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perovskite oxide electrocatalyst for efficient and
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The development of anodic electrocatalysts toward the oxygen evolution reaction (OER) in harsh acidic
environments faces significant challenges of low efficiency, instability and high cost. Ru-based oxides
exhibit remarkable initial activity toward the OER, but the presence of soluble high-valence oxygen-
vacancy intermediates can accelerate the dissolution of Ru species. In this study, a triple SroCaRu,lrOg
perovskite oxide electrocatalyst has been successfully synthesized, demonstrating a low overpotential of
172 mV at 10 mA cm™2 and excellent stability for over 75 hours. The introduction of dual-site heteroatoms
leads to the generation of oxygen vacancies, which control the excessive lattice oxygen participating in

the OER via the lattice oxygen oxidation mechanism (LOM). This effectively prevents the excessive oxi-
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Introduction

Hydrogen is widely recognized as an ideal energy carrier,
boasting numerous advantages such as its diverse sources,
high caloric value, clean and carbon-free properties, and versa-
tile applications. It plays a pivotal role in promoting the clean
and efficient utilization of traditional fossil energy sources
and supporting the large-scale development of renewable
energy. In the commercial sector, proton exchange mem-
brane water electrolyzer (PEMWE) and alkaline water electroly-
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species. Density functional theory (DFT) calculations show that the

negative shift of O 2p and Ru 4d band centers weakens the covalency of Ru-O, optimizes the adsorption
energy of oxygen intermediates, and thus improves the inherent catalytic activity and stability.

zer (AWE) technologies are the two primary methods for hydro-
gen production. Among these methods, PEMWE stands out for
its exceptional efficiency due to its high proton conductivity,
low impedance, rapid dynamic response, high hydrogen
pressure, and high purity.*® However, the widespread adop-
tion of PEMWE faces challenges due to the sluggish kinetics
of the anodic oxygen evolution reaction (OER) and the limited
stability of acidic electrocatalysts. Consequently, developing
efficient and stable acidic OER catalysts is paramount for
advancing PEMWE hydrogen production technologies.'®™?
Significant research efforts are focused on designing and
developing innovative catalysts that exhibit enhanced catalytic
activity and long-term stability. These catalysts aim to improve
the kinetics of the OER while minimizing degradation under
harsh acidic conditions.

Among the various catalysts, only noble metals such as Ir-
and Ru-based catalysts have demonstrated the ability to main-
tain good catalytic performance under strongly acidic and
strong oxidation conditions."®™® However, the high cost, rarity
and lack of corrosion resistance under strongly acidic con-
ditions of Ir- and Ru-based catalysts have prevented their wide-
spread application in PEMWEs. Perovskite oxides (ABO3) con-
taining low loading precious metals are a kind of promising
acidic OER catalysts."** In the perovskite structure, the A-site
and B-site elements can be partially or completely replaced by
other metal ions. This offers a vast array of physical and
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chemical features, allowing for the construction of a wide
range of high-performing water oxidation catalysts with limit-
less development potential. In addition, the coupling of Ir and
Ru metals is also an effective strategy to solve the above limit-
ations and improve catalyst performance. For example, Liu
et al. reported that an iridium-doped ruthenium salt pyro-
chlore Y,Ru, ,Ir, gO, exhibits excellent OER activity and stabi-
lity in acidic electrolytes.>® The synergistic effect of Ir and Ru
sites allows the ruthenium and iridium in pyrochlore to main-
tain a lower oxidation state during the catalytic process, which
prevents the overoxidation of ruthenium during the OER and
also reduces the formation of OOH* intermediates. Wang et al.
reported an ultrathin nanocage Ir,sRu,;0, that can reach
10 mA cm™? with only 215 mV during the acidic OER. This
excellent performance is attributed to the effective combi-
nation of Ru and Ir.”® During the catalytic process, IrysRuq 5
tends to oxidize Ir to form Ir, sRuy 50,, which inhibits the for-
mation of soluble Ru™" and ensures the long-term durability
of the material. Yang et al. designed a B-site substituted
Ruddlesden-Popper phase Sry(Ru,lr;_,)O, acidic catalyst.””
The results show that the partial substitution of the B site
element optimizes the electronic structure and crystal struc-
ture of Sry(Ru,lr;_,)O,, resulting in a greater number of
hydroxyl groups and spatial overlap of Ru 4d/Ir 5d-O orbitals
on its surface, which are beneficial in improving the perform-
ance of the OER.

