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% Check for updates Ruthenium dioxide has attracted extensive attention as a promising catalyst

for oxygen evolution reaction in acid. However, the over-oxidation of RuO,
into soluble H,RuOs species results in a poor durability, which hinders the
practical application of RuO, in proton exchange membrane water electro-
lysis. Here, we report a confinement strategy by enriching a high local con-
centration of in-situ formed H,RuOjs species, which can effectively suppress
the RuO, degradation by shifting the redox equilibrium away from the RuO,
over-oxidation, greatly boosting its durability during acidic oxygen evolution.
Therefore, the confined RuO; catalyst can continuously operate at 10 mA cm™
for over 400 h with negligible attenuation, and has a 14.8 times higher stability
number than the unconfined RuO, catalyst. An electrolyzer cell using the
confined RuO, catalyst as anode displays a notable durability of 300 h at
500 mA cm and at 60 °C. This work demonstrates a promising design strat-
egy for durable oxygen evolution reaction catalysts in acid via confinement

engineering.

Proton exchange membrane water electrolysis (PEMWE) has been
commercialized as an important technology for producing green
hydrogen via electrocatalytic water splitting, as it could offer
many prominent advantages, such as high current density, com-
pact device design, high H, purity, and fast current response'™. In
PEMWE, the anodic oxygen evolution reaction (OER) as the bot-
tleneck reaction suffers from a sluggish four-electron transfer
process. The strongly acidic and highly oxidative environment at
the anode further puts stringent requirements on the design of
efficient OER catalysts'*°. At the current stage, the acidic OER
catalysts in PEMWE rely highly on the use of iridium (Ir)-based
catalysts on account of their good stability’°. However, the low
abundance and high cost of Ir metal limit the wide application of
PEMWE. Ruthenium dioxide (RuO,), with relatively low cost and
high activity, has attracted broad attention as a promising acidic

OER catalyst'®™. Yet still, the long-term durability of RuO,
remains a major challenge in acidic electrolyte.

According to the prior experimental results and calculated
Pourbaix diagram®™, the over-oxidation of RuO, into soluble high-
valence H,RuOs species (RuOs* ion) at high anodic potentials has
been widely recognized as the primary mechanism of RuO, degra-
dation. Currently, there are generally two classes of strategies to
extend the operating life of RuO,. One aims at improving the OER
activity to lower the required overpotential for the catalyst at a
specific current density; a diverse range of methods, such as strain
engineering??, defect engineering” %, doping engineering”***-,
and heterostructure engineering®**, have been explored to optimize
the adsorption energy between the modified RuO, and oxygenated
intermediates, thus improving the OER activity. Another strategy is
to introduce electron-donating dopants to lower the Ru oxidation
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state and suppress the dissolution'>**", For example, Qiao et al.
reported a dynamic electron accepting-donating process on Re-
doped RuO; catalyst, in which the Re dopant could accept electrons
to activate the Ru site at low potentials, and then donate electrons
back to prevent RuO, from over-oxidation at high potentials®.
However, the introduction of additional elements into RuO, lattice
increases the risk of forming coordinatively unsaturated Ru
sites, leading to the demetallation of surface Ru sites and thus the
deteriorated stability®*. Therefore, it is highly desired to
develop new strategies to improve the durability of Ru-based
OER catalysts.

Some previous reports have revealed that hollow catalysts with a
prominent confinement effect could enrich reaction intermediates in
the hollow cavities during electrocatalytic CO, reduction*>*’, We
infer that a high local concentration of in-situ formed H,RuOs species
could suppress RuO, degradation by shifting the thermodynamic
redox equilibrium away from RuO, over-oxidation. To validate this
inference, we designed a composite catalyst featuring RuO, nano-
particles spatially confined within honeycomb-like antimony-doped
tin dioxide (ATO) support (denoted as h-ATO/RuQ,). Compared with
ATO-supported unconfined RuO, catalyst, the h-ATO/RuO, catalyst
exhibited a similar OER activity but much more enhanced OER sta-
bility, running stably for over 400 h at 10 mA cm™ with negligible
degradation in acidic electrolytes. Multiple characterizations
revealed that the confinement effect endows h-ATO/RuO, with a
higher resistance against oxidation and dissolution in acidic OER,
which could be attributed to the enriched local concentration of
dissolved high-valence Ru species. Furthermore, when used as the
anode in a PEMWE device, the h-ATO/RuO, catalyst demonstrated a
good durability of 300 h at a water-splitting current density of
500 mA cm™ and at 60 °C.

