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Abstract

The lattice oxygen mechanism (LOM) plays a critical role in the acidic oxygen evolution reaction (OER) as it
provides a more efficient catalytic pathway compared to the conventional adsorption evolution mechanism (AEM).
LOM effectively lowers the energy threshold of the reaction and accelerates the reaction rate by exciting the
oxygen atoms in the catalyst lattice to directly participate in the OER process. In recent years, with the increase of
in-depth understanding of LOM, researchers have developed a variety of iridium (Ir) and ruthenium (Ru)-based
catalysts, as well as non-precious metal oxide catalysts, and optimized their performance in acidic OER through
different strategies. However, LOM still faces many challenges in practical applications, including the long-term
stability of the catalysts, the precise modulation of the active sites, and the application efficiency in real electrolysis
systems. Here, we review the application of LOM in acidic OER, analyze its difference with the traditional AEM
mechanism and the new oxide pathway mechanism (OPM) mechanism, discuss the experimental and theoretical
validation methods of the LOM pathway, and prospect the future development of LOM in electrocatalyst design
and energy conversion, aiming to provide fresh perspectives and strategies for solving the current challenges.

Keywords: Oxygen evolution reaction, lattice oxygen oxidation mechanism, proton exchange membrane water
electrolysis, electrocatalysts
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INTRODUCTION

With the increasing demand for renewable energy sources, energy conversion and storage technologies have
become a hot area of scientific research in today's world" . Oxygen evolution reaction (OER) plays a crucial
role as a key link in these technologies, especially in systems such as water decomposition and metal-air
batteries. OER involves the extraction of oxygen from water molecules, a process that not only requires a
large amount of energy input, but is also a rate-determining step that constrains the efficiency of the overall
system!*”.

Proton Exchange Membrane (PEM) technology shows great potential for applications in areas such as fuel
cells and water splitting due to its high efficiency, fast response and good stability"*""l. However, the acidic
environment in the PEM places higher demands on the stability and activity of the OER catalyst, which is
located at the anode and is required to oxidize H,O into oxygen (O,) and protons (H")">"*.. The energy
efficiency of this process directly affects the performance of the entire water decomposition system"*.
Meanwhile, OER in metal-air batteries determines the charging efficiency and cycle stability of the
battery"?. Therefore, the development of efficient OER catalysts to lower the energy barrier of the reaction
and increase the energy conversion efficiency is key to the commercialization of these technologies.

It is well known that OER in acidic media faces a series of special characteristics and challenges. Firstly, the
high proton concentration under acidic conditions is favorable for H" generation and migration, but it also
puts higher demands on the stability of electrocatalysts. Many electrocatalysts are easily corroded or
dissolved in an acidic environment, which leads to a rapid decrease in catalytic performance'”; secondly,
the high proton activity in an acidic medium may cause side reactions with the catalyst surface, which
affects the efficiency of OER". In addition, the dissociation of H,O is low under acidic conditions, which

may limit the formation and conversion of key intermediates in the OER process'"®.

Currently, most research on OER electrocatalysts is indeed conducted in alkaline media, mainly due to the
fact that OER processes in alkaline media typically have more favorable reaction kinetics and lower energy
barriers. However, OER studies in acidic media are equally important because of their unique advantages in
applications such as proton exchange membrane water electrolysis (PEMWE). The differences between
acidic and alkaline media in various aspects are analyzed in detail below, and how these differences affect
the properties of lattice oxygen mechanism (LOM) in acidic media: (i) Influence of the medium on the OER
reaction path. In alkaline media, the OER reaction path is relatively straightforward, mainly involving steps
such as OH adsorption, deprotonation, and O-O bond formation, and OER kinetics in alkaline media are
more favorable, with faster reaction rates. The OER reaction path in acidic media is more complex and
requires high energy to break the strong covalent OH bond of H,O, so the kinetics are slower. In addition,
OER in acidic media may involve the LOM mechanism; lattice oxygen in the catalyst is involved in the
reaction, which increases the complexity and challenge of the reaction. The higher kinetic energy barrier for
OER in acidic media requires more efficient catalysts to lower the energy barrier and achieve efficient OER;
(ii) Effect of medium on catalyst stability. Most metal catalysts show better stability in alkaline media
because alkaline solutions are less corrosive to metals; (iii) Acidic media have a strong corrosive effect on
metal catalysts, which poses a serious challenge to the long-term stability of electrocatalysts. In acidic media,
the LOM pathway may accelerate the degradation of the catalyst, as the involvement of lattice oxygen may
lead to the destruction of the catalyst structure and loss of active sites.

For this reason, there are differences in electrocatalyst design, which, in alkaline media, is mainly concerned
with the optimization of active sites and the regulation of the reconstruction process. For example, by
adjusting the composition, structure and morphology of the catalyst, its OER performance can be
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optimized. In acidic media, on the other hand, electrocatalyst design requires more consideration of its
corrosion resistance and stability. This includes the selection of acid-resistant catalyst materials, the
optimization of electrocatalyst dispersion and electronic structure, and the design of electrocatalyst
structures that inhibit unfavorable reaction pathways. For example, the introduction of inexpensive metal
elements into the electrocatalysts can enhance the stability and OER performance of the electrocatalysts in
acidic media by modulating their electronic structure and local coordination environment. In terms of
application prospects, OER electrocatalysts in alkaline media have a wide range of prospects for application
in fields such as alkaline water electrolysis. However, the commercial application of alkaline water
electrolysis systems is somewhat limited due to their drawbacks such as low current density and uncompact
design. OER electrocatalysts in acidic media have unique advantages in applications such as PEM water
electrolysis. PEMWE systems are more suitable for large-scale commercial applications due to their
advantages such as compact design, higher voltage efficiency and higher gas purity. Therefore, the
development of efficient and stable acidic OER catalysts is of great significance in promoting the
advancement of PEM water electrolysis technology.

Understanding the reaction mechanism in the study of electrocatalytic OER is essential for designing
efficient electrocatalysts'”. The catalytic mechanisms of OER mainly include adsorption evolution
mechanism (AEM), oxide pathway mechanism (OPM) and LOM, as shown in Figure 1A-C*"*. These
mechanisms define the process of O, molecule formation on the surface of different catalytic materials and
how they affect the kinetics and efficiency of OER. Researchers have been exploring novel catalysts and
catalytic mechanisms. Among them, the LOM has received much attention due to its unique reaction
pathway and potential advantages in acidic media [Figure 1D]. LOM is expected to lower the energy barrier
of the reaction and improve the stability and activity of the catalyst by utilizing the oxygen atoms in the
catalyst lattice to participate in the OER process. In this paper, we will discuss in detail the discrimination of
LOM, its application in acidic OER, its differences with conventional AEM and OPM, and the potential and
challenges of LOM in electrocatalyst design and energy conversion technology. With these discussions, we
expect to provide novel perspectives and strategies for the design of more efficient and stable electrocatalysts
for OER in acidic environments.

GENERALIZED MECHANISM OF ELECTROCATALYTIC OER

Understanding the mechanism of OER in acids has profound scientific significance and practical
application value for the development of energy conversion and storage technologies””. An in-depth
understanding of the OER mechanism can help to reveal the intrinsic laws of the reaction kinetics, which
can provide a theoretical basis for the design and optimization of high-efficiency electrocatalysts***”. By
identifying the rate-determining steps in the reaction process, the performance of the catalyst can be
targeted to improve the energy conversion efficiency by reducing the required overpotential®. An
understanding of the acidic OER mechanism can help to improve catalyst stability. Under acidic conditions,
electrocatalysts are typically exposed to harsher chemical corrosion environments, and understanding the
various aspects of the OER process can guide researchers in developing more durable materials that will
extend the life of the electrocatalysts.

The understanding of the acidic OER mechanism is also relevant to the realization of cost-effectiveness”>*.
By revealing the active site requirements for different catalytic mechanisms, the utilization of non-precious
metals or low-cost materials can be facilitated and the production cost of catalysts can be reduced, making
clean energy technologies more economical and competitive in the market”. Understanding the
mechanism of acidic OER is also crucial for system optimization. This involves not only the selection and
design of electrocatalysts, but also the overall structure of the electrolyzer, the composition of the electrolyte,
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Figure 1. The OER catalytic cycle based on AEM (A); LOM (B) and OPM (C); (D) Developmental process and crucial stages in the
emergence of lattice oxygen oxidation mechanisms in OER electrocatalysts. OER: Oxygen generation reaction; AEM: Adsorption
evolution mechanism; LOM: Lattice oxygen mechanism; OPM: Oxide pathway mechanism.

