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In brief

Ruthenium dioxide (RuO,) shows great
potential in the oxygen evolution reaction
(OER) within proton exchange membrane
water electrolyzers (PEMWESs). However,
achieving an optimal balance between
catalytic activity and acid stability
remains a critical challenge. Here, we
propose a Pd and Co co-doping strategy
to enhance both the activity and stability
of RuO, for the acidic OER. Co doping
improves intrinsic catalytic activity by
promoting OOH* deprotonation.
Concurrently, Pd doping enhances the
acid stability of Ru active sites,
suppressing over-oxidation and
dissolution.
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THE BIGGER PICTURE Ruthenium dioxide (RuO,) has the potential to replace Ir-based catalysts for the ox-
ygen evolution reaction (OER) in proton exchange membrane water electrolyzers (PEMWEs). However,
achieving an optimal balance between catalytic activity and acid stability at high anodic potentials remains
a critical challenge. Here, we present a palladium (Pd) and cobalt (Co) co-doping strategy to increase the ac-
tivity and stability of rutile RuO, in the acidic OER. Consequently, the PdCo-RuO, catalyst exhibited a low
overpotential of 190 mV at a current density of 10 mA cm 2 and maintained its activity for over 200 h at a large
current density of 100 mA cm~2, significantly outperforming pristine RuO.. In situ measurements and density
functional theory calculations revealed that Co doping favorably improves the intrinsic catalytic activity by
weakening the overly strong Ru-O* interaction and reducing the energy barrier (AG) for the rate-determining
OOH* deprotonation step, whereas Pd doping significantly enhances the acid stability of Ru active centers
against over-oxidation and dissolution. When utilized as the anode electrocatalyst in a PEM electrolyzer,
PdCo-RuO, achieves a low cell voltage of 1.6 V at a current density of 1 A cm~2 and maintains stable oper-
ation for over 350 h at 100 mA cm 2. This work paves the way for designing more efficient and long-lasting
OER electrocatalysts for industrial applications.

SUMMARY

Proton exchange membrane (PEM) water splitting is a cutting-edge technology that can produce clean and
renewable hydrogen fuel. However, sluggish oxygen evolution reaction (OER) kinetics remain a challenge for
the trade-off between catalytic activity and stability in acidic media. Currently, ruthenium dioxide (RuO,) ma-
terials show great potential for the OER, which still suffers from a major drawback of low durability due to the
severe dissolution of metal atoms in acidic electrolytes. Herein, we report a RuO, nanoparticle material modi-
fied with atomic Co and Pd to enhance OER stability while boosting catalytic activity in acidic environments.
We demonstrate that Co atoms facilitate OOH* deprotonation, thereby lowering the OER energy barrier, while
Pd atoms stabilize the Ru sites by effectively suppressing their over-oxidation and dissolution during the
acidic OER.

INTRODUCTION production.’” However, the development of highly efficient oxy-

gen evolution reaction (OER) electrocatalysts is significantly
Proton exchange membrane water electrolysis (PEMWE) has challenging because of the sluggish kinetics of the anodic OER
emerged as a highly promising technology for green hydrogen  (2H,O < O, + 4H* + 4e7) and the strongly acidic environment
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within PEM devices.® To date, iridium (Ir)-based materials are
considered the only qualified anode catalysts for PEMWE due
to their excellent activity and stability.*° However, the wide-
spread adoption of Ir-based PEMWE has been largely con-
strained by the limited availability of Ir and its prohibitive cost
(over $60,000 kg~ ). In contrast, ruthenium oxide (RuO,)-based
materials, which have high intrinsic activity and significantly lower
cost (approximately $9,500 kg~"),° stand out as the most prom-
ising alternatives to Ir oxides for large-scale PEMWE.? Despite
these advantages, RuO,-based materials suffer from poor stabil-
ity under strongly acidic conditions, primarily resulting from the
irreversible oxidation of RuO, to soluble high-valence Ru** deriv-
atives (e.g., RuO,) at high potential (>1.4 V), leading to structural
collapse and surface Ru leaching.”'® Therefore, the rational
design of highly stable Ru-based OER electrocatalysts is indis-
pensable for the practical implementation of PEMWE.

