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Oxygen evolution catalysts are critical components of proton exchange membrane water electrolysers
(PEMWEsS), playing a decisive role in determining both the performance and cost of these devices. Non-
noble metal-based oxygen evolution catalysts have recently drawn significant attention as potential
alternatives to expensive noble metal catalysts. This review systematically summarizes the mechanism of
non-noble metal catalysts for the oxygen evolution reaction in acids with respect to their activity and
stability, incorporating theoretical calculations and the Pourbaix diagram. Advanced in situ techniques

are highlighted as powerful tools for probing intermediate evolution and valence changes and further
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Accepted 5th February 2025 elucidating the catalytic mechanism. Furthermore, key strategies for enhancing catalytic activity an

durability, such as elemental doping, the support effect, surface protection and novel phase design, are

DOI: 10.1039/d4sc08400d discussed. Finally, this review provides insights into the remaining challenges and emerging opportunities
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1. Introduction

In light of the growing global energy demand and the depletion
of conventional energy sources, the world is now confronted
with a significant challenge—the development of sustainable
energy.' Hydrogen energy possesses various advantages
including high energy density and zero emissions, which
enables large-scale and environmentally friendly utilization.>
Compared with other hydrogen production methods such as
photolysis, gas reformation and biomass gasification, water
electrolysis has gained significant attention for its cleanliness,
compactness, and flexibility.* Noteworthily, a proton exchange
membrane water electrolyser (PEMWE) operating under acidic
conditions shows advantages of high H, purity and high current
density compared to other electrolysers.* Meanwhile, the anodic
four-electron-transfer OER exhibits sluggish kinetics in a H"
concentrated environment. Considering the local acidic envi-
ronment resulting from the use of a perfluorosulfonic acid
(PFAS) membrane, a PEMWE places higher demands on the
acid resistance of an anode catalyst.” Hence, developing highly
active and stable OER catalysts has become an urgent need for
large-scale application of the PEMWE.®

Among the OER catalysts for PEMWEs, IrO, (ref. 7 and 8) and
RuO, (ref. 9-11) present ultra-high activity and decent stability
for the OER under acidic conditions, and are yet limited by the
scarcity and high cost of noble metal resources. Therefore, the
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for advancing practical oxygen evolution catalysts in PEMWEs.

exploration of noble metal-free catalysts for acidic OER has
gained significant attention.'* Numerous noble metal-free
alternatives have been proposed, including transition metal
oxides," nitrides,* phosphides,*® sulfides,'” and other complex
compounds (such as polyoxometalates,'® phosphates,’ and
metal-organic frameworks™). Compared with noble metal
catalysts, it is even more challenging to achieve both high
activity and durability for noble metal-free OER catalysts.>
Despite some promising candidates and modification strategies
reported so far, systematic and comprehensive guidance for the
development of high-performance acidic OER catalysts has not
been well established.” Thanks to the rapid advances in
computational materials science, high-throughput material
screening that points out future directions has become
possible.”?

In this review, we summarize the development of OER
catalysts operating under acidic conditions, which could
potentially be used for PEMWEs and other related applications.
Starting from the mechanism, this review introduces the widely
accepted adsorbate evolution mechanism (AEM) and lattice
oxygen mechanism (LOM), as well as the nascent oxide path
mechanism (OPM) and proton donor-acceptor mechanism
(PDAM). Then, by incorporating high-throughput computa-
tional approaches, the calculated Pourbaix diagrams provide
guidance for the screening of acid-stable catalysts within the
anodic potential window. Advanced in situ characterization
methods as powerful tools to analyze the catalytically active
sites and the reaction mechanism have also been summarized.
On the basis of mechanism analysis and theoretical calcula-
tions, experimental strategies to develop advanced noble metal-
free catalysts for acidic OER are classified, such as elemental
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doping, the support effect, surface protection and new phase
design, especially in cobalt- and manganese-based oxide
systems. Finally, bottlenecks and future directions in the search
for highly active and durable noble metal-free catalysts are
discussed.

2. Proton exchange membrane water
electrolyzers, thermodynamics,
Pourbaix diagrams and in situ/
operando techniques

First, the basic structure and challenges of proton exchange
membrane water electrolyzers (PEMWEs) are introduced. The
traditional thermodynamic mechanisms of the OER on the oxide
surface include the AEM and LOM, while alternative mechanisms
such as the OPM and PDAM have been proposed recently. In
addition, the Pourbaix diagram is widely adopted to explain the
catalyst stability during the OER in acids. Along with these theo-
retical approaches, in situ/operando characterization techniques
are indispensable to reveal the evolution of catalytically active sites
and shed light on the microscopic reaction mechanism.

2.1 Proton exchange membrane water electrolysers

The basic structure of PEMWESs is the membrane electrode
assembly (MEA) connected in between monopolar/bipolar
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plates.> The MEA is the core component of PEMWEs where
the electrochemical reactions (OER/HER) occur, while
monopolar/bipolar plates carry current/heat and transport
reactants/products from MEA.>* The MEA is an assembled stack
of two electrodes and a proton exchange membrane, and the
catalyst layers are generally coated on both sides of the
membrane and sandwiched between two porous transport
layers (PTLs). The choices of PTLs are typically platinized tita-
nium felt for the anode and carbon paper for the cathode,
allowing facile liquid/gas transport and electrical connection.*®
Such a design helps to mitigate the energy penalties related to
electronic/ionic conduction and mass transport, resulting in
rapid electrochemical reactions at high current density.

For the PEMWE system, the deviation of the cell voltage from
the thermodynamic value originates from three sources: the
activation overpotentials from electrochemical reactions, ohmic
overpotentials associated with proton and electron conduction,
and concentration overpotential due to mass transport
limitation.””*® The polarization of anodic reactions (OER)
represents a major source of the voltage penalty due to the
sluggish four-electron water oxidation process.** In terms of the
techno-economic consideration of PEMWEs, the Ir-based OER
catalyst typically accounts for around 25% of the total cost of the
MEA in commercial PEMWEs due to its high cost (~174 $ per g,
year of 2024) and high mass loading (~4-12 g m™?).>** There-
fore, searching for highly active and low-cost acid OER catalysts
has been a major task in the field.
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Fig. 1 Schematics of OER mechanisms: the (a) adsorbate evolution mechanism (AEM), (b) lattice oxygen mechanism (LOM), (c) oxide path

mechanism (OPM), and (d) proton donor—acceptor mechanism (PDAM).
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2.2 Thermodynamic mechanism of the OER in acids

The AEM was originally proposed by Rossmeisl et al.,***® who
used density functional theory to calculate the binding energy
of surface adsorbed intermediates as a criterion of catalyst
activity. As shown in Fig. 1a, the AEM undergoes a proton-
electron coupling process, involving three intermediates OH*,
O* and OOH* generated by the evolution of water molecules
adsorbed at active centers. Specifically, in an acidic system, the
water molecule is first adsorbed on the metal active site and
undergoes a dehydrogenation step to produce the M-OH*
species; the M-OH* species undergoes another dehydrogena-
tion step to produce the M-O* species, which then binds to
another water molecule to produce M-OOH?* species; finally,
another dehydrogenation reaction is carried out to finish the
cycling with the breaking of the M-O bond and the release of O,.
However, according to the AEM theory, the binding energies of
M-OH* and M-OOH* intermediates have been constrained by
a scaling relationship. Specifically, the gap between the
adsorption energies of OH* and OOH* is theoretically fixed as
3.2 eV, independent of the binding energy of M-O*, which
provides an immutable overpotential of the OER -catalysts
obeying the AEM theory.*” However, many catalysts have been
experimentally observed to exhibit lower overpotentials that
overcome the limit proposed by the AEM theory, suggesting
alternative reaction pathways.*® Meanwhile, in oxide-based
catalyst systems,*** the generation of surface lattice oxygen
and oxygen vacancies provides a new perspective to explain the
OER with higher activity, and thus the LOM was established.

