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% Check for updates Ruthenium dioxide is the most promising alternative to the prevailing but

expensive iridium-based catalysts for the oxygen evolution reaction in proton-
exchange membrane water electrolyzers. However, the under-coordinated
lattice oxygen of ruthenium dioxide is prone to over-oxidation, and oxygen
vacancies are formed at high oxidation potentials under acidic corrosive
conditions. Consequently, ruthenium atoms adjacent to oxygen vacancies are
oxidized into soluble high-valence derivatives, causing the collapse of the
ruthenium dioxide crystal structure and leading to its poor stability. Here, we
report an oxyanion protection strategy to prevent the formation of oxygen
vacancies on the ruthenium dioxide surface by forming coordination-
saturated lattice oxygen. Combining density functional theory calculations,
electrochemical measurements, and a suite of operando spectroscopies, we
showcase that barium-anchored sulfate can greatly impede ruthenium loss
and extend the lifetime of ruthenium-based catalysts during acidic oxygen
evolution, while maintaining the activity. This work paves a new way for
designing stable and active anode catalysts toward acidic water splitting.

Hydrogen (H,) production by water electrolysis, especially when
powered by renewable energy, represents a promising and sustainable
approach to mitigating carbon emissions while meeting the energy
demand”. Among incumbent water electrolyzers, the proton-
exchange membrane water electrolyzer (PEMWE) has exhibited the
advantages of compact reactor design, high operating current density,
and rapid response®*. PEMWE is even more appealing to the industry in
light of the high pressure (3.0-7.6 MPa) and high purity (>99.9999 vol
%) of its produced H,’. However, the wide deployment of PEMWEs has

been greatly limited by the anode oxygen evolution reaction (OER)
catalyst, which can be easily deactivated at high-oxidation potentials
under acidic corrosive conditions®.

Iridium (Ir) and its derived materials have shown practical OER
stability in acid, whereby becoming the prevailing anode catalysts for
PEMWES'. Yet, the large-scale application of Ir-based PEMWEs has been
largely hindered by its high cost®. Thus far, major advances have been
reported in reducing the anode cost of PEMWE: (1) developing high-
performance Ir-based catalysts with low Ir usage;”™° and (2) exploring
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cost-effective alternative materials to Ir that meet the requirements of
PEMWE applications'"”. Ruthenium dioxide (RuO,)—with a much lower
price, higher OER activity, and lower noble metal loading—is con-
sidered a viable alternative to Ir for PEMWEs". However, PEMWE stacks
are usually operated at current densities exceeding 500 mA cm™ ™,
Higher reactivity, with its concomitant faster proton transfer, acidifies
the immediate vicinity of the PEM. Consequently, the acidity in close
proximity to the anode is stronger than 1 M H,SO, when using distilled
water as the electrolyte, and this effect is exacerbated when using
acidic electrolytes or high current densities”. To date, the stability of
Ru-based OER catalysts has remained poor under such harsh acidic
corrosive and oxidative conditions™.

Mechanistically, the poor stability of RuO, during acidic OER is
caused by the over-oxidation of its lattice oxygen (O) to form O
vacancies (V,)*". As a consequence, the Ru atoms adjacent to V,, are
exposed to the electrolyte and become susceptible to being over-
oxidized into soluble high-valence Ru** derivatives (e.g., RuOy),
leading to the RuO, crystal structure collapse and surface Ru loss”.
Thus far, two strategies have been proposed to improve the stability
of RuO,-based electrocatalysts: (1) Enhancing the intrinsic acidic OER
activity to lower the required overpotential at controlled water-
splitting current, thereby mitigating the catalyst degradation'®". To
this end, extensive efforts have been devoted to increasing the
number of active sites and adjusting the adsorption energy of oxy-
genated intermediate species (*OH, *O, *OOH, etc.)**?, including
morphology design, electronic structure reconfiguration, strain
regulation, defect construction, single-atom tuning, and hetero-
structure engineering”?. (2) Stabilizing the lattice O to reduce the
number of V, that can be formed during acidic OER'***. Ru-based
high entropy oxides or multimetal oxides could form strong metal-O
(M-0) bonds to suppress the over-oxidation of lattice 0*?°. For
example, Zhang et al. proposed the co-doping of tungsten (W) and
erbium (Er) into the lattice of RuO,, which enhanced the acidic OER
stability to some extent”. However, the field has mainly focused on
using metal cations to modify Ru-based catalysts”. To date, the role
of anions in stabilizing Ru-based materials under acidic conditions
has remained unexplored.

In this work, we revealed the RuO, deactivation mechanism dur-
ing acidic OER using density functional theory (DFT), suggesting that
the lattice O atoms on the crystal grain edges of RuO, are more prone
to over-oxidation than those on the lattice planes due to the unsatu-
rated coordination. Guided by the DFT predictions, we designed an
oxyanion protection strategy to prevent the formation of V, on the
RuO, surface by forming coordination-saturated lattice O. According
to the binding energy of various metal cations with anions when
coordinated with RuO,, we screened out barium (Ba) anchored sulfate
to protect the lattice O, and simultaneously incorporated W to lower
the OER overpotential. The as-prepared Bag 3(SO4)sWo.2Rug 50,-5 cat-
alyst delivered a current density of 10 mA cm™ at a low overpotential of
206 mV with >1000 h stability in 0.5M H,SO,4, significantly out-
performing commercial RuO,. The enhanced acidic OER performance
was then investigated by DFT calculations and a series of operando
spectroscopies, ascertaining the functions of (1) Ba in retaining sulfate
on the catalyst surface, (2) sulfate (anchored by Ba) in preventing the
over-oxidation of lattice O while weakening the adsorption energy of
oxygenated intermediates and switching the rate-determining step
(RDS), and (3) W in accelerating the altered RDS—that is, the dis-
sociation of chemisorbed water to form *OOH. The protection of lat-
tice O by Ba-anchored sulfate and the role of W in lowering the
overpotential collectively resulted in exceptional acidic OER stability.
More remarkably, the Bag 3(SO4)sWo 2Rug 5s0,-s catalyst, when assem-
bled in a PEMWE, performed stable OER in 0.5M H,SO,4 for 300 h at a
water-splitting current density of 500 mA cm™, certifying the effec-
tiveness of the proposed RuO, stabilizing strategies in practical
applications.