Typically, changes in the oxidation state of Ru sites within
RuO,-based OER electrocatalysts are closely associated with
the kinetically favorable lattice oxygen mechanism (LOM)
pathway.'"™"® Unlike the conventional adsorption evolution
mechanism (AEM), the LOM reaction pathway involves the con-
sumption of lattice oxygen to facilitate O-O coupling and O, gen-
eration."*"'® This process is often accompanied by the formation
of oxygen vacancies (Oya0),'” which leave the Ru atoms adjacent
to these vacancies highly exposed to the electrolyte. This pro-
cess renders them highly susceptible to excessive oxidation
and transient dissolution, ultimately leading to catalyst
degradation.’®

To stabilize Ru sites, the fundamental strategy involves modu-
lating the electronic structure and suppressing the LOM pathway
in the OER.""'®22 For example, research by Sargent et al.
demonstrated that the involvement of lattice oxygen in the
OER can be mitigated by engineering local Ru-O-Ir interactions,
which significantly improved OER stability.'" Similarly, Lee et al.
proposed a Ru/MnO, catalyst that follows a unique oxide path
mechanism (OPM). This pathway enables O-O radical coupling
without generating Oy, and the participation of lattice oxygen,
thereby preventing the Ru species from detaching from the cata-
lyst surface.'® Nevertheless, such a design principle involves
complex mechanisms and has stringent requirements for the
precise regulation of the metal active sites, making it difficult to
fabricate homogeneous OPM-type OER electrocatalysts.'**%2*

To date, owing to the well-established relationship between
OER stability and the electronic structure of Ru, enormous ef-
forts have been made to reduce the average valence state of
Ru as a pertinent descriptor of improved OER stability.'%*>72®
Among the various strategies proposed, the introduction of elec-
tron-donor elements (Li,”° Sr,*° Re,*' W,*? Zn,** etc.) has been
shown to be effective in preventing the over-oxidation and disso-
lution of Ru sites, thereby enhancing OER stability. However, a
significant drawback of these approaches is that the intrinsic
catalytic activity may be compromised. The lower-valence Ru
species, which are associated with weakened Ru-O covalency,
tend to bind oxygen too weakly, leading to an increased oper-
ating potential for the catalyst.'®'® Therefore, it is imperative to
strike a balance between high catalytic activity and durability
by stabilizing Ru active sites while concurrently improving the
OER Kkinetics of Ru-based catalysts in acidic electrolytes.
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In this study, we proposed a dual-modulation strategy that in-
volves the incorporation of Pd and Co into the RuO, lattice to
modulate the electronic structure and optimize the adsorption
of OER intermediates. As a result, the PdCo-RuO, catalyst
exhibited an impressively low overpotential of 190 mV at
10 mA cm 2 and demonstrated remarkable stability, maintaining
performance for over 200 h at a high current density of 100 mA
cm™~2. This represents an increase in stability of more than an or-
der of magnitude compared with that of pristine RuO, catalysts.
Through a combination of detailed experimental measurements
and density functional theory (DFT) calculations, we revealed
that the dual modulation of Co and Pd enables a hierarchical
coupling effect that adjusts the electronic structure of Ru sites
and optimizes the binding energy of oxo-intermediates, signifi-
cantly enhancing both the OER activity and stability in acidic
electrolytes. Mechanistic analysis attributes the exceptional
electrocatalytic performance primarily to Co incorporation, which
weakens the overly strong Ru-O* interaction and effectively re-
duces the energy barrier (AG) for the rate-determining OOH* de-
protonation step, thereby enhancing the kinetic rate of the OER.
Concurrently, the remarkable structural durability of PdCo-RuO,
originates from the preferential oxidation of Pd?*, which stabilizes
Ru active centers through electron donating, thus enhancing
resistance against oxidative degradation during prolonged elec-
trocatalytic operation. When employed in a PEM electrolyzer, the
PdCo-RuO,||Pt/C assembly operates at a low cell voltage of 1.6 V
at a current density of 1 A cm~2 and maintains stable perfor-
mance for over 350 h at 100 mA cm ™2, demonstrating its potential
for long-term, efficient energy conversion.

