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Advances in Oxygen Evolution Reaction Electrocatalysts via
Direct Oxygen—Oxygen Radical Coupling Pathway

Chengli Rong, Xinyi Huang, Hamidreza Arandiyan, Zongping Shao, Yuan Wang,*

and Yuan Chen*

Oxygen evolution reaction (OER) is a cornerstone of various electrochemical
energy conversion and storage systems, including water splitting, CO, /N,
reduction, reversible fuel cells, and rechargeable metal-air batteries. OER
typically proceeds through three primary mechanisms: adsorbate evolution
mechanism (AEM), lattice oxygen oxidation mechanism (LOM), and oxide
path mechanism (OPM). Unlike AEM and LOM, the OPM proceeds via direct
oxygen—oxygen radical coupling that can bypass linear scaling relationships of
reaction intermediates in AEM and avoid catalyst structural collapse in LOM,
thereby enabling enhanced catalytic activity and stability. Despite its unique
advantage, electrocatalysts that can drive OER via OPM remain nascent and
are increasingly recognized as critical. This review discusses recent advances
in OPM-based OER electrocatalysts. It starts by analyzing three reaction
mechanisms that guide the design of electrocatalysts. Then, several types of
novel materials, including atomic ensembles, metal oxides, perovskite oxides,
and molecular complexes, are highlighted. Afterward, operando
characterization techniques used to monitor the dynamic evolution of active
sites and reaction intermediates are examined. The review concludes by
discussing several research directions to advance OPM-based OER

electrocatalysts toward practical applications.

1. Introduction

Oxygen evolution reaction (OER) is essential in renewable en-
ergy conversion systems, such as electrochemical water split-
ting, CO,/N, reduction, reversible fuel cells, and rechargeable
metal-air batteries.'"*) However, OER is a kinetically sluggish re-
action involving four-electron transfers, resulting in high over-
potential with significant energy inputs; thus, OER is a major

bottleneck to improving the efficiency of
these renewable energy systems.[*] OER’s
slow reaction kinetics stem from mul-
tiple intermediate species and high en-
ergy barriers associated with all electron
transfer steps. Accelerating electron trans-
fers between reaction intermediates and
catalysts is essential to improve catalytic
performance.

Three reaction mechanisms have been
proposed for OER: adsorbate evolution
mechanism (AEM), lattice oxygen oxida-
tion mechanism (LOM), and oxide path
mechanism (OPM).[1%) AEM involves a se-
quence of concerted electron-proton trans-
fer steps between catalytically active sites
on electrocatalysts and oxygen interme-
diates, involving OH*, O*, OOH*, and
O,.['"" There are linear scaling relationships
in the adsorption energy of these oxygen
intermediates, which limits the improve-
ment of electrocatalysts’ catalytic activity.
In contrast, LOM suggests that OER pro-
ceeds via the direct generation of OH",
0,27, and 0,.[?] This reaction pathway is
kinetically more favorable as it bypasses
the formation of OOH¥, thus potentially circumventing high
overpotentials required in AEM. However, defects in electrocat-
alysts, such as oxygen vacancies, are needed in LOM, which
would extensively disrupt catalysts’ crystal structures—causing
severe dissolution of active sites, which leads to unstable re-
action performance. Unlike AME and LOM, OPM suggests
that OER proceeds via direct oxygen—oxygen (O—O) radical cou-
pling without creating defects or generating additional reaction
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Scheme 1. Schematic of the main content for OPM-based OER electrocatalysts discussed in this review.

intermediates (OOH*). It would only involve O* and OH* as re-
action intermediates.!'3] Consequently, the trade-off between cat-
alytic activity and stability encountered by AEM and LOM does
not exist in LOM, creating the hope of having highly active and
stable OER electrocatalysts.

Significant recent efforts have been made to develop electrocat-
alysts that can drive OER along the OPM pathway.[*"1] However,
challenges persist because there is still a lack of comprehensive
understanding of these electrocatalysts’ structure and their struc-
tural evolution at the atomic scale during OER, which prevents
more efficient catalyst designs. This review summarizes recent
advances in developing OPM-based OER electrocatalysts, begin-
ning with an analysis of their reaction mechanisms to guide un-
derstanding of electrocatalyst design strategies. We further dis-
cuss recently reported electrocatalysts, such as atomic ensem-
bles, metal oxides, metal oxyhydroxides, perovskite oxides, and
molecular complexes. We highlight their new design concepts to
drive OER via the OPM pathway. Next, the roles of operando char-
acterization in tracking dynamic evolutions of active sites and re-
action intermediates to validate OPM are discussed. Finally, the
review proposes future research directions to realize OPM-based
OER electrocatalysts toward practical applications (Scheme 1).

2. OER Mechanisms

Understanding OER mechanisms is crucial for the rational de-
sign of effective OER electrocatalysts. As described earlier, three
OER mechanisms have been proposed, and they are strongly cor-
related with electrocatalysts’ geometric and electronic structures.

2.1. Adsorbate Evolution Mechanism

AEM suggests that OER would proceed in four steps. Each step
involves a proton-coupled electron transfer over metal active sites
on catalyst surfaces (Figure 1a).

Initially, oxygenated intermediates, such as OH™ or H,0, ad-
sorb onto active sites, forming OH*. This step is followed by

Adv. Mater. 2025, 37, 2416362 2416362 (2 of 20)

the deprotonation of OH* to generate O* species. Subsequently,
O* species undergo nucleophilic attack by OH™ or H,O to form
OOH¥*, which finally evolve into O, molecules and detach from
the active sites. Koper et al. proposed a general scaling rela-
tionship between the binding energies of OH* and OOH* on
active sites with a constant energy difference of 3.2 + 0.2 eV
(i-e., AGoop«—AGoyx)-12 This scaling relationship is critical as
either AGgy. or AGgopy+ can act as the rate-determining step
(RDS) in OER. The O* species in the middle of this scaling rela-
tionship are crucial, and the value of AG,. — AGgy;. has been
commonly used to predict an electrocatalyst’s catalytic activity.
Montoya et al. have illustrated this correlation between AGg.
— AGgy« and catalytic activity using a volcano plot for metal
oxide-based electrocatalysts, indicating a minimum theoretical
overpotential of 370 mV via the AEM pathway.?!! These sug-
gest that the catalytic activity of electrocatalysts is fundamentally
limited in AEM. Breaking the linear scaling relationship is re-
quired to achieve better catalytic performance. This has been ex-
plored by introducing multi-component catalysts with tunable
active sites that allow independent optimization of the binding
energy of different oxygen species. Modifying electronic struc-
tures of active sites through alloying or creating heterostructures
could further enhance catalytic activity. In addition, the develop-
ment of proper catalyst surface treatments to prevent poisoning
active sites while maintaining the accessibility of active sites is
crucial.