In addition, different catalytic mechanisms will also affect
the performance of the catalyst. The traditional adsorbed evol-
ution mechanism (AEM) and lattice oxygen oxidation mecha-
nism (LOM) are the two most widely accepted OER
mechanisms.”® 3 At present, there is a lot of controversy about
the presence of OER effects in the LOM. In fact, the direct O-O
coupling of the LOM can bypass the adsorption energy limit-
ation of AGour — AGoou+ and facilitate the OER reaction
kinetics.**** However, this enhanced reaction kinetics will
come at the expense of catalyst stability.>>>° Therefore, it is
critical to balance the relationship between catalytic activity
and stability of catalysts by regulating the involvement of the
AEM and LOM during OER progress.

In this study, a Sr,CaRu,IrOy perovskite oxide catalyst with
dual-site regulation has been synthesized for acidic water oxi-
dation. The introduction of heteroatoms leads to the for-
mation of an appropriate amount of oxygen vacancies. This
ultimately enhances the catalytic activity of the catalyst.
Sr,CaRu,IrOy demonstrates a current density of 10 mA cm™? at
an overpotential of only 172 mV in 0.5 M H,SO,, and main-
tains its catalytic performance for more than 75 hours. Its per-
formance surpasses those of Sr;Ru,IrOy, STRuO3, and RuO, by
a significant margin. DFT calculations demonstrate that the
substitution of Ca and Ir induces a negative shift in the
centers of O 2p and Ru 4d, leading to a weakening of the
adsorption energy of oxygen species intermediates.
Simultaneously, the formation of oxygen vacancies weakens
the covalency of metal-oxygen bonds, thereby inhibiting exces-
sive lattice oxygen from participating in the OER and improv-
ing the stability of the catalyst.
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Experimental
Synthesis of Sr,Caz;_,Ru,IrOq

Taking Sr,CaRu,IrOy as an example, the synthesis method is
as follows: mix 68.15 mg calcium carbonate, 140 mg stron-
tium acetate (C4HqO,Sr) and 280 mg citric acid (C¢HgO)
with 5 mL deionized water to form solution A and
mix 15.83 mg ruthenium trichloride hydrate (RuCls;-xH,0),
20.04 mg potassium hexachloroiridate(iv) (K,IrCls) and 4 mL
ethylene glycol ((CH,OH),) to form solution B. Add solution
B to solution A dropwise, and mix evenly with a magnetic
stirrer to obtain solution C. Transfer solution C to an oven
and dry at 150 °C for 12 hours to obtain a brown solid.
Transfer the solid precursor obtained to a tube furnace and
subject to calcination at sequential gradient temperatures of
300 °C (for 6 hours), 500 °C (for 3 hours), and 700 °C (for
6 hours) with a heating rate of 3 °C min~". For the synthesis
of other ratios of Sr,Cas;_,Ru,IrOo, the experimental pro-
cess is almost the same as that of the perovskite with
Sr,CaRu,IrOy, except that the CaCO; and C,HsO,Sr are
changed.

For the synthesis of other ratios of Sr;Ru,IrO,, the experi-
mental process is almost the same as that of Sr,CaRu,IrO,,
except that calcium carbonate is not added. The synthetic pro-
cedure of SrRuO; was similar to that of Sr,Ca;_,Ru,IrOg
without the addition of calcium carbonate and potassium hex-
achloroiridate().

Electrochemical measurements

All electrochemical measurements were performed by using
a CHI 760E three-electrode system. A catalyst-coated glassy
carbon (GC) electrode with a diameter of 3 mm was used as
the working electrode, a platinum wire was used as the
counter electrode, and a saturated calomel electrode (SCE)
was used as the reference electrode. The working electrode
was prepared as follows: 3.5 mg catalyst was ultrasonically
dispersed in 50 pL isopropanol solution to prepare a cata-
lyst ink as solution 1. Finally, 5 pL of solution 1 were
deposited on a glassy carbon electrode with a diameter
of 3 mm and allowed to dry naturally. The linear sweep
voltammetry (LSV) measurements were performed at a
scan rate of 1 mV s ' without iR-drop compensation.
Electrochemical impedance spectroscopy (EIS) was per-
formed from 100 kHz to 0.05 Hz with a voltage perturbation
of 5 mV. All the DFT calculations were conducted based on
the Vienna ab initio simulation package (VASP). The values
of turnover frequency (TOF) are calculated, assuming that
all Ru and Ir ions in the catalysts are active and contribute
to the catalytic reaction. The faradaic efficiency is deter-
mined through constant current testing in a three-electrode
electrolytic cell. The faradaic efficiency is defined as the
ratio of experimentally determined O, to theoretically
expected O, from the reaction. We collected the evolved O,
using water drainage and calculated the moles of O, based
on gas laws.
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Results and discussion

