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Modulation strategies for acidic oxygen evolution catalysts
Feifei Teng, Zhenlu Wang*, and Jingqi Guan*

Proton exchange membrane water electrolysis (PEMWE) is a highly efficient, eco-friendly hydrogen 
generation technology. With advantages such as fast response and superior energy efficiency, it is a crucial 
pathway for the clean energy transition. However, the anodic oxygen evolution reaction (OER) suffers from 
sluggish kinetics. Moreover, the acidic environment leads to insufficient stability of most catalysts, restricting 
the efficiency and lifespan of PEMWE. Thus, the design of acidic OER catalysts that combine high activity with 
long-term durability remains a key bottleneck for its large-scale application. This paper systematically 
elucidates the basic reaction mechanism of acidic OER, reviews the research progress of catalysts based on 
noble metals and those based on non-noble metals, and analyzes performance enhancement strategies from 
electronic and geometric structural perspectives. Furthermore, it discusses the application performance in 
high current density electrolytic devices, analyzes the main technical bottlenecks in the industrialization 
process, and proposes future development directions for this field.

1. Introduction

During the critical period of global energy transition, 
developing green and eco-friendly energy to substitute traditional 
fossil fuels has emerged as a common goal.1-3 Traditional carbon-
based fuels are not only limited in reserves but also emit large 
amounts of greenhouse gases and pollutants during combustion, 
exacerbating climate change and environmental pollution.4-7 
Although renewable energy sources such as wind and solar power 
have been widely used, their inherent intermittency and instability 
limit their continuous power supply capabilities. In this context, 
hydrogen energy has gained significant traction as a promising 
energy carrier, primarily owing to its high energy density and 
inherently green, clean characteristics.8-10 Among them, water 
electrolysis technology for hydrogen production can convert 
intermittent electrical energy into storable hydrogen, building an 
important bridge between renewable energy and stable energy 
supply.11, 12

Proton exchange membrane water electrolysis (PEMWE) is 
particularly notable among the various water electrolysis methods, 
owing to its distinct advantages. Compared with traditional alkaline 
water electrolysis technology, PEMWE offers distinct advantages 
including a compact system structure, high operating current 

density, and high hydrogen purity.13-16 This technology is built upon 
two key electrochemical processes: the oxygen evolution reaction 
(OER) at the anode and the hydrogen evolution reaction (HER) at 
the cathode.17, 18 Yet the OER involves a four-electron transfer 
process, resulting in sluggish reaction kinetics and a significantly 
higher overpotential compared to the HER, which only requires 
two-electron transfer.19-21 More importantly, the strongly acidic 
conditions during OER detrimentally impact catalyst robustness, 
readily causing the dissolution of active components and structural 
reconstruction, which seriously affects operational stability of the 
electrochemical system.22-25

Fig. 1 Schematic diagram of water electrolysis in an acidic medium.
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As the hydrogen energy industry advances towards large-scale 
development, the stable operation of PEMWE technology at high 
densities (exceeding 1 A cm-2) is a research focus.26 Increasing the 
operating current density can improve hydrogen production 
efficiency and reduce industrial hydrogen production costs. 
However, high current density conditions further exacerbate the 
corrosion and degradation of anode catalysts.27, 28 Therefore, 
developing acidic OER catalysts that combine high activity with 
superior stability, deeply understanding their reaction mechanisms, 
and revealing the inherent link between material structure and 
performance have become the core of breaking through the 
technical bottleneck of PEMWE.29-33 This research direction not only 
has important academic value but also represents a strategic need 
for promoting renewable energy development and achieving 
energy structure transformation.

This paper systematically reviews the research progress on 
acidic OER mechanisms. Based on this, it comprehensively 
summarizes the latest research achievements of different types of 
catalysts, including catalysts based on noble metals and non-noble 
metals, with the analysis of the key roles of electronic structure 
modulation and geometric structure design strategies in enhancing 
catalytic performance. Meanwhile, we comprehensively review the 
practical application of OER catalysts in high-current-density 
electrolysis devices. Finally, it conducts an in-depth analysis of the 
main challenges currently faced in this research field, such as the 
trade-off between catalytic activity and structural durability, 
decreasing noble metal consumption, and provides forward-looking 
prospects for future development directions. 

Fig.2 Reaction mechanisms, classification, regulation strategies, and 
high-current-density applications of acidic oxygen evolution 
reaction catalysts.

2. OER mechanisms

The multi-electron transfer nature of OER leads to a high 
reaction energy barrier, and thus understanding its underlying 
mechanisms is a prerequisite for the design of efficient and robust 
catalysts.34 Currently, adsorbate evolution mechanism (AEM, not to 
be confused with anion exchange membrane), lattice oxygen 
oxidation mechanism (LOM), and oxide pathway mechanism (OPM) 
are three widely considered mechanisms.35-37 Importantly, the 
design and composition of the catalysts direct the reaction along 
different mechanistic pathways, which can have a decisive impact 
on their performance.38, 39 Therefore, it is crucial to study the OER 
mechanisms, and each of them will be described in detail below.

Fig. 3 Schematic of (a) AEM, (b) LOM, and (c) OPM in the acidic OER.

2.1. AEM

AEM, as the earliest proposed OER mechanism, has a well-
established research system. The AEM pathway proceeds through 
four consecutive steps, each involving the coupled transfer of an 
electron and a proton. First, H2O undergoes chemisorption at the 

metal site (M), where the applied voltage drives dissociation to 
release an H+ and an electron, concurrently forming the adsorbed 
M-OH intermediate. Then OH* adsorbed on the M site is oxidized 
to O*, while releasing a second H+ and an electron. Then, another 
H2O interacts with the reaction intermediate O*, releasing H+ and 
an electron and forming OOH*. The cycle concludes as the OOH* 
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intermediate dissociates in a concerted step, regenerating the 
active site and releasing O2, H+, and an electron.40, 41

Fundamentally, AEM involves the adsorption and release of 
intermediates on the active center. Each of the four reaction steps 
can affect the OER overpotential. The total Gibbs free energy 
change (ΔG) of the reaction, theoretically calculated to be 4.92 eV 
under standard conditions, is the sum of the ΔG values of the four 
individual steps. The ideal catalytic state is achieved only when the 
ΔG of each step equals 1.23 eV.42-44 However, this ideal state is 
unattainable due to the scaling relation between the adsorption 
free energies of the intermediates OH*, O*, and OOH*.45 
Rossmeisl et al. demonstrated a linear proportionality between 
the binding energies of OOH* and OH* in OER: ΔGOOH*  ΔGOH* = 
3.2  0.2 eV, which indicates a strong association between OH* 
and OOH*, which makes this step the rate-determining step of the 
reaction.46 If ΔGOH* → O* decreases on the catalyst, ΔGO* → OOH* 
increases and vice versa. Therefore, only ΔGOH* and ΔGO* can 
affect the catalyst activity, and ΔGO*  ΔGOH* is a key descriptor for 
the OER activity.47 According to Sabatier’s principle, the optimal 
catalytic performance requires the interaction strength between 
active sites and oxygen intermediates to fall within an appropriate 
range.48 The OER activity shows a volcano type trend with ΔGO*  
ΔGOH*, and the catalyst activity is highest when the binding sites of 
the catalyst are positioned near the summit of the volcano curve, 
where an overpotential of 370 mV is the theoretical minimum 
(25 ℃, pH = 0).49 Therefore, single-atom catalysts following the 
AEM pathway cannot achieve an overpotential lower than 0.37 V 
during the OER process.

At the experimental level, the AEM pathway can be 
unambiguously identified through various in situ spectroscopic 
and isotopic labeling techniques. The most definitive evidence 
comes from differential electrochemical mass spectrometry 
(DEMS) coupled with isotopic labeling. For instance, in their study 
on an F-doped NiCo2O4 catalytic system, Li et al. analyzed isotope-
labeled DEMS measurements and found that the mass signal 
ratios of 32O2 : 34O2 : 36O2 for 18O-labeled NiCo2O4-F1 and NiCo2O4 
were 1804 : 27 : 1 and 3645 : 27 : 0, respectively.50 This clearly 
demonstrates that both NiCo2O4 and NiCo2O4-F1 follow the AEM 
for OER. The F-doping did not alter the reaction mechanism, yet it 
enhanced 14-fold intrinsic activity. Additionally, attenuated total 
reflection surface-enhanced infrared spectroscopy (ATR-SEIRAS) 
allows us to probe the signal intensity of reaction intermediates, 
thereby elucidating the underlying OER mechanism. Lu et al. 
prepared a grain boundary-rich V-doped RuO2 catalyst using a 
rapid thermal-driven cation exchange strategy and collected in situ 
ATR-SEIRAS spectra at various stepped voltages.51 As the potential 
increased, distinct absorption peaks at 1019, 1200, and 3300 cm-1 
were clearly resolved in the spectra. The peak at 1200 cm-1 was 
assigned to the O-O stretching vibration of the *OOH intermediate, 
while the peak at 3300 cm-1 was attributed to the O-H stretching 
vibration of the *OH intermediate, providing direct in situ 
spectroscopic evidence that the reaction follows the AEM.

2.2 LOM

Traditional AEM has limitations in explaining some 
experimental phenomena. For example, at the reversible 
hydrogen electrode scale, the pH-dependent shift in OER activity 
onset potential for many catalysts is observed to be less than 0.37 
V, contradicting the theoretical thermodynamic requirement.52-54 
Based on this, researchers proposed a new mechanism, namely 
LOM, which provides a novel pathway for elucidating the OER 
catalytic process. A key mechanistic distinction from AEM lies in 
the oxygen source: in the LOM pathway, the oxygen atoms in the 
evolved O2 molecule originate in part or in whole from the 
catalyst’s lattice oxygen, rather than all from the adsorbed water 
molecules.55-57 This fundamental difference makes it possible for 
LOM to overcome the constraint posed by the adsorption-energy 
scaling relations inherent to AEM, so as to theoretically achieve 
ultra-low overpotential beyond the traditional theoretical limit.58-

60 Liu’s team found that introducing F anions into the oxygen 
vacancies of spinel ZnCo2O4 allows the high electronegativity of F 
to balance residual protonation, thereby stabilizing the catalyst 
structure.61 More importantly, theoretical calculations 
demonstrate that F incorporation shifts the O 2p center upward, 
activating the redox capability of lattice oxygen and subsequently 
triggering the LOM pathway.

In terms of the reaction path, LOM closely resembles AEM in 
its initial steps, both of which involve the dissociative adsorption 
and deprotonation of water to form O* and OH* species. 
However, in the subsequent reaction steps, the two show 
significant differences. In essence, under applied potential, the 
LOM pathway bypasses OOH* formation and proceeds via O-O 
coupling between adsorbed oxygen and catalyst lattice oxygen to 
generate O2, which will leave oxygen vacancies in the catalyst 
lattice.62-64 Meanwhile, OH- in the electrolyte will fill and repair 
these oxygen vacancies to complete the entire catalytic cycle. By 
successfully circumventing the traditional rate-determining step of 
OOH*, the LOM pathway can theoretically significantly reduce the 
overpotential of the reaction.65, 66 Extensive experimental 
evidence demonstrates that catalysts following the LOM pathway 
partially or fully usually exhibit superior OER activity to those that 
follow only the AEM pathway, which provides a new theoretical 
basis and design ideas for designing high-performance 
electrocatalysts. For example, Huang et al. achieved precise 
modulation of the electronic structure by doping Zr into the 
octahedral interstitials of Co3O4, which significantly enhanced the 
hybridization between Co and O orbitals.67 This process not only 
optimizes the conventional AEM pathway, but more importantly, 
successfully activates the LOM pathway. Owing to the synergy 
between the dual reaction pathways, the prepared ZrxCo3-xO4 
catalyst exhibits excellent overall electrocatalytic performance in 
acidic media, capable of operating for 60 h when held at 100 mA 
cm-2. This fully demonstrates that LOM significantly contributes to 
enhancing OER activity.

Although the LOM pathway can effectively improve the OER 
performance, the continuous depletion and regeneration of lattice 
oxygen during the reaction have a serious adverse impact on the 
catalytic stability. During electrochemical cycling, unrecovered 
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oxygen vacancies ultimately trigger local structural collapse, phase 
transitions, or irreversible lattice reconstruction.25, 68 In addition, 
the lack of lattice oxygen often exposes unstable metal sites, 
promoting metal ion dissolution and resulting in catalyst 
deactivation.69 As a result, LOM-based catalysts exhibit poorer 
stability in long-term operation compared to those that follow 
AEM.

Mu's team provided multi-dimensional experimental 
evidence for the LOM pathway in their study of the R-
NiFeOOH@SO4 catalytic system.70 Using NiMoO4 hydrate as a pre-
catalyst, they induced abundant structural defects through Fe- and 
S-mediated synergistic chemical etching, which promoted the 
complete catalyst reconstruction during electrochemical 
activation. PH-dependent current density measurements revealed 
that the activity of R-NiFeOOH@SO4 decayed sharply with 
decreasing pH, directly pointing to the participation of lattice 
oxygen in the OER. More importantly, in situ 18O isotope-labeled 
DEMS demonstrated significantly enhanced lattice oxygen activity 
for this catalyst, confirming the dominant contribution of the LOM 
pathway to its high performance. Meanwhile, in situ attenuated 
total reflection Fourier transform infrared spectroscopy (ATR-FTIR) 
spectra exhibited a set of characteristic absorption peaks in the 
1207–1212 cm-1 range, which can be assigned to the O-O coupling 
intermediates in the LOM pathway. These peaks are distinctly 
different from the characteristic peaks of the OOH* intermediate 
in the AEM pathway (around 1095 cm-1). This disparity in 
spectroscopic fingerprints provides a direct vibrational 
spectroscopic criterion for distinguishing the two mechanisms, 
further corroborating the involvement of the LOM pathway.

It is crucial to emphasize, however, that despite the 
qualitative alignment of the aforementioned experimental 
evidence with the expected characteristics of the LOM pathway, 
this mechanism remains a subject of significant controversy in the 
academic community. The core debates center on three main 
aspects: First, the extent of lattice oxygen participation is difficult 
to quantify precisely. The 34O2 signals detected in some 
experiments may originate from exchangeable oxygen in the 
catalyst's surface reconstruction layer rather than from the direct 
involvement of bulk lattice oxygen. This ambiguity makes the 
boundary between LOM and surface-reconstruction-enhanced 
AEM quite blurred.

