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Recent Developments in Single-Atom Engineering
Ir/Ru-Based Catalysts for the Oxygen Evolution Reaction

in Acidic Media

Qisheng Zeng, Jialin Tang, Yuan Ji, Qiu Jiang, and Chuan Xia*

Proton exchange membrane water electrolysis (PEMWE) is a critical
technology for sustainable green hydrogen production, yet its efficiency and
cost are severely constrained by the kinetically sluggish kinetics and material
instability of the anodic oxygen evolution reaction (OER) in acidic media.
Iridium (Ir)- and ruthenium (Ru)-based oxides remain the benchmark catalysts
for this demanding reaction, but still face significant challenges such as the
high cost and inadequate activity of Ir and the poor stability of Ru under harsh
anodic conditions. In this review, recent breakthroughs in overcoming these
limitations are comprehensively summarized through the strategic
engineering of Ir- and Ru-based electrocatalysts via single-atom doping (SAD).
Controllable synthetic methods for SAD Ir/Ru-based catalyst design are
summarized, and their underlying reaction mechanisms in the acidic OER are
discussed. This single-atom engineering method, as a promising strategy,
shows exceptional potential and reliability for developing high-performance

acidic oxidative conditions but suffers
from relatively low intrinsic activity
and, critically, extreme scarcity, leading
to prohibitive costs (over US$60000
kg™1).* 18] Conversely, RuO, demon-
strates superior intrinsic activity but un-
dergoes severe dissolution and structural
degradation during prolonged OER op-
eration, resulting in poor durability.[1>-22]
This fundamental trade-off between ac-
tivity, stability, and cost represents the pri-
mary bottleneck for high-performance,
economically viable PEMWE systems.

To address the limitations of conven-
tional IrO, and RuO, catalysts, exten-
sive research has focused on various op-
timization strategies (Figure 1).[2] These

and durable Ir/Ru-based acidic OER catalysts, paving the way for more

efficient and economically viable PEMWE systems.

1. Introduction

Proton exchange membrane water electrolysis (PEMWE) stands
as a pivotal technology for sustainable, high-purity green hy-
drogen production, offering advantages such as rapid response,
high efficiency, and compact system design.'5] However, the
widespread commercialization of PEMWE is significantly im-
peded by the sluggish kinetics and harsh corrosion condi-
tions of the anode oxygen evolution reaction (OER) in acidic
environments.[*! Tridium oxide (IrO,) and ruthenium oxide
(RuO,) represent state-of-the-art electrocatalysts for the acidic
OER because of their inherent activities.'*-31 IrO, is stable under
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include the following: 1) Nanostructur-
ing (e.g., nanoparticles, nanowires, and
porous materials) to increase the elec-
trochemically active surface area;!'2+-3l
2) Surface functionalization (e.g., defect
sites or vacancies, adsorbates);*!! 3) Constructing an Ir/Ru
single-atom catalyst (SAC)323¢) to reduce noble metal usage;
4) Developing supported catalysts by employing conductive
corrosion-resistant supports (e.g., doped MnO,, CeO,, TiO, and
TaB,), enhancing dispersion and stability;*’* 5) Bulk alloying
Ir/Ru with other metals (e.g., intermetallic compounds/binary
or ternary alloys!®***! and high-entropy alloys (HEAs)!*6-1))
enhances metal interactions; 6) Heteroatom doping (e.g., Ir—
O-Sn, Ru—0O-Co, and Ru-O-Ta) to form mixed solid solution
materials.’?8] Among these approaches, heteroatom doping
enables atomic-scale tuning of electronic, chemical, and struc-
tural properties throughout entire bulk materials.5*%11 Com-
pared with introducing defects, which can sometimes acceler-
ate corrosion,[?1%% or constructing alloys,[***’] which may intro-
duce less stable elements prone to leaching, doping minimizes
detrimental phase segregation and maintains structural integrity.
Furthermore, unlike porous materials with inherently high sur-
face areas but potentially compromised stability,**%4] doping re-
inforces the bulk catalyst framework without sacrificing robust-
ness, achieving a superior balance between activity and long-term
durability. This targeted modification offers unparalleled synergy
between precision, stability, and scalability, making it indispens-
able for OER applications requiring intrinsic electronic/chemical
modifications. However, conventional heteroatom doping of-
ten results in non-uniform dopant aggregation and phase

© 2025 Wiley-VCH GmbH


http://www.advenergymat.de
mailto:chuan.xia@uestc.edu.cn
https://doi.org/10.1002/aenm.202504414
http://crossmark.crossref.org/dialog/?doi=10.1002%2Faenm.202504414&domain=pdf&date_stamp=2025-10-28

ADVANCED
SCIENCE NEWS

ADVANCED
ENERGY
MATERIALS

www.advancedsciencenews.com

Cusony

Figure 1. Schematic diagram of the mainstream modulation strategies of
Ir- or Ru-based electrocatalysts for enhancing acidic OER performance.

segregation, limiting the exposure and utilization efficiency of
the active sites. Furthermore, owing to the complexity and het-
erogeneity of this doped structure, elucidating the reaction mech-
anism of the catalyst remains challenging.[*]

In recent years, single-atom doping (SAD) through the precise
incorporation of isolated heteroatoms into host oxides or alloy
materials has emerged as a highly promising strategy to tran-
scend these limitations.[°*73] This approach fundamentally dif-
fers from traditional bulk doping by creating well-defined, atom-
ically dispersed active sites with unique coordination environ-
ments and strong metal-oxygen interactions,[®737¢l which en-
ables localized electronic structure modulation of the active cen-
ters and enhanced atom utilization efficiency (Figure 2).”7-7°]
Owing to these properties, this approach has been widely applied
in electrocatalysis, driving reactions such as the hydrogen evo-
lution reaction (HER),8#51 CO,/CO reduction reaction,®¢! oxy-
gen reduction reaction (ORR),[7*¥7] electrochemical NH, synthe-
sis (NO,RR)[®8] and diverse electrocatalytic reactions.[7#89-91 This
review comprehensively summarizes recent progress in SAD-
engineered Ir/Ru-based catalysts for high-performance acidic
OER. In this review, we begin by outlining synthetic method-
ologies, with an emphasis on advanced strategies for fabricating
complex materials that incorporate single atoms in a controlled
manner. We then explore the design principles for Ir/Ru-based
single-atom doped (SAD) catalysts used in the acidic OER, fo-
cusing on the selection of doping elements to provide actionable
insights for the rational design of high-performance SAD electro-
catalysts. Subsequently, we delve into the mechanisms underly-
ing performance enhancement, clarifying how single-atom dop-
ing improves both catalytic activity and stability. Finally, we ad-
dress practical applications by summarizing key factors that in-
fluence the performance of PEM systems—including not only
the catalysts but also other critical components such as the cata-
lyst layer, porous transport layer, and gas/liquid interfaces. This
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section underscores the importance of bridging the gap between
laboratory research and industrial implementation to accelerate
the commercialization of PEM water electrolysis.

2. Synthesis Methods for SAD Ir- or Ru-Based OER
Electrocatalysts

Ir/Ru-based oxides have garnered significant attention as OER
catalysts because of their high activity and exceptional stabil-
ity in acidic media. The synthesis methods for these catalysts
are diverse, with the choice depending on the target structure
(e.g., nanoparticles, porous catalysts, and supported catalysts),
specific surface area, crystallinity, and metal atom utilization
efficiency.[**?*] Current mainstream synthesis methods include
conventional calcination, the molten salt method, the hydrother-
mal method, the impregnation method, the sol-gel method,
the electrodeposition method, and the rapid thermal process-
ing (RTP) (an emerging method). Research indicates that these
methods are generally applicable for preparing reported SAD-
type catalysts.[68699496] I this section, we classify these meth-
ods into three distinct classifications (Table 1) and highlight their
respective characteristics with respect to representative studies,
aiming to provide a systematic overview of current synthetic
methodologies while motivating further exploration of more in-
novative and efficient strategies in this field.

2.1. Calcination Methods
2.1.1. Conventional Calcination Method

Conventional calcination remains a cornerstone method for het-
eroatom doping, particularly for bulk oxide material production
and applications demanding thermally stable, crystalline doped
materials. It enables the synthesis of diverse compounds with
tunable compositions and morphologies by varying precursor
types and calcination conditions. Precise control over the re-
action parameters (e.g., raw materials, temperature, and atmo-
spheric conditions) enables the transformation of precursor ma-
terials into atomically dispersed metal species, making it ideal for
SAD catalyst synthesis.[¢797-100113] For example, Harzandi et al.
reported the synthesis of a Ru core—shell structure regulated by
Ni single-atom dopants (Ni-Ru@RuO,) via calcination at 400 °C
for 2 h.[7) This catalyst achieved a high single-atom Ni loading
of 16.3 wt.% and demonstrated long-term OER stability exceed-
ing 200 h. Although effective in producing catalysts with high
loading and thermal stability, prolonged thermal treatment can
induce particle sintering and agglomeration, thereby reducing
the surface area. To mitigate these limitations, conventional syn-
thesis methods are often combined with strategies such as con-
structing single-atom alloy precursors!!®! or employing carbon
supports!'*] to prevent undesirable particle aggregation, ensur-
ing high atomic dispersion.

2.1.2. Molten Salt Method

The molten salt method is a versatile and efficient synthesis
technique that overcomes high-temperature phase transition
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Single-site dispersion — precise control of active sites

Figure 2. Comparisons of two types of metal doping strategies for acidic OER applications: conventional heteroatom doping and single-atom doping

(SAD).

limitations by using molten salts as solvents and/or reaction
promoters, which facilitates reactant mixing and diffusion, re-
sulting in high-quality and phase structures.[!**!!5] This method
enables reactions and crystal growth to occur at relatively low
temperatures (<500 °C), such as when low-melting salts (e.g.,
NaNO, or KNO,) are used as solvents,[23946995116-119] ]ower.
ing the processing temperature required by conventional solid-
state methods."?*122] Following this method, Wang et al. suc-

cessfully synthesized tantalum (Ta) single-atom-doped RuO,
(Ta—RuO,, Ta: 2.5 wt.%) using molten NaNO,; as the solvent
at a processing temperature of 350 °C (Figure 3a).%) High-
resolution transmission electron microscopy (HRTEM) images
(Figure 3b,c) revealed the existence of short-range ordered Ta
atoms and isolated Ta atoms, indicating the high dispersion
of incorporated Ta by substitutional doping. This finding in-
dicates that the molten salt method allows a high dispersion

Table 1. Summary of the synthesis methods of representative SAD Ir- or Ru-based OER electrocatalysts.