Ru-based perovskite oxides are prone to deactivation as acidic
OER catalysts.>*° The catalytic performance can be effectively
enhanced by regulating the B site, particularly through the
coupling of Ir-Ru. Initially, we investigated the impact of B site
regulation on the catalytic performance of SrRuO; using DFT
theoretical calculations. Fig. 1a depicts the free energy
diagram of SrRuO; and Sr,RulrOg in relation to the OER. At
zero potential (U = 0 V), the Gibbs free energy changes (AG) for
the rate-determining step (RDS, *OOH formation) were deter-
mined to be 2.47 and 2.23 eV for SrRuO; and Sr,RulrQOg,
respectively. Upon the application of a potential (U = 1.23 V),
these AG values decreased to 1.24 and 1.0 eV at the RDS for
SrRuO; and Sr,RulrOg, respectively. Furthermore, the density
of states (DOS) for the Ru 4d and O 2p orbitals were investi-
gated, as shown in Fig. 1b. The DOS of SrRuO; and Sr,RulrOg
revealed that in Sr,RulrQg, there is a reduction in the values to
—2.19 and —3.21 €V in the Ru 4d and O 2p bands, respectively,
compared to —1.53 and —2.15 eV in SrRuO;. This indicates a
downshift of the Ru 4d and O 2p orbitals in Sr,RulrOg relative
to the Fermi level. The negative shift in the O 2p band center
of Sr,RulrOg suggests an increased distance between the O 2p
band center and the Fermi level, resulting in a reduced
covalency of the Ru-O bond.>”*' It is well-known that Ru-
based catalysts are prone to instability due to the strong
covalent bond between Ru and O, which leads to the partici-
pation of lattice oxygen in the reaction and the formation of
soluble Ru™" species.>® Theoretical analysis suggests that the
introduction of heteroatoms optimizes the band structure and
the covalence of the metal-oxygen bond. To further minimize
the reliance on precious metals, dual-site regulation was
implemented for SrRuO;. It was discovered that the best per-
formance is achieved when the ratio of Ru to Ir is maintained
at2:1.

A series of Sr,Ca;_,Ru,IrOy perovskite oxides were syn-
thesized using a simple sol-gel method. The X-ray diffraction
(XRD) patterns in Fig. 2a and Fig. S1f indicate that the
obtained catalysts possessed an orthorhombic phase with
lattice parameters of a = 5.581 A, b = 7.89 A, ¢ = 5.589 A, and
space group ibmm (number 74) at a 90 x 90 x 90 angle.
Scanning electron microscopy (SEM) and transmission elec-
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Fig. 1 (a) The free energy profiles of the OER process on SrRuOs and
SroRulrOg under the applied overpotentials of 0 and 1.23 V (vs. RHE),
respectively. (b) DOS of SrRuO3 and Sr,RulrOg.
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Fig. 2 (a) XRD, (b) SEM, (c) EDS mapping, (d) TEM and (e) HRTEM of
Sr,CaRu,IrOg, and (f) EPR spectra of Sr,CaRuylrOg, SrzRu,lrOg and
SrRuOs.

tron microscopy (TEM) images revealed Sr,CaRu,IrOy with
slightly etched cubic nanomaterials ranging in size from 100
to 500 nm (Fig. 2b, d and Fig. S2}). Energy dispersive analysis
(EDS) confirmed that Sr, Ca, Ru, Ir and O elements are uni-
formly distributed in the Sr,CaRu,IrOy sample, and the atomic
ratio of Sr:Ca and Ru:Ir in the sample is about 2:1 (Fig. 2c
and Fig. S37).

