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ABSTRACT: In hydrogen production, the anodic oxygen evolution reaction
(OER) limits the energy conversion e ciency and also impacts stability in
proton-exchange membrane water electrolyzers. Widely used Ir-based catalysts
su er from insu cient activity, while more active Ru-based catalysts tend to
dissolve under OER conditions. This has been associated with the participation of
lattice oxygen (lattice oxygen oxidation mechanism (LOM)), which may lead to
the collapse of the crystal structure and accelerate the leaching of active Ru «
species, leading to low operating stability. Here we develop Sr Ru Ir ternary b
oxide electrocatalysts that achieve high OER activity and stability in acidic bt et bt
electrolyte. The catalysts achieve an overpotential of 190 mV at 10 mA cm 2 and Ry ‘ e 0 '
the overpotential remains below 225 mV following 1,500 h of operation. X-ray

absorption spectroscopy and ‘#0 isotope-labeled online mass spectroscopy studies reveal that the participation of lattice oxygen
during OER was suppressed by interactions in the Ru O Ir local structure, o ering a picture of how stability was improved. The
electronic structure of active Ru sites was modulated by Sr and Ir, optimizing the binding energetics of OER oxo-intermediates.
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INTRODUCTION

Proton-exchange membrane (PEM) water electrolysis is a
promising technology for hydrogen production thanks to its
high current density, rapid system response, and low gas
crossover rate’ ® The energy conversion e ciency and
durability of a PEM electrolyzer are mainly determined by
the anodic oxygen evolution reaction (OER), which involves a
sluggish four-electron transfer kinetic process. The harsh acidic
and oxidative environment of the PEM limits the practical
application of most OER electrocatalysts. Only iridium (Ir)
and Ir-based oxides possess adequate corrosion resistance.”*>
Unfortunately, due to the scarcity and relatively low OER
activity of Ir, such catalysts do not meet the demands of PEM
electrolyzers at scale.” Developing stable, highly active, and
cost-e ective OER catalysts under acidic conditions is a
challenge yet to be overcome.

Understanding the mechanism of OER can e ectively guide
the rational design of high-performance electrocatalysts. In the
conventional adsorption evolution mechanism (AEM), the
OER activity is a ected by the adsorption energetics of oxo-
intermediates, and the optimization of these is limited by the
scaling relationship.%’ In recent years, a new lattice oxygen
oxidation mechanism (LOM) was discovered, involving direct
O O coupling between the oxo-intermediates and lattice
oxygen,® * and has been widely studied in both alkaline and
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neutral conditions as it usually exhibits faster OER kinetics
than the conventional AEM pathway.** **

It has been shown that, in acidic conditions, Ru-based
electrocatalysts su er from the participation of lattice oxygen
and that this contributes to the collapse of the crystal structure
and accelerates the leaching of active Ru species at defective
domains.®®** The soluble high-valence intermediates and
LOM pathway increase OER kinetics in Ru-based catalysts, but
such high activity is lost after a few hours.*> *" Under acidic
conditions, increasing the OER activity at the expense of
stability using the LOM pathway is an approach that requires
further work.

LOM has been rarely observed for rutile IrO, during
OER®%'® 3 result of the stronger Ir O bonding in rutile
structures than in perovskites™*® and pyrochlores.”*** We took
the view that integrating Ir into rutile RuO, could o er a route
to suppress the participation of lattice oxygen in the OER,
thereby enhancing stability. However, this will concurrently
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Figure 1. High-throughput screening of electrocatalysts for OER. (a) DFT work ow of high-throughput screening. (b) Calculated OER
overpotential with di erent ternary compositions. The three edges of the ternary plot correspond to the ratio of two metal elements (i.e., Ir Sr, Ir
Ru, and Sr Ru). The red region represents the Sr Ru Ir ratios with lowest OER overpotential. (c) Pourbaix diagram of Sr,Ruslr;O,¢ and
Sr;Ruglr; Oy oxide calculated using DFT: the Sr;Ruglr;O46 phase is stable in the OER region.

reduce the activity of Ru because the exibility of Ru redox is
limited by Ir dopants.!*?* ?° To date, strategies to
simultaneously achieve activity and stability are still elusive.