Second, catalysts that strictly follow a single LOM pathway 
under operating conditions are extremely rare. Most highly active 
systems tend to exhibit a hybrid of AEM and LOM pathways to 
varying degrees, and the spatial heterogeneity of the catalyst 
surface further complicates this picture. For instance, Dai et al. 
precisely engineered high-density grain boundaries in RuO2 via Ni-
B co-doping.71 Combined X-ray absorption near edge structure 
(XANES) and extended X-ray absorption fine structure (EXAFS) 
analyses revealed that the unique electronic structure at the grain 
boundaries preferentially activates the LOM pathway (with a 3.2-
fold increase in the 18O isotope exchange rate). Meanwhile, in situ 
ATR-FTIR simultaneously captured characteristic vibrational peaks 

of the *OOH intermediate at 1036 cm-1 and 1211 cm-1, whereas 
the ordered regions away from the grain boundaries maintained 
the traditional AEM pathway. After selectively blocking the LOM 
active sites at grain boundaries using TMA+ probes, the catalyst 
retained approximately 40% of its OER activity, directly confirming 
the spatial coexistence of grain boundary LOM and bulk AEM 
mechanisms on the same catalyst.

Third, the continuous consumption of lattice oxygen poses a 
severe threat to catalyst stability. Once the accumulation of 
oxygen vacancies exceeds the structural tolerance threshold of the 
material, it triggers irreversible cation leaching, surface 
amorphization, and bulk structural collapse, leading to rapid 
catalyst deactivation. Therefore, LOM can be viewed as a strategy 
that trades partial stability for a breakthrough in activity, and its 
long-term application in practical electrolysis devices requires 
extreme caution.

2.3 OPM

OPM is an innovative reaction model that has emerged in 
recent years to break through the inherent kinetic limitations of 
OER processes. The core breakthrough of this mechanism is the 
utilization of a specific arrangement of binuclear active sites to 
achieve the coupling of O*, bypassing the OOH* intermediate step 
required in the conventional AEM pathway.72 

In the OPM pathway, two adjacent metal sites each adsorb 
an OH* and undergo deprotonation to form O*. Subsequently, the 
two proximate oxygen radicals recombine, liberating an oxygen 
molecule.73, 74 This pathway has two significant advantages. First, 
it breaks the linear constraint linking the OH* and OOH* 
adsorption energies in AEM, creating conditions for breaking 
through the theoretical minimum overpotential. Second, since this 
mechanism does not involve the participation of catalyst lattice 
oxygen at all, it fundamentally avoids the problems of lattice 
collapse and structural destabilization caused by LOM, and is 
expected to achieve a simultaneous improvement in both catalytic 
activity and long-term stability.75 However, the conditions for 
triggering OPM are extremely demanding on the geometry and 
electronic configuration of the materials. At the geometrical level, 
the two metal sites must have appropriate symmetry and spacing. 
Too large spacing would hinder effective O*-O* coupling and 
return the reaction to the AEM pathway, whereas too small 
spacing might enhance the degree of metal-oxygen orbital 
hybridization and activate the LOM pathway unexpectedly.76-78 At 
the electronic structure level, it is necessary to precisely regulate 
the degree of d-p hybridization, so that the M-O antibonding state 
is positioned close to the Fermi level, thereby enabling precise 
modulation of O* adsorption, and at the same time, to avoid the 
excessive oxidation of the lattice oxygen to ensure that the 
reaction center is kept on the metal ions.35, 79 Cui et al. shifted the 
redox center of amorphous ruthenium oxide (a-RuOx) from O to 
Ru by precisely regulating the local coordination environment of 
amorphous ruthenium oxide, effecting a mechanistic shift from 
the LOM to the OPM pathway.80 This ingenious electronic 
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structure reconstruction strategy enables the optimized a-RuOx 

catalyst to exhibit superior comprehensive performance in acidic 
OER. It requires only 215 mV overpotential at 10 mA cm-2 and 
maintains stability for over 300 hours (Unless otherwise noted, all 
overpotential values mentioned in this work are measured in 0.5 
M H2SO4 solution at a current density of 10 mA cm-2), 
demonstrating the unique advantage of the OPM pathway in 
balancing catalytic activity and durability. Moreover, Li’s team 
designed a low-ruthenium-content solid-solution oxide 
(Ru0.32Ta0.66Mn0.02O2).81 In this system, the lattice expansion 
induced by the TaO2 matrix effectively elongates the Ru-O bonds, 
thereby suppressing the LOM and significantly enhancing 
structural stability. Meanwhile, Mn doping optimizes the distance 
between dual-metal sites, which greatly increases surface *OH 
coverage and successfully triggers the OPM, breaking the linear 
scaling relationship of the AEM. Consequently, the catalyst 
requires an overpotential of only 175 mV for the acidic OER and 
demonstrates stable operation in a PEMWE at 0.5 A cm-2 for over 
1000 hours. By introducing suitable elements into RuO2, the OPM 
can be activated. For example, Liu and colleagues utilized the 4f-
electron metal Gd to modulate the covalency of Ru-O bonds in 
RuO2, successfully activating the dual-site OPM for acidic OER.82 
Both experimental results and theoretical calculations 
demonstrated that moderate Ru-O covalency stabilizes the Ru 
active sites and suppresses their over-oxidation. The optimized 
Gd-RuO2 catalyst requires an overpotential of only 196 mV in 0.1 
M HClO4 and operates stably in a PEMWE at 1 A cm-2 for 300 
hours.

A series of in situ characterization techniques can 
demonstrate the OPM mechanism during the OER. Zhong et al. 
synthesized bifunctional IMO@p-ATO catalyst by growing IrMnO 
(IMO) nanoclusters on plasma-treated antimony-doped tin dioxide 
(p-ATO) supports via a hydrothermal method.83 DEMS isotope 
labeling tests revealed that the dominant product in the H218O 
electrolyte was 36O2, accompanied by only extremely weak 32O2 
and 34O2 signals. This distribution pattern is distinctly different 
from the spectra of AEM and LOM pathways, indicating that the 
O2 generated during the OER originates from the direct O-O 
coupling of water molecules via the OPM. In the TMA+ probe 
experiment, TMA+ is highly sensitive to the O22- species generated 
via the LOM pathway, yet its addition to the electrolyte resulted in 
no significant change in the linear sweep voltammetry (LSV) curve 
of IMO@p-ATO, directly ruling out the possibility of the LOM 
pathway. Furthermore, in situ ATR-SEIRAS demonstrated the 
emergence of a peroxo species peak at 1207 cm-1 (attributed to 
bridged side-on adsorption) at 1.30 V, which is formed through the 
direct coupling of surface intermediates. This stands in sharp 
contrast to IrO2, which only exhibits a single *OOH peak, thereby 
highlighting the critical role of Mn incorporation. These two in situ 
techniques corroborate each other, definitively confirming that 
the OER over IMO@p-ATO follows the OPM. Yan et al. used RuO2 
as a model catalyst and introduced Mn atoms to construct a Mn4-

-O-Ru4+ dual active site featuring local structural symmetry but 
asymmetric oxidation states, successfully switching the 
conventional AEM of RuO2 to the OPM.84 Using operando 

synchrotron radiation Fourier transform infrared spectroscopy 
(SR-FTIR), they directly captured the key O-O intermediate bridged 
over the bimetallic sites on Mn0.2RuO2 (1069 and 1113 cm-1). 
Furthermore, operando DEMS with isotopic labeling detected the 
32O2 signal, providing direct experimental evidence for the OPM 
pathway. The resulting Mn0.2RuO2 catalyst exhibits outstanding 
activity (188 mV overpotential) and ultra-long stability (>150 h) for 
acidic OER.

To synergistically overcome the scaling relationship 
limitations of conventional AEM and the stability bottleneck of 
LOM, the oxygen spillover mechanism (OSM) has garnered 
significant attention as an emerging multi-site synergistic catalytic 
pathway. The essential feature of this mechanism lies in the 
migration of oxygen-containing intermediates from primary sites 
(such as metal sites) to adjacent secondary carrier or 
functionalized surfaces, thereby achieving spatial decoupling of 
the intermediate adsorption, deprotonation, and O-O coupling 
steps. This spillover process effectively distributes the adsorption 
energies of *OH and *OOH across distinct surface sites. It 
fundamentally weakens the linear scaling relationship between 
the two on a single site, making it theoretically possible to break 
through the 0.37 V overpotential limit. Meanwhile, since O-O 
bond formation no longer relies on the direct participation of 
lattice oxygen, OSM avoids the structural collapse and cation 
dissolution induced by oxygen vacancy accumulation in LOM, 
theoretically offering both high activity and high stability. On the 
experimental front, Qu et al. provided a typical paradigm for OSM 
by constructing a RuO2/MoO3 catalyst featuring abundant and 
intimate interfaces.85 Both experimental evidence and theoretical 
calculations consistently demonstrated that during the acidic OER 
process, the active *O intermediates generated on RuO2 can 
effectively spill over onto the MoO3 carrier surface. Subsequently, 
the lattice oxygen of MoO3 participates in oxygen release and the 
generation of oxygen vacancies, while the lattice oxygen of RuO2 
itself is preserved. This fundamentally suppresses the over-
oxidation of RuO2 and the dissolution of active sites. Benefiting 
from this oxygen-spillover-mediated self-protection mechanism, 
the RuO2/MoO3 catalyst exhibited a low overpotential of only 167 
mV and negligible performance decay over 300 hours of 
operation, achieving a unification of high activity and superior 
stability. This work clearly indicates that the precise construction 
of interfacial oxygen spillover channels can effectively decouple 
catalytic activity from structural stability, opening a new avenue 
for designing durable acidic OER electrocatalysts. However, the 
triggering conditions for OSM are equally stringent, requiring 
matched orbital energy levels and appropriate interfacial spacing 
between the primary and secondary sites to maintain a sufficiently 
low spillover energy barrier. Poor interfacial charge transfer or 
excessive site spacing can both lead to the interruption of 
spillover, causing the reaction to revert to the conventional AEM 
pathway. 

In summary, techniques such as in situ ATR-FTIR and isotope-
labeled DEMS have enabled preliminary identification of OER 
mechanisms. However, experimental studies in the existing 
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literature that can comprehensively and rigorously discriminate 
between reaction pathways remain extremely scarce. Future 
research urgently requires breakthroughs in operando 
spectroscopic techniques that combine both temporal and spatial 
resolution. This will allow for the precise capture of the dynamic 
evolution of short-lived intermediates (e.g., *OOH) and transient 
oxygen vacancies at the real reaction interface, thereby providing 
direct and quantitative experimental evidence for mechanism 
discrimination and the rational design of catalysts.

3. Acidic OER material system

In the face of harsh acidic conditions and high-current-density 
requirements, noble metal-based catalysts remain the benchmark, 
with systems based on Ir and Ru being the primary choices, due to 
their excellent overall performance. Our review starts with a 
systematic examination of the latest advances in noble metal 
catalysts, followed by a brief discussion of the current 
development of non-noble metal catalysts.

3.1. Noble metal-based catalysts

3.1.1. Ir-based catalysts

Due to the central role of Ir in acidic OER, researchers are 
committed to improving its atomic utilization efficiency and 
catalytic performance through various methods. Among them, 
particular interest has been focused on Ir-based systems, notably 
single-atom Ir catalysts and Ir oxides, due to their unique 
properties. Single-atom Ir catalysts represent a promising 
direction for achieving efficient catalysis at low Ir loadings. Their 
core advantage lies in maximizing atomic economy, while enabling 
optimization of catalytic performance through precise tuning of 
the coordination environment.86-88 By precisely designing the 
coordination structure around Ir, it is possible to effectively 
regulate its electronic density and distribution, thus altering the 
binding energy of reaction intermediates.89 This provides a 

pathway to engineer catalyst performance and tackle the 
persistent bottlenecks in activity and stability.90-93 For example, 
Cui et al. successfully achieved precise doping of 7.98 wt% Ir into a 
NiCo2O4 matrix via an ion-exchange-thermal decomposition 
strategy, constructing a high-performance IrH-NiCo2O4 catalyst.94 
Theoretical calculations revealed that Ir doping effectively tuned 
the binding energy landscape of key intermediates, markedly 
improving reaction kinetics (Fig. 4a). Therefore, this catalyst 
showed a 240 mV overpotential in acidic medium (Fig. 4b), and 
demonstrated stable operation over 282 h. It also exhibited a 
mass activity of 377.05 mA mg-1 (Fig. 4c), outperforming 
commercial IrO2 in both performance and long-term durability. 
Peng and colleagues successfully prepared an Ir single-atom 
catalyst supported on Co3O4 (IrSA-Co3O4) by synchronously 
constructing Co defects and anchoring Ir single atoms during the 
precursor pyrolysis process.95 The atomically dispersed Ir atoms 
were stabilized at octahedral Co defect sites, forming a unique 
configuration of single atoms confined within the spinel lattice. 
Benefiting from the electronic coupling effect of the Ir-O-Co 
oxygen bridge, the electronic structure of the Ir sites was 
optimized. This not only achieved moderate adsorption of reaction 
intermediates but also effectively suppressed the dissolution of 
active sites. Experimental results demonstrated that IrSA-Co3O4 
exhibited an overpotential of only 199 mV (Fig. 4f) and operated 
stably in a PEMWE device for 150 hours at 200 mA cm-2 (Fig. 4g). 
Harun et al. prepared short-range ordered Ir single-atom-
ensembles on the surface of manganese-substituted spinel Co3O4 
(IrSAE-CMO).96 This catalyst exhibits exceptional mass activity and 
significantly enhanced durability, far outperforming commercial 
IrO2 and conventional Ir single-atom catalysts supported on 
pristine Co3O4. First-principles calculations revealed that, 
compared with pristine Co3O4, manganese substitution in the 
octahedral sites of Co3O4 substantially lowers the migration 
energy barrier of Ir single atoms on the CMO surface. This 
facilitates the migration of iridium atoms during pyrolysis, thereby 
leading to the formation of strongly interacting IrSAE.
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Fig. 4 (a) OER free energy landscape on material IrH–NiCo2O4. (b) LSV curves. (c) Mass activity bar chart.94 Copyright 2025 Royal Society of 
Chemistry. (d) Schematic illustration of single-atom loading (IrSA-Co3O4) and cluster-involved loading (IrACSA-Co3O4) on in situ formed Co3O4. 
(e) High-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) images of IrSA-Co3O4. (f) LSV polarization 
curves. (g) I-t curves.95 Copyright 2026 Royal Society of Chemistry. 

