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Abstract: Highly active and durable acidic oxygen evolution reaction (OER) electrocatalyst 

is a vital component of cost-effective proton exchange membrane water electrolyzer. 

Rutile-phase RuO2 has inspired extensive attention as an acidic OER electrocatalyst due to its 

lower cost and similar activity compared to IrO2. However, RuO2 often suffers from severe 

dissolution and even structural collapse at high potentials due to the irreversible overoxidation 

of Ru into soluble RuO4 species, resulting in a dramatic degradation of performance. Thus, 

suppressing Ru dissolution and improving intrinsic activity are crucial challenges in the 

design of RuO2-based electrocatalysts. Extensive efforts have proven that incorporating 

foreign metal/non-metal dopants into RuO2 is an extremely practical and effective strategy for 

boosting RuO2. In this review, an overview of mechanisms of acidic OER and classification 

of the doping forms is first provided. Subsequently, a comprehensive review of RuO2-based 

electrocatalysts with various doping types is presented, along with the underlying 

mechanisms that facilitate breaking the trade-off between activity and stability. Finally, our 

insights into current challenges and future research trends are proposed for developing robust 

RuO2-based electrocatalysts toward acidic OER. 

Keywords: electrocatalysis; acidic oxygen evolution reaction; RuO2; heteroatom doping; 

proton exchange membrane water electrolyzer 

 

The statement of novelty: This article systematically reviews the recent breakthroughs of the 

heteroatom-doped RuO2 electrocatalysts based on a classification framework for doping 

strategies and presents the current challenges and the future opportunities. 
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1. Introduction 

Hydrogen is regarded as a promising alternative for clean future due to its high energy density 

and harmless combustion products [1-3]. Currently, the source of hydrogen is primarily 

dependent on fossil fuel-based industrial production technologies with high carbon emissions 

[4, 5]. Water splitting powered by renewable energy is the most promising technology for 

hydrogen production with zero carbon emissions over the entire life cycle, and the resulting 

hydrogen is known as the green hydrogen [6-8]. The alkaline water electrolyzer (AWE) is the 

current dominant commercial hydrogen production technology, but suffers from poor 

dynamic responsiveness, low current density, and the risk of gas cross-permeation [9]. 

Compared to AWE, proton exchange membrane water electrolyzer (PEMWE) has significant 

advantages in the large-scale production of high-purity green hydrogen, due to its quick 

response, high proton conductivity, high energy conversion efficiency, and high safety [10]. 

However, the highly corrosive and oxidative operating environment at anode poses huge 

challenges to the durability of catalyst [11, 12], which hinders its industrial applications. 

Water splitting mainly consists of the cathodic hydrogen evolution reaction (HER) and the 

anodic oxygen evolution reaction (OER) [13, 14]. The HER in the PEMWE is a simple 

reaction with rapid kinetics involving only two-electron transfer process, while the OER in 

the PEMWE is a complex multistep reaction with a sluggish four-electron transferred kinetics 

[15-17]. It is well-known that Ir-based catalysts are commonly used to catalyze OER in the 

PEMWE due to their sufficient acidic-corrosion resistance. However, their large-scale 

applications suffer from the extreme scarcity, high price, and relatively low activity [18-21]. 

In this regard, Ru-based catalysts, particularly rutile-phase RuO2, have emerged as promising 

OER alternatives due to their exceptional intrinsic activity, favorable earth abundance, and 

cost-effectiveness [22, 23]. Nevertheless, their practical implementations face significant 

challenges in electrochemical [24, 25], particularly under high-potential conditions (>1.4 V vs. 



 

4 

 

RHE). This primarily stems from the oxidative dissolution of lattice oxygen, leading to the 

inevitable overoxidation of Ru into high-valence soluble RuO4 species, and then the 

catastrophic structural disintegration [26-28]. To address such stability limitations, extensive 

investigations have focused on heteroelement doping strategies to engineer the rutile RuO2 

through tailoring the electronic configuration of Ru sites, stabilizing oxygen lattices, and 

optimizing intermediate adsorption energetics during the reaction pathways. Recent 

advancements have dramatically expanded the doping element spectrum, encompassing 

approximately 45% of the elements in the periodic table, with transition metals constituting 

the predominant category (Figure 1). Although numerous reviews related to Ru-based acidic 

OER electrocatalysts have been extensively reported, most of them reviewed a more 

comprehensive range of Ru-based catalysts including single atoms, alloys, oxides, 

heterostructures, and so on [24, 29-31]. To date, very few reviews have focused on the hot 

topic of heteroatom-doped RuO2 electrocatalysts and provided systematic discussion and 

timely summary on different doping strategies. Thus, a review for summarizing such 

proliferation of doping investigations on RuO2 is highly desirable. 

Herein, we systematically summarize the recent breakthroughs of the heteroatom-doped 

rutile RuO2-based electrocatalysts based on a classification framework for doping strategies, 

in particular, the fundamental mechanisms governing the acidic OER. We provide several 

representative examples to demonstrate the characteristics of the dopants located in different 

blocks, the effects and mechanisms of doping on performance, and the reaction pathways. 

Finally, we discuss the current challenges and the future opportunities. Our review aims to 

establish fundamental design principles bridging the gap between laboratory-scale catalyst 

innovation and industrial implementation of high-performance PEMWE systems. 

2. Mechanisms of acidic OER 

Generally, the acidic OER proceeds through three distinct mechanisms, including the 

adsorbate evolution mechanism (AEM), lattice oxygen mechanism (LOM), and oxide 

pathway mechanism (OPM). Each mechanism involves unique reaction pathways in terms of 

intermediate coordination chemistry, operando structural dynamics, and catalytic performance 
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trade-offs, thus leading to complex stability-activity interdependence that necessitates 

atomic-level catalyst design. 

AEM involves the stepwise conversion of surface adsorbed oxygen-containing 

intermediates (*OH, *O, *OOH) with four sequential proton-coupled electron transfer (PCET) 

steps, as illustrated in Figure 2a [29]. The mechanism initiates with H2O molecule 

coordination at coordinatively unsaturated Ru sites, losing a proton to form *OH 

intermediates. Subsequently, *OH is deprotonated to form *O and reacted with another H2O 

molecule to form *OOH intermediates, which was further deprotonated to generate *OO and 

ultimately release O2. There is a well-established linear scaling relationship between the 

adsorption energies of *OH and *OOH intermediates, i.e., ΔG*OOH = ΔG*OH + 3.2 ± 0.2 eV, 

which leads to a minimum theoretical overpotential of approximately 370 mV for OER at 

standard conditions (25 
o
C, pH 0) [32]. Numerous reports have demonstrated that increasing 

the number of active sites and optimizing the adsorption energies of the intermediates (*OH, 

*O, *OOH) can increase the intrinsic activity of the catalysts and decrease the OER 

overpotential [33]. Additionally, the degradation of the catalyst can be suppressed due to the 

reduction of the required overpotential reaching the same current density. 

The LOM represents a paradigm-shifting OER pathway that circumvents conventional 

*OOH intermediate formation through direct lattice oxygen participation in O−O bond 

formation, thus breaking the limitation of linear scaling relationship in the AEM and leading 

to a lower overpotential [34]. As illustrated in Figure 2b, the generation of *OH and *O 

intermediates in LOM follows the same pathway of AEM. The difference is that the *O 

intermediate can couple with neighboring lattice oxygen (OL) to form an O−O bond and then 

release O2, accompanied by the formation of an oxygen vacancy (OV). Subsequently, the H2O 

molecule can replenish the oxygen vacancy and recover the lattice oxygen sites. Similarly, 

lattice oxygen can also serve as initial adsorption sites, allowing direct coupling of the 

adsorbed *OH to lattice oxygen. In addition, direct O−O coupling of two adjacent lattice 

oxygen atoms may also occur in the OER process [35]. Although the reaction energy barrier is 

lowered in LOM due to the participation of lattice oxygen, the excessive loss of lattice 
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oxygen may induce the structural degradation of the catalyst [36]. Thus, the trade-off between 

enhanced activity and inherent stability of RuO2 catalysts were achieved by decreasing the 

orbital hybridization of Ru 4d-O 2p and then weakening the Ru−O covalency, thus inhibiting 

the lattice oxygen participation [37]. 

The main feature of the OPM is the direct coupling of two *O intermediates at the 

bimetallic active sites to form O2 without *OOH formation and lattice oxygen participation, 

thus boosting both activity and stability [38]. As illustrated in Figure 2c, *O intermediates are 

first generated at two adjacent metal active sites, and subsequent the *O intermediates are 

directly coupled to form O−O bonds and then release O2. The OPM usually occurs on the 

specific bimetallic sites with shortened interatomic distances and enhanced *OH adsorption to 

promote *O intermediates generation [39]. 

