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Oxygen Evolution Transition Metal Oxide
Catalysts
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Abstract: The development of a sustainable and environmentally friendly energy economy encompasses efficient
hydrogen production from renewable energy via electrolysis. In this context, great efforts have recently been de-
dicated to the development of more efficient and cost-effective electrocatalysts. Understanding the mechanism
of the oxygen evolution reaction (OER) on transition metal oxide catalysts is of great interest, but the reaction
and system complexity render the characterization of active sites and the understanding of reaction mechanisms
challenging. Time resolved Quick X-ray Absorption Spectroscopy (XAS) can provide dynamic snapshots of the
electronic and local structure of nanocatalysts, revealing the ‘real active phase’ of the catalyst, which can sub-
stantially differ from the as-prepared catalyst powder or the catalyst in form of an electrode under non-operating
conditions. In this contribution, several examples will be presented showing how operando XAS can reveal
catalyst-support interactions, changes in the reaction mechanism, and dynamic reversible/irreversible changes
in the electronic and local structure of OER catalysts.
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1. Introduction
The development of energy storage systems is necessary in

order to mediate the variable nature of energy production from
renewable resources in the course of the replacement of energy
technologies based on fossil fuels. Water electrolyzers are central
to the development of a clean, reliable, zero-emission hydrogen
economy as they are electrochemical energy conversion devices
capable of producing hydrogen from renewable energy sources.[1]
Water electrolyzers are typically categorized on the basis of oper-
ating temperature and electrolyte type. Low temperature electro-
lyzers can be categorized into polymer electrolyte water electro-
lyzers (PEWEs), which are based on an acidic, proton conducting
electrolyte polymer, and alkaline water electrolyzers (AWEs). The
main advantages of PEWEs are the fast kinetics of the cathodic
hydrogen evolution reaction and high voltage efficiencies at high
current densities. However, under the typical operating conditions
of a PEWE, only a few electrode materials can provide adequate
stability. Therefore, the anodic and cathodic reactions are gener-
ally catalyzed by noble metal-based catalysts such as Pt, Ru and
Ir. The main advantage of AWEs is that several materials provide
adequate stability when in contact with an alkaline electrolyte.
Therefore, a wide range of catalyst materials can be investigated
as alternatives to noble metals. The potential replacement of noble
metal catalysts with inexpensive and abundant transition metal-
based oxides is one of the major advantages ofAWE devices over
PEWEs, as it allows for cost reductions that facilitate widespread
market penetration.

The oxygen evolution reaction (OER) is central to the devel-
opment of efficient water electrolysis, as this reaction, even with
state-of-the-art (and expensive) materials such as IrO

2
, is hindered

by sluggish kinetics and substantial overpotential losses in both
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The previous example highlights the importance of perform-
ing operandoXASmeasurements (i.e. under operating conditions
when the reaction of interest is occurring, and catalyst activity can
be measured) to understand the true active phase of a transition
metal oxide catalyst during OER and thus formulate meaningful
property/activity relationships. The first step in achieving a reli-
able operando XAS electrochemical experiment is the design of
a spectro-electrochemical cell. The cell design is fundamental to
perform reliable electrochemical measurements while optimizing
the XAS signal. For our group’s operando Quick-XAS measure-
ments, a spectro-electrochemical flow cell has been designed as
shown in Fig. 2.[7]The cell is composed of three parts: The main
electrochemical compartment is formed by the central hole in the
middle part, which was confined by two gold-coated Kapton foils,
which served as windows for the X-ray beam. The lower Kapton
foil could be used as a substrate for the working electrode and the
upper Kapton foil as a counter electrode. A second electrolyte
compartment, located downstream of the main central compart-
ment along the electrolyte channel, allowed the insertion of a ref-
erence electrode.

