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Advancements in proton-exchange membrane water electrolyzer depend on

developing oxygen evolution reaction electrocatalysts that synergize high
activity with stability. Here, we introduce an approach aimed at elevating
oxygen evolution reaction performance by enhancing the spatiotemporal
coordination of oxygen radicals to promote efficient O-O coupling. A dense,
single-atom configuration of oxygen radical donors within interconnected
RuO, nanocrystal framework is demonstrated. The stable oxygen radicals on
gallium sites with adaptable Ga-O bonds are thermodynamically favorable to
attract those from Ru sites, addressing dynamic adaptation challenges and
boosting O-O coupling efficiency. The optimized catalyst achieves a low
overpotential of 188 mV at 10 mA cm?, operates robustly for 800 h at

100 mA cm? in acidic conditions, and shows a large current density of 3 A cm™
at 1.788 V, with stable performance at 0.5 A cm? for 200 h, confirming its long-
term viability in proton-exchange membrane water electrolyzer applications.

Proton-exchange membrane water electrolyzer (PEMWE) is pivotal for
producing green hydrogen, essential for fostering a sustainable
hydrogen economy' . However, the OER at the PEMWE anode, which
impact on the commercial viability of PEMWE, influencing cost, energy
efficiency, and operational lifespan, faces obstacles due to severe
corrosive environments and sluggish reaction kinetics, challenging the
development of active and long-lasting OER electrocatalysts’™". Cur-
rently, noble metal nanomaterials, especially iridium and ruthenium,
are the benchmarks in OER electrocatalysis, crucial for enhancing
PEMWE'’s commercial success by affecting cost, energy efficiency, and
longevity' . Among these, ruthenium-based electrocatalysts offer a
more economical solution, exhibiting superior intrinsic OER activity
compared to more expensive iridium counterparts®?. However,

ruthenium’s propensity to form soluble RuO, tetrahedral structures
under acidic reaction conditions leads to rapid degradation®*%.
Addressing this, there is a pressing need to engineer ruthenium-based
electrocatalysts that maintain a delicate balance between activity and
durability, thereby extending their practical application in industrial
settings.

Effective regulating the OER reaction mechanism is essential to
address these challenges, yet poses challenges in constructing elec-
trocatalyst at atomic level. Two primary OER pathways have been
established based on the premise that the OER cycle proceeds at a
single active site: the adsorbate evolution mechanism (AEM) and the
lattice oxygen oxidation mechanism (LOM)*, In AEM pathway,
scaling relationships linking the binding energies of oxo-intermediates
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(e.g., *O, *OH, *OOH) result in a theoretical overpotential exceeding
370 mV**3¢, Conversely, LOM typically exhibits a faster reaction rate
due to the change in O-O coupling step by involvement of active lattice
oxygen, which reduces the reaction energy barrier of rate determine
step’°. However, the release of lattice oxygen leads to oxygen
vacancy creation, reducing the coordination number (CN) of metal
cations (e.g., for active site of octahedral structure, its CN decreases
from 6 to 4 upon O, desorption) and promoting dissolution of metal
species in the electrolyte, particularly in acidic environments. This
results in rapid catalyst degradation***%. Consequently, rational
designing OER electrocatalysts that overcome the drawbacks of AEM
and LOM is critical for enhancing acid OER performance.

It is crucial to emphasize that exploring another reaction path-
ways, such as the oxide path mechanism (OPM), could notablely
enhance the catalytic activity and long-term stability of OER
catalysts**™. This mechanism facilitates the direct coupling of 0-O
radicals without a substantial decrease in coordination number (CN
decrease greater than 2). Successfully achieving direct O-O radical
coupling within the OPM requires fulfilling two stringent conditions.
Firstly, from a spatial perspective, it is necessary for coexistence of
adjacent active sites that display optimal oxygen radical adsorption
energies, thereby thermodynamically favoring direct O-O coupling
over the formation of -OOH intermediates. Secondly, from a temporal
perspective, maintaining the synchronous presence of oxygen radicals
at these adjacent active sites during the dynamic OER process is cru-
cial, a factor that is often overlooked.

In the LOM, the adjacent lattice oxygen remains relatively stable,
thereby enhancing the likelihood of O-O coupling following the
deprotonation of -OH at metal active sites. In contrast, when oxygen
radicals are generated by adjacent active sites, the dynamic evolution
of these intermediates (*OH, *O, *OOH) crucially impacts the efficacy of
0-0 direct coupling. The synchronization of these kinetic processes is
a significant hurdle to trigger the OPM pathway. We previously
reported the Ru atom array featuring abundant homogeneous active
site pairs and shortened the interatomic distances, which facilitate the
simultaneous generation of adjacent oxygen radicals, thereby enabling
0-0 coupling*®*’. However, the precise structural design requirements
of the atomic arrays limit the choice of support materials and pose
challenges in the broader application of OPM-like pathway. Therefore,
the development of simpler and more versatile OPM-type electro-
catalysts is of great significance.