Here we pursued a dual-modulation strategy to suppress the
LOM and tune the electronic structures of active Ru sites. We
incorporated small amounts of alkali-earth metal (Sr) and Ir
into the rutile Ru-based oxide. Using density functional theory
(DFT) screening, we optimized the ratio of the two
modulators (Sr, Ir) to obtain the high active and stable Ru
sites. We then synthesized these catalysts by a sol gel method.
The best-performing SrRulr oxide catalyst achieved low
overpotential of 190 mV at 10 mA ¢cm 2 and the overpotential
was maintained at 223 mV following 1,500 operating hours.
The improved stability was found to originate from
interactions within the Ru O Ir local structure, suppressing
the LOM pathway during OER. The high activity was a result
of optimized oxo-intermediate binding energetics on the high-
valence Ru sites formed after Sr and Ir incorporation. When
applied in a PEM electrolyzer, the new catalyst achieved a low
full cell voltage of 1.50 V at 1 A cm 2

RESULTS AND DISCUSSION

DFT Screening of Optimal Sr Ru Ir Ternary Electro-
catalysts for OER. We rst screened for optimal ternary Sr
Ru Ir oxide electrocatalysts via high-throughput DFT
calculations. We started from the pure rutile RuO, structures.
By randomly replacing the Ru atoms with Sr or Ir, we chose
the ten most thermodynamically stable ternary oxide crystals
with di erent ratios from 2,201 di erent structures (Figure 1la

and Figure S1). The DFT calculations suggest that the
incorporation of Sr and Ir will expand the rutile lattice and
increase the degree of disorder of crystals (Figure S2). We then
calculated the OER overpotential from the adsorption free
energies of OER intermediates (OH*, O*, and OOH*) on the
(110) surface of selected models, since (110) is regarded as the
most stable surface of RuO,%?’ In all cases, the OER
intermediates prefer to adsorb on the Ru sites rather than the
Ir or Srsites, a nding suggestive that Ru is the active site. The
calculated OER overpotentials of catalysts with di erent Sr
Ru Ir ratios (Figure 1b and Table S1 2) are presented in a
ternary composition diagram with the molar ratios among the
constituent elements on the vertices. The lowest calculated
overpotential was 210 mV located in the red region in Figure
1b. In this region, the ratios of di erent elements are
approximately 0.15 0.25 for Sr, 0.6 0.7 for Ru, and 0.05
0.2 for Ir, respectively. Toward the active catalysts, we further
evaluated the stability in aqueous solution by calculating the
Pourbaix diagram. Figure 1c depicts phase stability in Pourbaix
diagrams for the most OER active Sr,Ruslr;Oq¢ phases in an
aqueous environment with respect to the dissolved and solid
phases (Table S3). Under the working potential (U = 1.4 to 2
V vs standard hydrogen electrode (SHE)) and electrolyte pH
range (pH = 0 to 1) of acidic OER, a portion of Sr and Ir will
leach out to form a stable Sr;Ruglr,O,¢ phase. This phase has
the potential to be both active and stable toward OER.
Material Synthesis and Electrochemical Perform-
ances. In light of DFT predictions, we synthesized Sr Ru
Ir ternary catalysts with di erent compositions. A sol gel
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Figure 2. Electrochemical performance in a three-electrode con guration. (a) LSV curves of the best-performed SrRulr oxide catalyst, ternary, and
binary controls. (b) Tafel plots for di erent catalysts. (¢) The TOF and mass activities of di erent samples. The TOF and mass activities were
calculated according to total noble metal loadings. (d) LSV curves normalized by BET surface area of di erent catalysts to indicate intrinsic
performance. (e) Chronopotentiometry stability test of SrRulr and control samples at 10 mA cm 2. (f) Time-dependent ion dissolution of SrRulr
oxide during OER. The scatter plot represents the actual amount of dissolved ions. The histogram represents the ion ratio that remained in the
catalysts. Speci cally, the catalyst Im presented in the gure contains 210 g of Sr, 0.711 g of Ru, and 0.270 g Ir before OER.