Sn#, Sb3*

500 °C, air

Results

Synthesis and characterization of catalysts

The confinement strategy was achieved by growing RuO, particles on
honeycomb-like ATO (h-ATO) support. We selected ATO as the oxide
support on account of its good stability and electrical conductivity
under acidic OER conditions****. The preparation process for the h-
ATO/RuO, catalyst is illustrated in Fig. 1a (see the “Methods” section
for details). We first synthesized polystyrene (PS) spheres as the tem-
plates, which were impregnated with tin salt and antimony salt pre-
cursors. Then the h-ATO support was obtained through heating the
mixture in air at 500 °C to remove the PS template and simultaneously
crystallize the ATO. Subsequently, RuO, nanoparticles were in-situ
grown on the pore walls of h-ATO support via a vacuum degassing
process followed by hydrothermal and annealing treatments, even-
tually forming the h-ATO/RuO, catalyst (Fig. 1a).

As shown in the scanning electron microscopy (SEM) images
(Fig. 1b and Supplementary Figs. 1,2), the PS template has an average
size of ~230 nm and the h-ATO support shows a honeycomb-like
architecture with interconnected macropores (-180 nm in diameter).
The macroporous structure did not affect the mass transport in the
electrocatalytic reaction**™*5, After RuO, deposition, the resulting h-
ATO/RuO; catalyst well inherits the architecture of h-ATO (Fig. 1c and
Supplementary Fig. 3), indicating that the deposition process did not
impair the porosity of h-ATO. Transmission electron microscopy
(TEM) images revealed that small RuO, nanoparticles with sizes of
5~10 nm are evenly distributed on the wall of h-ATO support (Fig. 1d, e
and Supplementary Fig. 3). Inductively coupled plasma mass spec-
troscopy (ICP-MS) measurement of h-ATO/RuO, catalyst gave a molar
ratio of 41:15:1 for Ru:Sn:Sb and a corresponding mass fraction of
~70 wt% for RuO,, close to the initial feed ratio in catalyst synthesis.
X-ray diffraction (XRD) pattern for h-ATO support (Supplementary

RuCl;, pH 7

—

250°C, air

h-ATO/RuO,

Fig. 1| Synthesis and characterization of h-ATO/RuO,. a Schematic illustration of the h-ATO/RuO, synthesis process. b, ¢ SEM images of h-ATO (b) and h-ATO/RuO; (c).
d, e TEM images of h-ATO/RuO,. f, g HRTEM image and EDX elemental mappings of h-ATO/RuO,.
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Fig. 2 | OER performance in acid. a LSV curves for different catalysts with 100% iR
correction (R: 6 + 0.3 Q). Scan rate: 5mV s, Electrolyte: O,-saturated 0.5 M H,SO,.
Active RuO, mass loading: 0.18 mg cm 2 Temperature: room temperature. b Tafel
plots and c EIS Nyquist plots for different catalysts. d, e Accelerated degradation

tests for h-ATO/RuO; (d) and s-ATO/RuO, (e). f Comparison of overpotentials for h-
ATO/RuO, and s-ATO/RuO, at 10 mA cm for different cycles.

g Chronopotentiometry curves for different catalysts at 10 mA cm™. h Stability
number (S-number) for different catalysts.

Fig. 4) displayed the characteristic peaks of SnO, phase (JCPDS no. 41-
1445). For h-ATO/RuO, (Supplementary Fig. 4), the XRD peaks except
for SnO, could be attributed to the rutile RuO, phase (JCPDS no. 41-
1445). High-resolution TEM (HRTEM) image for h-ATO/RuO, catalyst
revealed the clear lattice spacings for RuO,(110) and Sn0,(110) planes
(Fig. 1f). Energy-dispersive X-ray (EDX) elemental mapping (Fig. 1g and
Supplementary Fig. 5) further confirmed the spatial confinement of
RuO; nanoparticles within the pores of h-ATO support for h-ATO/RuO,
catalyst.

