porous
CoFe,0,/C nanorod arrays supported on Ni foam were
obtained. This catalyst delivered 10 mA cm™ at 77 = 240 mV.

7.3. Hybrid Materials. Hybridizing metal oxides with
carbon supports is an efficient strategy to enhance their OER
activity. High specific surface area carbon supports enable the
well dispersion and full use of supported catalysts, and facilitate
electron-transfer kinetics. Dai et al. synthesized ultrathin NiFe
LDH on mildly oxidized multiwalled carbon nanotubes through
consecutive solvothermal treatments.'”’ The hybrid catalyst
had an overpotential of 0.29 V for S mA cm ™2, and was more
active than NiFe-LDH alone and NiFe-LDH mixed with CNTs.
It was proposed that direct growth of NiFe LDH led to strong
interaction between NiFe LDH and CNT, which enhanced
electron transport and facilitated OER. The groups of Strasser
and Dau investigated the effects of conductive supports on the
redox behavior and OER activity of Ni—Fe(OOH).”® They
found that the catalyst immobilized on Vulcan XC-72r had 2—
3-fold higher activity compared to unsupported Ni—Fe(OOH)
catalyst. The supported catalyst also had a lower Tafel slop.
Spectroscopic analyses indicated that the carbon support
induced a cathodic shift and enhancement of the catalyst
redox wave in the precatalytic potential range. The support also
enhanced OER activity by particle dispersion, allowing a larger
population of active sites to become accessible.

Modification of carbon supports by heteroatom doping or
functional group attachments has been applied to further
enhance the catalyst—support interaction in OER catalysis. It
was proposed that the heteroatom or group might create
favorable binding site to metal oxides, or even bind to catalytic
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intermediates. Qiao et al. prepared a 3D hydrated catalyst by
growing NiCo double hydroxides on N-doped graphene (NG)
hydrogels."”® The NG-NiCo exhibited higher activity than
NiCo double hydroxides grown on graphene and IrO,. The
authors proposed that synergy of N-doped graphene and NiCo
hydroxide contributed to the high activity, but due to many
other factors this effect was not directly confirmed. By
anchoring crystalline f-Ni(OH), onto oxidized CNTs,"”” Sun
et al. found that oxygen functional groups on CNT surface
significantly promoted OER catalysis of Ni(OH),. The hybrid
catalyst had an overpotential of 270 mV at 10 mA cm 2. The
authors proposed that these oxygen groups facilitated proton-
coupled electron transfer.

8. STABILITY STUDIES

High catalytic activity is not sufficient for an OER catalyst to be
applied in a real-life water splitting device. The catalyst needs to
exhibit long-term stability. In the literature, the stability of a
metal oxide catalyst is commonly studied by potentiodynamic,
chronoamperometric, or chronopotentiometric experiments
during a few hours. The activity profile of the catalyst is then
used as an indication of its stability. For example, in a
benchmarking study, McCrory et al.>" used a protocol based on
electrolysis at 10 mA cm ™ during 2 h to assess the short-term
stability of OER catalysts in alkaline solutions. Though many
oxides were stable under these conditions, CoFeO, was less so,
and IrO, was very unstable. The overpotential of an IrO, thin
film increased from 0.32 to 1.05 V. The authors noted the
limitation of this short-interval protocol and the need for other
long-term testing methods. An example of long-term stability
test under forcing conditions was provided by Sivula et al., who
showed that Gibeon meteorite had a stable performance at 500
mA cm™ for up to 1000 h."" It should be noted that Ni-based
catalysts usually have an activation process during activity-based
stability tests, due to incidental incorporation of Fe impurities
(see Section 6).

Stable OER activity does not necessary indicate a stable
catalyst because a catalyst can lose part of its mass while
maintaining the same level of activity. The mass change of the
catalysts during OER is an important information related to its
stability. To monitor in situ the possible mass change during
OER, electrochemical quartz crystal microbalance (eQCM) has
been used."'! Based on the inverse piezoelectric effect and with
a high sensitivity factor, e€QCM can detect mass changes on the
order of 1 ng.''" Boettcher et al.>*** employed eQCM to
monitor the mass changes of metal oxides during short-term
electrolysis (e.g, 4 h) in alkaline solutions at modest
overpotentials (e.g, 350 mV). They found that under the
conditions where the current densities were at 1—10 mA cm™>,
Ni- and Co-containing oxides (with or without Fe) appeared to
be stable but FeOOH was unstable. They also found that the
stability of Co,_,Fe,OOH depended on the amount of Fe. For
0 < x < 0.5, the catalyst was stable according to eQCM,; for 0.5
< x < 1, however, 18—38% of mass loss was detected.*’ They
suggested that for Co, ,Fe,OOH with a high Fe content,
isolated and unstable FeOOH domains existed.