Classification Synthesis methods Catalysts Doping content Refs.
Calcination methods Conventional calcination method Mn (SAs)-Ru/RuO, 2.26 wt.% [97]
Ga-RuO, 6.8 at.% [98]

Ni-Ru@RuO, 167]

Ni-RuO, - 199]

Bi—RuO, SAAO - [100]

Molten salt methods Zr9.01Wo.10RUg 89Oy Twt.% [94]

Ta-RuO, 2.5wt.% 69]

Reg 06RU0.9402 - [95]

PdCo-RuO, Pd:0.9 wt.% Co: 0.38 wt.% [101]

Nbg 05170 9505 5wt.% [96]

Hs it Ru,O, 1.12+0.13 at.% 68]

Wet chemical methods Hydrothermal method C, Ta-RuO, 15.62 wt.% [102]
V,-RuO, 225 at% 177

Cogp—RuO,-NUCN - [103]

SS Pt-RuO, HNSs 2% [104]

Pt-RuO, 0.94 at.% [105]

Sol-gel method Nbg ;Rug 4O, 13.44 at.% [106]

a/c—RuO, 0.1 wt.% [107]

Sb-RuO, - [70]

Co-precipitation method LaRulr 1.03 wt.% [108]

IrO, /Ti 1.92 wt.% [109]

Electrochemical deposition method RuSiw - [110]

Ultrafast synthesis methods Thermal shock Co-Ru@RuO, Ru:Co = 9.53:1 [
Laser irradiation Ag,/IrO, 6.5 at.% [112]
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Figure 3. Representative studies of molten salt methods. a) Scheme diagram of the synthetic route of Ta—RuO,. b) HRTEM image revealing that the
amorphous and crystalline domains coexist in Ta—RuO,. c) Aberration-corrected HAADF-STEM image of Ta—RuO,. d) HAADF-STEM image of PdCo—
RuO,. e) Magnified HAADF-STEM image with an elemental line scanning profile confirming the incorporation of Pd and Co. f) Crystal structure dia-
gram of Hj glr;_,Ru,O,. g) HAADF-STEM images with corresponding intensity analysis for H; glry_,Ru,O,4. h) FT-EXAFS spectra at the Ru K-edge for

H; glr_Ru,O4 and the comparison samples.

of dopants in the host lattice owing to its relatively low syn-
thesis temperature and faster nucleation rates, showing great
potential for producing SAD catalysts. In another recent re-
port, Tang et al. successfully achieved dual doping of RuO,
using a mixture of molten NaNO,; and KNO;. The team re-
vealed that both the incorporated palladium (Pd) and cobalt (Co)
are highly monodisperse within the RuO, lattice (PdCo-RuO,,
Pd: 0.9 wt.%, Co: 0.38 wt.%) (Figure 3d,e),['! indicating the
potential of this method for producing multi-single-site doped
materials.

Although the low-temperature molten salt method enables
the efficient synthesis of monodisperse doped compounds, the
low-temperature synthesis itself can lead to poor crystallinity of
the oxides (e.g., small-sized nanoparticles) and even the forma-
tion of large amorphous domains. This jeopardizes the struc-
tural stability of the catalyst during the acidic OER at elevated
current densities. Compared with low-temperature synthesis,
molten salt processing at high temperatures (600-1000 °C) en-
ables the synthesis of high-quality and phase products, which is
applicable to the synthesis of a wide range of crystalline com-
pounds (e.g., perovskites, nitrides, carbides, and chalcogenides).
Through the use of high-melting-point salts, this process en-
ables enhanced reactant melt and ion/atom diffusion, not only
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incorporating highly dispersed dopants but also simultaneously
forming highly crystalline bulk materials.[''*123-130] Uging this
method, Tang et al. synthesized unique 3R-phase IrO, materi-
als (group space: R3m No.166) that differ from the conventional
rutile-phase structure (Figures 3f,g), in which a low loading of
ruthenium (Ru) was doped into the lattice by substitutional dop-
ing (H;gIr;  Ru,O,, Ru: 1.12 + 0.13 at.%).[%8 The product was ob-
tained at 950 °C using Li,CO; as the solvent. HRTEM combined
with Ru K-edge extended X-ray absorption fine structure (EXAFS)
analysis verified the dispersion of atomic Ru in the Ir-O lattice
(Figure 3h). Similarly, Ke et al. prepared a type of 1T-phase IrO,
by introducing a low loading of niobium (Nb) (Nb 45 It 950, Nb:
5 wt.%) using molten K,CO; as the solvent at 800 °C. This cata-
lyst possesses a flake-like nanosheet structure,[*®! further demon-
strating the ability of this approach to create high-surface-area
catalysts. In summary, the molten salt method excels at pro-
ducing high-purity, crystalline materials with controlled particle
sizes and uniform atomic distributions of doped heteroatoms,
showing great potential in the synthesis of SAD catalyst materi-
als. Importantly, it enables faster reaction rates than solid-state
methods and has greater versatility and potential for simpler
scaling than conventional wet-chemical and thermal treatment
techniques.

© 2025 Wiley-VCH GmbH
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Figure 4. Representative studies of hydrothermal and sol-gel methods. a) HAADF-STEM image of Pt—-RuO, with a temperature scale. b) Corresponding
atomic intensity line profiles extracted from regions marked by red and blue rectangles. ¢) HAADF-STEM image confirming the atomic dispersion of V
atoms. d) FT-EXAFS spectra for V,—RuO, and other samples. ) Preparation scheme for Nby 1Rug 4O,. f) Nb K—edge FT-EXAFS spectra for Nby 1Rug 4O,
and the reference. g) HR-TEM image of RuSbO,. h) Enlarged HAADF-STEM images with Sb single atoms marked by red and yellow cycles. i) Line-scan
intensity profiles across the rectangular areas marked in (h). j) k*-weight EXAFS spectra of RuSbO, and references.

2.2. Wet Chemical Methods

Wet chemical methods, including hydrothermal/solvothermal,
sol-gel, coprecipitation, electrodeposition and chemical bath de-
position, have been widely applied in the synthesis of nanomate-
rials for catalysis applications.['*1-134] Tt offers significant advan-
tages for material synthesis and processing, such as high com-
positional control, mild reaction conditions, scalability and cost
effectiveness.[131135:136] Recent research has demonstrated that
adding metal salt precursors to a solution readily results in the
incorporation of single-atom dopants or a second phase. This ap-
proach enables the separation of nucleation and growth stages,
demonstrating significant practical advantages for synthesizing
monodisperse nanoparticles with narrow size distributions.

2.2.1. Hydrothermal Synthesis

Hydrothermal synthesis typically operates at 130-250 °C where
the water vapor pressure reaches 0.3-0.4 MPa, offering dis-
tinct advantages for fabricating heteroatom-doped precursor
materials.l’7102-105137] By ysing this method, Cao et al. con-
structed Pt single-atom-doped RuO, nanoparticles (Pt-RuO,, Pt:
0.94 at.%) with average sizes of 15-19 nm, where hydrothermally
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synthesized Ru—Cl hydrate serves as a precursor.'®”] HAADF-

STEM confirmed atomic Pt substitution within the RuO, lattice,
which induced compressive strain in the Ru-Ru distances near
the Pt sites (Figure 4a,b). These structural modifications, induced
by the incorporation of larger Pt atoms, were found to gener-
ate beneficial bulk tensile strain for better catalytic performance.
Combining hydrothermal and subsequent pyrolysis treatments,
Qin et al. fabricated a type of 2D RuO, materials by incorporat-
ing atomically dispersed V species (V,~RuO,, V: 2.25 at.%).l”’] It
reveals that the V atoms are incorporated into the Ru—O lattice by
substitutional doping into two forms of species: isolated V atoms
and V dimers (Figure 4c,d). These studies demonstrate precise
control over particle sizes and highly exposed Ir/Ru-based cata-
lyst surfaces via hydrothermal synthesis, resulting in greater ex-
posure of atomically dispersed dopants within the host materials.

2.2.2. Sol-Gel Method

The sol-gel method is a versatile, low-temperature chemical pro-
cess used to synthesize solid-state materials with excellent com-
positional control, wide doping flexibility, and uniform atomic
dispersion.[70:106:107.138-142] Through this method, Liu et al. syn-
thesized niobium (Nb)-doped RuO, nanoparticles (Nb, ; Ru, 4O,,

© 2025 Wiley-VCH GmbH
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Figure 5. Representative studies of the coprecipitation method. a) Schematic illustration of the synthesis pathway for Ti-IrO, /Ir. b) HAADF-STEM image
of Ti-IrO,/Ir with the corresponding line profile confirming the elemental distribution. c) Schematic illustrations of the electrochemical deposition of
RuSiW using RuPOM as a precursor. d) Comparative characterization of the substrate before and after electrochemical deposition. e) Dark-field STEM
image of the RuSiW. (f) HRTEM image of the core—shell structure of the RuSiW.

Nb: 13.44 at.%) using polyvinyl pyrrolidone (PVP) and ethanol
as the coordination agent/solvent (Figure 4¢).[1%] Nb K-edge EX-
AFS spectra revealed the atomic dispersion of Nb in the RuO,
lattice (Figure 4f). Similarly, Niu et al. fabricated a RuSb single-
atom alloy (SSA) via the PVP-mediated sol-gel method.l"®] Fol-
lowing post-calcination, the RuSb SSA surface was oxidized to
the RuSbO, product, maintaining the high dispersion of Sb in
the RuO, matrix. HRTEM clearly revealed the coexistence of
metal Ru and RuO, lattice structures (Figure 4g). TEM combined
with FT-EXAFS (Figures 4h—j) verified the monodispersion of Sb
atoms within the metal Ru and RuO, lattices.

2.2.3. Co-Precipitation Method

The co-precipitation method, which operates under mild temper-
ature conditions, is a facile and scalable wet-chemical approach
for synthesizing catalysts with narrow size distributions and
uniformity.[108109143-145] \Wang et al. obtained multi-crystalline
spherical IrO, nanoparticles with the incorporation of a low con-
tent of titanium (Ti-IrO,/Ir, Ti:1.92 wt.%) (Figure 5a). The team
applied CTAB as a cationic surfactant and TiB, as a Ti source,
achieving a high dispersion of Ti in the IrO, matrix. TEM and
the scattering signals in the line profile confirmed the occurrence
of atomic Ti through substitutional doping (Figure 5b).'®! The
co-deposition method for preparing low-content element-doped
catalysts possesses a series of significant advantages. Its strength
lies in its ability to introduce heterogeneous metal species into
the lattice or onto strong binding sites in situ and uniformly dur-
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ing the formation process of the host oxide material, thereby ef-
fectively stabilizing the single metal atoms.

2.2.4. Electrochemical Deposition

Electrochemical deposition uses an applied electric field to di-
rect ionic migration while enabling real-time control over de-
position kinetics through multiple operational modes, achiev-
ing precise regulation of both ion transport and interfacial re-
dox processes.|'*6-148] As demonstrated by Jeon et al.’s fabrication
of RuSiW films on carbon fiber paper via chronoamperometry
(Figure 5¢,d), isolated metal atoms can be anchored onto defect-
rich supports by optimizing the deposition parameters (poten-
tial, current density, and pH). This method provides advantages,
including simplicity and controllability of the morphology and
particle sizes (Figure 5e,f).111% Nevertheless, it suffers from sev-
eral significant disadvantages, especially for issues such as weak
catalyst-substrate adhesion, phase instability, low loading mass,
and impurity sensitivity, which largely limit its scalability and
practical OER application.

2.3. Ultrafast Synthesis Methods
2.3.1. Thermal Shock Method

Thermal shock is a type of ultrafast synthesis method that enables
instantaneous high-temperature pulses while minimizing the
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heating duration to prevent both metal aggregation and substrate
degradation, thereby maintaining atomic-level dispersion.[4-1>3]
Thermal shock can achieve ultrahigh temperatures approach-
ing 3000 K within seconds, surpassing the performance con-
straints of traditional heating approaches.!'>*] Recent advances
have demonstrated its exceptional capability for synthesizing cat-
alysts with atomic-scale precision. Chen et al. fabricated a Co—
Ru@RuO, catalyst with core—shell structure via thermal shock.
The synthesis involved nitric acid-treated Vulcan XC-72R adsorb-
ing Ru**/Co?* to form carboxylate complexes, which were then
rapidly converted to supported nanoparticles through pulsed
electrical heating (1400 K, 0.1 s pulses) with immediate cool-
ing to prevent aggregation (Figure 6a).'''l HRTEM images con-
firmed the formation of core—shell structure (Figures 6b—c). Co
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K-edge XANES (Figure 6d) revealed the oxidation state of atomi-
cally dispersed Co atoms, suggesting a stabilized Co-O-Ru struc-
ture. In essence, thermal shock synthesis enables rapid atomic
dispersion while suppressing metal aggregation, stabilizing sin-
gle atoms in the lattice.