We also prepared a comparison sample without the confinement
effect, in which RuO, nanoparticles were grown on the surface of
spherical-like ATO (denoted as s-ATO/RuQ,, Supplementary Figs. 6,7).
Furthermore, RuO, without ATO support (denoted as RuO,) was also
synthesized, and we noticed some agglomeration of the RuO, nano-
particles in this sample (Supplementary Fig. 8). We then compared
with the chemical states of Ru and Sn elements for different samples
using X-ray photoelectron spectroscopy (XPS), and no electronic
transfer was observed between the RuO, and ATO support (Supple-
mentary Fig. 9).

Electrocatalytic OER in acidic electrolytes
We first assessed the acidic OER performance in 0.5M H,SO, elec-
trolyte using a conventional three-electrode system. Figure 2a and

Supplementary Fig. 10 shows the linear sweep voltammetry (LSV)
curves for different catalysts. To reach a current density of 10 mA cm,
our as-prepared RuO; required an overpotential of 255+ 5 mV with iR-
correction, lower than that for commercial RuO, (Com-RuO,,
327 +10 mV). For the two ATO-supported RuO, samples, i.e. h-ATO/
RuO, and s-ATO/RuO,, the overpotentials at 10 mAcm? were
216 + 4 mV and 220 +3 mV, respectively. The ATO support was cata-
lytically inert for OER and delivered no OER current within the mea-
sured voltage range (Supplementary Fig. 11). Compared with RuO,, the
improved OER activity for ATO-supported RuO, samples could be
attributed to the effective distribution of RuO, nanoparticles on ATO
support. In addition, h-ATO/RuO, and s-ATO/RuO, exhibited a similar
OER activity (Fig. 2a and Supplementary Fig. 12), indicating that the
difference in ATO morphology has little effect on their OER activities.

Tafel analysis (Fig. 2b) revealed that all samples have the Tafel
slopes of ~-60 mV dec’ at low overpotential region, suggesting the
similar OER catalytic mechanism behind them***°, The Tafel slopes are
also consistent with many reported values for RuO,-based catalysts™*°.
Electrochemical impedance spectroscopy (EIS) recorded at 1.45V
versus reversible hydrogen electrode (RHE) showed that the ATO-
supported RuO, samples had small charge transfer resistances
(Fig. 2c). We further performed the electrochemical double-layer
capacitance tests (Supplementary Fig. 13) to determine the
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Fig. 3 | Understanding the enhanced stability on h-ATO/RuO, catalyst.
a, b High-resolution XPS spectra of Ru 3p (a) and O 1s (b) for h-ATO/RuO, and s-
ATO/RuO, before and after OER. ¢ The Ru 3p peak position and the O* proportion

Wavenumber (cm)

1.4 1.5
E (V vs. RHE)

for h-ATO/RuO, and s-ATO/RuO, catalysts. d, e In situ ATR-SEIRAS spectra for h-
ATO/RuO; (d) and s-ATO/RuO, (e) at potentials from 1.3 to 1.6 V versus RHE. f Area
ratios of v(OH)s/v(OH),, for h-ATO/RuO, and s-ATO/RuO, catalysts.

electrochemically active surface area (ECSA). The ECSA values for h-
ATO/RuO,, s-ATO/Ru0,, RuO,, and Com-RuO, were 133, 121, 51, and
34 cm?, respectively. The ECSA-normalized OER kinetic current density
demonstrated the similar intrinsic OER activities for the h-ATO/RuO,,
s-ATO/RuO,, and RuO, samples (Supplementary Fig. 14), suggesting
the enhanced geometric OER activity for ATO-supported RuO, cata-
lysts in Fig. 2a arising from the high surface area exposure. In addition,
the lowest intrinsic OER activity for Com-RuO, (Supplementary Fig. 14)
could be attributed to the different synthesis methods between as-
prepared RuO, and Com-RuO,.