2. NiO and CoOx-based OER Catalysts
Ni-based oxides are among the most promising OER cata-

lysts in alkaline electrolytes due to the abundance of Ni and the
satisfactory performance in terms of both activity and stability.
The OER activity of NiO can be enhanced by adding Fe into the
rock salt structure of NiO or by absorbing Fe from the electro-
lyte, and in recent years many studies have been directed toward
understanding the distinct role of Fe in the OER mechanism and
activity. A recent review of studies dealing with reversible and ir-
reversible transitions of NiO-based catalysts during OER and the
correlation of these transitions with their OER activity has been
published by our group.[8]

To study Ni-based OER catalysts, we have employed a scal-
able synthesis method, the flame spray synthesis, capable of
producing large batches of crystalline Ni-Fe oxide nanoparticles
with high specific surface areas in the range of 20-75 m2g-1.[9] The
(high resolution) transmission electron microscopy (HR-)TEM
images of the NiO, Ni

0.9
Fe

0.1
O and Ni

0.7
Fe

0.3
O samples are shown

in Fig. 3.[9] By performing operandoXASmeasurements on these
samples, XANES and EXAFS analyses at the Ni and Fe K-edges
allow us to extract useful information about changes in valence
states and local structure of the catalysts during OER.[9] In particu-
lar, the operando XAS data suggests that the incorporation of Fe
stabilizes the electronic and local coordination environment of Ni
under OER operating conditions, inhibiting the transformation to
a more layered and disordered (oxy)hydroxide structure typical
of NiO catalysts.

Cobalt oxides also exhibit good OER activity in alkaline elec-
trolytes. The two most common cobalt oxide structures are rock
salt/wustite (rs-CoO) and spinel. Also, in the case of Co-based
oxides, the OER activity can be greatly enhanced by the incor-

Fig. 2. Pictures of the spectro-electrochemical flow cell from Binninger
et al. Scale in cm. Figure reprinted with permission from ref. [7].

acid and alkaline conditions.[2]The development of cost-effective,
robust and highly active anode materials for OER is therefore a
major challenge and has been the focus of much research atten-
tion. To this end, significant R&D efforts have been devoted to
screening the OER activity and stability of various candidate ma-
terials. State-of-the-art anodic electrodes for PEWEs and AWEs
are based on IrO

2
and NiO catalysts, respectively. However, re-

cently new classes of promising electrocatalysts for OER have
emerged, such as CoO

x
, perovskite oxides with an ABO

3
struc-

ture[3] or MOF-based[4] catalysts.
Understanding the mechanism of the oxygen evolution reac-

tion (OER) on transition metal oxide catalysts for application in
alkaline electrolyzers is of great interest, but the complexity of the
reaction and the system makes the understanding of the reaction
mechanism challenging. In fact, it has recently been recognized
that the OERmay also involve the oxidation of lattice oxygen and
significant reconstruction of the catalyst surface.[2] Fig. 1 shows a
sketch of an OER reaction mechanism involving oxidation of lat-
tice oxygen to produce oxygen molecules (i.e. the lattice oxygen
evolution reaction, LOER) and dissolution of the catalyst cation
for a perovskite ABO

3
catalyst, leading to surface reconstruction

with formation of an oxyhydroxide layer.[3] The process of tran-
sition metal oxide surface reconstruction during OER has been
demonstrated previously by our group using Quick X-ray Ab-
sorption Spectroscopy under real operating conditions.[5] Time-
resolved Quick-XAS can provide dynamic snapshots of the elec-
tronic and local structure of nanocatalysts, revealing the ‘real ac-
tive phase’ of the catalyst, which may differ significantly from the
as-prepared catalyst powder or the catalyst in the form of an elec-
trode under non-operating conditions. Our quick operando XAS
investigations on different transition metal oxide OER catalysts
have shown that the most active catalysts are prone to change dur-
ing the electrochemical reaction;[5] therefore, besides performing
ex situ characterizations, the ability to obtain dynamic snapshots
of the physico-chemical properties of the catalyst under operat-
ing conditions becomes central for a proper understanding of the
OER mechanism.[6] In particular, we were able to show that the
key to highly active catalysts is a self-assembled (oxy)hydroxide
surface layer.[5] This new concept completely revolutionizes the
currently most accepted view of the design principles for highly
active perovskite OER catalysts and points to the paramount need
for in-depth study of the surface properties of perovskite catalysts
under operando conditions.