32,33]

and the optimization of the operating conditions to achieve efficient operation of the whole system">*".
Finally, with the deepening of the understanding of the acidic OER mechanism, new ideas and methods can
be provided for scientific research and technological development in related fields, which will promote the
innovation of renewable energy technologies and contribute to the realization of sustainable development of
society. Therefore, the study of the acidic OER mechanism is not only a cutting-edge issue in the research of
chemistry and materials science, but also an important topic in the field of energy science and

34-36]

technology™ .

Firstly, the AEM [Figure 1A] was the first widely accepted OER mechanism based on the gradual adsorption
and evolution of H,O on the surface of the electrocatalyst””. It involves a series of intermediates, such as
*OH, O and OOH, which form oxygen through successive proton-electron pair transfer steps. In AEM, the
reaction involves the successive formation and transformation of a series of intermediates in the adsorbed

state, and the process can be represented as the following primitive reaction steps”**:

H,O +* - *OH + H* (1)
HO* - O*+e + H' (2)
O* + OH™ — HOO* + e (3)

HOO* -»*+0,(g) +e + H (4)
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The * here denotes the active site, which can be a metal/metal oxide/single atom or even a non-metallic
compound. The AEM-driven OER catalytic cycle is mainly described as: Adsorption of H,O molecules (1):
H,O molecules are adsorbed onto the active site of the catalyst to form hydroxide ions (*OH). The adsorbed
*OH evolves further and is converted to an oxygen intermediate by electron acquisition and one-step
deprotonation [*O, (2)]. *O is further oxidized by combining another *OH and a deprotonated electron to
form preoxygenated intermediates [*OOH, (3)]. Finally, the second step of *OOH desorbs protons and
electrons, forming and releasing oxygen (O,) back into the gas phase while regenerating the reactive site
[*, (4)]. In alkaline and acidic media, the primitive reaction steps of OER are similar, but involve different
concentrations of protons (H') and hydroxide ions (OH"). There are similarities but differences in the
reaction mechanism with LOM [Figure 1B]. In AEM, the adsorption state of the intermediates has a
significant effect on the reaction rate, and the binding of the intermediates should be neither too strong nor
too weak to ensure a smooth reaction.

The OPM [Figure 1C] is a less common mechanism usually associated with the oxide component of a
multiphase catalyst®*. In OPM, the oxide component of the catalyst is directly involved in the generation
of O, without the need to pass through intermediates adsorbed on the surface. OPM is an OER mechanism
observed on some oxide catalysts"". Unlike AEM, OPM does not rely on intermediates adsorbed on the
catalyst surface but involves the direct participation of oxide components. The reaction pathway is mainly
summarized in the following steps'*:

M-M-O + H,O - O-M-M-OH + 2H" + 2¢’ (5)
O-M-M-OH — O-M-M-O + H" + ¢ (6)
O-M-M-O — M-M-O, (7)
M-M-O, + 2H,0 - M-M-O + O, + 4H"* (8)

Where M-M-O denotes metal oxides, and the reaction starts with the activation of the oxide component in
the electrocatalyst lattice, which may involve either the pre-activation of lattice oxygen or the direct
involvement of lattice oxygen (5). Under electrocatalysis, the oxide components of the lattice are oxidized to
form metal-oxygen (M-O) intermediates in a highly oxidized state (6). Oxygen-oxygen bonds are formed
through interactions and rearrangements between lattice oxygens to produce O, molecules (7). The
generated oxygen molecules are released from the electrocatalyst surface to complete the OER process. After
the release of oxygen, the catalyst lattice may need to be regenerated by adsorbing oxygen from the
electrolyte to maintain the catalytic cycle (8)"*>*.

In OPM, O, generation may not involve explicit surface adsorbed state intermediates, but rather through
direct oxidation and recombination of lattice oxygen. This mechanism may be more common in catalysts
with specific lattice structures and electronic properties, such as those with oxide or spinel structures'*,
The specific reaction steps of OPM may vary depending on the chemical composition and structure of the
catalyst. The demonstration of OPM mechanisms usually relies on in situ spectroscopic techniques such as
X-ray absorption spectroscopy (XAS), neutron scattering, or Mdssbauer spectroscopy, which can provide
direct information about the state and dynamics of lattice oxygen'”*". In addition, theoretical calculations

[49,50]

help to understand the thermodynamic and kinetic properties of the OPM mechanism™*..
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In early studies, OER was mainly understood through the AEM, which involves the gradual adsorption and
evolution of H,O on the electrocatalyst surface. However, with the exploration of efficient electrocatalysts,
especially solid-phase oxides and hydroxides, researchers found that the lattice oxygen of the catalyst itself
would participate in the reaction at the OER potential, a phenomenon that eventually developed into the
lattice LOM""*?. The proposed LOM mechanism breaks through the limitations of traditional AEM and
provides a new explanation for solid-phase catalysts with high catalytic activity. The in-depth study and
understanding of the LOM promotes a completely new perspective on the design of OER electrocatalysts,
especially in the enhancement of electrocatalysts activity and stability’*”. With the development of in situ
spectroscopic techniques and theoretical calculations, the LOM mechanism has been further verified and
thoroughly explored”***.The lattice LOM refers to the direct participation of oxygen atoms in the catalyst
lattice in the formation of O,. This mechanism is particularly important in certain metal oxide

electrocatalysts with specific lattice structures. The reaction steps can be given in more detail as"***

MO,,.,, = O, MO* + & ©)
O,MO* + H,O - O,MOOH + H" (10)
0,,MOOH - O,,MOO* + H* (11)
0,MO0* - O, M-Vo* + O,’ (12)
O,M-Vo* + H,0 — O,M-OH + H* (13)
O,M-OH — O,MO + H" (14)

Where M denotes the metal, the transfer of electrons in the step may be accompanied by the transfer of
protons, depending on the acidity or alkalinity of the medium. The basic principle of the lattice LOM is the
direct participation of oxygen atoms in the catalyst lattice in electrocatalytic reactions. Below are several key
steps in the pathway of the LOM mechanism. Activation of lattice oxygen: O atoms in the catalyst lattice are
first activated, usually through the formation of oxygen vacancies. These oxygen vacancies increase the
activity of the lattice oxygen, making it more likely to participate in subsequent redox reactions [(9) - (11)].
Formation of oxygen vacancies [Vo, (12)]: the formation of Vo is a key step in the LOM. Oxygen vacancies
can be generated by external doping, lattice defects or external electric fields, which provide the necessary
conditions for lattice oxygen activation and participation in the reaction. Oxidation of lattice oxygen (13):
The activated lattice oxygen atoms are further oxidized to form oxide species (*O or *OOH). These oxide
species can react with water molecules or other intermediates adsorbed on the catalyst surface to further
form oxygen. Regeneration of Lattice Oxygen (14): after the release of O,, the lattice oxygen sites need to be
regenerated to maintain the catalytic cycle. This is usually achieved by adsorption of new O atoms from the
electrolyte or by redistribution of electrons”**”\. The thermodynamic possibilities of the LOM mechanism
can be gauged by the energy band structure and mutual position of the metal center and oxygen ligand"®.

LOM may have the following advantages over AEM and OPM. Inherent Activity: LOM exhibits higher
inherent activity than AEM and OPM by directly utilizing the oxygen atoms in the catalyst lattice to
participate in the OER, potentially reducing the activation energy of the reaction. Acid resistance: LOM may
have better stability in acidic media, as the adsorbed state intermediates involved in AEM may be more
susceptible to proton attack, leading to catalyst surface reconfiguration or inactivation. Electronic structure
modulation: LOM may optimize the redox capacity of lattice oxygen by modulating the electronic structure
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of the catalyst, achieved by n-type or p-type doping, which enhances the lattice oxygen activity. Energy
efficiency: LOM may reduce the co-transfer step of protons and electrons and reduce the energy loss during
OER, especially at high current densities. Long-term stability: LOM may reduce the remodeling of the
catalyst surface during the OER process, thus improving its long-term stability, which is particularly
important for OPM that may undergo structural changes during the reaction. Experimental validation: The
activity and stability of LOM have been experimentally validated, including the use of in situ spectroscopic
techniques combined with theoretical calculations, to gain insight into the catalytic process of LOM under
acidic conditions.