These results above revealed that h-ATO/RuO, and s-ATO/RuO,,
despite their different ATO morphologies, have the comparable geo-
metric and intrinsic OER activities (Fig. 2a and Supplementary Fig. 14).
On the basis of it, we went on to compare the two samples in stability.
We first evaluated the stability using the accelerated degradation tests
(ADT). After 4000 cycles, the LSV curves for h-ATO/RuO, were
unchanged (Fig. 2d). By comparison, the OER activity for s-ATO/RuO,
declined substantially, with the overpotential at 10 mA cm™ increased
by ~100 mV (Fig. 2e, f), indicating the superior stability for h-ATO/RuO,
catalyst. Then the long-term stability was further evaluated via
chronopotentiometry method at a constant current density of
10 mA cm2 (Fig. 2g). The OER activity for Com-RuO, degraded within
several hours, consistent with the results reported previously*'>*,
RuO; and s-ATO/RuO, both showed a moderately improved stability
for ~100 h. Most impressively, h-ATO/RuO, could extend the durability
time to 400 h with a very small voltage increase of -40 mV. The

degradation rate for h-ATO/RuO, catalyst was as low as 100 pV h?,
much lower than that for s-ATO/RuO, (544 pV h', Supplementary
Fig. 15). We further determined the metal dissolution via ICP-MS test,
and found a small dissolution of ~2.8% for Ru in h-ATO/RuO, after
400 h (Supplementary Fig. 16 and Supplementary Table 1). Accord-
ingly, the stability number (S-number, defined by Cherevko et al.>") was
determined to be 2.64x10° for h-ATO/RuO,, which is 14.8-fold, 22-fold,
and 334-fold higher than that for s-ATO/RuO,, RuO,, and Com-Ru0O,
catalysts (Fig. 2h and Supplementary Table 1). These results qualify h-
ATO/RuO, as one of the most stable Ru-based electrocatalysts repor-
ted thus far for acidic OER (Supplementary Table 2).

Understanding the enhanced stability on h-ATO/RuO, catalyst

Multiple characterizations were performed to investigate the struc-
tural changes of the catalysts toward acidic OER process. The initial
crystalline phase and surface morphology of h-ATO/RuO, catalyst
were still well retained after OER tests (Supplementary Figs. 17, 18). To
uncover the origin of the resistance against oxidation and dissolution
for h-ATO/RuO,, we carried out the ex-situ XPS to probe the chemical
state changes of Ru and O elements before and after OER tests. The
catalyst after OER tests was obtained by performing at 1.45V versus
RHE for 24 h. For the Ru 3p spectra (Fig. 3a), h-ATO/RuO, exhibited an
unchanged peak position after OER, whereas the peak position for the
spent s-ATO/RuQ, was positively shifted by about 0.5 eV with respect
to its pristine state (Fig. 3a), indicative of the increased Ru valence state
for s-ATO/RuO, after stability tests****% This implies that h-ATO/RuO,
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Fig. 4 | Confinement effect on h-ATO/RuO, catalyst. a Schematic illustration of
the test process of local Ru concentration near the catalyst surface and bulk Ru
dissolved in the anolyte. b Local Ru concentration near the catalyst surface

Different samples

normalized by ECSA for h-ATO/RuO, and s-ATO/RuO; catalysts. ¢ Bulk Ru dissolved
in the anolyte after 20 h tests for h-ATO/RuO, and s-ATO/RuO, catalysts. The error
bars represent the standard deviation of three independent measurements.

could effectively prevent Ru from over-oxidation, which was also con-
firmed by the O 1 s spectra. The O 1s spectra for the initial samples could
be deconvoluted into three peaks at 529.3, 530.9, and 532.3 eV (Fig. 3b
and Supplementary Fig. 19), corresponding to the lattice oxygen (0%),
hydroxyl groups (OH"), and adsorbed water (H,0), respectively'®****,
For h-ATO/Ru0,, the 0> proportion before and after the stability test
decreased from 21.6% to 10.5% but still remained prominent, and the
H,O proportion increased from 18.0% to 28.5% (Fig. 3¢ and Supple-
mentary Fig. 20), indicative of the inevitable adsorption of water after
OER, consistent with the previous reports**. In contrast, the initial 0*
peak with a proportion of 21.1% for s-ATO/RuO, became totally absent
after OER test (Fig. 3b,c). Meanwhile, RuO, and Com-RuO, samples
exhibited the similar lattice oxygen loss with s-ATO/RuO, (Supple-
mentary Figs. 19 and 20), which are different from h-ATO/RuO, catalyst,
indicating the stable structure for h-ATO/RuQ, catalyst.