3. Evaluation of acidic OER electrocatalysts 

For the performance evaluation of acidic OER electrocatalysts, activity and stability are the 

two main aspects [6]. Catalytic activity is usually evaluated by overpotential (η), Tafel slope, 

charge transfer resistance (Rct), electrochemically active surface area (ECSA), specific activity, 

mass activity (MA), turnover frequency (TOF), Faradaic efficiency, and other indicators. 

Stability tests are generally performed by chronopotentiometry (CP), chronoamperometry 

(CA), and accelerated durability test (ADT). In addition, the precious metal dissolution rate 

can be calculated from the inductively coupled plasma (ICP) results after stability tests. For 

structural characterization and mechanism verification, transmission electron microscopy 

(TEM), X-ray diffraction (XRD), differential electrochemical mass spectrometry (DEMS), 

and in situ/non in situ spectroscopic analyses including X-ray absorption spectroscopy (XAS), 

X-ray photoelectron spectroscopy (XPS), Raman spectroscopy, and Fourier 

transform-infrared (FT-IR) spectroscopy are commonly adopted [1]. 

4. Classification of doping forms for RuO2 

Heteroatom doping in rutile RuO2 manifests through two primary crystallographic 

configurations: substitutional and interstitial doping. As illustrated in Figure 3, substitutional 

doping occurs through either cationic replacement – heteroatoms occupying Ru lattice sites 
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(Figure 3a) [40], or anionic substitution – non-metal elements replacing oxygen sublattice 

positions, significantly altering metal-oxygen covalency and redox potentials (Figure 3b) [41]. 

Interstitial doping introduces heteroatoms into octahedral voids of the rutile framework 

(Figure 3c) [42], preferentially occurring in low-coordination surface regions. In addition, 

these fundamental modes have derived a series of advanced doping architectures, including 

cooperative (Co)-doping systems (e.g., cation-anion dual doping) [43], solid solutions (e.g., 

cation substitution with tunable stoichiometric ratios) [44], and surface-anchored complexes 

(e.g., sulfate functionalization) [45]. 

5. Doping strategies for RuO2-based electrocatalysts 

Current advancements in RuO2 catalyst engineering have established a diversified doping 

library spanning over 45 elements across the periodic table (Figure 1), based on the five 

strategic approaches, including cation doping, anion doping, cation-anion dual doping, 

interstitial doping, and solid solution oxides. The data related to the activity and stability of 

various catalysts are shown in Table 1. 

5.1. Cation doping 

Cation doping is a common and effective strategy to regulate the electronic structure of RuO2, 

thereby improving its activity and stability. Various metal elements are incorporated into the 

RuO2 matrix in the form of monodoping or co-doping, where metal dopants can substitute the 

lattice position of Ru in the RuO2. Differences in the oxidation state of the cation, the lattice 

parameters of the corresponding oxide, and the doping concentration will lead to changes in 

structure and catalytic performance. 

5.1.1. Monodoping 

s-block metals. The metal elements in the s-block, including Na, Mg, Ca, Ba, etc., have been 

used as dopants of RuO2-based catalysts [46-49, 124]. Since the corresponding ionic valences 

of these elements are lower than Ru
4+

 ion, in order to maintain charge neutrality, oxygen 

vacancies could be generated when Ru
4+

 ions are substituted by the lower valence-state ions. 

The presence of oxygen vacancies can regulate the geometric and electronic structure of RuO2, 

thus affecting catalytic activity and stability. Zhang et al. engineered a novel Na-doped RuO2 
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catalyst featuring an amorphous/crystalline heterostructure with tailored oxygen vacancies 

and interfacial grain boundaries (Figure 4a,b) [47]. The multiscale defect architecture endows 

the a/c-RuO2 with exceptional stability under harsh corrosive and oxidative conditions. 

Density functional theory (DFT) calculations indicated that the enhanced activity originates 

from the synergistic downshift of the d-band center of Ru sites by the Na dopants and oxygen 

vacancies (Figure 4), weakening oxygen intermediate adsorption strengths, thereby lowering 

the energy barrier for the rate-determining OER step (Figure 4d). The Ca-doped RuO2 was 

prepared by a molten salt method [124], where Ca
2+

 ions functioned as structural modifiers to 

introduce oxygen vacancy formation during subsequent electrochemical activation, yielding 

oxygen vacancy-rich RuO2 nanoparticles (RuO2-OV). The introduced oxygen vacancies 

distorted the local RuO6 octahedron symmetry, causing the upward shift in the Ru d-band 

center and the decreased covalency of Ru−O. This electronic reconfiguration optimized the 

adsorption of oxygen intermediates, suppressed the dissolution of Ru through improved 

metal-oxygen charge transfer, and thus, boosted both catalytic activity and operational 

stability. 

d-block metals. Transition metal elements in the d-block often exhibit multiple variable 

valence states due to the participation of d-orbital electrons in bonding. The electronic 

structure of Ru can be modulated by lattice doping of transition metal elements with different 

valence states and electronegativity, resulting in the optimization of adsorption and desorption 

of oxygen intermediates. The doping of transition metals in the d-block can be divided into 

two parts: non-precious transition metal and precious metal doping. Non-precious transition 

metals in the d-block such as first-row transition metals (V, Cr, Mn, Ni, Cu, Zn, etc.) have 

been corroborated to be effective single dopants [40, 53-56, 59, 63-67]. It was found that the 

OER kinetics could be improved by the interaction between Cr dopants and Ru, by which a 

Cr-mediated OH spillover occurred from Cr site to the adjacent Ru site to generate *OOH 

(Figure 4e), resulting in a rate-limiting step transition from *OOH generation to O2 generation 

(Figure 4f) [54]. Thus, Cr0.2Ru0.8O2-x demonstrated boosted OER activity with an ultralow 

overpotential of only 170 mV at 10 mA cm
−2

. This suggests that dopant-mediated OH 
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spillover is an effective strategy to enhance the activity of RuO2. The deactivation of Ru site 

in RuO2 is mainly caused by two aspects: overoxidation and dissolution of Ru caused by 

lattice oxygen oxidation and direct demetallation of the surface unsaturated Ru site [11, 125]. 

It was found that the incorporation of Ni to the lattice of RuO2 could stabilize subsurface 

oxygen and surface Ru through increasing the energies cost for structural degradation (Figure 

4g), thereby contributing to much improved structural stability of Ru site during acidic OER 

[59]. As a result, the resulting Ni-RuO2 catalyst was coupled with a commercial Pt/C catalyst 

to assemble a PEM electrolyzer, showing exceptional stability during >1000 h of operation at 

200 mA cm
−2

. Qin et al. introduced V single atoms and oxygen-bridged V dimers into RuO2 to 

synthesize a two-dimensional RuO2 catalyst with highly asymmetric Ru−O−V local structure 

(Figure 5a) [63]. The strong interaction of the Ru−O−V local structure shortened the distance 

between Ru and V site (Figure 5b), thus altering the OER pathway from conventional AEM to 

oxygen radical coupling mechanism (OCM) (Figure 5c). Meanwhile, Ru−O−V local structure 

reduced the valence state of Ru and inhibited the overoxidation of Ru. The Vn−RuO2 showed 

much improved stability of 1050 h at 10 mA cm
−2

 with a slow degradation of 0.12 mV h
−1

 in 

0.1 M HClO4. Mn is also a great dopant to improve the activity and stability of RuO2. Zhao et 

al. found that the synergistic strategy of Mn doping and hydroxylation can stabilize Ru active 

site and lattice oxygen and reduce the energy barrier of the rate-determining step from *O to 

*OOH for the AEM pathway, thus improving the stability and activity of RuO2. In addition, 

Cu-doped RuO2 can be synthesized by an ion exchange reaction of Ru
3+

 and Cu-BTC (a 

metal-organic framework, MOF) and subsequent annealing of Ru-exchanged Cu-BTC [40]. 

The doping of low-valent Cu promoted the generation of oxygen vacancies, which in turn 

induced the formation of unsaturated Ru sites in the near vicinity. DFT calculations revealed 

the high-index facets containing low-coordination unsaturated Ru sites contributed more 

catalytic activity to OER and highlighted the crucial roles of Cu dopants in regulating surface 

electronic structure and inducing the formation of unsaturated Ru sites. Like Cu
2+

, the doping 

of Zn
2+

 also can lead to the formation of oxygen vacancies. Zhang et al. reported that a 

synergistic strategy of Zn doping and oxygen vacancy (Figure 5d) optimized the adsorption of 
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oxygen intermediates on Ru and Zn sites, resulting in the alteration of the OER pathway from 

AEM to OPM [65]. The OPM pathway could bypass the formation of *OOH intermediates, 

reduce the reaction energy barrier, and inhibit the overoxidation of Ru sites. As a result, the 

as-prepared py-RuO2:Zn showed excellent OER performance with overpotentials of 173, 304, 

and 373 mV to deliver current densities of 10, 500, 1000 mA cm
−2 

(Figure 5e), respectively, 

and exceptional stability for 1000 h at 10 mA cm
−2

 (Figure 5f). 