Fig. 1. Sketch showing LOER and cation dissolution at the surface of
an ABO3 perovskite oxide catalyst. The A- and B-site cations dissolved
from the perovskite surface because of LOER and/or chemical disso-
lution may be further dissolved in the electrolyte or redeposited on the
perovskite surface, ultimately forming an oxyhydroxide layer. Figure re-
printed with permission from ref. [3].
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X-ray absorption spectroscopy (hXAS) to monitor the Co K edge
and Ce L3 edge in a flame spray synthesized CoO

x
/CeO

2
compos-

ite to reveal the evolution of the Co and Ce oxidation states during
OER. In addition, ex situ soft XAS (sXAS) characterization in
total electron yield mode (TEY) has provided useful information
on the irreversible surface-specific transformations of the Co L3
edge and of the O K edge.[12] Electrochemical characterization,
coupled with operando h-XAS and TEY, showed that CeO

2
is

not an active catalyst for the OER, but coupling CeO
2
with CoO

x
introduces significant modifications in the Co and O species at
the CoO

x
catalyst surface modifying the flat band potential and

promoting to more favorable Co oxidation state transformations
during OER. Fig. 4[12] shows operando Quick-XAS characteriza-
tions of CoO

x
and CoO

x
/CeO

2
composite to monitor the operando

evolution of Co K edge and Ce L3 edge during cycling voltamme-
try measurements. The ΔE

edge
, obtained by comparing the energy

of the absorption edge (E
edge

) at the specific potential with that at
1.0 V RHE measured at the beginning of the operando measure-
ments of CoO

x
, overlaps in the first anodic and cathodic scan, with

no obvious changes even at the end of the last tenth cyclic voltam-
mograms. Differently, the ΔE

edge
of CoO

x
/CeO

2
composite shows

an increase of ≈27 meV as the potential decreases from 1.6 to
1.0 V RHE at the end of the last tenth cyclic voltammograms,
indicating a partial irreversible oxidation of Co atoms for CoO

x
/

CeO
2
composite. This result highlights that the reversibility of

Co oxidation is slightly modified by the formation of the CoO
x
/

CeO
2
composite, leading to a larger extent of surface reconstruc-

tion and thus higher OER activity.[12] The periodic change of the
Co K-edge as a function of the applied potential indicates that Co
is the active center for OER. In comparison, the evolution of the
Ce oxidation state was monitored via the Ce L3 edge spectra, with
no apparent changes in E

edge
for Ce L3 edge with applied potential,

indicating that Ce is not redox active during OER.[12]

3. Perovskite Oxide OER Catalysts
The basic perovskite oxide structure can be represented as

ABO
3
, where A is the larger cation, such as a lanthanide or alka-

line earth element, and B is the smaller cation, usually a transi-
tion metal. The ABO

3
structure allows for a wide range of cation

substitution by partial substitution of either theA or B cation with
another element, leading to an immense range of compositional
possibilities. Therefore, the research is mainly focused on the
identification of catalytic or activity descriptors able to predict
the optimal physicochemical properties to maximize the OER
activity with the aim to the rapid design of novel, highly active
perovskite materials.

poration of Fe, and again, neither the optimal Fe content nor the
reason for the enhanced activity is clearly understood.

Using flame spray synthesis,[10] we have synthesized
Co

1-x
Fe

x
O

y
nanoparticles. By combining surface and bulk sensi-

tive analysis techniques, we discovered that the sample exhibits
a gradual change in structure/composition from the bulk to the
catalyst surface as a function of Fe content.[11] The CoO

y
sample

consists of rock salt CoO in the bulk and a Co
3
O

4
phase at the

surface, which hinders reversible and irreversible changes of the
Co oxidation state during the applied OER potential, resulting in
a lower OER activity compared to Fe-containing samples with
Fe content up to x = 0.4. In contrast, the samples with higher Fe
content than x = 0.4 initially present a uniform CoFe

2
O

4
structure,

which decreases the mass OER current density due to a decrease
in the Co active site. However, the activity normalized for the Co
content still increases with the increase of the Fe content in the
Co

1-x
Fe

x
O

y
samples. Indeed, high Fe content promotes the pres-

ence of Co in oxidation state 2+ in the octahedral site, thus boost-
ing irreversible surface modification during OER.[11]

We have also investigated an alternative strategy to boost
CoO

x
OER activity, namely creating nanocomposites to exploit

beneficial synergistic effects by combining CoO
x
with ceria oxide.