To monitor the dynamic structural evolution during OER, we
further performed in situ attenuated total reflection surface-enhanced
infrared absorption spectroscopy (ATR-SEIRAS) on the catalysts at
different anodic potentials (Supplementary Fig. 21). For all ATR-SEIRAS
spectra (Fig. 3d, e and Supplementary Fig. 22), the broad peaks at
wavenumbers from -3100 to ~-3700 cm™ were assigned to the O-H
stretching mode of interfacial water. The O-H stretching peaks could
be divided into three components using Gaussian fitting*>*®, including
ice-like water with strong O—-H bonds (v(OH)s at ~3200 cm™), liquid-like
water with relatively weak O-H bonds (v(OH),, at ~3400 cm™), and free
water with isolated O-H bonds (v(OH); at ~3600 cm™). Accordingly,
v(OH); could be attributed to the strong binding of O-H groups with
unsaturated Ru sites, and v(OH),, is related to the combination of lat-
tice oxygen with water via H bonds**. The summary in Fig. 3f shows
that as the anodic potential increased from 1.3 to 1.6 V, the area ratio of

v(OH)y/v(OH),, for h-ATO/RuO, kept nearly unchanged, whereas the
ratio for s-ATO/RuO, increased from 46.7% to 91.7%. Meanwhile, we
also observed the similar increase of v(OH)s/v(OH),, area ratios for
RuO, and Com-RuO, with the increased applied potential (Supple-
mentary Fig. 22). This suggests the increased amounts of unsaturated
Ru sites for s-ATO/RuO,, RuO,, and Com-RuO, during OER, which is
mainly caused by the loss of lattice oxygen, consistent with the XPS
data above. These observations indicate that h-ATO/RuO, with con-
finement effect exhibits a higher resistance against oxidation and dis-
solution than s-ATO/RuQ,, which could suppress the Ru over-oxidation
and lattice oxygen loss toward stable OER in acidic media.

To further confirm the confinement effect on h-ATO/RuO,, we
carried out the following experiment to estimate the local concentra-
tion of in-situ generated RuOs* ions near the catalyst surface. As
shown in Fig. 4a, the experiment was performed in an H-type cell and
the working electrode with the catalyst was first performed at 1.45V
versus RHE for 20 h tests, and then was took out from the solution.
After removing the applied voltage, the electrode was rinsed in pure
water, and the resulting solution was tested via ICP-MS. The results
showed that the local Ru ions normalized by ECSA for h-ATO/RuO, is
2.5 times higher in concentration than that for s-ATO/RuO, catalyst
(Fig. 4b), indicating the enriched RuOs*" ions near the catalyst surface
for h-ATO/RuO,. Meanwhile, we also measured the bulk Ru dissolved
in the anolyte after 20 h tests and found that the Ru loss of 0.65% for h-
ATO/RuO, is much lower than that of 2.47% for s-ATO/RuO, (Fig. 4c). It
accords with the long-term stability result that h-ATO/RuO, exhibited a
very low Ru dissolution rate compared with s-ATO/RuO, (Supple-
mentary Table 1). These observations further confirm that the high
local Ru concentration for h-ATO/RuO, catalyst can suppress the Ru
dissolution due to its confinement effect.
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Fig. 5 | PEMWE performance using h-ATO/RuO, as anode catalyst. a Schematic
illustration of PEMWE device. b The I-V curves of PEMWE device using h-ATO/RuO,
or Com-RuO; as the anode catalyst at 60 °C. ¢ Chronopotentiometry curve of

PEMWE device using h-ATO/RuO, as anode catalyst operated at 500 mA cm2and at
60 °C. The cell voltages were reported here without iR correction.