The reports have convinced the doping of high-valence transition metals (Nb, Mo, Ta, Re) 

can stabilize Ru active sites [57, 58, 60-62]. For example, the Ru−O−Nb structure generated 

by Nb doping can reduce the OER barrier and prevent overoxidation of Ru sites through 

electron transfer from Nb to Ru (Figure 6a-c) [58]. It is worth mentioning that the resultant 

Nb0.1Ru0.9O2 exhibited excellent stability for 360-h test at 200 mA cm
−2

 with a degradation 

rate of only 25 μV h
−1

. Zhang et al. found that structure-dependent corrosion of RuO2 was 

responsible for Ru dissolution by studying well-defined RuO2 surfaces with selected crystal 

orientations [62]. It was demonstrated that the incorporation of Ta dopant could both inhibit 

the corrosion of RuO2 and improve the activity of RuO2. Impressively, in an industrial-scale 

PEMWE, the extraordinary durability of Ta0.1Ru0.9O2-x was shown during 2800 h at 1 A cm
−2

 

with a degradation rate of only 14 μV h
−1

. The charge transfer between traditional dopants and 

Ru sites is essentially static charge redistribution, which has certain limitations for 

simultaneously elevating both activity and stability due to the unidirectional form of electron 

transfer within catalyst. Re dopants with multiple valence states can offer a dynamic electron 

accepting-donating for Ru active sites [60]. On one hand, Re dopants accepted electrons from 

Ru to improve the oxidation state of Ru sites to boost catalytic activity at low potential. On 

the other hand, Re dopants served as the electron donor to give electrons to suppress the 

overoxidation of Ru sites at large potential (Figure 6g). It was verified that the dynamic 

electron interaction altered the OER pathway from LOM to AEM and reduced the activation 

energy barrier from *O to *OOH intermediates, enabling both high activity and durability of 

Re-doped RuO2. 

Doping of noble metal Rh and Ir into RuO2 can also significantly improve the activity and 
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stability for OER [50-52]. Wang et al. introduced low-valent Rh into RuO2 on graphene, 

accompanied by the generation of oxygen vacancies [50]. The synergistic strategy of Rh 

doping and oxygen vacancy enabled a more optimal reaction pathway of lattice oxygen 

mediated mechanism-oxygen vacancy site mechanism (LOM-OVSM). This unconventional 

OER mechanism with the rate-determining step of *O generation broke the limitation of the 

reaction energy barrier of *OOH formation for AEM. The reversible oxygen vacancies 

(Figure 7a,b) were responsible for much improved catalytic activity and stability of 

Rh-RuO2/G. The Rh-RuO2/G showed an overpotential of 161 mV to deliver a current density 

of 10 mA cm
−2

, together with great stability over 700 h at 50 mA cm
−2

. Wu et al. introduced 

Ru–O–Ir atomic interfaces into RuO2 through a thermal-driven cation exchange strategy [51]. 

The bridging oxygen site at the Ru–O–Ir atomic interface served as a proton acceptor to 

capture proton from the adjacent Ru site and facilitate the deprotonation of oxygen 

intermediates (Figure 7c). The construction of Ru–O–Ir atomic interfaces broke the limitation 

of linear scaling relationship between the adsorption energy of *OH and *OOH and inhibited 

the overoxidation of Ru sites to higher oxidation states. The Ir-RuO2 catalyst delivered the 

current densities of 10 and 1500 mA cm
−2

 at low overpotentials (Figure 7d) of 167 and 390 

mV and maintained good stability during operation exceeding 1000 h at 10 mA cm
−2

. Notably, 

the PEMWE using Ir-RuO2 as the anode catalyst needed merely 1.6 V and 1.8 V to achieve 

current densities of 1 and 2 A cm
−2

, respectively, and operated steadily at 1 A cm
−2

 for 300 h. 

f-block metals. Rare earth metals (La, Ce, Nd, Sm, Er) located in the f-block have been 

demonstrated to be effective dopants to alter the OER activity and stability of RuO2 by doping 

them into the lattice of RuO2 [69-75]. Zhang et al reported a La-doped RuO2 supported on 

titanium mesh (La-RuO2@TM) [72]. The La−O−Ru local structure formed by La doping 

significantly optimized the adsorption energies of the oxygen intermediates and then lowered 

the reaction barrier of the rate-determining step. It was found that the electron transfer from 

La to Ru reduced the oxidation state of Ru and significantly inhibited the overoxidation of Ru. 

Accordingly, the catalytic activity and stability of La-RuO2@TM were dramatically improved 

toward acidic OER. It is acknowledged that Ru−O covalency plays a significant role in 
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regulating the structural stability of RuO2. Both excessively weak and strong Ru−O covalency 

may lead to instability and even inactivation of Ru sites. However, precisely and continuously 

regulating Ru−O covalency is difficult for transition metal dopants with d-valence electrons. 

Li et al. introduced lanthanide elements with gradient-filled 4f electrons into RuO2 to 

precisely tune Ru−O covalency [71]. Through theoretical calculations, the Er-RuOx with the 

optimal Ru−O covalency was screened out due to its highest formation energy of Ru and O 

vacancies compared with Ho-RuOx, and Tm-RuOx, RuO2 (Figure 8a,b). Thus, the Er-RuOx 

showed exceptional stability that is 35.5 times higher than commercial RuO2. The PWMWE 

composed of Er-RuOx and Pt/C realized voltages as low as 1.590, 1.713, and 1.837 V at 1, 2, 

3 A cm
−2

 (Figure 8c), and showed excellent durability at 500 mA cm
−2

 with a degradation rate 

of only 37 μV h
−1

 for 100 h (Figure 8d). 

p-block metals. Currently, cationic dopants replacing Ru lattice positions have been reported 

in the p-block including metallic elements (Al, Ga, In, Sn, Pb, Sb, and Bi) and non-metallic 

elements (Te) [76-86]. Wang et al. synthesized an In-doped RuO2 catalyst supported on 

graphene oxide (In-RuO2/G) [82]. The formation of Ru−O−In local structure broke the 

symmetry of Ru−O−Ru in the pristine RuO2, which significantly improved OER performance 

by increasing the valence state of Ru and the strength of Ru−O bonds (Figure 8e,f). 

Theoretical calculations confirmed that the increase in activity stemmed from the 

transformation of the rate-determining step from traditional *OOH formation to *OH 

adsorption (Figure 8g), which was attributed to the local Ru−O−In asymmetric structure 

weakening the barrier of *OOH formation. A recent study implemented the doping of a series 

of p-block elements (Ga, In, and Sn) into the lattice of RuO2, which led to the construction of 

different M−O−Ru local structures that could alter Ru−O covalency [80]. Experimental 

characterization coupled with theoretical calculations proved that Ga-RuO2 with moderate 

Ru−O covalency had the superior activity, surpassing In-RuO2 and Sn-RuO2 (Figure 9a). It 

was found that interfacial free-H2O enriched microenvironment significantly facilitated OER 

kinetics of Ga-RuO2 (Figure 9b,c). Further, Mu et al. demonstrated that p-p orbital 

hybridization in Al, Ga, or In doped RuOx had a stronger stabilizing effect on lattice oxygen 
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compared to d-p orbital hybridization in RuOx doped with 3d elements (Mn, Co, Cu) [81]. In 

situ characterizations combined with DFT calculations indicated that the p-p orbital 

hybridization could effectively reduce the reactivity of lattice oxygen and promote the 

transition of the OER reaction pathway from LOM to AEM. Stabilizing lattice oxygen and 

inhibiting lattice oxygen participating in the reaction at high potential are crucial strategies to 

improve the stability of RuO2-based catalysts. Introducing large-size and acid-resistant Pb 

into RuO2 lattice can narrow the moving channel of oxygen atoms by a pinning effect, which 

will effectively inhibit lattice oxygen from participating in the OER process (Figure 9d) [84]. 