The high-resolution transmission electron microscopy
(HRTEM) images in Fig. 2e reveal distinct lattice fringes with a
lattice spacing of 0.27 nm, corresponding to the (200) and
(121) planes of Sr,CaRu,IrOy. Compared to the standard unit
cell of SrRuO;, the lattice spacing of Sr;Ru,IrOg is smaller.
This change is attributed to the contraction of the lattice
caused by replacing Sr with Ca, which has a smaller ionic
radius. Electron paramagnetic resonance (EPR) provides valu-
able information about the presence of unpaired electrons on
the material’s surface, serving as an indicator of oxygen
vacancies. Specifically, the g factor value depends on the
characteristics of the free radical present, with a g value
around 2.00 indicating the presence of oxygen vacancies
within the material.*>** In the EPR spectra of the obtained
catalysts, a g value of approximately 2.003 was observed.
Furthermore, introducing negative/cation species results in an
increased intensity of a pair of symmetric peaks at g = 2.003,
providing evidence for enhanced generation of oxygen
vacancies in Sr,CaRu,IrOq.
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The OER performances of Sr,CaRu,IrOy and other control
samples were evaluated in a N,-saturated 0.5 M H,SO, electro-
lyte. Initially, the catalytic performance of SrzRu,Ir;_,Oq (x >
1.5) perovskite oxide with a low Ir concentration was investi-
gated. The results indicated that SrzRu,IrOg exhibited the best
catalytic performance, when the Ru:Ir ratio was 2:1
(Fig. S4at). Subsequently, A-site regulation was performed
while maintaining the Ru:Ir ratio at 2:1, and the impact of
A-site regulation on catalytic performance was explored. The
LSV curves (Fig. S4bt) reveal that Sr,CaRu,IrOy shows the best
catalytic performance, which is the focus of further research.
Fig. 3a demonstrates that the catalytic activity of Sr,CaRu,IrOq
(10 mA ¢cm™>, 172 mV) surpasses those of perovskite SrRuO;
(10 mA cm™2, 270 mV), Sr;Ru,IrOs (10 mA cm ™2, 185 mV), and
commercial RuO, (10 mA cm™2, 273 mvV). Then, to further
understand the reaction kinetics of the catalyst, the Tafel plot
of the samples was analyzed. Sr,CaRu,IrO, (21.41 mV dec ™)
exhibits the lowest Tafel plot compared to other catalysts
(Fig. 3b and Fig. S5t), such as commercial RuO, (61.07 mV
dec™), SrRuO; (58.44 mV dec '), and Sr;Ru,IrO, (48.22 mV
dec™). The smaller Tafel slope of Sr,CaRu,IrO, indicates a
rapidly boosted current density with an increase in overpoten-
tial, which is typically a sign of a good catalyst.*®*”

Stability is an essential criterion for evaluating catalytic per-
formance. To assess the stability of the electrocatalysts in
acidic media, chronopotentiometry was conducted in a 0.5 M
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Fig. 3 (a) LSV curves, (b) Tafel slope and (c) chronopotentiometry curve
toward the OER of Sr,CaRu,lrOg, SrzRu,lrOg, SrRuO3z and commercial
RuO,, (d) contents of leached metals of Sr,CaRu,lrOy, and (e) compari-
son of OER performance with representative acidic water oxidation
electrocatalysts.
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H,SO, solution. The results, as illustrated in Fig. 3c and
Fig. S6, demonstrate that the Sr,CaRu,IrO, electrocatalyst
maintained its catalytic performance for 75 hours at a current
density of 10 mA cm™?, without any significant decline. This
suggests that an appropriate amount of Ca doping can
enhance the performance of the triple perovskite and improve
its stability. To analyze the leaching of Sr, Ca, Ru, and Ir in
Sr,CaRu,IrOy, inductively coupled plasma atomic emission
spectrometry (ICP-OES) was employed. In the stability test con-
ducted for 8 hours (Fig. 3d), only a slight leaching of Sr, Ca,
Ry, and Ir was observed. The TEM and HRTEM images taken
after the OER (Fig. S7a and S7ct) revealed that the morphology
and structure of the catalyst remained largely unchanged, with
no formation of an amorphous layer on the surface. The XRD
analysis after the OER also confirmed its excellent structural
stability (Fig. S7bt). Based on these findings, it can be con-
cluded that Sr,CaRu,IrO, demonstrates both high catalytic
stability and good structural stability under acidic conditions.
Additionally, it is important to note that the catalytic perform-
ance of Sr,CaRu,IrO, surpasses those of most reported acid
oxygen evolution reaction catalysts (Fig. 3e).22631,3545-51