2.2. Lattice Oxygen-Evolution Mechanism

According to LOM (Figure 1b), the first two reaction steps involv-
ing the formation of O* and OH* species are similar to those
in AEM. However, LOM suggests that surface O* species would
combine with lattice oxygen in electrocatalysts, resulting in di-
rect O—O bond formation. This process continues as the re-
sulting surface vacancies are refilled by H,0O molecules in elec-
trolytes, which form OH* species, accompanied by the release of
a proton through a one-electron oxidation step.[??! OER proceed-
ing via the LOM pathway would have a significant advantage by
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Figure 1. Schematic of potential OER pathways according to a) AEM, b) LOM, and c) OPM pathway, and their proposed advantages and disadvantages.

circumventing the overpotential constraint in the AEM pathway
because the formation of OOH* is bypassed.['?! Besides, catalytic
active sites in LOM are not limited to metal sites; lattice oxygen
also participates in the reaction and serves as additional active
sites.

Nevertheless, the durability of metal oxides is a critical is-
sue in LOM due to the bulk oxygen diffusion and structural
reconstruction caused by the continuous formation of oxy-
gen vacancies and dissolution of cations during lattice oxy-
gen redox. This explains why electrochemically synthesized
(defect-rich) RuO, shows a higher dissolution rate than its
thermally prepared counterpart.[’*! Besides, generating defects
would expose metal atoms to the catalyst—electrolyte interface,
which can be overoxidized to high valence states with more
solubility. In addition, creating oxygen vacancies alters cata-
lysts” electronic structure, potentially weakening metal-oxygen
bonds. This can exacerbate metal dissolution, eroding the cat-
alyst’s active sites and reducing long-term performance. In
other words, OER activity enhancement obtained via LOM of-
ten comes at the expense of poor long-term thermodynamic sta-
bility of electrocatalysts. Besides, whether lattice oxygen in elec-
trocatalysts in LOM should be entirely and/or partially inhib-
ited or activated to improve catalyst performance is still under
debate.

Accordingly, stabilizing lattice structures without inhibiting
oxygen mobility is critical for advancing catalysts based on the
LOM pathway. This may be achieved by designing catalysts with
robust frameworks that resist lattice destabilization. In addi-
tion, incorporating protective coatings or doping with inert el-
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ements can mitigate structural degradation. Advanced compu-
tational tools can aid in designing such catalysts with optimal
oxygen transport properties while maintaining their structural
integrity.

2.3. Oxide Path Mechanism

OPM involves a compelling reaction pathway surpassing the the-
oretical limits of OER activity and stability in AEM and LOM.
OPM leverages two metal sites with optimal atomic distance to fa-
cilitate direct O—O radical coupling, whereby only O* and OH*
are involved as OER intermediates, leading to O, release with-
out additional protons or electrons forming OOH* (Figure 1c).
Therefore, OER, according to OPM, could efficiently break the
linear scaling relationship in AEM, resulting in lower overpoten-
tial and higher overall energy efficiency. In addition, lattice oxy-
gen would remain intact in OPM, and OER occurs solely through
surface-bound active sites. This eliminates the need for lattice
oxygen vacancy formation, alleviating electrocatalysts’ structural
collapse and ensuring long-term stability under harsh OER con-
ditions.

OER via OPM involves direct O—O radical coupling opens the
possibility of electrocatalysts with both high activity and stability.
However, OPM imposes more stringent requirements on the ac-
tive sites” geometric and electronic configuration. To drive OER
via the OPM reaction pathway necessities precise controls over
the atomic distance between adjacent active sites and their elec-
tronic properties to promote effective O—O radical coupling.

© 2025 The Author(s). Advanced Materials published by Wiley-VCH GmbH
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3. OPM-Based OER Catalysts

New OPM-based OER electrocatalysts have been developed
across five material categories: 1) atomic ensembles, 2) metal
oxides with heterostructures engineered by element doping, 3)
metal oxyhydroxides, 4) perovskite oxides, and 5) metal com-
plexes. The following section highlights recent advancements in
developing electrocatalysts in these materials categories. Several
general synthesis strategies exist for all materials, such as regulat-
ing the distance between active sites, controlling the coverage of
reaction intermediates, and optimizing catalysts’ oxidation states.

3.1. Atomic Ensembles

Single-atom catalysts (SACs) contain isolated metal atoms as ac-
tive sites dispersed on a support matrix and have been inten-
sively investigated for various energy conversion and storage
systems.[?*32] They offer distinct advantages compared to other
metal nanoparticle-based catalysts, such as fully exposed active
sites with tunable local coordination environments, which en-
hance their catalytic performance.l*}] However, individual active
sites in SACs often cannot break the linear scaling relationships
suggested by AEM.3*l Besides, chemical bonds between single
metal atoms and support matrixes are generally weak, making
them highly susceptible to corrosion or dissolution.353¢ This
vulnerability can be further aggravated by the increased involve-
ment of lattice oxygen in support matrixes, resulting in fast de-
activation under harsh OER conditions. The coordination envi-
ronment of active sites in catalysts, either single atoms, ensem-
bles of two or several sites regularly arranged, or metal clusters,
strongly impacts their catalytic activities.!'>1¢37] Regulating active
sites’ coordination environments in SACs shows a great potential
to change reaction pathways, leading to improved catalytic activ-
ity and stability.['53839]

For example, Lin et al. reported a patch of single Ru atom ar-
rays supported by crystalline a-MnO, nanofibers as highly ac-
tive and acid-stable OER electrocatalysts.l3] During the catalyst
synthesis, a cation exchange reaction allowed the substitution of
Ru atoms for Mn atoms on the surface. Interestingly, the po-
sitions of the Ru atoms followed the periodic arrangement of
the Mn sites in crystalline a-MnO,, triggering the reconstruc-
tion of small Ru ensembles into large patches of Ru atom arrays.
The Ru atom array consisted of symmetric Ru sites that favor
the reaction pathway suggested by OPM. Aberration-corrected
high-angle annular dark-field scanning transmission electron
microscopy (HAADEF-STEM) results showed that the interatomic
Ru—Ru distance in Ru/MnO, (2.9 A) is shorter than that in RuO,
(3.1 A), allowing direct O—O radical coupling (Figure 2a). Con-
sequently, Ru/MnO, exhibited a low overpotential of 161 mV
at a current density of 10 mA ¢cm™? and long-term durability
of 200 h (Figure 2b,c). Extensive ex situ and in situ measure-
ments revealed that OER proceeded via the OPM pathway with-
out forming OOH* on Ru/MnO,. Theoretical studies confirmed
that OER proceeded on Ru/MnO, exhibited a lower energy bar-
rier via the OPM pathway than the conventional AEM pathway
(Figure 2d). Similarly, Chang et al. reported periodically arrang-
ing Ru atomic arrays on Co,;0, by substituting surface lattice Co
atoms with Ru atoms.[*”] The Ru atom arrays successfully sup-
pressed the participation of lattice oxygen in OER, preventing

Adv. Mater. 2025, 37, 2416362 2416362 (4 of 20)

www.advmat.de

the dissolution of active Ru. The resulting Ru array-Co,O, elec-
trocatalyst broke the activity-stability trade-off, demonstrating an
overpotential of 160 mV at 10 mA cm~2 with a stability of 1500 h
in 0.5 M H,SO,. Apart from engineering Ru-based materials to
catalyze OER via OPM pathway, Kumar et al. fabricated short-
range Ir single-atom-ensembles (Irg, ) on Mn-substituted spinel
Co,0, (CMO), showing excellent mass activity and significantly
improved stability than conventional Ir single atoms supported
on Co,0, for acidic OER.I"®] Doping Mn into octahedral sites of
Co,0, substantially reduced the migration energy barrier for Ir
single-atoms on the CMO surface compared to Co;O,, facilitating
the formation of Irg . during synthesis. The rigid Irg,, with ap-
propriate Ir—Ir distance stabilized on the CMO surface not only
effectively promoted direct O—O radical coupling but also sup-
pressed lattice oxygen participation, resulting in high OER activ-
ity and boosted stability by mitigating Ir-dissolution.