Results

Theory-guided RuO, stabilizing strategy

We first developed a DFT framework to investigate the deactivation
mechanism of RuO, during acidic OER (Fig. 1a). RuO, (110), a well-
characterized crystal plane, was selected for the calculation®®. In the
outermost layer of the RuO; (110) plane, there are two types of under-
coordinated surface atoms™?’: (1) a lattice O located on the surface or
the edge of the plane and coordinated to two (i.e., bridging O, instead
of three in bulk) Ru atoms, and (2) a one-fold coordinatively unsatu-
rated Ru sites (1f-cus Ru) coordinated to five (instead of six in bulk) O
atoms. Compared to the relatively stable crystal planes, the grain
edges are metastable due to anisotropy and coordinative
unsaturation®*”’, rendering them more likely to incur electrochemical/
chemical corrosion®. Consistent with this, our DFT results showed that
at an oxidation potential of 1.6V (vs. reversible hydrogen electrode,
RHE, unless otherwise stated), it is energetically favorable for the 1f-cus
Ru active sites on the grain edges to undergo the adsorption of water
and deprotonation, and eventually become soluble RuO, (Supple-
mentary Fig. 1), suggesting that the lattice O near the 1f-cus Ru active
sites on the grain edges are more prone to overoxidation than those in
bulk or on the surface of the catalyst (Fig. 1b and Supplementary
Fig. 2)*. Therefore, stabilizing lattice O on the grain edges of RuO, can
drastically improve its stability.

Oxyanions with under-coordinated O atoms tend to bond with 1f-
cus Ru to form saturated sites, thereby stabilizing the lattice O bond to
Ru on the RuO, surface. Sulfate, which fits within the RuO, (110) facet
(Supplementary Fig. 3), may well fulfill this purpose. However, sulfate
is vulnerable to acidic and oxidative conditions®*. We therefore
envisaged fixing metal cations (M) in Ru lattice sites to coordinate with
the O atoms in sulfate, thus immobilizing sulfate on the crystal.
Screening of M across the periodic table was then performed based on
their chemical binding energies (Supplementary Table 1). Despite
having superior binding energy with sulfate, d-block metals with poor
d-electrons were first ruled out because they are chemically active and
intrinsically unstable (Fig. 1c)”. Among the remaining metal elements
in the s-, p-, d (d-electron rich)-, and f-blocks, Ba possesses the strongest
binding energy with sulfate on the RuO, (110) plane. Furthermore, the
sulfate coordinated with Ba matches well with RuO, (110) structurally,
where the coordination-saturated O shared by sulfate and Ru is located
on the RuO; lattice site, and Ba fixes sulfate by bonding with one of its
O atoms (Fig. 1d and Supplementary Fig. 4). Therefore, we selected Ba-
anchored sulfate to stabilize the RuO,.

Synthesis and characterization of Bag 5(S04)sWo 2Rug 50,_s and
control samples

The theoretical predictions guided us to incorporate Ba-anchored sulfate
into RuO; to stabilize the catalyst. W dopant was also introduced into the
synthesis process to enhance the OER activity (Supplementary Fig. 5).
First, metal precursors and sulfur (S) sources were dissolved in an oley-
lamine solution, which was heated to 250 °C to obtain Bag3zWg,Rug sSx
nanosheets (Fig. 2a). Then, the Bag3Wo2Rup sSx nanosheets were loaded
on carbon black, followed by calcination at 400 °C in an air atmosphere.
Finally, the as-obtained material was acid-washed to remove impurities,
forming Bag3(S04)sWo2RU050,-s nanoparticles (Fig. 2b). Figure 2c
shows the S 2p X-ray photoelectron spectroscopy (XPS) spectra of
Bag3Wo2RupsSx and Bag3(SO4)sWo2RUps0,-s. The peaks at 162.6 and
163.9 eV were assigned to sulfide (S*) and polysulfides (S,>) species in
Bag 3Wo2Rug Sy, respectively®. In contrast, only one peak was observed
at 168.7 eV for Bag3(S04)sWo.2Rug 50,5 which was ascribed to SO4* (see
ref. 37), suggesting that the sulfide was oxidized to sulfate after calci-
nation. The X-ray diffraction (XRD) pattern of Bag3(SO4)sWo2RUg505-5
presented the characteristic peaks of rutile RuO, (JCPDS card No. 88-
0286), confirming the formation of oxides (Supplementary Fig. 6). High-
angle annular dark-field scanning transmission electron microscopy
(HAADF-STEM) of Bag3(SO04)sWo2RUgs50,-5 indicated well-defined
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Fig. 1| RuO, stabilizing strategy guided by density functional theory. a Gibbs
free energy diagram of Ru dissolution on the RuO, (110) plane. Of note, the green
ball represents the Ru atom on the grain edge. b Ball-and-stick model of the RuO,
(110) plane (see Supplementary Fig. 2 for another viewing angle). Of note, the green
and purple balls represent Ru and O atoms, respectively, on the grain edges.