Furthermore, we conducted a finite-element analysis to simulate
how a nanocavity structure helps to enrich the local concentration of
in-situ formed species. We constructed a hollow hemispherical ATO
shell with a RuO, layer at the interior wall (as the h-ATO/RuO, cata-
lyst), and a spherical ATO shell with a RuO, layer at the exterior wall
(as the s-ATO/RuO; catalyst). Some effect factors, such as the surface
charge and local pH, are not considered for a simplified simulation.
As shown in Supplementary Fig. 23, it can be seen that the electric
field for h-ATO/RuO, is concentrated at the interior cavity, sig-
nificantly stronger than that for s-ATO/RuQ,. With the effects of the
charge and mass transfer, we found that the cavity could obstruct the
outward transport of in-situ formed RuOs*> species, resulting in a
higher RuOs* concentration locally within the cavity (Supplementary
Fig. 24). These results from experiments and simulation indicate that
the h-ATO/RuO; catalyst we designed here could help to enrich the
high local concentration of RuOs> species via confinement effect,
which could in turn shift the thermodynamic redox equilibrium away
from the RuO, over-oxidation, thereby conferring exceptional
durability.

PEMWE performance study. Encouraged by the good stability of h-
ATO/RuO; catalyst, we further explored its potential application in a
PEMWE device. The electrolyzer was constructed with h-ATO/RuO,
as the anode catalyst, commercial Pt/C as the cathode catalyst, and
Nafion 115 as the membrane (Fig. 5a). The current-voltage curves in
Fig. 5b show that the h-ATO/RuO,-based electrolyzer required cell
voltages of only 1.60 and 1.73V (without iR correction) to deliver
water-splitting current densities of 500 and 1000 mA cm2 at 60 °C,
respectively, much lower than those for Com-RuO,-based counter-
part (1.83 and 2.15V). Moreover, the h-ATO/RuO, could operate
stably at 500mAcm™ for 300h with a small voltage increase
(Fig. 5c). The summary on the performances of previously docu-
mented PEMWE devices (Supplementary Table 3) reveals that h-ATO/
RuO; exhibits the good stability among these Ru-based OER anode
catalysts.

Discussion

In conclusion, we developed a confinement strategy on h-ATO/RuO,
catalyst that exhibited a robust OER stability for 400 h at 10 mA cm2in
acidic media, with stability number 14.8 times higher than for uncon-
fined s-ATO/RuQ, catalyst. Multiple characterizations revealed that h-
ATO/RuO, displayed a higher resistance against oxidation and dis-
solution during acidic OER, which could be attributed to the enriched
local concentration of dissolved Ru ions via confinement effect,
shifting the thermodynamic redox equilibrium away from RuO, over-
oxidation. Furthermore, the assembled PEMWE cell based on h-ATO/
RuO, anode catalyst achieved a notable durability of 300h at
500 mA cm™ and at 60 °C. This work demonstrates an effective and
feasible strategy via confinement engineering for developing low-cost
and high-efficiency OER catalysts for practical PEMWE application.

Methods

Catalyst preparation

Chemicals. Styrene (99%), polyvinyl pyrrolidone (PVP, 99%), K,S,0g
(99%), SnCl, (99.9%), Sb(CH5CO0); (98%), RuCl; (99%), and H,SO,
(98%) were purchased from Shanghai Aladdin Biochemical Technology
Co. Ltd. All of chemicals were used as received without further pur-
ification treatment.

Synthesis of PS. We first synthesized the polystyrene (PS) template by
a microemulsion polymerization method*®. Briefly, 32.5 mL of styrene
was mixed with 250 mL of H,O containing 1.25 g of PVP with magnetic
stirring at 94 °C for 30 min under nitrogen protection. Then 25 mL of
K,S,05 (0.5 g) aqueous solution was added into the above solution to
induce the polymerization. After keeping stirring at 94 °C for 24 h, the
resulting mixture was washed and dried for the subsequent use.