Experimental and calculations further revealed that the 6s-2p-4d orbital hybridization caused 

by Pb doping was responsible for optimizing the adsorption of reaction intermediates and 

reducing the covalency of Ru−O bonds, which thereby improved the OER activity and 

stabilized the lattice oxygen. Accordingly, the Pb-RuO2 catalyst exhibited a low overpotential 

of 188 ± 2 mV to achieve a current density of 10 mA cm
−2

 and long-term durability for 1100 h 

with an ultralow degradation rate of only 19 μV h
−1

 (Figure 9e). Yang et al. synthesized a 

Bi-RuO2 single-atom alloy oxide (SAAO) with excellent OER performance (Figure 9f-h) [77]. 

The introduction of single atom Bi increased the valence state of Ru and generated more 

oxygen vacancies (Figure 9i), which was beneficial to increase the activity of Ru sites. The 

experimental characterization coupled with DFT calculations proved that Bi-RuO2 SAAO 

followed the AEM pathway. In addition, the incorporation of single atom Bi improved the 

demetallation energy of surface Ru atoms (Figure 9j), thus ensuring the structural stability of 

the catalyst. All in all, single-element doped RuO2-based catalysts with modulated electronic 

structure demonstrated much improved activity and stability toward acidic OER. 

5.1.2. Co-doping 

In contrast with monodoping, the co-doping strategy can synergistically engineer the 

electronic structure of RuO2 through the complementary effect of different dopants [87-100]. 

Therefore, there is a greater potential to break the trade-off between activity and stability of 

RuO2-based catalyst by co-doping strategies. 

Liu et al. synthesized a Sr and Ta co-doped RuO2 catalyst (TS-SrTaRuO2) with tensile 
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strain [97]. The tensile strain led to elongated Ru−O bonds, which reduced the Ru−O 

covalency, thus suppressing the LOM mechanism, avoiding lattice oxygen participation and 

enhancing stability (Figure 10a). The enhancement of activity arose from the synergistic 

optimization of adsorption and deprotonation of active intermediates on the Ru−O active 

center by dual-doping of Sr and Ta, which contributed to the accelerated OER kinetics. 

Benefiting from the improved activity and stability, the as-prepared TS-Sr0.1Ta0.1Ru0.8O2-x 

catalysts demonstrated an overpotential as low as 166 mV to reach 10 mA cm
−2

, and 

extraordinary stability with a degradation rate of only 20 μV h
−1

 for 1000 h at 10 mA cm
−2

. 

Zhou et al. reported a novel co-doping strategy of sacrificial metal Zn and electron capturer W 

[99]. Specifically, Zn could dissolve and release electrons at the initial stage of OER, while W 

with high electronegativity captured the released electrons and transferred them to the Ru 

sites (Figure 10b-c), thereby increasing the electron density of the Ru−O−W active centers 

and dramatically inhibiting the overoxidation of the Ru sites. Impressively, the resulting 

Ru3Zn0.85W0.15Ox catalyst required an overpotential of 200 mV to deliver the current density 

of 10 mA cm
−2 

and can be operated stably without obvious performance decay for more than 

4000 h at 10 mA cm
−2

 in 0.1 M HClO4. 

It is acknowledged that the multielemental synergistic effect of high-entropy oxides is 

beneficial for the improvement of catalytic performance and stability. Hu et al. synthesized a 

M-RuIrFeCoNiO2 with abundant grain boundaries (GBs) (Figure 10d) [91]. The 

multielemental synergistic effect of this quinary high-entropy oxide along with the coupling 

of the grain boundaries was responsible for the enhancement of the catalytic activity and 

stability. Consequently, the M-RuIrFeCoNiO2 catalyst showed a low overpotential of 189 mV 

at 10 mA cm
−2

 with a high turnover frequency value of 0.24 O2 s
−1

 at the overpotential of 300 

mV, significantly outperforming commercial RuO2 (0.02 O2 s
−1

) (Figure 10e,f). The 

assembled PEMWE using M-RuIrFeCoNiO2 as the anode catalysts maintained exceptional 

stability during the operation over 500 h at 1 A cm
−2

 (Figure 10g). In conclusion, the 

multielement co-doping strategy favors optimize the electronic structure and reaction 

pathways of the RuO2-based catalysts through complementary synergistic effects, thus 
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enhancing the acidic OER performance more comprehensively. 

5.2. Anion doping 

Anion doping, including non-metallic elements B, S, Cl, Se, etc. has been shown to be an 

effective strategy to enhance the OER performance of RuO2 [41, 101-104]. Chen et al. 

reported a B-doped RuO2 with a long-range disordered structure, showing an overpotential of 

only 175 mV with long-term durability of 1200 h at 10 mA cm
−2

 [101]. Experiments coupled 

theoretical calculations demonstrated that the introduction of B atoms into RuO2 was able to 

induce the formation of a long-range disorder structure and an asymmetric B−Ru−O structure, 

which endowed the catalyst with certain structural toughness, caused charge redistribution, 

and reduced Ru−O covalency (Figure 11a,b), thus improving the activity and stability of the 

catalyst. 

Despite the LOM pathway with accelerated reaction kinetics, the involvement of lattice 

oxygen may lead to overoxidation and dissolution of Ru sites. Therefore, rapid replenishment 

of vacancies generated by lattice oxygen oxidation can improve the stability of RuO2 catalyst 

for LOM. Very recently, Wu et al. reported an S-doped RuO2 (RuS0.45Ox) catalyst with 

S-substituted lattice oxygen position and SO4
2-

-modified surface [41]. It was found that the 

formed S−Ru−O structure and Ru-SO4 localized microenvironment were responsible for the 

dynamic reconstruction of interfacial water from hydrogen-bonded water to free water. 

Consequently, a continuous free water-enriched localized microenvironment was formed on 

the surface of RuS0.45Ox, which promoted the dissociation of interfacial water to achieve the 

replenishment of vacancies generated by lattice-oxygen oxidation (Figure 11d), thus 

endowing the catalyst with good structural stability. The resulting RuS0.45Ox showed superior 

activity with an ultralow potential of 160 mV at 10 mA cm
−2

 (Figure 11c), and excellent 

stability for 1000 h at 10 mA cm
−2

 and 500 h at 100 mA cm
−2

. 

The synthesis of RuO2-based OER electrocatalysts usually uses RuCl3 and its hydrates as 

precursors, which inevitably leads to the presence of chloride residues in the final catalysts. 

Chen et al. investigated the mechanism of the effect of residual chloride on the OER catalytic 

performance and reaction pathways in RuO2-based catalysts [102]. It was found that the 
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stability of chloride-containing RuO2 (RuO2-Cl) was three times higher than that of pure 

RuO2 under similar conditions of morphology and crystallinity. The overpotential of RuO2-Cl 

was only 176 mV at 10 mA cm
−2

. Experimental characterization and theoretical calculations 

showed that the introduction of Cl not only inhibited the LOM pathway by doubly 

substituting bridging O atoms and decreasing Ru−O covalency (Figure 11f), but also 

enhanced the binding of *OOH intermediates in the AEM pathway and then reduced the 

reaction energy barrier (Figure 11e). As a result, the stability and catalytic activity of the 

RuO2-Cl catalyst were greatly improved. Furthermore, the RuO2-Cl catalyst in situ grown on 

a Pt-coated Ti felt demonstrated excellent stability for 1200 h at 100 mA cm
−2

 and 300 h at 

250 mA cm
−2

. Although anion doping has shown great potential in enhancing the OER 

performance and durability of RuO2, the elemental kinds of anion dopants are quite limited 

compared to cation dopants. 

5.3. Cation-anion dual doping 

In addition to monodoping of cations or anions, cation-anion dual doping strategies with 

multiple roles have also been reported [43, 45, 105, 106]. Coordination-unsaturated lattice 

oxygen on the surface of RuO2 is prone to overoxidation at high potentials, which in turn 

leads to the formation of oxygen vacancies and the dissolution of adjacent Ru sites. A novel 

oxyanion protection strategy was proposed, in which Ba-anchored sulfate could suppress the 

overoxidation of oxygen sites through the formation of coordination-saturated lattice oxygen, 

thereby diminishing the overoxidation of Ru (Figure 12a-c) [106]. In addition, the sulfate 

weakened the adsorption of the reaction intermediates, together with the role of W in 

promoting the formation of *OOH by accelerating the deprotonation of chemisorbed water, to 

enhance the OER reactivity of catalyst. The obtained Ba0.3(SO4)δW0.2Ru0.5O2-δ catalyst showed 

a low overpotential of 206 mV at 10 mA cm
−2

 with outstanding stability of 1000 h. The 

assembled PEMWE maintained stable operation for 300 h at 500 mA cm
−2

. Such an oxygen 

anion protection strategy demonstrates excellent effectiveness in shielding the lattice oxygen 

from oxidation. Another strategy is to avoid the oxidative release of lattice oxygen in the 

vicinity of Ru sites by direct substitution of lattice oxygen, which can be combined with 



 

17 

 

cation doping strategy to jointly enhance the stability of the RuO2-based catalysts. Li et al. 

developed a Cr, B-codoped RuO2 nanofibers with Ru−B−Cr active centers (Figure 12d), 

showing overall water-splitting performance in acidic conditions [43]. The incorporation of 

Cr and B dopants circumvented the occurrence of lattice oxygen oxidation and prevented the 

overoxidation of Ru sites, thus ensuring the stability of Ru sites. The formed Ru−B−Cr 

structure optimized the adsorption energy of HER and OER intermediates (Figure 12e), thus 

achieving bifunctional activity. As a result, the Cr, B-doped RuO2 nanofibers required 

ultralow overpotentials of 205 mV and 379 mV to reach 1 A cm
−2

 and operated stably for 

1000 h and 188 h at 1 A cm
−2

, for HER and OER, respectively. 