Although the LOM provides a fresh interpretation of the activity of OER electrocatalysts, there are still
challenges to be faced in this area of research, including the singularity of the means of catalyst material
synthesis, the problem of lattice oxidation leading to the reconstruction of the catalyst surface, the need for
further development of in-situ spectroscopic characterization techniques, and the construction of a more
realistic catalyst model for theoretical simulations. Future research needs to make progress in these areas to
fully exploit the potential of the LOM mechanism in OER catalyst design.

CHARACTERIZATION TECHNIQUES FOR IDENTIFYING LOM

LOM is a special type of OER mechanism in which oxygen atoms in the catalyst lattice are directly involved
in the reaction, rather than proceeding only through species adsorbed on the surface. This mechanism may
dominate in some electrocatalyst systems and lead to specific reaction kinetics. In situ electrochemical
spectroscopy can assist in identifying this mechanism by capturing characteristic signals (specific spectral
peaks or electrochemical reactions) associated with LOM, special molecular probes, isotopically labeled

tracers and other methods %!,

Chemical methods used to identify LOM

In situ electrochemical-spectroscopic techniques

During the OER process, the electrode surface undergoes a series of complex chemical changes, including
electron transfer, chemical bond breaking and formation. By capturing the spectral signals during these
changes, in situ electrochemical spectroscopy can provide direct evidence about reaction intermediates,
energy states, and electronic structures. These spectral signals can reveal the species involved in the reaction
process, their transformation pathways, and the kinetic properties of the reaction*". For the resolution of
OER mechanisms, in situ electrochemical spectroscopy is able to distinguish between different reaction
paths and intermediate states. Oxygen atoms in the electrocatalysts lattice are directly involved in the
reaction in the LOM. This mechanism typically involves the migration and transformation of oxygen atoms
within the catalyst, resulting in specific spectral signal changes'*”. By capturing these changes, in situ
electrochemical spectroscopy techniques can identify the presence of the LOM mechanism and further
investigate its details’* . In addition, in situ electrochemical spectroscopy techniques can be combined
with other characterization tools, such as electrochemical impedance spectroscopy and surface analysis
techniques, to provide more comprehensive information. The combined use of these techniques can further
validate and complement the spectroscopic data to reveal the OER mechanism more accurately'®.

The application of in situ spectroscopy techniques to alkaline OER has been a remarkable achievement,
providing important information for understanding reaction kinetics and electrocatalyst optimization™.
However, the complexity of acidic OER requires more precise analytical tools. In this context, the
development and application of in situ electrochemical spectroscopic testing techniques have enabled
researchers to directly observe and differentiate between AEM, lattice LOM, and other possible reaction
pathways under acidic conditions. Xin et al.”". have carried out an in-depth OER reaction mechanism study
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on the Fe-Co(OH),/Fe,O, heterostructure and characterized it by in situ Raman spectroscopy [Figure 2A].

The experimentally observed Raman peaks were located at 808, 914, 980 and 1063 cm™, all associated with
oxygenated intermediates, especially the peak at 1063 cm™, which was considered to be the characteristic
signal of oxide ions (*O,). This *O, peak was enhanced with increasing potential. In addition, using
molecular probe techniques (NO, and SCN") and Density Functional Theory (DFT), the team confirmed
the transition of the catalytic mechanism in the OER process, the transition from the AEM mechanism of
Co(OH), to the LOM mechanism of Fe-Co(OH),/Fe,O.. Yao et al.”. also performed in situ Raman
spectroscopy in order to verify the LOM reaction mechanism of acidic OERs of Ru-UiO-67-bpydc and
RuO,, and the signal peak at 865 cm™ corresponds to the *OOH species [Figure 2B]. Yang et al.”. used in
situ Attenuated Total Reflection Fourier Transform Infrared Spectroscopy (ATR-FTIR) [Figure 2C] to
elucidate the acidic OER mechanism of 3D Co,0,/NC-250 electrocatalysts, and the peak at 971 cm™ was
attributed to *O-O, the presence of which provided direct evidence for the LOM mechanism. He et al.".

demonstrated that Mo-doped NiFe (oxy)hydroxide effectively promotes the participation of lattice oxygen
in the OER reaction by in-situ differential electrochemical mass spectrometry (DEMS) measurements of **
O-labeled samples shown in Figure 2D-E and a combination of Raman spectroscopy [Figure 2F].

In situ electrochemical spectroscopy combines the advantages of electrochemistry and spectroscopy,
allowing researchers to monitor chemical changes on the electrode surface in real time during the reaction
process. This real-time monitoring capability allows us to directly observe the dynamic behavior of catalysts
and reaction intermediates during the OER process, providing insight into the reaction mechanism.

pH-dependent and probe-recognized LOM mechanisms in solution electrochemistry

The LOM mechanism involves the direct involvement of lattice oxygen in the OER process, which is
typically observed in oxide electrocatalysts“’. The TetraMethylAmmonium (TMA) molecules can interact
with lattice oxygen sites to specifically identify the LOM process by monitoring the oxidative or reductive
behavior of the TMA, a probe designed specifically to interact with a target catalyst or reaction intermediate,
thus providing direct evidence of the LOM process. When the TMA probe comes into contact with the
catalyst, it may selectively react with or be attracted to the lattice oxygen, resulting in a measurable
electrochemical signal®™®”*”. On the other hand, the charge state and reactivity of the electrocatalyst surface
may change in different pH environments"”’, thus affecting the efficiency and reaction rate of the LOM
process. The electrocatalyst surface may undergo protonation or deprotonation when the solution pH
changes, and these changes can affect the activity, mobility and stability of the lattice oxygen. In
electrochemical testing, the effect of pH on the LOM process can be inferred by measuring parameters such
as current, potential, and reaction rate of the OER at different pH conditions” . A significant change in
OER performance with increasing or decreasing pH may indicate that the LOM process is pH sensitive, as
changes in pH may affect the release of lattice oxygen or the ability to participate in the reaction.

During LOM-driven electrocatalysis, the electrocatalyst surface undergoes sequential oxidation, exchange
and release of lattice oxygen ligands involving negatively charged oxygenated species such as *O,/*O,". The
TetraMethylAmmonium (TMA) is a positively charged ion that interacts with lattice oxygen (as a
negatively or partially negatively charged site), and by monitoring the electrochemical response of TMA
upon contact with the catalyst, the activation state and degree of involvement of lattice oxygen can be
indirectly observed to discern the mechanism. In electrochemical experiments, TMA" acts as an electron
probe that can track the oxygenated species during the reaction process, indirectly verifying the activation of
the LOM mechanism in OER. The OER mechanisms of catalysts such as Fe-Co(OH),/Fe,O,"”" [Figure 3A],

Fe-CoP"™" [Figure 3B], and IrO,/Y,0," [Figure 3C] under alkaline conditions, as well as of Ni-IrRu"* and
V-RuO,™ under acidic conditions, have been confirmed by this probe approach. Similarly, the
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transform infrared spectroscopy.

electrocatalysts exhibited clear pH dependence in electrolytes of different pH values, and their catalytic
activity increased significantly with pH [Figure 3D-I]. This property suggests that the rate of OER under
LOM may not be limited by the conventional ligand proton-electron transfer mechanism. In contrast, the
low pH sensitivity of AEM-type electrocatalysts is consistent with their inherent proton-electron transfer
step. In the AEM process, uncoordinated proton-electron transfer and the formation of negative oxygen
intermediates are the key steps in the conversion of the active site to the final oxygen product®*'. These
observations provide new perspectives for understanding the catalytic behavior of OER under different pH
conditions and help to reveal the kinetic properties under diverse catalytic mechanisms.

Combining these two points, electrochemical tests were carried out in solutions of distinct pH values in
combination with the use of TMA probes. This not only helps us to confirm the existence of the LOM
mechanism, but also reveals how pH affects the LOM process, providing valuable information for
optimizing catalyst design and improving OER performance. We can deeply understand and explain the
LOM mechanism of OER in principle, providing important theoretical support and practical guidance for
research in the field of energy conversion and storage.