The LOM is not thermodynamically favorable as it involves
the breaking of surface lattice metal-oxygen bonds.** However,
the involvement of lattice oxygen can be promoted by modu-
lating the catalyst surface electronic structure and increasing
the overlap between the 3d orbitals of metal and the 2p orbitals
of oxygen.*” As shown in Fig. 1b, a typical LOM undergoes
a similar process to the AEM until the formation of M-O*. In the
LOM pathway, M-O* species directly combine with lattice
oxygen in the crystal structure to release O,, generating an
oxygen vacancy (Vp); subsequently, another H,O molecule is
adsorbed and deprotonated to fill the oxygen vacancy. The
proposed LOM breaks the limitation caused by the scaling effect
of OH* and OOH* species in the AEM and satisfactorily explains
the experimentally observed enhanced catalytic activity.
However, the involvement of lattice oxygen further induces the
dissolution of transition metals and compromises the struc-
tural stability of catalysts.*

Overall, the LOM and AEM benefit the activity and stability of
OER catalysts, respectively.** However, the above two mecha-
nisms are not well adapted to catalysts with low overpotential
and high stability, and thus the oxide path mechanism (OPM)
and proton donor-acceptor mechanism (PDAM) have been
recently proposed.*® Unlike the AEM and LOM in which the
electrooxidation of water molecules occurs at a single active site,
the OPM and PDAM are based on the synergy of two adjoining
catalytically active sites. The OPM (Fig. 1c) begins with water
adsorption and dehydrogenation to produce an M-OH* inter-
mediate, which is subjected to direct coupling with another M-
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OH* intermediate to produce O,." Catalysts with high density
of metal active sites would theoretically benefit the OPM that
involves the coupling step of two intermediates. Since the OPM
does not involve the generation of M—-OOH* intermediates, the
typical scaling limitation in the AEM does not apply to the OPM,
which potentially warrants the OER with a lower overpotential.
In terms of stability, lattice oxygen does not participate in the
OER through the OPM, which favors the stabilization of cata-
lysts. Similar to the OPM, the PDAM (Fig. 1d) also relies on the
formation of M-OO* intermediates. However, the two active
centers in the PDAM are typically different atoms, with one
serving as the primary reaction center and the other functioning
as an indirect center to accept protons.** The PDAM emphasizes
the asynchronous transfer of protons and electrons between
these distinct active centers, often facilitated by electron
modulation induced by oxygen or metal vacancies. Compared to
the AEM and LOM, the OPM and PDAM theoretically promise
OER catalysts with both high stability and intrinsic activity.
However, how to design OER catalysts that catalyze water
oxidation through a desirable mechanism and how to experi-
mentally verify the reaction mechanisms remain key challenges
in the field.

2.3 Stability of catalysts and the Pourbaix diagram

Most noble-metal-free OER catalysts are unstable in acidic
electrolytes. Searching for potential catalysts with high stability
under acidic OER conditions (e.g., pH < 3 and potential > 1.23 V
vs. RHE) has become the research priority.”” The Pourbaix
diagram, also known as a potential-pH diagram, is an electro-
chemical equilibrium diagram illustrating stable species or the
equilibrium state of a system in a specific potential range and
pH environment. The Pourbaix diagram can conveniently
reflect the possibility of corrosion/dissolution of metals and
metal compounds from a thermodynamic perspective, and is
thus used to screen candidates as stable acidic OER catalysts.*®
Combining the Gibbs free energy gap (AGp) under specific
pH-potential conditions, the calculated band gap (E,) for
considering the electronic properties, and convex hull (E},;) for
estimating the phase stability, 68 possible acid-stable candi-
dates for oxygen evolution were identified.*

Co-based and Mn-based oxides such as Co;0, and MnO, are
promising OER catalysts, which however exhibit distinct Pour-
baix diagrams.*® For Co30y,, the high potential and low pH range
only allow the stable existence of Co** species,* and the stability
under specific conditions can be regulated by introducing other
elements to change the phase region distribution in the Pour-
baix diagram. For example, the Pourbaix diagrams of La-
modified and pristine Co30, (ref. 51) showed the pH-poten-
tial effect on the form of elements present on the surface and
the hydroxyl stabilization effect. It is generally believed that Mn-
based catalysts present better stability in acidic OER, attributed
to the fact that MnO, can remain stable under pH < 2 conditions
and in the 1.2 to 1.8 V potential window according to the Mn-
H,O Pourbaix diagram.* Nevertheless, as a thermodynamic
steady-state methodology, the Pourbaix diagram cannot reflect
the kinetic factors in acidic OER.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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The stability of non-noble metal catalysts has been a key
challenge in the field, which is generally associated with
dissolution of metal ions at high voltages. Although the Pour-
baix diagram provides a thermodynamic prediction of stability,
the degradation of catalysts is rather complicated, and is related
to the catalytic mechanism and the structure of catalysts.
Several strategies have been proposed to improve the stability of
acidic OER catalysts, including the enhancement of metal-
oxygen bonding, interfacial protection, crystallinity design,
etc.* Moreover, catalysts may exhibit different degradation
behaviors in MEA-based electrolyzers compared to liquid elec-
trochemical cells. Therefore, effective performance assessment
protocols are highly needed to bridge the gap between in-lab
catalyst development and practical application scenarios.

2.4 In situ and operando characterization techniques

Monitoring catalyst evolution during electrochemical reactions
is of great importance to understand the catalytic mechanisms,
which relies on various characterization techniques.>*** Ex situ
techniques analyze the difference between pre- and post-
reaction samples, while in situ techniques monitor real-time
reaction processes. Notably, real-time monitoring of structure
changes® and reaction intermediates®® can be accomplished by
in situ/operando characterization techniques. Compared with in
situ techniques that provide on-site monitoring under specific
reaction conditions, operando techniques focus on real-time
monitoring during the reaction. Several in situ and operando
characterization techniques have been widely used in the
studies of the OER, such as synchrotron X-ray absorption
spectroscopy (XAS), Raman spectroscopy, Fourier-transform
infrared spectroscopy (FTIR) and differential electrochemical
mass spectrometry (DEMS), dedicated to determine the true
active species and reaction intermediates.*”

Raman spectroscopy is based on the Raman scattering
phenomenon. During the Raman measurement, a small frac-
tion of incident laser photons experience inelastic scattering
and transfer energy to the tested sample, leading to vibrational
or rotational transitions of chemical bonds.*® The frequency gap
between scattered light and incident light known as a Raman
shift is related to many chemical characteristics such as
molecular structures, chemical bonding and lattice vibration.*®
By measuring the Raman shift and intensity of Raman scattered
light, species transformation and interfacial evolution during
electrochemical reactions can be monitored in real time.
Raman spectroscopy can not only detect the behavior of water
molecules,* but also the formation of metal-oxygen bonds™* at
low chemical shifts during the catalytic process. Taking the
Raman spectrum of Co;0, as an example, typical Raman peaks
at 480 cm ™' (Ey), 520 ecm ™" (Fay), 620 cm ™' (Fpy), and 690 cm ™
(A1) can be probed. During an in situ Raman measurement, the
full width at half maximum (FWHM) of the A, peak increases
with operating time, attributed to the formation of an amor-
phous hydrated layer on the surface of Co;0, that hinders the
focusing of the laser light.®® The characteristic Raman peaks of
Co;0, can also be seen in the composite of C0;0,/Ce0,.°* As the
potential increased, another Raman signal at 600 cm ™"

© 2025 The Author(s). Published by the Royal Society of Chemistry
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attributed to COOOH species can be observed at 1.2 V (vs. RHE)
and gradually disappears after reaching the OER onset potential
(Fig. 2a). Meanwhile, the A;; Raman peak was found to be red-
shifted after reaching the OER onset potential, which was
ascribed to Co*" species (Fig. 2b). Thus, the in situ Raman
spectroscopy measurement suggests that high-valence Co
species rather than CoOOH might be the catalytically active
species for acidic OER.