RESULTS AND DISCUSSION

Synthesis and characterization of the catalysts

PdCo-RuO, was prepared via a low-temperature molten salt
method. The process began with a mixed molten salt solution
of NaNO3/KNO3, in which the Ru®** and Pd%*/Co?*precursors
were dissolved. The controlled addition of these precursors al-
lowed for the precise incorporation of Pd and Co into the RuO,
lattice. The detailed synthesis procedure is provided in the
methods section. The mass fractions of Pd and Co were exam-
ined using inductively coupled plasma-optical emission spec-
troscopy (ICP-OES) (Table S1), accounting for 0.9 and 0.38
wt %, respectively. The structure of PdCo-RuO, was identified
by high-resolution X-ray diffraction (XRD) and high-angle annular
dark-field scanning transmission electron microscopy (HAADF-
STEM). As displayed in Figures 1A and S1, the XRD results
show distinct diffraction peaks of (110), (101), (200), and (211) fac-
ets that can be indexed to rutile RuO, (ICSD: 43-1027),'® sug-
gesting that the incorporation of small amounts of Pd and Co
has a minimal impact on the overall crystal structure. Additionally,
Rietveld refinement analysis of the XRD data suggested that Pd
and Co atoms are incorporated into the RuO, lattice through sub-
stitutional doping (Figure S2; Table S2), revealing a typical solid
solution structure as described by Vegard’s law.”* HAADF-
STEM images revealed that the PdCo-RuO, catalyst consists
of small nanoparticles with an average diameter of around
3-5 nm (Figure S3). Notably, these nanoparticles exhibit a poly-
crystalline structure with well-defined lattice fringes of 0.32 and
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Figure 1. Atomic-scale structural characterization of PdCo-RuO,
(A) XRD pattern of PdCo-RuOs,.
(B) HAADF-STEM image of PdCo-RuO,.
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(C) Local magnification of the HAADF-STEM image and identification of the incorporated Pd and Co from the corresponding atomic line profile. Red: Pd atom.

Green: Co atom.
(D) EDS line scanning.
(E) TEM element mapping.

0.26 nm (Figure 1B), corresponding to the (110) and (101) planes
of rutile-phase RuO,,***** respectively. Undoped RuO, as a con-
trol sample shows typically identical lattice spacings of the (110)
and (101) planes to those of the PdCo-RuO,, suggesting a negli-
gible lattice distortion upon micro-doping of Pd and Co
(Figure S4). To visually identify the presence of Pd and Co within
the structure, a magnified HAADF-STEM image displaying a high-
ly ordered arrangement of metal atoms was extracted (Figure 1C).
Owing to the characteristics of lighter elements exhibiting lower
imaging contrast, isolated Pd atoms and Co atoms were
observed within the lattice, indicating a high dispersion of Pd
and Co within the RuO, structure. The spatial distributions of
Ru, Pd, and Co without element segregation were further
confirmed by energy-dispersive spectrometry (EDS) analysis
(Figures 1D and S5) and TEM elemental mapping (Figure 1E),
revealing the heterogeneous composition of the sample surface.

Electrochemical OER performance in acidic media
Electrochemical measurements were subsequently performed to
assess the OER performance of the PdCo-RuO, catalyst in a

0.5 M H,S0O, electrolyte. For comparison, control samples were
also evaluated under identical conditions. As demonstrated in
Figure 2A, the PdCo-RuO, catalyst achieved a current density
of 10 mA cm™2 at a remarkably low overpotential (n10) of
190 mV, surpassing the OER activities of the as-synthesized
RuO, (200 mV), Pd-RuO, (193 mV), and commercial RuO,
(270 mV) counterparts (Figure S6). Notably, Co-RuO, exhibited
superior catalytic performance (19 = 190 mV) compared to
PdCo-RuO,, highlighting the dominant role of Co doping in
enhancing OER activity. Kinetic analysis derived from Tafel plots
(Figure 2B) revealed favorable charge transfer characteristics for
Co-containing catalysts, with Tafel slopes of 46.3 mV dec™
for Co-RuO,, 53.6 mV dec™" for PdCo-RuO,, 61.3 mV dec™
for Pd-Ru0O,, and 59.6 mV dec™ for pristine RuO,. This trend
confirms that Co incorporation significantly accelerates the
OER kinetics. Complementary electrochemical impedance spec-
troscopy (EIS) measurements at 1.45 V versus reversible
hydrogen electrode (RHE) (Figure S7) showed substantially
reduced charge transfer resistances for both PdCo-RuO, and
Co-RuO, compared to other samples, further corroborating the
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Figure 2. Electrochemical performance of the as-prepared catalysts

(A) LSV results of the as-prepared samples. Carbon paper was used as working electrode support.
(B) Derived Tafel plots of the as-prepared samples.
(C) ECSA-normalized LSV curves. The glassy carbon was used as working electrode support.
(D) CP tests of the as-prepared samples at a fixed current density of 100 mA cm™2.

(E) CP tests of PdCo-RuO, at a fixed current density of 10 mA cm 2.

(F) Comparison of the overpotentials and catalytic stability at 10 mA cm~2 for recently reported ruthenium-based oxide catalysts in the acidic OER. Catalyst
references can be found in Table S3.
(G) Results of an EQCM LSV measurements (2 mV s~ ") of the as-synthesized RuO, and PdCo-RuO..