Synthesis of h-ATO/RuO,. The PS powder (280 mg) was dispersed in a
mixed solution of SnCl (0.19 mmol) and Sb(CH3;COO); (0.01 mmol)
solution, which was slowly heated to evaporate the solvent. The molar
ratio of Sb/(Sb + Sn) was chosen to be 5% on account of the high
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conductivity®. The resulting mixture was annealed at 500 °C for 1 hin
air to remove the PS template and obtain the honeycomb-like ATO (h-
ATO) support. Subsequently, h-ATO powder (10 mg) was dispersed in
an aqueous solution (20 ml) containing RuCl; (32 mg), and the solution
pH value was adjusted to about 7. The above solution was treated with
vacuum degassing to make the h-ATO support filled with RuCl; solu-
tion. After a hydrothermal reaction at 120 °C for 6 h, the product was
centrifuged, washed, and dried, which was further annealed at 250 °C
for 2 h in air to obtain the h-ATO/RuO, catalyst.

Synthesis of s-ATO/RuO, and RuO,. The synthesis of s-ATO/RuO; is
similar with that of h-ATO/RuO, catalyst except for replacing the
pristine PS with the sulfonated PS template. In brief, PS powder
(300 mg) was mixed with 12mL concentrated H,SO4, which was
heated at 40 °C for 6 h to prepare the sulfonated PS template®. The
sulfonation treatment could introduce the negative charge on the PS
surface and the Sn/Sb cations can be uniformly adsorbed by electro-
static force, thus resulting in the formation of ATO with hollow
spherical-like morphology (not a honeycomb-like morphology). The
synthesis of RuO, is similar with that of h-ATO/RuO, catalyst but
without adding the h-ATO support.

Characterizations

XRD patterns were carried out using a Rigaku SmartLab 9 kW equipped
with Cu-Ka radiation (, 1.5418 A). SEM images were recorded on an FEI
Verios 460 L scanning electron microscope. TEM and HRTEM images
were taken on an FEI Talos F200X transmission electron microscope.
XPS measurements were performed on a Thermo Scientific ESCA-
LAB250Xi photoelectron spectrometer equipped with Al Ko
(1486.6 V) as the X-ray source. ICP-MS results were obtained from a
Thermo Scientific iCAP RQ instrument. Raman spectra were collected
on a LabRAM HR Evolution Confocal Raman Microscope equipped
with an aberration-corrected Czerny Turner total reflection spectro-
meter (HORIBA JY). In situ ATR-IR spectra were recorded on a Nicolet
iS50 FT-IR spectrometer (Thermo Scientific) equipped with MCT-A
detector at different applied potentials.

Electrochemical measurements in a three-electrode system

The OER electrochemical measurements were conducted in O,-satu-
rated 0.5M H,SO, electrolyte (pH, 0.4+ 0.03) on CHI 760E electro-
chemical workstation. For the electrolyte preparation, 5.56 mL of
H,S0,4 was diluted to 200 mL aqueous solution, which was directly
used for electrochemical tests without storage. The standard three-
electrode cell included a glassy carbon electrode with area of
0.196 cm?, an Ag/AgCl (3.5M KCI) electrode, and a platinum plate as
the working electrode, the reference electrode, and the counter elec-
trode, respectively. The reported potentials with respect to RHE scale
were calculated from the following equation: Egpe = Eag/agci + 0.059 pH
+0.196 V. The catalyst ink was prepared by dispersing catalyst powder
(5mg) in 0.96 mL ethanol and 0.04 mL Nafion solution (5wt%) via
ultrasonication. We kept the same mass loading of active RuO, com-
ponent for different catalysts. For h-ATO/RuO, and s-ATO/RuO, cata-
lysts, 10 pL ink was coated on glassy carbon electrode, yield a loading
of -0.25mgcm?? for total mass and -0.18 mg cm™2 for active RuO,
component. For RuO, and Com-RuO, (Adamas beta, 99%) catalysts,
7 uL ink was coated on glassy carbon electrode, yield a loading of
~0.18 mg cm2 for RuO,.