Raman spectroscopy has been used to study various cobalt
oxide-based OER catalysts. The Raman spectrum of Ba-doped
Co;0,4 (Co;_,Ba,0,) showed a peak at 456 cm ' at 1.45 V (vs.
RHE), attributed to the formation of OH* on the surface.' Liu
et al.>® investigated a CeO,-loaded CoNiPO, (CeO,/C0,NiP ¢30,)
hetero-structured catalyst using Raman spectroscopy, which
exhibited two weak peaks at 465 and 525 cm™ " at 1.2 V (vs. RHE),
ascribed to O-Ce-O and Co"-0 bonds, respectively. Compared
with Co,NiP, 430y, CeO,/Co,NiP, 4;0, manifested the Co™-0O
bonding signal at a lower potential of 1.2 V (vs. RHE), suggesting
a transition from Co" to Co™ during acidic OER. In addition to
Co030,4, Co0, is also proved to be active during acidic OER and
stable at high potential according to the Pourbaix diagram.
Zhang et al.®® prepared Co loaded MnO, by reacting MnO, with
molten cobalt salt and tested it in an electrolyte containing Co**
to ensure the stable deposition of CoO, during electrolysis. The
90-Co-MnO, catalyst was characterized by in situ Raman spec-
troscopy over a potential range of 0 to 1.8 V (vs. RHE) in 0.1 M
HCIO, containing 2.4 mg per mL Co>". Two peaks correspond-
ing to MnO, were observed at 624 cm ' and 579 cm ™', and
a peak associated with CoOOH was observed at 497.8 cm ™'
within the potential range of 1.2-1.7 V (vs. RHE). CoOOOH was
then converted to CoO, above 1.7 V, as indicated by the peak at
460.9 cm . Although in situ Raman spectroscopy enables the
real-time monitoring of the evolutionary process during oper-
ation, the weak signal intensity of intermediates highlights the
need for advanced spectroscopic techniques with higher
detection sensitivity, such as surface-enhanced Raman spec-
troscopy (SERS), tip-enhanced Raman spectroscopy (TERS),
etc.®

X-ray absorption spectroscopy (XAS) is a characterization
technique based on the interaction of materials and high-
energy X-rays, such as those generated by synchrotron light
sources® (Fig. 2c). By analyzing the scattering, absorption and
emission phenomena, detailed information about the local
atomic arrangement can be obtained, including bond lengths,
coordination numbers and so on. When the X-ray energy
matches the binding energy of electrons in the irradiated
sample, resonance absorption occurs, causing a sudden
increase in X-ray absorption, referred to as the adsorption edge.
This adsorption edge gives rise to the X-ray absorption near
edge structure (XANES), which provides insights into the elec-
tronic configuration and local atomic structure around the
absorbing centers. XANES allows determination of valence
states, d-band properties, orbital hybridization, symmetry, and
other structural information. At higher X-ray energies,
absorbing-center electrons are excited to continuum states,
creating wave interference patterns known as extended X-ray
absorption fine structures (EXAFS), providing information on

Chem. Sci., 2025, 16, 3788-3809 | 3791
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Fig. 2 (a) In situ Raman spectra and (b) Raman A4 peaks of CozO4 and Coz04/CeO; at various constant potentials (vs. RHE). Reproduced with
permission.®* Copyright 2021, Springer Nature. (c) Scheme of an in situ XAS instrument. Reproduced with permission.®? Copyright 2023, Elsevier.
(d) Fluorescence XANES spectra and (e) R-space EXAFS spectra collected at the Co K-edge. Reproduced with permission.>* Copyright 2023, The
American Association for the Advancement of Science. Operando differential electrochemical mass spectrometry signals of O, products for (f)
Cos_,Ba,O4 and (g) Co304. Reproduced with permission.** Copyright 2023, American Chemical Society.

the local atomic arrangement and coordination numbers
surrounding the absorbing centers.

Chong et al.** investigated a self-supported LaMn-doped ZIF-
67 fiber (LMCF) catalyst using XAS. In situ XANES of the Co K-
edge showed a slight red-shift and reduced intensity as the
potential increased, indicating a lower oxidation state in LMCF
with a smaller O coordination number (Fig. 2d). At the same
time, the enhanced intensity of the 1s-3d orbital transition
peak suggests a less symmetric coordination environment for
cobalt of LMCF, verifying oxide lattice distortion caused by
oxygen vacancies in the lattice structure (Fig. 2e). The higher
white line intensity of La in LMCF than that of La,O; suggests
a higher coordination number of La in LMCF. Similarly, Wang
et al.®® analyzed the structural stability of FeCoSbO, using the in
situ XAS technique. They observed that the Co pre-edge intensity

3792 | Chem. Sci,, 2025, 16, 3788-3809

of FeCoO, increased with higher potentials, whereas that of
FeCoSbO, remained almost unchanged up to 1.8 V (vs. RHE).
This suggests that Sb doping alleviated structural distortion
during operation.

In situ differential electrochemical mass spectrometry (DEMS)
utilizes mass spectrometry to identify species with different m/z
ratios and their relative abundances, providing insights into
reaction intermediates and pathways.*® For example, when eval-
uating Ba-doped Co;0, in H,"®0 and H,"'°0 electrolytes, Co;_,-
Ba,O, consistently produced *?0,, **0,, and *°0, during each
LSV cycle (Fig. 2f), while Co;04 produced only **0, and *°0,
(Fig. 2g), supporting the proposed OPM mechanism.*

Advancements in advanced spectroscopy and analytical
techniques have significantly enhanced the ability to explore
reaction intermediates, active sites and real-time reaction

© 2025 The Author(s). Published by the Royal Society of Chemistry
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pathways in catalytic reactions. In situ Raman spectroscopy is
mainly applied to detect chemical structure changes on elec-
trode surfaces during reactions, and is particularly sensitive to
oxygen reaction intermediates. In situ XAS collects bulk infor-
mation of the catalysts and reflects changes in the overall
valence state and coordination environment. In situ DEMS
provides real-time monitoring of ion dissolution, offering
experimental information for catalyst failure analysis. The
combination of various in situ characterization techniques is
essential for providing a comprehensive understanding of the
catalytic process. Nevertheless, experimental confirmation of
the catalytic mechanism with both high spatial and temporal
resolution remains highly challenging. Therefore, developing in
situ/operando techniques is essential for monitoring critical
intermediates, understanding the reaction processes, and
further elucidating the acidic OER catalytic mechanism.

3. Transition metal oxides as OER
catalysts in acids

First-row d-block metal oxides, especially Co and Mn oxides,
have been widely investigated as promising noble-metal-free
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OER catalysts. The intrinsic activity and catalyst evolution of
Co-based and Mn-based oxides as acid OER catalysts with
various modification methods, such as atomic doping, the
support effect, protection coating and phase design, have been
studied.

3.1 Co-based oxides

3.1.1 Intrinsic activity and catalyst evolution. With the
trend of developing noble-metal-free catalysts for acidic oxygen
evolution, Co-based oxides with high activity, decent durability,
and cost-effectiveness have gained much attention from
researchers.” Typically, spinel Co;0, is considered one of the
most promising anode catalysts for acid water electrolysis with
a comparable OER overpotential to state-of-the-art IrO, (ref. 12)
(Fig. 3a). However, the insufficient stability of Co;0, associated
with cobalt ion dissolution at high potentials severely hampers
its practical applications.