(H) Results of an EQCM potentiostatic measurement of the as-prepared RuO, and PdCo-RuO, at 1.5 V vs. RHE.

enhanced charge transfer efficiency induced by Co doping. Sur-
face characterization through cyclic voltammetry in the non-fara-
daic region (Figures S8 and S9) yielded double-layer capacitance
(Cq) values of 8.3 mF cm~2 for PdCo-RuO, and 38.5 mF cm ™2 for
pristine RuO,, corresponding to electrochemical active surface

4
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areas (ECSAs) of 215.4 and 999 cm?, respectively. The reduced
ECSA of PdCo-RuO, suggests that surface-distributed dopant
atoms may partially block Ru active sites. However, when
normalized by ECSA (Figure 2C), PdCo-RuO, demonstrated
significantly higher intrinsic activity with lower overpotential and
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greater current density than pure RuO,, indicating that atomic-
level modifications through doping effectively optimize the cata-
lytic properties of surface Ru sites. These comprehensive ana-
lyses collectively demonstrate that while PACo-RuO, possesses
fewer exposed active sites, the synergistic effects of Co and Pd
doping remarkably enhance the intrinsic activity of remaining
Ru sites through electronic structure modulation and improved
charge transfer kinetics, ultimately leading to superior OER
performance.

To further assess catalyst stability, an accelerated degradation
test was performed at a fixed current density of 100 mA cm~2
(Figure 2D). It revealed that the synthesized RuO, catalyst
degraded rapidly within 20 h, which is consistent with previous re-
ports.**>% |n comparison, the synthesized Co-RuO, and Pd-
RuO, samples maintained better structural integrity, with a slower
activity decay rate than RuO,. Remarkably, PdCo-RuO, showed
a significantimprovement in catalytic stability, operating stably for
over 200 h, far exceeding the performance of Co-RuO, and Pd-
RuO, samples. This finding suggests that the synergistic effects
of Co and Pd doping remarkably improve the catalytic stability
compared to the single-doped counterparts. We further conduct-
ed a continuous chronopotentiometry (CP) test of the PdACo-RuO,
catalyst at a current density of 10 mA cm~2 (Figure 2E). Surpris-
ingly, PdCo-RuO, demonstrated exceptional long-term durability
for more than 480 h, surpassing most of the reported Ru-based
oxide catalysts in acidic electrolytes (Figure 2F; Table S3). These
results collectively suggest that PdCo-RuO, holds substantial
promise for acidic water oxidation, offering both exceptional ac-
tivity and prolonged stability.

The dissolution of the catalyst under operational conditions is
considered the primary cause of catalyst deactivation, which ulti-
mately leads to the degradation of OER performance. To better
understand the dissolution behavior of the catalyst, an electro-
chemical quartz crystal microbalance (EQCM) was applied to
detect the mass change of the catalysts precisely during the elec-
trochemical reactions (see methods for more details). The change
in mass was monitored as a function of the resonant frequency
(Hz) via the Sauerbrey equation.®”~*° First, the EQCM test was per-
formed under a linear sweep voltammetry (LSV) scan from 1.05 to
1.95 V vs. RHE for both the PdCo-RuO, and RuO, catalysts
(Figures 2G and S10). As the potential increased from 1.40 to
1.65 V (stage one), a negative mass loss was observed, indicating
that more oxo-intermediates were generated on the catalyst sur-
face during the OER. Within this potential range, the mass increase
of the PdCo-RuO, catalyst is greater than that of RuO,, revealing a
higher production rate of the oxo-intermediates during the OER.
When the potential exceeds 1.65 V (stage two), rapid positive
mass loss is observed, which is caused primarily by extensive
catalyst leaching from the catalyst surface. To better evaluate
the catalyst dissolution behavior, a potentiostatic measurement
was performed at a moderate potential of ~1.5 V, which enables
a dynamic equilibrium between oxo-intermediate generation and
catalyst leaching (Figures 2H and S11). Over a 3-h period, the
RuO, catalyst exhibited a substantial mass loss of approximately
~1.4%, which was approximately 3.5 times greater than the mass
loss of ~0.4% observed for PdCo-RuO.. These results clearly
demonstrate that catalyst leaching into the electrolyte is signifi-
cantly lower in PdCo-RuO, than in RuO,.