2.3.2. Laser—Pulse Method

The laser-pulse method excels in producing ultra-pure, defect-
engineered (e.g., oxygen vacancies, lattice distortion and sur-
face defects) catalysts that increase the number of active sites
for catalytic reactions, making it ideal for the rapid syn-
thesis of nanomaterials.'>>1%7] Zhang et al. reported a Ag

© 2025 Wiley-VCH GmbH
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Figure 7. Rational selection of single atoms of SAD Ir- or Ru-based OER catalysts. This schematic illustration is reproduced by referring the periodic
table image from PubChem: https://pubchem.ncbi.nlm.nih.gov/periodic-table/#view=table.

single-atom-doped IrO, catalyst (Ag,/IrO,, Ag: 6.5 at.%) for im-
proving acidic OER activity.[!!?| The team first synthesized Aglr
single-atom alloy nanoparticles via laser irradiation and obtained
the Ag, /IrO, product through post-thermal oxidation. HAADEF-
STEM images and intensity profile analysis along the lattice con-
firmed the existence of single Ag atoms (Figure 6e,f). The XRD
patterns where metallic Ag-related peaks are not found prove
the presence of single-atom Ag in the Ag,/IrO, SAC catalyst
(Figure 6g). These ultrafast synthesis methods enable the cre-
ation of a wide range of composite materials—including alloys,
oxides, and high-entropy materials—but face significant limita-
tions, such as low yields and harsh operational conditions (e.g.,
high-power lasers), hindering their industrial deployment for
large-scale synthesis of homogeneous materials.

Above all, researchers have systematically explored the use
of the periodic table to synthesize various single-atom-doped
Ir- or Ru-based catalysts for the acidic OER (Figure 7) via
three streamlined synthetic approaches, including molten salt
methods, wet chemical methods, and thermal treatment. These
methods demonstrate broad applicability for achieving highly
atomically dispersed substitutional doping with diverse met-
als, including 3d transition metals (Ti, V, Cr, Mn, Co, Ni, Zn,
Zr, W, Re, Ta), rare earth metals (Nd, La), and p-block ele-
ments (Ga, Sb, Bi). Among these techniques, the molten salt
method and conventional pyrolysis represent scalable routes
for SAD catalyst design. They allow optimization of the reac-
tion environment for specific precursors and control over prod-
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uct morphology, enabling the synthesis of materials with tai-
lored microstructures (e.g., high specific surface areas) and high
atomic dispersion of dopants. Consequently, rational catalyst
design is crucial for selecting the most appropriate synthetic
methodology.

3. Rational Design of SAD Ir/Ru-Based Catalysts

3.1. Ir-Based SAD Catalysts

Currently, Ir-based oxides stand as the leading candidate for cat-
alyzing the OER in an acidic environment for a practical PEMWE
system. The conventional rutile-type IrO, facilitates a stable OER
through the adsorption evolution mechanism (AEM) pathway, at-
tributed to its robust Ir-O bonding;**®] however, its insufficient
intrinsic activity typically leads to a high overpotential (~370 mV
at 10 mA cm2).139-161 Motivated by the goal of enhancing intrin-
sic catalytic activity, SAD strategies have been used to precisely
modulate the electronic structure of Ir sites. Table 2 summa-
rizes the OER performances of state-of-the-art SAD-engineering
catalysts in acidic OER. As expected, developed SAD Ir-based
catalysts such as LaRulr'%) Nby.,s1ry.0s0, % and Ag,IrO,[]
have demonstrated high OER activities with low overpotentials
of 184, 191, and 224 mV, respectively. The enhanced OER ac-
tivities of Nby.o511.9s0, and Ag,IrO, exemplify the efficacy of
asymmetric coordination structures (e.g., Ir-O-Nb and Ir-O-
Ag), which disrupt the charge symmetry of Ir active sites and
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Table 2. Comparison of the acidic OER performance of newly reported SAD Ir- or Ru-based oxide catalysts in a three-electrode electrochemical system

and PEM electrolyzer.

Catalysts Electrolyte Overpotential @10 mA cm™2 [mV] Tafel slope Stability [h]@10 mA cm~2 Refs.
Ag,/IrO, 0.5 M H,S0, 224 50.43 50 6]
H, 411, Ru,O, 0.5 M H,SO, 255 56.5 1100 68]
Ti-IrO, /Ir 0.5 M H,SO, 254 48 100 [109]
Ir/TiN 0.5 M H,S0, 277 37.84 1000 [163]
LaRulr 0.5 M H,S0, 184 37.9 60 (50 mA cm~2) [108]
Nb,5170 0502 0.5 M H,S0, 191 60.5 1100 (1.4 V) 196]
Bi—RuO, SAAO 0.5 M H,SO, 192 33.9 650 [100]
Co-Ru@RuO, 0.5 M H,SO, 203 49.73 400 N
Ga—RuO, 0.5 M H,S0, 217.5 479 150 98]
iGag,Rug 5O, 0.5 M H,S0O, 188 44 800 (100 mA cm~2) 71
Nby 1Rug 4O, 0.1 M Hclo, 204 51 360 (200 mA cm™2) [106]
Ni-Ru@RuO, 0.5 M H,SO, 184 455 200 (20 mA cm~2) 167]
SS Pt-RuO, HNSs 0.5 M H,S0, 260 613 100 [167]
Reg 0sRU.0405 0.1 M Hclo, 190 55 200 195]
RuSIW 0.5 M H,S0, 142 86.17 100 [110]
Ta-RuO, 0.1 M Hclo, 201 57.7 280 169]
Mn (SAs)-Ru/RuO, 0.5 M H,S0, 158 59 120 82]
Mn sp) /RUO, 0.5 M H,S0, 213 55.5 1000 [176]
V,-RuO, 0.1 M HclO, 227 51 1050 177]
C,Ta-RuO, 0.5 M H,S0, 171 53.6 1300 [166]
Zr0.61Wo.10RUp 85O, 0.5 M H,S0, 212 47.88 100 [94]
PdCo-RuO, 0.5 M H,S0, 190 43 430 [107]
Sb-RuO, 0.5 M H,SO, 217 56 150 (100 mA cm~2) [70]
SA Zn—RuO, 0.1 M Hclo, 210 58.83 43 73]
Pt-RUO, 0.5 M H,S0, 215 63.89 1500 [168]

optimize the adsorption of reaction intermediates. These asym-
metric orbital hybridizations lower the energy barrier of the rate-
determining step, significantly boosting OER activity. In the syn-
thesized LaRulr catalyst, La doping activates lattice oxygen to par-
ticipate directly in the OER, inducing the lattice oxygen oxida-
tion mechanism (LOM) and thereby accelerating reaction kinet-
ics. Thus, constructing asymmetric coordination structures and
activating the LOM pathway are proposed as effective strategies
for enhancing the intrinsic activity of Ir-based single-atom cata-
lysts for the acidic OER.

Despite the progress achieved in catalytic activity, rutile-type Ir
oxides still suffer from inevitable degradation and dissolution at
high anodic potentials (>1.6 V),>3] primarily due to the forma-
tion of soluble high-valent species (e.g., IrO; derivatives).[®¢]
Catalysts like Ag,/IrO, and LalrRu thus show limited stability
(<100 h) despite higher activity. A more promising route lies
in unique crystal phases such as 1T- and 3R-phase IrO,. Their
edge-shared IrO, octahedra create a cross-linked Ir-O network
that stabilizes lattice oxygen, contrasting with the mixed-sharing
mode in rutile-IrO,. This structural advantage enables excep-
tional longevity, as shown by Ke’s Nby.jsIry.os0, (with a 1T-
IrO, structure)®® and Tang’s H;.4Ir;—,Ru,O, (with a 3R-IrO,
structure),®®! which stably operate for over 1000 h. These results
underscore that intrinsic crystal phase stability—exemplified by
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1T and 3R structures—offers a greater improvement in OER
durability than single-atom doping alone.

Additionally, the use of support materials—such as metal
oxides, 39401621 nitrides,!1%3! and diborides!'*®)—provides an ef-
fective strategy to stabilize IrO, active centers while reduc-
ing the loading of precious Ir metal.*!%*] For example, Yang
et al. demonstrated that stabilizing IrO, nanoparticles on a
TiN support significantly enhances electrochemical stability
(Figure 8a).[1%3] Their study revealed that under applied poten-
tial, the leaching of TiN leads to the trapping of trace Ti atoms
within the anchored IrO, particles, resulting in the formation of
stable and active Ti-doped IrO, species. In another study, Strasser
and co-workers highlighted the metal/metal-oxide support inter-
action (MMOSI) effect,!'%] which facilitates a strong electronic
and structural interplay between an antimony-doped tin oxide
(ATO) support and IrO, catalysts (Figure 8b). This interaction
markedly improves the corrosion resistance of IrO, during the
acidic oxygen evolution reaction.

3.2. Ru-Based SAD Catalysts

In recent years, cost considerations have motivated extensive
research into doping strategies for the acidic OER, with a

© 2025 Wiley-VCH GmbH
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structured RuO, catalysts.

growing emphasis on Ru-based catalysts. However, conventional
doping methods often encounter issues such as element segre-
gation, particle agglomeration, and leaching of dopant ions. The
single-atom doping (SAD) strategy effectively overcomes these
limitations and offers distinct advantages for optimizing Ru-
based catalysts. As summarized in Table 2, most SAD-modified
catalysts exhibit high OER activity with low overpotentials (<200
mV), substantially outperforming conventional RuO, catalysts.
More notably, prominent examples such as Mn(SA)/RuO,,®?
C,Ta-Ru0,,!'%] and Pt-RuO,!'*] have demonstrated exceptional
durability in acidic media, maintaining stable performance for
over 1000 h at 10 mA cm2. Apart from the intrinsic activity
performed in a three-electrode configuration system, the high-
current density stability (>500 mA cm™2) in PEM device is criti-
cal for evaluating the potential of those catalysts for industrial ap-
plications. Table 3 summarizes the performances of those SAD-
engineering Ir/Ru-based catalysts in PEMWE. Impressively, a
Pt-doped RuO, catalyst (Pt-RuO,) achieved a low cell voltage of
1.673 V at 2 A cm~? and maintained long-term stability for 500
h at 500 mA cm™2 in a PEM electrolyzer.'%] The Mn(SA)/RuO,
catalyst can operate stably under a high current density of 1 A
cm~2 for 180 h in PEM device. These works represent a signifi-
cant breakthrough in laboratory-level research for Ru-based cata-
lysts in PEM electrolyzer applications.

To rationally design advanced SAD Ru-based catalysts for
acidic OER, the key principle lies in enhancing the resistance
of Ru sites to acid and oxidative corrosion during OER. From
the perspective of element selection, several strategies have

Adv. Energy Mater. 2025, 04414
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been proposed to address this challenge. Introducing high-
valent dopants with high electronegativity (e.g., Re,[®>] NDI100])
has proven effective in suppressing Ru over-oxidation via elec-
tron transfer effects, thereby mitigating Ru dissolution and im-
proving OER stability. Corrosion-resistant dopants such as Sb,!”"]
Ta,19%l and Zr!°" can stabilize the Ru—O framework and rein-
force the overall lattice structure. Certain low-valent dopants,
including Na,['%] Pt,1¢7] and Pd,[® have been reported to act
synergistically with oxygen vacancies, weakening Ru-O cova-
lency and lowering the Ru d-band center, which suppresses the
LOM pathway. In some cases, steering the reaction pathway
from the conventional AEM route to the oxide path mechanism
(OPM) route by constructing local structural symmetry (e.g.,
Mn*+°-O-Ru**%) offers a promising route to enhance both cat-
alytic activity and stability.'*”] This unique pathway promotes
direct coupling of adsorbed oxygen species (*O—*0), bypass-
ing the thermodynamic scaling limitations of AEM while main-
taining structural integrity. Additionally, engineering dual-atom
(e.g., PdCo-Ru0,," Zr0 ;, W, ;,Ru, 500, [**)) or multi-atom dop-
ing sites (e.g., M-RulrFeCoNiO,,23] RulrNiCoCrO,!7%l) with de-
fined geometry for synergistic effects offers new opportunities
for balancing the OER activity and stability.