method followed with annealing was used to synthesize these
ternary catalysts, as well as the binary and unary controls®® (see
Experimental section in the Supporting Information). X-ray
di raction (XRD) patterns showed that the as-prepared
catalysts possess a rutile-type structure with low crystallinity.
As seen in DFT, the incorporation of Sr and Ir led to negative
shifts of the di raction peaks (Figure S3). High-resolution
transmission electron microscopy (HR-TEM) and scanning
transmission electron microscopy (STEM) demonstrate that
the ternary catalysts were 4 nm rod-like nanoparticles. The
elements were uniformly distributed in the catalysts to the
extent that can be resolved using energy-dispersive X-ray
spectroscopy (EDX) (Figure S4). These catalysts were then
deposited onto glassy carbon electrodes (GCEs), and linear
sweep voltammetry (LSV) was carried out in 0.5 M H,SO,
(pH = 0.3) to evaluate their OER performance (Figure 2a).
The composition of the best-performing ternary catalyst was
identi ed as Sr;;Ruslr;O43; by EDX mapping (Table S4,
denoted SrRulr in the following text), which is close to the
DFT predicted most active Sr,Ruslr,O, phase. This SrRulr
oxide catalyst achieved a low overpotential of 190 + 2 mV at
10 mA cm zgeo, which is 95 mV and 150 mV lower than
that of commercial RuO, and 1rO, benchmarks, respectively
(Figure 2a). Binary Rulr oxide (RuslryqO415) and SrRu oxide
(Sr16Rus046) (denoted Rulr and SrRu, respectively) samples
were synthesized under the analogous procedure. The Rulr
oxides were rutile nanocrystals, while the SrRu oxides
contained both the rutile and the perovskite phase (Figures
S5 and S6). SrRulr also outperformed these binary controls
Rulr (239 = 1 mV) and SrRu (238 = 1 mV). The SrRulr oxide
catalyst exhibited a Tafel slope of 39 mV dec !, lower than that
of the binary catalysts and commercial controls, indicating
faster kinetics toward OER (Figure 2b). The above results
indicated potential synergetic e ects among Sr, Ru, and Ir.
To compare the intrinsic catalytic activities of these catalysts,
we calculated their mass speci ¢ activities according to the

total loading mass of noble metal and the turnover frequency
(TOF) at each noble metal site (Figure 2¢ and Supplementary
Note 1 in the Supporting Information). The SrRulr oxide
reached the highest mass speci ¢ activity of 654 A Gnople metal -
at =300 mV, which was much higher than that of SrRu (242
A Oru 1)! Rulr (200 A Onoble metal 1), RuO, (63 A ORu 1)1 or
IrO, (9 A g, ). The TOF of SrRulr (0.20s *at =300 mV)
was nearly 12 and 40 times higher than that of RuO, (0.016
s 1) and IrO, (0.005 s '), respectively (Table S5). To
eliminate the e ect of particle size and surface area, the
Brunauer Emmett Teller (BET)-normalized surface area was
adopted to compare OER currents among di erent catalysts
(Table S6). These showed the same activity trend with TOF
and mass speci ¢ activity (Figure 2d and Table S5). The
electrochemical surface area (ECSA) of these catalysts was
estimated by measuring double-layer capacitance in the non-
Faradaic region (Figure S10 and S11). The SrRulr oxide
catalyst possessed both the highest ECSA and speci ¢ activity
(Figure S12). In sum, the SrRulr oxide catalyst possessed the
highest intrinsic activity compared to controls.