¢? CellPress

Origin of the improved OER performance of PdCo-RuO,
The dissolution of high-valence Ru is considered the cause of the
deactivation of the catalyst during the OER process. To elucidate
the evolution of the Ru valence state during the OER, in situ X-ray
absorption near-edge structure (XANES) spectroscopy was per-
formed on the as-prepared samples at the Ru K-edge at different
potentials. As shown in Figures 3A and S12, with increasing
applied potential, the Ru sites in both the PdCo-RuO, and
RuO, catalysts were oxidized to higher valence states (Ru*,
x > +4). Specifically, the absorption threshold positions of Ru
in PACo-RuO, are lower than those of RuO, at all applied poten-
tials. This suggests that the Ru sites in PdCo-RuO, demonstrate
a slightly lower valence state at high potentials, which may
contribute to the catalyst’s enhanced stability during the acidic
OER. These findings are further supported by the X-ray photo-
electron spectroscopy (XPS) results of the PdCo-RuO, and
RuO, catalysts (Figure $13).?4“° The changes in the coordina-
tion environment of Ru-O for the as-prepared samples are re-
vealed by the extended X-ray absorption fine structure
(EXAFS) (Figure 3B). The first coordination peak, centered at
approximately 1.5A, corresponds to the Ru-O shell.*’ EXAFS
fitting was performed to quantitatively assess the changes in
the Ru-O bond length and coordination number (CN) under
working conditions, and the detailed curves and parameters
are provided in Figures S14 and S15 and Table S4. As the
applied potential is increased, the pristine RuO, shows a short-
ened Ru-O bond length from 1.97 to 1.95 A in the OER region,
while the PdCo-RuO, retained a constant Ru-O bond length of
1.97 A across all tested potentials (Figure 3C), indicating its
structural stability. This stable Ru-O configuration also indicates
a weakened Ru-0 covalency under operating conditions, which
likely shifts the O 2p orbital below the Fermi level, thereby opti-
mizing intermediate adsorption and suppressing the involve-
ment of lattice oxygen in the OER process.*'®%*3 The CN of
pristine RuO, decreases markedly from 3.9 to 3.6 under identical
conditions, indicative of the formation of structurally vulnerable
unsaturated RuO, species, while the CN of PdCo-RuO, remains
invariant at 3.2 across increasing potentials (Figure 3D), suggest-
ing the lattice oxygen atoms are stabilized in the matrix. Compar-
ative TEM analysis revealed distinct structural differences be-
tween post-OER PdCo-RuO, and pristine RuO, (Figures S16
and S17). Specifically, pristine RuO, undergoes significant sur-
face corrosion, whereas the PdCo-RuO, catalyst retains well-
resolved lattice fringes indexed to the (101) and (110) planes of
rutile-phase RuO, under identical OER conditions. Collectively,
these results underscore the critical role of Pd/Co dual-atom
doping in preserving both the local coordination geometry and
global structural integrity under OER-working conditions.

The X-ray absorption spectroscopy (XAS) technique was em-
ployed to provide mechanistic insights into the electronic and
structural contributions of cobalt. Detailed analysis of the Co
K-edge EXAFS spectra reveals the predominant presence of
Co-0 scattering paths with the complete absence of Co-Co sig-
natures (Figure S18), confirming the atomic-level dispersion of
Co within the RuO, lattice. The shortened Co-O bond length
(1.45vs. 1.51 A in standard CoOOH) revealed by wavelet trans-
form analysis in R space enhanced covalent bonding through
Co-O-Ru linkages™ (Figure S18). EXAFS results show a
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Figure 3. Analysis of the electronic structure of the as-prepared catalysts

(A) Operando XANES results at the Ru K-edge of synthesized RuO, and PdCo-RuO.. Rutile-phase RuO, was used as the benchmark.

(B) Operando EXAFS results at the Ru K-edge of the synthesized RuO, and PdCo-RuO.. All the EXAFS spectra are displayed without phase correction.

(C) Fitting results of the Ru-O bond length of the synthesized RuO, and PdCo-RuO as a function of the applied potential.

(D) Fitting results of the Ru-O coordination number of the synthesized RuO, and PdCo-RuO, as a function of the applied potential.

(E) XANES results at the Co K-edge of the pre-PdCo-RuO, and potential-applied conditions (1.6 V vs. RHE).