CeO
2
is known to be able to enhance the OER activity of CoO

x
,

even though the rational of the synergy between the two materials
is not yet understood. In our study,[12]we have used operando hard

Fig. 3. High resolution TEM images of flame spray synthesized NiO (a
and d) Ni0.9Fe0.1O (b and e), and Ni0.7Fe0.3O (c and f) nanoparticles. Figure
adapted with permission from ref. [9]. Copyright 2021 Royal Society of
Chemistry.

Fig. 4. XANES spectra at the a)
Co K edge of CoOx, b) Co K edge
of CoOx/CeO2 and c) Ce L3 edge
of CoOx/CeO2 during the first ano-
dic cyclic voltammetry in OER po-
tential range. Insets in panel (a–c)
highlights the shift in absorption
edge. d) The applied potential and
the OER current of CoOx elect-
rode as a function of time during
10 cyclic voltammograms of the
operando Quick-XAS characteri-
zation. The corresponding energy
shift (ΔEedge) at the Co K edge
spectra for e) CoOx and f) CoOx/
CeO2 during cyclic voltammo-
grams. g) The ΔEedge at the Ce L3
edge spectra for the CoOx/CeO2.
Figure reprinted with permission
from ref. [12].



OperandO SpectroScopy in Switzerland CHIMIA 2024, 78, No. 5 323

son between three OER transition metal oxide catalysts (BSCF,
La

0.2
Sr

0.8
CoO

3
(LSC) and CoO

x
) in terms of OER activities and

changes in Co K-edge XANES and Fourier transform (FT)-EX-
AFS between 1.2 and 1.55 V RHE. The amount of increase in Co
oxidation state and change in local atomic structure correlates with
OER activity: BSCF exhibits the highest OER activity and under-
goes the largest changes in both electronic and local atomic struc-
ture. The shift of the Co K-edge position decreases from ∼0.7 to
∼0.15 eV fromBSCF to CoO

x
. Furthermore, while visible changes

can be observed in the BSCF FT-EXAFS, the operando FT-EX-
AFS of CoO

x
is largely unchanged. LSC shows intermediate elec-

tronic structure and local structure changes as well as intermediate
OER activity. Therefore, the correlation between OER activity and
electronic/local structure changes measured by operando Quick-
XAS suggests that there is a correlation between OER activity and
operando changes in electronic and geometric structure.[5]

We have also shown that doping 20% of the Co sites with Fe
in BSCF catalysts allows the Co to be in a lower oxidation state,
increasing the oxygen vacancies and maximizing the OER activ-
ity.[13] Operando XANES spectra show an exponential increase
in the shift of the Co K-edge position in the OER potential re-
gion, which is more pronounced for the BSCF compared to the
Ba

0.5
Sr

0.5
CoO

3-d
perovskite (BSC, no Fe doping). Furthermore,

Fig. 7[13] shows the operando FT-EXAFS spectra of BSC and
BSCF in the OER regime. A growth of the coordination peak at
2.8 Å associated with the Co-Co coordination shell of Co-O(OH)
is observed for both catalysts during OER. BSCF shows a larger
growth of this contribution compared to BSC, indicating a more

Fabbri et al. used operando Quick-XAS measurements to
show that one of the most active perovskite catalysts,
Ba

0.5
Sr

0.5
Co

0.8
Fe

0.2
O

3-d
(BSCF), undergoes surface reconstruction

during OER, changing its electronic and local structure under op-
erating conditions.[5] In particular, BSCF is highly prone to de-
velop a highly active, self-assembled (Co/Fe)OOH phase on top
of the perovskite structure, as shown in Fig. 5, as a result of LOER
and metal dissolution processes.[5]