Ir-based oxides enable comprehensively enhance the 
catalytic performance. Through fine tuning of the crystal structure, 
their surface electronic states can be optimized to regulate the 
binding energy of intermediates, which provides a reliable 
approach for constructing catalytic systems with both high 
performance and practicality.97 For instance, Böhm and colleagues 
developed highly dispersed IrO2 catalysts by using porous 
antimony-doped tin oxide inverse opal carriers through 
solvothermal reduction and thermal oxidation steps.98 This 
catalyst exhibited a high pore rate of approximately 89% and an 
extremely low Ir mass density, enabling it to deliver a mass activity 
of 63 A g-1 (Fig. 5b,c), surpassing commercial catalysts by a 
considerable margin. Using an electrospinning–calcination 
approach, the team of Lu produced low-crystallinity IrMoOx 
nanofibers.99 This catalyst demonstrated an overpotential of 267 

mV, markedly superior to pure IrOx, MoOx, and commercial IrO2 

(Fig. 5d). Studies revealed pronounced electronic coupling 
between the IrOx and MoOx phases, enabling it to remain stable 
during 30 hours of operation (Fig. 5e). When configured in a full-
cell electrolyzer with Pt/C, it recorded an operating voltage of only 
1.54 V (Fig. 5f), which surpasses commercial devices by a wide 
margin. Chen et al. used titanium-based MOFs as precursors to 
successfully prepare iridium-titanium oxide solid solutions (IrTiOx) 
through a direct calcination strategy, which yielded the rutile-
phase material.100 Exhibiting excellent integrated performance for 
acidic OER, this material achieves combined metrics of a 296 mV 
overpotential and a 64 mV dec-1 Tafel slope (Fig. 5h,i). After 100 
hours of constant-current testing, no activity decay was observed 
(Fig. 5j), surpassing the commercial IrO2 benchmark in terms of 
both durability and catalytic activity
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Fig. 5 (a) 3D structural reconstruction of the IrO2/ATO composite catalyst. The mass-specific activity of IrO2-loaded ATO on PMMA 
templates at (b) 120 nm and (c) 280 nm.98 Copyright 2019 Wiley-VCH Verlag. (d) LSV curves. (e) Stability test of IrMoOx-450. (f) LSV curves 
of two types of electrolytic cells. (g) Long-term stability test of two electrolyzers.99 Copyright 2022 Elsevier. (h) LSV curves of IrTiOx and 
commercial IrO2. (i) Tafel slopes. (j) V-t curves.100 Copyright 2023 Elsevier Ltd.

Ir alloys, by introducing other metallic elements and utilizing 
the electronic synergistic effects between components, modulate 
the electronic environment of catalytic centers while reducing the 
consumption of precious metals, thereby jointly enhancing 
catalytic performance and durability.101, 102 Jiang et al. introduced 
yttrium into the Ir crystal lattice and successfully synthesized an 
IrY alloy nanocatalyst.103 This catalyst exhibited 255 mV 
overpotential for the OER (Fig. 6a). More notably, it stably 
operates exceeding 500 hours (Fig. 6b), exhibiting significant 
potential for industrial applications. Tan et al. successfully 
prepared a bifunctional Pd-Ir alloy featuring a nanoporous 
architecture.104 The optimized Pd50Ir50 alloy achieves a low 
overpotential of 217 mV, outperforming the commercial Ir/C 
benchmark (Fig. 6e), and its kinetics is further evidenced by a Tafel 

slope of 58 mV dec-1 (Fig. 6f). Furthermore, it shows great 
potential in overall water electrolysis devices, which demanded a 
low voltage of 1.52 V to reach 10 mA cm-2 while retaining 
exceptional stability (Fig. 6g,h). Guo et al. developed a nano-
dendritic iridium-tungsten alloy catalyst (IrW ND).105 This material 
exhibited outstanding catalytic performance for OER. Theoretical 
calculations predicted that the alloying effect of tungsten not only 
stabilizes the active oxidized iridium species formed during the 
reaction but also tailors the binding characteristics of 
intermediates, enhancing the durability and reaction kinetics of Ir. 
In 0.1 M HClO4, this catalyst achieved 200 mV overpotential while 
retaining stably operate after 3000 cycles (Fig. 6i,j). When applied 
in an acidic full-water electrolytic cells, it achieved operating 
voltage of 1.48 V for 10 mA cm-2 (Fig. 6k,l).
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Fig. 6 (a) LSV curves. (b) V-t test of IrY and Ir. (c) LSV curves after accelerated stability test.103 Copyright 2024 Wiley-VCH Verlag. (d) OER 
polarization curves. (e) Overpotential plot. f) Tafel diagram. (g) Complete hydrolysis polarization curves. (h) The complete decomposition V-
t curve.104 Copyright 2023 Royal Society of Chemistry. (i) Polarization curves. (j) Comparison of OER polarization curves after 3000 cycles. (k) 
The full hydrolysis polarization curves. (l) Durability testing.105 Copyright 2018 American Chemical Society. 

Perovskite (ABX3) and double perovskite (A2BB’X6) materials 
possess unique frameworks, and Ir-based perovskites are an ideal 
platform for precise control of active site electronic structures.106 
The unique crystal structure allows for systematic regulation of 
the covalency of Ir-O bonds through flexible substitution of metal 
cation sites, which modulates oxygen intermediate adsorption 
toward optimal values, potentially addressing the longstanding 
trade-off between catalyst activity and durability.107 Zou and 
coworkers introduced a SrIrO3 perovskite material with a 6H-
phase crystal structure, characterized by the presence of IrO6 
octahedral dimers connected in a coplanar manner (Fig. 7a,b).108 
This unique structure weakens the Ir-O interaction, significantly 
enhancing the intrinsic OER performance and durability. 

Compared to conventional IrO2, this material features 27.1 wt% 
reduction in Ir content, yet exhibits seven times higher mass 
activity. It delivers an overpotential of 248 mV with stable 30 h 
operation (Fig. 7c,e). By doping Ir elements into the SrRuO3 lattice, 
Che et al. successfully constructed the SrRu0.5Ir0.5O3 double 
perovskite catalyst.109 This catalyst shows outstanding 
performance in acidic OER, exhibiting overpotential of 185 mV 
combined with stable operation over 50 h (Fig. 7f,h). Studies 
indicated that the electronic synergy between Ir and Ru effectively 
boosts the material’s intrinsic activity, while the double perovskite 
structure successfully mitigates lattice oxygen involvement in the 
reaction pathway, significantly improving the durability of iridium-
based catalysts.
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Fig. 7 (a) The crystal structure of 6H-SrIrO3. (b) Local connectivity pattern of IrO6 octahedra. (c) Polarization curves of 6H-SrIrO3 and IrO2. (d) 
Comparison of Ir mass activity with Ir catalysts. (e) V-t curves of 6H-SrIrO3 and 3C-SrIrO3.108 Copyright 2018 Springer Nature. (f) OER 
polarization curves of SrRu1-xIrxO3 and other catalysts. (g) Tafel plots. (h) V-t stability test. (i) Ru 3p X-ray photoelectron spectroscopy (XPS) 
spectra. (j) O 1s XPS spectra of SrRu0.5Ir0.5O3.109 Copyright 2022 Elsevier.

3.1.2. Ru-based catalysts 

While offering superior intrinsic activity to their Ir-based 
counterparts, Ru-based catalysts are hindered by inferior 
structural stability during prolonged operation. However, the 
design of atomically dispersed catalysts enables a comprehensive 
improvement in performance. For example, Peng and coworkers 
loaded Ru single atoms onto a high-entropy oxide (Fig. 8a), 
establishing a stable LOM pathway at the Ru sites to 
simultaneously enhance both activity and structural integrity.110 
The high-entropy effect strengthens Ru 4d-O 2p hybridization and 
lowers the energy barrier for lattice oxygen oxidation, driving the 
direct Olat-Oad coupling between lattice oxygen and adsorbed 
oxygen. Following the disruption of the interfacial hydrogen-bond 
network, the enriched weakly hydrogen-bonded free water rapidly 
replenishes lattice oxygen vacancies. This dynamic defect refilling 
process preserves the coordination environment of the Ru sites 
and prevents irreversible degradation. Consequently, the catalyst 
achieved an overpotential of only 204 mV (Fig. 8b) and a mass 

activity of 5235.42 A gRu-1 at 1.50 V. Furthermore, a PEM 
electrolysis cell assembled with this catalyst operated stably for 
over 320 hours at 500 mA cm-2 (Fig. 8c). Zhou and colleagues 
reported the preparation of Ru single-atom sites supported on 
Co3O4 nanorod arrays (Ru8%-Co3O4).111 For the OER, this material 
achieves superior intrinsic activity with 138 mV overpotential, 
outperforming both RuO2 and Pt/C benchmarks (Fig. 8d). When 
applied in water electrolysis cell, it achieves 1 A cm-2 at 2.06 V (Fig. 
8f). Chronopotentiometry tests further confirmed its excellent 
durability (Fig. 8e), showing great practical application potential. 
Atomically dispersed Ru single-atom sites with a Ru1-N4 
configuration were engineered on a nitrogen-doped carbon 
support by the team of Yao.112 The catalyst exhibited an 
exceptionally high mass activity of 3571 A g-1 at 267 mV, 
showcasing a turnover frequency of 3348 O2 h-1 (Fig. 8i). This 
catalyst also demonstrated good stability, maintaining its activity 
without degradation after operation for 30 h in acidic conditions 
(Fig. 8j).
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Fig. 8 (a) High-resolution transmission electron microscope (HRTEM) image. (b) LSV curves. (c) V-t stability curves.110 Copyright 2026 
American Chemical Society. (d) Overpotential diagram. (e) V-t stability curve of Ru8%-Co3O4. (f) Stability test curve.111 Copyright 2025 Wiley-
VCH Verlag. (g) OER polarization curve. (h) LSV curves. (i) The turnover frequency (TOF) and mass activity plots. (j) Tafel slopes. (k) Current 
density versus Ru dissolution rate over time.112 Copyright 2019 Springer Nature. 

Ru oxides also exhibit high activity and stability in acidic OER. 
Luo and coworkers constructed a pyridine ligand-based metal-
organic framework anchoring strategy, successfully stabilizing 
atomically dispersed ruthenium oxide on the UiO-67-bpydc carrier 
(Fig. 9a).113 Studies showed that the Ru-N bonds formed between 
the ruthenium oxide and the support promote the participation of 
lattice oxygen during the OER and stabilize the soluble *Vo-RuO42- 
intermediate. This unique stabilization mechanism significantly 
enhances OER catalytic performance and endows the catalyst with 
excellent operational stability over 115 hours (Fig. 9e). Zhao and 
colleagues successfully constructed a porous RuO2 electrocatalyst 
rich in grain boundary structure, which exhibited exceptional 
performance in acidic OER.114 The distinctive structural design of 
the catalyst facilitates exceptional performance, enabling an 
overpotential of merely 145 mV (Fig. 9f). More importantly, this 

porous RuO2 exhibits exceptional long-term stability: in 
continuous testing lasting up to 50 days, its performance decay 
rate was only 26 µV h-1 (Fig. 9i). The team of Pan prepared a Mn-
doped RuO2 catalyst that achieved a notable activity-stability 
synergy under acidic OER conditions.115 Research indicated that 
Mn incorporation preferentially alters the local coordination of Ru, 
effectively suppressing Ru overoxidation and dissolution. 
Moreover, by incorporating Mn, the covalency of Ru-O bonds is 
increased and the O 2p energy level is elevated (Fig. 9j), thereby 
promoting the LOM mechanism. The catalyst exhibited an 
overpotential of 209 mV in acidic OER, and can operate stably for 
over 180 hours (Fig. 9l), increasing durability by approximately 18 
times. In PEM electrolytic cells testing, this catalyst maintains 
operation for 40 hours at 100 mA cm-2 (Fig. 9m), further exhibiting 
its industrial application potential.
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Fig. 9 (a) Preparation process of Ru-UiO-67-bpydc. (b) LSV curves. (c) Comparison of overpotential and stability. (d) LSV curves. (e) V-t 
curve.113 Copyright 2023 Elsevier Inc. (f) LSV curves. (g) Comparison of mass activity. (h) Comparison of overpotentials and stability. (i) V-t 
curve of porous RuO2.114 Copyright 2024 Wiley-VCH Verlag. (j) X-ray absorption spectroscopy (XAS) spectra of Mn-RuO2 and RuO2 at the O K 
edge. (k) LSV curves. (l) V-t curve. (m) V-t curve of PEMWE.115 Copyright 2025 Elsevier.