(F) Changes in the Co valence state of the pre-PdCo-RuO, and potential-applied conditions. Linearity was obtained for the Co foil, Coz0,4, and CoOOH standard

samples.
(G) Cyclic voltammetry curves of synthesized RuO, and PdCo-RuO..

dominant peak at approximately 3.18 Ain the second coordina-
tion sphere, corresponding to Co—O-Ru coordination. This dis-
tance closely aligns with the Ru-O-Ru coordination length
(3.1 A) in crystalline RuO,, providing strong evidence for the sub-
stitutional incorporation of Co atoms into the RuO, lattice. This
atomic dispersion of Co within the oxide matrix induces struc-
tural reinforcement via a strong electron coupling effect,** effec-
tively stabilizing Co atoms. The XANES results (Figures 3E and
3F) show that pristine PdCo-RuO, has a Co K-edge absorption
energy corresponding to an average oxidation state of +3.5, indi-
cating the coexistence of Co®" and Co*" species. This mixed
high-valence Co®*/Co** generates strongly electronegative cen-
ters that withdraw electron density from adjacent Ru sites,
creating electron-deficient Ru active sites. Under operational
conditions at 1.6 V vs. RHE, the Co centers undergo reduction
to lower valence states of +2.2 (Co?*/Co®*) under OER condi-
tions, acting as redox buffers to transiently stabilize reaction
intermediates (e.g., OOH* « O* transitions). This dynamic elec-
tronic tuning creates optimized adsorption sites for oxygenated
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intermediates via the Sabatier principle, weakening the overly
strong Ru-O* interaction”* and promoting the OER process.
Cyclic voltammetry was conducted to investigate the redox
behavior of the metal sites (Figure 3G). The as-prepared sam-
ples displayed a redox peak at approximately 0.62 V, corre-
sponding to the Ru®*/Ru** redox transitions.***> Notably,
PdCo-RuO, exhibited a pronounced redox peak at approxi-
mately 0.90 V, corresponding to the Pd?*/Pd** redox transition
(Figure S19), suggesting that surface Pd sites are oxidized to
higher valence states before the OER begins. This was further
validated by Pd 3d XPS analysis of the post-catalysis PdCo-
RuO, (Figure S20). We propose that the preferential oxidation
of Pd?* facilitates dynamic electron transfer from Pd to nearby
Ru sites, mitigating their over-oxidation and dissolution during
the OER, thereby enhancing the stability of the catalyst. Elec-
tron paramagnetic resonance (EPR) spectroscopy (Figure S21)
detected a pronounced oxygen vacancy (Oyac) signal (g =
2.003) in PdCo-RuO,, signifying a high concentration of defect
sites. The observed enrichment of O, can be attributed to the
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incorporation of low-valent Pd®* dopants,*>*® as evidenced by

XPS analysis (Figure S22). These induced vacancies not only
provide additional active sites for the OER but also stabilize
the lattice against Jahn-Teller distortions.

OER mechanism analysis

To investigate the catalytic reaction mechanism effectively and
the associated variations in the electronic structure of Ru, in
situ attenuated total reflectance surface-enhanced infrared ab-
sorption spectroscopy (ATR-SEIRAS) measurements were per-
formed on the RuO, and PdCo—-RuO, materials under different
applied potentials. As the potential increased to 1.7 V
(Figures 4A and 4B), two distinctive peaks at approximately
1,212 and 1,000-1,100 cm~" were observed for both samples,
corresponding to the vibrational modes of the OOH* and OO~ in-
termediates, respectively. The OO*/OOH* ratio serves as a crit-
ical parameter for quantifying the relative contributions of AEM
(characterized by OOH* intermediates) and LOM (dominated
by OO* species formation).**” As shown in Figure 4C, pristine
RuO, has significantly higher OO*/OOH* ratios (~16.7%) than
PdCo-RuO, (~7.2%), indicating stronger LOM participation in
RuO, and a preferential AEM pathway in the doped catalyst.
These findings strongly suggest that the synergistic interplay of
Co and Pd dopants triggers a charge density redistribution within
the RuO, lattice. This electronic modulation suppresses the
participation of lattice oxygen in PAdCo-RuO,, thereby lowering
the production of OO* intermediates.