In order to further investigate the reasons behind its
activity, several electrochemical tests were conducted. The
results of the electrochemical impedance spectroscopy (EIS)
tests showed that the Sr,CaRu,IrOy catalyst exhibited the smal-
lest charge transfer resistance, indicating faster reaction kine-
tics (Fig. 4a and Fig. S8t). This enhanced reaction kinetics can
be attributed to the presence of a greater number of oxygen
vacancies (Vo) in Sr,CaRu,IrOs. The increased oxygen
vacancies promote the electrical conductivity of the catalyst,
which is responsible for its improved catalytic performance.
To evaluate the electrochemical specific surface area (ECSA) of
the catalyst, a cyclic voltammetry (CV) test was performed to
determine the double layer capacitance (Cqj, Fig. S91), which is
directly proportional to the ECSA. The Cq4 value of the
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Fig. 4 (a) Nyquist curves, (b) double-layer capacitance, (c) mass activity
and ECSA-normalized specific activities of SrpCaRuyIrOg, SrszRu,lrOg,
SrRuOs;, and commercial RuO,, and (d) faradaic efficiency of
Sr,CaRu,IrOg.
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Sr,CaRu,IrO, catalyst was found to be 76 mF cm™> (Fig. 4b),
which is higher than those of commercial RuO, and SrRuOs;,
and slightly lower than those of Sr,RulrOg and Sr;Ru,IrOy. The
higher Cy; value of Sr,CaRu,IrOy indicates that it possesses
more active sites for catalytic reactions. As shown in Fig. 4c,
the catalytic activities of Sr,CaRu,IrOy, SrzRu,IrOg, SrRuOs,
and RuO, are normalized by electrochemical specific surface
area and mass activity. The results show that Sr,CaRu,IrOy has
higher intrinsic activity and better catalytic performance with
less catalyst. Upon comparison of the turnover frequencies
(TOF) at 1.47 V (Fig. S10%), it is observed that the TOF of
Sr,CaRu,IrQy is 2.11 s~', which is significantly higher than
those of SrzRu,IrO, (1.88 s™'), StRuO; (0.78 s~ '), and RuO,
(0.53 s7"). It is also evident that Sr,CaRu,IrO, exhibits the best
intrinsic activity in this comparison. The faradaic efficiency,
calculated from the actual oxygen production, is in good agree-
ment with the trend of the theoretical value. This indicates
that the as-prepared catalyst exhibits not only good activity but
also high selectivity in the OER process (Fig. 4d).

XPS analysis was conducted to further investigate the corre-
lation between the electronic structure and catalytic perform-
ance. The changes in the electronic structure of Sr,CaRu,IrOq
before and after the OER were explored. As shown in Fig. 5a
and b, the intensity of Sr 3d and Ca 2p significantly decreases
in Sr,CaRu,IrQ, after the OER. This can be attributed to the
slight leaching of Sr and Ca during the catalytic process, which
is consistent with the ICP-OES results. On the other hand,
Fig. 5c and d illustrate that the Ru 3p and Ir 4f peaks of
Sr,CaRu,IrOy remain almost unchanged before and after the
OER. In the case of Ru-based catalysts, they are prone to exist
in an unstable high-valence state during the acidic OER,
leading to poor catalyst stability.>****° The XPS results demon-
strate that the dual-site regulation prevents the formation of
soluble Ru™" species, thereby effectively enhancing the cata-
lyst’s corrosion resistance.
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Fig. 5 High-resolution XPS spectra (a) Sr 3d, (b) Ca 2p, (c) Ru 3p and (d)
Ir 4f of Sr,CaRu,lrOg before and after the OER.
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A comparison of the O 1s high-resolution XPS spectrum
between Sr,CaRu,IrO, and SrzRu,IrO, was conducted. As
depicted in Fig. 6a and b, three peaks at 529.2, 530.75, and
532.8 eV were observed, corresponding to lattice oxygen (Oy),
oxygen vacancies (Vp), and adsorbed oxygen (O.qs),
respectively.*>** The results indicate that Sr,CaRu,IrO, has a
higher concentration of oxygen vacancies than Sr;Ru,lIrO,,
which is the primary reason for its superior OER activity.
Furthermore, the changes in the O; and Vy contents of
Sr,CaRu,IrOy and SrzRu,IrO, before and after the OER were
compared (Fig. 6¢). The obtained Sr,CaRu,IrOy exhibited only
slight changes in the content of Oy, and Vg during the OER. In
contrast, Sr;Ru,IrOy had a significant amount of Oy, involved
in the reaction process during the OER, leading to the for-
mation of a large number of V. An appropriate amount of Vg
effectively suppresses the interaction between the adsorbate
intermediate and lattice oxygen, thus improving the stability of
Sr,CaRu,Ir0,.°*>* Additionally, the OER catalytic reaction
mechanism was further analyzed through in situ Raman
testing. Fig. 6d depicts the Raman spectra of the catalyst at
1.3-1.5 V. The Raman bands at 424 and 883 cm™* correspond
to Eg and B,g of Sr,CaRu,IrO,, while the peak at 489 em™! s
characteristic of F, lattice oxygen, and the peak at 587 em™"
corresponds to Vo.”>>® Based on Raman analysis, it is evident
that the catalyst itself contains a significant amount of oxygen
vacancies, which effectively enhances the catalytic reaction.
However, as the voltage increases, there is no significant
change in the intensity of the oxygen vacancy Raman peak of
the catalyst. This indicates that the presence of abundant
oxygen vacancies in the catalyst hinders further involvement of
lattice oxygen in the OER, thereby impeding the formation of
additional oxygen vacancies. These findings suggest that
Sr,CaRu,IrOy exhibits exceptional structural and catalytic
stability, as supported by our Raman test results consistent
with those of performance tests and XPS analysis.