Apart from the requirement of symmetric dual-metal sites
with appropriate atomic distances, direct O—O coupling can also
be realized by weakening intermediate bindings by increasing
oxygen coverage on catalyst surfaces. For example, Lin et al. re-
ported an Ir-Mn-O, atomic grid with high-density Ir sites on re-
active MnO,_, support that mediates oxygen coverage-enhanced
OER via OPM.*! In situ and ex situ characterizations combined
with theoretical calculations confirmed that initial coordination
defects of Mn—O, played a key role in the electrochemical gener-
ation of enriched oxygen coverage localized within the Ir atomic
grids, where highly electrophilic Ir—O"=%~ bonds proceeded dur-
ing OER. Therefore, MnO,_, inside the grids served as an oxy-
gen pool, and O* radicals interacted with electrophilic Ir—O®-9-
species, facilitating the direct O—O coupling. Accordingly, the re-
sultant Ir-Mn-O,, delivered an ultralow overpotential of 166 mV
at 10 mA cm~2 and maintained a high stability at 100 mA cm™
with a decay rate of only ~0.3 mV h~! over 180 h tests.

Although engineering the distance of active sites and the cover-
age of intermediate species can realize the OPM pathway, several
challenges remain. The short distance among active sites makes
metal atoms prone to aggregate under harsh oxidizing reaction
conditions, especially under high current densities and long-term
stability tests. This would change geometric configurations and
electronic properties of active sites, possibly switching reaction
pathways from those suggested by OPM to others indicated by
AEM or LOM. It would be beneficial to better stabilize active
sites by enhancing the metal-support interactions, which may be
achieved by introducing defects into support materials or using
more robust support materials. On the other hand, it is also de-
sirable to develop advanced in situ characterization techniques
to monitor the dynamic evolution of active sites, including the
changes in their distance during OER, which improves our un-
derstanding of reaction pathways and eventually leads to better
catalyst designs.

3.2. Metal Oxides

Transition metal oxides have been extensively investigated as
electrocatalysts for OER due to their cost-effectiveness and
abundance.[**?] In general, constructing interfaces between two
or more metal oxide components in heterogeneous structures
is an efficient approach to regulate geometries and electronic
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Figure 2. a) Crystalline structure model of a-MnO, with Ru substituting at surface sites (left), an aberration-corrected HAADF-STEM image (middle),
and line profiles (right) of 12Ru/MnO,. b) Polarization curves and c) Chronopotentiometry results of 12Ru/MnO, with reference samples in 0.1m HCIO,
electrolyte. d) The free energy (AG) diagrams of reaction pathways suggested by AEM and OPM on 12Ru/MnO, at 1.23 V. Reprinted with permission.[3]

Copyright 2021, Nature Publishing Group.

structures of active sites in metal oxides to drive OER along the
reaction pathway suggested by OPM. For example, Zhu et al. de-
veloped a Co,0,/RuCoO, heterojunction structure with an asym-
metrical octahedral Ru-O-Co coordination environment.[') The
strong electron coupling effect between interfacial Ru (RuCoO,)
and Co (Co;0,) atoms efficiently catalyzed acidic OER via the
OPM pathway, showing an overpotential of 190 mV at a current
density of 10 mA cm™2. Meanwhile, the electron transfer from
surrounding electron-enriched tetrahedral Co atoms via bridg-
ing oxygen bonds helped suppress the overoxidation and sub-
sequent dissolution of active Ru and Co species. This mecha-
nism contributes to the stabilization of Ru-O-Co units during
OER.

The formation of heterostructures often induces synergistic
effects (e.g., electronic and strain effects) between metal oxide
phases, which may alter OER pathways.[**] For example, Yu
et al. fabricated a 3D/2D multiphase catalyst by loading CeO,
on metastable 1T phase iridium oxide (Ce-IrO,) with different

Adv. Mater. 2025, 37, 2416362 2416362 (5 of 20)

strains (Figure 3a)."® The optimal catalyst with 8% strain showed
an overpotential of 194 mV at 10 mA cm~? and stable operation
for 90hin 0.5 M H,SO, (Figure 3b,c). Characterization by Fourier
transform infrared (FTIR) spectroscopy, and theoretical simula-
tion results showed that the CeO,-induced strained 1T-IrO, al-
lowed the occurrence of direct O—O radical coupling via the OPM
pathway, different from the traditional AEM pathway on pure 1T-
IrO,. Similarly, Song et al. constructed a RuO,-CeO, heterostruc-
ture electrocatalyst, showing a high activity with an overpotential
of only 180 mV at 10 mA cm~? and long-term stability for 1000 h
in 0.5 M H,SO, (Figure 3d).1*! Detailed mechanistic investiga-
tions revealed that the heterojunction interface and noninterface
sites of Ru0O,-CeO, simultaneously activated reaction pathways
suggested by OPM and AEM (Figure 3e). RuO, lattice distor-
tions induced by CeO, promoted the deprotonation of adsorbed
*OH atoms near Ru sites, facilitating the stable adsorption of
*OOH to lower the energy barrier of the AEM pathway. In addi-
tion, Ru and Ce atoms at the interface formed a strong electronic
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using the change rate of Ce-IrO, relative to 1T-IrO, crystal spacing. c) Current density and mass activity of Ce-1rO, and references at 1.5 V versus RHE.