Ru alloys provide a solution to mitigate the stability 
constraints of pure ruthenium materials through synergistic 
effects among multiple metals. Yang and colleagues synthesized a 
coral-like RuCo alloy catalyst supported by a carbon framework on 
CC surfaces (Fig. 10a).116 The unique carbon skeleton structure in 
RuCo@C/CC markedly anchors the RuCo alloy, avoiding its 
aggregation and separation from CC, while significantly enhancing 
mass transfer and charge transfer efficiency, which enhances the 
electrocatalytic performance. Moreover, the electron transfer and 
redistribution occurring within the RuCo alloy effectively 
diminishes the reaction barrier required for the OER, thereby 
enhancing OER performance. In acidic OER, RuCo@C/CC delivers 
excellent performance, exhibiting 200 mV overpotential (Fig. 10b), 
significantly outperforming commercial RuO2. Due to superior OER 
kinetics, it also demonstrates outstanding stability in practical 
PEMWE testing (Fig. 10c). Du et al. employed pulsed laser ablation 
technology to successfully prepare RuCd alloy nanocatalysts with 

special structure.117 These catalysts exhibited exceptional OER 
performance, achieving 155 mV overpotential (Fig. 10d), 
significantly surpassing commercial RuO2. Analysis indicated that 
Cd doping effectively lowers the kinetic barrier and simultaneously 
enhances the catalyst’s structural robustness. When applied in 
PEMWE testing, the RuCd alloy anode can stably operate for over 
50 h at 50 mA cm-2 (Fig. 10e), demonstrating promising practical 
application potential. Deng et al. designed and synthesized a RuCo 
alloy catalyst that achieves synergistic improvement in both 
catalytic performance and structural durability in acidic OER.118 
The Ru-doped Co3O4 surface layer formed during the reaction not 
only prevents Ru leaching but also optimizes the reaction 
pathway. It exhibits 210 mV overpotential 0.1 M HClO4 (Fig. 10g), 
with operational stability exceeding 120 hours. Its overall 
performance far exceeds that of traditional ruthenium-based 
materials.
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Fig. 10 (a) Transmission electron microscope (TEM) image of RuCo@C/CC. (b) Overpotential comparison. (c) V-t stability test.116 Copyright 
2024 Elsevier Ltd. (d) LSV curves. (e) V-t curves of PEMWE.117 Copyright 2024 American Chemical Society. (f) Schematic diagram of the 
reconstruction process of RuCo catalysts. (g) LSV curves.118 Copyright 2015 Wiley-VCH Verlag.

Ru-based perovskites have emerged as a crucial system for 
addressing the stability challenges of ruthenium-based catalysts, 
due to the distinctive electronic structure and excellent lattice 
stability. Rojas et al. doped Na+ into SrRuO3 perovskite, achieving a 
remarkably low overpotential of 120 mV at 0.5 mA cm-2 in 0.1 M 
HClO4 (Fig. 11a).119 The incorporation of Na+ not only enhanced 
the resilience of the perovskite structure against degradation but 
also effectively suppressed catalyst degradation in acidic media by 
reducing surface energy and increasing dissolution potential. 

Retuerto et al. investigated a series of double perovskite materials 
and found that Dy2NiRuO6 exhibited outstanding comprehensive 
performance in acidic OER.120 Analysis revealed that the reduced 
Ru–O distance in the lattice strengthened the enhanced d-p 
hybridization (Fig. 11j,l), elevating the oxidation state of 
ruthenium and optimizing the adsorption energy of reaction 
intermediates. This material exhibits an overpotential of 263 mV in 
0.1 M HClO4 (Fig. 11g), and remained stable after 300 cycles (Fig. 
11k).
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Fig. 11 (a) LSV curves of Sr1-xNaxRuO3. (b) Tafel diagram. (c) OER volcanic activity map. (d) Retention rate of Sr1-xNaxRuO3 relative to initial 
activity after 20 OER cycles. (e) Fourier transform of the Ru K-edge EXAFS signal for Sr0.90Na0.10RuO3. (f) XPS spectra of Sr 3d before and 
after OER cycles for Sr0.90Na0.10RuO3.119 Copyright 2019 Springer Nature. (g) Polarization curve of R2NiRuO6 after 30 OER cycles. (h) Tafel 
diagram of R2NiRuO6 after 30 OER cycles. (i) Ru mass activity plot of Dy2NiRuO6. (j) Relationship between the potential of R2NiRuO6 and the 
Ru-O bond distance. (k) Polarization curve of Dy2NiRuO6 after 1000 consecutive cycles. (l) XPS spectrum of Ru 3d + C 1s for Dy2NiRuO6.120 
Copyright 2024 Royal Society of Chemistry.

Beyond conventional trial-and-error synthesis, high-
throughput density functional theory (DFT) and machine learning 
(ML) have recently emerged as powerful tools to guide the 
rational discovery of acidic OER catalysts. In practice, ML-driven 
high-throughput screening has successfully identified promising 
catalysts that have been experimentally validated. For instance, 
Yang et al. investigated the phase formation, OER performance, 
and surface reconstruction of Rux(Ir,Fe,Co,Ni)1-x multicomponent 
alloys.121 At near-equimolar ratios, the alloy exhibits a multiphase 
structure dominated by a face-centered cubic (fcc) phase with a 
minor coexisting hexagonal close-packed (hcp) phase. The 
combination of machine-learned interatomic potentials (MLIP) 
and molecular dynamics simulations revealed the atomic-scale 
mixing behaviour of the alloy and corroborated the experimentally 
observed fcc-dominated characteristics. The optimized 
Ru0.20(Ir,Fe,Co,Ni)0.80 catalyst demonstrates outstanding activity 
and stability in 0.1 M HClO4, achieving an overpotential of 
approximately 237 mV with a low degradation rate of about 1.1 

mV h-1 over 24 hours. Under acidic OER conditions, a RuIr-enriched 
oxide shell forms on the catalyst surface, where Ru species 
become stabilized at the nanoparticle surface. Moreover, Lv’s 
team leveraged machine learning to break the activity-stability 
trade-off.122 By constructing a back-propagation neural network 
for high-throughput calculation and cross-validation of Ru/Ti/Mn 
ternary compositions, they accurately predicted the optimal ratio 
that balances low overpotential with a low deactivation rate. This 
approach significantly shortened the research and development, 
eliminating the blindness inherent in traditional trial-and-error 
methods for multicomponent catalyst design. Building on this, 
they pioneered a chemical vapor deposition (CVD) strategy. Using 
strong oxidants, reactants from precursor solutions were oxidized 
into a gaseous state, allowing them to react at the 
atomic/molecular scale and directly construct an integrated 
Ru/TiMnOx electrode with intrinsic metal-support interactions. 
This structure effectively suppresses Ru dissolution and 
aggregation, resulting in a significantly enhanced mass activity 

Page 14 of 43Chemical Science

C
he

m
ic

al
S

ci
en

ce
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
Ju

ne
 2

02
6.

 D
ow

nl
oa

de
d 

on
 6

/6
/2

02
6 

2:
35

:2
5 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
DOI: 10.1039/D6SC03328H

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6sc03328h


REVIEW  Chemical Science

This journal is © The Royal Society of Chemistry 20xxJ. Name., 2013, 00, 1-3 | 15

Please do not adjust margins

Please do not adjust margins

across a wide pH range and enabling stable operation under acidic 
conditions for up to 3000 hours. In summary, machine learning-
accelerated computational screening can effectively narrow down 
the search space for high-performance acidic OER catalysts, 
thereby enabling a transition from pure theoretical prediction to 
actionable experimental guidance.

3.1.3. Other noble metal catalysts 

Besides the conventional use of iridium and ruthenium, other 
noble metals including platinum, palladium, and rhodium 
represent additional candidate materials for acidic OER, but their 
intrinsic activity is relatively poor and are usually not used as the 
main active centers. However, their performance can be improved 
to some extent through modification by combining with other 
metals. For example, Chen and coworkers supported RuFe 
nanoparticles on carbon felt (RuFe@CF) via an ultrafast Joule 
heating method.123 This catalyst exhibits excellent OER activity and 
stability under acidic conditions, achieving an overpotential of only 

188 mV and maintaining high stability for 620 hours during 
continuous operation. When employed as the anode in a PEMWE, 
the device operates stably for over 250 hours at 200 mA cm-2. 
Experimental characterizations reveal that an in situ generated 
ruthenium-based oxide nanosheet forms on the catalyst surface 
during the OER process, playing a crucial role in boosting its 
performance. Moreover, Yu et al. successfully synthesized Rh22Ir78 
alloy nanoparticles with a size less than 10 nm and compositionally 
adjustable ratios via a microwave-assisted approach on Vulcan XC-
72R carbon (Fig. 12a).124 This catalyst demonstrated exceptional 
catalytic activity, showing a threefold enhancement in mass 
activity over pure Ir nanoparticles at 300 mV, reaching up to 1.17 
A mg-1. Xia et al. successfully developed a ternary metal catalyst 
based on cubic Pt39Ir10Pd11 nanocage structure (Fig. 12e).125 This 
catalyst exhibited an overpotential of 372 mV (Fig. 12f). After 
10,000 cycles, its mass activity loss is only 11%, demonstrating 
superior electrocatalytic performance (Fig. 12h).

Fig. 12 (a) Schematic diagram of RhxIr(100-x) nanoparticles loaded on carrier. (b) OER polarization curves. (c) Tafel plot. (d) Polarization curves 
of Rh22Ir78/VXC after different numbers of OER cycles.124 Copyright 2019 American Chemical Society. (e) Schematic of the synthesis of Pt-Ir-
Pd nanocages. (f) OER polarization curves. (g) Tafel curve. (h) Change in mass activity.125 Copyright 2020 Wiley-VCH Verlag.
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3.2. Non-noble metal catalysts

A central issue in catalyst research is to circumvent the 
reliance on precious metals, which motivates the exploration of 
non-noble metal alternatives. Although current non-noble metal 
catalysts still show certain performance gaps compared to noble 
metals, significant progress has been made through precise 
electronic modulation and morphology design.126, 127 The non-
noble metal catalysts mainly include transition metal oxides, 
nitrides, sulfides, carbides, and others.

3.2.1. Transition metal oxides 

Dong's team successfully prepared trace manganese-doped 
cobalt spinel oxides using a specific Co-MOF precursor (CoBDC) via 
a facile room-temperature ion-exchange method.128 Although the 
introduction of trace Mn increased the number of pores, it did not 
disrupt the crystal structure or the intrinsic activity of the cobalt 
spinel oxides. Benefiting from the Mn-induced enhancement of 
Co-O bond hybridization, the stability of Mn0.08-Co3O4-400 in 
strongly acidic environments was improved by 4-5 times 
compared to Co3O4-400. Krishnan et al. proposed a method to 
prepare manganese oxide-modified carbon (MnO@C) via a one-
step pyrolysis strategy using beech leaves as the carbon source.129 
The resulting MnO@C electrocatalyst exhibits excellent OER 

performance, and a lab-scale water electrolyzer assembled with 
this catalyst requires a cell voltage of only 1.65 V to drive water 
splitting. Xu et al. found that doping Co3O4 with single-atom W 
spinel crystal lattice constructed a W-Co3O4 catalyst with superior 
OER catalytic performance.130 This material demonstrated an 
overpotential of only 251 mV and showed almost no performance 
degradation during prolonged operation. Studies indicated that W 
exhibits higher OER activity than Co. Importantly, it effectively 
mitigates the degradation of surface Co and O atoms, thus 
improving the overall activity and robustness. Asefa’s group 
incorporated Bi into a Co3O4 lattice, which significantly enhanced 
its acidic OER performance while maintaining material stability.131 
When Co: Bi = 3: 1, the prepared Co3BiOx catalyst exhibited 
optimal performance, which has an overpotential of 540 mV in 0.1 
M HClO4 (Fig. 13d). Meanwhile, this catalyst demonstrated good 
stability, maintaining operation for approximately 45 hours (Fig. 
13f). Lei et al. successfully prepared single-phase manganese 
dioxide nanosheets (R20-Mn) via rapid annealing method (Fig. 
13i,j), which demonstrated exceptional overall performance.132 It 
achieves an ultralow overpotential of 210 mV (Fig. 13k), and its 
performance remains almost unchanged after 5000 cycles (Fig. 
13l). Both its activity and durability surpass those of RuO2, and its 
excellent intrinsic activity has been verified through theoretical 
calculations (Fig. 13n,o).
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Fig. 13 (a-c) Scanning electron microscope (SEM) images of Co9BiOx on FTO. (d) LSV curves. (e) Tafel diagram. (f) V-t curves of Co9BiOx. (g) 
Free energy change of OER on Co3O4(100) surface and Bi-doped Co3O4 surface.131 Copyright 2024 Royal Society of Chemistry. (h) TEM and 
(i, j) HRTEM images of sample. (k) LSV curves. (l) LSV curves of R20-Mn before and after 5000 accelerated durability tests. (m) V-t curves of 
R20-Mn nanosheets and RuO2. (n) ΔG of OER on R20-Mn Surface. (o) ΔG of OER on RuO2 surface.132 Copyright 2022 Academic Press Inc. 

3.2.2. Transition metal nitrides 

Zhou et al. transformed CuInP2S6 into novel noble-metal-free, 
atomically thin CuInP2Nx nanosheets via a facile nitridation process 
for electrochemical water splitting.133 Leveraging the dual 
advantages of metal nitrides and a 2D morphology, the material 
exhibits an overpotential of only 356 mV for the acidic OER and 
maintains stable operation for up to 60 hours. The study revealed 
that the incorporation of nitrogen effectively modulates the 
electronic structure of CuInP2Nx, significantly lowering the energy 
barriers of reaction intermediates, thereby making the OER 
thermodynamically more favourable. Jiang et al. combined carbon 
nitride matrix with acetate-based graphene and successfully 
developed a high-performance functional material through 
heteroatom doping strategy.134 It displayed an overpotential of 
211 mV in acidic OER. Meanwhile, its Faradaic efficiency reached 
92.7%, and it retained 92% of its initial performance after 150 
hours of operation, demonstrating excellent durability.

3.2.3. Transition metal carbides 

Sheng’s team proposed an electrochemical reconstruction 
strategy to construct a nitrogen-doped, multi-hybrid biomass 
carbon electrode featuring two-coordinate copper single atoms.135 
This was achieved using copper single-atom-embedded carbonized 
wood as the substrate, through the electrochemical 
reconstruction of alkynyl polymers coupled with anode-to-cathode 
metal ion transfer and deposition. The voltage-driven lattice strain 
induces the formation of grain boundaries and compacts the 
carbon skeleton, which significantly enhances electron transfer 
kinetics and optimizes the intrinsic reactivity of the active sites. 
Consequently, the resulting electrode exhibited an overpotential 
of 178 mV for the acidic OER. Huang and colleagues synthesized 
bimetallic carbide TiTaC2 via a hydrothermal treatment followed 
by an annealing process.136 Subsequent fluorine doping yielded 
TiTaFxC2, which effectively boosted the catalytic activity. The 
resulting reduced graphene oxide-supported TiTaFxC2 
nanoparticles (TiTaFxC2 NP/rGO) exhibited outstanding OER 
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performance, surpassing even the benchmark Ir/C catalyst, and 
demonstrating rapid reaction kinetics and excellent durability.