The mass change in eQCM is sometimes caused by factors
other than dissolution or redeposition of catalysts, e.g, by
intercalation of ions.''” Elemental analysis by inductively
coupled plasma (ICP) spectrometry is more reliable for
detecting the mass change of the catalysts, but it is normally
not adaptable for continuous, in situ monitoring. Frydendal et
al. combined eQCM and ICP-MS to study the stability of RuO,,
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and MnO,'"” They performed chronopotentiometric and
chronoamperometric electrolysis for 2 h. The dissolution rate
of RuO, was about 4 monolayers per hour in acid, and that of
MnO, was similar in alkaline solutions. The authors noted that
eQCM and ICP-MS gave different results, but the trends were
similar. The results from ICP-MS were deemed more reliable.
Mayrhofer et al. developed a setup composed of an
electrochemical scanning flow cell (SFC) connected to an
ICP-MS to study the stability of OER catalysts.''* They found
that independent of the electrolytes (acidic or alkaline), OER
activity decreased as Ru > Ir ® RuO,> IrO,, while dissolution
increased as IrO, < RuO, < Ir < Ru.""* The stability of RuO,
and IrO, were 2—3 orders of magnitude higher compared to
their metal counterparts, and the stability of all four compounds
was higher in acidic than in alkaline solutions.

Spanos et al.''> used a similar setup composed of an
electrochemical flow cell coupled with ICP- optical emission
spectrometry (OES) to monitor the corrosion profiles of
NiCo00O,, ordered mesoporous Co;0, and Fe—Co;0, during a
stability testing protocol. Little, if any, metal corrosion was
found in a 2 h test.

As pointed out in a recent paper,''® the currently often used
activity-based stability tests during a short time interval have
many limitations including inability to detect catalyst
degradation and its mechanism. In situ methods probing the
changes in mass, surface area and conductivity are necessary in
order to establish a comprehensive stability profile. This goal
might be achieved by the combination of several independent
methods such as eQCM, ICP, flow cell, and impedance
spectroscopy.

9. SELECTED PHOTOELECTROCHEMICAL
APPLICATIONS

Much of the research in OER catalysis is motivated by the
possibility to store solar energy using water splitting. Besides
photovoltaic-driven water electrolysis, photoelectrochemical
(PEC) water splitting is proposed as an alternative approach
to solar hydrogen production. Metal oxides and hydroxides
have been applied as catalyst layers to enhance the PEC
performance of photoanodes. Selected examples operating in
alkaline solutions are discussed here.

Hu et al. stabilized Si, GaAs, and GaP photoanodes using
conformal and hole-conductive TiO, coatings for operation in 1
M KOH. Using NiO, islands as an OER catalyst, these systems
showed maximum photocurrents of >30, 14.3, and 3.4 mA-
cm™ for Si, GaAs, and GaP photoanodes, respectively.'"”

N-type BiVO, is an intensively studied oxide photoabsorber,
which has a suitable valence band positioning for OER. This
material is not stable in alkaline media and has mostly been
investigated in neutral or near-neutral conditions."'® Lichter-
man et al. reported a BiVO, photoanode coated by a layer of
Co0,. The CoO, layer acted as both a protective and a catalyst,
so the system operates at pH = 13 (Figure 6a).""”

Hematite (a-Fe,O;) is another oxide semiconductor that
drew attention due to its favorable bandgap, band positioning,
abundancy, nontoxicity, and stability in alkaline condition (pH
14). Metal oxide catalysts are frequently used to enhance the
PEC performance of hematite. The most commonly used
catalysts are CoO,, NiO,, and NiFeO,. The catalyst integration
has been achieved using electrodeposition, photoelectrodepo-
sition, atomic layer deposition (ALD), hydrothermal growth,
drop casting, and dip-coating."”” ALD of CoO, led to a
submonolayer catalyst on an inverse opal hematite photo-
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Figure 6. (a) Chopped photocurrent stability of cobalt oxide layer
deposited by ALD on BiVO, photoanode at pH 13. Reproduced from
ref 119. Copyright 2013 American Chemical Society. (b) ALD-
deposited submonolayer of CoO, on inverse opal hematite photo-
anode. Reproduced from ref 121. Copyright 2013 American Chemical
Society. (c) Optically transparent FeNiO,, anodically photoelectrode-
posited on cauliflower and flat film hematite photoanodes, leading to a
200 mV cathodic shift of the onset potential. Reproduced from ref
126. Copyright 2015 American Chemical Society.