¢ Binding energy of various metal elements with sulfate on the RuO, (110) plane,
and the intensity of green color represents the strength of the binding energy for

each metal element (Supplementary Table 1). Of note, “d-block metals with poor d-
electrons” refers to metals with d orbital electrons <5, and “d-electron rich” refers to
metals with d orbital electrons >5. d Ball-and-stick model of Ba-anchored sulfate on
the RuO, (110) plane (see Supplementary Fig. 4 for another viewing angle). Of note,
the green and purple balls represent Ru and O atoms, respectively, on the

grain edges.
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Fig. 2 | Preparation and characterization of the catalysts. a, b TEM images of
a Bap 3Wo2RuosSx and b Bag 3(S04)sWo.2Ruo s0-5 (scale bar, 100 nm). ¢ High-
resolution XPS spectra of S 2p for Bag3Wo 2Rug 5sSx and Bag 3(SO4)sWo 2RUp 502-5.

d HAADF-STEM image of Bag 3(SO4)sWo2RUg sO,-5 (scale bar, 2 nm). Inset: FFT
analysis of Bag 3(SO4)sWo 2RUg 50,5 (scale bar, 5nm™). e EDS mapping of
Bag 3(S04)sWo 2RUg 50,-5 (scale bar, 20 nm).
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Fig. 3 | OER performance of catalysts in 0.5 M H,SO,. a OER polarization curves,
b Tafel plots, ¢ Mass and specific activity at 1.45 V with error bar, d Cq plots at1.25V,
and e ECSA-normalized polarization curves of commercial RuO,, Wy 3Rug 70,
(S04)sRUO,-5, Bap 4(S04)sRU0.602-5, and Bap 3(SO04)sWo 2RUo s02-5. Of note, the
catalyst loading is 125 pg,.iqe cm >, and the area of the glassy carbon electrode is

0.196 cm?. f Summary of the acidic OER stability of up-to-date Ru-based catalysts at
10 mA cm™ (Supplementary Table 5). g Chronopotentiogram of commercial RuO,,
Wo3RU0 702, (SO4)sRUO,-5, Bao 4(SO4)sRUo 602-5, and Baog 3(S04)sWo.2Ruo 505-5 at

10 mAcm™?in 0.5M H,SO,.

lattice fringes with interplanar distances of 0.33 and 0.26 nm for the (110)
and (101) planes of rutile-structured RuQO,, respectively (Fig. 2d). Con-
sistent with the HAADF-STEM image, fast Fourier transform (FFT) ana-
lysis and selected area electron diffraction (SAED) pattern showed
distinct diffraction rings of RuO, (inset in Fig. 2d and Supplementary
Fig. 7). Energy-dispersive X-ray spectrometry (EDS) elemental mapping
of Bag3(S04)sWo2Rug50,-5 revealed the homogeneous distribution of
Ru, W, Ba, S, and O in the particles (Fig. 2e). Inductively coupled plasma
mass spectrometry (ICP-MS) determined the mass fractions of Ru, W, Ba,
and S in Bag3(S04)sWo2RUg 50,5 to be -36, 28, 27, and 9%, respectively.
For comparison, Ba;,,(SO4)sW,Ru-m—nO2-s With various element ratios,
and a series of Ru-based catalysts, including RuO, (named “as-prepared
Ru0,"), Wo3RuUg 702, Bao4Rup 602 (SO4)sRUO,-5, Bap4(SO4)sRU0 025
and Wy 3(SO4)sRU0,0,-5, were synthesized through a similar process
(Supplementary Figs. 8 and 9).

Acidic OER performance of the catalysts

The acidic OER performance of Bag3(S04)sWo2RuUps0,-s was eval-
uated on a rotating disk electrode (RDE) in a typical three-electrode
electrolytic cell, and the electrolyte was 0.5 M H,SO, unless otherwise
stated. Control samples such as RuO,, Wq 3Rug 70,, (SO4)sRUO,-_s, and
Bag.4(S04)sRUp ¢0,-5 Were tested under the same conditions. All the
samples were measured based on three independent tests (Supple-
mentary Fig. 10). Compared to commercial RuO,, the as-prepared
RuO; exhibits poor OER performance (Supplementary Fig. 11), so we
use commercial RuO, as the benchmark. As displayed in Fig. 3a, the
OER activities of the prepared catalysts followed an order of
Bap3(S04)sWo2Rug 5025 > Wo 3RUg 705 > (S04)sRUO,-5 > Bag 4(S04) 5
Rug0,-5 > commercial RuO,. The Bag3(S04)sWo2RuUg 50,5 catalyst
exhibited an onset potential of ~1.35V and delivered a current density
of 10 mA cm™ at an overpotential of 206 mV, lower than of commercial
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RuO, at 282 mV (Supplementary Table 2). Bag3(SO4)sWo.2RuU050,-5
also showed the highest OER activity among the Ba,(SO4)sW,
Ru;-m-nO,-s catalysts (Supplementary Fig. 12). Furthermore, the Tafel
slope decreased from 83.8mV dec’ on commercial RuO, to
43.3 mV dec™ on Bag 3(S04)sWo2Rug s0,-s, suggesting that Bag 3(SO4)s
Wo.Rug 50,-5 can more effectively lower the acidic OER overpotential
than commercial RuO, at higher current densities (Fig. 3b)".
According to the electrochemical impedance spectroscopy (EIS)
results at 1.5V, Bag3(S04)sWo2RuUg 50,-5 achieved the lowest charge-
transfer resistance (R.) of 2.83 Q among all tested catalysts, implying
its enhanced OER kinetics (Supplementary Fig. 13)".