3.2.4. Transition metal sulphides 

Li et al. prepared Co3S4@MoS2@20TiPCP, which exhibits an 
overpotential of only 247 mV for the acidic OER.137 More 
remarkably, an electrolyzer constructed using this material as both 
the cathode and anode achieves a low cell voltage of only 1.41 V 
at 10 mA cm-2 in acidic conditions, demonstrating excellent long-

term stability and outperforming most reported electrocatalysts. 
Jin's team reported a facile and cost-effective synthesis method 
for preparing spinel-structured, carbon-supported cobalt-based 
electrocatalysts (Co3S4@rGO).138 The study revealed that the 
formation of Co-S bonds within the Co3S4 loaded on the reduced 
graphene oxide surface effectively modulates the electronic 
structure of the electrocatalyst. The resulting nanostructured 
catalyst exhibited outstanding catalytic activity, achieving an OER 
overpotential of only 350 mV.

Table 1. Summary of representative OER electrocatalysts and their catalytic performance

Catalyst 10 (mV) Mass activity Tafel slope (mV dec-1) Dominant mechanism

IrH-NiCo2O4 240 377.05 mA mgIr-1 53.05 AEM

IrSA-Co3O4 199  56.5 AEM

IrMoOx nanofibers 267 46.63 A gIr-1 46.09 

IrTiOx-350 296  64.0 

IrY alloy 255  54.8 AEM

np-Pd50Ir50 217 2.50 A mgIr+Pd-1 58 

6H-SrIrO3 248   AEM

SrRu0.5Ir0.5O3 185 144.6 A gRu-1 35 AEM

Ru-(FeCoNiCrMn)3O4 204 5235.42 A gRu-1  LOM

Ru8%-Co3O4 138  60.6 AEM

Ru-UiO-67-bpydc 200  78.3 LOM

Porous RuO2 (GB-rich) 145 332 mA mgRu-1 40.9 AEM

RuCo@C/CC 200  48 AEM

RuCd-0.5 alloy 155  60.8 AEM

Dy2NiRuO6 277 (0.1 M HClO4)  58 AEM

Rh22Ir78 alloy 292 1.17 A mgIr-1  AEM

Pt-Ir-Pd nanocage 408 0.22 A mgPt+Ir+Pd-1 128.7 

Mn0.08-Co3O4-400 430  73.7 

CuInP2Nx-300 356  159 AEM

PDEB/NCW-1.4 178  183 

Co3S4@MoS2@20TiPCP 247  91.1 AEM
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 4. Structural regulation strategies

Currently, research on catalysts has made certain progress, 
but the performance of most catalysts remains suboptimal 
compared to the ideal scenario. Therefore, adopting appropriate 
strategies to modulate the electronic configuration and geometric 
morphology of catalytic materials can improve their performance 
to some extent.

4.1. Electronic structure regulation

Regulating the d-band center and electron occupation of 
active sites via doping or defect engineering optimizes 
intermediate adsorption, thus markedly lowering the reaction 
energy barrier.139 Moreover, tuning the electronic structure 
strengthens the covalent character of the M-O bonds, stabilizes 
high-valent active species, thereby synergistically improving both 
catalytic activity and stability.140

4.1.1. Doping engineering

Doping engineering represents an essential approach for the 
precise performance modulation of catalysts. By doping other 
atoms into the catalyst matrix, it enables effective control over the 
material’s electronic configuration and coordination environment 
at the atomic scale, thereby synergistically improving catalytic 
performance and durability.141 Liu et al. strategically doped Mn 
atoms into the CoO lattice and confined the resulting bimetallic 
oxide within hollow mesoporous carbon spheres.142 The as-
prepared catalyst exhibited significantly enhanced electrocatalytic 
activity. This approach modifies the electronic configuration of the 
material, adjusts the d-band center position of active sites, and 
modulates the binding energy of intermediates, significantly 

reducing the reaction overpotential. Meanwhile, by incorporating 
dopant elements with strong binding affinity to oxygen, the M-O 
bond strength is enhanced, effectively suppressing the dissolution 
and phase transformation of active components in harsh acidic 
environments, thus extending the catalyst’s service life.143-146 
Furthermore, specific dopants can improve the covalency of M-O 
bonds, inducing an alteration of the reaction pathway from the 
AEM framework to more efficient LOM or OPM, fundamentally 
breaking through the bottleneck of catalytic performance.147 For 
instance, Fu et al. achieved synergistic regulation of the electronic 
structure and surface defects in RuOx catalysts through Fe/Co 
doping strategies (Fig. 14a,b).148 This strategy not only reduced the 
oxidation state of Ru but also decreased the oxygen vacancies, 
significantly improving the catalytic performance. The optimized 
Fe-RuOx and Co-RuOx exhibited overpotentials of 191 mV and 203 
mV in OER, respectively, and both could stably operate for over 
500 hours (Fig. 14c,d). Moreover, in PEMWE applications, both 
catalysts could sustain operation for 250 hours (Fig. 14e). 
Theoretical calculations indicate that Fe/Co doping cuts down the 
adsorption energy of the OOH*, effectively lowering the reaction 
energy barrier (Fig. 14g), while abundant oxygen vacancies 
suppress Ru dissolution by increasing surface reconstruction 
energy, collectively enhancing catalytic activity and durability. Gao 
and coworkers successfully constructed an oxygen-vacancy-rich 
catalytic system by doping Ce into IrO2.149 It demonstrated only 
240 mV overpotential in acidic OER (Fig. 14f), with operation 
lasting over 50 hours (Fig. 14g). In a water electrolytic cell, this 
catalyst achieves 1.54 V at 10 mA cm-2, along with stable operation 
exceeding 20 hours (Fig. 14h,i). Research showed that the 
cooperative interaction of the Ce-doping induced nanoparticle 
structure and abundant oxygen vacancies optimizes the catalyst’s 
reaction pathway and improves electron transport efficiency.
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Fig. 14 TEM images of (a) Fe-RuOx and (b) Co-RuOx. (c) LSV curves. Stability test at (d) 10 mA cm-2 and (e) 100 mA cm-2.148 Copyright 2025 
American Chemical Society. (f) LSV curves. (g) V-t stability test curves. (h) LSV curves under different electrode configurations. (i) Stability 
testing for PEMWE.149 Copyright 2024 Elsevier. 

Additionally, Liu’s group attained exact modulation of the 
electronic structure by doping Mn into RuO2/CeO2 
heterostructure.150 Studies showed that the introduction of Mn 
not only enhances interfacial coupling but also effectively 
stabilizes Ru in higher oxidation states. This electronic structure 
optimization effectively fine-tunes the Ru d-band center, 
significantly decreasing the reaction energy barrier. Meanwhile, 
the preferential oxidation property of Mn synergizes with the 
electron transfer, markedly mitigating the over-involvement of 
lattice oxygen and the leaching of Ru. Based on these advantages, 
the Mn-RuO2/CeO2 catalyst demonstrates merely 227 mV 
overpotential in 0.1 M HClO4, maintaining excellent stability even 
after 300 hours of operation. The team of Liang demonstrated 
that Hf-doped ReSe2 monolayers exhibited significant catalytic 
potential for acidic OER, with a Gibbs free energy barrier as low as 
0.805 eV.151 This outstanding performance arises from the dual 
modulation effect of Hf doping: the induced lattice strain and 
substantial charge transfer jointly modulate the electronic 
properties of the material, positioning the d-band center optimally 
for moderate adsorption of reaction intermediates. By introducing 
non-noble metal tungsten (W) into IrRu oxide, Fan et al. 
successfully achieved a breakthrough improvement in catalyst 
performance.152 It was found that W-doped IrRu3Ox (W-IrRu3Ox) 
undergoes dynamic restructuring during the OER process, where 
partial leaching of W promotes uniform distribution of active 
components. Moreover, its unique electronegativity effectively 

regulates the electronic structures of Ir and Ru. On one hand, this 
doping strategy promotes the formation of highly active Ir5+ 
species, while on the other hand, significantly inhibits the 
generation of soluble Ru4+, achieving dual improvement in catalyst 
performance and long-term stability. In electrolytic cells, W-
IrRu3Ox exhibits exceptional catalytic performance, featuring not 
only superior OER activity but also stable operation exceeding 500 
hours. However, doping also brings adverse effects to catalysts. 
For instance, under acidic conditions and high anodic potentials, 
most transition metal dopants undergo dynamic reconstruction, 
thereby losing the regulatory effect of doping.153 Moreover, the 
impact of doping on performance exhibits a strict volcano-type 
relationship.154 While low-dose doping can precisely optimize the 
electronic structure, excessive doping disrupts the long-range 
ordered lattice of rutile-type RuO2/IrO2. This leads to the 
formation of abundant amorphous phases and lattice defects, 
which in turn provide more channels for acidic electrolyte attack, 
accelerating the corrosion and collapse of the host lattice. 
Therefore, it is preferable to select oxide systems with rigid lattice 
frameworks, such as rutile-type RuO2 and IrO2, and to incorporate 
dopants with high dissolution potentials and high acid stability 
(e.g., Sb, Sn, Ce, Ti). Meanwhile, the dopant concentration should 
be strictly controlled to prevent the disruption of long-range 
lattice ordering caused by excessive doping.

4.1.2. Defect engineering 

Page 20 of 43Chemical Science

C
he

m
ic

al
S

ci
en

ce
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
Ju

ne
 2

02
6.

 D
ow

nl
oa

de
d 

on
 6

/6
/2

02
6 

2:
35

:2
5 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
DOI: 10.1039/D6SC03328H

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6sc03328h


REVIEW  Chemical Science

This journal is © The Royal Society of Chemistry 20xxJ. Name., 2013, 00, 1-3 | 21

Please do not adjust margins

Please do not adjust margins

Defect engineering is a prevalent strategy for modulating the 
catalytic efficacy of materials in acidic oxygen evolution, achieving 
synergistic optimization of the material’s electronic structure and 
surface environment by precisely constructing structural defects 
such as oxygen vacancies and grain boundaries.155, 156 Introducing 
point defects such as oxygen vacancies or cation vacancies at the 
atomic scale can effectively fine-tune the electronic density and d-
band center alignment at the reaction sites, enhance the 
covalency of M-O bonds, thereby modulating the adsorption 
strength of oxygen intermediates and significantly downing the 
reaction overpotential.157-159 The defective sites not only serve as 
highly active centers participating in catalytic reactions but also 
stabilize high-valent metal species to suppress excessive oxidation 
and dissolution of active components. More importantly, certain 
types of defects can induce new reaction pathways, breaking 
through the limitations of AEM.160 Moreover, constructing 
extended defects including grain boundaries can effectively tune 
the electronic conductivity and ionic diffusion rate of the catalyst, 
enhancing mass transfer efficiency during the reaction process.161 
It is worth noting that controlling defect density is crucial: an 

appropriate defect density can provide abundant active sites and 
optimize reaction pathways, whereas excessive defects may 
destabilize the crystal structure and instead accelerate catalyst 
corrosion and degradation.162, 163 Through a synergistic strategy of 
electrodeposition and acid etching, Zhang et al. successfully 
constructed RuO2/D-Co3O4/CC composites with dual defect 
structure (Fig. 15a,b).164 With only 2.42 wt% of low ruthenium 
loading, the introduction of anion and cation defects modulated 
the electronic structure of the material while concurrently 
increased the density of reaction sites (Fig. 15c,d). The optimized 
catalyst achieves 181 mV overpotential in acidic OER, and can 
maintain stable operation at 120 hours (Fig. 15e,f). Cheng et al. 
successfully constructed a B-intercalated 1T-phase-rich defective 
structure in MoS2 via molten salt annealing, synthesizing the 
IrOx@MoB5S2-x catalyst (Fig. 15g,h).165 The introduced defects 
optimized the material’s electronic structure and simultaneously 
provided abundant active sites for anchoring IrOx clusters (Fig. 
15i,j), enabling it to exhibit an excellent overpotential of 168 mV in 
acidic OER (Fig. 15k).

Fig. 15 (a) Low-resolution and (b) high-resolution SEM images of RuO2/D-Co3O4/CC. (c) XPS spectra of Co 2p for RuO2/D-Co3O4 and 
RuO2/Co3O4. (d) O 1s XPS spectra. (e) OER polarization curves. (f) V-t curve of RuO2/D-Co3O4/CC.164 Copyright 2024 Science China Press. (g, 
h) TEM image of IrOx@MoBxS2-x-80. (i) Mo 3d XPS spectra of MoBxS2-x and IrOx@MoBxS2-x-80. (j) O 1s XPS spectra. (k) LSV curves. (l) Tafel 
diagram.165 Copyright 2024 American Chemical Society. 

Page 21 of 43 Chemical Science

C
he

m
ic

al
S

ci
en

ce
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
Ju

ne
 2

02
6.

 D
ow

nl
oa

de
d 

on
 6

/6
/2

02
6 

2:
35

:2
5 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
DOI: 10.1039/D6SC03328H

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6sc03328h


REVIEW  Chemical Science

This journal is © The Royal Society of Chemistry 20xxJ. Name., 2013, 00, 1-3 | 4

Please do not adjust marginsPlease do not adjust margins

Please do not adjust marginsPlease do not adjust margins

Zhang and colleagues constructed single-atom Ru sites 
stabilized on a manganese-deficient MnVO4 substrate (Ru-MnVO4) 
via defect engineering strategy (Fig. 16a), which exhibited 
excellent catalytic performance in acidic OER.166 It was found that 
the presence of manganese vacancies not only reduced the 
electron occupancy of the Ru antibonding orbitals but also shifted 
the d-band center further from the Fermi level, thereby 
weakening the interaction between the Ru site and the O–O* 
intermediate, promoting efficient O2 desorption (Fig. 16b,c). In 
addition, this catalyst follows a lower-energy OPM pathway during 
the reaction, enabling an overpotential of 143 mV and stability for 
to 300 h (Fig. 16e,f). Furthermore, it showed superior performance 

in PEMWE testing, requiring 1.84 V to achieve 200 mA cm-2 (Fig. 
16g), and maintaining stable operation for 60 hours without 
appreciable loss in performance (Fig. 16h). Jin et al. developed a 
Se-RuO2 aerogel through defect engineering, achieving superior 
acidic OER performance.167 The rich defect structure optimized the 
material’s electronic properties, resulting in an overpotential of 
166 mV while operating stability for 48 h (Fig. 16k,l). When 
integrated as the anode in a PEM electrolytic cell, it required 1.45 
V to reach 0.1 A cm-2 (Fig. 16m), demonstrating excellent 
electrolysis performance. Moreover, it could stably operate for 
100 hours (Fig. 16n).