Herein, we presented an advanced design principle for OPM
based electrocatalyst, which employs a localized configuration of high-
density single atom oxygen radical donors within interconnected RuO,
nanocrystal framework (iGayRu;.40,). The Ga single atoms, character-
ized by inherently low OER activity, predominantly generated oxygen
radicals without progressing to -OOH or O,, which effectively alle-
viated the dynamic adaptation challenge of adjacent oxygen radical
intermediates on temporal scale. Then, the oxygen radicals from Ga
sites showed dynamically extensible Ga-O bonds, which thermo-
dynamically more favorable to attract adjacent oxygen radicals on
surrounding Ru sites, promoting O, evolution through direct O-O
coupling. Thus, the Ga-Ru heteroatom active site pairs effectively
facilitate direct O-O radical coupling and enhances the OER process,
realizing the transform of AEM pathway (observed in iRuO,) to OPM
pathway (observed in iGag ;Rup g0, with high spatiotemporal coordi-
nation of oxygen radicals) (Fig. 1). The optimized catalyst demon-
strated significant performance improvements, achieving low
overpotentials of 188mV and 219mV at current densities of
10 mAcm and 100 mA cm?, respectively. Moreover, the optimized
iGag,Rup g0, catalyst maintained robust operation for 800h at
100 mA cm™ under acidic conditions, outperforming most reported
OER catalysts. The optimized iGag ;Rug g0, based PEMWE achieved a
high current density of 3Acm™ at 1788V, surpassing the U.S.
Department of Energy’s 2025 target of 1.9 V at 3 A cm ™ Additionally, it

exhibited long-term stability, maintaining performance at 0.5 Acm™
for 200 h.

Results
Synthesis and characterization of iGa,Ru;.,0,
Gallium-doped interconnected ruthenium oxide nanocrystal

(iGa,Ruy.x0,, where x represents the molar ratios of Ga being 0.1, 0.2,
and 0.3 for each sample) were synthesized using tannic acid and urea
as the soft template (Supplementary Fig. 1). Scanning electron micro-
scopy (SEM) images (Fig. 2a and Supplementary Fig. 2) revealed the
nanosheet morphology of the iGa,Ru;.xO, and iRuO, samples. The
high-resolution transmission electron microscopy (TEM) (Fig. 2b and
Supplementary Fig. 3) and aberration-corrected high-angle annular
dark-field scanning transmission electron microscopy (AC HAADF-
STEM) images (Fig. 2c and Supplementary Fig. 4) displayed that
iGag,Rup g0, features interconnected nanocrystals (approximately
3nm). Other iGa,Ru;.,O, and iRuO, samples also exhibited two-
dimensional (2D) nanosheet morphology with uniformly distributed
elements (Supplementary Figs. 5-7). However, randomly dispersed
isolated Gag,Ru g0, nanoparticles were obtained without the addi-
tion of tannic acid, confirming the critical role of tannic acid in forming
2D interconnected nanostructures (Supplementary Fig. 8). The AC
HAADF-STEM images (Fig. 2¢c, d) clearly showed lattice fringes corre-
sponding to the crystallographic planes (110), (101), and (211). Energy
dispersive spectroscopy (EDS) elemental mapping images demon-
strated a homogeneous dispersion of Ga and Ru elements throughout
the entire iGagRupg0,, with Ga exhibiting atomic-level dispersion
(Fig. 2e). The elemental analysis based on EDS results revealed a Ga/Ru
atom ratio of 23%, which is in agreement with the inputs ratio (1:4) and
inductively coupled plasma optical emission spectroscopy (ICP-OES)
analysis (Supplementary Table 1). Atomic force microscopy (AFM)
image showed that the iGag >Rug g0, has a thickness of approximately
4nm (Supplementary Fig. 9). The nitrogen adsorption-desorption
isotherms for iGag,Rup g0, exhibited a Type IV curve with H2-type
hysteresis, indicative of a mesoporous structure with a pore size dis-
tribution about 3.5 nm (Supplementary Fig. 10).

Powder X-ray diffraction (XRD) was utilized to elucidate the
crystallographic structure of the synthesized samples. The
iGag,Rug g0, exhibited diffraction peaks congruent with those of both
commercial RuO, (Com-RuO,) and synthetic interconnected RuO,
(iRuO,), as depicted in Fig. 2f. Three prominent diffraction peaks
corresponding to the (110), (101), and (211) planes of the rutile RuO,
phase (JCPDS no. 43-1027) were identified for iGayRu;.4O; (x = 0.1-0.3)
(Supplementary Fig. 11)**=°, X-ray photoelectron spectroscopy (XPS)
was employed to probe the surface chemical states of iGag ;Rug gO,. In
the high-resolution Ru 3d XPS spectrum of Com-RuO,, two char-
acteristic peaks were identified at 281.65eV and 285.82¢eV, corre-
sponding to the Ru 3ds; and Ru 3d5/, of Ru*', respectively (Fig. 2g and
Supplementary Table 2). Additionally, there was a shift of ~0.12 eV
toward lower binding energies for the Ru 3ds,, peak in iGag,RusO>
compared to Com-RuO,, indicating a marginally reduced oxidation
state of Ru in iGag ;Rug g0,. For Ga 2p XPS spectrum of iGag ;Rug g0,,
two principal peaks were discerned at 1118.35 eV and 1145.20 eV, cor-
responding to the Ga 2p;,, and Ga 2py/, of Ga*, respectively (Supple-
mentary Fig. 12)*">. Moreover, the positive shift of 0.23 eV compared
to those of Ga,0O; implies a strong electronic interaction between Ga
dopants and surrounding Ru cations, which can be attributed to the
difference in ion electronegativity between Ga** (1.579) and Ru**
(1.848)**.