5.4. Interstitial doping 

The implementation of interstitial doping requires the dopant with a small ion radius, such as 

H, C, Si, etc [42, 107-109]. He et al. reported the construction of Ru−O−H bond by proton 

and electron co-doping [107]. It was confirmed that interstitial hydrogen of Ru−O−H tended 

to combine with adjacent oxygen to form a hydrogen bond (Ru−O−H…O) that favored 

enhanced activity and lattice oxygen stability. Acid-resistant Si with a small ionic radius could 

be inserted into the interstitial sites of RuO2 and form strong Si−O bonds, which prevented 

lattice oxygen oxidation and weakened the Ru−O covalency, thus inhibiting the LOM 

pathway and stabilizing the Ru sites (Figure 13a) [42]. Since the induction of Si lowered the 

energy barrier for *OOH formation, thereby enhancing the OER activity. Thus, the resulting 

Si-RuO2-0.1 catalyst demonstrated a low overpotential of 226 mV and high stability for 800 h 

at 10 mA cm
−2

 with a low degradation rate of 52 μV h
−1

. In addition, the introduction of 

interstitial C has been proven to be effective in enhancing the performance of RuO2 catalysts 

[109]. The C−O bond formed by the introduction of interstitial C elongated the Ru−O bond, 

leading to a decrease in the OER energy barrier and an increase in the dissociation energy of 

lattice oxygen (Figure 13b,c), thus enhancing the activity and stability of RuO2-based catalyst 

(Figure 13d). In conclusion, interstitial doping still needs to be further developed, and the 

change of dopants in OER process needs to be studied in depth. 

5.5. Solid solution oxides 
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RuO2-based bimetallic/polymetallic solid solution oxides can be generated by incorporating 

foreign metal elements into the RuO2 matrix [113, 117-123]. The formation of solid solutions 

requires similar ionic radii, close electronegativities, and the same crystal structure between 

the solute and the solvent [44, 110-112, 114, 115]. Cr is an attractive candidate for forming 

solid solution oxides with Ru. For instance, Lin et al. synthesized a Cr−Ru solid solution 

oxide based on a metal-organic framework template i.e., MIL-101 (Cr), and the resulting 

rutile Cr0.6Ru0.4O2 electrocatalyst showed a low overpotential of 178 mV at 10 mA cm
−2

 [112]. 

DFT calculations revealed that the improvement of OER activity and stability originated from 

the modulation of the electronic structure of RuO2 phase by Cr promoter. In this study, the 

OER reaction pathway followed the AEM mechanism. Another study by Cao et al. found that 

Cr in CrxRu1-xO2 solid solution could accelerate water dissociation and function as a Lewis 

acid site to enhance OH adsorption, thus boosting the generation of *O radical [111]. Due to 

the introduction of Cr with smaller lattice parameters, the interatomic distance between 

Ru−Cr dual sites in CrxRu1-xO2 solid solutions was shortened compared to RuO2, thereby 

promoting O−O radical coupling (Figure 14a-c). Benefiting from the OPM pathway, the 

resulting Cr0.6Ru0.4O2 electrocatalyst demonstrated a low overpotential of 220 mV at 10 mA 

cm
−2

 and superior stability for 300 h at 50 mA cm
−2

, as well as exceptional long-term 

durability for 350 h at 300 mA cm
−2

 in a PEMWE. The distinct OER pathway followed by 

two Cr−Ru solid solution oxide electrocatalysts was attributed to the difference of calculation 

parameters and simulation models. 

Due to the presence of complex PCET steps for OER, the influence of proton transfer rate 

on OER kinetics is obvious. Wen et al. introduced the strong Brønsted acid site WOx into 

RuO2 to prepare a Ru-W binary solid solution oxide electrocatalyst [122]. The formed 

W-Obri-Ru bridging oxygen sites increased proton mobility, resulting in a rapid bridging 

oxygen-assisted deprotonation process for OER intermediates. Due to the acceleration of 

OER kinetics, the Ru5W1Ox catalyst exhibits a low overpotential of 235 mV at 10 mA cm
−2

 

and exceptional long-term stability over 550 h with a low degradation of 14 μV h
−1

. Notably, 

the universality of this strategy has also been confirmed in other Ru−M (M = Ti, Cr, Nb, Mo, 
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and Ta) binary metal oxides. Similarly, Hu et al. also found that the incorporation of Ti can 

optimize the adsorption energy of protons on Obri sites of RuTiOx solid solution and accelerate 

the deprotonation of oxygen intermediates [121]. A combination of Ru and Ir can also form a 

solid solution oxide. Zhu et al. reported that the addition of Ir led to the generation of more 

Ru active sites with high oxidation states in the Ru0.5Ir0.5O2 solid solution at low voltage [114]. 

The formation of the Ru−O−Ir local structure prevents overoxidation of the Ru active site, 

which is responsible for the stability of the Ru0.5Ir0.5O2 solid solution. In contrast with 

commercial RuO2 and IrO2, the Ru0.5Ir0.5O2 demonstrated much improved activity with an 

ultralow overpotential of 151 mV at 10 mA cm
−2

 and outstanding stability for 618.3 h. 

The Ru charge can be used as the scale of the catalytic pathway, so it is feasible to 

customize the reaction pathway of the RuO2-based catalyst by manipulating the Ru charge 

[110]. The MRuOx (M = Ce
4+

, Sn
4+

, Ru
4+

, Cr
4+

) solid solution was as the model catalyst. The 

OER pathways and intermediate binding energy of the catalyst were customized by 

manipulating the Ru charge, and subsequently the stability could be determined. The SnRuOx 

solid solution catalyst with moderate Ru charge, was customized to follow AEM pathway and 

possess moderate intermediate binding energy, which may mean high stability and activity 

(Figure 14d). The experimental results showed that the SnRuOx catalyst had a low 

overpotential of 194 mV and a slow increase of overpotential by 26.8 mV for 250 h stability 

test. The assembled PEMWE required only 1.565, 1.655, and 1.735 V to deliver current 

densities of 1, 2, and 3 A cm
−2 

(Figure 14e), respectively, and operated stably at 1 A cm
−2

 for 

1300 h with the degradation rate of only 53 μV h
−1

 (Figure 14f). In addition to changing the 

dopant elements, it is also important to study the effect of different doping amounts of the 

specific dopant on the reaction mechanism and performance of catalysts. Jun et al. studied the 

relationship between the doping amount of Mn in the MnxRu1-xO2 solid solution oxide and the 

OER mechanism [44]. An appropriate amount of Mn doping could lead to the increase of the 

oxidation state of Ru and strengthens the Ru−O bond, thereby improving the activity and 

stability of catalyst. Excessive Mn doping could cause a transition of OER pathway from 

AEM to LOM, followed by the formation of abundant oxygen vacancies and Ru dissolution. 
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Therefore, the Mn0.2Ru0.8O2 catalyst with the optimal Mn doping amount showed good 

catalytic activity and optimal stability compared to other MnxRu1-xO2 (x=0.1, 0.3, 0.4). 

The bidirectional regulation of electronic structure of Ru sites can be achieved by 

multimetal co-doping. Liu et al. proposed an "elastic electron transfer" strategy to modulate 

the electronic structure of Ru bidirectionally by electron-withdrawing Sr and Cr electron 

buffer [120]. The function of Sr is to absorb the electrons to increase the oxidation state of Ru, 

while Cr accepts the excess electrons after Sr leaching, and donates electrons to inhibit the 

overoxidation of Ru during OER process. The bidirectional manipulation of the electronic 

structure grants the catalyst high activity and stability. The resulting Ru3Cr1Sr0.175 solid 

solution oxide electrocatalyst displayed a low overpotential of 214 mV at 10 mA cm
−2

 and 

superior durability over 300 h. 