Fig. 16 (a) HRTEM image of Ru-MnVO4. (b,c) Ru L2-edge and L3-edge XAS spectra of Ru-Mn3O4 and Ru-MnVO4. (d) LSV curves. (e) 
Overpotential comparison. (f) V-t stability curve of Ru-MnVO4. (g) LSV curve of PEMWE. (h) V-t stability curves of PEMWE.166 Copyright 2025 
Academic Press Inc. (i,j) TEM images of Se-RuO2 aerogel. (k) OER polarization curves. (l) V-t stability test curves. (m) PEMWE polarization 
curve with Se-RuO2 aerogel as anode. (n) V-t stability test curve of Se-RuO2 aerogel-based PEMWE.167 Copyright 2024 American Chemical 
Society.

Zhang’s group successfully synthesized ultra-small IrO2 
nanoparticles rich in grain boundary defects.168 Studies show that 
these controllable grain boundary defects effectively modulated 
the surface electronic configuration of Ir, resulting in moderate 
adsorption energy toward intermediates and significantly 
optimizing reaction kinetics. Theoretical calculations further 
confirmed that grain boundaries serve as active defect sites, 
improving the intrinsic activity of the material while 

simultaneously improving structural stability. Benefiting from this, 
the prepared 350-IrO2 catalyst achieved 246 mV overpotential in 
acidic OER and could stably work for 200 hours. When employed 
in a water electrolysis device, it exhibited highly efficient and 
stable hydrogen production performance even at 1 A cm-2, 
exhibiting the crucial role of defect engineering in enhancing the 
overall performance. However, defect sites serve as preferential 
targets for acidic corrosion, exhibiting dissolution rates far 
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exceeding those of perfect lattice sites. High concentrations of 
defects not only disrupt the crystal structure and create corrosion 
channels, leading to the overall pulverization of the catalyst, but 
also excessively elevate the O 2p energy level via oxygen 
vacancies, thereby accelerating lattice oxygen loss. Furthermore, 
defects undergo irreversible filling and evolution during the 
reaction, causing a rapid decay in their regulatory effects.

4.1.3. Strain engineering 

Strain engineering is one of the key approaches to modulate 
catalytic performance, can effectively regulate the intrinsic 
electronic and interfacial properties of materials by applying 
tensile or compressive strain at the atomic scale.169 In acidic OER 
environments, strain engineering mainly adjusts the d-band center 
of metal atoms through modifying the bond length and 
coordination environment, thereby modulating the binding energy 
of key intermediates.170 Specifically, compressive strain typically 
induces lattice contraction, shortening the interatomic distance 
and increasing the d-orbital overlap. Conversely, tensile strain 
leads to lattice expansion, increasing the interatomic distance, 
reducing d-orbital overlap, and reducing the adsorption 
strength.171, 172 Such strain effects improve the intrinsic activity of 
catalysts and affect structural stability by altering the coordination 
environment of surface atoms.173 By precisely controlling the type 
and degree of strain, it is possible to maintain catalyst stability 
while achieving precise electronic control at active sites, 
significantly improving catalytic performance.174 It should be 
noted that strain engineering often works synergistically with 
other strategies such as defect engineering and doping to 
construct highly efficient catalytic systems. For example, Chang et 
al. successfully constructed IrBa-Co3O4 catalyst using 

electrodeposition technique.175 The synergistic effect between the 
low iridium loading of 1.5 at% and Ba-doping induced compressive 
strain led to excellent catalytic performance. In electrolytic cell, 
the catalyst achieved an overpotential of 249 mV (Fig. 17a), and it 
could stably operate for 100 hours at 1.5 V (Fig. 17b). Through 
research, it was found that the superior performance mainly 
originated from the introduction of Ba, which not only effectively 
inhibited the aggregation of Ir atoms but also induced compressive 
strain in the lattice, manifested as lattice contraction and 
shortening of Co-O bonds (Fig. 17d). Electronic structure analysis 
further revealed that this strain facilitated electron transfer from 
Ir to Co/Ba, enhancing the valence state of Ir and optimizing its d-
band center position (Fig. 17c). Xia et al. successfully synthesized a 
Ru/RuS2/RuO2 catalyst featuring a large surface area and a porous 
structure with controllable lattice strain via in situ combustion 
synthesis (Fig. 17e).176 Research has shown that the strain effect 
generated by abundant multiphase interfaces effectively 
modulates the electronic structure of materials and markedly 
enhances the hydrophilicity and charge transport efficiency of the 
catalyst. Theoretical calculations further indicated that strain-
induced shortening of Ru-O/Ru-S bonds and reduction in band gap 
energy are key factors in enhancing activity and durability, as they 
lower the activation energy barrier while increasing the 
desorption energy of Ru species (Fig. 17f). This catalyst exhibited 
an overpotential of a mere 177 mV (Fig. 17g), and maintained 
stable performance after 5000 cycles (Fig. 17h). Moreover, it 
demonstrated good catalytic performance and stability in full 
water-splitting devices, delivering a voltage of 1.468 V at 10 mA 
cm-2 (Fig. 17j), and stable operation for 1000 hours (Fig. 17n). After 
continuous operation for 500 hours, only 14 ppb of Ru dissolution 
was detected (Fig. 17k).
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Fig. 17 (a) Overpotential histogram. (b) I-t stability test curve of IrBa-Co3O4Pt/C system. (c) XPS spectra of Ir 4f for IrBa-Co3O4 and Ir-
Co3O4. (d) Fourier transform spectra of Co K-edge EXAFS.175 Copyright 2025 Elsevier. (e) HAADF-STEM image of Ru/RuS2/RuO2. (f) ΔG of 
OER. (g) LSV curves. (h) OER and HER polarization curves after accelerated degradation test. (i) LSV curves. (j) V-t stability curves. (k) Ru 
dissolution concentration versus electrolysis time curve.176 Copyright 2025 American Chemical Society. 

Li and coworkers constructed an atomically dispersed Ru 
single-atom catalyst (Ru1-Pt3Cu) on a PtCu alloy support via strain 
engineering strategies.177 They found that the compressive strain 
in the Ptskin layer modulated the electronic configuration of the Ru 
active sites, modifying their adsorption strength toward 
intermediates. This strain effect exhibits a volcano-type 
relationship between lattice constant and OER activity, where the 
optimal Ru1-Pt3Cu catalyst shows 220 mV overpotential in 0.1 M 
HClO4, with a service life one order of magnitude longer than 
RuO2. Theoretical calculations indicated that compressive strain 
improves the activity of Ru sites while markedly enhancing their 
resistance to oxidation and dissolution, resulting in excellent 
activity and good stability. Su’s group constructed a Ni-doped IrO2 
catalyst by constructing a synergistic system of compressive strain 
and oxygen vacancies, which demonstrated outstanding 
performance in acidic OER.178 The catalyst achieved stable 
operation for 500 hours in PEMWE tests. Ni doping not only 
induced lattice compressive strain to enhance Ir-O covalency, but 
also generated oxygen vacancies that optimized water molecule 
adsorption and activation. The synergy between these two effects 
broke through the limitations of traditional reaction pathways, 
leading to notable enhancement of catalytic activity. Zhou and 
colleagues successfully introduced tensile strain into the RuO2 
lattice using oxidized graphene confinement method, significantly 

enhancing its OER performance.179 Theoretical calculations 
revealed that tensile strain modulated the binding energy of 
intermediates and enhanced the material stability. The catalyst 
demonstrated an overpotential of 136 mV in acidic media and 
maintained stable operation for 160 hours. In PEMWE testing, it 
achieved stable operation for 120 hours under 0.2 A cm-2 
conditions, demonstrating great potential for electrocatalytic 
applications. Strain is inherently a metastable lattice deformation 
that undergoes rapid relaxation under high-temperature and high-
potential operating conditions, leading to an irreversible decay of 
its regulatory effect.180 Excessive compressive strain can induce 
lattice distortion, while tensile strain lowers the dissolution 
potential of active metals, both scenarios exacerbate structural 
instability.181 Furthermore, the strain effect is often coupled with 
doping and interfacial effects, which make it difficult to precisely 
decouple the structure-activity relationship.182 Therefore, this 
strategy is only applicable to core-shell or epitaxial single-crystal 
systems capable of locking in the strain, and the strain magnitude 
must be strictly confined within an appropriate range. In industrial 
operating conditions, it should serve merely as an auxiliary 
optimization tool.

4.1.4. Interface engineering 

Page 24 of 43Chemical Science

C
he

m
ic

al
S

ci
en

ce
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
Ju

ne
 2

02
6.

 D
ow

nl
oa

de
d 

on
 6

/6
/2

02
6 

2:
35

:2
5 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
DOI: 10.1039/D6SC03328H

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6sc03328h


REVIEW  Chemical Science

This journal is © The Royal Society of Chemistry 20xxJ. Name., 2013, 00, 1-3 | 25

Please do not adjust margins

Please do not adjust margins

As a pivotal methodology in catalyst design, interface 
engineering is an effective strategy to achieve dual improvement 
in catalyst activity and stability by constructing heterogeneous 
structures to induce electronic interactions and interfacial 
effects.183 In acidic OER, this strategy primarily improves catalytic 
activity and stability through promoting charge transfer, 
optimizing intermediate adsorption energy, and enhancing 
structural stability. Wang et al. reported a controllable synthesis 
method to introduce metallic Ru into RuO2, constructing a 
Ru4+ORu0 interfacial structure.184 This structure not only 
reduces the oxidation state of Ru4+ but also promotes 
deprotonation kinetics. Acting as an electron donor, metallic Ru 
lowers the oxidation state of the *Vo-RuO42- species and stabilizes 
the *Vo-RuO42--Ru/RuO2 configuration, thereby enhancing the 
stability of acidic OER. Meanwhile, the interfacial oxygen sites 
between Ru4+ and Ru0 significantly boost deprotonation kinetics, 
improving acidic OER activity. When two different materials form a 
heterojunction, spontaneous charge rearrangement and electron 
transfer occur at the interface, effectively modulating the 
electronic configuration of metal centers and optimizing their 
adsorption energy for the key intermediates.185, 186 Moreover, 
stable chemical bonding can be formed at the interface, avoiding 
the dissolution and aggregation of active components.187 

Therefore, rationally designed interface structures can optimize 
reaction pathways, diminish the activation energy, and boost 
catalyst performance. Xu et al. successfully improved the OER 
performance by constructing an IrOx/WO3 heterostructure.188 
Studies showed that the interfacial interaction between IrOx and 
WO3 induced electron redistribution, optimized the immediate 
atomic environment around Ir centers, and simultaneously 
promoted the electronic synergy between metal and support. This 
interfacial modulation enabled the catalyst to achieve 260 mV 
overpotential (Fig. 18c), exhibiting mass activity of 176.8 A g-1 (Fig. 
18b) and stable operation exceeding 100 hours (Fig. 18d), 
demonstrating its excellent activity and durability. The team of 
Wang developed a Co/CoO@PNC composite catalyst via interface 
engineering, which exhibited good overall performance in acidic 
OER, achieving an overpotential of 232 mV (Fig. 18f) while 
maintaining excellent stability over 100 hours (Fig. 18g).189 The 
exceptional performance originates from the synergistic effect of 
Co/CoO heterojunction and P, N co-doped carbon substrate. The 
heterojunction enhances the charge transfer efficiency of the 
material, while heteroatom doping further optimizes the 
electronic configuration of the interface (Fig. 18h). The combined 
effects of these two factors promote the activity and durability of 
the catalyst.

Fig. 18 (a) SEM images of IrOx/WO3. (b) Comparison chart of mass activity. (c) LSV curves. (d) V-t curve of IrOx/WO3.188 Copyright 2024 Royal 
Society of Chemistry. (e) HRTEM image of Co/CoO@PNC. (f) LSV curves. (g) V-t stability curves. (h) X-ray diffraction (XRD) patterns.189 
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Liu and coworkers successfully constructed a Mn-RuO2/CeO2 
heterojunction catalyst via interfacial engineering, achieving the 
co-enhancement of activity and durability.150 It demonstrates 227 
mV overpotential in 0.1 M HClO4 and can operate for 300 h. 
Studies showed that the electronic coupling effect formed at the 
interface promotes electron transfer from CeO2 to RuO2, 
effectively enhancing the proportion of high-valence Ru species 
and optimizing their d-band center positions. Meanwhile, Mn 
species at the interface suppress the dissolution of Ru active sites 
and consumption of lattice oxygen through preferential oxidation 
and electronic modulation, thereby enhancing stability. Dai et al. 
innovatively employed molten salt-mediated interfacial 
engineering to construct a N-doped Ti-Ru rutile-type solid solution 
(M-TiRu4) (Fig. 19a,b).190 It was found that the molten NaNO3 

medium not only promoted the low-temperature transformation 
of TiN into rutile-type TiO2, but more importantly, utilized the 
lattice templating effect of RuO2 nanoparticles to enable 
interfacial ion migration, forming a uniform solid solution with rich 
lattice heterogeneity (Fig. 19c-e). This unique interfacial 
engineering design enabled stable lattice doping of nitrogen and 
precise regulation of the electronic structure (Fig. 19f), 
significantly enhancing the material’s conductivity. The optimized 
M-TiRu4 catalyst achieves 194 mV overpotential and exceptional 
stability exceeding 600 hours in acidic OER (Fig. 19g,h), with Ru 
mass activity reaching 13.8 times that of commercial RuO2 (Fig. 
19i). In PEMWE testing, it achieves 2 A cm-2 at 1.64 V and operates 
stably for 200 hours under a constant load of 500 mA cm-2 (Fig. 
19j,k).
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Fig. 19 (a) TEM image and (b) HRTEM image of M-TiRu4. (c-e) WT-EXAFS spectra of M-TiRu4. (f) Ru 3d XPS spectra. (g) LSV curves. (h) V-t 
stability test curves. (i) Mass activity plots. (j) PEMWE polarization curve with M-TiRu4 as anode. (k) Durability test curve of PEMWE at 500 
mA cm-2.190 Copyright 2025 John Wiley and Sons Ltd.