To better understand the effects of the incorporated W and sul-
fate anchored by Ba on acidic OER activity, the mass activity (j;,,) of the
prepared catalysts was calculated at 145V (Fig. 3c).
Bag3(S04)sWo.2RUp 50,5 exhibited the highest metal oxide-based
mass activity of 0.034 A mg,iqe , over 11.3 times as high as that of
commercial RuO, (0.003 A mg,,iqe ). The specific activity (j;) of the
catalysts at 1.45 V was determined by measuring their electrochemical
double-layer capacitance (Cq) and calculating the electrochemically
active surface area (ECSA) (Supplementary Fig. 14)%.
Bag3(504)sWo 2RuUg s0,-5 with large nanoparticles delivered the lowest
Ca (1.39 mF), less than half that of RuO, (2.92 mF) (Fig. 3d). The ECSA-
normalized OER activities of the catalysts followed the order of
Bag 3(S04)sWo.2RU0 502-5 > Wo.3RUg 702 > (SO4)sRUO,-5 = Bap 4(SO4) 5
Rupg0,-5 > commercial RuO, (Fig. 3e), and the js of
Bag3(S04)sWo2RUo 50,25 (0.105 MA cmyyige 2) was 21-fold higher than
that of RuO, (0.005 mA cmgyiqe ). Furthermore, we also calculated the
areal mass activity of the catalysts at 1.45 V, and the areal mass activity
of Bag3(S04)sWo2RUpsO05-5 (0473 A mgg,” cmgig?) was 21.5-fold
higher than that of RuO, (0.022 A mgg,” cmgis®) (Supplementary
Fig. 15). These results indicated that the intrinsic OER activity of each
active site was enhanced on Bag3(S04)sWo.Rugs0,-s. Of note, the
similar specific activities of (S04)sRuO,-s and Bag 4(SO4)sRU 605-5,
and the comparable OER activities of Bag4Rup¢0, and commercial
RuO, implied the negligible contribution of Ba to boosting the OER
activity (Supplementary Fig. 16).

Next, the catalyst durability was assessed using the chron-
opotentiometry (CP) method at 10 mAcm™ in 0.5M H,SO, (Fig. 3g).
The OER performance of commercial RuO, drastically degraded within
1.5 h, while Wy 3Rug 70, lasted for 55 h. This indicated that introducing
W can improve the stability of RuO,, likely because of the lowered OER
overpotential, albeit to a limited extent. In comparison, doping sulfate
can better stabilize RuO,, improving the stability to 160h on
(S04)sRUO;,-g, although sulfate losses eventually occurred. To measure
the amount of dissolved S, (SO4)sRuO,_s was tested at 10 mA cm™ for
100 h in 0.1M HCIO4 (Supplementary Fig. 17), and around 64.1% of S
was dissolved into the electrolyte as suggested by ICP-MS. In line with
our theoretical predictions, incorporating Ba could fix the sulfate on
the RuO, surface — only 25.6% of S in Bag4(SO4)sRUp¢0,-5 Was dis-
solved into the electrolyte under the same testing conditions. As a
result, the OER durability of Bag 4(SO4)sRU(¢05-5 at 10 MAcm™ in
0.5M H,SO0, was further extended to 316 h. In comparison, the OER
activity and stability of W 3(SO4)sRUo70,-5 are slightly better than
those of (S04)sRuO,-s, indicating that the W dopant can lower the OER
overpotential rather than immobilize sulfate (Supplementary Fig. 18).
By synergizing the stability-enhancing effects of W and sulfate
anchored by Ba, the Bag3(S04)sWo.2Rup 5s0,-s catalyst presented an
overpotential degradation of only 43 mV after 1000 h continuous OER
at 10 mA cm2 in 0.5 M H,S0,. After analyzing the electrolyte after the
OER stability test, Bag3(SO4)sWo2RUps50,-s incurred the smallest
Ru loss (7.1%) among all tested catalysts (Supplementary Table 3),
and the stability number (S-number) of catalysts followed the order of
Bag 3(S04)sWo 2RUo.502-5 > Bap 4(SO4)sRUp 602-5 > (SO4)sRUO,-5> W 3-
Rup70, > commercial RuO, (Supplementary Table 4). The notable
durability of Bag 3(S04)sWo 2Rug s0,-5, with relatively low overpotential

degradation and robust activity, surpassed up-to-date Ru-based cata-
lysts under similar conditions (Fig. 3f and Supplementary Table 5). The
prolonged acidic OER stability of our Bag 3(SO4)sWo 2Rug 50,5 catalyst
was also verified by accelerated aging tests via fast-scan cyclic vol-
tammetry (CV). Bag.3(S04)sWo.2RUq.50,-5 showed only 28 mV over-
potential increase at 10 mA cm™ in 0.5 M H,SO, after 100,000 cycles,
whereas RuO, was completely deactivated after 100,000 CV cycles
(Supplementary Fig. 19).