DFT calculations were further employed to investigate the ef-
fects of Co and Pd doping on the catalytic properties. The
doping effect was considered separately rather than jointly
because the low doping amount of Co and Pd corresponds to
a low probability of both dopants neighboring. The slab model
exposing the rutile-phase RuO, (110) was constructed for its
lowest surface energy and adopted as the baseline model for
generating slabs with an oxygen vacancy (O,,.; denoted by
the suffix of -O,,c) and with a Ru atom substituted by a dopant
atom (denoted as Co-RuO, and Pd-RuQO,). As shown in
Figure 4D, the lattice oxygen atom bridging two Ru atoms tends
to be preferably removed, leaving an O,,c on the surface. The
Oyac formation energy (AEoyac) Was obtained by computing
the energetic differences of the oxygen atom at the bridge site
and in a water molecule, which were —0.03, —0.92, and —1.26
eV for RuO,, Co-RuO,, and Pd-RuO,, respectively. Thus, sur-
face O,4c formation can be largely facilitated through Co/Pd
doping, especially through the introduction of Pd, rationalizing
the experimental EPR results. By considering a classical adsor-
bate evolution mechanism, as corroborated by ATR-SEIRAS
and previous investigations,®’ the catalytic superiorities of
such Oy 4c-rich surfaces are further illustrated in Figure 4E. The
universal scaling between the binding strengths of the OH*
and OOH* intermediates (AGoon+ = AGon- + 3.0 eV, considering
the different solvation effects on stabilizing OH* and OOH*)*®
was leveraged to obtain a two-dimensional OER activity vol-
cano plot, in which the theoretical overpotential # can be ex-
pressed as a function of the OH* binding energy (AGon-) and
the difference in adsorption strengths between O* and OH*
(AGor — AGopr) (see the supplemental information for details).
The surfaces that contain O, are shown to possess more ideal
binding strengths and are located closer to the volcano peak

¢? CellPress

featuring moderate oxygen reactivity. The corresponding free
energy diagrams are additionally compared at a potential of
1.23 V vs. RHE (Figure 4F). The optimized geometries of OH*,
O*, and OOH* adsorbed on these slabs, as well as the corre-
sponding surfaces without adsorbates, are depicted in
Figure S23. All surfaces except Co—-RuQO,-0,,c exhibit a poten-
tial-determining step (PDS), in which water nucleophilically at-
tacks the coordinatively unsaturated oxygen (Ocys) to yield
OOH*, among which RuO>-0, 4. has the lowest free energy pen-
alty of 0.38 eV (Figure S24). The Co-RuO,-0, 5. surface, howev-
er, experiences a shift of the PDS to the last step of OOH* depro-
tonation to liberate O,, which results in an even lower free
energy penalty of 0.34 eV. To rationalize such enhancement,
the projected density of states (PDOS) analysis of the O-2p or-
bitals of the Ocys atom was plotted. As shown in Figure 4G, Oy ¢
formation and Co/Pd doping populate more states at higher en-
ergies. The p-band center g5 _», was computed for further com-
parison (Figure 4H). The Co-RuO,-0, 4. surface has the highest
€0_pp Of —2.69 eV, whereas the O,,c- and dopant-free baseline
surfaces have the lowest g5 o, of —2.92 eV. This finding aligns
well with previous theories that go_5, is positively correlated
with oxygen reactivity and that a higher go_5, of Ocys makes it
easier for water to undergo nucleophilic attack.’® Note that Pd
doping is not as superior as Co doping in regulating the OER en-
ergetics to the optimum value. However, the introduction of Pd
largely stabilizes the more active O,4.-containing structures.
Along with the Co doping that further boosts the OER perfor-
mance through the modulation of the local electronic structure
of Oygc-rich RuO, surfaces, the great catalytic potential of
PdCo-RuO, for the acidic OER is thereby substantiated.

Performance of PEMWE devices

Finally, we assembled a PEM electrolyzer (Figure 5A) to evaluate
the overall water-splitting performance (see the supplemental
information for details). The fabricated membrane electrode as-
sembly (MEA) was characterized using SEM in both cross-
sectional and planar views (Figures 5B and S25). The MEA con-
sisted of an anode PdCo-RuO; (2 mg cm~?) catalyst, a cathode
Pt/C (0.8 mg cm~?) catalyst, and a PEM (Nafion 117). The single
PEM cell was tested at an operating temperature of 80°C using
carbon paper and Ti felt as the porous transport layers (PTLs).
The current-voltage (J-V) curves (without iR-compensation)
(Figure 5C) revealed that the PdCo-RuQ,||Pt/C assembly
required cell voltages of only 1.6 and 1.688 V to achieve current
densities of 1 and 2 A cm™2, respectively. These values are
significantly lower than those required by the reference commer-
cial RuO,||Pt/C and even Co-RuQ,||Pt/C assemblies under
elevated current density exceeding 500 mA cm~2 (Figure S26),
highlighting its exceptional electrocatalytic activity. In compari-
son with other newly reported Ru- or Ir-based oxides applied
in the PEM anode, PdCo-RuO, exhibits comparably small cell
voltages under industrial current densities of 1 and 2 A cm™2
(Figure 5D; Table S5). We further conducted an economic anal-
ysis to compare the performance of the PEM devices (see the
supplemental information for details). The PEM energy efficiency
when PdCo-RuO:; is used as the anode reaches 72.86% at 2 A
cm2, with a corresponding energy consumption of 45.24 kWh
kg~ (Table S6). Specifically, the estimated cost per kilogram
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Figure 4. Mechanistic analysis of PdCo-RuO, toward the acidic OER