Song and coworkers constructed a RuO2/CoFe2O4 catalyst 
based on interface engineering strategies, which shows 
exceptional performance in the acidic OER.191 This catalyst 
achieved 10 mA cm-2 with only 191 mV overpotential and 
demonstrated stability exceeding 100 hours. Studies showed that 
the closely integrated interface structure between RuO2 and 
CoFe2O4 effectively promotes directional charge transfer, 

significantly enhancing catalytic reaction kinetics. Meanwhile, it 
enables the catalyst to maintain an intact crystal structure and 
morphology under harsh acidic conditions, providing a crucial 
guarantee for achieving highly efficient and stable electrocatalytic 
performance. However, chemical bond cleavage and phase 
segregation tend to occur readily at heterogeneous interfaces, 
leading to a complete structural collapse. Therefore, this strategy 
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prioritizes dual-oxide systems to stabilize heterojunctions and 
strictly prohibits the use of carbon-based supports.

4.2. Geometric structure regulation

By employing strategies such as morphology regulation and 
carrier design to control the geometric structure of catalytic 
materials, not only can the mass transfer efficiency of reactions be 
significantly optimized and the timely detachment of oxygen 
bubbles be promoted, but also the dissolution of active 
components in catalytic materials can be inhibited, ultimately 
achieving synergistic improvement in catalyst activity and 
durability.32

4.2.1. Morphology control 

Morphology control is crucial for enhancing the performance 
of acidic OER catalysts, as it can optimize mass transport pathways 
and interfacial reaction environments. When catalysts are 
designed with specific nanostructures such as nanowires, 
nanorods, nanoclusters, and core-shell structures, they both 
enrich the population of active sites and create efficient mass 
transport channels alongside stable reaction interfaces.192 
Specifically, core-shell structures or hollow porous frameworks 
can effectively alleviate the volume changes of catalytic materials 
during cycling, providing physical barriers for active components, 
reducing direct corrosion by acidic electrolytes, and thus 
significantly extending their service life.193 It should be noted that 

the selective exposure of different crystal facets can alter the 
arrangement and coordination environment of surface atoms, 
thereby affecting the selectivity of active sites. Through precise 
morphology control, materials can achieve both high catalytic 
activity and significantly improved durability, providing important 
technical support for developing high-performance acidic OER 
catalysts suitable for practical electrolytic cell systems.194 Luo et al. 
successfully transformed an unstable Ir single-atom/LiCoO2 system 
into a stable structure consisting of IrOx nanoparticles supported 
on Co3O4 via a precise morphological reconstruction strategy (Fig. 
20a).195 During this transformation, unique geometric 
configurations formed between IrOx nanoparticles and the Co3O4 
support significantly improved charge transfer efficiency while 
effectively suppressed leaching of the Ir active component 
through spatial confinement effects (Fig. 20b). The synergistic 
effect induced by morphological reconstruction notably enhanced 
the overall performance of the catalyst, enabling it to exhibit 233 
mV overpotential and ultra-long-term stability operation for 1200 
hours in acidic OER (Fig. 20d,e). Qu’s team successfully developed 
an amorphous IrOx/CeO2 nanowire catalyst with a unique 
nanowire morphology (Fig. 20f).196 The rich interface formed by its 
special morphology synergizes with the electron buffering effect 
of CeO2, which modulates the reaction pathway and effectively 
enhances the material’s stability. This catalyst achieves 
breakthrough performance in acidic OER, with an overpotential of 
merely 220 mV, a mass activity of up to 167 A g-1 (Fig. 20h), and 
continuous stable operation for 300 hours (Fig. 20i).
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Fig. 20 (a) HRTEM image of IrOx/Co3O4. (b) Atom structure models of catalyst surfaces. (c) ΔG for the OER process. (d) LSV curves. (e) V-t 
curves.195 Copyright 2026 Wiley-VCH Verlag. (f) TEM image of IrOx/CeO2-0.6 nanowires. (g) LSV curves. (h) Mass activity comparison of Ir. (i) 
V-t curves.196 Copyright 2022 Elsevier BV.

Qin’s group successfully constructed K-IrOx/Ir catalyst with a 
unique core-shell structure by introducing the alkali metal K.197 It 
shows an overpotential of 199 mV and an exceptional stability of 
up to 3000 hours in acidic OER. Studies have shown that the core-
shell morphology of this catalyst markedly modulates the 
electronic properties of the Ir-O bonds, optimizing the adsorption 
strength of key intermediates. Meanwhile, the geometric 
confinement effect and electronic synergy arising from the core-
shell structure jointly suppress the over-oxidation and dissolution 
of the Ir. This design allows the catalyst to maintain stability during 
prolonged operation, achieving a dual breakthrough in its activity 
and stability. Tan and colleagues prepared a nano-mesoporous 
structured Pd50Ir50 bifunctional catalyst.104 Its unique nanoporous 
structure significantly increases active sites and effectively 
improves mass transport pathways. In acidic OER, this catalyst 
achieves an overpotential of 217 mV. For overall water splitting, it 
also exhibits outstanding performance. Feng et al. successfully 
fabricated vertically aligned graphene nanosheets arrays.198 This 
unique array structure demonstrates an overpotential of 334 mV, 
outperforming commercial Ir/C catalysts. Studies have found that 
the vertically aligned nanosheet configuration significantly 

enhances the exposure of active sites while forms an efficient 
three-dimensional electron transport network. While high-
specific-surface-area nanostructures can enhance initial activity, 
they significantly increase the contact area with acidic 
electrolytes, thereby accelerating metal dissolution and structural 
fragmentation. At high current densities, vigorous oxygen 
evolution tends to induce the detachment of nanostructures and 
the clogging of porous channels, leading to active site deactivation 
and severe concentration polarization. This strategy of precisely 
controlling the spatial arrangement of nanoscale structures 
combined with surface chemistry opens new avenues for 
designing high-performance catalysts.

4.2.2. Carrier design 

Carriers not only provide physical support in catalysts but also 
achieve synergistic optimization through multiple interactions 
with active components. Ideal carriers need to have efficient 
electron transport efficiency, stable chemical properties, and 
controllable surface states to ensure the stable operation of 
catalysts in harsh acidic media.199 Carriers can stabilize active 
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components through geometric effects, and their surface defects 
and specific crystal planes can provide precise anchoring sites for 
active substances, effectively inhibiting the migration, 
agglomeration, or dissolution of nanoparticles.200 Current carrier 
design has evolved from traditional single-functional support 
materials to sophisticated systems with hierarchical pore 
structures, controllable surface chemistry, and specific crystal 
orientations. These new carriers effectively improve the utilization 
efficiency of active components and significantly enhance reaction 
kinetics by optimizing mass transport pathways and reducing 
interfacial resistance.201, 202 Therefore, reasonable carrier design 
can comprehensively improve catalyst activity, stability, and 
electrical conductivity. The team of Liu successfully constructed a 
high-performance Ir single-atom catalyst by anchoring Ir on the 
surface of a polyimide support (Fig. 21a).203 The interaction 
between the active and support sites enhanced the mass activity 
of the catalyst in acidic OER by up to 49.7 times, exhibiting an 
overpotential of 254 mV (Fig. 21b), while maintaining stable 

operation for 360 hours with almost no performance degradation. 
Studies indicated that the distinctive architecture of the polyimide 
support effectively decreases the kinetic barrier of the rate-
determining step and enhances the density of states of the Ir 5d 
orbitals through electronic modulation (Fig. 21c), thereby 
promoting the concerted transfer of protons and electrons, 
optimizing the binding energy of intermediates, and effectively 
promoting the overall reaction kinetics. The Andersen team 
successfully developed high-performance Ir-based OER catalysts 
by designing ATO2 carriers with high electrical conductivity (Fig. 
21d).204 Studies have shown that the lower oxygen content on the 
surface of ATO2 carriers enables high electrical conductivity, and 
the formed “Ir core-oxide shell” structure significantly enhances 
OER activity. The Ir single-atom catalyst supported on highly 
conductive ATO2 carrier exhibits excellent acidic OER activity with 
a mass activity of 777 A g-1, surpassing commercial catalysts by a 
factor of 2.5 (Fig. 21f).

Fig. 21 (a) HAADF-STEM image of Ir1-PI@CP. (b) Overpotential comparison. (c) Projected density of states (PDOS) of Ir atoms in the 
Ir1/PI@CP and Ir@CP models.203 Copyright 2024 American Chemical Society. (d) TEM image of Ir NPs loaded on ATO2.AT. (e) Ir 4f XPS 
spectrum of Ir/ATO2.AT. (f) Mass activity plot.204 Copyright 2023 Elsevier BV. 

Park and colleagues markedly enhanced the acidic OER 
performance of IrOx catalysts by constructing a SnO2-rGO 
composite support.205 Studies have found that when SnO2 and rGO 
in the support are composited at a mass ratio of 80:20 
(IrOx/S80G20), the catalyst exhibits top-tier performance. Its mass 
activity reaches a value ten times that of commercial IrO2. The 
outstanding performance of this catalyst stems from two key 
factors: on one hand, the abundant nanoparticle anchoring sites 
provided by SnO2, and on the other hand, the highly efficient 
electron conduction network constructed by rGO. The synergistic 

effect of these components increases the active surface area of 
the catalyst while facilitates the formation of Ir3+ and oxygen 
vacancies. These structural traits are key drivers behind the 
observed enhancement in catalyst performance. Han et al. 
designed a nanostructured -MnO2 support, significantly boosting 
the performance of the catalyst.206 The unique nanorod 
morphology (30–60 nm) of this support effectively dispersed noble 
metals, enabling the catalyst to exhibit an overpotential of 215 mV 
in 0.1 M HClO4. They further introduced Ti into -MnO2 to form a 
Mn1-xTixO2 support, which significantly enhanced material stability 
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under acidic conditions, allowing stable operation for 12 hours. 
Cho’s group successfully constructed the IrOx/Zr2ON2 
electrocatalyst based on a Zr2ON2 support.207 This support exhibits 
excellent conductivity and good stability, forming a strong 
interaction with the IrOx active component, resulting in an 
overpotential of 255 mV in acidic OER, maintaining stable 
operation for 50 h. Mechanistic studies reveal that the Zr2ON2 
support induces a reduction in the valence state of Ir and an 
elongation of the Ir-O bond distance. This structural modulation 
promotes a shift in the reaction pathway from AEM to LOM, thus 
achieving a dual enhancement in both activity and durability. 
Carbon-based supports suffer from severe electrochemical 
oxidation corrosion under high anodic potentials, leading to 
structural collapse and the detachment of active components. 
Meanwhile, oxide supports such as TiO2 and SnO2 suffer from 
inherently poor electrical conductivity. Therefore, priority should 
be given to highly conductive doped-oxide composite supports, 
and anti-passivation modification strategies must be incorporated 
for industrial operating conditions.208

It is particularly worth emphasizing that in the design of 
catalysts, a single tuning strategy often struggles to 

simultaneously meet the dual demands of activity and stability, 
while the synergistic effects of multiple strategies are becoming 
essential in addressing the limitations in catalyst stability and 
activity. By synergistically applying strategies including doping 
engineering, interface engineering, and morphology design in 
catalyst development, it is expected to achieve the transition of 
catalysts from laboratory research to industrial-scale production. 
Liu et al. successfully constructed a Bi/Ni co-doped Co3O4 catalyst 
using a one-step molten salt method (Fig. 22a).209 They found that 
Bi doping could generate abundant lattice defects on the Co3O4 

surface (Fig. 22b), appropriately regulating the electronic 
configuration of Co, while the introduction of Ni synergized with Bi 
to jointly promote the construction of a porous carbon-supported 
architecture. The dual-strategy synergy not only boosted active 
site density and facilitated bubble detachment, but also optimized 
the reaction pathway by lowering the OOH* intermediate 
formation energy and the interfacial water adsorption energy (Fig. 
22e). Ultimately, the BiNi-Co3O4/CP catalyst designed through the 
synergistic integration of lattice defects and support modification 
achieved a small overpotential of 275 mV and stable operation for 
110 hours during acidic OER processes (Fig. 22h,i).

Fig. 22 (a) SEM image of BiNi-Co3O4/CP. (b) HRTEM image of BiNi-Co3O4/CP. In situ diffuse reflectance infrared Fourier transform 
spectroscopy (DRIFTS) spectra of (c) Co3O4/CP, (d) Bi-Co3O4/CP and (e) BiNi-Co3O4/CP. (f) LSV curves. (g) Tafel diagram. (h) Overpotentials 
and Tafel slopes. (i) Stability test curves.209 Copyright 2025 American Chemical Society.
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Fu’s group successfully constructed an amorphous/crystalline 
heterostructured FePb-doped RuO2 catalyst, achieving synergistic 
enhancement through co-doping and interface engineering.210 
Studies show that Fe doping is able to modulate the electronic 
configuration of Ru sites, weakening the binding energy of the 
OOH* intermediate, while Pb doping can elevate the activation 
energy required for Ru reconstruction, collectively enhancing the 
OER activity and stability. Due to dual-doping with heteroatoms 

and heterogeneous structures, the synthesized FePb-RuO2 
exhibited an overpotential of 194 mV. In PEMWE measurement, 
an electrolyzer based on FePb-RuO2 needed just 1.59 V to reach 
500 mA cm-2. This multi-strategy synergistic design concept 
promotes simultaneous improvement of catalyst performance and 
durability in severe acidic environments, while it paves the way for 
industrial applications. 