Underlying mechanism of enhanced acidic OER activity on

Bag 3(S04)sWo.2RU0.502 5

To understand the effects of Ba-anchored sulfate and W on acidic OER
activity, DFT calculations were performed based on the aforesaid atomic
structures of RuO,, Bag 4(SO4)sRUg.¢05-s, and Bag3(S04)sWo2RU 505-6.
Since OER takes place on the catalyst surface, our analysis followed the
adsorbate-evolving mechanism (AEM), which has been widely accepted
for acidic OER on RuO,**°. Briefly, the first adsorbed water molecule
undergoes two deprotonation steps on the under-coordinated Ru
(Rucys) site to sequentially form *OH and *O, which then adsorbs the
second water molecule and deprotonates into *OOH (Fig. 4a and Sup-
plementary Fig. 20 for detailed description). The *OOH can readily
donate a proton to an adjacent O site, forming a strong hydrogen bond
(denoted as *00-H). Finally, the *O0-H intermediate is deprotonated
and an O, molecule is released, which is considered the RDS as reported
by Shao-Horn et al.***, Weakening the too-strong adsorption energy of
oxygenated intermediates on Ru.,s can effectively accelerate the OER
process*>*>,

As depicted by the Gibbs free energy diagram of the acidic OER
process, AG-oo 0N Bap.4(S04)sRUp 602-5 and Bag 3(S04)sWo.2RU0 5025
was 3.16 and 3.05 eV, respectively, lower than that of RuO, (3.69 eV)
(Fig. 4a, c, e). The O atom adjacent to *OOH—the proton acceptor—was
bound to S in sulfate-containing catalysts, whereas it was bound to Ru
in RuO, (Supplementary Fig. 20). S is more electronegative than Ru,
resulting in a lower Gibbs free energy difference (AG-oon — AG0o-H) ON
Bao.4(504)5RU0.602_§ (0.05 EV) and Ba0,3(504)5W0_2Ru0,502_,5 (0.01 eV)
than that on RuO, (0.81eV)***. This further promoted the deproto-
nation of *OO-H-the absolute values of (AGg, ~AG-oon) ON
Bao_4(504)§RU0.602_5 (127 eV) and Ba0.3(SO4)5W0,2Ru0,502_5 (1.32 eV)
were lower than on RuO, (1.5 eV). These results clearly attributed the
accelerated OER kinetics to the addition of sulfate, which weakened
the adsorption energy of oxygenated intermediates. The DFT calcu-
lations were validated by in-situ attenuated total reflection surface-
enhanced infrared absorption spectroscopy (ATR-SEIRAS). When
applying oxidation potentials from 1.1 to 1.8 V on RuO,, (SO4)sRuO,-s,
and Bag3(S04)sWo2RUp50,-5, a peak emerged between 1120 and
1020 cm™, arising from the *OO stretching vibration in *OOH or
*00-H"". The peak intensity increased as the potential became more
positive. The *00 vibration was blue-shifted from 1118 cm™ on RuO, to
1056 and 1050 cm™ on (504)6RU02_5 and Ba0.3(504)5W0_2RUO_502_§,
respectively (Fig. 4b, d, f). This indicated that sulfate weakened the
adsorption energy of the oxygenated intermediates, in consistency
with the DFT predictions. The broad peak between 1250 and 1150 cm™
was assigned to the Si-O-Si vibration from the ATR crystal or the S=0
vibrations of sulfate*®*’,

The weakened adsorption energy of oxygenated intermediates
in the presence of sulfate accelerated the dehydrogenation of
*00-H. Consequently, the RDS may switch from the dehydrogena-
tion of *O0-H to the formation of *OOH. This hypothesis was evi-
denced by changes in Tafel plots*. As shown in Fig. 3b, the Tafel
slope decreased from 83.8 mVdec™ on RuO, to ~44 mV dec™ when
sulfate was incorporated. The changed Tafel slope was close to the
theoretical value of 39 mV dec™ when *OOH formation is the RDS on
the RuO, (110) plane, as calculated by Nerskov et al.*°, implying the
formation of *OOH to be the RDS on sulfate-containing catalysts. On
the other hand, the absolute value of (AG-o — AG-oon)—the descriptor
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acquired on b RuO,, d (SO,4)sRuO,_s, and f Bag 3(SO04)sWo 2RuUq 50,-5 at acidic OER
potentials from 1.1 to 1.8 V. Of note, the signal-to-noise ratio of our ATR-SEIRAS is
acceptable compared to literature*’*%,

for the energy barrier of deprotonating the second adsorbed water
molecule to form *OOH—was lower on Bag3(SO4)sWo.RuUp505-5
(1.57 eV) than that on Bag 4(SO4)sRUg ¢0;-5 (1.67 eV), indicating that
the W dopant promotes the formation of *OOH (Fig. 4c, e). This was
experimentally validated by CV, where the redox peaks can reflect
the proton-coupled electron transfer. As shown in Supplementary
Fig. 21, the oxidation peak near 1.3V on commercial RuO, corre-
sponded to the formation of *OOH via the deprotonation of the
second adsorbed water molecule*’. When incorporating Ba-anchored
sulfate, the peak position was negatively shifted to ~1.23V on
Bap.4(S04)sRUp60,-5, and it was further shifted to -1.17V when
introducing W to form Bag3(SO4)sWo 2RUg s02-5. These results sug-
gested that the sulfate anchored by Ba changed the RDS from *O0-H
dehydrogenation to *OOH formation, and the addition of W accel-
erated the altered RDS to collectively promote the OER activity.