The X-ray absorption spectroscopy (XAS) was conducted on
iGap,Rup g0, and comparable samples to meticulously probe the
electrocatalysts’ electronic structure and atomic coordination envir-
onments. The O K-edge soft XAS (sXAS) spectra of iGag ,Rug g0, pro-
vided insights into the excitation of oxygen core electrons from
occupied O 1s states to unoccupied t,z and eg states of the Ru-O
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Fig. 1| Schematics of OER mechanisms. Schematic illustration AEM pathway of iRuO, and OPM pathway of iGag ;Rup sO».
hybridized orbitals (Supplementary Fig. 13)>*". Notably, the eg/t,; 100mAcm™), iGapsRup;0, (232mV at 10mAcm? 309 mV

intensity ratio in iGag ;Rup g0, was elevated compared to iRuO,, indi-
cating enhanced electron density within the e, orbitals relative to the
tye orbitals. Ru M-edge sXAS spectrum also showed a closed Ru**
chemical valence for iGag,Rug 50, (Supplementary Fig. 14). Further-
more, the Ru K-edge X-ray absorption near-edge structure (XANES)
spectra of iGag ,Rug g0, and iRuO, were positioned between those of
Ru foil and Com-RuQ,, suggesting an average valence state of Ru at
approximately +3.9 (Supplementary Fig. 15). Additionally, the Ga K-
edge XANES analysis revealed that the oxidation state of Ga in
iGag,Ruo g0, (+3.2) is slightly higher than that of Ga** in Ga,Os,
aligning with the XPS analyses (Supplementary Fig. 16). Figure 2h, i
illustrated the Fourier-transformed extended X-ray absorption fine
structure (FT-EXAFS) spectra in R-space for the Ru and Ga K-edge of
iGag 2Rup g0,. The Ru K-edge FT-EXAFS spectrum of iGag,Rug g0, is
closely resemble those of Com-RuO, and iRuO,. The FT-EXAFS fitting
results suggest that the Ru-O bond length is maintained at 1.96 A fol-
lowing Ga doping (Supplementary Fig. 17 and Table 3). The wavelet
transformed EXAFS (WT-EXAFS) of iGag,Rug g0, were observed at
k=6 and 13 A exhibited intensity maximum, which can be attributed
to the Ru-O and Ru-Ru (Ga) scattering paths, respectively (Supple-
mentary Fig. 18). These feature peaks are weaker than those in Com-
RuO, samples, maybe due to the smaller nanoscale size of
iGag»Rup g0, and the mixed coordination shell of Ru-Ru/Ga®. In con-
trast, the FT-EXAFS spectrum at the Ga K-edge of iGag,Rupg0;
demonstrated coordination environment akin to that observed at the
Ru K-edge of iGag,Rug g0, (Fig. 2i and Supplementary Fig. 19). Fur-
thermore, the Ga K-edge WT-EXAFS spectrum of iGag,RuggO, dis-
played a pronounced peak at approximately k = 5 A7, indicative of Ga-
O coordination, while no significant Ga-Ga interactions signatures
(Supplementary Fig. 20). These findings emphatically confirm the
predominance of a Ga-O monoatomic coordination in iGag >Rug g0,'°.

OER and PEMWE performance evaluation

The OER performance of various electrocatalysts was methodically
evaluated within a conventional three-electrode configuration using
1M HCIOy, as the electrolyte. Geometrically normalized linear sweep
voltammetry (LSV) curves revealed that iGag,RupgO, exhibited
superior OER activity, evidenced by overpotentials of 188 mV and
219mV at 10mAcm™ and 100 mAcm™?, respectively. These values
surpassed those of iRuO, (233mV at 10mAcm? 279mV at
100 mAcm™?), iGag;Rupe0, (199 mV at 10mAcm™> 237mV at

at 100 mAcm™), Gag,Rupg0, (299 mV at 10mAcm™? 429mV at
100mAcm?), and Com-RuO, (309mV at 10mAcm? 474mV
at 100mAcm?) (Fig. 3a and Supplementary Fig. 21). Notably,
iGag,Rug g0, demonstrated the lowest Tafel slope (33.9 mV dec?) and
the smallest charge transfer resistance (R.=4.3 Q), indicating its
enhanced charge transfer capabilities and improved OER kinetics
compared to iRuO, and Com-RuO, (Fig. 3b, c).

To comprehensively investigate the influence of Ga doping on
OER performance, the double-layer capacitance (C4) and electro-
chemically active surface area (ECSA) were meticulously quantified to
ascertain the intrinsic OER activity of each catalyst (Supplementary
Figs. 22, 23). The specific activity at an applied potential of 1.46 V was
found to follow the sequence: iGagRug g0, (0.150 mA cm™) >iRuO,
(0.008 mA cm™) > Com-RuO, (0.004 mA cm™). The mass activity for
iGag,Rug g0, is 2302 mA mgg,”, which is 38 times higher than iRuO,
(61mA mgg,™) and 256 times higher than Com-RuO, (9 mA mgg,™)
(Supplementary Fig. 24). These results distinctly demonstrate the
beneficial impact of Ga doping on enhancing the intrinsic catalytic
activity for OER under acidic conditions.

The durability of iGag ,Rug g0, was investigated using the chron-
opotentiometry method under high currents of 100 mA cm™in an acid
electrolyte of 1 M HCIO, (Fig. 3d). The Com-RuO, suffered from a rapid
activity decay within 20 h in the H-type electrolytic cell. Excitingly, the
iGap,Rup g0, electrocatalyst lasted for 800h without significant
potential variation. We quantified the ionic concentrations of Ru and
Ga in the electrolyte using inductively coupled plasma-mass spectro-
metry (ICP-MS) during the OER stability tests (Supplementary Fig. 25).
It can be observed that at high current densities of 100 mAcm™, Ru
and Ga dissolve rapidly in the initial period. However, the dissolution
rate of iGag,Rupg0, decreases over time, and even after 800h,
approximate 90% of the active Ru component is still retained, which
demonstrates the stability of the catalyst. These results suggested that
the atomic level Ga doping and the interconnected nanostructure can
stabilize the rutile RuO,, which surpassing the performance of most
previously reported Ru-based electrocatalysts (Supplementary
Table 4).