We then investigated the stability of the catalysts using
chronopotentiometry at a constant current density of 10 mA
cm %y, The overpotential of SrRulr at 10 mA cm 2,
increased from 180 mV to 210 mV in a 30 h test, to 216
mV in a 1,000 h test, and 223 mV in a 1,500 h test (Figure 2e
and Figure S15). The average increase in overpotential was
0.01 mV h %; this is over 20 times slower than that of the
commercial IrO, catalyst (0.21 mV h 1). By comparison, the
OER activity of RuO, decreased dramatically: the rate of
increase in overpotential reached 5.8 mV h !, in agreement
with previous reports.**?° The overpotential of the SrRulr
oxide catalyst after 1,500 h of continuous operation (223 mV)
is 147 mV lower than the best reported RuMn oxide catalyst,™
for which the overpotential increased from 158 mV to 370 mV
after 10 h of operation (Table S7).
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Figure 3. Structure characterization and OER mechanism analysis of SrRulr oxide electrocatalyst. (a b) Ru K-edge and Ir Lz-edge WT-EXAFS
spectra of SrRulr. The Morlet wavelet is used as a mother wavelet. The Morlet function parameter of =6.5and =1 for RuK-edgeand =74
and =1forIrLs-edge. (c d)RuK-edge FT-EXAFS spectra (k weight = 3) and Ir L;-edge FT-EXAFS spectra (k weight = 2) of di erent samples,
respectively. (e f) DEMS signals of 20, (**00) and %0, (**0*0) from the reaction products for ¥O-labeled SrRulr and RuO, catalysts in
H,'80 aqueous sulfuric acid electrolyte and corresponding CV cycles. The mass spectroscopy signals are baseline subtracted.

To monitor the stability of catalysts under OER conditions,
we measured ion dissolution in the electrolyte during
electrolysis via inductively coupled plasma optical emission
spectrometry (ICP-OES).>*° Figure 2f shows that Sr ions
leached out of the SrRulr catalyst rapidly at the beginning of
the reaction, stabilizing after 12 h. Ru ions experienced a
slight dissolution at the very beginning of the reaction, while Ir
ions were almost unchanged. With the dissolution of Sr, the
overpotential was found to increase accordingly (Supplemen-
tary Note 3 in the Supporting Information). Compared with
the initial state, the Sr:Ru:lr ratio was 0.33:5:1 after Sr leaching
according to the 1CP-OES results. In the case of SrRu, severe
leaching of both Sr and Ru from the structure was
accompanied by a dramatic loss in activity (Figure 2e and
Figure S16). On the basis of the ICP-OES data, we estimated
the stability number (S-number) of the catalysts.’ The S-
number for SrRulr is approximately 2 orders of magnitude
higher than SrRu (Table S8), consistent with a role for the Ir
dopant in stabilizing the catalyst.

We then investigated the structure and composition of
SrRulr catalyst after OER. A slight increase in the size of some
particles was observed (Figure S17a c). This may be due to
the increasing structural order of catalysts along with the Sr
leaching. Fast Fourier transformation (FFT) and inverse FFT
of the select area in Figure S17d indicated that the SrRulr
remained as a rutile structure after OER, while the d-spacing
was 3.38 and 2.82 A for (110) and (101) plane, respectively.
These values were larger than the pristine RuO, (3.18 and 2.56

A), which can be ascribed to heteroatom incorporation. The
EDX elemental mapping indicated that part of Sr was retained
in the lattice of the SrRulr catalyst after OER (Figure S17¢ k),
and the Sr:Ru:lr ratio was 0.36:5:1.14, consistent with ICP-
OES results. The composition of the near-edge region after
OER was examined by X-ray photoelectron microscopy (XPS)
(Figure S29 30, Figure S35, and Table S12). The Sr:Ru:lr
ratio was 0.44:5:1.95 after 12 h OER and 0.38:5:1.60 after 24
h. The ICP-OES, STEM-EDX, and XPS veri ed the partial
leaching of Sr after OER.