In addition, metal atoms with smaller atomic sizes such as Li can be inserted into lattice 

gaps rather than replacing Ru atoms to form a solid solution phase [116]. As an electron donor, 

Li intercalation decreased the valence state of Ru, thus inhibiting Ru dissolution. The formed 

stable Li−O−Ru local structure suppressed the lattice oxygen participation and further 

improved the stability of RuO2. In addition, the dangling O atoms near the Ru site were 

activated owing to the surface structure distortion caused by lattice strain. These dangling O 

atoms as proton acceptors could stabilize *OOH, thus significantly improving OER activity of 

RuO2. The resulting Li0.52RuO2 solid solution oxide showed an ultralow overpotential of 156 

mV at 10 mA cm
−2

. 

6. Summary and outlook 

In summary, doping, as a flexible, simple and practical strategy, plays an important role in 

modulating the electronic structure, increasing actives sites, optimizing intermediate 

adsorption, stabilizing lattice oxygen, and inhibiting Ru dissolution. Thus, the doping strategy 

shows great potential to break the bottleneck of activity and stability of RuO2-based 

electrocatalysts. Accompanied by boosted reports in recent years, the catalytic performance 

and stability of heteroatom-doped RuO2 have been continuously elevated. Despite the large 

breakthrough, there is still a big gap between experimental exploration and industrial 
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application. The following are the current challenges and the proposed outlook. 

6.1. Design of catalysts 

1) Due to the scarcity and high price of Ru, the design of catalysts needs to be oriented toward 

the cost-effective direction by minimizing the content of Ru as much as possible. For example, 

reducing the particle size of RuO2-based catalysts and improving the utilization of active sites. 

2) Due to the limitation of interstitial doping on the size of dopant atoms, only very few reports 

have realized interstitial doping such as H, Li, C, Si. Substitutional doping especially cation 

doping has higher flexibility and lesser limitations for applications due to wide range of doping 

elements. Numerous reports on cation-doped RuO2 have demonstrated exceptional activity and 

stability. For future catalyst design, on the one hand, interstitial doping strategies require the 

application of more new elements. On the other hand, the integration of different doping strategies, 

such as interstitial doping (Li, Na, C, Si) and cation doping (transition metals), may produce 

synergistic effects to optimize the activity and stability of RuO2. 

3) The synergistic combination of doping strategies with other strategies needs to be explored. 

For example, strong catalyst-support interactions, which can effectively prevent catalyst 

aggregation, optimize the adsorption of intermediates, and inhibit the overoxidation of Ru 

sites by electrons transferred from the support to RuO2 during OER. 

4) Construction of core-shell structure such as a heteroatom-doped Ru@RuO2 core-shell 

heterostructure is conducive to the realization of bifunctional catalytic activity toward HER 

and OER. The use of bifunctional catalysts can simplify the structure of the electrolyzer, 

reduce the manufacturing cost of the electrolyzer, avoid cross-contamination from the 

leaching of two cathode-anode catalysts with different compositions. 

5) Anion doping can directly substitute the position of lattice oxygen, thus avoiding Ru 

dissolution caused by lattice oxygen oxidation. Therefore, there is a need to develop more 

anion dopants such as P, F, etc. In addition, anchoring acid radical ions on the surface can 

stabilize lattice oxygen, which should be further developed. The roles of different acid radical 

ions need to be compared. 

6) Due to the synergistic and complementary nature of the multielement dopants, it has a 
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significant advantage in dynamically regulating the electronic structure of Ru, and it can be 

further developed to realize high activity and stability at high potentials. 

7) A combination of machine learning (ML) and density function theory (DFT) calculations 

was used to predict the optimal dopants, which helped to rapidly screen high-performance 

RuO2-based OER catalysts. 

6.2. Evaluation of catalysts 

1) Currently, the elemental range of dopants is getting wider and wider, covering almost 45% 

of the entire periodic table. Even for the same dopant, the performance, stability, and even the 

reaction pathways are varied in different literatures. Hence, a simple comparison of the 

overpotentials and stability test time of RuO2 with different dopants is totally insufficient. It is 

necessary to establish a unified standard protocol to scientifically and accurately evaluate the 

effectiveness of dopants based on comprehensive consideration of the doping content, 

preparation methods, test conditions, etc. After that, the dopants that are really effective and 

promising for industrialization can be screened for further development. 

(2) Current stability tests usually are conducted on a small electrode with a low current 

density (10 mA cm
−2

) by chronopotentiometry. In the future, it will be necessary to 

continuously increase the electrode size and current density to approach industrial standards. 

(3) By employing various operando characterizations and isotope labeling techniques, it is 

possible to identify the true active site, monitor the structural evolution of the active species 

and dopants, and the dynamic changes of the intermediates, which is important for confirming 

reaction pathways and understanding the structure-activity-stability relationship. 

6.3. Industrial applications 

Currently, laboratory-grade catalysts are prepared with less consideration for cost and 

scalability of the method. Therefore, the first step in moving from the laboratory to industrial 

applications is to develop technological methods for the large-scale preparation of highly 

active RuO2-based catalysts with low Ru content. Furthermore, existing industrial-grade 

PEMWEs require a continuous operating lifetime of 40,000 hours (~4.5 years) with a 

degradation rate of less than 4.8 mV kh
−1

 [126]. Thus, the stability evaluation of catalysts 
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needs to be carried out under more demanding conditions. On one hand, the ability to adapt to 

high-temperature and high-pressure environments and stress resistance of the catalyst need to 

be verified. On the other hand, the catalyst must be evaluated for stability under real 

operational conditions including an accelerated aging test with step changes in current density 

and an intermittent stability test with start-shutdown cycles. 
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Figure 1. The heteroelement doping in recently reported RuO2-based electrocatalysts. 
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Figure 2. Schematic illustration of the OER mechanisms for metal oxide-based 

electrocatalysts. 

 

 

 

Figure 3. (a) cation doping, (b) anion doping, and (c) interstitial doping. 
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Figure 4. (a) HRTEM image and (b) atomic-resolution HAADF-STEM image of a/c-RuO2. (c) 

Comparisons of free energy diagrams of OER on RuO2, Na-RuO2, RuO2-VO, and 

Na-RuO2-VO surfaces. (d) Projected density of states (PDOS) of d-bands of Ru for RuO2 and 

Na-RuO2-VO. Reproduced with permission from [47], Copyright 2021, Wiley. (e) Schematic 

illustration of dopant-mediated hydroxyl spillover mechanism on Cr0.2Ru0.8O2-x. (f) Calculated 

free energy diagrams of RuO2 and Cr-RuO2-OV. Reproduced with permission from [54], 

Copyright 2024, Springer Nature. (g) Calculated energies cost for structural degradation of 

RuO2 and Ni-RuO2. Reproduced with permission from [59], Copyright 2023, Springer 

Nature. 
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Figure 5. (a) Crystalline structure of Vn−RuO2 (n=1 or 2). (b) Relative energies of O−O 

coupling on RuO2, V1−RuO2 and V2−RuO2. (c) Free energy diagrams on the surfaces of RuO2 

and V2−RuO2 with different OER pathways. Reproduced with permission from [63], 

Copyright 2024, Wiley. (d) Schematic diagram of simulated structure of the py-RuO2:Zn. (e) 

Normalized LSV curve of py-RuO2:Zn using geometric area and Ru mass. (f) 

Chronopotentiometry curves of py-RuO2:Zn and c-RuO2 and mass loss of Ru and 

corresponding stability number (S-Number) on py-RuO2:Zn during the stability test. 

Reproduced with permission from [65], Copyright 2023, Springer Nature. 
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Figure 6. (a) Ru K-edge spectra, (b) Ru K-edge FT-EXAFS spectra, and (c) Nb K-edge 

FT-EXAFS spectra of different samples. Reproduced with permission from [58], Copyright 

2023, Elsevier Inc. (d) HAADF-STEM image of RuO2 (110) surface after OER test. (e) 

HAADF-STEM image of TaRuO2 (110) surface after OER test. (f) Stability test of 

Ta0.1Ru0.9O2-x-based PEMWE. Reproduced with permission from [62], Copyright 2025, 

American Association for the Advancement of Science. (g) Schematic illustration of the 

dynamic electron transfer in Re0.06Ru0.94O2. Reproduced with permission from [60], Copyright 

2023, Springer Nature. 
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Figure 7. (a) The quasi in situ O 1s XPS spectra and (b) corresponding variation of OV/OL of 

Rh-RuO2/G. Reproduced with permission from [50], Copyright 2023, Springer Nature. (c) 

Free energy diagram of Ir-RuO2. (d) Polarization curves of Ir-RuO2, commercial RuO2 and 

IrO2. Reproduced with permission from [51], Copyright 2024, Springer Nature. 
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Figure 8. The formation energy of the (a) lattice oxygen and (b) Ru vacancy as a function of 

-ICOHP for Ln-RuOx. (c) Polarization curves of the PEMWEs using Er-RuOx and 

commercial RuO2 as anode catalysts. (d) The Chronopotentiometry curves of the PEMWE 

using Er-RuOx as an anode catalyst. Reproduced with permission from [71], Copyright 2024, 

Springer Nature. (e) The difference in electron transfer between RuO2 and In−RuO2. (f) 

Charge density difference analysis for In−RuO2. (g) Free energies of the RuO2 and In−RuO2. 