The great ability of BSCF to form a self-assembled, stable
and highly active oxyhydroxide layer under OER conditions was
attributed to the high flexibility of BSCF to accommodate the
amount of oxygen vacancies. Indeed, BSCF with Co in a reduced
oxidation state, and thus with a high amount of oxygen vacan-
cies, has been shown to have higher OER activity than the same
perovskite composition with Co cations in a more oxidized state
(i.e. with higher oxygen content) or compared to CoO

x
catalysts

with lower oxygen vacancies.[5] Indeed, Fig. 6 shows a compari-

Fig. 5. sketch for the OER/LOER and cation dissolution mechanism for
for BSCF catalyst leading to the formation of a Co/Fe oxyhydroxide
layer. Figure adapted with permission from ref. [5]. Copyright 2017
Nature Publishing Group.
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Fig. 6. a) XANES spectra recorded at the Co K-edge of BSCF, LSC and
CoO electrodes at 1.2 to 1.55V RHE in 0.1M KOH. b) Comparison of
the Tafel plots obtained by chronoamperometric measurements in 0.1M
KOH for BSCF, LSC and CoO catalysts. c) Fourier-transform (FT) of the
k3-weighted EXAFS recorded for BSCF, LSC and CoO catalysts at the
applied potentials of 1.2 and 1.55V RHE in 0.1M KOH. Figure adapted
with permission from ref. [5]. Copyright 2017 Nature Publishing Group.

Fig. 7. Fourier transformed (FT) k3-weighted Co K-edge EXAFS spectra
of a) BSC and b) BSCF recorded during the operando XAS measure-
ment (—). FT difference spectra between individual spectrum and the
spectrum recorded at 1.20 VRHEof the anodic polarization (---). Figure
adapted with permission from ref. [13]. Copyright 2019 American
Chemical Society.
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extensive growth of a self-assembled Co-Oxy(hydroxide) layer
resulting from the LOER/OER processes. Combining all the data
presented in ref. [13], it can be suggested that the presence of Fe
allows the incorporation of Co atoms into the perovskite struc-
ture in a lower oxidation state without the formation of secondary
phases. The secondary phases can hinder the formation of the ac-
tive self-assembled oxy(hydroxide) layer, resulting in lower OER
activity. Overall, the maximum development of a self-assembled
oxy(hydroxide) layer is required to achieve a high OER activity,
as is the case for BSCF.[13]

Recently, the effect of Fe-content on the surface recon-
struction of flame-spray synthesized Ba

0.5
Sr

0.5
Co

1-x
Fe

x
O

3-d
(BSCo

1-x
Fe

x
) series has been investigated more systematically by

gradually replacing Co with Fe (0 < x < 1).[14] The electrochemi-
cal characterization showed a volcano-shaped trend of the OER
activity as a function of Fe content, indicating BaSrCo

0.8
Fe

0.2
as

the best performing electrocatalyst. Operando XAS measure-
ments revealed that the trend of OER activity with Fe-content is
directly correlated with the extent of surface reconstruction that
occurs under OER conditions. More specifically, the increasing
OER activity for the BSCo

1-x
Fe

x
from x = 0 to 0.2 is explained

by the ability of Fe to stabilize surface Co2+ ions in the pristine
material, which triggered irreversible surface Co oxidation and
more extensive formation of a Co- and Fe-based (oxyhydr)oxide
layer. The decreasing OER activity for BSCo

1-x
Fe

x
with x > 0.2 is

related to the increasing oxygen content in the pristine material,
which leads to a stabilization of the bulk structure and prevents the
formation of the (oxyhydr)oxide active layer, similar as it was ob-
served for Fe doped NiO catalysts.[9]Moreover, a high Fe content
(x > 0.4) further stabilizes the surface Co2+ atoms to such an extent
that the irreversible surface Co oxidation is almost completely
suppressed, limiting the reconstruction process and thus hindering
the OER activity.[14]

In addition to doping, we have also investigated possible cat-
alyst/support interactions in the case of BSCF. Carbon is often
used as a conductive additive in the catalyst layer to increase con-
ductivity. However, the effect of carbon addition to perovskites
on electrochemical activity is often not discussed and not well
understood. In a recent work,[15] composites of BSCF and conduc-
tive additives, carbon and indium-doped tin oxide, are compared.