Reprinted with permission.!'8] Copyright 2024, ACS Publishing Group. d) Pol
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f) The reaction pathway suggested by AEM on Co;0,4 and OPM on Cos ,Ba,
Publishing Group.

coupling effect through the Ru-O-Ce oxygen bridge, allowing di-
rect O—O radical coupling step in OPM. In another approach,
doping heteroatoms in metal oxides can alter distances among
active sites, resulting in OER along the reaction pathway sug-
gested by OPM.[1747-%] For example, Ji et al. fabricated electro-
catalysts containing Mn*=?-O-Ru**? active sites with local struc-
tural symmetry and oxidation-state asymmetric by doping Mn
atoms into RuO, host (Mn,,Ru0,), which successfully switched
the reaction pathway from traditional AEM to OPM.[*! In situ
characterizations and theoretical studies revealed that the charge
redistributed Mn*~%-O-Ru**® units significantly facilitated OH*
adsorption, favoring direct coupling of bridge *O—O* interme-
diate on neighboring Mn/Ru sites. In contrast, rutile RuO, with
the Ru-O-Ru microstructure catalyzed OER via the AEM pathway.
Heteroatom doping and the construction of vacancies in metal
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arization curves of RuO,-CeO, and references in 0.5 m H,SOy. e) Schematic
O,. Reprinted with permission.[*] Copyright 2024, ACS Publishing Group.
0, in acidic electrolyte. Reprinted with permission.l'”] Copyright 2023, ACS

oxides may also alter the intrinsic properties of parent metal ox-
ides to activate the OPM pathway.['”531] For example, Wang et al.
discovered that doping Ba cations into Co;0, (Co,_,Ba,O,) short-
ened the Co—Co distance and promoted the OH* coverage, facil-
itating the subsequent deprotonation and then direct O—O cou-
pling step (Figure 3f).['7] The resultant Co,_,Ba O, catalyst ex-
hibited an overpotential of 278 mV at 10 mA cm,,,~* in 0.5 m
H,SO, with excellent stability over 110 h. In another study, Li
et al. reported that confined Gd atoms in MnO, resulted in elec-
tron accumulation at Mn—O in asymmetric Gd-O-Mn sites with
highly active terminal Mn'Y = O intermediates and labile O state
during OER.I’? Theoretical studies indicated that the asymmetric
Gd-O-Mn units with gradient 4f-2p-3d orbital coupling endowed
surface unsaturated lattice O sites, which assisted the direct 0—0O
coupling.
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These studies indicate that metal oxide catalysts with specific
microstructural and electronic structures, such as distance be-
tween metal sites, metal valence states, and oxygen states, can
drive OER via the reaction pathway suggested by OPM. Notably,
Co and Mn oxide-based electrocatalysts possess various metal ox-
idation states, enabling them to undergo reversible redox transi-
tions during OER.>*] These transitions are essential for gen-
erating reactive oxygen intermediates, such as O%, which sub-
sequently participate in the direct O—O coupling step. In Mn
oxide-based electrocatalysts, the Jahn-Teller distortion may fur-
ther alter local electronic structures of Mn and induce flexible
Mn—O bond strength and angles, allowing tunable distance of
active centers for the direct O—O coupling step.l*®! Furthermore,
Co and Mn oxide-based electrocatalysts exhibit relatively moder-
ate binding energies with O intermediates, having the potential
to deliver a theoretical activity comparable to those of RuO, and
1r0, .57

3.3. Metal Oxyhydroxides

Earth-abundant (oxy)hydroxides containing Fe, Co, and Ni have
also been extensively studied for OER in alkaline media.[5%]
Specifically, NiFe (oxy)hydroxides, whose catalytic activity has
surpassed those of precious metal oxides, such as IrO, and
RuO,.[%1-64] However, the OER activity of NiFe (oxy)hydroxides
is still severely restricted in the AEM. In this regard, Song et al.
reported a novel Fe—Ni oxide catalyst, showing an overpoten-
tial of 215 mV at a current density of 10 mA cm™ in 1 M
KOH electrolyte.*8] Operando spectroscopic studies revealed the
formation of heterostructures consisting of nanoclusters of y-
FeOOH covalently linked to a y-NiOOH support. Theoretical
studies suggested that Fe atoms in y-FeOOH acted as the oxygen-
evolving center and a nearby terrace O site in y-NiOOH sup-
ported oxides as a hydrogen acceptor, allowing for direct O—O
radical coupling to deliver catalytic activity enhancement. Never-
theless, the assignment of active centers for OPM is difficult due
to the existence of both Ni and Fe in NiFe (oxy)hydroxides. To
this end, Moysiadou et al. reported spectroscopic and electroki-
netic evidence to validate the occurrence of the OPM pathway on
Co oxyhydroxide (CoOOH).[®] In detail, operando X-ray absorp-
tion spectroscopy (XAS) results revealed that COOOH underwent
surface reconstruction to form CoO, containing Co** species.
In situ Raman spectroscopy and 8O labeling experiments re-
vealed the formation of superoxide intermediates (CoOO~) un-
der increasing applied potentials, indicating that lattice oxy-
gen and active oxygen species exchanged with the electrolyte
during OER (Figure 4a,b). These superoxide species on adja-
cent Co centers chemically interacted to generate O, molecules
(Figure 4c). Similar phenomena have been experimentally and
theoretically observed in Co phosphates and Ni oxides.[®-%]
This observation underscores the importance of increased ox-
idization states in promoting direct O—O radical coupling
in OPM.

Besides focusing on enhancing the catalytic activity of NiFe
(oxy)hydroxides, the metal leaching at high current densities
compromised their stability in alkaline OER.’%] For exam-
ple, Fe ions can be easily oxidized to soluble Fe** and Fe®*
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species.’172] Particularly in the LOM pathway, the continu-
ous surface- and bulk-oxygen transfer further accelerated the
Fe dissolution. Developing OPM-based NiFe (oxy)hydroxides
is a promising approach to address these challenges and re-
alize alkaline water electrolysis under industrial conditions.
For example, Jia et al. reported a series of Fe,Ni, ,O.H,
(z: 0-0.4) electrocatalysts with varying Fe configurations via
in situ electrochemical delamination.””?! The chemical inte-
gration of Fe dimers with Ni(OH), nanosheets resulted in
optimal electronic structures and coordination environments
in FeygoNige;O,H,, thus accelerating deprotonation and oxy-
gen radical coupling via the OPM pathway (Figure 4d—f). Be-
sides, the extended Ni—O shells surrounding Fe dimers cre-
ated a locally flexible reaction microenvironment that pre-
vented Fe dissolution at dynamic catalyst/electrolyte interfaces,
ensuring long-term stability at industrial level current den-
sities. The resulting Fe,Nij4,O0,H, demonstrated high cat-
alytic activity with an overpotential of 337.1 mV at an indus-
trial level current density of 1000 mA ¢cm=? and robust sta-
bility of 125 days in 1 m KOH electrolyte (Figure 4g). These
findings provide valuable insights into the structural design
and tactical delamination of NiFe (oxy)hydroxide electrocatalysts
for OER.

The studies of metal oxyhydroxide catalysts underscore the
value of tailoring electronic structures and coordination envi-
ronments to promote the OPM pathways and mitigate catalyst
degradation. Integrating heterostructures with locally adaptable
reaction microenvironments provides a potential solution for de-
signing OPM-based electrocatalysts with high activity and robust
durability.