anode.'”’ A significant cathodic shift of 100200 mV in
photocurrent was obtained (Figure 6b). It was shown that the
addition of only 1 ALD cycle reduced the charge transfer
resistance, leading to faster OER kinetics. Wang deposit
NiFeO, on hematite using a photodecomposition method
previously developed by Berlinguette.'*”'** Significant cathodic
shift of the photocurrent was achieved; however, the catalyst
layer was thick and absorbed strongly the light. As a result,
backside illumination was necessary.

Parasitic light absorption by the OER catalysts has been
recognized as a challenge in solar water splitting."**'*> Our
group developed an optically transparent FeNiO, catalyst.'*’
This catalyst was deposited on flat and nanostructured hematite
photoanodes. No obvious change in transmittance was
observed upon coating of the FeNiO, catalyst. A cathodic
shift of 200 mV of the onset potential of OER was achieved by
using this catalyst (Figure 6¢c). The optical transparency of the
catalyst allowed the construction of a stacked tandem cell
device composed of a hematite photoanode and an underlying
perovskite solar cell. Unassisted solar water splitting was
achieved using this device, with a solar-to-hydrogen efficiency
of about 1.9%.

10. SUMMARY AND OUTLOOK

Driven by potential technological applications, the develop-
ment of metal oxide-based, nonprecious OER catalysts
operating in alkaline solutions has become one of the most
active areas of research in chemistry and materials science.
More than a decade of intense efforts in this renaissance has led
to important advances in the field, including but are not limited
to, (i) the identification of the universal scaling relationship
between the absorbed intermediates and general descriptors,
(i) the determination of true activity trends across a wide range
of metal oxides and the establishment of NiFeO, as a
benchmark catalyst, (iii) the in situ and operando spectroscopic
characterization of catalysts, which provides previously elusive
information about the catalysts, (iv) the development of novel
nanomaterials that exhibit superior geometric activity. Looking

ahead, two key challenges in the field can be identified: (1) The
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determination of active sites. The debates surrounding the
active site in NiFeO, highlights the difficulty in unequivocal
detection of an active site of a real-life heterogeneous catalyst
even after being heavily investigated by an array of state-of-the-
art experimental and computational techniques. Nevertheless,
the knowledge about the active site is essential for next-step
rational design and improvement of catalysts. (2) The
development of catalysts with much higher intrinsic activity
than the NiFeO, benchmark. It has been suggested that
NiFeO, already sits on the top of the volcano plot of metal
oxides in OER and is the optimal catalyst considering the
scaling relationship.”® A fine-tuning of catalyst composition
might further improve the classic catalyst, as demonstrated in a
recent study where W was applied to modulate CoFe oxides,
providing near optimal absorption energies for intermedi-
ates.'”” To go significantly beyond NiFeO,, however, catalysts
operate by novel reaction mechanisms that break the scaling
relationship need to be designed (or discovered).*** Looking
beyond academic interest, we are yet to find a successful
application of the newly developed OER catalysts in a
commercializable energy device. The operating conditions of
real-life devices often pose stringent constraints on the choice
of materials. For example, to achieve a good energy efficiency,
alkaline electrolyzers operate at elevated temperatures (70—100
°C), pressures (>10 bar), and electrolyte concentrations
(concentrated KOH). The intrinsic stability of the new
catalysts under these forcing conditions has not been proven.
It is also challenging to maintain strong adhesion of catalyst
layers to the current collectors under these conditions.
Moreover, catalyst synthesis and integration should be
adaptable to the manufacturing procedures of alkaline electro-
lyzers, while satisfying the obvious economical and scaling
requirements. Intuitively, the majority of nanoparticle-type
catalysts are not applicable. Changing the type of energy
devices might lessen the restraint on the catalysts. For example,
PEC devices will operate at much lower current densities (10
mA cm™?) than electrolyzers. However, commercializable PEC
devices are yet unknown and there is doubt on whether they
would eventually become reality. We think a serious
consideration of the suitability of a given OER catalyst in
realistic energy devices is necessary in order to identify key
scientific and technological road blockers. Overcoming these
road blockers will then aid the realization of such energy
devices, providing sustainable solutions to energy harvesting
and utilization.
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