A PEMWE was assembled using iGag ;Rup g0, as the anodic elec-
trocatalyst. The optimized iGag,RugsO,-based PEMWE achieved a
current density of 3Acm™ at 1.788V, surpassing both previously
reported PEMWEs and the U.S. Department of Energy’s 2025 target of
3Acm™ at 1.9V (Fig. 3e, Supplementary Fig. 26 and Table 5)*°%,
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Fig. 2 | Structure characterization. a SEM, b TEM, ¢, d AC HAADF-STEM images of
iGag ;2Rup g0, catalyst. e EDS elemental mapping images and elemental analysis of
Ga and Ru for iGag ;Rug O, catalyst. f XRD patterns, and g high-resolution Ru

3d XPS of iRuO,, iGag ,Rup g0, and Com-RuO, samples. FT-EXAFS spectra of h Ru K-

edge for Ru foil, Com-RuO,, iRuO, and iGag >Ruo g0, and i Ga K-edge for Ga foil,
Ga,03 and iGag ;Rug g0, samples. K, K shell. R, internal atomic radial distance. a.u.
arbitrary units. Source data are provided as a Source Data file.

Furthermore, the performance hierarchy of the PEMWE was observed
as iGagsRup g0, > iRUO, > Gag 2Rup g0, (isolated nanoparticle) > Com-
Ru0,, underscoring the enhancements conferred by the nanosheet
structure and atomic Ga doping in improving PEMWE performance. To
understand the enhanced performance of the iGag,RuggO;,-based
PEMWE, an overvoltage subdivision was employed, distinguishing
between kinetic (Nyn), ohmic (Nopm), and mass transport (Nmass)
potential losses (Fig. 3f)**"*. For iGag »Rup g0, and Gag;Rug g0,-based
PEMWE, ny;, was found to play a dominant role in performance at
lower current densities. Notably, the Nmass for Gag,RuggO,-based
PEMWE increased linearly with current density and exceed ny, at a
current density of 4.4 Acm™, highlighting the significant impact of
mass transfer limitations on PEMWE performance under conditions of
high current density and substantial gas evolution. In contrast, the
Nmass Of 1Gag 2RUg gO--based PEMWE is always smaller than n;, at the
same current density. These findings underscore the advantages of the

nanosheet morphology of iGag,Rug g0, in enhancing mass transfer
efficiency during demanding electrochemical conditions, thereby
bolstering the performance of PEMWE. The stability of optimized
iGap,Rupg0,-based PEMWE was further substantiated using the
chronopotentiometry method at a current density of 0.5 A cm™?, with
the system operating continuously for 200 h, thereby surpassing the
durability metrics of most previously reported PEMWE (Fig. 3g and
Supplementary Table 5). The chronopotentiometric stability test at
1A cm™ also affirmed the catalyst’s robust performance over a period
of 100 h at higher current density (Supplementary Fig. 27). Addition-
ally, the results of variable current stability tests within the current
density range of 1-5 A cm™ also showcased the nice stability of the PEM
based on the optimized iGag ;Rug g0, electrocatalyst (Supplementary
Fig. 28). These results firmly establish iGag,Rug g0 as a highly effec-
tive acidic OER electrocatalyst, showcasing its potential for industrial-
scale applications in PEMWE.
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Fig. 3 | OER performance. a LSV curves for iRuO,, iGag ;Ru0 905, iGag ,RUp 05,
iGag 3Rup70,, Gag,Rup g0, and Com-RuO, catalysts (100% iR correction, where R
was estimated to be 7.0 + 0.7Q). b Tafel slopes plots, ¢ EIS plots for iRuO,,

iGag 2Rup g0, and Com-RuO, catalysts_d The chronopotentiometric curves without
iR correction at 100 mA cm™ for iGag ,Rug gO, catalysts [Insert: (I) photograph of
the H-type electrochemical cell (50 mL volume in per compartment, in which the
anode and cathode sides are separated by a Nafion 115 membrane, and the elec-
trolyte was collected and replaced with fresh electrolyte every 50 h.) and (Il) the

chronopotentiometric curves at 100 mA cm for Com-RuO, catalysts].

e Polarization curves of the PEMWE using iGag 2Ruo g0, iRuO,, Gag >Ru 0, and
Com-RuO; as anode [Insert: photograph of the PEM electrolyzer device]. f Various
overpotential contributions to the polarization curves of different catalysts at
various current densities. g Chronopotentiometric curve of the PEMWE using
optimized iGag ,Rug g0, catalyst operated at 0.5 A cm™ [Insert: chronopotentio-
metric curve of Com-RuO; at 0.5 A cm in the PEMWE system]. Source data are
provided as a Source Data file.

Mechanism analysis for enhanced OER performance

To explore the mechanism behind the enhanced performance of
iGag,Rug 50,, extensive characterizations were performed to analyze
the structural and chemical state transformations of iGag,RuggO»
after OER (iGagRupgO5-spent). The TEM images of iGag,Rupg0,-
spent showed the preservation of its 2D interconnected nanocrystal-
line structure (Fig. 4a). The EDS elemental mapping confirmed the
uniform Ga doping within the crystal lattice of iGag ;Rug O, after OER
(Fig. 4b). The unchanged characteristic peak positions in the XRD
pattern of iGag »Rug gO5-spent affirmed its robust crystalline structure
under acidic OER conditions (Fig. 4c). These findings elucidated the
robustness and structural integrity of iGag ,Rup g0,. XPS analysis of the
Ga 2p core level in iGag>Rug g0,-spent showed a shift towards lower
binding energies by 0.95 eV, indicative of increased electron density at
the Ga sites (Fig. 4d). Similarly, Ga K-edge XANES of iGag;Rug 05"
spent exhibited a significant shift towards lower energy in the
absorption edge, compared to the fresh sample, corroborating an
increase in electron density at Ga sites. The quantitative analysis of the
Ga K-edge XANES reveals that the oxidation state of Ga is reduced to