Understanding the enhanced stability on
Bag.3(S04)sWo.2RU0.50;_5

Besides the activity, gaining insights into the noticeable stability of
Bag 3(S04)sWo.2Rup 50,-5 may be even more important for practical

applications. The deactivation of RuO, originates from the formation
of V,, due to the overoxidation of lattice O at high-oxidation poten-
tials. Consequently, the adjacent surface Ru atoms are oxidized
into soluble high-valence Ru** derivatives”. With this notion,
we performed X-ray absorption spectroscopy (XAS) on
Bag 3(S04)sWo.2RUg 50,2-5, RuO,, Ru foil, and standard-RuO,. The Ru
K-edge X-ray absorption near edge structure (XANES) was shown in
Fig. 5a. Benchmarked by the standard-RuO,, the Ru oxidation state
in Bag3(S04)sWo2RUp 50,5 was very close to +4, slightly higher
than that in RuO,. Ru-based materials with a higher valence state of
Ru possess higher OER activity according to previous studies, con-
sistent with our results®®". Operando k*-weighted Fourier trans-
formed extended X-ray absorption fine structure (FT-EXAFS)
spectra were obtained to analyze the structural changes of catalysts
during acidic OER, and the fitting parameters and results are listed
in Supplementary Table 6 and Supplementary Fig. 22. For
Bag 3(S04)sWo2RUo 50, s, the scattering peak at 1.97 A was ascribed
to Ru-0 coordination on the first shell of the nanoparticles. The peak
remained unchanged over the OER potentials from 1.2 to 1.6V
(Fig. 5b), indicating the stable structure of Bag 3(S04)sWo.2RU0 502-5
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Fig. 5 | Understanding the enhanced stability on Bag 3(S04)sWo.2RUg 505-5.

a Normalized Ru K-edge XANES spectra of Bag 3(S04)sWo R0 505-5 RuO,, Ru foil,
and standard-RuO,. b, ¢ Operando EXAFS spectra of Ru edge on

b Bag3(SO04)sWo2RUg 502-5 and ¢ RuO, at acidic OER potentials from 1.2 to 1.6 V.
d High-resolution XPS spectra of Ru 3d for RuO,, (S04)sRu0,-5 and

Bap 3(SO4)sWo 2RUg 5s0,-5 before and after OER. e The intensity ratio of v(OH), /
v(OH),, on RuO;, (SO4)sRUO,-g, and Bag 3(SO4)sWo 2Rug 50,-s over the course of 1 h
acidic OER at 1.5 V. f Ru Pourbaix diagram for Bag 4(SO4)sRug 60,-s generated with
an aqueous ion concentration of 10 M at 25 °C. g Gibbs free energy diagram of Ru
dissolution on the grain edges of Bag 3(S04)sWo 2R 505-5.

under acidic OER conditions. In contrast, the peak of Ru-O coordi-
nation for RuO, was negatively shifted as the potential increased
(Fig. 5¢). This implied that the formation of V,, and the dissolution of
Ru occurred at high-oxidation potentials, thereby lowering the Ru-O
coordination number and shortening the interatomic distance*.
Figure 5d shows the Ru 3d XPS spectra of RuO,, (SO4)sRuO,-s,
and Bag 5(S04)sWo.2RUg 50,-5 before and after OER, and the peak at
~280.7 eV was assigned to Ru*' species®”. After OER, the binding
energy of Ru 3d on the tested catalysts shifted positively in the fol-
lowing order: RuO, (1.2eV)>(SO4)sRuO,-s (0.4eV)=Bag3(S04)s
Wo.2RUg50,-5 (0.2eV). This implied that the addition of sulfate
effectively impeded the oxidation of Ru** species to Ru** derivatives
during acidic OER. The protection of RuO, by sulfate was confirmed
by the O 1s XPS spectra, which were deconvoluted into three peaks at
529.8, 531.9, and 533.2eV corresponding to M-O bonds (0%),
hydroxyl groups (OH"), and adsorbed water (H,0), respectively**.

The Ru-0 and Ru-OH bonds were observed on all catalysts before
OER, arising from the intrinsic properties of oxides (Supplementary
Fig. 23). After the OER test, the Ru-O peak of RuO, vanished,
whereas that of (SO4)sRuO,-s and Bag3(S04)sWo.RUg505-5 was
attenuated but remained obvious. This indicated that sulfate can
stabilize the lattice O during acidic OER. The structural changes of
the catalysts were further investigated using time-resolved in-situ
XRD at a high-oxidation potential of 1.55 V. The XRD patterns of RuO,
indicated a gradual weakening (-34.7% decrease) of the characteristic
(101) peak density at 20 =35.1° (JCPDS 88-0286) during the con-
tinuous 200 min acidic OER due to the dissolution of nanoparticles
(Supplementary Fig. 24), consistent with the XPS results. On the
contrary, the characteristic peak intensity of Bag3(SO4)sWo2
Rug.50,-s reduced negligibly throughout the reaction (Supplemen-
tary Fig. 25), suggesting its stable structure under acidic OER
conditions.
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As predicted by theory, sulfate could inhibit the formation of V,,
by forming coordination-saturated lattice O via bonding its under-
coordinated O with under-coordinated Ru. To verify this hypothesis,
we performed time-resolved in-situ ATR-SEIRAS on RuO,,
(SO4)5RU0275, and Bao.3(504)5W0‘2RU0.50275 at 1.5V. The O-H
stretching modes of the interfacial H-bonded water network were
deconvoluted into three Gaussian peaks**~*": (1) isolated non-H-
bonded water at -3600 cm™ (i.e., free water, with free O-H bonds
denoted as v(OH);), (2) trihedral H-bonded water at -3400 cm™ (i.e.,
liquid-like water, with relatively weak O-H bonds denoted as v(OH),,),
and (3) tetrahedral H-bonded water at ~ 3200 cm™ (i.e., ice-like water,
with strong O-H bonds denoted as v(OH)s). According to experimental
and theoretical studies on aqueous-solid interfacial interactions,
v(OH), is bound to 1f-cus Ru sites and v(OH),, is bound to lattice O viaH
bonds***. As shown in the time-resolved in-situ ATR-SEIRAS spectra,
v(OH);, v(OH),,, and v(OH)s were all detected on Ru-based catalysts
during OER (Supplementary Fig. 26). On RuO,, the proportion of
v(OH),, gradually decreased and the intensity ratio of v(OH)s/v(OH),,
increased with time (Fig. 5e), which can be attributed to the formation
of V, due to the over-oxidation of lattice O. In contrast, on
(SO4)sRUO,-s and Bag3(S04)sWooRUg sO5-5 v(OH),, remained domi-
nant and the intensity ratio of v(OH)s/v(OH),, was almost unchanged
during acidic OER, entailing that sulfate enhanced the protection of
lattice O and impeded the formation of V..