In addition, the impact of dual-site substitution on the elec-
tronic structure and catalytic performance of the catalyst was
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Fig. 6 (a and b) O 1s XPS spectra and (c) the proportion of O,qs, O_ and
Vo of SrpCaRu,lrOg and SrzRu,IrOy, and (d) in situ Raman spectroscopy
of the Sr,CaRu,IrOg for 0.5 M H,SO, at varied potentials.
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Fig. 7 (a) DOS, (b) the free energy profiles of the OER process under
the applied overpotentials of 0 and 1.23 V (vs. RHE), and (c) schematic
diagrams of rigid band models for SrRuOs, SroRulrOg and Sr,CaRu,IrOg
toward the acidic OER.

investigated through density functional theory (DFT)
calculations.”®® The d-band center of the active metal plays a
pivotal role in determining the strength of binding between
the metal site and the adsorbed oxygen. The density of state
curve (DOS, Fig. 7a and 1b) reveals that the Ru d-band center
of Sr,CaRu,IrOy, Sr,RulrOs, and SrRuO; is located at —2.21,
—2.19, and —1.53 eV, respectively. This indicates that the intro-
duction of two sites shifts the d-band center of the
Sr,CaRu,IrOy catalyst further away from the Fermi level.
Consequently, this results in a weaker binding strength
between Ru and O, optimizing the adsorption energy (AGuoo-
- AGo- 1.93 eV) and enhancing the catalytic activity
(Fig. 7b). In addition, the participation of lattice oxygen in the
LOM, which leads to a significant generation of Vo, is the key
factor contributing to the severe deactivation of OER catalysts.
While an appropriate amount of Vo can enhance the conduc-
tivity of the catalyst, an excessive amount can result in lattice
collapse. To address this issue, a viable strategy is to expand
the O 2p centers, which effectively suppresses the excessive for-
mation of V. Notably, Sr,CaRu,IrOy exhibits a significantly
enlarged p-band center and shifts downward compared to
Sr,RulrOg and SrRuOj; (Fig. 7c¢). These findings indicate that
the dual-site introduction weakens the covalency of Ru-O
bonds, thereby inhibiting the excessive generation of Vg
during catalytic processes. Ultimately, this approach slows
down the over-oxidation of Ru species to soluble RuO, and
improves catalytic stability.

Conclusions

In summary, a triple perovskite Sr,CaRu,IrOy has been suc-
cessfully synthesized as an efficient electrocatalyst for the
acidic oxygen evolution reaction. The Sr,CaRu,IrOg catalyst
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exhibited a remarkably low overpotential of only 172 mV to
achieve a current density of 10 mA cm™2 in 0.5 M H,SO, and
maintained its catalytic performance for over 75 hours. The
generation of oxygen vacancies effectively balances the partici-
pation of AEM and LOM in the OER and suppresses the for-
mation of expensive soluble Ru species, thereby enhancing the
activity and stability of the catalyst. Furthermore, the DFT cal-
culations identify that the introduction of dual-site hetero-
atoms weakens the covalency of Ru-O and optimizes the
adsorption energy of oxygen intermediates, improving the
inherent catalytic activity and stability. This study presents a
feasible strategy for developing stable and efficient acidic OER
catalysts and demonstrates the potential of noble metal-based
catalysts in proton-exchange membrane water electrolyzers.
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