Current design principles offer valuable insights for the
rational selection of doping elements to stabilize RuO,
catalysts and fine-tune their electronic structure. However,
persistent challenges remain, including the surface corrosion
of Ru atoms and degradation of SAD sites. To address these
issues, growing attention has been directed toward constructing
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Table 3. Comparison of the acidic OER performance of newly reported SAD Ir- or Ru-based oxide catalysts in PEM electrolyzer.

Catalysts Noble metal [mglr/Ru cm—2] Cell voltage Stability Operational temperature [°C] Refs.
H; glri_ Ru,O, 0.75 21MV@2Acm™? 1280 h@2 A cm™2 80 [68]
Ti-IrO,/Ir 0.42 1.774 V@2 A cm™2 220 h@2 A cm™2 80 [109]
Ir/TiN 0.087 1.80 V@2 A cm™2 500 h@1Acm=2 80 [163]
LaRulr - 1.84 V@0.7 A cm— 50 h@0.05 A cm™2 80 [108]
Nby05 70,0507 3.3 1.634V@1Acm™2 1200 h@1.2 Acm=2 60 [96]
Bi—RuO, SAAO 2.0 1.97 V@3 Acm™2 24h@0.2 Acm™? 60 [100]
Co-Ru@RuO, 0.34 1.65V@1Acm™2 200 h@0.5 A cm=2 60 [
iGag,Rug 30, - 1.788 V@3 A cm™2 200 h@0.5 A cm™2 80 [71]
Nbg ;Rug,0, 1.38 1.69V@1Acm™2 100 h@0.3 A cm™2 80 [106]
SS Pt-RuO, HNSs - - 100 h@0.1 A cm™2 25 [167]
Mn s /RUO, 1.12 2.06 V@2 Acm™ 180 h@1Acm™ 80 [176]
C,Ta-RuO, 1.0 1.81V@2Acm™? 100 h@1 A cm™2 60 [166]
Zr5,01Wo.10RUg 85Oy 3.0 1.44V@0.1 A cm™2 650 h@0.1 A cm=2 50 [94]
PdCo-RuO, 1.52 1.688 V@2 A cm™2 160 h@0.2 A cm™2 80 [101]
Sb-RuO, 0.626 1.95 V@2 A cm™2 200 h@0.2 A cm™ 80 [70]
Pt-RuO, 1.45 1791 V@3 Acm™ 500 h@0.5 A cm™2 80 [168]

protective overlayers on RuO,.['7*"174] A notable example is the
core-shell RuO, @TaO, nanorod electrocatalyst developed by Li
etal., which demonstrates superior OER activity and stability.['”*]
The corrosion-resistant TaO, shell helps suppress Ru dissolution
and promotes charge transfer via interfacial effects. Notably,
the selection of TaO, as the optimal shell material was guided
by a multi-step systematic screening strategy introduced by
the research team, which involved the evaluation of multiple
high-melting-point metal oxides (Figure 8c). This methodology
not only facilitates rapid assessment of material candidates
but also enables the rational design of high-performance
electrocatalysts.

4. Theoretical Calculations and Descriptor for
Mechanistic Study

Elucidating the reaction mechanism of OER catalysts requires a
synergistic approach that combines advanced in situ/operando
characterization with theoretical modeling. Techniques such as
operando X-ray absorption spectroscopy (XAS), in situ Raman
spectroscopy, in situ infrared spectroscopy (FTIR), and differen-
tial electrochemical mass spectrometry (DEMS) provide atomic-
scale insights into the evolution of active sites’ electronic struc-
tures and the formation of reactive intermediates. Theoretical cal-
culations, particularly density functional theory (DFT), are indis-
pensable for interpreting these complex processes and validating
the experimental findings. This section focuses on DFT calcula-
tions to summarize key computational tools and descriptors for
rationalizing the mechanisms of enhanced catalytic activity and
stability.

4.1. Volcano Plot and Free Energy Diagram

According to the Sabatier principle, the ideal catalyst binds inter-
mediates neither too strongly nor too weakly.'””] Weak binding
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of the reaction intermediate renders the first step thermodynam-
ically unfavorable, whereas strong binding prevents the second
step from proceeding spontaneously. For electrochemical reac-
tions like the OER, the most direct activity descriptors are the
adsorption free energies (AG_,4) of critical intermediates (e.g.,
*OH, *O, *OOH). Due to scaling relationships between these
energies, the entire reaction pathway can often be described by a
single descriptor. This allows for the calculation of the theoreti-
cal overpotential (1), which serves as a quantitative activity met-
ric; a lower # signifies higher activity. The overpotentials for a se-
ries of materials (e.g., lanthanide-doped and undoped RuO,)>¢!
can be analyzed by plotting them against a descriptor such as
AGq: — AGgyy., establishing a volcano plot that visually high-
lights the most promising candidates (Figure 9a). Complement-
ing this thermodynamic overview, reaction energy barriers (E,)
offer crucial kinetic information. Free energy diagram calcula-
tions for the optimal catalyst reveal that the rate-determining step
(RDS) is the formation of *OOH (Figure 9b),l] an assessment
vital for understanding the kinetics of materials near the volcano
apex.

4.2. Bader Charge

Bader charge serves as a pivotal descriptor that links the
electronic structure at atomic-scale of catalyst and its macro-
scopic performance metrics (e.g., overpotential and volcano plot
of activity). In the Er-RuO, catalyst,*® for instance, Bader
analysis reveals pronounced charge accumulation around the
*OH intermediate, signifying substantial electron donation
from the Er-O-Ru moiety to *OH (Figure 9c). This elec-
tron redistribution strengthens the subsequent *OH adsorp-
tion. In the Bi-RuO, SAAO catalyst, Bader charge revealed
the Ru cations is more positively charge within the asymme-
try Bi-O-Ru structure, leading to shorter Ru-O bond length,
consistent with their experimental proves of Raman, EXAFS,
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Figure 9. Theoretical calculations and descriptors. a) Volcano plot for different doped RuO, (Er, Tm, Ho) and undoped RuO, samples. b) Free energy
diagram of the optimal Er-RuO, and RuO, reference catalysts. c) Bader charge analysis of the optimal Er-RuO, and RuO, reference catalysts. d) Schematic
illustration of the d-band center theory. e) Examples of PDOS analysis revealing the d-band center position of Mn-doped RuO, sample. f) DFT Pourbaix
diagram of the RuO, /CoO, catalyst compared with the RuO,. g) The calculation of dissolution energy of metal elements of Zn/V,-doped RuO, and pure
RuO, samples. h) The calculation of the oxygen vacancy formation of different doped RuO, and pure RuO, samples.
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and XPS.1'%1 Overall, Bader charge serves as a powerful tool
for quantifying adsorption strength and interfacial electron
transfer.

4.3. d-Band Center Theory

The d-band center theory is a powerful conceptual framework in
DFT calculations that explains and predicts the strength of ad-
sorbate binding on transition metal surfaces.['’®! Introduced by
Hammer and Norskov,'””! it provides a bridge between electronic
structure and catalytic activity. A higher-lying (more-positive) d-
band center closer to the Fermi level indicates a higher density
of electronic state available at energies favorable for interaction
with adsorbate orbitals, leading to stronger bonding with adsor-
bates (*OH, *O, and *OOH) (Figure 9d). For example, Chen
et al. reported a Mn-doped RuO, catalyst for enhanced acidic
OER and investigate the effect of Mn dopants in regulating the
d-band center of Ru sites. The partial density of states (PDOS)
revealed the E; of RuO, is down-shifted from Fermi level after
Mn incorporation, indicating the weakened adsorption of inter-
mediates (Figure 9e). This contributes to enhance the deproto-
nation process of oxy-intermediates and reduce the free energy
of RDS, resulting in improved activity.'®] Overall, this d-band
center theory helps in understanding activity trends and ratio-
nally designing new catalysts with improved performance and

stability.

4.4. Pourbaix Diagram

To assess catalytic stability, computational tools focus on thermo-
dynamic descriptors. The DFT Pourbaix diagram is the defini-
tive tool for determining electrochemical stability, identifying the
thermodynamically stable phases of a material under specific pH
and potential conditions. Typically, Du et al. calculated the Pour-
baix diagram of RuO, and developed a RuO,/CoO, catalyst to
evaluate its thermodynamic stability (Figure 9f).[' Their find-
ings demonstrate that RuO, constructs a more stable interface on
an oxidized CoO, support than unsupported RuO,, thereby form-
ing a robust Co—O-Ru interaction throughout the OER potential
range. This metal-support interaction reduces the total energy of
the hybrid system and suppresses RuO, dissolution, significantly
enhancing structural stability.

4.5. Dissolution Energy and Formation Energy

DFT calculations can also assess the thermodynamic favorability
of structural evolution under harsh OER conditions, including
processes such as metal dissolution and the formation of oxides
or hydroxides. Specifically, the dissolution energy (AE_;,.) serves
as a useful atomistic descriptor for evaluating the tendency of
metal dissolution in acidic OER environments, helping to unveil
the origin of enhanced catalyst stability. For instance, Zhang et al.
synthesized Zn-doped RuO, nanowires with oxygen vacancies,
which exhibited improved stability during acidic OER.I*®! Their
results showed that Ru sites in the Zn/O,, -doped RuO, possess
amore positive AE_  value than those in pure RuO,, indicating

—diss
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greater resistance to dissolution (Figure 9g). This suggests that
the co-incorporation of Zn and oxygen vacancies contributes to
the enhanced OER stability of RuO,. Additionally, bulk thermo-
dynamic properties such as the cohesive energy!’®!] (for metal)
or formation energy (for compounds)®*®! offer insight into the in-
trinsic stability of the material against decomposition. Tang et al.
calculated the oxygen vacancy (O,,.) formation energy for three
models: RuO,, Co-Ru0O,, and Pd-Ru0,!'%! (Figure 9h). These cal-
culations revealed that the Pd-RuO, model has the most negative
E,.. value, indicating that surface oxygen vacancy formation is
most facile in this structure. This evidence corroborates that oxy-
gen vacancy formation is enhanced in specific doping scenarios.

Through DFT calculations, it is possible to evaluate the adsorp-
tion energies of OER intermediates on different materials and es-
tablish activity descriptors (such as adsorption energy of interme-
diates, d-band center position, oxygen vacancy formation energy,
etc.), thereby guiding experimental synthesis. This integrated ap-
proach is vital for navigating the common trade-off between ac-
tivity and stability to identify truly optimal and durable catalysts.

5. OER Performance Enhancement Mechanism

By reviewing recent advances in SAD-engineering Ir/Ru-based
catalysts, we highlight that the SAD strategy offers distinct ad-
vantages in manipulating the catalyst structure to achieve high
performance in acidic OER. Although significant progress has
been made, the mechanistic understanding of how activity and
stability are improved remains insufficient for the rational de-
sign of advanced SAD catalysts. This section provided a detailed
summary of several types of performance enhancement mecha-
nisms in conjunction with research methodologies, coupled with
the analysis of advanced ex/in-situ characterization techniques
and theoretical calculation methods.