Determining the surface structure of the catalyst under
operating conditions is the key to analyze the catalytic activity. A
recent study by Zhang et al.*® investigated the vacancy-induced
effect on the evolution of Co;0, during the oxygen evolution
process by constructing Co and O vacancies. CozO, undergoes
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(a) Crystal structure of Co304. Reproduced with permission.®® Copyright 2021, American Chemical Society. (b) In situ Raman spectra of

Co0304, Co304-Vo and Coz04-Vc, in the voltage window from 0.9 to 1.55/1.6 V (vs. RHE). Reproduced with permission.3® Copyright 2023,
American Chemical Society. (c) Time-resolved in situ confocal Raman spectra of CozO4 at 1.72 V (vs. RHE) and (d) the LOER mechanism and the
degradation route of CozO4 during LOER. Reproduced with permission.®® Copyright 2021, American Chemical Society.
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a two-step reconstruction during the OER process, from oxide to
a hydroxide analogue and then to an oxyhydroxide analogue,
which is accompanied by adsorption of hydroxyl and deproto-
nation. The potentials at which the E, peaks appear or disap-
pear in Raman spectroscopy demonstrate the difference in
hydroxyl adsorption and deprotonation capacities of various
structures. It has been found that O vacancies lead to easier
hydroxyl adsorption and Co vacancies lead to easier deproto-
nation (Fig. 3b). Moreover, Co vacancies contribute to a shorter
Co-Co distance, which show the highest OER activity.

Similar to studies on the alkaline OER, Natarajan et al.®
synthesized Co;0, with different types of defects and investi-
gated the reconstruction of surface hydrous oxide layers under
acidic conditions. Their findings showed that Coz;O, with
higher crystallinity tends to form a thinner hydrous oxide layer
during the OER. By in situ Raman analysis (Fig. 3c), the hydrous
oxide layer thickens with operation time, and a direct correla-
tion was also found between the ratio of Co(ur)/Co(vi) and layer
thickness. However, a thick surface hydrous oxide layer does not
promote the catalytic activity but leads to the deactivation of the
catalyst due to the loss of contact and degradation of active
surface sites. The dissolution of Co species is closely linked to
the LOM. This suggests that with the formation of oxygen
vacancies around the metal sites, H,O would possibly occupy
the oxygen vacancies and form soluble high-valent Co hydrates
(Fig. 3d).

Another important issue is the effects of an acidic environ-
ment on catalyst stability and activity. The study by Huang
et al.®* shed light on this issue by testing the Co;04 and Coz;0,/
CeO, catalysts in H,SO, solutions with different pH values. LSV
curves show that the catalyst activity is less impacted by the
concentration of protons. Therefore, when developing OER
catalysts for acidic systems, stability might be the first consid-
eration rather than activity. Over the past decade, many studies
have provided insights into stability issues®” in view of the
degradation mechanism, and various strategies have been
conducted including atomic doping, constructing hetero-
structures, surface engineering and phase design. The following
sections will focus on the modulation of Co;0, catalysts to
improve catalyst activity and stability.

3.1.2 Atomic doping. Atomic doping is a facile method to
form lattice distortions and vacancy defects, which lead to
lattice structure alterations or changes in the electronic struc-
ture of the active center.®® Considering properties of dopants
such as lattice matching, atomic structure, ionic radius and
valence, potential dopants of Co;0, include transition metals
such as Fe,*”® Ni,”* and Mn”"”?> and non-metallic elements such
as N”* and P.>*”* Doping Co3;0, with large size elements such as
lanthanide elements becomes difficult due to the mismatch of
the ionic radius, yet the enrichment of dopants on the particle
surface might still provide a certain degree of acid resistance.**

Nwanebu et al.”® prepared Ni,Co,_,~oxide catalysts on tita-
nium plates by direct nitrate pyrolysis and investigated the
effects of Ni/Co ratio on the catalytic OER performance. When
the Ni molar percentage was lower than 50%, the crystal
structure was dominated by the Co;0, phase, and vice versa by
the NiO phase. Meanwhile, the catalytic performance showed

3794 | Chem. Sci, 2025, 16, 3788-3809
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avolcano distribution since Ni doping induces the formation of
high-valence active Co species whereas excessive Ni results in
NiO with low OER activity. Wang et al.** synthesized a Ba-doped
Co30, catalyst (Co;_,Ba,0,) through facile electrodeposition
and heat treatment, which exhibited an overpotential of 278 mV
at 10 mA cm ™2 in 0.5 M H,SO, (Fig. 4a) and stable operation for
over 110 h. Through Ba doping, the Co—Co bond length was
shortened, creating conditions for direct dehydrogenation O-O
coupling (Fig. 4b). The in situ synchrotron FT infrared (FTIR)
spectra directly detected the generation of O-O bonds, which is
consistent with the oxygen bridge intermediate in the OPM
(Fig. 4c). DFT calculations showed that the O-O coupling step
was considered as the rate determining step which promoted
the OPM pathway under acidic conditions. Chong et al>
synthesized a Mn/La co-doped Co;0, fiber catalyst (LMCF)
using zeolitic imidazolate frameworks (ZIF-67) as a precursor
through electrospinning and annealing treatment. The doping
of Mn cations inside the ZIF lattice triggered a higher valence of
Co active sites and shorter Co-Co band length, which
contribute to promoted acidic oxygen evolution activity. Mean-
while, the La cations with strong affinity to *OH groups
concentrated at the surface of cobalt oxide, provide excellent
acid-proof ability (Fig. 4d). The Pourbaix diagrams of different
crystal planes such as (111), (110) and (100) in La-modified and
pristine Coz;0, were calculated and compared as shown in
Fig. 4e. Among the five regions, regions I and II contain La ions,
so the structure is unstable and soluble. Regions III, IV, and V
exhibit relative stability due to the presence of Co**, Co®", and
La®" surfaces connected with OH*, OOH*, and O*. The LMCF
catalyst was evaluated in a PEMWE under potentiostatic
conditions, demonstrating stable operation over 100 h at a cell
voltage of 1.65 V (Fig. 4f). Doping Coz;0, with Fe® and Ag” has
also been proven to improve the catalytic activity and durability
of acidic OER.

Doping Co oxides with non-metal elements such as carbon,
nitrogen, sulfur and phosphorus would have profound effects
on the catalytic activity and stability. Yang and co-workers”
demonstrated nanostructured Coz0,/CN deposited on carbon
paper as a self-standing electrode using ZIF-67 as a precursor.
FT-EXAFS shows that Co-O/N was established in the Co;0,/CN
structure and the doping of N induced O vacancies by partially
replacing lattice oxygen. In addition, the nitrogen-doped carbon
structure improves the acid resistance of Co;0,4, which guar-
antees stability for 80 h at 10 mA cm ™2 in 0.5 M H,SO,. Shang
et al.” used the solvothermal method to introduce P into the
Co304 lattice, where P** replaces Co®* located in the 16d sites
with an octahedral coordination. The unique POy units
increased the percentage of Co®" in the Co,0, lattice, which
suppresses the leaching of Co ions and increases the stability
during acidic OER.

3.1.3 Support and coating effects. Supports might have
profound effects on tuning the electronic properties of the
catalysts, and could be used to optimize the catalytic activity
and stability. Metal oxides with acid resistance, intermediate
affinity and strong valence bonds have been used as catalyst
supports for acidic OER, including CeO,,*® TiO,,”* PbO,,”
PdO,”® ZnO”® and Sb-doped SnO,.** Huang et al.®* prepared CeO,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(@) LSV and (b) in situ EXAFS spectra of the Co K-edge of Cos_

«BaxO4 and (c) the OPM vs. the AEM for catalysts in acidic electrolytes.