Local Structure of SrRulr and the Origin of Stability.
To understand the origin of the high activity and stability of
SrRulr, we investigated the local chemical environment using
extended X-ray absorption ne structure (EXAFS) after OER.
Ru O Ir local structure was observed using the wavelet
transform of EXAFS (WT-EXAFS).2* Ru Ir scattering signals
appeared in both Ru K-edge and Ir Ls-edge WT-EXAFS,
indicating a strong interaction between Ru and Ir in SrRulr
(Figure 3a,b, Figure S18, and Supplementary Note 2 in the
Supporting Information). Fourier-transformed EXAFS (FT-
EXAFS) spectra of Ru K-edge and Ir L;-edge revealed that the
bond length of Ru O in SrRulr was slightly increased
compared to RuO,, while the Ir O bonds were reduced
compared to IrO,. This indicated the interaction among Ru, O,
and Ir (Figure 3c,d, Figure S20, and Table S9). It has been
reported that a weak bonding of lattice oxygen may enable
direct participation in the OER, forming metastable and
activated complexes that are more prone to dissolution.’
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Figure 4. Electronic structure investigation of SrRulr. (a) In situ Ru Ls-edge XAS spectra of SrRulr: the positive peak shift indicated the increase of
valence and the increasing white-line with potential indicated the unoccupied states in the g orbital. (b) t,; and g, band occupancy of SrRulr and
RuO, at the same applied potential. (c) PDOS of the Ru active site on the RuO,, Sr;Ruglr,046, and Sr,Ruslr; O, surfaces calculated by DFT: Sr
doping induced more unoccupied & states at 1 eV above the Fermi level. (d) In situ Ir L;-edge XAS spectra.

Therefore, the strong interaction in these Ru O Ir local
structures may suppress the lattice oxygen involvement during
OER (LOM pathway), thus improving the stability of the
electrocatalyst. Such structural stability was veri ed by the
EXAFS spectra after 120 h of electrolysis (Figure S21).

We further conducted in situ di erential electrochemical
mass spectroscopy (DEMS) measurements using the isotope
80 to investigate the participation of lattice oxygen atoms in
OER. We labeled the catalyst surface with ¥0 and measured
the evolved O, during OER (see Methods, Figure S22 24).
The amount of **O, evolved re ected the participation of
lattice oxygen™ (**O, came from the combination of ‘20 in
the lattice and %0 in the water). The ratio of **O, generated
on SrRulr (Figure 3e) is much lower than that on RuO,
(Figure 3f). The content of lattice oxygen participation can be
quanti ed by performing OER cycles directly in the 2O
electrolyte (Figure S23). In accordance with Figure S23 and
Table S10, the LOM pathway is suppressed by 50% on
SrRulr compared to RuO,. The majority of the evolved O, was
generated through the AEM. The ratio of adsorbed OH and
lattice O obtained in 1s measured by XPS was reduced by

60% in SrRulr compared to RuO,, also indicating that less
surface oxygen was involved in LOM in SrRulr (Figure S25
and Table S11).

We then carried out in situRaman spectroscopy in both 0
and 80 electrolyte (Figure S26). For RuO,, three major bands
at 523, 642, and 710 cm ! were observed, and these we assign
t0 Eyg, Ay, and By, vibration modes, respectively.*” For SrRulr,

only a broad peak at 528 cm ! is observed, similar to what is
seen in amorphous hydrated ruthenium oxide. When
comparing the Raman spectra measured in H,*0 and H,%0
electrolyte at the 0.6 and 1.4 V (Ru®*/Ru** redox potential and
OER onset potential, respectively), we witness a ca 5 cm !
negative shift in RuO,, while no obvious change is seen in
SrRulr (Figure S27). We associate the three bands at 523, 642,
and 710 cm ! in RuO, with Ru O stretch vibrations.*®
Replacing lattice Ru *0 with Ru 80 will lead to a change in
frequencies of vibration modes. The peak shift in RuO, may be
due to the exchange of lattice oxygen with the oxygen in 20
electrolyte under applied potential, while no isotope e ect is
observed in SrRulr. DFT calculations also showed that the
overpotential of the LOM pathwag/ is much higher than the
AEM pathway on ternary catalysts® (Figure S28). While with
the decrease of Sr, the overpotential of LOM increased
accordingly, which coincides with our experiment that the
catalyst is getting stable after Sr leaching. The above results can
serve as side evidence on the suppression of LOM in the
SrRulr catalyst.