Table 2. Summary of representative OER electrocatalysts and their catalytic performance

Catalyst 10 (mV) Mass activity Stable decay rate Tafel slope (mV 
dec-1)

Dominant 
mechanism

Fe-RuOx 191  0.07 mV h-1  AEM

Ce-IrO2 240  50 h stability 57 

RuO2/D-Co3O4/CC 181  120 h stability 76.5 

IrOx@MoBxS2-x-80 168 148.8 A mgIr-1 140 min stability 117.98 LOM

Ru-Mn4O4 143 3450 A g-1 0.24 mV h-1 57.22 OPM

350-IrO2 246 0.61 A mgIr-1 0.059 mV h-1 49.51 AEM

IrBa-Co3O4 249  100 h stability 65.28 AEM

Ru/RuS2/RuO2 177  1000 h stability  AEM

s-RuO2 136  160 h stability  AEM

M-TiRu4 194 262.8 A gRu-1 0.02 mV h-1 69.5 

RFC (RuO2/CoFe2O4) 191  100 h stability 74.8 

IrO2/CeO2-0.6 220 167 A gIr-1 300 h stability 63 AEM

K-IrOx/Ir 199  0.0117 mV h-1  AEM

5. Application in PEMWE

5.1. Factors affecting the performance of PEMWE

PEMWE technology represents a cornerstone of the modern 
hydrogen energy sector owing to its green characteristics and high 
efficiency. The core component of this system is the membrane 
electrode assembly (MEA), composed of a PEM plus catalytic 
layers on both sides, forming a solid-liquid-gas three-phase 
reaction interface.211 Currently, widely employed PEMs include 
perfluorosulfonic acid membranes and short-side-chain 
perfluorosulfonic acid resin membranes, which can effectively 
isolate anode and cathode gases while conducting protons.212 
Presently, the anode typically uses IrO2-based catalysts for OER 
catalysis, while the cathode uses Pt/C materials for HER catalysis. 
The two materials can simultaneously maintain high activity and 
stability in acidic environments.

PEMWE technology faces multiple performance degradation 
problems during practical application, and these challenges are 
found across multiple dimensions, including materials, 
components and systems, which seriously affect its large-scale 
application. In terms of operation parameter regulation, although 
increasing the temperature can optimize the reaction kinetics and 
material transfer efficiency, exceeding 80 °C will trigger PEM 
dehydration and accelerated degradation of the material. 
Increasing the system pressure, although it helps bubble 
management and facilitates the direct storage of hydrogen, will 
exacerbate the risk of gas cross-penetration and even the 
formation of explosive mixtures.213-216 At the material level, 
catalyst stability is the core issue. Dissolution of precious metals, 
active site reconfiguration, and nanoparticle agglomeration all 
lead to continuous degradation of performance, and the 
degradation of anode catalysts is particularly prominent in acidic 
environments.217 In the MEA, the ionomer content needs to be 
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precisely balanced, with too low a level restricting proton 
conduction and too high a level hindering gas transport, while 
bubble blockage and mechanical damage within the catalyst layer 
significantly cut down the utilization efficiency of the active 
interface.218, 219 System contamination should not be overlooked, 
as metal cationic impurities can occupy the sulfonic acid groups in 
the proton exchange membrane, dramatically increasing the 
resistance to proton transport, and dissolved metal species can 
redeposit and poison the cathodic active sites.220 With respect to 
substrate materials, titanium-based porous transport layers are 
corrosion-resistant but susceptible to passivation, leading to 
increased contact resistance, while carbon-based materials are 
thermodynamically unstable and susceptible to corrosion at 
anodic potentials.221 In addition, the interfacial stability between 
components is also a weak point, and adhesion failure between 
the membrane and catalytic layer, aging of the sealing structure, 
and hydrogen embrittlement of titanium will all affect the system 
lifetime.222 These multi-dimensional and cross-scale decay 
mechanisms are coupled with each other, and together they 
constrain the commercialization of PEMWE technology. Therefore, 
a breakthrough needs to be achieved through the synergistic 
development of material innovation, structure optimization and 
system control.

5.2. Utilization of acidic OER catalysts under high current 
densities

Investigating the stable operation of acid OER catalysts at 
high-current-density is one of the core links in promoting the 
industrialization of PEMWE technology. Industrial-grade 
electrolytic cells typically need to operate continuously at current 
densities exceeding 1 A cm-2, which poses extremely high 
requirements for catalyst durability. Moreover, the high potential 
and strong acidic environment accelerate the dissolution of active 
components and the corrosion of carrier materials, and the 
violently evolving oxygen bubbles also pose a threat to the 

electrode structure.223 In addition, insufficient mass transport 
efficiency at high current densities will worsen the local reaction 
environment deterioration, further exacerbating catalyst 
performance degradation.224 To overcome these bottlenecks, 
synergistic optimization must be achieved in catalyst electronic 
structure, interfacial stability, and macrostructural design, posing 
new challenges to both material design theory and preparation 
processes.

After continuous research, significant breakthroughs have 
been made in designing catalysts capable of stable operation 
within PEMWE systems. As an illustration, Wu et al. successfully 
constructed a La-doped RuO2 nanorod composite catalyst on a 
titanium mesh using low-temperature thermal decomposition 
technology (Fig. 23a).225 This catalyst displays strong catalytic 
performance under high-current-density operating conditions, 
with an overpotential of just 162 mV (Fig. 23b), and can operate 
stably for 450 hours in this operational environment at 100 mA 
cm-2 (Fig. 23c). The creation of the localized La-O-Ru structure 
effectively modulates the adsorption behavior of reaction 
intermediates while inhibiting Ru leaching and lattice oxygen 
depletion. In PEMWE testing, this catalyst required only 1.815 V 
under an industrial-grade current density of 1.0 A cm-2 and can 
continuously operate for over 120 h at 60 ℃ (Fig. 23e,f), indicating 
its great viability for practical implementation. Kang et al. 
developed IrRu ultrathin nanowires, which showed excellent 
comprehensive performance in acidic OER and actual PEMWE 
devices.226 This catalyst necessitated merely 243 mV overpotential 
when operating, markedly outperforming IrO2 (Fig. 23g). 
Electrolytic cell based on IrRu nanowires exhibited a 17.6% higher 
current density than commercial IrO2 and Pt/C systems at 2 V (Fig. 
23h). Notably, this electrolytic cell can stably operate for over 500 
hours at 1.0 and 1.5 A cm-2, featuring an ultra-low decay rate of 
merely 28 µV h-1 (Fig. 23i), demonstrating excellent prospects for 
industrial application.
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Fig. 23 (a) TEM image of La-RuO2@TM. (b) Comparison of overpotentials. (c) Long-term operational stability curve. (d) I-V curves of PEM 
electrolyzer using of La-RuO2@TM and IrO2 as anodic catalyst without IR correction. (e) Cell Voltage comparison across varied current 
densities. (f) V-t curve of La-RuO2@TM in a PEM electrolytic cell at 60 °C and 1.0 A cm-2.225 Copyright 2025 John Wiley and Sons Ltd. (g) LSV 
curves of IrRu NWs and comparative catalysts. (h) Polarization curve of PEMWE device. (i) Stress stability test curve of PEMWE device.226 
Copyright 2024 Wiley-VCH Verlag.

Lu and coworkers engineered a catalyst containing Ru-B-Cr 
structural units in RuO2 nanofibers through a synergistic Cr and B 
co-doping strategy.227 Theoretical calculations indicated that this 
structural unit simultaneously regulates the adsorption energy of 
H* and the formation energy of OOH*, effectively prevents lattice 
oxygen involvement through the AEM pathway, and averting over-
oxidation of Ru catalytic sites. This enables the catalyst to 
demonstrate excellent catalytic performance at industrial-level 
current densities, needing just 379 mV of overpotential to achieve 
1 A cm-2 in acidic OER while realizing stable operation for 188 
hours at this current density with an extremely low decay rate. 
Kwon’s team successfully prepared iridium nanodendrites (IrNDs) 
catalysts with mass transport enhanced (MTE) using the 
solvothermal method.228 In PEMWE testing, the MTE IrND/ATO 
catalyst exhibited excellent high-current-density performance, 
showing a 10% reduction in transport overpotential compared to 
Conv. IrND/ATO at 3 A cm-2, and sustained steady operation for 12 
days at 2 A cm-2, exhibiting just 24 mV of voltage degradation. The 
IrRuOx alloy catalyst developed by Wang et al. achieved 
breakthrough progress under industrial-level operating 
conditions.229 This material demonstrated ultra-long stable 
operation capability of up to 1600 hours at 2 A cm-2, surpassing all 
similar catalysts in durability. Analysis showed that the atomic-
level synergistic effect between Ir and Ru enhanced the stability of 
Ru-O bonds, effectively inhibiting the leaching of active 

components and structural damage of the catalytic layer, 
providing an effective solution to address the durability challenges 
of PEMWE technology in practical applications. Sohn et al. 
successfully fabricated CoFeNiMoWTe high-entropy catalysts 
featuring an amorphous porous architecture through a 
hierarchical hybrid method combining electrochemical deposition 
and tellurization processes.14 The unique nanosheet array 
structure of this material provides abundant active sites, while the 
doping of Te raises the metal valence state, thus substantially 
tuning the material’s electronic configuration. It demonstrates an 
overpotential of 373 mV and stable operation capability of 100 
hours in acidic OER. In PEMWE testing, this catalyst necessitated 
merely 1.81 V of voltage at 1 A cm-2 (70 ℃), while exhibiting a 
mere 30 mV voltage decay after 100 hours of continuous 
operation.

6. Challenges and prospects

Through a systematic analysis of acidic OER catalysts from 
reaction mechanisms to performance optimization strategies, a 
relatively complete theoretical framework has been established in 
this field, especially in PEMWE technology oriented towards 
practical applications. Researchers have developed a series of 
catalysts that perform excellently at high current densities through 
multi-element synergistic strategies. However, when comparing 
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laboratory performance indicators with industrial requirements, 
significant technological gaps are found. Issues such as long-term 
operational stability of catalysts, effective reduction of precious 
metal loading, and performance degradation under actual 
operating conditions have not been fundamentally resolved. This 
paper conducts a thorough examination of the present major 
research bottlenecks and provides systematic prospects for future 
development directions.

(1) The trade-off dilemma of activity versus structural 
robustness. Achieving synergistic improvement in both activity 
and stability of OER catalysts in acidic condition has been a core 
challenge in this field. Catalytic materials usually undergo dynamic 
restructuring in the course of the reaction, a process that can 
trigger the formation of active sites and cause structural 
collapse.230 Studies have shown that enhancing metal-oxygen 
bonds can improve catalyst stability to a certain degree, yet this is 
often achieved at the expense of compromising their inherent 
activity, while optimizing intermediate adsorption energy can 
enhance activity but may also accelerate catalyst deactivation.231 
To break through this bottleneck, it is essential to construct 
catalytic sites with both stability and activity through precise 
regulation of electronic structure.

(2) The rarity and cost-related challenges of noble metals. Ir 
and other elements, despite being the most potential noble 
metals for acidic OER catalysis, have extremely low natural 
abundances that restrict the large-scale advancement of PEMWE. 
Designing single-atom catalysts to achieve atomic-level dispersion 
and maximize atom utilization efficiency has become a pivotal 
strategy to mitigate the shortage of noble metals. However, under 
acidic condition and high potential, single atoms are prone to 
agglomeration and dissolution. Therefore, constructing functional 
supports with anchoring sites or rationally modulating the metal-
support interaction could boost the stability of these catalysts.

(3) The gap between laboratory and industrialization. From 
laboratory research to industrial application is a long-term 
technological challenge. At the material preparation level, 
common laboratory synthesis techniques such as hydrothermal 
method and electrodeposition struggle to satisfy the demands of 
large-scale production and cost control in industrial settings. In 
terms of performance evaluation, traditional testing methods 
based on rotating disk electrodes cannot accurately reflect the 
mass transfer conditions and current distribution characteristics in 
actual devices. More importantly, in device environments, 
catalytic performance is influenced by a variety of parameters 
including ionomer coverage and interface contact, which cannot 
be fully simulated in conventional three-electrode systems. In 
addition, dynamic operating conditions in actual operation, such 
as temperature fluctuations and pressure changes, can have 
decisive impacts on catalyst lifespan. Therefore, establishing 
testing standards and evaluation systems that closely resemble 
actual operating conditions has become the key to catalyst 
transition from laboratory to industrial applications.

(4) Development of novel catalyst systems. Future catalyst 
development should break through the limitations of traditional 
material systems and explore novel material systems including 
high-entropy alloys (HEA) and metal-organic frameworks. HEA, 
endowed with their synergistic effects of multiple components 
and unique local environments, are expected to significantly 
enhance structural stability while maintaining high activity. 
Moreover, developing molecular catalysts with well-defined 
structures, combined with support stabilization strategies, opens 
up new pathways for precise design and regulation of active sites.

(5) Multi-dimensional synergistic design. The future catalyst 
design should establish a multilevel synergistic framework from 
atomic scale to macroscopic devices. At the atomic level, the 
inherent activity of active sites can be enhanced via the accurate 
modulation of their coordination configurations and electronic 
architectures. On the nanoscale, both the active site density and 
mass transport efficiency are amenable to optimization through 
morphological regulation and interface engineering. At the 
macroscale level, the efficient transport of reactants and products 
can be achieved through electrode structure design and device 
optimization. This cross-scale synergistic design requires the deep 
integration of multiple disciplines to establish an accurate 
mapping from microstructure to macroscopic performance.

(6) Applications of artificial intelligence (AI) and ML. AI and 
ML technologies are gradually becoming the key driving force for 
catalyst development. By constructing large-scale material 
genome databases and applying deep learning algorithms, the 
relationship between material composition, structure and 
performance can be effectively analysed, thus realizing efficient 
screening and rational design of new catalysts. ML can also be 
used to analyse complex in situ characterization data, revealing 
the dynamic evolution mechanism of catalysts in the working 
state. Meanwhile, AI techniques can optimize synthesis path 
parameters and predict the long-term evolutionary behaviour of 
materials under different test states, accelerating the research and 
development process. The successful application of these 
technologies relies on the accumulation of high-quality data and 
synergistic innovation in multiple fields, and is expected to bring 
breakthrough changes to catalyst research.
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