Reproduced with permission.** Copyright 2023, American Chemical Society. (d) STEM image and the corresponding La distributions (scale bar, 2
nm) of LMCF and the surface (e) Pourbaix diagram for the La-doped Cos04 (111) facet obtained from the DFT+U calculations. (f) Potentiostatic
measurement of a PEMWE using the LMCF catalyst at 1.65 V. Reproduced with permission.® Copyright 2023, The American Association for the

Advancement of Science.

nanosheets loaded with Co;O, nanoparticles, where rapid
electron transfer was expected at the interfaces between CeO,
and Co30, to avoid charge accumulation at the catalytic sites.
CeO, might benefit the formation of high valence active cobalt
as suggested by in situ Raman characterization. Kinetic isotope
effect (KIE) analysis indicates that the OER is less sensitive to
the proton concentration in the electrolyte, which is consistent
with the LSV curves in electrolytes with different pH values.
Constructing a protective surface layer has been another
widely used strategy to mitigate the performance degradation
caused by catalyst detachment as well as direct proton attack on
metal-oxygen bonding in strong acidic environments.** Carbon
coatings, especially highly graphitized carbon, have been
considered as preferred choices due to their high conductivity,
decent stability and convenient preparation, despite the
possible corrosion at high potential. Lai et al.®* prepared carbon
protected Co;0, by spraying cobalt nitrate on carbon paper with
a gas diffusion layer fixed on a hot plate. The carbon coated
Coz0, catalyst achieved an overpotential of 460 mV for more
than 80 hours in 0.5 M H,SO,. Yang et al® also reported
a Coz0, catalyst with a 3.5 nm thick carbon layer, synthesized
using glucose as the carbon source. LSV curves demonstrated
the negative impact of the carbon layer on catalytic activity, with
the overpotential increased by 150 mV. However, the durability
of the catalyst improved, with the duration time extending by
20% to 86.8 h at 10 mA cm ™2, The incorporation of carbon into
electrocatalysts or electrodes might also modulate hydropho-
bicity, which could help to prevent excessive solvation of metal

© 2025 The Author(s). Published by the Royal Society of Chemistry

oxides, thus minimizing their dissolution. For example, Yu
et al.** synthesized a nano-Co;0,@C composite, and introduced
graphite and paraffin oil during electrode preparation. This
process created partially hydrophobic zones that effectively
suppressed the dissolution of active Co30,.

Apart from carbon coating, acid stable metal oxides such as
TiO, (ref. 76) and F doped tin oxide (FTO)* have also been
investigated as coating materials. Tran-Phu et al.”® explored the
effect of a TiO, coating layer on the catalytic properties of
Co30,. Coating layers with a suitable thickness would contain
pitting channels, which maintain a balance between protection
and exposure of the catalytic surface. Yeh et al.®*® synthesized
FTO coated and loaded Co;0, samples with a low Co>"/Co>*
ratio and oxygen vacancies, exhibiting enhanced stability.

Selection of materials with good electrical conductivity, acid
resistance and mechanical strength is critical for effective
coating strategies. However, achieving both high acid resistance
and electrical conductivity is challenging due to the limitation
of intrinsic properties of available materials. As a result, cata-
lysts designed through coating strategies often require
compromises in catalytic activity. Thus, maintaining both
catalytic activity and stability presents a significant challenge in
these approaches. Besides, the structure and OER mechanism
of the active sites at the coating interface remains unclear and
requires further investigation.

3.1.4 Phase design. Spinel Coz;O, consists of repeating
octahedral and tetrahedral units. By incorporating second or
third elements, a variety of dual- or multi-component catalysts

Chem. Sci., 2025, 16, 3788-3809 | 3795
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with diverse structures have been developed, such as spinel and
rutile structures.®® For acidic OER catalysts requiring enhanced
stability, elements with strong metal-oxygen bonds and lattice
matching properties are preferred, such as Ti,*” Mn,”* Sb,*® Fe,*
Pb,** etc. Anantharaj et al.¥” prepared spinel Co,TiO, by a co-
precipitation method, achieving an overpotential of 513 mV in
0.5 M H,S0, at a current density of 10 mA cm ™. The synthesis
of Co,TiO, was significantly influenced by the sintering
temperature. When the sintering temperature was below 900 °©
C, only the Co;0, phase was observed, suggesting that the
formation of Co;0,4 hinders the crystallization of Ti oxides. After
the stability test, Raman peaks near 200-400 cm ' almost
completely disappeared, indicating that surface Co,TiO, had
transformed into the Co;0, phase. SAED analysis revealed the
presence of Coz04 on the post-test Co,TiO, surface. XPS anal-
ysis indicated that the Co®’/Co”" ratio on the surface increased
from 0.327 to 0.561, with strong O, peaks attributed to the
surface C030,.

According to the Pourbaix diagram, Sb,Os is an acid-resis-
tant and potential-endurance oxide that can help stabilize active

a b
On-line ICP-MS

View Article Online
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centers in an acidic medium during the OER.”* As a result,
introducing Sb into Co-oxide systems as a stabilizer can extend
the stability of catalysts. However, the poor electrical conduc-
tivity of metal-oxide catalysts may diminish the catalytic
performance. Evans et al® synthesized rutile CoSb,O¢ via
electrodeposition, demonstrating stability for over 24 h at
a current density of 10 mA em™? in 0.5 M H,S0O,. Wang et al.**
synthesized pyrochloryl Co,Sb,0, which exhibited an ultra-low
overpotential of 288 mV and stability for over 40 h at 1 mA cm 2.
After the constant potential test, the XRD pattern showed peaks
corresponding to tetragonal CoSb,Og, indicating the trans-
formation of Co,Sb,0; into CoSb,0 during the OER process.
The evolved CoSb,0¢ acted as a stable protective layer to
improve the stability.

However, the introduction of Ni into the CoSb,O, system did
not improve the performance, though the reasons have not
been thoroughly discussed.®® Wang et al.** prepared FeCoSbO,
catalysts on nickel foam via direct pyrolysis, reducing the onset
potential by 271 mV at a current density of 10 mA ¢cm™>
compared with that of FeO, prepared by the same method
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Fig.5 (a) Scheme of the crystal structure of FeCoSbOy. (b) Scheme of in situ/operando ICP-MS analysis and Co dissolution profiles during cyclic

voltammetry conducted by using an on-line ICP-MS. Reproduced with permission.®? Copyright 2023, Elsevier. (c) Long-term stability of
Co,MNnO, during the OER in acid. (d) Two possible pathways of dissolution and correlation between experimental and theoretical stability.

Reproduced with permission.” Copyright 2022, Springer Nature.
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(Fig. 5a). The in situ ICP-MS test revealed that Co dissolution of
FeCoSbO, was significantly suppressed (Fig. 5b). X-ray absorp-
tion near-edge structure (XANES) spectral analysis indicated
that Fe maintained a stable electronic structure, while the Co K-
edge XANES peaks for CoO,, FeCoO, and FeCoSbO, electrodes
shifted toward higher photon energies. The pre-edge peak,
which represents structural symmetry, shifted notably for
FeCoO,, whereas FeCoSbO, showed only a slight change.
Overall, Sb contributed positively to structural symmetry and
stability.