+2.8 after OER (Supplementary Fig. 29). The alteration in valence state
is indicative of the involvement of Ga in the OER process. In contrast,
the Ru 3d XPS spectra between iGag,Rugg0,-spent and the fresh
sample remained consistent (Fig. 4e). Ru K-edge XANES quantitative
analysis of iGag,Rupg0;-spent demonstrate that Ru oxidation state
remains at +3.9. Ru M-edge sXAS analysis of iGag ,Rug g0,-spent were
consistent with the XPS results (Supplementary Figs. 30 and 31).
Conversely, a distinct positive shift of 0.20 eV in the Ru 3d XPS spectra
and a 0.43 eV positive shift in Ru M-edge sXAS spectra for iRuO,
demonstrated progressive oxidation of Ru, emphasizing the distinct
behavior of the Ru species in iRuO; (Fig. 4f and Supplementary Fig. 32).
These comprehensive findings highlight Ga’s crucial role in stabilizing
the valence state of Ru within iGag;Ruo g0, during the OER process,
contributing to the overall robustness and efficacy of the material in
harsh electrochemical environments.

The local coordination environment in iGagRup g0, during the
OER was investigated using operando Ru K-edge and Ga K-edge FT-
EXAFS measurements (Supplementary Fig. 33). The analysis showed
that the applied potential increased from the open circuit potential
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test. fHigh-resolution Ru 3d XPS spectra of iRuO, before and after the OER test. a.u.
arbitrary units. Source data are provided as a Source Data file.

(OCP) to 1.6V, the average Ru-O bond length in iGag,RupgO>
remained constant at 1.96 A, while the corresponding coordination
number (CN) slight decreased from 5.7 to 5.4 (Fig. 5a, ¢, d and Sup-
plementary Table 6). The slight decrease in CN suggests that the des-
orption of reaction intermediates (e.g., *O,) likely occurs at Ru sites
during the OER. In contrast, the average Ga-O bond length in
iGag,Rug 50, lengthened from 1.96 to 2.02 A, and the corresponding
CN increased from 5.5 to 6.2 (Fig. 5Sb-d, and Supplementary Table 7).
The observed increasement in CN and bond length for Ga-O in
iGag»Rug g0, indicated a probability of Ga site participation in the OER
process. The Ga sites are likely involved in the evolution of reaction
intermediates (e.g., *O), and the elongation in bond length between Ga
and these intermediates may enhance synergistic catalytic actions with
neighboring active sites.

To further elucidate the OER pathways, isotopically labeled
operando synchrotron radiation Fourier transform infrared (SR-FTIR)
spectroscopy was conducted. In HCIO4-H,"O electrolyte, a prominent
peak at 1031 cm™ was detected in the SR-FTIR spectra of iRuO,, which
can be attributed to *OOH, a typical reaction intermediate in the AEM
pathway (Fig. Se, left)**>. However, distinctive absorption peak at
1137 cm™ and 1107 cm™ were observed in the operando SR-FTIR spec-
tra of iGag ,Rug g0, when the potential reached the OER region (>1.4 V)
(Fig. 5e, right). In the isotopically labeled HClO4-H,™®0 electrolyte, the
operando SR-FTIR spectra of iGag,Rup g0, were shifted to the main
peak position in the OER region to 1099 cm™ (Supplementary Fig. 34).
When the electrolyte was replaced with HCIO4-D,0, the main peak
position of the operando SR-FTIR spectra for iGag ,Rug g0, in the OER
region remained at approximate 1140 cm™. These results confirm the
generation of linearly bonded superoxol species (M-O-O) rather than
oxyhydroxide species (M-O-O-H) during the OER process' ¢,
Therefore, it can be surmised that iGag ,Rug gO; electrocatalysts follow
a reaction pathway which involvement of the oxygen radical direct

coupling step that differs from the conventional AEM. Operando dif-
ferential electrochemical mass spectroscopy (DEMS) experiment with
isotope labeling was employed to elucidate the OER mechanisms for
iGag,Rup g0,. Initially, multiple LSV cycles ranging from 1.2 to 1.6 V
versus RHE were executed using iGag,Rug g0, and iRuO, in an H,"*0
electrolyte. According to established literature, the emergence of 0,
gas products indicated the direct coupling of oxygen radicals during
the OER in an H,"®0 medium*®*’. Contrarily, only mass signals for >0,
and °0, were detected from iRuO,, suggesting adherence to a typical
AEM pathway (Fig. 5f and Supplementary Fig. 35). In stark contrast, the
detection of *20, signals from iGag >Rug g0, suggested direct coupling
of 0-%0 between two neighboring active sites (Fig. 5g and Supple-
mentary Fig. 36).

To differentiate these mechanisms, further LSV cycles were per-
formed in H,'0 for the ®0-labeled iGag ,Ru( g0, and iRuO,. In typical
AEM, *0, and **O, are observed for the ¥0-labeled electrocatalysts in
H,'O (Fig. 5f and Supplementary Fig. 37). Conversely, the detection of
%0, signals suggested direct coupling of surface adsorbed *0 during
an OPM-type OER process (Fig. 5g and Supplementary Fig. 38). The
80-labeled iGag,Rug0, generated signal ratio of 3°0,:340,:*?0, is
about 1:46:953. The occurrence of *0, signals in the OER process for
iGag,Rup g0, thus shows that this catalyst predominantly follows the
OPM pathway, characterized by direct oxygen radical coupling
between two adjacent active sites.