Reproduced with permission from [82], Copyright 2023, Wiley. 
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Figure 9. (a) Volcano plot of overpotential at 10 mA cm
−2

 in relation to the Ru−O covalency. 

(b) Calculated OER energy barrier and the proportion of free-H2O at 1.5 V vs. RHE. (c) 

Schematic illustration of interfacial water splitting on the surface of RuO2 and Ga−RuO2. 

Reproduced with permission from [80], Copyright 2024, Wiley. (d) Schematic illustration of 

the enhanced stability caused by the pinning effect of lattice Pb. (e) Chronopotentiometry 

curve of Pb-RuO2 at 10 mA cm
-2

. Reproduced with permission from [84], Copyright 2024, 

Springer Nature. (f) Aberration-corrected HAADF-STEM image of Bi-RuO2 SAAO. (g-h) the 

intensity profiles and 3D surface plots image corresponding to the red line in Figure f. (i) EPR 

spectra of Bi-RuO2 SAAO and commercial RuO2. (j) Calculated energies cost for structural 

degradation of surfaces of RuO2 and Bi-RuO2 SAAO. Reproduced with permission from [77], 

Copyright 2025, Wiley. 
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Figure 10. (a) Schematic illustration of proposed strategies for breaking stability-activity 

trade-off of acidic OER for TS-SrTaRuO2. Reproduced with permission from [97], Copyright 

2025, Springer Nature. (b) XPS Ru 3p3/2 spectra of the RZW and AR-RZW catalysts. (c) The 

corresponding valence state fitting of the different samples. Reproduced with permission from 

[99], Copyright 2025, Wiley. (d) Aberration-corrected HAADF-STEM image of 

M-RuIrFeCoNiO2 and corresponding fast Fourier transform patterns. (e) Polarization curves 

of M-RuIrFeCoNiO2 and other samples. (f) Comparison of TOF and mass activities of 

M-RuIrFeCoNiO2 and other samples at an overpotential of 300 mV. (g) Chronopotentiometry 

curves of M-RuIrFeCoNiO2 in the PEM electrolyzer. Reproduced with permission from [91], 

Copyright 2023, American Association for the Advancement of Science. 
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Figure 11. (a) Normalized O K-edge XAS spectra. (b) Ru K-edge FT-EXAFS spectra. 

Reproduced with permission from [101], Copyright 2024, Wiley. (c) LSV curves of RuS0.45Ox, 

RuO2, and commercial RuO2. (d) Schematic illustration of the LOM pathway and the 

interfacial water molecules dynamic evolution process. Reproduced with permission from 

[41], Copyright 2025, Wiley. (e) Free energy diagrams of RuO2-Cl and RuO2 for AEM 

pathway. (f) Schematic illustration of structure evolution and OER mechanism transfer of 

pure RuO2 (left) and RuO2-Cl (right). Reproduced with permission from [102], Copyright 

2025, Wiley. 
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Figure 12. (a) Crystalline structure model of the RuO2 (110) plane. (b) Crystalline structure 

model of Ba-anchored sulfate on the RuO2 (110) plane. (c) High-resolution XPS spectra of Ru 

3d for different samples before and after OER. Reproduced with permission from [106], 

Copyright 2023, Springer Nature. (d) The theoretical model of the Cr,B-RuO2 (110) plane. (e) 

Free energy diagrams of different catalysts. Reproduced with permission from [43], 

Copyright 2024, American Chemical Society. 
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Figure 13. (a) Schematic illustration of the improved stability caused by interstitial Si doping. 

Reproduced with permission from [42], Copyright 2024, Springer Nature. (b) The free energy 

diagrams of RuO2 and C-RuO2-RuSe-10. (c) The dissociation energy of *O in RuO2 and 
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C-RuO2-RuSe-10. (d) Schematic illustration of the structure-activity relationship of RuO2 and 

C-RuO2-RuSe-10. Reproduced with permission from [109], Copyright 2022, Elsevier. 

 

 

 

 

Figure 14. (a) Crystalline structure models of RuO2 slab, Cr0.6Ru0.4O2 slab, RuO2 (110), and 

Cr0.6Ru0.4O2 (110) facets. (b) O–O radical coupling of dual active sites. (c) Free energy 

diagrams of Cr0.6Ru0.4O2 for different pathways. Reproduced with permission from [111], 

Copyright 2024, American Chemical Society. (d) The variation of apparent overpotential with 
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Ru oxidation states and the variation of the theoretical overpotential with Ru charge. (e) 

Polarization curve of the SnRuOx-based PEMWE. (f) Chronopotentiometry curve of the 

SnRuOx-based PEMWE. Reproduced with permission from [110], Copyright 2023, Springer 

Nature. 

 

 

 

Table 1. Summary of doped RuO2-based electrocatalysts toward acidic OER. 

Classification Catalysts Electrolyte Overpotential 

(mV) at 10 

mA cm
-2

  

Stability (h) PEMWE 

stability (h) 

Reference 

Cation doping Mg-RuO2 (350) 0.5 M H2SO4 228 30@10 mA cm
-2 

– [46] 

Na doped a/c-RuO2 0.1 M HClO4 205 60@10 mA cm
-2

 – [47] 

Ba-RuO2 0.1 M HClO4 229 250@10 mA cm
-2

 120@10 mA cm
-2

 [48] 

Na-RuO2 0.1 M HClO4 200 1800@10 mA cm
-2

 25@500 mA cm
-2

 

50@300 mA cm
-2

 

80@200 mA cm
-2

 

[49] 

Rh-RuO2/G 0.5 M H2SO4 161 700@50 mA cm
-2 

500@100 mA cm
-2 

– [50] 

Ir-RuO2 0.5 M H2SO4 167 1023@10 mA cm
-2

 300@1A cm
-2 

[51] 

(RuIr)O2/C 0.1 M HClO4 174 360@100 mA cm
-2 

250@1A cm
-2 

[52] 

Cr0.31Ru0.69O2 0.5 M H2SO4 176 1400@10 mA cm
-2

 2300@300 mA cm
-2 

200@1A cm
-2

 

[53] 

Cr0.2Ru0.8O2-x 0.1 M HClO4 170 2000@10 mA cm
-2

 200@1A cm
-2

 [54] 

Cu-doped RuO2 0.5 M H2SO4 188 8@10 mA cm
-2

 – [40] 

Mn-RuO2 0.5 M H2SO4 158 10@10 mA cm
-2

 – [55] 

H-Mn0.1Ru0.9O2 0.5 M H2SO4 169 1000@10 mA cm
-2

 – [56] 

Mo0.15-RuO2 0.5 M H2SO4 147 20@10 mA cm
-2

 – [57] 

Nb0.1Ru0.9O2 0.5 M H2SO4 204 –
 

100@300 mA cm
-2 

[58] 

Ni-RuO2 0.1 M HClO4 214 200@10 mA cm
-2

 1000@200 mA cm
-2

 [59] 

Re0.06Ru0.94O2 0.1 M HClO4 190 200@10 mA cm
-2

 – [60] 

Ta-RuO2 0.1 M HClO4 201 280@10 mA cm
-2

 – [61] 

Ta0.1Ru0.9O2-x 0.5 M H2SO4 226 – 2800@1A cm
-2

 

(25 cm × 25 cm MEA) 

[62] 

Vn-RuO2 0.1 M HClO4 227 1050@10 mA cm
-2

 – [63] 

ZnRuOx 0.5 M H2SO4 255 320@10 mA cm
-2

 120@200 mA cm
-2

 [64] 

py-RuO2:Zn 0.5 M H2SO4 173 1000@10 mA cm
-2

 – [65] 

TE-Zn/RuO2 0.1 M HClO4 191 100@200 mA cm
-2

 300@500 mA cm
-2

 [66] 
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Zn-doped RuO2 0.5 M H2SO4 206 30@10 mA cm
-2