3.4. Perovskite Oxides

Perovskite oxides have ABO; structures, where “A” is typically
cations of alkaline-earth metals (e.g., Ba or Sr) or rare-earth met-
als (e.g., Pr or La). The “B” is usually transition metals, such as
Co, Cu, Ir, or Ru, which forms sixfold octahedra BO6 with oxygen
atoms.!1% Perovskite oxides are potential OER catalysts owing to
their tunable bond strength between their catalytically active sites
and reaction intermediates. However, regular perovskite oxides
generally catalyze OER via reaction pathways suggested by AEM
or LOM.I7+791

Recently, Yagi et al. reported that CaCu,Fe,O,, catalyzed OER
via the OPM pathway.['* After incorporating Fe** and Cu?* into
CaCu,Fe,0,,, the Fe—O—Fe bonds were heavily bent, resulting in
a shortened O—O (connected to the nearest neighboring Fe ions)
distance of %2.6 A, which then enabled the occurrence of the di-
rect O—O coupling (Figure 5). In contrast, the O—O distance in
SrFeOQ, was~3.9 A, making it hard to form oxygen molecules.
OER on CaCu,Fe, O, involved only O* and OH* species as inter-
mediates without generating OOH*. The deprotonation of oxy-
hydroxide groups to form peroxide ions was bypassed, result-
ing in high OER activity after breaking the original scaling re-
lationships among OER intermediates. Similarly, Yamada et al.
found that a structural transformation from simple LaMnO, to
quadruple LaMn,O,;, perovskite drastically increases OER cat-
alytic activity.®®) The specific activity for LaMn,O,, was about 30
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Figure 4. a) In situ Raman spectra of COOOH at increasing applied potential from open circuit potential to 1.75 Vin 0.1 m Fe-free 1°0-KOH. (Left: Co—O
bands; right: active oxygen species band). b) In situ Raman spectra of Co'®0, in 0.1 M Fe-free *0-KOH (black) and of Co'80, in 0.1 M Fe-free '8O-KOH
(red) recorded at 1.75 V versus RHE. c) Illustration of the O—O coupling step on adjacent Co**O centers. Reprinted with permission.[®*] Copyright
2020, ACS Publishing Group. d) In situ attenuated total reflectance-FTIR spectra from 1000 to 1400 cm~" with increasing potentials. e) Illustrating
the coordination microenvironments of a single Fe atom in Feg o, Nig 9gO,H, (left) and Fe dimer in Feg g9 Nig 91O,H, (right) and f) the relationship of
OER performances with the configurations of single Fe atom, Fe dimer, and multi-ferric aggregate in Ni(OH), layer. g) Chronopotentiometry curves of
Feo.09Nig.910,H, and Feq 4Nig sO,H, at 1000mA cm=2in 1 m KOH electrolyte. Reprinted with permission.l’3] Copyright 2024, Elsevier Publishing Group.
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Figure 5. a) OH™ adsorbates on Fe and Cu-terminated (100) planes of SrFeO; and CaCu;Fe,O,, respectively. b) Polarization curves, current density at
1.6 V versus RHE, Tafel plots of OER on CaCu; Fe, O, and reference catalysts in 0.1 m KOH electrolyte. c) Cyclic voltammograms of OER on CaCu;Fe,O1,
and reference catalysts over 100 cycles. Reproduced with permission.[™! Copyright 2015, Nature Publishing Group.

times larger than that of LaMnO; at 1.7 V in 0.1 m KOH elec-
trolyte. The improved activity was ascribed to the occurrence of
the OPM pathway, where the neighboring connected to A’- and
B-site Mn ions effectively promoted the direct O—O coupling.
The development of OPM-based perovskite catalysts is still
in fancy. Notably, the choice of doping elements into perovskite
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oxides plays a critical role in activating the OPM pathway. More
studies would be needed in this area. Furthermore, perovskite ox-
ides usually undergo severe surface reconstruction during OER.
Understanding their dynamic surface evolution would be the key
to designing efficient OPM-based perovskite electrocatalysts for
OER.
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Figure 6. a) Molecular structure of Ru(bda)(pic),. b) Isolated seven-coordinated Ru(lV) dimer complex with [H,O-HO-H-OH-H,O] bridge. c) In-
tramolecular coupling between two metal oxo/oxyl units (12 M) O—O bond formation mechanism between two seven-coordinated RuV = O (or RulV-
Oe) intermediates. Reproduced with permission.[87] Copyright 2012, ACS Publishing Group. d) Molecular structure of 22, and z—r stacking noncovalent
interaction between two isoquinoline moieties. Reproduced with permission.[®°] Copyright 2012, Nature Publishing Group. e) Schematic diagram of dif-
ferent ligands that regulate the OER pathway. Reproduced with permission.[®®] Copyright 2014, ACS Publishing Group. f) Theoretically screened ligands.
g) Gibbs free energy of reaction in pH 0 aqueous solution at 298 K as a function of HOMO energy of ligand in vacuum (in the inset are the HOMO
orbital of 4-picoline and the HOMO-1 orbital of phthalazine calculated with DFT). Reproduced with permission.[®1] Copyright 2012, Nature Publishing
Group.

3.5. Molecular Complexes ence of adjacent active sites facilitated direct O—O bond cou-

pling with a low reaction energy barrier. Several studies reported
Homogeneous catalysts, such as various metal complexes, have  that ligands in molecular complexes played a significant role
been extensively studied as catalysts for OER.[*281%5] Their re-  in regulating the reaction pathway of OER. For example, Duan
action mechanism can be studied at molecular levels with well- et al. reported a mononuclear Ru complex [Ru(bda)(pic),], con-
established spectroscopic techniques. A recent study reported  sisting of a tetradentate ligand with anionic carboxylate groups
by Masaoka et al. showed that a pentanuclear iron complex ef-  (Figure 6a).®”] The seven-coordinated Ru'V dimeric intermedi-
ficiently catalyzed OER with an ultrahigh turnover frequency  ate complex was bridged by a [H,0-HO-H-OH-H,0O]™ moiety,
of 1900 s~1.8%] Theoretical calculations suggested that the pres-  which was proposed to serve as a proton-conducting channel
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Table 1. Summary of reported OPM-based OER catalysts and the corresponding catalytic performance.
Category Design strategy Catalyst Tafel slope Overpotential [mV] Stability [h] Refs.
[mV dec™]
Atomic ensembles Shorten active center distances Ru/MnO, 29.4 161@10 mA cm™2 200@10 mA cm™2 [13]
Shorten active center distances Irspes/ CMO 90 235@10 mA cm~2 25@10 mA cm—2 [15]
Shorten active center distances Ru array-Co;O, 46 160@ 10 mA cm~2 1500@10 mA cm™2 [16]
Increase intermediates coverage Ir-Mn-O, 36 166@ 10 mA cm~2 180@ 100 mA cm™2 [39]
Metal oxides Heterojunction interface Co30,/RuCoO, 77.6 190@10 mA cm™2 36@10 mA cm—2 [19]
Heterojunction interface RuO,-CeO, 58.9 180@10 mA cm~2 1000@ 10 mA cm™2 [46]
Asymmetric active sites P-Gd SAs@MnO, 161.9 281@10 mA cm™2 25@10 mA cm™2 [52]
engineering
Asymmetric active sites Mng,RuO, 57 188@10 mA cm™2 150@10 mA cm—2 [49]
engineering
Shorten active center distances Co;,Ba, Oy 41 278@10 mA cm~2 110@10 mA cm~2 [17]
Strain engineering Ce-IrO, - 194@10 mA cm~2 90@10 mA cm™2 [18]
Metal Heterostructure AC-FD-NiO,-Fe - 215@10 mA cm—2 36@10 mA cm™2 [48]
oxyhydroxides Asymmetric active site Feo.09Nig.91OxHy 41 298@500 mA cm™2 3000@ 1000 mA cm=2 [73]
engineering
Asymmetric active site CFMO-2 54.4 217@500 mA cm™2 1000@ 10 mA cm™2 [92]
engineering
Perovskites Shorten active center distances CaCu;Fe O, 44 - 100 cycles [14]
Shorten active center distances LaMn;0,, 100 300@0.01 mA cm—2 - [80]