5.1. Lattice Strain Modulation

Lattice distortion—atomic displacement from ideal crystal lat-
tice sites—tunes electrocatalysts’ electronic structures by alter-
ing bond lengths, angles, symmetry, and orbital overlap, thus
adjusting key catalytic properties such as adsorption energies
and charge transfer.'82-187] Recent advances in tailoring metal lat-
tice distortion through the SAD strategy have opened new fron-
tiers in optimizing the electrocatalytic performance for the acidic
OER.[1466.69.108,109.100.111,167] By deliberately engineering lattice ten-
sile strain or compressive strain via single-atom doping, electro-
catalysts can be tuned to optimize intermediate binding energies,
accelerating OER kinetics and stabilizing catalysts.[184185.188-193]
In a typical study, Gao et al. developed a lanthanide (La)-based
microalloying strategy utilizing trace lanthanum (La, 0.85 at.%)
to engineer LaRulr nanocrystalline catalysts.['®®! Crucially, the
large-sized La atoms preferentially occupy edge sites, forming
a La-stabilized Cottrell atmosphere.!'**1%] This configuration in-
duces both compressive and tensile strain within the Ru-Ir sys-
tem (Figure 10a). According to molecular dynamics (MD) simu-
lations, the compressive strain caused by La incorporation down-
shifts the d-band centers of Ir and Ru active metals. This shift pro-
motes overlap with the O-p band of oxygen ligands and reduces
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the activation energy for the OER. In contrast, tensile strain in
other regions upshifts the d-band centers of Ir/Ru, increasing the
electron density near the Fermi level. This facilitates the adsorp-
tion of more OER reactants and accelerates the reaction kinetics.
As a result, the synergistic interplay between compressive and
tensile strain enhances OER activity through both the AEM and
LOM pathways. More importantly, the MD simulations revealed
that H, O preferentially adsorbs onto the Ru-Ir bridge site in the
AEM calculation. Based on this finding, this site was therefore
selected as the active center for OER.

More recently, Cao et al. proposed a strategy of strain hetero-
geneity engineering to improve the OER performance of RuO, by
incorporating single Pt atoms (Pt-RuO,, Pt: 0.94 at.%).[1%®] Like-
wise, the incorporation of large-sized Pt atoms introduces bulk
tensile strain and local compressive strain into the RuO, struc-
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ture (Figure 10b). To explore the influence of bulk tensile strain,
the team performed DFT calculations to evaluate the enthalpy
change associated with lattice oxygen loss. The results indicate
that bulk tensile strain increases the thermodynamic stability of
lattice oxygen, thereby enhancing the overall structural stability of
RuO,. Further PDOS calculations revealed that the localized com-
pressive strain downshifts the Ru d-band center, weakening the
adsorption of oxygen intermediates and optimizing their bind-
ing energies. Based on these findings, the team proposed that
the Pt-induced compressive-strain regions act as highly active
centers for promoting OER activity. To identify the true active
sites, the energy barriers for OER on various Ru atoms within
the compressive-strain region were compared. It was found that
Ru sites in close proximity to Pt dopants possess a pronouncedly
lower energy barrier, confirming them as the most active
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centers for OER in the Pt-RuO, system. Overall, these studies
exemplify the emerging paradigm of “lattice strain engineering”
through SAD in electrocatalyst design, highlighting how atomic-
level lattice manipulation can systematically stabilize the active
centers and optimize both thermodynamic kinetics in multistep
OER processes.

5.2. Dynamic Electron Donor Modulation Mechanism

The instability of Ir- or Ru-based oxides under high oxidative
potentials (>1.6 V vs. RHE) has been extensively studied and
is attributed primarily to the formation of soluble high-valent
species (e.g., IrO; and RuO, species) and excessive participation
of lattice oxygen in the acidic OER.["¢1%] These processes ul-
timately lead to irreversible structural collapse and severe per-
formance degradation.[290-2°2] Recent advances in catalyst stabi-
lization strategies have revealed that metal doping as an elec-
tron donor enables precise electronic modulation through dy-
namically replenishing electron density during the OER.[%0%]
The primary function of electron donors is to anchor and pro-
tect catalytically active sites, thereby preventing their oxidation or
dissolution.[73#2]

High-valent metals, such as Re,1°0%°] Hf,[3] W,[821] Ta,[>>117] are
regarded as ideal electron donors in acidic OER catalysts due to
their unique advantages, including strong electronegativity, oxi-
dation resistance, and corrosion resistance. Sun et al. developed
atomically dispersed niobium (Nb)-doped RuO, (Nb,;Ru,40,,
Nb: 5 wt.%), demonstrating the efficacy of high-valent transi-
tion metal doping for enhancing both activity and stability in
the acidic OER.'%! Notably, the inherent stability of pentavalent
NDb°* ions against oxidation helps to stabilize the RuO, lattice
structure. X-ray absorption near-edge spectroscopy (XANES) at
the Ru K-edge and Nb K-edge revealed an increase in the va-
lence state of Ru and a decrease in that of Nb, indicating elec-
tron transfer from Nb to Ru sites (Figure 11a,b). Cyclic voltam-
metry (CV) analysis further showed a markedly lower current re-
sponse for the Ru*/Ru®* redox couples in Nb,.;Ru,.,O0, com-
pared to pristine RuO,, directly confirming the suppression of
Ru oxidation (Figure 11c). This strong electronic interaction be-
tween Nb and Ru helps immobilize the active sites within the
lattice. As a result, Nby.; Ru,.,O, exhibited long-term stability un-
der a high current density of 200 mA cm™ in a three-electrode
system.

In a parallel breakthrough, Xing et al. proposed an electron-
donating modification strategy to stabilize tungsten-doped ruthe-
nium oxide (WRuO,) under harsh oxidative conditions by in-
corporating acid-resistant zirconium (Zr) (Zr,y; Wo 10Ruq g0y,
Zr: 1 wt.%) (Figure 11d).°¥ XPS and Raman spectroscopy
(Figure 11e) collectively demonstrate that the valence state of Ru
active sites and the Ru—O bond length remain largely unchanged
during OER, indicating that doping can create stable active sites.
This implies that well-designed Zr-O-Ru coordination environ-
ments can yield true, stable active sites without reconstruction.
Bader charge analysis further reveals an increased electron den-
sity and a reduced chemical valence of Ru sites, confirming elec-
tron transfer from Zr to Ru (Figure 11f). Moreover, the forma-
tion energy of oxygen vacancies (AG_qy) in Zr-doped RuWO, is
found to be higher than in other comparable materials, indicating
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that Zr doping effectively stabilizes the lattice oxygen. Together,
these results underscore that the electron-donating role of Zr and
the robust Zr-O-Ru structure jointly contribute to the enhanced
long-term OER stability. Impressively, the Zr,, o, W, ;o0RU, 40O, cat-
alysts can stably operate in PEM device for over 600 h at a current
density of 100 mA cm™2.

In some cases, high-valence metal dopants play a dual role,
acting not only as stabilizers but also simultaneously serv-
ing as electronic modulators, achieving a well-balance for the
OER activity and stability. Qiao et al. demonstrated a remark-
able dynamic electron-regulatory mechanism in Re-doped RuO,
(Reg.06RUg 040,),%! where single Re atoms exhibit dual function-
ality: acting as electron acceptors at low overpotentials to activate
Ru sites and then transitioning to electron donors at elevated po-
tentials to prevent Ru overoxidation (Figure 11g). Operando XAFS
techniques have captured these coordination changes, indicating
that the Re single sites reconstruct dynamically to optimize in-
termediate adsorption. DFT calculations revealed that Re-doped
RuO, exhibits the lowest energy barrier for the OER via the AEM
pathway (Figure 11h). Furthermore, the simulations provided
critical insight into the identification of the actual active sites. The
results demonstrate that the unsaturated Re sites in Re-RuO, are
inactive for OER due to the excessively strong adsorption of key
oxygen intermediates.

Extensive research, as mentioned previously, has demon-
strated the effectiveness of high-valent metals as electron donors
in stabilizing OER catalysts under acidic conditions. In con-
trast, other studies have shown that incorporating low-valence
metals as charge modulators is a viable strategy for enhancing
catalytic activity.[21:137:167-169.203-207] Thig approach, often seen in
metal oxide catalysts, involves the introduction of cations like
Na,[169] Ag [66] Pt[167] and Pd % which promotes the forma-
tion of oxygen vacancies to maintain crystal lattice neutrality.
These oxygen vacancies can then function as highly active sites or
act synergistically with dopants to improve the catalyst’s intrin-
sic activity. A typical paradigm was demonstrated by Luo et al.
through the rational design of bismuth (Bi) single-atom-doped
RuO, nanocrystal (Bi-RuO, SAAO) catalysts for improving acidic
OER performance.['%] The team demonstrated the incorpora-
tion of Bi single atoms contributes to increase the Ru valence
through electron donor effect (Figures 12a-b) and generate extra
oxygen vacancies (Figure 12¢). These highly active Ru** (x > 4)
species!103:208-210] coordinated with oxygen vacancies contributes
to reduce the OER energy barrier in AEM pathway, as evidenced
by the DFT simulation.

A critical trade-off of using low-valence metal dopants for
enhanced activity is their inherent instability. Under harsh
acidic OER conditions, these species are susceptible to oxida-
tion or dissolution, resulting in rapid catalyst deactivation. Con-
sequently, achieving a balance between high activity and long-
term stability remains a significant challenge. Multi-element
doping is a promising strategy to concurrently address both
requirements.[2144117211] For instance, Tang et al. engineered
dual single-atom doping by introducing Pd and Co atoms into a
RuO, matrix (PdCo-RuO,) to significantly increase the acid OER
stability.l'®t] The enhanced OER performance originates from the
synergistic cooperation of Pd, Co, and oxygen vacancies. Specif-
ically, operando XANES (Figure 12d) revealed that Pd** serves
as an electron donor to prevent Ru over-oxidation, while EPR
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analyses (Figure 12e) confirmed the generation of oxygen va-
cancies induced by Pd**, whereas the theoretical 2D overpoten-
tial map demonstrates that Co incorporates optimize intermedi-
ate adsorption and reduce the OER overpotential (Figure 12f).
Working together, these components suppress the LOM path-
way and optimize intermediate adsorption for enhanced activ-
ity and stability. In parallel, Huang et al. developed single-site
Pt-doped RuO, hollow nanospheres (SS Pt-RuO, HNSs, Pt:
2%) with the presence of interstitial C that demonstrated su-
perior overall water splitting performance in acidic electrolytes
(Figure 12g).'”] The team revealed the interstitial C elongate
the Pt-O and Ru-O bond, regulating the metal-O covalency for
the optimization of reaction intermediates binding. Build on
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this, DFT calculations further revealed that the single-site Pt
configuration elevates the *O dissociation energy by 1.22 eV
(AG,) relative to that of pristine RuO, (Figure 12h), thereby sta-
bilizing the lattice oxygen atoms for enhanced stability. More-
over, the calculated AG for PDS revealed the incorporation of
isolated Pt atoms reduces the energy barrier of *OOH forma-
tion by 0.282 eV (Figure 12i), identifying the enhanced OER
activity.

For the doping system, the catalytic performance is more
generally influenced by a combination of multiple mecha-
nisms. For instance, Liu and colleagues constructed a short-
range-ordered tantalum (Ta) single atoms to modify coordina-
tion environments and enhance the catalytic activity of RuO,
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of PdCo-RuO, and RuO, samples. e) EPR analysis of RuO,, Co-RuO,, and PdCo-RuO, samples. (f) DFT 2D overpotential map of different structure
models. g) Schematic diagram of the interstitial C modulating the Ru-O and Pt-O bond length of SS Pt-RuO,. h) The energy of oxygen vacancy formation
of RuO, and Pt-doped RuO,. (i) Free energy diagram of the RuO, and Pt-doped RuO,.