Isotopic tracer discrimination

By using isotopically labeled H,O or O,, it is possible to trace the origin and destination of oxygen atoms in
the OER process, thus verifying whether lattice oxygen is involved in oxygen production”®*”. Combined
with the practical principles of isotope labeling techniques, using **O probes or H (D) isotope probes, we
can accurately trace the transfer paths of oxygen and hydrogen atoms, thus verifying whether lattice oxygen
participates in the OER process, and further discerning the LOM mechanism". In OER studies, '*O probes
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Figure 3. OER performance in solutions with and without TMA: (A) Fe-Co(OH),/Fe,0 (Copyright 2020, John Wiley and Sons"™); Plot
of OER performance in electrolytes at different pH solution conditions and the corresponding logarithm of current density versus OER
path: (B-C) Fe-Co(OH),/Fe,0, (Copyright 2020, John Wiley and Sons"’™); (D) B, Fe-CoP (Copyright 2024, John Wiley and Sons™®");
(E-F) B, Fe-CoP (Copyright 2024, John Wiley and Sons®"); (G) IrO,/Y,0, (Copyright 2023, John Wiley and Sons™®?); (H-1) IrO,/Y,0,
(Copyright 2023, John Wiley and Sons'®). OER: Oxygen generation reaction; TMA: TetraMethylAmmonium.

and H (D) isotope probes play a key role; O probes are used to trace the origin and destination of oxygen
atoms, while H isotope probes can reveal the reaction behavior of hydrogen atoms. When these isotope
probes are involved in OER reactions, we can trace the transfer paths of atoms by analyzing the isotopic
composition of the reaction products®™*. In the case that lattice oxygen is involved in the OER process,
then in experiments using "*O probes, compounds containing **O will be detected in the reaction products,
which is direct evidence of the involvement of lattice oxygen. Similarly, hydrogen isotope probes can help us
understand the behavior of hydrogen atoms in a reaction and determine whether a hydrogen oxidation or
reduction process is involved”'. By comparing the reaction behavior of isotope probes under various
conditions (multiple electrocatalysts, distinct reaction conditions), we can gain a deeper understanding of
the working principle of the LOM mechanism and verify whether it is consistent with experimental
observations. Fan et al.””. carried out DEMS tests for **O isotope labeling [Figure 4A]. O, and **O, were
generated by the OER, providing strong evidence for the involvement of lattice oxygen in the OER process,
with O, consisting of lattice oxygen from Ni-FeNi,/Ni, . Fe,. Mo, O, and O atoms from the electrolyte
[Figure 4B]. Yao et al.”. discovered that when RuO, and Ru-UiO-67-bpydc were placed as acidic OER
electrocatalysts in a solution of TMA" [Figure 4C], the OER activity was significantly reduced due to the
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Figure 4. (A) Schematic representation of DEMS detection of the isotope O,; (B) Ni-FeNiy/Nij 5 ,Fe, s, Mo, ;0, as the DEMS signal of
the "0 isotope labeled product under electrocatalyst (Copyright 2024, John Wiley and Sons™®"); (C) OER behavior of Ru-UiO-67-
bpydc in different solutions (with and without isotopic substitution and TMA"); (D) DEMS tests for '®0'°0 and '®0™0 signals were
performed on B0-labeled Ru-UiO-67-bpydc catalysts in 0.5 M H,SO, and HZW’O (Copyright 2023, Elsevier”?); 0 isotopically labeled
IrO,/Y,05-EC (E) and IrO,/Y,05-EC (F) for DEMS testing (Copyright 2023, John Wiley and Sons™®); Mass spectral cyclic voltametric
curves of *0'"®0-labeled MoNiFe (oxy)hydroxide (G) and 18Oz-labeled MoNiFe (oxy)hydroxide (H) (Copyright 2022, Springer
Nature"”"); The O, product of GB-RuO, labelled on the 80 surface was analyzed by in situ Raman spectroscopy (1) and DEMS signal
analysis (J) (Copyright 2024, John Wiley and Sons'™™; (K) ™0 labeled RulrCaO, and RulrO, electrocatalysts producing °0"%0 (m/z =
34) signals in O, DEMS measurements (Copyright 2020, John Wiley and Sons ©40y. (L) DEMS signals (*°0 2,3402 and 3202) of Rh-RuO,
/G electrocatalysts in aqueous H;SO sulphuric acid solution (Copyright 2023, Springer Nature™®). OER: Oxygen generation reaction;
DEMS: Differential electrochemical mass spectrometry.

binding of *O,” intermediates to TMA"*, which slowed down the release of O,. Further, the involvement of
lattice oxygen in the OER process was directly confirmed by DEMS detection of periodic signals of
*O-labeled oxygen (**O'°O) [Figure 4D]. Similarly, IrO,/Y,0,-EC [Figure 4E-F]"*, MoNiFe (oxy)hydroxides
[Figure 4G-H], GB-RuO, [Figure 4I-J], RulrCaO, [Figure 4K] and Rh-RuO,/G [Figure 4L] have all used
isotope *O and DEMS detection of the products in probing the mechanism of OER as an important
argument for proving what kind of mechanism is driving the process.

It should be pointed out that although isotope labeling technology has the characteristics of high precision
and high sensitivity, its application is also limited by experimental conditions and analysis techniques.
Therefore, in practical application, we need to combine other characterization means and experimental
methods to obtain more comprehensive and accurate information to verify the LOM mechanism. In
summary, combined with the practical principles of isotope labeling techniques, the use of 180 probes or H
isotope probes can more accurately trace the transfer paths of oxygen and hydrogen atoms, thus verifying
whether the lattice oxygen is involved in the OER process and further determining the LOM mechanism.
This approach provides a powerful tool for in-depth study of the OER reaction mechanism and
optimization of electrocatalyst design.

Theoretical calculations used to characterize the LOM
DFT for veritying the LOM mechanism is mainly based on quantum mechanical principles, which reveals
the specific mechanism of lattice oxygen's role in the OER process by simulating and calculating the
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electronic structure of the catalyst and the energy changes during the reaction process'**?. DFT is able to
accurately describe the inter-atomic interactions and the electronic structure, and thus predicts the activity,
selectivity and stability of the catalyst. In practice, the researchers first constructed an atomic model of the
catalyst and used the DFT method for geometry optimization and electronic structure analysis to determine
the stable configuration and electronic properties of the catalyst. Then, by simulating possible reaction
pathways and intermediate states, the energy changes and transition state structures during the reaction
process were calculated to reveal the key steps and energy barriers in the LOM mechanism"”**\. Finally, the
results of DFT calculations were compared and verified with experimental results to confirm the correctness
and reliability of the LOM mechanism. For example, DFT both simultaneously compared the AEM/LOM
catalytic cycle of BM/BiFeOH ™ [Figure 5A], B, Fe Co-doped CoP"! (B,Fe-CoP) [Figure 5B]
electrocatalysts, highlighting the LOM in OER activity.

In order to determine the mechanism of electrocatalytic OER, researchers need to construct and simulate
the reaction models under different mechanisms through DFT calculations. By calculating key parameters
such as energy barriers, reaction rates, electron transfer and distribution in the reaction pathways, we can
gain insight into the kinetic and electronic properties of the reactions under various mechanisms. In this
step, we will focus on the energy changes and electronic structure changes during the reaction to reveal the
reaction mechanism and active sites of the electrocatalysts under different mechanisms. We need to assess
the possibility and importance of varying mechanisms, then construct and simulate reaction models for
calculations, and finally verify the calculations with experimental data and optimize the theoretical models.
In this process, we need to integrate the knowledge and technical tools from multiple disciplines, such as
chemistry, physics and computer science, in order to deeply understand the reaction mechanism of
electrocatalytic OER and optimize the performance of electrocatalysts.