The study shows that different conductive additives have differ-
ent effects on OER (and also oxygen reduction reaction, ORR)
activity and cobalt redox behavior, with carbon being the addi-
tive that shows the more pronounced catalyst/support interaction.
To further elucidate these differences between BSCF and BSCF/
carbon, operandoXASmeasurements were performed simultane-
ously with cyclic voltammetry in the ORR and OER regions and
the continuous changes in Co oxidation state are observed with
high time resolution of 2 mV per spectrum as shown in Fig. 8.
Based on our results, we suggest that carbon enhances the redox
activity of Co and as a result, the oxygen electrocatalytic activities
are also enhanced.[15]

In another study,[16] we have investigated the perovskite OER
activity in electrolytes with different pH’s and from the changes
in the perovskite structure during the OER process, certain aspects
regarding the reaction mechanism could be interestingly eluci-
dated. Differences in OER activity and reaction order between
alkaline and near-neutral pH regions suggest that different reac-
tion mechanisms predominate in the different pH regions (Fig.
9).[16,17] By monitoring the changes in the energy position of the
Co-K absorption edge during OER, the potential-induced increase
in Co oxidation state was found only at alkaline pH (i.e. pH 13)
for BSC and BSCF. Combined with the results of operando FT-
EXAFS spectra, this increase of Co oxidation state was related to
the development of Co/Fe-oxy(hydroxide) surface layer, which,
as explained before, is related to the LOER mechanism. In con-
trast, in the near neutral region, the development of a Co/Fe-
oxy(hydroxide) surface layer was not clearly observed by oper-
ando XAS.[16]

The investigation of perovskite OER activity and electronic
and local structure changes by operando XAS in a wide elec-
trolyte pH range[16] suggest that the LOER is the predominant
reaction mechanism in alkaline condition, while the concerted
proton-electron mechanism (the classical oxygen evolution
mechanism) is more favorable at quasi-neutral pH. Nevertheless,
a catalyst would not perform oxygen evolution by only one of the
two mechanisms discussed here but uses rather preferentially and
proportionally both paths of plausible mechanisms.

4. Conclusions
Transition metal oxide OER catalysts are a complex system

to study because a single property change also modifies the elec-

Fig. 9. The Co K-edge shift measured with respect to the edge position
at 1.2 VRHE at each potential during operando XAS at pH 7, 9, and 13
for a) BSC and b) BSCF. FT-EXAFS spectra recorded at 1.2 and 1.54
VRHE for c) BSC and d) BSCF at (i) pH 13, (ii) pH 9, and (iii) pH 7. Figure
adapted with permission from ref. [16]. Copyright 2021 Royal Society of
Chemistry.

Fig. 8. a) Changes in Co oxidation state over time measured by ope-
rando XAS as the potential is cycled between reducing and oxidizing
potentials. b) The applied potential over time during 6 cyclic voltam-
mograms. c) Zoom in the region between cyclic voltammogram 4 and
5, which highlights the different linear fit slopes that occur in different
potential ranges. d, e) XAS spectra of the most reduced and oxidized
states that occur during the 6th cyclic voltammogram. Figure adapted
with permission from ref. [15].
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tronic configuration, local and crystal structure, oxygen content,
and conductivity. These are all properties that must be taken into
account when considering OER activity versus a single perovskite
property. Unfortunately, this makes it very difficult to identify ac-
tivity descriptors and understand the specific reaction mechanism
occurring at the OER catalyst surface.

Operando XAS is a powerful tool in electrochemistry to si-
multaneously monitor electronic and local structure changes of
transition metal oxide catalysts during the OER process. We have
shown that operando XAS measurements have revealed for dif-
ferent types of OER catalysts the ‘real active surface’ for OER,
which is almost always different from the surface of the pristine
catalyst or the catalyst under non operando conditions. In addi-
tion, by showing the behavior of different catalysts under operat-
ing conditions, operando XAS allows the formulation of design
principles for highly active OER catalysts. The main drawback is
that using hard X-rays the whole catalyst bulk is probed, while
only the surface is involved in the OER process. This requires the
use of small nanoparticle samples, which are difficult to obtain
for many materials.
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