(Ta—RuO,, Ta: 2.5 wt.%).%] TEM analysis indicated that doping
with large-sized Ta atoms expanded the crystal lattice by ~2%
(Figure 13a). Furthermore, Ru and Ta K-edge XANES spectra con-
firmed electron transfer from Ta to Ru, as evidenced by the en-
ergy shifts of the absorption edges. This transfer resulted in a de-
creased valence state of Ru and a corresponding increase for Ta
(Figure 13b,c). Together, this synergy between electron transfer
and strain effects boosts both activity and stability. Likewise, a re-
cent demonstration by Yang and colleagues employed a titanium
nitride (TiN) substrate that undergoes controlled electrochemi-
cal oxidation, %! facilitating Ti leaching into surface amorphous
iridium oxide (IrO,) clusters (Ir/TiN, Ti: 2.9%) (Figure 13d).
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Mechanistic analysis revealed that the dispersed Ti-O species in-
duce lattice tensile strain by strategically elongating Ir-O bonds
(Figure 13e). This effect arises primarily because of the electron
transferring from Ti to Ir (Figure 13f), which weakens the Ir-O
covalency. The isolated Ti atoms in Ir/TiN catalyst remain sta-
bilized within the IrOx lattice even upon oxidation, which can
be attributed to the strong Ti-O-Ru bonding interaction. Con-
sequently, the energy barrier for the OER is reduced, and lattice
oxygen activation is suppressed—both critical factors for enhanc-
ing OER activity and stability.

Existing research on SAD has outlined key regulatory effects
like lattice strain, electron transfer, and defect engineering. In
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into IrO, clusters during OER. e) Calculation of the Ir-O bond length of the Ti-doped IrO, system on different lattice planes. f) Calculation of Bader

charge of the Ti-doped IrO, system on different lattice planes.

practice, however, synergistic effects beyond these individual
mechanisms must be considered. The potential existence of mul-
tiple active sites, such as grain boundaries, uneven crystalline
degree, lattice distortion and defect site on the catalyst surface,
which may act synergistically, adds further complexity to the re-
action mechanism. Overall, it is the synergistic interplay that uni-
versally leads to a more optimal adsorption-energy landscape,
drastically improving both the activity and stability of these OER
electrocatalysts.

5.3. OER Reaction Pathway Modulation
5.3.1. AEM Pathway Optimization

The conventional AEM pathway in the acidic OER involves four
concerted proton-electron transfer (CPET) processes.[85212] In
this mechanism, protons are desorbed from oxo-intermediates
and subsequently released into the electrolyte.[?'*2* How-
ever, under proton-rich conditions (low pH), proton accumula-
tion on the catalyst surface hinders the deprotonation of oxo-
intermediates, thereby slowing the CPET kinetics.[*! To acceler-
ate the deprotonation pathway and maximize the efficiency of the
CPET step, introducing heteroatoms or bridging oxygen atoms
as proton acceptors has proven to be effective.l>*93212.216-218] Eor
example, Peng et al. reported a proton-transfer-promoted AEM
(PAEM) mechanism involving the introduction of acid-resistant
p-block metal sites (Sb, In, Sn) into a RuO, matrix, resulting
in an asymmetric Ru—O-M structure.2’%) In this configuration,
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protons desorbed from oxo-intermediates adsorb onto the dopant
metal atoms, thus accelerating the deprotonation process. The
authors proposed that this asymmetric structure has a low pro-
ton binding energy, which further facilitates deprotonation, ac-
cording to the Sabatier principle (Figure 14a). In situ FTIR
spectroscopy revealed a shift in the characteristic peak to a
higher wavenumber, indicating the accelerated deprotonation of
*OOH intermediates on the Ru,,Sb,,0, catalyst (Figure 14b).
Consequently, the Ru—O-Sb unit facilitates electron accumu-
lation around the Sb sites, promoting the formation of ac-
tive high-valent Ru species and thereby enhancing the OER
activity.

In parallel, Jiang et al. constructed a 3D interstitial-
substitutional mixed structure by incorporating carbon (C)
and tantalum (Ta) atoms into RuO, (denoted C,Ta~Ru0,).[*%] In
this structure, interstitial carbon atoms serve as proton accep-
tors, modifying the reaction path from a conventional AEM to
a new one-termed proton acceptor-electron donor mechanism
(PAEDM) (Figure 14c). DFT calculations revealed that these
C atoms promote the PAEDM pathway by accepting protons,
resulting in a lower energy barrier than that of the conventional
AEM pathway (Figure 14d). To optimize proton transfer, Ke
et al. introduced acid-resistant niobium (NDb) into edge-shared
1T phase iridium oxide (1T-IrO,) (Nby 4511y 9s0,, Nb: 5 wt.%).[%
Incorporating NDb shifts the rate-determining step (RDS) from
*OOH deprotonation to *O—OH coupling. This shift results in a
substantially lower energy barrier of 0.50 V, representing a clear
reduction from the 0.67 V barrier observed for IrO, (Figure 14e).
Thus, deliberate control of this proton transfer process addresses
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both the activity and stability challenges inherent in the harsh
acidic OER environment.

5.3.2. Oxide Pathway Mechanism (OPM) Modulation

More recently, the oxide path mechanism (OPM) has been iden-
tified as an alternative OER pathway (Figure 15a).57?20) OPM
enables the direct coupling of *O—*O radicals at dual-metal
sites without consuming lattice oxygen, thus facilitating O, re-
lease while maintaining structural stability.?6°8221-222] However,
designing high-performance OPM catalysts remains challeng-
ing because the precise structural requirements for OPM are
still unclear. Researchers previously demonstrated that Ru atom
arrays with shorter interatomic distances promote oxygen radi-
cal generation and direct *O—*O coupling, activating the OPM
pathway.21223] For example, Yan et al. doped Mn into RuO,
(Mn,,Ru0,), forming an asymmetric Mn**~O-Ru**® structure
that served as the active center for the acidic OER. Combined in
situ FTIR, DEMS, and XAFS analyses revealed the occurrence of
the OPM pathway via charge redistribution within the Mn—-O-Ru
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configuration. This conclusion was supported by two key obser-
vations. First, the formation of M—*0O-0*-M intermediates was
indicated by a vibration peak at ~1100 cm™!, which suggested
the direct coupling of *O-O* species. Second, O, production oc-
curred without the involvement of lattice oxygen.

Following this paradigm, a single-atom-doping strategy was
proposed to implement an OPM-like pathway for the acidic
OER. More recently, Liu et al. introduced dispersed vanadium
(V) atoms into a RuO, lattice (V,~RuO,, V: 2.25 at.%) to in-
crease the OER activity, which induces two types of active sites, V
dimers and single V atoms.””l The FTIR spectra revealed a dis-
tinct adsorption band at ~1108 cm™!, assignable to O-O stretch-
ing modes of M—*O-O* species (Figure 15b). This feature sug-
gests O-bridge formation between Ru-V dual-metal sites via an
OPM pathway. To further verify this, the team conducted two-
step operando DEMS with isotope labeling in 0.1 M HCIO, us-
ing alternating H,!'¥10 and H,'°10 solvents (Figures 15¢-d). The
OPM-dominated ®O-labeled catalyst principally enables direct
coupling of surface-bound O adsorbates from adjacent dual-
metal sites to releasel*®! O,. As anticipated, the DEMS results
revealed dominant 2¢O, signals (0-'80) from the '*O-labeled
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Figure 15. Oxide path mechanism (OPM). a

Reaction coordinates

) Three typical reaction pathways for the acidic OER: AEM, LOM and OPM. OPM pathway identification

involves the application of various characterization methods, including DEMS, FTIR and XAFS techniques. b) In situ FTIR spectra showing the occurrence
of —O*—O* intermediates, which are characteristic of the OPM pathway. Operando DEMS detection ofl '8 O-labeled V,—RuO, tested in c) H,!"*10 and
d) H,["10 solvents in 0.1 M HCIO,. e) In situ FTIR spectra of Ga single-atom-doped RuO, (iGag,Ruq 50,). Operando DEMS detection of f) RuO, and
g) iGag,Rug 3O, samples in 0.5 M H,SO,—H,['810 and 0.5 M H,S0,-H,!"°10 electrolytes.

V"-RuO,, confirming the OPM-driven OER. This work high-
lights the crucial role of V dimer sites in reducing the Ru-V in-
teratomic distance and weakening *O intermediate adsorption
at V sites, thereby promoting the energetically favored OPM.
Wang and colleagues recently reported that incorporating atomic
Ga into RuO, (iGay,Ru,30,, Ga: 6.8 wt.%) enhances the spa-
tiotemporal coordination of oxygen radicals, thereby promot-
ing *O-0O%* coupling for improved OER activity and stability."!]
Through operando FTIR measurements, the team identified
the OPM pathway on iGa,.,Ru,.;O, by detecting characteristic
intermediates, including M—*0-0*-M and M—*O-O%* species
(Figure 15e). Furthermore, DFT calculations indicated that the
kinetic overpotential of the AEM pathway 0.57 eV higher than the
OPM pathway, confirming the iGa, , Ru, 4O, preferentially favors
the OPM pathway (Figure 15f). Based on these findings, we con-
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clude that the SAD strategy offers unique advantages in steering
the catalytic pathway toward the OPM route for enhanced OER
performance, owing to its ability to precisely modulate the elec-
tronic structure of metal active sites at the atomic level.

5.3.3. Other Proposed Reaction Pathways

Beyond the three widely discussed reaction mechanisms (AEM,
LOM, and OPM), ongoing research is dedicated to exploring
novel pathways to further advance the mechanistic study of OER
catalysts. Yang et al. proposed a bridging-oxygen-assisted de-
protonation (BOAD) pathway in Zr, o, W, 1oRu, 50O, catalysts.[%]
Specifically, the team calculated the hydrogen adsorption en-
ergy on bridging-oxygen (O_bri) sites and demonstrated that it
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RuO, catalysts. c) Schematic illustration of the electrochemical interface during water oxidation. d) Schematic illustration of DORM pathway.

is lower on Ru—O_bri-W sites than on undoped RuO,. This re-
duction is primarily attributed to the stronger Brensted acidity
of O_bri induced by W dopants, which accelerates the deproto-
nation process. As a result, the BOAD pathway exhibits a lower
energy barrier compared to the AEM pathway (Figure 16a,b).
To stabilize the lattice oxygen, Li et al. developed an innovative
oxophilic-site-mediated dynamic oxygen replenishment mecha-
nism (DORM) in a non-noble W-NiCo,O, catalyst (Figure 16c).
This mechanism facilitates rapid and continuous healing of oxy-
gen vacancies generated by the LOM process through the opti-
mization of interfacial water species (Figure 16d). Remarkably,
this approach mitigates uncontrolled lattice oxygen loss while
promoting oxygen exchange via facilitated water dissociation,
thereby establishing a self-sustaining redox cycle that surpasses
the limitations of conventional AEM or LOM pathways. This
work introduces a new paradigm for local electronic regulation
by synergistically coordinating lattice dynamics with interfacial
reactivity.

5.3.4. Co-Existing Reaction Pathways Modulation

Based on these insights, we emphasize that elucidating reac-
tion pathways is crucial for understanding the complex mech-
anism of the acidic OER. This complexity arises from the coexis-
tence of multiple possible pathways—such as AEM, LOM, OPM,
BOAD, and DORM—governed by the distinct electronic and co-
ordination structures of the active sites. These mechanisms often
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compete or coexist under varying catalytic conditions or ap-
plied potentials, making it challenging to identify the dominant
route. For instance, both AEM and LOM pathways often co-
exist in doped Ir- or Ru-based catalysts (e.g, H;¢lIr, Ru O, 1]
LaRulr(1%8]). In doped Ir-based systems, AEM is generally con-
sidered the dominant OER pathway, enabling stable operation
though limited by sluggish kinetics. Doping can activate lattice
oxygen within asymmetric Ir-O-M motifs, inducing a localized
LOM pathway that enhances intermediate adsorption and im-
proves OER activity. In contrast, doped Ru-based catalysts exhibit
a different behavior: the pronounced presence of the LOM path-
way increases the risk of structural instability (e.g., Pt-RuO,!1¢”).
Therefore, suppressing LOM and promoting AEM is essential to
achieve high stability.