To elucidate the intrinsic effects of Ga doping on the OER
performance of iGagRugg0,, comprehensive Density Functional
Theory (DFT) calculations were conducted. The model for single-
atom Ga doped RuO, (110) was constructed (Supplementary
Fig.39). Figure 6a, b illustrated the OPM at the Ga-Ru and Ru-Ru dual
active sites of iGag »Rug g0,, detailing six elementary reaction steps.
The associated Gibbs free energy changes for these steps are
depicted in Fig. 6c.
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Focusing on the Ga-Ru dual active sites, the initial reaction step
involves the endothermic transfer of a proton from free water to form
an OH* intermediate at the Ga site, with a Gibbs free energy increase of
0.23 eV (Step AO > Al, detailed in Supplementary Table 6). This is fol-
lowed by a proton-coupled electron transfer that generates an adsor-
bed oxygen radical (*O), transitioning from Al to A2. A similar
sequence of adsorption and proton-coupled electron transfer occurs
at the neighboring Ru site, leading to the formation of two adjacent O
radicals (Steps A2~ A3~ A4). These radicals then couple to form a
bridged O,* complex (M-O-O-M), overcoming a kinetic barrier of
0.81eV (Step A4 through the transition state TS1 to A5). This coupling
step is exothermic, releasing 1.46 eV. The final step involves the des-
orption of O,* to release molecular O,, accompanied by a free energy
decrease of 0.91eV (Step A5 to A6).

Comparatively, the kinetic overpotential for Ru-Ru dual active
sites is measured at 1.03 eV, which is 0.22 eV higher than that of the Ga-
Ru sites. Additionally, the energy profiles for the AEM pathway were
quantified for iGag,Rup g0, (Supplementary Fig. 40), revealing that
the kinetic overpotential for AEM is substantially higher at 1.38eV,
making it 0.57 eV more energy-intensive than the OPM pathway for the
Ga-Ru dual sites. These findings substantiate that iGagRuggO, pre-
ferentially follows the OPM pathway, facilitated by the synergistic

catalysis at Ga and Ru sites. Therefore, it can be inferred that the Ga
sites play a pivotal role in directing the reaction pathway from the AEM
to OPM. This regulatory function underscores the critical influence of
Ga doping in modulating the energetic landscape and kinetic barriers,
thereby optimizing the catalytic efficiency of OER processes.

Discussion

In this work, we presented a strategy for the rational design acidic OER
electrocatalysts based on the OPM pathway, employing a localized
configuration of single atom oxygen radical donors within 2D inter-
connected rutile RuO, nanocrystal framework. The atomic Ga within
RuO; lattice frameworks addressed the dynamic adaptation of adja-
cent oxygen radical intermediates, facilitating direct O-O radical cou-
pling by enhancing the spatiotemporal coordination of adjacent
oxygen radicals. Consequently, the optimized catalyst delivered sig-
nificant OER performance enhancements, achieving low over-
potentials of 188 mV and 219 mV at current densities of 10 mA cm™ and
100 mAcm™, respectively. Moreover, it also maintained robust
operation for 800h at 100 mAcm™ in acidic conditions, out-
performing most reported advanced OER catalysts. In practical appli-
cations, the optimized catalyst based PEMWE achieved an impressive
current density of 3 Acm™ at 1.788 V, maintaining stable performance
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at 0.5A cm™ for 200 h, demonstrating its long-term viability. There-
fore, this work provides a design principle for the rational design OPM
based electrocatalyst to overcome the activity-stability trade-off for
proton exchange membrane water electrolysis.

Methods

Chemical

Tannic acid was purchased Macklin Biochemical Co., Ltd. Ruthenium
trichloride (RuCls), Gallium nitrate hydrate (Ga(NO3);-xH,0), Urea
(CO(NH,),) were purchased from Shanghai Aladdin Biochemical
Technology Co., Ltd. Water-®0 (H,'®0, RG, 98 atom % ®0) was pur-
chased from Adamas. Perchloric acid (HCIO,, 70-72%) was purchased
from Greagent. Sulfuric acid (H,SOy4, AR, 95.0-98.0%) was purchased
from Sinopharm Chemical Reagent Co., Ltd. Nafion perfluorinated
resin solution (5wt%) and commercial ruthenium oxide (Com-Ru0O,)
were purchased from Sigma-Aldrich. Carbon paper was purchased
from Suzhou Sinero Technology Co., Ltd. The deionized (DI) water (18

MQ cm™) was prepared by passing water through an ultrapure pur-
ification system.

Materials synthesis

Synthesis of iRUOz, iGaothU().goz, iGao,zRUO,soz, iGao.3RUo‘702 and
Gag,Rup g0, samples. Firstly, 250 uL of 200mgmL™? of RuCl;
solution, 300 pL of 50 mgmL™ of Ga(NOs)s-xH,O solution, 1g of
urea and 0.2g of tannic acid were added to a quartz tube and
stirred thoroughly. After continuous heating at 150 °C for 15 min,
the resulting solid mixture was heated to 450 °C in a muffle furnace
at a rate of 3 °C min™ and kept at this temperature for 6 h to obtain
the iGap,Rupg0, sample. The iRuO,, iGag;Ruge0, and
iGag3Rup,0, samples were prepared according to the same
method, except that the Ga(NO3)3-xH,O input was changed to O,
130 and 500 pL, respectively. Gag,Rup g0, sample were synthe-
sized by the same method as iGag,Rug g0, except that no tannic
acid was added.
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Materials characterization

Scanning electron microscopy (SEM) images were obtained using field
emission scanning electron microscope (Hitachi SU8010, Japan).
Transmission electron microscopy (TEM) images, HAADF-STEM and
EDS elemental mapping analysis were acquired using Talos F200S
operated at 200 kV. AC HAADF-STEM characterization was performed
on JEOL ARM200OF and Themis ETEM installed with a CEOS probe
corrector. Powder XRD was obtained using Bruker D8 Advance. The
nanoporous structures were analyzed by nitrogen adsorption—deso-
rption isotherms using the Autosorb IQ instrument (Quantachrome,
USA). Before measurements, the catalysts were degassed in a vacuum
at 180 °C for 10 h. Nitrogen adsorption-desorption isotherm data were
then measured and collected at 77 K. The specific surface areas were
calculated by Brunauer-EmmettTeller (BET) method and the pore size
distribution was calculated by using the Barrett-Joyner-Halenda (BJH)
model. The chemical state of samples was examined using X-ray
photoelectron spectroscopy (XPS) with Thermo ESCALAB 250XI
device. All the XPS spectra were calibrated to the C1s line at 284.8 eV
and analyzed using the Gauss-Lorentz model in Advantage software.
The metal content was detected with ICP-OES (Prodigy plus) and EDS
elemental analysis (Talos F200S). Synchrotron sXAS spectra of the
sample were collected on beamline BLO2BO2 at the Shanghai Syn-
chrotron Radiation Facility (SSRF), which included Ru M-edge and O K-
edge XAS information. Before collecting the XAS data, the chamber
was evacuated for approximately 120 min.