The catalyst design in an acidic medium should follow the following principles: corrosion resistance. The
catalyst material should have good resistance to acid corrosion, and be able to maintain the stability of
structure and performance for a long time in an acidic medium. High activity: The electrocatalyst should
have high catalytic activity and be able to realize efficient catalytic reaction at low temperature and pressure.
High selectivity: The electrocatalyst should be able to selectively promote the target reaction path and
inhibit the occurrence of undesired side reactions. Long life: The electrocatalysts should have a long service
life and low deactivation rate to meet the requirements of long-term stability and reliability in practical
applications. Low cost: The preparation cost of the catalyst should be as low as possible to reduce the overall
economic cost of the process. Environmental protection: The use of electrocatalysts should meet the
requirements of environmental protection, avoiding the generation of toxic and harmful waste or pollution
to the environment.

For the LOM, the detection of lattice oxygen characterization in the electrocatalyst itself is the first step in
determining the mechanism. For the characterization and analysis of Lattice Oxygen, several commonly
used techniques can be briefly summarised as follows.

Infrared (IR) Spectroscopy: In the characterization of Lattice Oxygen, the lattice oxygen basicity of materials
such as protonated zeolites can be investigated, especially by the CO, probe IR method (FTIR Study of
Characterization of Basicity of Lattice Oxygen). For example, the basicity of lattice oxygen in proton zeolites
can be characterized by the low-temperature CO, probe IR method. The method utilizes the interaction of
CO, molecules with lattice oxygen, and the nature and amount of lattice oxygen is inferred from the
characteristic absorption peaks of the IR spectrum.
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Figure 5. (A) Schematic representation of the adsorption kinetics of BM/BiFeO,H, on LOM compared to conventional AEM (Copyright
2023, Elsevier); (B) Step diagrams of Gibbs free energy maps for the AEM pathway and LOM pathway on CoFe (Copyright 2023,
John Wiley and Sons™"). AEM: Adsorption evolution mechanism; LOM: Lattice oxygen mechanism;

Electron Microscopy: The distribution and state of lattice oxygen in a catalyst or material can be observed
by high-resolution imaging and energy spectrum analysis [energy-dispersive X-ray spectroscopy (EDS)]. In
electrocatalyst research, EDS can be used to observe phenomena such as defects and reconstruction of
lattice oxygen, and their relationship with catalyst performance.

Synchrotron Radiation Techniques: The local coordination environment and electronic structure of lattice
oxygen can be studied by techniques such as X-ray absorption fine structure (XAFS). In the study of lattice
oxygen in electrocatalysts and materials, Synchrotron Radiation Techniques can be used to accurately
determine the oxidation state of lattice oxygen, the coordination number and the bond lengths with the
surrounding atoms, which can provide an important basis for understanding its catalytic mechanism.

Mossbauer Spectroscopy: It is a method for studying the microstructure of matter using ultrafine
interactions between atomic nuclei and their surroundings. For samples containing specific radioisotopes,
Mossbauer Spectroscopy can provide detailed information about the interactions between lattice oxygen
and metal ions.

In-situ Characterization Techniques: In-situ characterization techniques are technical means of
characterizing a catalyst or material in real time under reaction conditions. These techniques can simulate
the actual working conditions and directly observe the structural and property changes of the catalyst
during the reaction process.
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In summary, there are various methods for the characterization and analysis of lattice oxygen, and each has
its unique advantages and scope of application. In practical research, suitable methods can be selected for
characterization and analysis according to specific research objects and purposes.

THE CASE OF LOM ELECTROCATALYSTS IN ACIDIC OER

Lattice LOM is emerging as a key strategy to improve electrocatalytic performance in acidic OER and
PEMWE!"*"*. LOM electrocatalysts provide a low-energy barrier pathway for O, generation by activating
O atoms in the catalyst lattice. Ir and Ru-based metal oxides have become hot spots in the study of LOM
electrocatalysts due to their intrinsic high activity and stability"*****.. By precisely controlling the synthesis
conditions, nanostructures with optimized lattice oxygen activity and abundant oxygen vacancies can be
obtained, thus improving the OER performance. Non-precious metal oxides (compounds based on Fe, Co
and Ni)l®9>1l have attracted much attention due to their cost-effectiveness and abundance of earth
resources. Through innovative synthesis methods (solvothermal, co-precipitation and template methods),
materials with high specific surface area and porous structures can be prepared, thus facilitating ion
diffusion and exposure of active sites in the electrolyte. In addition, the electronic properties and LOM
activity of these materials can be further optimized by doping with non-metallic elements or forming
complex oxides*"'*¥,

Ir-based electrocatalysts

Ir-based electrocatalysts typically follow the traditional AEM when performing OER in acidic
environments"*”""". However, if Ir-based electrocatalysts can be made to follow the LOM in the OER
reaction through different modulation means, the bottleneck of activity deficiency will be broken, but this
puts severe demands on the electrocatalysts. Firstly, the LOM mechanism allows Ir-based electrocatalysts to
exhibit higher activity and efficiency in the OER process. This is because the LOM mechanism involves the
participation of lattice oxygen, which helps promote the O, dissociation reaction"". By providing activation
energy, the LOM mechanism is able to accelerate the reaction rate of the OER, thereby increasing the
overall efficiency of the water electrolysis unit. Second, the transition to the LOM mechanism improves the
stability and durability of Ir-based electrocatalysts"'?. In the AEM mechanism, the electrocatalyst surface
may undergo frequent adsorption and desorption processes, leading to catalyst deactivation or degradation.
The LOM mechanism reduces such surface changes, thereby extending the electrocatalyst's lifetime!*>"**. To
achieve this transition, the requirements for electrocatalysts will increase accordingly. Firstly, the
electrocatalyst needs to have the right crystal structure and chemical composition to support the LOM
mechanism to occur. This may need to be achieved through fine synthesis and modulation"***"*. Secondly,
the surface properties of the electrocatalysts also need to be optimized to ensure that they can effectively
interact with the reactants and facilitate OER. This may involve modulation of the electronic structure of the
electrocatalyst surface, active site distribution"***". In addition, in-depth characterization and performance
testing of the catalysts is required to verify their successful compliance with the LOM mechanism and to
assess their performance in the OER reaction.

Wu et al.". found that the addition of different metals to replace IrO, resulted in improved activity
[Figure 6A]. Among them, the addition of trivalent metals increases Ir-O covalency, which significantly
improves the acidic OER activity of rutile IrO,, while the addition of high-valent metals decreases Ir-O
covalency, leading to a decrease in OER activity. Experimental and theoretical analyses show that cation
substitution enhances the oxygen vacancy (Vo) concentration [Figure 6B] and that the enhancement of Ir-O
covalency activates lattice oxygen and triggers a lattice-oxygen-mediated mechanism to enhance the OER
kinetics, and that the obtained Gd-IrO, 5 requires only 260 mV overpotential to reach 10 mA cm”
[Figure 6C]. Wang et al."*. reported a cubic fluorite-structured praseodymium-iridium oxide (Pr,IrO,)
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Figure 6. (A) Schematic of partial substitution of Ir by Gd, Pr, Nd, Mo and W atoms; (B) O 1s XPS spectra of Gd-IrO,_; electrocatalyst;
(C) OER performance of each electrocatalyst in acidic medium (Copyright 2023, John Wiley and Sons™"). (D) Acidic OER
performance of IrO,/Pr;IrO, and (E) free energy maps based on AEM and LOM paths (Copyright 2021, Springer Nature™); (F) TEM
images of IrO,/Y,0;; (G) polarization curves and Tafel slopes of different electrocatalysts; (H) The electrocatalytic OER pathway of
iridium oxide converted from AEM to LOM by electrochemical etching pre-treatment (Copyright 2023, John Wiley and Sons'®). The
constructed Ir-MnO, is theoretically prepared for activity stability (1); and electrochemical tests (J) and DFT (K) corroborate the
activity mechanism (Copyright 2021, Elsevier'™). OER: Oxygen generation reaction; AEM: Adsorption evolution mechanism; LOM:
Lattice oxygen mechanism; DFT: Density functional theory; XPS: X-ray photoelectron spectroscopy; TEM: Transmission electron

microscope.

electrocatalyst containing a highly active surface layer of IrO,. The decisive speed step energy barriers of
AEM and LOM were compared by DFT [Figure 6D], and the electrochemical experimental data [Figure 6E]
were compared with each other to derive the LOM pathway for the energy-first catalytic reaction and to
reveal the catalytic reaction mechanism. Tan et al.*”. could convert the AEM-dominated OER pathway into
the LOM-dominated OER pathway by pre-electrochemical acid etching treatment of a mixture of IrO, and
Y,O, (IrO,/Y,0,) [Figure 6F-H]. Shi et al."”. demonstrated that a unit iridium doping strategy effectively
triggers lattice oxygen oxidation reductions to improve the kinetics of the OER, essentially an iridium
chelating environment, where Ir-O covalency is improved and lattice oxygen oxidation is involved [

Figure 6I-K].