during OER (Figure 6b). Spectroscopic results showed the oxida-
tion process involving Ru'!-OH, — Ru!'-OH, - Ru'V-OH — Ru"
= O. The close proximity of the two Ru(V) = O species effectively
facilitated the direct O—O coupling (Figure 6¢). In contrast, the
mononuclear six-coordinated Ru complex-mediated O—O bond
formation generally favors the traditional AEM pathway.l®] In-
terestingly, the rate of direct O—O coupling could be further in-
creased by introducing axial isoquinoline (isoq) ligands into the
Ru complex (denoted as [Ru(bda)(isoq),]) (Figure 6d).*! A sim-
ilar phenomenon was also observed in a binuclear Ru complex
with different ligands (Figure 6e).!")

Notably, molecular complex catalysts usually suffer from rapid
deactivation during OER. Duan et al. identified the dissociation
of axial ligands as the primary factor contributing to the instabil-
ity of mononuclear Ru complexes.[®! They proposed that axial lig-
ands with a high energy in their highest occupied molecular orbit
could enhance the stability of Ru complexes in OER (Figure 6f,g).

So far, the reported molecular complex OER catalysts show
lower catalytic activity than metal oxide and metal oxyhydrox-
ide catalysts, which generally cannot perform well in water-
rich solutions, severely limiting their practical applications.
Research strategies, such as engineering ligand configura-
tions, tuning metal centers, and integrating molecular cata-
lysts with conductive supports, should be developed to improve
the activity and stability of molecular complex OER catalysts,
paving the way for their water oxidation and other catalytic
applications.

Table 1 summarizes the OER catalytic performances of re-
cently reported catalysts for OER that proceed via the OPM
pathway. Although considerable progress has been made in
achieving both active and stable operations, attaining industrial-
level performance remains a considerable challenge. Conse-
quently, further innovations are essential to overcome these ob-

Adv. Mater. 2025, 37, 2416362 2416362 (11 of 20)

stacles and close the gap between laboratory-scale successes
and industrial requirements. Critical issues include enhancing
the intrinsic catalytic activity, ensuring long-term stability un-
der rigorous industrial conditions, and minimizing the over-
potential needed to achieve high current densities. Further-
more, challenges related to scalability and cost efficiency must
be addressed to facilitate the practical implementation of these
catalysts.

4. Operando/In Situ Characterization Techniques

Operando and in situ characterization techniques are essential
to monitor the variation of structural and electronic properties
of catalytic active sites in OER electrocatalysts and the evolution
of reaction intermediates during OER. These characterization re-
sults provide insights into the OER mechanism on different cata-
lysts and are key to designing high-performance OPM-based cat-
alysts. Several commonly used characterization techniques and
their recent findings on electrocatalysts catalyzing OER along the
reaction pathway suggested by OPM are highlighted in the fol-
lowing subsections.

4.1. X-Ray Absorption Spectroscopy

Operando XAS can capture the changes in the local environ-
ment and electronic structures of active sites during reactions.
Specifically, X-ray absorption near edge structure (XANES) re-
veals variations in oxidation states and electronic structures of
active sites.[®®?3-%] Meanwhile, extended X-ray absorption fine
structure (EXAFS) provides information about the local coordi-
nation geometry and bond distance changes.[®®! For example,
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Figure 7. a) Operando Mn and Ru K-edge XANES spectra (Inset: magnified XANES and AXANES spectra) and b) the corresponding FT-EXAFS spectra
under applied potentials. c) Theoretical Mn and Ru K-edge spectra of Mng ,RuO, and OO-Mnj,RuO, (with adsorbed *O—O%* intermediates). d) Gibbs
free energy diagram for AEM and OPM pathway on Mng,RuO,. Reprinted with permission.[*°l Copyright 2024, Nature Publishing Group.

Ji et al. utilized operando XAS to uncover active sites and reac-
tion pathways on Mn,,RuO, during OER.[*’) Ru and Mn K-edge
XANES spectra showed a gradual positive shift in the absorption
edge with increasing applied potential, indicating increased Ru
and Mn oxidation states, attributing to partial electrons trans-
fer from Ru/Mn atoms to absorbed oxygen-containing species
(Figure 7a). Interestingly, the Ru—O and Mn—O bond lengths
remained nearly unchanged with increased applied potentials,
as indicated by Ru and Mn K-edge FT-EXAFS spectra, implying
that lattice oxygen hardly participates in OER (Figure 7b). The
Mn and Ru K-edge XANES spectra were further simulated by ex-
amining the adsorption of different oxygen-containing interme-
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diates (e.g., *O, OOH¥*). The results showed that both Mn and
Ru atoms were involved in the adsorption of oxygen-containing
species and formed a characteristic Mn-*O-O*-Ru configuration
of Mn,,Ru0,, indicating the occurrence of OPM pathway during
OER (Figure 7c,d). Likewise, combining operando XAS and the-
oretical analysis, Kumar et al. also reported that the short Ir—Ir
interatomic distance in Irg,;-CMO facilitated direct O*—O* rad-
ical coupling via the OPM pathway with a lower energy barrier
than the AEM pathway.[*]

The operando XAS has been used universally across var-
ious materials and is becoming increasingly indispensable
in understanding the structure—performance relationship in

© 2025 The Author(s). Advanced Materials published by Wiley-VCH GmbH


http://www.advancedsciencenews.com
http://www.advmat.de

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

catalysts.[”~°] However, XAS is a bulk-sensitive technique that
provides average properties.['%! This makes it challenging to un-
cover the subtle surface structure changes where reactions oc-
cur, potentially resulting in a less reliable understanding of re-
action mechanisms. To address this limitation, complementary
techniques such as ambient pressure X-ray photoelectron spec-
troscopy, which is surface-sensitive, can be used alongside XAS
to directly probe the dynamic evolution of active species on cata-
lyst surfaces.!'"!] Meanwhile, emerging data analysis tools, such
as machine learning algorithms, may deconvolute XAS signals,
isolating surface-specific changes from bulk material property
changes.