XAFS measurements and data analysis

XAS measurements were conducted at the BL14W1 beamline of the
Shanghai Synchrotron Radiation Facility, operating with a 3.5 GeV
storage ring and injection currents of 220 mA. A Si (111) double-crystal
monochromator was employed for the measurements. The Ru K-edge
(22,117 eV) and Ga K-edge (10,367 eV) spectra of ex-situ samples were
recorded in transmission mode, with the absorption edge positions
calibrated using corresponding elemental foils. For operando XAS
measurements, Ru K-edge and Ga K-edge spectra were acquired using
catalyst-coated carbon paper within an operando XAS electrochemical
cell. The spectra were collected in fluorescence mode with a Lytle
detector, requiring over 40 min to obtain high-quality data at each
applied potential. To investigate the evolution of Ru and Ga sites under
oxygen evolution reaction (OER) operating conditions, XAFS spectra
were recorded across a series of applied potentials. At each potential, a
stabilization period of 10 min was applied prior to data collection.
Multiple pre-scans were performed to confirm structural stabilization
and spectral consistency before acquiring high-quality XAFS spectra
for subsequent analysis. The collected XAFS data were processed fol-
lowing standard procedures using the ATHENA module of the IFEFFIT
software package®®. Quantitative curve fitting was conducted in
R-space and Fourier-transform k-space ranges using the ARTEMIS
module of IFEFFIT. During the fitting process, the overall amplitude
reduction factor (So?) was fixed at the optimal value determined from
foil data fitting. Structural parameters, including coordination number
(CN), interatomic distance (R), Debye-Waller factor (0?), and edge-
energy shift (AEo), were allowed to adjust to achieve the best fit.

Electrochemical measurements

The OER performance was evaluated using a standard three-electrode
system equipped with an electrochemistry workstation (CS310M) in an
O,-saturated 1M HCIO, electrolyte (pH=0.08+0.01), which was
freshly prepared by diluting ~8.6 mL of HCIO,4 into 100 mL of DI water.
A 3mm glassy carbon electrode, an Ag/AgCl electrode and a Pt net
serving as the work, reference and counter electrode, respectively. To
prepare the electrocatalysts ink, 5.0 mg of the catalyst was dispersed in
a mixture of 1 mL deionized water and ethanol (in a 1:3 volume ratio)
containing 50 pL Nafion solution as a binder. After thorough ultra-
sonication for at least 30 min, the homogeneous ink was carefully

dropped onto a glassy carbon electrode (0.07 cm?) allowed to dry
completely at room temperature. The mass loadings of the electro-
catalysts were optimized approximately 0.2 mg cm™ on glassy carbon
(approximately 4.0 mgg, cm™ on carbon paper for stability test). LSV
was conducted with a scanning rate of 10 mV s™ within the potential
range of 1.20-1.80 V versus the Reversible Hydrogen Electrode (RHE).
Stability tests were performed in an H-type electrochemical cell
(approximately 50 mL volume in per compartment, in which the anode
and cathode sides are separated by a Nafion 115 membrane, Nafion 115
was sequentially treated with H,0, and 1M H,SO, at 80 °C for 1 h). The
electrolyte was collected and replaced with fresh electrolyte every
50 h. The Ag/AgCl reference electrode was calibrated by measuring the
RHE potential under electrolytes are saturated with a high purity H,
atmosphere using a Pt wire as the working electrode. Polarization
curve was measured with the scan rate of 1mVs™, and the potential at
which the current becoming zero is taken to be the thermodynamic
potential (vs. AgCl) for the hydrogen electrode reaction. The ther-
modynamic potential of hydrogen electrode reaction was finally
obtained by averaging 2 sets of data (0.197 £ 0.001 V). Therefore, in1M
HCIO, electrolyte, the relationship between the RHE potential (Exye)
and the Ag/AgCl potential electrode (Eag/agc) Was established as
Erue = Eag/agc1 + 0.197 V (Supplementary Fig. 41). The overpotential (1)
was determined as i = Erye - 1.23 V (the measurements were performed
once). Potential was precisely referenced using the RHE with iR com-
pensation, where i represents the measured current and R signifies the
uncompensated resistance (100% iR correction, where R was deter-
mined to be 7.0 £ 0.7 Q). The non-iR corrected LSV curves were pro-
vided in Supplementary Fig. 42.

Calculation of the Tafel slopes
The Tafel slope is calculated by the Tafel equation:

n=a+blogi )
where the slope, b, is further defined as

_2.303RT _ on

b aF  Ologi

@

and the constant a is given by

a="t+n,p &)

In this study, n and a represents the overpotential and the Tafel
constant, respectively. b corresponds to the Tafel slope, the variable i
represents the current, T reprents the temperature in kelvin (K), R
denotes the ideal gas constant, a denotes the transfer coefficient, and F
represents the Faraday constant. Moreover, n, indicates the number of
electrons transferred before the rate-determining step, v is the number
of rate-determining steps in the overall reaction, and f (typically taken
as 0.5) is the symmetry factor’.