In conclusion, the modulation of Ir-based catalysts to follow the LOM mechanism for the OER reaction
process needs to be based on the covalency of Ir-O, which is expected to improve the electrocatalyst activity
and promote the further development of electrochemical water decomposition technology. However, in
order to achieve this goal, in-depth research and optimization of the electrocatalysts are needed to meet the
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specific requirements of the LOM mechanism for electrocatalysts.

Ru-based electrocatalysts

Ru-based electrocatalysts for OER in acidic environments usually follow the LOM pathway [Figure 7A],

which helps the electrocatalysts to exhibit high activity under specific conditions**'*.. However, the
stability problem of Ru-based electrocatalysts in acidic OER has been a major obstacle to their application
[Figure 7B-D]. Therefore, electrocatalysts, especially Ru-based electrocatalysts, require not only high activity
but also excellent stability"*. Firstly, in order to meet the requirement of high activity, the electrocatalysts
need to have sufficient catalytic sites and efficient electron transfer ability to facilitate the OER reaction. In
addition, the crystal structure and surface properties of the catalyst need to be optimized to provide the best
reaction environment. The soft lattice property makes the escape and re-adsorption of lattice oxygen easier
during the OER process, which promotes the occurrence of LOM; the electronic/ionic conductivity, which
facilitates the rapid transport of electrons and ions inside the catalyst, which improves the catalytic
efficiency; and the exposure of a specific crystal surface-exposure of a specific crystal surface with a higher
activity can increase its LOM activity. Meanwhile, the high density of active sites on the surface properties,
catalysts with ordered porous structure have larger specific surface area and abundant pore structure, which
can provide more active sites and thus accelerate the OER rate. Enhancement of electrocatalyst surface
reconstruction ability and formation of a more favorable surface structure for LOM. Highly polarized M-O
bonds with high M-O bond polarization (corresponding to weak M-O bond strength) will alleviate lattice
oxygen binding, thus favoring the LOM pathway. Secondly, stability is another key factor. During the OER
process, catalysts may undergo structural changes, active site inactivation or dissolution, which can
seriously affect their long-term performance. Therefore, electrocatalysts need to have sufficient corrosion
resistance, solubility resistance and structural stability to ensure that they maintain stable catalytic
performance over long reaction times. Yao et al.””. Demonstrated, for the first time, that the integration of
Ru oxides into the UiO-67-bpydc structure via a strengthened Ru-N coordination bond can simultaneously
improve the catalytic activity and stability of Ru oxides through the LOM mechanism [Figure 7E-G].

However, recent works have favored the LOM mechanism for inhibiting the OER reaction of Ru-based
electrocatalysts, mainly because the LOM mechanism, although capable of providing high catalytic activity,
is often accompanied by poor stability"*>*”***. In the LOM mechanism, the involvement of lattice oxygen
may lead to the destruction of the electrocatalyst structure and inactivation of the active sites, thus reducing
the durability of the electrocatalyst"*". Therefore, in order to overcome this challenge, researchers have
started to try to prepare Ru-based electrocatalysts that can follow the AEM or the OPM"*>"*"), which may be
able to improve the stability of the catalysts while maintaining a certain catalytic activity. By carefully
designing and adjusting the composition and structure of the electrocatalysts and the reaction conditions, it
is expected that a Ru-based electrocatalyst can be found that can obtain high activity and maintain stability
in acidic OER. Wang et al."””. developed a rutile-structured ruthenium-manganese solid-solution oxide
(Mn,,Ru,,,0,;5) [Figure 7H-I] with oxygen vacancies, which was an electrocatalyst reflecting pH-
independent properties, and the OER followed the AEM pathway, and the introduction of the oxygen
vacancies could further promote the electron transfer between OOH* intermediates [Figure 7J] and the
active Ru sites on the surface of (211) surface-active Ru sites, thereby accelerating the adsorption kinetics
and enhancing the OER activity [Figure 7K and L]. Zhu et al."*. prepared a novel RuCoO, electrocatalyst
by introducing Ru atoms into the octahedral positions of spinel-type Co,O,, replacing part of the Co atoms
[Figure 7K]. The Ru-O-Co coordination structure exhibits a strong electronic coupling, which facilitates the
catalyst to undergo a thermodynamically more favorable novel heterogeneous lattice oxygen-mediated
pathway (DOM, Figure 7M-O) via the OER. Wang et al.*”.. demonstrated a synergistic modulation strategy
in terms of low-valent Rh-doped RuO, (Rh-RuO,/G) electrocatalysts, which opens up a completely new
LOM-oxygen vacancy site mechanism (OVSM) pathway for obtaining OERs with both activity and stability
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Figure 7. (A) AEM and (B) LOM pathways of Ru-based electrocatalysts; (C) Overlap between Ru 4d and the O 2p ligand state during
AEM and (D) orbital optimization leading to the LOM: Ru 4d center is downshifted to penetrate the O 2p ligand band, leading to
increased filling of the antibonding (eg) state, and modulation of orbital hybridization for increasing the Ru-O covalency, thus activating
the participation of lattice O in the OER. (Copyright 2023, American Chemical Society™"); (E) Schematic representation of the
oxidation of RuO, to a high valence state in the acidic OER of the LOM pathway (upper panel) and the stability of the MOF-anchored Ru
intermediate (lower panel); (F) Schematic representation of CV peak intermediates with and without TMA, and (J) Gibbs free energy
step diagrams for Ru-UiO-67-bpydc and RuO, catalysts during OER via AEM or LOM pathway (Copyright 2023, Elsevier); XRD diagram
(H) and HAADF-STEM image (1) of Mn,,5Ru, ;0,5 and the charge redistribution process (J) in the oxide after the addition of Ru
(Copyright 2022, Royal Society of Chemistry); (K) Free energy diagram for OER on Ru;-N,, O-Ru;-N,, and HO-Ru,-N,; (L) Schematic of
the whole OER mechanism on Ru-N-C in the acidic electrolyte (Copyright 2019, Springer Nature); (M) Bader charge distribution
diagram of RuCoO, and (N) comparison of PDS energy barriers for different reaction pathways; (O) Model of the Ruoct-O-Cooct
structure with two adsorbed oxygen radicals (Copyright 2023, American Chemical Society™); (P) A two-dimensional activity map for
LOM-OVSM mechanism (Copyright 2023, Springer Nature™®); (Q) O 1s fitting plots for different H-doped RuO, and (R) the ratio of V-
O to O-H in the O Ts fitting results for a series of H-RuO,; (S) Structural maps of the five sites of H in RuO, and schematic diagrams
using the SPE device (Copyright 2022, Elsevier™*); (T) Schematic structure of LOM converted to AEM in rich grain boundaries; (U)
Ru-O elongation as well as electronic shift in GB-RuO,; (V) Comparison of acidic OER stability and activity of RuO,-based catalysts
(Copyright 2024, John Wiley and Sons™®®). AEM: Adsorption evolution mechanism; LOM: Lattice oxygen mechanism; OER: Oxygen
generation reaction; TMA: TetraMethylAmmonium; MOF: Metal organic framework; XRD: X-ray diffraction; PDS: Potential-determining
step; LOM-OVSM: Lattice oxygen mechanism-oxygen vacancy site mechanism.

in acidic media [Figure 7P]. Besides proposing to testify that the electrocatalysts follow some new acidic
OER mechanisms, the researchers moreover try some strategies to stabilize the lattice oxygen, the dominant
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catalyst in suppressing the OER on the LOM pathway. He et al."**. then proposed a proton and electron
co-doping strategy to achieve hydrogen-doped (H-doping) RuO, and prevented the evolution of lattice
oxygen [Figure 7Q-R], which enhanced the stability and resulted in excellent stability during SPE water
[93

electrolysis [Figure 7S]. He et al.””. proposed a grain boundary (GB) engineering strategy that prevented the
dissolution of Ru and greatly suppressed the lattice LOM [Figure 7T-V].