 – [67] 

Y0.3Ru0.7O2 0.5 M H2SO4 170 300@10 mA cm
-2 

200@100 mA cm
-2

 

300@0.5 A cm
-2

 [68] 

Ce@RuO2/CoNC 0.5 M H2SO4 150 1000@10 mA cm
-2

 1000@200 mA cm
-2

 [69] 

Ce-RuO2-x 0.5 M H2SO4 215.1 300@10 mA cm
-2

 – [70] 

Er-RuOx 0.5 M H2SO4 200 ± 8 200@10 mA cm
-2

 100@1 A cm
-2 

100@500 mA cm
-2 

100@200 mA cm
-2

 

[71] 

La-RuO2@TM 0.5 M H2SO4 162 450@100 mA cm
-2 

120@1 A cm
-2 

[72] 

La-doped RuO2 0.5 M H2SO4 208 28@10 mA cm
-2

 –
 

[73] 

Nd0.1RuOx 0.5 M H2SO4 211 25@10 mA cm
-2

 50@10 mA cm
-2

 [74] 

Sm-RuO2-x-Ov 0.5 M H2SO4 217 320@10 mA cm
-2

 – [75] 

RuSbOx 0.5 M H2SO4 217 150@100 mA cm
-2

 200@200 mA cm
-2

 [76] 

Bi-RuO2 SAAO 0.5 M H2SO4 192 650@10 mA cm
-2

 24@200 mA cm
-2 

[77] 

Bi0.15Ru0.85O2 0.5 M H2SO4 200 100@10 mA cm
-2

 – [78] 

Al-doped RuIrOx 0.5 M H2SO4 178 300@100 mA cm
-2

 60@1 A cm
-2
 [79] 

Ga-RuO2 0.5 M H2SO4 217.5 150@10 mA cm
-2

 – [80] 

Ga-RuOx 0.5 M H2SO4 190 100@10 mA cm
-2

 – [81] 

In-RuO2/G 0.5 M H2SO4 187 – 350@100 mA cm
-2

 [82] 

Ru3PbOx 0.1 M HClO4 201 72@10 mA cm
-2

 300@100 mA cm
-2

 [83] 

Pb-RuO2 0.5 M H2SO4 188 ± 2  1100@10 mA cm
-2

 100@1 A cm
-2 

250@500 mA cm
-2

 

[84] 

Sn0.1-RuO2@NPC 0.5 M H2SO4 178 150@10 mA cm
-2

 – [85] 

Te-RuO2 0.1 M HClO4 115 50@10 mA cm
-2

 – [86] 

Co0.2Zn0.8@RuO2 0.5 M H2SO4 150 – 100@500 mA cm
-2

 [87] 

Ru0.6Cr0.2Ti0.2Ox 0.5 M H2SO4 172 1100@10 mA cm
-2

 200@100 mA cm
-2 

(0.05 M H2SO4) 

[88] 

InSnRuO2-450 0.5 M H2SO4 183 200@10 mA cm
-2

 200@50 mA cm
-2

 [89] 

(Ru0.2Ir0.2Cr0.2W0.2Cu0.2)O2 0.5 M H2SO4 220 12@10 mA cm
-2

 – [90] 

M-RuIrFeCoNiO2 0.5 M H2SO4 189 120@10 mA cm
-2

 over 500@1 A cm
-2

 [91] 

RuIrFeCoCrO2 0.5 M H2SO4 185 1000@10 mA cm
-2

 600@1 A cm
-2
 [92] 

Mg0.23Ir0.13Ru0.64O2 0.5 M H2SO4 191 720@10 mA cm
-2

 42@0.5 A cm
-2

 [93] 

Na/Hf-RuO2 0.5 M H2SO4 238 400@10 mA cm
-2

 85@0.5 A cm
-2

 [94] 

PtCo-RuO2/C 0.1 M HClO4 212.6 ± 5.3 20@10 mA cm
-2

 24@1 A cm
-2
 [95] 

SrRuIr 0.5 M H2SO4 190 1500@10 mA cm
-2

 150@1 A cm
-2
 [96] 

TS-Sr0.1Ta0.1Ru0.8O2-x 0.5 M H2SO4 166 1000@10 mA cm
-2

 400@500 mA cm
-2

 [97] 

W0.2Er0.1Ru0.7O2-δ 0.5 M H2SO4 168 500@10 mA cm
-2

 120@100 mA cm
-2

 [98] 

Ru3Zn0.85W0.15Ox 0.1 M HClO4 200 4000@10 mA cm
-2

 – [99] 

Si,W-codoped RuOx 0.5 M H2SO4 142 100@10 mA cm
-2

 – [100] 

Anion doping LD-B/RuO2 0.5 M H2SO4 175 1200@10 mA cm
-2

 300@250 mA cm
-2

 [101] 

RuO2-Cl/PtTi 0.5 M H2SO4 243 1200@100 mA cm
-2 

– [102] 
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300@250 mA cm
-2 

Ru/Se-RuO2 0.5 M H2SO4 190 24@10 mA cm
-2

 – [103] 

RuS0.45Ox 0.5 M H2SO4 160 1000@10 mA cm
-2 

500@100 mA cm
-2 

– [41] 

Ru/S NSs-400 0.5 M H2SO4 219 600@10 mA cm
-2 

300@250 mA cm
-2

 [104] 

Cation-anion 

dual doping 

Cr, B-doped RuO2 NFs 0.5 M H2SO4 219 188@1 A cm
-2
 195@500 mA cm

-2
 [43] 

S-RuFeOx 0.1 M HClO4 187 50@1 mA cm
-2 

10@10 mA cm
-2

 

– [45] 

SH-RuCuO NRs/C 0.5 M H2SO4 231 250@10 mA cm
-2

 – [105] 

Ba0.3(SO4)δW0.2Ru0.5O2-δ 0.5 M H2SO4 206 1000@10 mA cm
-2

 300@500 mA cm
-2

 [106] 

Interstitial 

doping 

75-H-RuO2 0.5 M H2SO4 200 20@10 mA cm
-2

 50@0.5 A cm
-2

 [107] 

SS Pt-RuO2 HNSs 

(with interstitial C) 

0.5 M H2SO4 228 100@10 mA cm
-2

 100@100 mA cm
-2

 [108] 

C-RuO2-RuSe-5 

C-RuO2-RuSe-10 

0.5 M H2SO4 

0.5 M H2SO4 

212 

242 

30@10 mA cm
-2 

50@50 mA cm
-2

 

– [109] 

Si-RuO2-0.1 0.1 M HClO4 226 800@10 mA cm
-2

 – [42] 

Solid solution 

oxides 

SnRuOx 0.5 M H2SO4 194 250@100 mA cm
-2

 1300@1 A cm
-2
 [110] 

Cr0.6Ru0.4O2 0.5 M H2SO4 220 500@50 mA cm
-2

 350@300 mA cm
-2

 [111] 

Cr0.6Ru0.4O2 (550) 0.5 M H2SO4 178 10@10 mA cm
-2

 – [112] 

FeCoNiCrTi-RuO2 0.5 M H2SO4 167 200@10 mA cm
-2

 – [113] 

Ru0.5Ir0.5O2 0.5 M H2SO4 151 618.3@10 mA cm
-2

 255@200 mA cm
-2

 [114] 

Ru0.8Ir0.2Ox 0.5 M H2SO4 189 100@10 mA cm
-2

 1000@500 mA cm
-2

 [115] 

Li0.52RuO2 0.5 M H2SO4 156 70@10 mA cm
-2

 – [116] 

Ru0.48Mn0.52O2 0.5 M H2SO4 154 50@100 mA cm
-2

 – [117] 

Ru0.2Mn0.8O2 0.5 M H2SO4 214 50@10 mA cm
-2

 100@200 mA cm
-2

 [44] 

Ru0.5Mn0.5O2 0.5 M H2SO4 166 2500@10 mA cm
-2

 600@200 mA cm
-2

 [118] 

Pd0.08Ru0.92O2 0.5 M H2SO4 204 19.44@10 mA cm
-2

 130@200 mA cm
-2

 [119] 

Ru3Cr1Sr0.175 0.1 M HClO4 214 300@10 mA cm
-2

 – [120] 

RuTiOx 0.5 M H2SO4 198 1400@50 mA cm
-2

 100@0.5 A cm
-2

 [121] 

Ru5W1Ox 0.5 M H2SO4 227 550@10 mA cm
-2

 – [122] 

Ru0.85Zn0.15O2-δ 0.5 M H2SO4 190 50@10 mA cm
-2

 – [123] 
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