The functions of Ba-anchored sulfate in protecting lattice O
motivated us to carry out DFT studies to better understand its stability
mechanism for RuO,. Pourbaix analysis was conducted to assess the
phase stability of RuO, and Bag4(SO4)sRup¢0,-s (Supplementary
Table 7), which can be quantitatively evaluated by computing the
Pourbaix decomposition free energy (AGpyyx) of the catalysts with
respect to the stable domains in the Pourbaix diagram as a function of
pH and potential®*°. Supplementary Fig. 27 shows a typical Pourbaix
diagram for the Ru element in aqueous solutions. The upper and lower
dashed lines indicate the thermodynamic potentials for OER and
hydrogen evolution reaction (HER) at different pH values,
respectively®. In an acidic environment (pH <7), RuO, is stable within a
narrow potential range, and it transformed into soluble H,RuOs at
1.32 Vwhen pH = 0. In contrast, the RuO, phase of Bag 4(S04)sRu( ¢05-5
remained stable over a wider OER potential range, and it was intact
until the potential increased to 1.83 V at pH = O (Fig. 5f). In addition, the
AGppx Of Bag 4(SO4)sRUq 60,5 is 0.69 €V atom™ at 2V when pH = 0,
lower than that of the RuO, (2.74 eV atom™) (Supplementary Fig. 28)—
this confirmed the stability of Bag 4(SO4)sRUg ¢0,-5°. Furthermore, we
also evaluated the thermodynamic stability of the structure of Ba-
anchored sulfate. The calculation indicates that Ba-anchored sulfate is
highly stable when pH <13.6 (Supplementary Fig. 29), consistent with
the ICP-MS result (Supplementary Table 4). Moreover, the Ru dis-
solution process on the grain edges of Bag3(S04)sWo2Rup 50,5 was
further investigated during prolonged acidic OER (Supplementary
Fig. 30). As depicted in Fig. 5g, with the coordination-saturated O
shared by sulfate and Ru as the adsorption site at 1.6 V, the Gibbs free
energy difference of water adsorption and deprotonation (a to b) on
Bag3(504)sWo.2Rug 50,-5 was 1.44 eV, significantly higher than that on
RuO, (-0.05 eV, Fig. 1a). This indicated that the shared O was difficult
to be over-oxidized, consistent with the in-situ ATR-SEIRAS results. In
subsequent steps, the dissolution of Ru was almost spontaneous on
RuO,, whereas on Bag 3(S04)sWo.2Ruo50,-5, the dehydrogenation of
*RuO4-H (k to ) needed to overcome an energy barrier of 0.77 eV.
These results collectively ascertained that incorporating Ba-anchored
sulfate can effectively inhibit the over-oxidation of shared O, hinder
the Ru loss, and stabilize the RuO, crystal structure.

PEMWE performance in 0.5M H,SO,
Last, we sought to operate the Bag3(SO4)sWo2RuUo50,-5 catalyst in
practical applications. A membrane electrode assembly (MEA) based

PEMWE (Supplementary Fig. 31) was constructed with
Bag 3(S04)sWo.2Rug 50,-5 as the anode catalyst, commercial Pt/C as the
cathode catalyst, and Nafion 115 as the proton-exchange membrane
(Fig. 6a). As the benchmark, a similar PEMWE was fabricated using
commercial RuO, as the anode catalyst. All device performances were
evaluated in 0.5 M H,SO, at 80 °C without iR correction. As compared
in Fig. 6b, to reach water-splitting current densities of 0.5, 1, and
2 Acm™, the Bag3(S04)sWo.2Rup s0,-sbased PEMWE required full-cell
voltages of 1.54, 1.68, and 1.91V, respectively, much lower than those
of the RuO,-based PEMWE (1.70, 1.90, and 2.28V). Remarkably,
further increasing the full-cell voltage to 2.5V facilitated the
Bag 3(S04)sWo.2Rug s0,-s-based PEMWE to operate at a current density
of 4.49Acm™, corresponding to a hydrogen production rate of
~-1.88 Ly, h™%. The Bag 5(S04)sWo 2Rug s0,_s-based PEMWE also incurred
alow electricity consumption of ~42.9 kW h kg, and a power density
of .17 W cm™ at 1.6 V, which were aligned with existing PEMWEs in the
market (electricity consumptions between 47 and 73 kW h kg, and
power densities between 1.40 and 3.52Wcm™ at 1.6 V)*.