Electronic Structures of Ru and Their E ects on the
Improvement of OER Activity. To further understand the
origin of the high activity of SrRulr, we combined in situ X-ray
absorption spectroscopy (XAS) with further DFT analysis to
study the electronic structures of these electrocatalysts. With
increased applied potential, the Ru L;-edge peak at 2840 eV
shifts to higher energy, suggesting an increase in the oxidation
state of Ru in SrRulr (Figure 4a).>* A similar valence increase
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Figure 5. PEM electrolyzer demonstration. (a) Schematic diagram of the PEM electrolyzer. (b) Steady-state polarization curve of a PEM
electrolyzer measured at 80 °C using SrRulr as anodic catalysts. (¢) Chronopotentiometry tests of the SrRulr oxide catalyst at 1 A cm 2 in the PEM

electrolyzer measured at 80 °C.

was observed in the SrRu sample (Figure S29), while the
valence of Ru in RuO, and Rulr controls remained at +4
(Figure S30 and S31). Bader charge analysis from DFT
calculations similarly showed that Ru is more positively
charged than RuO, after Sr incorporation (Table S13). The
Ru 3p XPS data suggested possible formation of high-valence
Ru species on the surface (Figure S32). The above results
support that Sr modulation has a role in the promotion of
high-valence Ru sites, which are known to be more active than
Ru** species.*>*®

Furthermore, SrRulr samples had a signi cantly higher
white-line intensity than pristine RuO, without peak splitting
at 2840 eV (Figure 4b), showing that more unoccupied
states were generated in the states of Ru after Sr
incorporation.””*® This was further proven by partial density
of states (PDOS) analysis of surface Ru sites from DFT
calculations (Figure 4c). We suggest that the incorporation of
Sr modulated the electronic structure of Ru by contributing the
unoccupied g, state to the Ru active sites at ca 1 eV above
Fermi level (Figure S33). Since the g orbitals directly
participate in the -bonding with surface adsorbates**“° the
€ occupancy can a ect the binding of oxo-intermediates in the
AEM, thus facilitating OER. Though a portion of Sr may leach
during OER, the remaining Sr appears to a ect the electronic
structure of Ru (Supplementary Note 3 of the Supporting
Information). The Ir Ls-edge white line position of SrRulr and
Rulr were shifted in the positive direction compared to IrO,,

con rming the interaction between Ru O Ir (Figure 4d).
The valence change of Ir is also supported by XPS (Figure
S34). Sr incorporation leads to a more positive and higher
white line peak than in Rulr, indicating the formation of more
d-band holes of Ir and the increased covalency of the Ir O
bond, contributors toward high activity in OER.**

Water Electrolysis Demonstration in PEM. To further
evaluate the performance of SrRulr in industrial operating
systems, we next used the catalyst in a PEM electrolyzer at 80
°C (Figure 5a and Figure S35). The steady-state polarization
curves in Figure 5b indicate that the OER activity of SrRulr
reduced the overall cell voltage to 1.50 V at 1 A cm 2, which is
superior to the prior best report (Table S14). Upon applying a
constant current of 1 A ¢cm 2 no signi cant increase in cell
voltage was observed after 150 h of electrolysis (Figure 5c).

CONCLUSIONS

In this work, we predicted the OER activity and stability of a
Sr Ru Ir ternary system by DFT and then successfully
synthesized a SrRulr oxide electrocatalyst. The catalysts
exhibited an overpotential of only 223 mV after 1,500 h at
10 mA cm 2. The EXAFS and DEMS measurements showed
that the high stability originated from a strong interaction
among Ru O Ir local structures and a suppressed LOM
pathway, preventing the dissolution of the catalyst. Our in situ
XAS and DFT calculations indicated that the binding
energetics of oxo-intermediates on high-valence Ru sites
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were optimized by Sr and Ir incorporation. This work will
inform the development of highly active and stable electro-
catalysts for OER, as well as other electrocatalysis applications.
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