(A and B) In situ ATR-SEIRAS analysis of (A) RuO, and (B) PdCo-RuO..

(C) Normalized intensity of OOH*/O0* as a function of the applied potential obtained from the ATR-SEIRAS results.

(D) Formation energy of the oxygen vacancy (O,4c) in RuO, (110), Co-RuO, (110), and Pd-RuO, (110).

(E) Theoretical two-dimensional overpotential map as a function of AGop- and AGo- — AGop--

(F) Free energy diagrams of the OER on RuO,, RuO2—-Oy4c, Co-RuO2—Oy ¢, and Pd-RuO,-O,4c at U = 1.23 V vs. RHE. The bold lines indicate the potential-
determining steps (PDSs). Using Co—RuO,-O,,¢ as an example, the surface without adsorbates and optimized geometries of OH*, O*, and OOH* adsorbed on the

slab are depicted.

(G) PDOS of the O 2p orbitals of O*-adsorbed RuO,, RuO>—0,5c, CO-RUO>~O,4c, and Pd-RuO,-0, 4.

(H) O 2p band center obtained from the PDOS.

of H, produced using our PEM device is approximately $0.9,
which is significantly lower than the Department of Energy
(DOE) target of $2 per kilogram by 2026. We further evaluated
the stability of the PEM device utilizing the PdCo-RuO, catalyst
as an anode at 80°C (Figure 5E). When a constant density of
100 mA cm~2 was applied, the cell voltage of the PdCo-RuO,||
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Pt/C assembly did not significantly increase for 350 h. Even
when operating at a higher current density of 200 mA cm™2, it
achieves 160 h of stability (<10% decay), representing an
8-fold improvement over that of pristine RuO, (<20 h). These re-
sults confirm the superior OER stability of the PdCo-RuO, cata-
lyst and highlight its potential suitability for use in PEM devices.
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Figure 5. PEM performance evaluation
(A) Schematic diagram of the PEM electrolyzer.
B) SEM side view of the fabricated MEA.

(
(C) J-V curves of commercial RuO, and PdCo-RuO, at 80°C.
(
(

RuO,. Pure water was used as the electrolyte.

Conclusion

In summary, we reported a highly active and durable OER
electrocatalyst in acid by incorporating Pd and Co into the
RuOs, lattice. The resulting PAdCo-RuO, catalyst demonstrated
an impressively low overpotential of only 190 mV at 10 mA
cm~2 and exhibited excellent stability, maintaining its perfor-
mance for over 200 h at a large current density of 100 mA
cm2. In situ measurements and DFT calculations revealed
that Co doping can effectively optimize the adsorption energy
of oxygen-containing intermediates and reduce the energy
barrier for OOH* deprotonation through Co-O-Ru interac-
tions, leading to improved OER activity. Pd doping prevents
excessive oxidation of Ru and stabilizes the Ru active sites
via electron transfer, thereby increasing the OER stability in
acidic electrolytes. This study highlights the critical role of
Co and Pd co-doping in modulating the electronic structure
of Ru active centers and achieving an optimal balance be-
tween catalytic activity and stability under acidic OER condi-
tions. When applied in a PEM electrolyzer, the PdCo-RuO,
catalyst achieved a low cell voltage of 1.6 V at a current den-
sity of 1 A cm 2 and operated stably for 350 h at 100 mA
cm~2. This work provides valuable insights into the degrada-

D) Comparison of the cell voltages of PdCo-RuO, and other reported representative Ru/Ir-based oxide OER catalysts at 1 and 2 Acm ™ ~.
E) Chronopotentiometry stability tests measured at fixed current densities of 100 mA cm~2 for PdCo-RuO, and 200 mA cm™~2 for commercial RuO, and PdCo-

2

tion mechanisms of Ru-based catalysts and presents a prom-
ising strategy for designing high-performance, stable electro-
catalysts for acidic OER applications.

METHODS

Details regarding the methods can be found in the supplemental
information.
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