Electrochemically active surface area (ECSA)
The ECSA value was calculated from according to the following
equation:

— Cdl
ECsA= 2= *)

Here, the double-layer capacitance (Cy) was determined from the
scan-rate-dependent CVs measurements at various scan rates (20, 40,
60, 80 and 100 mVs™) over the approximate potential window of
1.10-1.20 V versus RHE in 1M HCIO,. The specific capacitance (Cj),
which represents the capacitance per unit area under identical
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electrolyte conditions, a typically reported value within the range of
0.015-0.110 mF cm™ in acidic solution. In this work, a representative
value of 0.035 mF cm™ was chosen®’.

Calculation of specific area activity

The specific area activity was determined by normalizing the ECSA for
different catalysts. The specific current density per ECSA (js) was
computed from:

i
c_ 0 5
s~ ECSA ©)
Where i is the measured current.
Calculation of mass activity

The mass activity of electrocatalysts was evaluated by the following
equation:

Mass activity of Ru active sites =

(6)

mRu
Where i is the measured current, mg, is the Ru mass.

Operando SR-FTIR measurement

Operando SR-FTIR measurement was conducted at beamline BLO1B of
the National Synchrotron Radiation Facility in Hefei, China, using a
custom-designed top-plate cell from the Liu research group®*7°. The
as-prepared electrocatalyst ink was drop onto a carbon paper elec-
trode and subsequently air-dried. We conducted isotopically labeled
operando SR-FTIR spectroscopy using H,®*0, D,0, and H,"0 based
electrolytes, respectively. To minimize loss of infrared signal, only a
thin layer of aqueous electrolyte was thoughtfully coated onto the
carbon paper working electrode. The SR-FTIR data acquisition was
conducted in a reflection mode, ensuring the capture of high-quality
spectra. With a spectral resolution of 4 cm™, precise spectral analysis
was achievable. Background spectra of the working electrode were
recorded under open circuit potential conditions before collecting
spectra at specified voltages for adsorbed species analysis. The
recorded spectra were processed and analyzed by the OPUS software.

Operando DEMS measurement
The operando DEMS measurement consists of two main steps.

The first step is labeling ®0 stage. The catalyst was drop-coated
onto an Au film sputtered on a porous polytetrafluoroethylene film to
prepare a working electrode. This electrode was integrated into a
three-electrode system within a custom-built cell: a platinum wire
served as the counter electrode, Ag/AgCl as the reference electrode,
and N, (or Ar) saturated 0.5 M H,S0,4-H,'¥0 as the electrolyte. Multiple
LSV tests were conducted at RHE 1.20-1.60 V, while mass spectrometry
recorded stable signals corresponding to gas products 320, (1°0'°0),
3402 (160180) and 36()2 (180180)‘

The second step is probing 80 stage. The catalyst was removed
from the H,®0 environment and thoroughly rinsed with deionized
water and dry to eliminate residual H,'®0 solution on the catalysts
surface. The ®0O-labeled catalyst-loaded work electrode was reinte-
grated into the same three-electrode system for DEMS measurements.
The setup included a platinum counter electrode, Ag/AgCl reference
electrode, and N, (or Ar) saturated 0.5M H,SO4-H,O as the electro-
lyte. Then multiple LSV tests were performed in the RHE 1.20-1.60V,
while the stable signals of the gas products 20, (*0'0), **0, (*0™0)
and °0, (*80'®0) were collected by mass spectrometry.

PEMWE measurements
The membrane electrode assembly was prepared using Hyproof HPM-
2080X membrane (Membrane thickness-80+2.5um; Proton

conductivity-81 mS cm™; Reinforcement material-Expended Poly-
tetrafluoroethylene) by the catalyst-coated membrane method with an
effective geometric area of 1cmx1cm (1cm?). The commercial Pt/C
(60 wt%) was used as the cathode for the hydrogen evolution reaction,
and the optimized electrocatalysts was used as the anode for the
oxygen evolution reaction. The membrane with optimized electro-
catalysts coated were hot pressed to establish the MEA under 140 °C
with a pressure of 1 tonne for 1 min. Pt coated Ti mesh were used as gas
diffusion layer. During the test, a flow of water preheated to 80 °C was
supplied to the anode side. LSV polarization curves were collected by
electrochemical workstation (CS310M) with power amplifier at a scan
rate of 5mV s, typically between 1.2 and 2.2 V.

Theoretical calculation details

The Vienna ab initio Simulation Program (VASP) was used for the
density functional theory (DFT) calculations™ 2. In these calculations,
the generalized gradient approximation (GGA) in the Perdew-Burke-
Ernzerhof (PBE) form was employed, with a planewave basis set cutoff
energy of 500 eV to ensure accurate results’. A 3 x 3 x1 Monkhorst-
Pack grid was utilized for Brillouin zone sampling during structure
optimization™. The ion-electron interactions were described via the
projector augmented wave (PAW) method”. The convergence criteria
for structure optimization were set to ensure that the maximum force
on any atom remain below 0.02 eV/A and that the total energy change
be less than 1x10°eV. The DFT-D3 semiempirical correction was
described via Grimme’s scheme method’. Given that the reaction
occurs in an aqueous environment, the implicit solvent model
(VASPsol) was adopted”. The Gibbs free energy change (AG) for each
elemental step is defined by the equation’®”’;

AG:AE+AGpH +AGy +AZPE — TAS 7

in this study, AE represents the adsorption energy as calculated by
density functional theory. Moreover, other parameters such as AGpy
represents the free energy correction of the pH, U represents the
applied electrode potential, T represents the temperature, and AS
represents the entropy change. Additionally, AZPE denotes the zero-
point energy correction®.

Data availability
The data that support the findings of this study are available within the
article and its Supplementary Information files. Source data are pro-
vided with this paper.
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