The LOM mechanism, which involves the participation of lattice oxygen in the treatment of acidic OERs,
may lead to the destruction of the electrocatalyst structure or the loss of active components for Ru-based
catalysts with poor ability to resist electrochemical corrosion, thus affecting their long-term stability. In
contrast, the structure of Ru-based electrocatalysts can be better stabilized and their durability can be
enhanced by optimizing their structure, improving the synthesis method and exploring new reaction
mechanisms.

Non-precious metal-based electrocatalysts

The modulation of non-precious metal oxides helps reduce the cost of electrocatalysts™*"*". Since
non-precious metals are abundant and relatively inexpensive in the earth's crust, the use of such catalysts
can greatly reduce the economic threshold of renewable energy technologies such as hydrogen production
from electrolytic water, thus promoting their widespread application””. In addition, the activity and
stability of the electrocatalysts can be improved by modulating the non-precious metal oxides to follow the
LOM mechanism in the acidic OER reaction, which helps enhance the interaction between the catalysts and
the reactants, accelerate the electron transfer and the release of O,, and thus improve the efficiency of the

[138]

OER reaction and the energy conversion efficiency’

The modulation of non-precious metal oxides usually involves precise control of catalyst composition,
structure, morphology and surface properties. Non-noble metal oxide catalysts with specific crystal
structure, pore structure and surface chemistry can be prepared by using advanced synthetic methods"*>"*\.

Meanwhile, the electronic structure and catalytic activity of the catalysts can be further regulated by doping
and surface modification to obtain better LOM catalytic performance"". From the research progress,
scientists have made remarkable breakthroughs in LOM catalysis OER using non-precious metal oxides as
catalysts in recent years””. On the one hand, through the in-depth study of the catalytic mechanism of
non-precious metal oxides, the key sites and reaction pathways in the LOM mechanism have been revealed,
which provides a theoretical basis for the design and optimization of catalysts. On the other hand, a series of
highly efficient and stable non-precious metal oxide catalysts have been successfully prepared through the
development of new synthesis techniques and regulatory strategies, which exhibit excellent LOM catalytic
performance in acidic OER reactions. Yang et al.””!. prepared N-doped 3D Co,0,/NC-250 electrocatalysts
using an innovative carbon-oxidation process, which exhibited excellent acidic OER performance due to the
abundance of oxygen vacancies [Figure 8A-B]. The in situ ATR-FTIR observation of the intermediate O*O
provides direct evidence for the LOM mechanism. DFT calculations further support the contribution of the
Vo-facilitated LOM mechanism in lowering the energy barrier at the critical step of the OER process
[Figure 8C-D]. This finding provides a new strategy for designing efficient OER electrocatalysts. Ham
et al."*?!, Demonstrated, for the first time, that -MnO, after cation substitution can follow LOM instead of
the conventional AEM, and the contribution of the LOM can enhance the OER activity of §-MnO,
[Figure 8E-H]. liu et al."!. reported an innovative electrocatalyst, an amorphous CoSA-MoCeO,@bamboo-
like carbon nanotubes (BCT) [Figure 8I-J]. Using in situ Raman spectroscopy and XAS techniques
[Figure 8K], they observed that the Mo-Ce oxide carriers were able to activate Co sites under low-voltage
conditions to achieve an oxidative transition from Co** to Co’", accompanied by the generation of a large
number of oxygen vacancies. The activation of these oxygen vacancies significantly enhanced the lattice
oxygen participation, providing strong evidence for the adoption of the LOM pathway for OER at bimetallic
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Figure 8. O 1s XPS (A) and EPR (B) spectra of 2D/3D Co,0,/NC-250; (C) AG,, of adsorption at Co active sites by the AEM mechanism
for 2D/3D Co,0,/NC-250; (D) OER step diagram of the AEM and LOM mechanisms at the 3D Co,0,/NC Ov active site (Copyright
2023, Elsevier'”"): (E) XANES and ks-weighted Fourier-transformed EXAFS spectra of MnO, with different cations and the K*/MnO2
structure and Co”’/MnO, structure after the substitution, In situ Raman spectra of "*O-labeled Co”/MnO, in (F) Mn-O and (G)*00”
region; (H) The main OER mechanism of C02+/f\/ln02 (Copyright 2023, Royal Society of Chemistry™?); (E) TEM image, HR-TEM image
(1) and AC-HAADF-STEM image, atomic profiles (J) of CoSA-MoCeO,@BCT; In situ Raman spectra (K), OER performance (L) and
LOM catalytic cycle (M) of CoSA-MoCeO,@BCT (Copyright 2024, Royal Society of Chemistry™®). AEM: Adsorption evolution
mechanism; LOM: Lattice oxygen mechanism; OER: Oxygen generation reaction; XPS: X-ray photoelectron spectroscopy; EPR: Electron
paramagnetic resonance; XANES: X-ray absorption near edge structure.

active sites [Figure 8L-M]. This finding opens up new avenues for the design of efficient OER
electrocatalysts.

The modulation of non-precious metal oxides in acidic OER reaction catalyzed by LOM mechanism has
significant economic benefits and environmental significance, and its unique modulation characteristics and
important research progress provide new ideas and methods for the design and optimization of catalysts.
With the continuous progress of science and technology, it is believed that more remarkable results and
applications of non-precious metal oxides in LOM-catalyzed OER will be achieved in the future.

OER in acidic environments has made remarkable progress in the field of materials science [Table 1]. The
Ir/Ru-based electrocatalysts have demonstrated excellent catalytic performance through fine structural
design and component modulation, while the non-precious metal oxide electrocatalysts have gradually
narrowed the gap with the precious metal electrocatalysts through innovative design and modification
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Table 1. Reported performance and stability of Electrocatalysts for OER reactions involving lattice oxygen in acidic media

Overpotential

Electrocatalyst electrolyte (mV @n,.) Tafel slope (mV dec™) Stability Ref.
Gd-Ir0, 0.5 M H,S0, 260 55.4 -200h [121]
IrO,/Pr3IrO, 0.1MHCIO, 305 37 >16 h [122]
Ir-MnO, 0.5 M H,S0, 218 59.61 >600h [123]
Ir0,/Y,05 0.5 M H,S0, 257 613 >200h [82]
Ir/Nb,Og_, 0.5MH,50, 218 523 >100 h [143]
Ru array-Co,0, 0.5 M H,S0, 160 46 -1500 h [131]
Mng ;5Ruq 2,0, 5 0.5 M H,50, 208 65.3 -10h [132]
Ru/MnO, 0.1MHCIO, 160 29.4 200 h [42]
Ru~Pt,Cu 01MHCIO, 220 - >28h [144]
Ru-N-C 0.5 M H,50, 267 52.6 >30h [145]
3D Co,0,/NC 0.5 M H,S0, 270 124 80h (731
CoSA-MoCeO,@BCT 0.5MH,S0O, 239 29.0 60 h [105]

OER: Oxygen generation reaction.

strategies. In the future, with the deepening of the research and the emergence of new materials, it is
believed that the performance of acidic OER electrocatalysts will be further improved, which will provide
strong support for the commercial application of PEMWE technology.