4.2. Fourier Transform Infrared Spectroscopy

Operando FTIR spectroscopy is widely used to study the catalyst
surface interfacial properties based on the interaction of electro-
magnetic radiation and reaction intermediates with permanent
or induced dipole moments.[1?] This technique is sensitive to
molecular vibrations of reaction intermediates. It can discrim-
inate geometrical distortions in adsorbed molecules, providing
nearly real-time visualization of reaction intermediates and solu-
tion species under working conditions.['91%] These unique fea-
tures make it valuable to study OER.[1849:105]

Utilizing operando synchrotron radiation FTIR (SR-FTIR), Ji
et al. probed the OER mechanism on Mn,,Ru0,.[*! Distinctive
vibration frequencies at 1113 cm™' emerged as the applied poten-
tial gradually increased from 1.3 to 1.5 V, which was attributed
to the bridging oxygen configuration in Mn-O-Ru units. The
potential-dependent SR-FTIR absorption band indicated the for-
mation of *O—O%* intermediates with a characteristic M-*O-O*-
M configuration, suggesting that OER proceeded on Mn,,RuO,
via the OPM pathway (Figure 8a). A single broad infrared vibra-
tion band at 980 cm™! emerged when the applied potential in-
creased from 1.3 to 1.5 V on RuO,, which was attributed to a
typical Ru-*OOH intermediate in the traditional AEM pathway.
Similarly, Sun et al. applied operando electrochemical FTIR spec-
troscopy to investigate the OER mechanism on V,-Mo, Co,_,O,.
Two distinctive adsorption bands at 1126 and 1141 cm™! were de-
tected at an applied potential of >1.5 V versus RHE (Figure 8b).
The vibration band at 1126 cm™! was assigned to the bridged oxy-
gen species (*—O—0—*) between neighboring metal sites, and
the peak at 1141 cm™! was related to the linearly bound super-
oxide species (*—0—O0) before releasing an O, molecule. These
FTIR results supported the occurrence of the OPM pathway on
Vo-Mo, Co;_, O, during OER in acidic electrolytes. In contrast,
these characteristic peaks were not detected on Co,0,, indicat-
ing a typical AEM pathway.

Although operando FTIR can provide direct information about
reaction intermediates and solution species under working con-
ditions, there are multiple challenges. First, the accurate assign-
ment of oxygenated species is still debatable. For example, there
is a great discrepancy in assigning the vibration band of O—O in-
termediates (900,* 1069,1*) and 1087 cm~1,[*¥ in different stud-
ies). Second, directly comparing characteristic vibration bands
from different electrocatalysts may be questionable because of
the difference in intrinsic structure of electrocatalysts, their struc-
ture evolution during OER, and the external testing environment
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(e.g., electrolyte and reaction-inducing factors). Third, severe gas
bubble formation at higher potentials in OER may also affect the
accuracy of collected spectra.

4.3. Raman Spectroscopy

Raman spectroscopy can be a surface-sensitive technique for
detecting active species on catalyst surfaces, and it has been
used to uncover OER mechanisms.[*2196:197] [n particular, in situ
Raman can be used to characterize vibration modes of oxy-
gen species, such as O—O bonds, lattice oxygen, and adsorbed
intermediates.!'%®112] Tt may also be used to track the struc-
tural evolution of electrocatalysts during OER.[''3114] For exam-
ple, Li et al. investigated the chemical state and geometric struc-
ture variation of local Mn—O units in Gd-doped MnO, (Gd
SAs@MnO,).’?] Specifically, on regular MnO,, the peak between
570 and 590 cm ™! was associated with in-plane Mn—O stretching
vibrations along octahedral chain layers (Figure 8c). However, on
Gd SAs@MnO,, this peak was significantly reduced due to the
disruption of the Mn—O chain by forming localized Gd-O-Mn.
Meanwhile, a potential-depended signal peak, attributing to the
surface terminal Mn!V = O intermediates, appeared at a low bias
potential of 1.45 V versus RHE on Gd SAs@MnO,. The forma-
tion of Gd-O-Mn facilitated electron accumulation at the termi-
nal of Mn—O and accelerated the formation of a labile O state.
Theoretical studies suggested that the presence of an unsaturated
surface lattice O site with labile properties could promote direct
O—O0 coupling via the OPM pathway (Figure 8d).

In situ Raman spectroscopy was also used to identify surface-
adsorbed molecules or intermediates in OER.['">] Furthermore,
labeling intermediates with isotopes and characterizing them
with in situ Raman spectroscopy enables the acquisition of
molecule-level insights into the OER mechanism.['1] For exam-
ple, Lu et al. performed in situ Raman studies to detect reaction
intermediates on Sr-IrO, catalyst during OER in 0.1 m HCIO,.l>"]
A peak at around 1050 cm~! was observed under the potential of
1.40 V versus RHE, attributing to the dioxygen radical coupling.
This provides direct evidence of the OPM pathway on Sr-IrO, dur-
ing OER.

Because Raman spectra are often unaffected by water
molecules, they have been used to study reaction mechanisms in
aqueous solutions.['7-121] Nevertheless, a key challenge of apply-
ing in situ Raman spectroscopy to study OER is accurately dis-
tinguishing vibrational modes of different oxygen species, par-
ticularly lattice oxygen and absorbed OOH* intermediates or
O, molecules. Their Raman-sensitive vibration modes are often
overlapped. Besides, some OER electrocatalysts, such as complex
oxide materials, may generate strong fluorescence emissions un-
der laser irradiation, strongly interfering with Raman signals.

4.4. Differential Electrochemical Mass Spectrometry (DEMS)

Studying electrolytes labeled with isotopes (e.g., '*O-labeled
electrolyte) by DEMS has been used to explore OER reaction
mechanisms.['227124] This technique allows qualitative analysis of
different oxygen isotopes (e.g., 20,, 3*0,, and *°0,) found in re-
action intermediates. For example, detecting 3O, implies that
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Figure 8. a) Operando SR-FTIR spectra of Mngy,RuO, and p-RuO, at various applied potentials versus RHE in 0.5 m H,SO,. Reprinted with
permission.!4°] Copyright 2024, Nature Publishing Group. b) In situ FTIR spectra of V5-Mo,Co;_, O, at various applied potentials versus RHE in 0.1 m
HCIO, electrolyte. Reprinted with permission.[4’] Copyright 2024, Royal Society of Chemistry. c) In situ Raman spectra and the corresponding contour
plot of MnO, and Gd SAs@MnO,. d) Schematic comparison between the surface evolution of MnO, and Gd SAs@MnO,. Reprinted with permission.[>2]
Copyright 2024, Elsevier. e) Operando DEMS Mng ,RuO, and p-RuO,. Reprinted with permission.[**] Copyright 2024, Nature Publishing Group.
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OER may proceed via OPM or AEM pathways, with 3°O, pro-
duced entirely from 'O in water. Conversely, the appearance of
%0, and 20, suggests that OER has proceeded via the LOM
pathway. In this scenario, **O, may come from the combina-
tion of '°0 in the lattice oxygen of the catalyst and 'O in water,
while 320, arises solely from '°O of catalyst lattice oxygen. For
example, Ji et al. performed operando DEMS with isotope label-
ing to investigate OER mechanisms on Mn,,Ru0O, in ¥O-labeled
0.5 M H,SO, aqueous electrolytes. The 3°0, signal intensity was
two and three orders of magnitude higher than 320, and **O,
on Mn,,Ru0,, indicating that the oxygen molecules primarily
originated from two 30 atoms in the isotope-labeled electrolyte
(Figure 8e). Combining DEMS and FTIR results, the author pro-
posed that OER proceeded on Mn,,,Ru0O, via the OPM pathway.
This technique was also used to validate the occurrence of the
reaction pathway suggested by LOM.!1%°]

DEMS technology still has limitations in studying OER. First,
DEMS lacks the temporal resolution to capture short-lived inter-
mediates effectively, making it difficult to track the rapid trans-
formation reactions intermediates in OER. Second, DEMS is
a predominantly surface-sensitive technology and cannot probe
bulk oxygen in catalysts. Integrating DEMS with high-resolution
mass spectrometry enhances detection sensitivity and resolution,
which may enable the detection of minor reaction intermediate
species and the tracking of catalysts’ dynamic changes. Mean-
while, conducting post-characterization assessments is crucial to
determine whether lattice oxygen participates during OER.