For inert components with poor conductivity, elements with
catalytic activity and strong metal-oxygen bonds, such as Mn,
are better choices for balancing stability and catalytic activity in
acidic OER catalysts. Li et al.”* designed a spinel Co/Mn oxide
film (Co,MnO,) by pyrolyzing nitrate at 300 °C on an FTO
support, achieving 200 mA cm > for over 2000 h in H;PO,
electrolyte with pH = 1 (Fig. 5¢). Bader charge analysis revealed
enhanced electron transfer from Mn to O on the Co,MnO,
surface, confirming the formation of stronger Mn-O bonds
(Fig. 5d). Additionally, it is worth noting that the type of elec-
trolyte can have a huge impact on stability, likely due to the
effect of anion adsorption on the electrode surface. Notably, in
phosphate electrolytes, the stability of Co-based catalysts was
significantly enhanced according to previous studies. There-
fore, further emphasis should be placed on the study of cata-
lyst-electrolyte interfaces.

3.2 Mn-based oxides

Manganese-based oxides are characterized by rich valences and
variable structures, such as MnO,, Mn,0;, Mn;0y,, etc.*®* Accord-
ing to the Pourbaix diagram of Mn-H,0O, MnO, is the most stable
phase in the OER potential range under acidic conditions, which
makes it a promising candidate for acidic OER.*”

Differing superposition and connection of the basic
repeating unit [MnOg] results in structural variants of MnO,,**
such as cryptomelanes (¢-MnO,) with a 2 x 2 tunnel structure
(Fig. 6a), pyrolusites (B-MnO,) with a 1 x 1 tunnel structure
(Fig. 6b), birnessites (3-MnO,) with a layered structure (Fig. 6¢),
and nsutite-type y-MnO, (Fig. 6d) composed of 1 x 1 and 1 x 2
tunnels. Hayashi et al.*® evaluated the OER activity of various
MnO, (8-MnO,, a-MnO,, y-MnO,, and B-MnO,) and ranked
their OER activity in PEMWESs as a-MnO, > 3-MnO, > 3-MnO, >
Y-MnO,. This difference in activity may stem from the specific
adsorption of intermediates within the different-sized tunnels
formed by the distinct arrangement of [MnOg] units. Kong
et al.”® synthesized MnO, by electrodepositing a manganese
sulfate solution onto a Ti felt substrate and modulated the ratio
of Mn-O structural units of the crystal structure through
different heat treatment temperatures. As the heat treatment
temperature increases, the proportion of planar oxygen
increased, leading to enhanced catalyst stability. Pair distribu-
tion function analysis revealed that planar oxygen exhibits
stronger Mn-O binding compared to pyramidal oxygen. This
finding was also supported by DFT calculations, which showed
that the dissolution from planar oxygen sites is energetically
less favorable than that from pyramidal oxygen sites.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Further studies have identified the high-spin electron
configuration of Mn>" as a critical active species that facilitates
the formation and transformation of unstable Mn-O interme-
diate bonds. Yan et al.*® reported that the use of ionic liquid
additives can induce the phase transition from B-MnO, to a-
MnO,, leading to alterations in both phase composition and
morphology. TEM, EDX, and FTIR analyses collectively showed
that the surface of a-MnO, is coated with ionic liquid cations,
which further adsorb anions, such as OH . In contrast to Mn
2p, the analysis of Mn 3s peak splitting (AE;s) provides a more
accurate characterization of the Mn™" valence state. The peak
area revealed a higher Mn**/Mn*" ratio in the ionic liquid-
modified @-MnO,. Other than the impact of ionic liquid addi-
tives, variations in electrodeposition procedures might also
affect the transformation of MnO, during electrocatalysis. d-
MnO, deposited via constant potential was transformed into
the a-Mn;0, phase after cathodization, and then into disor-
dered 3-MnO, through a multi-step anodic oxidation or oxygen
generation process, which exhibited enhanced activity.'*® XPS
analysis shows a mixed Mn**/Mn*" valence state in the disor-
dered 3-MnO, phase, a result of defect generation during the
spinel-to-layered structure conversion that stabilizes Mn®*. Li
et al.** employed the stochastic surface walking (SSW) pathway
sampling method to elucidate the atomic-level mechanism
underlying the transformation from a-Mn;O, into 3-MnO,, and
validated the role of defects in the phase transformation
process through theoretical calculations. Li et al.*® investigated
the stabilization voltage window of y-MnO, under acidic
conditions, demonstrating that the catalyst dissolves into
MnO,  when the voltage exceeds the stabilization voltage
window. UV/vis absorption spectra showed that Mn®" formed at
1.4 V during positive voltage sweeps, which catalyzed the onset
of the OER at 1.6 V vs. RHE. As the potential reached 1.8 V,
MnO, " was detected, suggesting that the dissolution of y-MnO,
mainly produces MnO, "~ (Fig. 6e). Consequently, a stabilization
window between 1.6 V and 1.75 V was established for y-MnO,
during acidic OER. y-MnO, exhibited stability for over 1800 h at
10 mA cm ™2 and 1.73 V, whereas the stability decreased to only
120 h at 100 mA cm™” and 1.8 V.

The introduction of halogen atoms is an effective strategy to
enhance the metallic bond strength and regulate the electronic
structure of the active centers. By substituting oxygen atoms in
MnO, with halogen ions, such as F,'*>'* Cl,*” or Br,”” halogen-
Mn bonds are formed, which not only shift the d-band center
but also create a stronger metallic bond with improved stability.
Patel et al.'® prepared crystalline F-doped Cu; sMn; 50, nano-
particles by adding CuCl, and NH,F to amorphous MnO,. A
linear downshift of the d-band center was achieved with
increasing F-doping, which improved the overall electro-
chemical catalytic activity. Ghadge et al.*® observed that fluo-
rine doping in Mn, gNb, ,0, induced a positive shift in the Nb
3d and Mn 2p peaks, corresponding to the formation of high-
valence active sites. Lemoine et al.'* prepared a hydrated
MnFe fluoride and found that the dehydrated MnFeF, 0, , with
an amorphous structure showed remarkable stability under
highly acidic conditions. Pan et al.”” prepared a manganese oxy-
bromide catalyst via pyrolysis of manganese bromide, achieving
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an OER overpotential of 295 mV at 10 mA cm ™~ and stability for
over 500 h. Comparative studies of halogen doping effects
revealed notable differences. Isotopic analysis in H,'®O and
H,"%0 electrolytes showed a negative shift of 26 cm™" at 1.25 V,
indicating that the Mn-"*0"®0H intermediate is produced by
the exchange of two '°O atoms (Fig. 6f). Raman spectroscopy of
MngO,,Cl; displayed a distinct MnO,~ peak at 843 cm ™' after
reaching 1.35 V (vs. RHE), indicating catalyst degradation
through the formation of MnO,  (Fig. 6g). Mn, 50,,Br; and
MngO;,Cl; can be stabilized by forming a MnO, (e.g., MnO,)
passivation layer on the surface at potentials of 1.40-1.60 V (vs.
RHE) under acidic conditions (pH = 0) (Fig. 6h).

Another common modification strategy involves incorpo-
rating inert, acid-resistant components into MnO,, such as
PbO,,'*>' Ti0,,"” and Si0,.'*® However, this strategy typically
reduces catalytic performance due to the poor electrical

3798 | Chem. Sci., 2025, 16, 3788-3809

conductivity and non-catalytic nature of these acid-resistant
substances. Fryfendal et al'®” prepared a multilayer MnO,
catalyst with surface-modified TiO, by sputtering deposition
and predicted the catalyst lifetime by a mass loss method. At
1.8 V, the expected lifetime of MnO, was 140 h, whereas TiO,-
modified MnO, extended this to 265 hours. Directly combining
acid-resistant elements with catalytically active elements to
form new phases, rather than heterogeneous structures, has
proven to be a superior modification method. For example,
Moreno-Hernandez et al.'” synthesized a NiMnSb ternary rutile
oxide that exhibited a stability of 168 h at 10 mA cm ™2 due to the
synergistic effect of the Ni-Mn elements and the stabilizing
effect of Sb during acidic OER. Zhou et al."*® explored the origin
of the catalytic activity in the rutile phase Mn-Sb-O and
demonstrated that the Mn-Sb-O system stabilizes Mn**. XPS
results showed that the Mn valence remained between +2 and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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+3. Interestingly, increasing the Mn content in the Mn-Sb-O
system elevated the valence state of Mn while that of Sb
remained unchanged, suggesting that abundant Mn may facil-
itate the formation of oxygen vacancies or covalent Mn-O
bonding. Ifkovits et al.''* coupled the OER with the Ce*"/Ce®"
redox reaction in the Mn,Sb;_,0, system and found a similar
correlation between Mn>" concentration and catalytic activity in
the Mn-rich system, with Tafel slopes up to 100 mV dec "
Furthermore, an inverse relationship between catalytic activity
and stability with increasing Sb content was observed.