The OER polarization curves were recorded between 1.0V and
1.7V versus RHE at a scan rate of 5mVs™ with a rotation rate of
1600 rpm. The EIS test was carried out in a frequency range from
100 kHz to 0.1Hz at 1.45V versus RHE with a voltage amplitude of
S5mV. The long-term stability was assessed via a chron-
opotentiometry test at a fixed current density of 10 mA cm2 Carbon
cloth-supported catalysts (area: 1cm?) with active RuO, loading of
0.7mgcm? was used as the working electrode. The working

electrode was separated from the counter electrode by Nafion 117
(183 um) membrane in an H-type cell to avoid the re-deposition of
dissolved Ru on the counter electrode for the accurate determina-
tion of dissolved Ru amounts. All potentials reported here were
corrected by iR compensation in the three-electrode system, where R
was 6 0.3 Q from the EIS test.

The ECSA was determined by: ECSA =Cg4/Cs, where Cq is the
double-layer capacitance of sample and C; is the specific capacitance.
A typical value of 0.035 mF cm™ was widely used for Cs according to
the previous reports'“®“’, and the Cq was obtained from the ECSA
tests (Supplementary Figs. 13 and 14). The S-number® was determined
by: S = np, / ngy, Where ng; is the total molar number of evolved
oxygen and ng, is the total dissolved Ru obtained from ICP-MS
measurement.

Electrochemical measurements in a PEMWE device

Ru-based materials and commercial Pt/C (20 wt%) were used as the
anode and cathode catalysts, respectively. To prepare the anode or
cathode catalyst ink, the catalyst powder was dispersed in a mixture of
isopropanol and water (3:1) solvent and Nafion solution (5wt%) with
amount of 30 wt% was added as the binder. The mass loadings of
anode and cathode catalysts were controlled to be about 2 mggryo2
cm? and 1 mgpyc cm?, respectively. The membrane electrode
assembly (MEA) was prepared through a decal transfer process. The
catalyst was first coated onto a polytetrafluoroethylene (PTFE) sub-
strate, and then the PTFE-supported anode catalyst, Nafion 115 (127
pm) membrane, and PTFE-supported cathode catalyst were fixed
together using a hot pressing treatment (130 °C, 2 min, 5MPa). The
catalyst-coated membrane was obtained after peeling off the PTFE
substrate. A Pt-coated Ti felt (0.4 mm thick Ti felt with 0.5 pum Pt
coating) and a carbon paper were used as anode and cathode porous
transport layers, respectively. Finally, MEA, porous transport layer, and
gasket were assembled into an electrolyzer.

The PEMWE electrolyzer was operated at 60 °C, and the anode
chamber was fed with pure deionized water by a peristaltic pump. The
I-V curves were recorded under the steady-state conditions by fixing
the currents for 10 min and then recording the required voltages. The
stability was evaluated via a chronopotentiometry test at 500 mA cm™.
All cell voltages in the PEMWE electrolyzer were reported without iR
correction.

Finite-element analysis

The models for finite-element analysis were constructed in COMSOL
Multiphysics 6.1 as three-dimensional models. For models, a mesh
comprising tetrahedral elements was used, and a quadratic shape
function was used to discretize the concentration field and the electric
potential field. The modules of “transport of dilute species” and
“electric current” were used. The electrolyte (0.5M H,SO,) was
assumed to have an electric conductivity of 19.8 S m, and a relative
permittivity of 80. The diffusivity of RuOs*" species in the electrolyte
was set as 1.98 x10° m* s\, A separated solver was employed. For the
solution within the diffusion layer, convective mass transport was
neglected, and only the effects of diffusion and electromigration were
taken into consideration. The governing equations for steady-state
mass transport and electric current in this specific study read:

zF
V. (—DVC - ﬁDCV(p) =0 @
V. (—0Vg)=0 2

in which C stands for the RuOs* species concentration, D for the dif-
fusivity, ¢ for the electric potential, o for the electric conductivity of
the electrolyte, and z, F, R, T for their respective conventional
meanings.
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Data availability

The data that support the findings of this study are available within the
paper and Supplementary Information files. Source data are provided
with this paper.
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