It is recognized that in doped catalysts, the OER pathway—
whether governed by a single mechanism or shaped by multiple
coexisting ones—is ultimately a consequence of electronic mod-
ulation arising from doping effects. These include lattice strain,
electron donation, defect engineering, and interfacial micro-
environment regulation, as discussed subsequently. A precise
understanding of the OER mechanism therefore, hinges on es-
tablishing a clear causal chain: doping induces charge redis-
tribution at the active site, which shifts the adsorption energy
of intermediates, thereby steering the reaction pathway and ul-
timately determining the catalytic performance. A reliable in-
vestigation of these pathways requires combining advanced in
situ techniques—such as Raman and infrared spectroscopy cou-
pled with DEM S—to monitor reactive intermediates and oxygen

© 2025 Wiley-VCH GmbH

a0 '0V89YTIT

wouy

\pe//sdny

1U) SUORIPUOD Pue SWS | 84} 885 *[SZ02/2T/2T] Uo ARiq178uiuo AB|IM eulyD JO ABojouyos | puy 80UBI0S DILI0LIIB T JO AISRAIUN AQ HTHH0SZ02 WUSR/Z00T OT/I0p/W0D™AS|IM:

fo|mA.

85U801 SUOLLLLIOD BATERID 9[geotjdde U Aq pouBA0B 812 S1E YO '8N J0'S3|N o} Aleiq1T IO AB|1AA UO (SUONIPUOD-PI


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

ADVANCED
SCIENCE NEWS

ADVANCED
ENERGY
MATERIALS

www.advancedsciencenews.com

products, along with DFT simulations to identify the most favor-
able reaction mechanism.

5.4. Interfacial Water Microenvironment Modulation

Rather than taking place at isolated active sites, the reaction
occurs via a complex interfacial process. It involves proton-
coupled electron transfer (PCET), a mechanism whose depen-
dence on the interfacial electric field, local pH, and hydrogen-
bond network remains incompletely understood. The interfacial
water environment—referring to the structured layers of water
molecules formed at the catalyst-electrolyte boundary—plays a
critical role in determining the overall efficacy of electrocatalytic
processes.[?>224-227] This interfacial water acts as an active medi-
ator in PCET, profoundly influencing the reaction pathways and
kinetics of electrocatalytic reactions such as CO, reduction and
OER, which involve concurrent proton and electron transfers.
Nevertheless, the mechanistic relationship between changes in
the interfacial water environment and the enhancement of cat-
alytic activity remains inadequately understood.

Vibrational spectroscopy techniques, such as infrared and Ra-
man spectroscopy, are widely used to investigate the chemical
environment of interfacial water.[226:228.22] These techniques en-
able the extraction of vibrational signals from adsorbed species
through appropriate data processing. Based on such analyses, re-
searchers have proposed several structural models of interfacial
water, including tetrahedrally coordinated water, trihedrally co-
ordinated water, and weakly hydrogen-bonded free water (free-
OH).[227230] In the context of acidic OER, the water network fa-
cilitates proton and electron transfer by shuttling protons to and
from the active sites. A weak hydrogen-bond network tends to
promote water adsorption and dissociation but may also cause
proton enrichment on the catalyst surface.[??#23!] This can hin-
der intermediate deprotonation and subsequently slow down
O, evolution (Figure 17a). On the other hand, an overly strong
hydrogen-bond network, while beneficial for proton transfer, in-
troduces a high energy barrier for OER activation.?*2233] There-
fore, precisely engineering the interfacial water microenviron-
ment is crucial for optimizing OER performance.

In a representative study, Luo et al. developed a series of p-
block metal (Ga, In, Sn) single-atom-doped RuO, catalysts to
modulate the hydrogen-bonding network of RuO, for enhanced
OER activity.®®! Operando ATR-SEIRAS measurements showed
that Ga—RuO, (with 6.8 wt.% Ga) exhibited a higher propor-
tion of free water compared to other variants, indicating a weak-
ened hydrogen-bonding structure (Figure 17b). PDOS analysis
combined with a volcano plot revealed that Ga—RuO, possesses
higher Ru-O covalency than pure RuO, and Sn-RuO,, though
lower than that of In-RuO,, correlating with its lowest OER over-
potential. These findings suggest that modifying the interfacial
water network can optimize Ru—O covalency to enhance OER per-
formance. Further DFT calculations demonstrated that a higher
concentration of interfacial free water significantly reduces the
energy barrier of the rate-determining step (RDS), underscoring
the facilitative role of interfacial water in the OER process.

Similarly, Cao et al. reported that Sb single atoms can tailor
the interfacial water environment in RuSbO, catalysts, leading to
improved activity in acidic OER."®) Operando ATR-SEIRAS re-
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sults indicated a higher concentration of free water at the catalyst
surface in RuSbO, compared to RuO,. Based on Bader charge
analysis, the team revealed that the adsorption energy of oxygen
intermediates—particularly the *O species (AG_.)—is higher
on RuSbO, than on RuO,. This optimization promotes the mi-
gration of interfacial water from the electrolyte to the catalyst
surface and accelerates the interaction between interfacial wa-
ter and *O to form *OOH, thereby boosting catalytic activity
(Figure 17c). These results demonstrate that single-atom doping
sites can optimize the electronic structure of active centers by
tailoring the local hydrogen-bond network, leading to more fa-
vorable adsorption of reaction intermediates and improved OER
kinetics.

6. Practical Guidelines for PEM Application

To date, the performance of OER catalysts in PEMWE has also
garnered significant interest in the pursuit of commercial-scale
electrolysis. Although those single-atom dispersed (SAD) Ir- or
Ru-based catalysts have demonstrated remarkable intrinsic ac-
tivity and stability in three-electrode systems (Table 1), their im-
plementation under practical PEM operating conditions remains
a considerable challenge (Table 2). The U.S. Department of En-
ergy (DOE)’s 2026 targets for industrial PEM water electrolysis
require operating at a current density of 3 A cm™? with a cell
voltage of 1.8 V, with a system lifetime exceeding 80,000 h. Cur-
rent laboratory research remains far from meeting these bench-
marks, constrained by factors such as high equipment costs, lack
of standardized testing protocols, and limited research timelines.
That said, several recent studies have demonstrated acidic OER
catalysts capable of stable operation for thousands of hours at
high current densities (>500 mA cm~2), marking considerable
progress at the lab scale. Nonetheless, direct comparison of these
performance metrics is challenging due to inconsistencies in cat-
alyst loading, electrode surface area, cell design, and operating
conditions across different studies. Therefore, the fundamental
objective is to bridge the gap between academic evaluation meth-
ods and industrial standards to accelerate the PEMWE commer-
cialization.

In laboratory-level research, the overpotential at a current den-
sity of 10 mA cm™? performed in three-electrode systems is
widely used as a benchmark for evaluating the intrinsic activity
of electrocatalysts. This relatively mild condition helps minimize
bubble formation and mass transport limitations, thereby pro-
viding a more accurate reflection of the dynamic kinetic behav-
ior of catalysts. However, under the high current densities (>1
A cm™?) and elevated temperatures typical of PEM electrolysis
configurations, vigorous gas evolution leads to substantial bub-
ble accumulation on catalyst surfaces. This can severely impede
mass transport and result in significant performance deviation.
Additionally, under such harsh operating conditions, catalysts are
susceptible to structural reconstruction, migration, and dissolu-
tion, further degrading their catalytic performance. Therefore,
the rational design of advanced Ir/Ru-based catalysts must pri-
oritize long-term stability at high current densities (>1 A cm™?)
to meet the requirements for future PEM applications. Given
this objective, evaluating catalyst performance within actual PEM
configurations becomes indispensable for laboratory research,
unde rscoring the urgent need for standardized testing protocols.

© 2025 Wiley-VCH GmbH
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Figure 17. Interfacial water microenvironment mechanism. a) Schematic diagram of the proton transfer process in different H-bond environments. b)
In situ Raman analysis of Ga—RuO, and RuO, samples. The H,O vibration peak can be divided into three components: 4-HB-H,0, 4-HB-H,0 and
free-H, 0. ¢) In situ Raman analysis of Sb single-atom-doped RuO, (RuSbO,) and RuO,.

Beyond the catalyst itself, other critical components of PEM
systems—such as the catalyst layer (CL) integration, porous
transport layer (PTL), gas diffusion layer (GDL), and bipolar plate
(BPP)—also play vital roles in determining device performance
(Figure 18a).[23+23¢] These elements crucially affect overall con-
ductivity and mass transport, which are essential for efficient op-
eration, yet are often overlooked in fundamental laboratory stud-
ies. Consequently, many catalysts that exhibit excellent perfor-
mance in three-electrode systems suffer from rapid degradation
under high current densities in PEM electrolyzers. Therefore,
optimizing key components is critical to enhancing the perfor-
mance and durability of PEM systems. Such optimization not
only helps reveal the intrinsic activity of catalysts under industri-
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ally relevant conditions but also offers crucial insights into their
practical applicability. Here, we focus specifically on the anode
sites, including the CL, PTL, and their interfacial contact, offering
guidance for performance optimization in laboratory-scale PEM
devices.

6.1. Catalyst Layers (CLs)
Catalyst layers (CLs) integration plays a critical role in determin-
ing the activity and durability of the MEA (Figure 18Db).12*”] Un-

der harsh reaction conditions—such as high temperature, high
pressure, and high current density—the CL produces abundant
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Schematic illustration of the PEM components, including GDL, CL, and PTL.

bubbles that accumulate on the catalyst surface. This bubble cov-
erage not only blocks active sites but also obstructs proton trans-
port pathways, resulting in performance decay. Furthermore, the
catalyst surface is susceptible to structural reconstruction, migra-
tion, and metal dissolution under high operational current den-
sities, shortening the catalyst’s lifespan and compromising its
activity due to the leaching of impurity elements into the elec-
trolyte. The primary goal is to engineer a catalyst structure that
maximizes the accessibility of active sites while ensuring efficient
transport of protons, electrons, water, and oxygen. For instance,
researchers have developed proton-abundant H,IrO, nanosheet
catalysts.[2*8] These ultrathin layer with rich protons enables high
conductivity, thereby reducing the CL’s dependency on ionomers
for proton conduction. As a result, #85% of the catalyst layer re-
mains free of ionomer, maximizing the exposure of active sites
and accelerating electron transfer and gas release. Another study
incorporated nanochannels into an Ir-based catalyst to improve
mass transport.?*?] The nanochannel electrode achieved a volt-
age reduction of 190 mV at 9 A cm™2 compared to a counterpart
without nanochannels. These nanochannels were found to facil-
itate the transport of water and oxygen across the CL/PTL inter-
face, leading to enhanced membrane hydration and reduced con-
tact resistance. Furthermore, the nanochannel electrode exhibits
a larger electrochemically active area and higher catalyst utiliza-
tion, which effectively lowers the Ir loading. These results are of
significant value for the development and design of catalyst lay-
ers (CLs), offering a promising low-iridium electrode material for
the large-scale production of clean hydrogen.

6.2. Porous Transport Layer (PTL)

Titanium-based materials—such as Ti felt, Ti mesh, and Ti foam
are commonly used as PTLs owing to their high electrical conduc-
tivity and excellent corrosion resistance in an acidic environment.
However, under the harsh operational conditions in PEMWE, a
passive titanium oxide layer forms, increasing interfacial contact
resistance and reducing system efficiency. Surface deposition of
noble metals (Au, Pt etc.)[2*%241] or oxides[?*?! on Ti-PTLs has been
proven effective in reducing interfacial resistance, suppressing
surface passivation, and enhancing durability. In addition, PTL
properties, including pore size and porosity, significantly influ-
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ence contact resistance.?**2*I Studies indicate that optimal PTL
performance is achieved with pore diameters between 10 and
13 um and a porosity of ~30%, which minimizes the interfacial
contact resistance between the PTL and CL.