In order to improve the stability of catalysts in acidic OER, we summarize the following strategies and
design principles. Optimization of lattice oxygen activity and stability: We discuss the enhancement of OER
performance by modulating the activity of lattice oxygen while maintaining the stability of the catalyst
structure. This includes optimizing the electronic structure of the lattice oxygen by doping, heterogeneous
atom substitution or constructing composite oxides with specific lattice oxygen configurations. Building
corrosion-resistant surface structures: We emphasize the importance of designing surface structures that are
resistant to corrosion by acidic media. This may involve the use of materials with high corrosion resistance,
such as Ir- and Ru-based oxides, or surface modifications to enhance their stability in acidic environments.
Tuning the electronic structure: We propose to improve the stability of catalysts in acidic media by tuning
their electronic structure, and by optimizing the electron transfer process by modulating the band gap,
Fermi energy levels and energy band structure. Utilizing protective layers or coatings: We explore the
possibility of introducing protective layers or coatings on the catalyst surface to isolate the catalyst from
direct contact with acidic media and thus reduce corrosion. Designing porous or multiphase structures: We
discuss the role of porous or multiphase structures in improving the stability of catalysts by providing more
active sites while improving the overall structural stability by dispersing stresses. Exploitation of lattice
defects: We propose the use of lattice defects, such as oxygen vacancies, to modulate the electronic
properties and chemical stability of catalysts. Oxygen vacancies can act as active sites while enhancing the
stability of the structure by modulating the distribution of lattice oxygen. Dynamic structural tuning: We
discuss the dynamic structural adjustments that catalysts may undergo during the OER process and how
these changes can be accommodated by designing catalysts with reversible structural changes to maintain
long-term stability. Combination of experiment and theory: We highlight the importance of combining
experimental observations and theoretical calculations to understand the mechanisms of catalyst stability in
acidic media, which can help to predict and optimize catalyst performance. Long-term stability tests: We
recommend long-term stability testing to assess the performance and durability of catalysts under simulated
real-world application conditions. Through these strategies and design principles, we aim to improve the
stability of catalysts in acidic OERs, thereby advancing their use in practical energy conversion and storage
technologies.
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PERSPECTIVE AND CONCLUSION

Outlook

With a deeper understanding of the role of lattice LOM in acidic OER, the focus of future research will shift
towards addressing the current challenges and further optimizing the performance of LOM electrocatalysts.
Firstly, new synthesis strategies need to be developed to enable precise control of the catalyst structure and
composition in order to improve lattice oxygen activity and stability. Second, an in-depth study of the
relationship between electronic structure and LOM activity will help to design catalysts with higher
electronic efficiency. In addition, exploring different non-precious metal oxides as LOM electrocatalysts will
help reduce costs and improve the availability of materials. Finally, the combination of theoretical
calculations and experimental studies will further reveal the OER kinetics in the LOM mechanism and
provide theoretical guidance for catalyst optimization.

Metal oxide (Ir/Ru oxide) active fractions or non-precious metal/non-precious metal-precious metal active
fractions are the focus of LOM-driven studies in acidic OER, and understanding the relationship between
M-O in metal oxides and the LOM mechanism will be an important guideline for the future construction of
LOM electrocatalysts with high activity stability.

M-O affects the stability of electrocatalysts

Strength of M-O bond: Strong M-O bond means that the metal ions in the catalyst are more tightly bound
to the oxygen ions and are less likely to break during the reaction, thus improving the stability of the
catalyst. Conversely, weaker M-O bonds may lead to rapid deactivation of the catalyst during the reaction.

Oxidation of lattice oxygen: In the LOM mechanism, lattice oxygen is oxidized under the driving force of
electric potential and participates in the OER reaction to produce oxygen. If the M-O bond is too strong,
lattice oxygen is difficult to oxidize and participate in the reaction, thus limiting the catalyst activity. On the
contrary, a moderate M-O bond enables the lattice oxygen to be oxidized while maintaining the stability of
the catalyst structure.

M-O affects the performance of electrocatalysts

Reactivity: When the energy of M-O bond is moderate, the catalyst shows high activity in the OER reaction.
This is because the moderate M-O bond energy makes the lattice oxygen easy to oxidize under the potential
and participate in the O-O bond coupling step of the OER reaction, thus increasing the reaction rate.

Selectivity: When the dissociation energy is moderate, the catalyst can give the right amount of oxygen to
participate in the reaction without leading to excessive oxidation, thus improving the selectivity of the
reaction.

In the future, the following strategies can be referred to in balancing the lattice oxygen activity with the
long-term stability of electrocatalysts [Figure 9].

Structural design and regulation of electrocatalysts.

Specific crystal surface exposure: By precisely controlling the synthesis conditions, the electrocatalysts are
exposed to specific crystal surfaces with higher activity. The stability of different crystalline surfaces in acidic
environments varies, and the selection and optimization of these surfaces can significantly enhance the
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long-term stability of electrocatalysts

Figure 9. Strategies for balancing lattice oxygen activity and long-term stability of electrocatalysts.

catalytic activity and durability of the electrocatalysts.

Construct a core-shell structure: Construct a core-shell structure in which the core is a highly active metal
and the shell is a protective or co-catalyst material. This structure can maintain high activity and prevent the
degradation of the core metal in acidic environments through the shell layer material, thus increasing the
overall stability.

Alloying and doping: Forming alloys of noble metals with other metals or doping trace transition metals can
adjust the electronic structure of the electrocatalysts and enhance their activity and durability.

Carrier selection and interface modulation

Mixed metal oxide carriers: the active components (Ir/Ru) are anchored on mixed metal oxide carriers, and
the oxygen diffusion pathways are constructed through interfacial modulation. This strategy can enhance
the activity while protecting the carrier from excessive oxidation, thus improving the overall stability of the
catalyst.

Interfacial construction: Use two- or three-dimensional nanomaterials to construct composite catalysts, and
increase the number of active sites and improve the catalytic efficiency and stability by regulating the
contact mode and interfacial construction between different materials.

Innovation of catalyst preparation methods

High-temperature quenching technology: High-temperature quenching technology, such as flame spraying
method, is used to ensure the formation of oxide crystals while inhibiting their atomic rearrangement
process and locking the lattice oxygen in a sub-stable state of oversaturation. This method increases the
disorder of lattice oxygen and improves the desorption activity while maintaining the stability of the
catalyst.
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Microstructure modulation: the stability of the catalyst is improved by means of microstructure modulation
such as designing lattice defects and regulating the mobility of the catalyst. For example, an appropriate
amount of oxygen atom doping can reduce the specific surface area of the catalyst and active site density,
thus prolonging the service life of the catalyst.

Optimization of reaction conditions

Reaction environment control: By controlling the acidity and alkalinity of the reaction environment and
selecting suitable solvents and additives, the nature of the active sites of the catalyst can be affected, which,
in turn, changes the catalytic performance.

Heat treatment and post-treatment: In the process of catalyst preparation, appropriate heat treatment or
post-treatment steps, such as high-temperature annealing, vacuum treatment, etc., can further adjust the
microstructure and surface properties of the catalyst and improve its stability and activity.

Combination of theoretical calculation and experimental verification

DFT: Using DFT and other theoretical calculations, we can deeply investigate the AEM and electronic
structure changes of the catalyst, and provide theoretical guidance for the design and optimization of the
catalyst.

In-situ DEMS analysis: through in-situ DEMS and other experimental means, real-time monitoring of the
catalyst changes during the reaction process, verifying the theoretical predictions and further optimizing the
performance of the catalyst.

Balancing the trade-off between enhancing lattice oxygen activity and ensuring the long-term stability of
LOM electrocatalysts in acidic environments is a complex and important task. The catalytic activity and
durability of the catalysts can be significantly enhanced through the combined application of various
strategies, such as the structural design and regulation of the catalysts, carrier selection and interfacial
regulation, innovation of the preparation method, optimization of the reaction conditions, and the
combination of theoretical calculations and experimental validation, which can provide a strong guarantee
of an efficient and stable catalytic process.

Conclusion

This paper reviewed the current status of LOM application in acidic OER, analyzed the difference between
LOM and traditional AEM mechanisms, and discussed the validation method of LOM mechanisms. It is
shown that the LOM mechanism provides a new way to design efficient and stable OER electrocatalysts.
The performance of acidic OER can be significantly improved by precisely modulating the composition and
structure of the catalyst. Despite the challenges of stability and active site modulation, the OER
electrocatalysts under the LOM mechanism are expected to achieve large-scale applications in the future
through continuous material innovation and mechanism studies. In addition, LOM modulation of
non-precious metal oxides offers new possibilities for low-cost and efficient conversion of renewable energy
technologies. Therefore, in-depth research and application development of the LOM mechanism will play a
key role in promoting the development of energy conversion and storage technologies.

Facing the transformation of global energy structure and environmental challenges, the study of the LOM
mechanism in acid OER has not only theoretical significance but also practical application value. Through
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the review in this thesis, we expect to provide new research ideas for researchers, promote the development

of LOM electrocatalysts, and contribute to the progress of clean energy technologies. In the future, we

expect to see more innovative research results in this field, realizing the transition from laboratory research
to industrial applications, and contributing to building a sustainable energy future.
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