4. Transition metal nitrides, sulfides
and phosphides

In addition to oxides, transition metal nitrides, sulfides, and
phosphides have also been considered as acidic OER catalysts
with optimized electronic structures and acidic stability. Note
that transition metal carbides''* have been generally considered
unstable during acidic OER due to carbon corrosion. Lei et al.**
developed a self-supported iron nitride catalyst loaded on
polyaniline-electrodeposited exfoliated graphene (FeN,/NF/EG)
and explored the effect of different annealing temperatures on
catalytic performance. Polyaniline provided attachment sites
for the loaded iron nitride and also exhibited oxygen evolution
activity. The catalyst stayed stable at a current density of 20 mA
cm ™2 for more than 24 h, which was attributed to the enhanced
conductivity from graphitic N and highly active catalytic sites

View Article Online
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induced by pyridine N. Nitridation often modifies the valence
states of active metal sites. Liu et al.*** synthesized a NiCo-
nitride/oxide catalyst forming a heterogeneous structure
between a NiCo-nitride shell and a NiCo-oxide core by
annealing NiCo,0, in an NH; atmosphere. XPS analysis showed
negative shifts in the binding energy peaks of Ni 2p and Co 2p,
indicating decreased valence states of Ni and Co after nitrida-
tion. Additionally, nitridation enhances metallic bonding and
produces stronger Co-Co/Ni-Ni bonds, thus enhancing
corrosion-resistant ability. Besides boosting catalytic activity,
nitridation also serves as a protective coating for supports such
as Ti mesh and carbon paper. Guo et al.** developed an OER
catalyst operated across a wide pH range by constructing Co,N
nanoparticles on TiN coated titanium mesh by atomic layer
deposition (ALD) (Fig. 7a). Co,N and TiN evolved into an active
and protective CoTi layered double hydroxide, contributing to
the long-term stability. The catalyst required only 398 mV
overpotential to achieve a current density of 50 mA cm ™2 in 1 M
HCIO,.

Transition metal sulfides also show great potential in the
OER due to their unique electronic structure and diverse
modulation methods. However, only a few sulfide-based OER
catalysts under acidic conditions have been reported, such as
Co0S,,"” MoS, (ref. 116) and NiFe5Sg.""” Wu et al.'*® investigated
the catalytic activity of MoS, with different crystalline phases
and found that the octahedral 1T phase exhibited higher cata-
Iytic activity than the trigonal prismatic 2H phase. Meanwhile,
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activation of 1T MoS, was observed during potential cycling
between 1.2 V and 2.0 V, attributed to the rearrangement of
MoS, nanosheets by oxygen molecules generated during the
OER process, leading to better exposure of active sites.
Heterogeneous structures formed between MoS, and other
metal sulfides can modulate the valence states and promote the
generation of high-valence active sites. For example, Yang
et al.’ grew CoeSg and MoS, nanosheets on Ni;S, nanorods as
a bifunctional overall water splitting catalyst and found that the
heterogeneous interface facilitated electron transfer through up
shifting Co 2p binding energy and down shifting Mo 3d binding
energy.

The choice of electrolyte such as phosphoric acid, sulfuric
acid, or perchloric acid, greatly influences the stability of acidic
OER catalysts, potentially due to different anion adsorption
states at the reaction interface and catalyst evolution.”™ There-
fore, the introduction of phosphorus could improve stability by
forming phosphorus oxide at the interface. Liu et al.**® prepared
cobalt-manganese phosphide arrays grown on nickel phos-
phide nanoplates (CoMnP/Ni,P nanosheet-based microplate
arrays). The doping of Mn induced charge transfer from CoP to
MnP, creating high-valent cobalt active centers. At the same
time, the catalyst maintained superhydrophilic and supergas-
phobic characters, which mitigated the negative effect of gas
bubbles on mass transfer at high current density. In addition to
CoMnP/Ni,P, NiFe based phosphide catalysts also showed good
stability in acidic OER. Hu et al.'® designed an amorphous
NiFeP catalyst that maintained an overpotential of 540 mV for

over 30 h in 0.05 M H,SO, at 10 mA cm 2.

5. Other transition metal compounds

Similar to noble metal molecular complexes, complex
transition-metal compounds have been investigated for water
oxidation in acidic media, including polyoxometalates'®****>°
(POMs), MOF-supported catalysts,* cobalt phosphates'®***>>
and cobalt tungstate.""> However, practical application remains
distant due to challenges such as limited conductivity,
restricted current density and high overpotentials. Meanwhile,
alloys containing acid stable elements, such as Ni,Ta,**
FesSiz,"** MnsSi (ref. 125) and TiMn,,"”® might be candidates
for acidic OER. Yet the electrochemical performance and
structural evolution of these alloys have been poorly understood
at this stage and need further studies.

Kanan et al*” developed an in situ-synthesized KCoPO
amorphous film electrocatalyst with self-healing properties,
prepared through electro-cycling in aqueous solution contain-
ing phosphoric acid and cobalt ions. This study demonstrated
that an amorphous composite of cobalt and phosphoric ions
would be a potential catalyst for the OER in strong acid. While
insoluble cobalt phosphate salts with octahedral and tetrahe-
dral sites have been studied, the catalytic mechanism of these
two structures needs further exploration. Qi et al.*® synthesized
cobalt phosphate catalysts featuring either exclusively tetrahe-
dral or octahedral sites, allowing for direct comparison of their
catalytic performance. Cos(PO,), with tetrahedral sites exhibits
higher activity than its octahedral counterpart, attributed to the

3800 | Chem. Sci, 2025, 16, 3788-3809
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more facile formation of high valence (hydro)oxides on the
dehydrated tetrahedral Co;(PO,), surface. EXAFS analysis
showed minimal change in the spectra of the octahedral cobalt
phosphate at positive potentials, indicating the difficulty in
forming high-valent active intermediates (Fig. 7b and c). This
might be related to the six-coordination of cobalt atoms in
octahedral cobalt phosphate, requiring ligand removal to form
Co=0 species. Ram et al."** prepared layered cobalt tungstate
(CWO-del-48) by alkali etching of high-valent tungsten,
a process that facilitates the incorporation of water and
hydroxide at the surface, thereby mitigating the leaching of
active cobalt during the reaction (Fig. 7d). The CWO-del-48
catalyst demonstrated an overpotential of 288 mV at 10 mA
ecm~> and maintained stable operation at 1 A cm™> for over
600 h in a PEMWE (Fig. 7e).