Moreover, non-uniform catalyst thickness can cause poor
interfacial contact with the PTLs, leading to higher ohmic
losses.I?] Several factors influence the quality of the catalyst
coating on MEA, including ionomer content, dispersion sta-
bility, viscosity, choice of slurry solvent, hydrophilicity of the
gas diffusion layer (GDL) substrate, spray gun parameters, and
so on. To achieve high-quality and uniform MEAs, laborato-
ries may employ syringe or peristaltic pumps to ensure pre-
cise and steady slurry delivery. Or, mounting the spray gun
on a computer-controlled XYZ three-axis motion stage enables
raster-scanning deposition, eliminating the variability inher-
ent in manual spraying and ensuring consistent, reproducible
spraying.

The high cost of PEM electrolyzers is also a major barrier
to the widespread adoption of green hydrogen production. In
PEM system, the catalyst materials are platinum groups met-
als (PGM), accounting for 25% of the stack cost.**$] A primary
contributor to this expense is the anode catalyst, which typically
utilizes Ir—a precious metal that is extremely scarce and expen-
sive. Commercial stacks require Ir loadings of ~1-2 mg; cm™
to achieve the necessary activity and durability, resulting in low
catalyst utilization efficiency.[?*2*®] Thus, reducing both the irid-
ium loading and developing alternative, low-cost catalyst mate-
rials is not merely an economic imperative but a fundamen-
tal necessity.?*! To tackle this issue, strategies such as highly
dispersed supported catalysts or nanostructured thin-film cat-
alysts have been proposed to significantly lower iridium con-
tent. For instance, Tao et al. introduced a hierarchical catalyst
layer composed of sub-nanosheets on nanowires, which effec-
tively reduced the iridium loading to 0.35 mg;, cm™ while si-
multaneously enhancing the overall performance of PEM water
electrolyzers.[2>]

In summary, we have outlined the key components of PEMWE
systems—namely, catalyst layers (CLs) and porous transport lay-
ers (PTLs)—and discussed critical factors such as catalysts de-
sign, interfaces contact, ionomers, and impurities that require
attention in laboratory-scale research. Future academic studies
should focus on reducing the reliance on precious Ir metals,
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enhancing operational durability, and lowering overall system
costs. Through advances in the design of low-cost catalysts and
integrated optimization of core components, PEMWE technol-
ogy is poised to enable wider commercial adoption in large-scale
green hydrogen production.

7. Conclusion and Perspectives

This paper comprehensively summarizes the development of
single-atom-doping (SAD) methods for regulating Ir- and Ru-
based electrocatalysts for the acidic OER. By significantly increas-
ing the intrinsic activity and, crucially, long-term stability under
harsh acidic OER conditions, these SAD-engineered Ir/Ru-based
catalysts directly address the major bottlenecks of high precious
metal cost and insufficient durability, which hinder widespread
PEMWE commercialization.

In this review, we summarize common synthetic strategies de-
veloped for precisely anchoring isolated heteroatoms—such as
transition metals, rare-earth metals, and p-block elements—into
Ir- or Ru-based oxide matrices. These approaches create unique
catalytic sites with tailored electronic and geometric structures.
Crucially, such single-atom sites are incorporated into the crys-
tal lattice via substitutional doping, forming localized Ir(Ru)-O—
M interactions and inducing a range of regulatory effects. For
instance, doping with metal atoms that differ significantly in
atomic size (e.g., Pt, La) can introduce lattice strain (compressive
or tensile), which modulates the d-band center of the active metal
and optimizes the adsorption strength of reaction intermediates,
thereby enhancing catalytic activity. High-valence metal dopants
(e.g., Zr*t, Ta*+, Nb>*, Re’*) enable electron transfer to Ru sites
owing to their strong electronegativity, suppressing overoxida-
tion and dissolution of Ru and thus improving structural stabil-
ity. Low-valent dopants (e.g., Ptt, Ag*, Zn*, Pd**) can facilitate
the formation of high-valent active species and additional oxy-
gen vacancies, synergistically optimizing the binding energy of
intermediates and enhancing intrinsic catalytic activity. Several
reports emphasize the role of single-atom sites (e.g., Sb, Ta) in
optimizing the AEM pathway by serving as proton-acceptor sites,
accelerating proton transfer and improving OER reaction kinet-
ics. Other studies highlight that certain dopants (e.g., V, Ga) can
alter the reaction pathway from the conventional AEM to the di-
rect O-O coupling route (OPM) by forming localized symmet-
ric structures. This shift lowers the energy barrier of RDS and
reduces lattice oxygen participation, simultaneously enhancing
OER activity and stability. Additionally, attention has been drawn
to the regulation of the interfacial water environment (e.g., by Sb,
Ga) for facilitating water dissociation, reducing the driving force
for OER activation. In cases of dual-atom or multi-atom doping
catalysts, the active sites may be governed by a specific reaction
mechanism; however, their behavior is not attributable to a sin-
gle factor alone. Rather, it is more likely the result of a synergistic
enhancement arising from the interplay of multiple elements—
such as lattice strain, electron transfer, and defect/vacancy en-
gineering. Investigating these synergistic mechanisms offers a
clearer blueprint and deeper insights into the complexity of het-
erogeneous interfaces.

Given these design protocols for advanced SAD catalysts, the
research community has turned its attention to the structural
evolution of the SAD sites, seeking to answer two fundamen-
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tal mechanistic questions: How do these sites reconstruct dur-
ing the OER, and are they truly the active sites? In fact, most of
these SAD sites are generally inactive toward OER and function
primarily as structural stabilizers or electronic modulators to en-
hance the catalytic performance of active sites. This is particu-
larly evident for corrosion- and oxidation-resistant high-valence
elements such as Zr and Nb, which form strong interactions
within the crystal lattice and resist structural reconstruction. In
contrast, certain low-valence elements may undergo oxidation
during electron transfer, potentially leading to dissolution in ex-
treme cases. Here, the use of SAD with low loading and uni-
form dispersion helps control the extent of dopant dissolution,
thereby maintaining the overall structural integrity. However,
since catalytic reactions occur predominantly at surfaces and in-
terfaces, the dissolution of doped elements from the catalyst sur-
face remains a critical challenge. In specific scenarios—such as
when functioning as proton acceptors to optimize the AEM path-
way or to establish an OPM—SAD sites can serve as adsorp-
tion sites for certain oxy-intermediates within Ir/Ru-O-M struc-
ture, facilitating more efficient adsorption-desorption processes.
In summary, the structural reconstruction of those SAD sites
can be mitigated by precise coordination control. The combina-
tion of synchrotron radiation techniques (e.g., XAFS) with the-
oretical modeling (e.g., DFT, MDs) is indispensable for unrav-
eling their true nature and dynamic evolution under operating
conditions.

Despite significant progress, single-atom dispersed (SAD)
catalysts still face inherent challenges, including low dopant
loading, high loading non-uniformity, and susceptibility to
surface leaching. Moreover, the complexity of the OER—driven
by the dynamic evolution of active sites, SAD sites, and the
interfacial microenvironment—necessitates more advanced
characterization techniques to elucidate the mechanistic details
of the synergetic effect, SAD regulation, and degradation pro-
cess. Furthermore, establishing standardized testing protocols,
integrated with rational catalyst design and proton exchange
membrane (PEM) component optimization, is crucial for trans-
lating laboratory-developed catalysts into practical PEM water
electrolysis (PEMWE) applications. Therefore, concerted efforts
are essential to overcome these barriers, with priority given to
the following key directions:

1) High loading and dispersion of SAD sites

To prevent the aggregation of single atoms into nanoparti-
cles, the metal loading is typically kept very low (often below
1-5 wt%). This limitation on the SAD sites density per unit
area compromises their systematic modulation of the host metal
and hampers the establishment of a reliable catalytic mecha-
nism. Consequently, securing a high and uniform loading of
isolated SAD atoms is a critical premise for the rational de-
sign of next-generation SAD catalysts. Beyond the selection of
a synthesis strategy, successful implementation hinges on ad-
dressing two critical factors. First, the pyrolysis or annealing
process requires precise control, with an optimal temperature
range of 500-800 °C to stabilize single-atom sites without in-
ducing sintering. Second, it is essential to establish a strong
metal-support interaction (SMSI) by utilizing defect sites (e.g.,
vacancies, edges) or functional groups (e.g., —OH, —COOH)
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to form coordination bonds that effectively prevent atomic
aggregation.

1) Suppressing surface leaching of SAD sites

Single-atom dopants in the Ir/Ru oxides are prone to disso-
lution and aggregation under harsh acidic and oxidizing condi-
tions, leading to rapid performance decay. Exploring novel archi-
tecture to act as a trap or cage that immobilizes the dispersed dop-
ing atoms is highly recommended. For example, architectures
rich in atomic vacancies (e.g., cation vacancies in spinel oxides)
or edge sites provide strong anchoring points, drastically increas-
ing the energy required for a single atom to detach or migrate.
The use of support materials and core—shell architectures serves
as a robust physical barrier that isolates the internal SAD active
sites from the corrosive electrolyte, thereby effectively suppress-
ing their leaching and aggregation.

1) Deepening the mechanistic understanding

Doping in many cases might introduce extraneous lattice
boundaries, defects, or oxygen vacancies into the lattice, which
can perturb catalytic activity and stability. This dynamic restruc-
turing makes it extremely challenging to identify the true catalytic
active sites—a state that is often unstable and difficult to isolate.
Meanwhile, the dynamic evolution of dopant sites under opera-
tional conditions, coupled with issues such as, atoms agglomer-
ation, segregation, and leaching, further complicates mechanis-
tic studies. Thus, relying on current characterization techniques
(XPS, operando XAS, in situ FTIR, in situ Raman, DEMS etc.) is
often insufficient. Techniques like nano-tomography, atom probe
tomography (APT), and time of flight mass spectrometer (TOF-
MS) are promising to pinpoint the exact chemical composition
and geometric structure. Correlation of multimodal operando
techniques (4D operando TEM and high-energy-resolution time-
resolved X-ray spectroscopy)?°!! serves as a powerful platform to
comprehensively investigate the structural dynamics under elec-
trochemical conditions. Future research will need to integrate
these next-generation techniques to deepen our fundamental un-
derstanding of the complex structural evolution of catalysts.

1) Advancing theoretical methodologies

Machine learning (ML) and high-throughput computational
screening have emerged as powerful tools in catalyst design,
overcoming the fundamental constraints of traditional “trial-
and-error” approaches. Machine learning can handle more com-
plex material descriptors and experimental conditions, pre-
dicting new material combinations with desirable properties,
such as high-entropy alloy catalysts.[?*?] Complementarily, high-
throughput screening efficiently identifies optimal dopant-host
pairs, as exemplified by the MglrRu oxide catalyst, which has
been experimentally validated to achieve a low overpotential of
191 mV and outstanding mass activity.?>*] The integration of ML
and high-throughput computational screening with experimen-
tal validation is revolutionizing electrocatalyst development—
significantly accelerating discovery, reducing costs, and yielding
deeper mechanistic insights. These approaches have become es-
sential to the rational design of sophisticated, next-generation
catalysts.
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1) Developing testing protocols

PEM water electrolyzers entail more complex degradation
mechanisms than traditional aqueous electrolyte systems. These
include substrate passivation, metal dissolution, catalyst detach-
ment, bubble accumulation, and the degradation of membranes
and ionomers. This complexity underscores the pressing need
to establish consistent testing protocols, incorporating accel-
erated degradation procedures, standardized decay assessment
(e.g.,uV/h), real-time resistance monitoring, and uniform data
reporting guidelines. Furthermore, these standardization efforts
must align with practical PEMWE operating conditions—such as
active area, temperature, pressure, and electrolyte flow rate—to
ensure relevance. Ultimately, MEA-level validation is indispens-
able to ensure that lab-scale research possesses practical rele-
vance and is translatable to real devices.
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