5. Conclusions and Perspective

Sluggish OER on current electrocatalysts has made it a road-
block in many energy conversion and storage devices. The reac-
tion pathway via direct O—O coupling suggested by OPM offers
the possibility of breaking the trade-off of catalytic activity and
stability. This review summarizes recent progress in developing
new electrocatalysts to drive OER along the OPM pathway. Sev-
eral operando characterization tools have played essential roles in
identifying catalytically active sites and monitoring reaction inter-
mediates to validate this reaction mechanism and elucidate new
electrocatalysts’ structure—performance relationships.

Accordingly, the improved reaction kinetics and reduced over-
potentials enabled by new OPM-based electrocatalysts open the
possibility of enhancing the overall hydrogen production effi-
ciency by water electrolysis. Similarly, in various metal-air bat-
teries, where the OER electrocatalysts play a crucial role during
the charging cycle, the stability and activity of these new OPM-
based catalysts may lead to higher energy storage efficiency and
longer battery lifetime. Nevertheless, advancements in develop-
ing OPM-based OER electrocatalysts to realize their practical ap-
plications require an improved understanding of their reaction
mechanisms, materials innovation in designing more active and
stable electrocatalysts, and advanced characterization techniques.
The following subsections discuss these issues.

5.1. Reaction Mechanism

Understanding the structure and performance correlations is
critical to designing efficient OPM-based OER electrocatalysts.
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However, aggregation of metal species and phase transforma-
tion of materials under oxidizing OER conditions continuously
change catalysts’ geometric configurations and electronic prop-
erties, making it difficult to decipher their reaction pathway ac-
curately. One potential solution is to use model catalysts with
well-defined geometric and electronic structures and tunable ac-
tive sites to gain insights into reaction mechanisms. For exam-
ple, dual-atom electrocatalysts with two adjacent homo- or hetero-
metal centers may serve as an excellent platform to unveil reac-
tion mechanisms on their unique active sites. Especially study-
ing the evolution of these dual-atom active sites using operando
techniques may provide a good understanding of how changes
in active sites affect the critical direct O—O coupling step. On the
other hand, understanding the degradation of active sites during
OER is essential to designing electrocatalysts with good stabil-
ity. The stability of active sites could be improved by strengthen-
ing interactions between metal active sites and support materials
through defect engineering or embedding active sites in robust
support materials.

5.2. Material Innovation

New materials are needed to produce efficient OPM-based OER
electrocatalysts. Several areas are promising and worth further
study.

First, one focus is to use dual-metal ensembles to pro-
mote O—O coupling. The results discussed in this review show
that dual-metal ensembles with optimal interatomic distances
can induce favorable interactions between oxygen intermedi-
ates, leading to efficient O—O coupling step. They can over-
come the limitations of isolated single-atom sites. Further op-
timization of the spatial arrangement of dual-metal ensem-
bles has an excellent chance of yielding more efficient OER
electrocatalysts.

Second, controllably incorporating defects (e.g., oxygen va-
cancy) into metal oxide supports can enhance binding en-
ergy with oxygen intermediates and the oxidation states
of anchored metal species, substantially improving catalytic
performance.3126127] For example, defective MnO,_ has oxygen
vacancies that can facilitate the formation of electrophilic oxygen
species, resulting in a high oxygen coverage, which is essential
for enabling O—O coupling.[*")

Third, weak metal-support interactions often lead to corrosion
and deactivation of metal active sites. Forming nanoscale hybrid
materials by bonding electrically conductive materials (e.g., car-
bon materials) with metal oxides as support materials may en-
hance metal-support interactions by enhancing electron trans-
port and increasing material structural stability. Stronger metal—
support interactions may also regulate spin configurations of
metal active sites to accelerate electron transfer and realize op-
timized reaction intermediate adsorption—desorption behaviors.

Fourth, amorphous materials are currently often used as sup-
port materials. Engineering crystalline materials as support ma-
terials may provide an opportunity to precisely control distances
between catalytically active sites with well-defined coordinated
environments. This may lead to a new class of OPM-based OER
electrocatalysts. Also, developing hybrid electrocatalysts capable
of leveraging multiple mechanisms under varying conditions
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could unlock new possibilities for OER with improved perfor-
mance.

Fifth, since OER is often conducted in acidic electrolytes. De-
veloping acid-stable materials is essential to prevent the disso-
lution of active sites. For example, the combination of active ox-
ides (e.g., RuO,, IrO,, and Co,;0,) with stable oxides (e.g., TiO,,
MnO,, SnO,, Ta, 0, and Nb,O;) can prevent the dissolution of
the active species, ensuring long-term catalytic stability.[128-131]
Besides, novel synthesis approaches such as 3D printing, mi-
crowave synthesis, and chemical vapor deposition offer precise
control of active sites’ distance, morphology, and composition,
which could be utilized to achieve scale-up synthesis for indus-
trial applications.[132-136]

5.3. New Characterization Techniques

New characterization techniques can assist in several aspects of
the development of efficient OPM-based OER electrocatalysts.

First, although operando XAS, FTIR, and Raman techniques
have been used to study OER electrocatalysts, various active
phases (e.g., facet, size, and morphology) in catalysts and their
external environment (e.g., electrolytes and testing conditions)
making it challenging to decipher reaction mechanisms. Further
studies must carefully design control experiments to reduce in-
terferences from various variables so reaction mechanisms can
be determined more precisely.

Second, isotope labeling has shown a strong capacity to moni-
tor active sites and their surrounding environment. For example,
tracking *0 and O atoms in catalysts has enabled the study of
different reaction pathways.[*137:138] Combining isotope labeling
with operando characterization techniques can provide a more in-
depth understanding of reaction mechanisms and catalyst behav-
iors.

Third, current operando characterization techniques typically
take minutes to hours to obtain results, suggesting that only
(quasi)stable states of reaction intermediates can be monitored.
However, detected (quasi)stable reaction intermediates might not
be actual rate-determining steps. Reaction intermediates gen-
erally have a lifetime of picoseconds. Thus, new time-resolved
operando characterization techniques are desirable for monitor-
ing the dynamic change of active sites in their structures and oxi-
dation states induced by reaction intermediates so reaction path-
ways can be explained well. These characterization results can
be further integrated with theoretical calculations/simulations to
elucidate reaction mechanisms and guide the design of OPM-
based OER electrocatalysts.
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