Polyoxometalates (POMs), composed of oxygen-rich ligands
coordinated with metal cations, offer several advantages,
including acid resistance, structural tunability and ease of
synthesis. The introduction of different cations into POM
systems has tremendous effects on their properties, and
elements such as Fe,"° Ba and Cs'® have been explored. Blasco-
Ahicart et al' found that introducing barium ions into
[Coo(H,0)6(OH)3(HPO,),(PWo034)3]"°~ (Co-POM) remarkably
enhances the OER performance by exposing more active sites.
40% Ba[Co-POM] exhibits an overpotential of 361 mV at 10 mA
ecm 2 in 1 M H,SO,, outperforming the noble-metal catalyst
IrO,. However, the low conductivity of POMs restricts the
maximum current density to less than 20 mA cm 2 Thus,
further research is required to develop POMs that can operate at
higher current densities. Additionally, the mechanistic under-
standing of POM-based catalysis is still in its early stages,
lacking theoretical frameworks to guide the enhancement of
these catalysts.

Compared to heterostructures, constructing chemical bonds
between active components and acid-resistant substrates is
a more effective strategy to mitigate corrosion. Gao et al.*
developed a semi-rigid single-metal-site catalyst anchored on
a Th-MOF, which featured open metal sites and rotatable
anionic sites, providing greater flexibility for reaction interme-
diates. The CoCl,@Th-MOF catalyst showed an overpotential of
388 mV to reach 10 mA cm ™ * in 0.1 M HCIOj electrolyte.

6. Conclusion and perspectives

In recent years, significant efforts have been directed toward the
development of low-cost OER catalysts in acids with well-
balanced activity and stability. This review summarizes recent
key advances in this field, including the mechanistic insights, in
situ/operando techniques, and synthetic/modification strategies
for non-noble metal OER catalysts under acidic conditions. By
discussing the conventional mechanisms such as the AEM and
LOM, alongside newly proposed ones such as the OPM and
PDAM, the mechanistic framework for acidic OER has been
enriched.

Unlike alkaline OER, acidic OER catalysts must withstand
high potentials and low pH environments, which poses unique
stability challenges. High-throughput screening methods

© 2025 The Author(s). Published by the Royal Society of Chemistry
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combined with Pourbaix diagrams offer a promising alternative
to conventional experimental approaches for identifying stable
catalyst compositions. Also, advanced in situ/operando tech-
niques that monitor surface evolution and intermediate species
during reactions are crucial for elucidating detailed mecha-
nisms. Despite these efforts, most acidic OER catalysts remain
at the laboratory testing stage due to insufficient stability, which
is far from meeting the requirements for practical application
(Fig. 7). In addition, the lack of standardized evaluation
methods hinders the precise evaluation of the intrinsic activity
of catalysts. Finally, testing OER catalysts in a membrane elec-
trode assembly (MEA) setup would be critical to evaluate the
catalytic performance under practical working conditions. The
following sections provide perspectives on overcoming these
challenges for non-noble metal acidic OER catalysts.

6.1 Breaking the activity-stability tradeoff

Stability is a critical challenge for non-noble metal catalysts
under acidic conditions, and prioritizing activity at the expense
of stability is not a sustainable strategy (Fig. 8). The stability
issues mainly come from the inherent instability of the lattice
structure in acidic solutions and at high potentials. Modifica-
tion strategies such as element doping, surface coating and
phase engineering have shown promise in addressing these
limitations. Mechanistic studies indicate that OER processes
often involve multiple pathways simultaneously. Enhancing the
contributions of the AEM, OPM, and PDAM pathways while
minimizing the lattice oxygen involvement might significantly
improve acid stability.

Besides intrinsic stability, external factors also play a critical
role in catalyst durability. These include detachment of catalyst
active sites caused by bubble generation at high current density,
peeling of catalysts from the current collector due to week
binder adhesion, and corrosion of the carbon current collector
at high potentials. Addressing these issues requires innovative
structural design, such as hydrophilic/hydrophobic interfaces
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to facilitate bubble removal, binder-free self-supported cata-
lysts, and high-strength binders to improve catalyst adhesion.

6.2 Establishing unified catalyst evaluation criteria

The lack of standardized evaluation methods for acidic OER
catalysts complicates the comparison of performance across
studies. Differences in preparation methods, characterization
techniques, and testing parameters can significantly affect key
performance metrics, such as the onset potential and opera-
tional stability (Table 1). For powder catalysts, a mixed slurry of
catalyst and binder is generally sprayed on carbon/titanium
substrates or drop cast on glassy carbon electrodes to evaluate
their performance. The measurements of onset potential and
catalytic activity often ignore the impact of mass loading or true
catalyst surface area. Mass activity or electrochemical active
surface area (ECSA) normalization should be incorporated to
better reflect intrinsic activity of catalysts.

Performance assessments, typically conducted in a H-cell or
single chamber three-electrode system, do not fully reflect the
real-world scenario under PEMWE conditions. Firstly, liquid
electrochemical cells and MEA-based solid electrolyzers exhibit
a distinct catalyst-electrolyte interface structure. Interfacial
chemical environments have been known to profoundly affect
the electrocatalytic reactions. Secondly, mass transport
processes are different in liquid cells and solid electrolyzers. A
properly designed MEA would favor the supply of water to the
catalyst layer and ensure rapid release of oxygen gas at the
anode, which supports water electrolysis at A cm™>-level high
current density. Thirdly, degradation mechanisms might be
different. For example, in liquid electrochemical cells, violent
gas release at high current density might lead to detachment of
catalysts from the current collector. While in solid electrolyzers,
dissolution of metal ions from catalysts might cause more
severe activity degradation. These differences result in notable
performance discrepancies when evaluating the same catalysts
in a three-electrode liquid cell and PEMWE (Fig. 9). Addition-
ally, incorporating a reference electrode ensures the precise
measurement of the overpotential of an individual electrode,
which is a conventional practice in liquid electrochemical cells
but technically challenging in MEA-type electrolyzers. Finally,
evaluations in PEMWE systems are essential but remain
underreported due to the challenges associated with the
assembly of these systems. Addressing this gap is crucial to
bridge the disparity between laboratory-scale testing and prac-
tical applications.

6.3 Overcoming application challenges in PEM water
electrolysis

PEMWE systems face unique challenges compared with
conventional open electrolysis systems due to their distinct
device structures, assembly procedures, proton conduction
mechanisms, and gas transmission processes. Key challenges
in PEMWE systems are typically associated with electrolyte
conditions, catalyst-collector bonding stability, membrane-
electrolyte—catalyst interface interactions, and metal cation
toxicity to proton membranes.
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Table 1

Catalyst

TIN@Cos 4,N*°
FeN,/NF/EG*®
Mn-doped FeP/
Co,(PO4), M
CWO-del-48 '*?
CoCl,@Th-BPYDC>’
Ba[Co-POM]"®
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Firstly, pure water is supplied to PEMWESs rather than acidic
electrolyte, which requires a higher overpotential. Secondly,
titanium-based substrates, such as titanium felt or mesh, are
commonly used but suffer from passivation due to the formation
of titanium oxide layers, hampering interfacial electron transfer.
Free-standing catalysts typically require pre-treatments of titanium
substrates with hazardous chemicals (e.g., hydrofluoric acid, nitric
acid, and oxalic acid) and/or at high temperatures, which remains
a significant hurdle. Alternative surface modification approaches,
such as platinum or gold plating and nitridation with plasma,
have shown promise in improving interfacial stability. Thirdly, the
interaction between catalysts and PEMs remains poorly under-
stood. Real-time monitoring of these inorganic-organic interfaces
under operating conditions is critical for understanding their
behavior and optimizing device performance.*?***

Overall, PEMWE systems with multiple interfaces and
a complex operational environment face greater challenges
compared to conventional three-electrode systems. Deeper
exploration of these interfaces and their interactions is essential
to clarify the connection between fundamental mechanisms
and practical applications. By addressing these challenges,
future research can enable the rational design of non-noble
metal acidic OER catalysts with improved performance and
scalability, paving the way for their widespread adoption in
renewable energy technologies.
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