More impressively, the Bag3(SO4)sWo2RUp50,-sbased PEMWE
demonstrated markedly improved device stability at 500 mAcm™ in
0.5M H,S0,. As shown in Fig. 6d, the Bag3(SO4)sWo2Ru( s0,-sbased
PEMWE can be operated stably for 300 h and the voltage increased by
only ~7.1%. In contrast, the voltage of the RuO,-based PEMWE increased
by 400 mV in just a few hours (Supplementary Fig. 32). Furthermore, we
also conducted a test on the Bag 3(S04)sWo2RuUg s0,-s-based PEMWE at
1A cm in distilled water (Supplementary Fig. 33). After 300 h stability
test, the voltage increased by only -4.9%, indicating its excellent stability.
Figure 6¢ and Supplementary Table 8 summarize the active lifetime of
Bag3(S04)sWo2RUg 50,-5 and other state-of-the-art Ru-based OER cata-
lysts in PEMWESs as a function of current density in distilled water, 0.1 M
HCIO,, and 0.5M H,SO,. Although operated in strong acid at a high
current density, our Bagz(SO4)sWo2RU050,-5 catalyst manifested
exceptional device stability metrics.

Discussion

In summary, toward the desired goal of stabilizing RuO, for acidic OER,
we not only elucidated the catalyst deactivation mechanism, but also
shed light on how theory can guide material design principles. Based
on our oxyanion protection strategy, the designed Ba-anchored sulfate
effectively prevented the loss of surface Ru atoms by inhibiting the
overoxidation of lattice O, and W dopant lowered the over-potential to
further enhance the acidic OER stability. The resulting
Bag3(S04)sWo.2Rup s0,-5 catalyst, when operated in a PEMWE, deliv-
ered a 300 h stability at 500 mA cm™ in 0.5M H,SO,, verifying the
effectiveness of the strategy. In a broader context, this work can be
translated to acidic water electrolysis at a larger scale, underpinned by
further improvements in stability and a decrease in operating voltage.

Methods

Catalyst synthesis

All chemicals and reagents were used as received without further pur-
ification. All aqueous solutions were prepared with distilled water (Mil-
lipore, 18.2 MQ cm). A typical Schlenk line was used to synthesize the
Bay,(SO4)sWnRU-m-nO2-s nanoparticles. For Bag3(S04)sWo2RuUg 5055,
0.1mmol of ruthenium(lll) acetylacetonate (Aladdin, 99.95%),
0.02mmol of barium tungstate (Aladdin, 99.9%), and 0.6 mmol of
thiourea (Aladdin, 99.0%) were dissolved in 10 mL oleylamine (Aladdin,
80-90%) by ultrasonication for 30 min. The solution was then stirred for
another 30 min under an N, flow. Next, the solution was heated to
250°C for 2.5h under N, flow conditions, and cooled to room tem-
perature after the reaction. The nanoparticles were collected by cen-
trifugation at 12.3xg for 4 min and washed at least five times with
absolute ethanol (Aladdin, 97.0%). After that, the nanoparticles were
redispersed in 50 mL cyclohexane (Aladdin, 99.0%) with 23 mg of car-
bon powder (Vulcan XC-72), then stirred and ultrasonicated for 10 h. The
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Fig. 6| Stability of Bao.3(SO4)5W0,2Ru0.502,5 in PEMWE. a Schematic of the
PEMWE. b Polarization curves of the PEMWEs using commercial RuO, and
Bap3(S04)sWo.2RUp 50,5 as the anode catalysts in 0.5 M H,SO, at 80 °C. ¢ PEMWE
stability based on Bag 5(SO4)sWo.Ruo 50,-5 and other reported Ru-based anode

catalysts (Supplementary Table 8). d Chronopotentiogram and voltage degrada-
tion of Bag 3(S04)sWo 2Rug s0,-s-based PEMWE operated at 500 mAcm™2in 0.5M
H,SO,4 under 80 °C. Of note, fresh electrolyte was replenished at the 206th h (gray
asterisk).

resulting mixture was suction-filtered and dried at 80 °C for 5h. The
product was calcined at 400 °C for 5h using a tube oven under air
conditions, followed by further acid-washing to remove impurities in
0.5M H,S0, for 12 h. Finally, the Bag3(S04)sWo2Rug s0,-s catalyst was
obtained after suction filtering. Of note, the physical characterizations
and PEMWE tests of the Bag3(S04)sWo2RUgs0,-s nanoparticles were
conducted without carbon support. The preparation methods for as-
prepared RuO,, Wo3Rug 705, Bag 4Rug 605, (SO4)sRUO,-s,
Bag 4(SO4)sRUp 602-5, and Wq3(SO4)sRUp70,-5 were similar to that of
Bag3(S04)sWo.2RUg505-5 except that 0.02 mmol of barium (II) acet-
ylacetonate (Aladdin, 99.0%) or 0.02 mmol of tungsten hexacarbonyl
(Aladdin, 99.9%) were used as Ba or W precursors, and the reaction
temperature for Bag 4Rup 0, and Bag 4(SO4)sRug 60,5 was 300 °C.

Theory calculation method

DFT calculations were performed by the Vienna Ab-initio Simulation
Package (VASP.5.4.4) code®. The core-valence interactions were cal-
culated using projector-augmented wave (PAW) pseudopotentials with
a cut-off energy of 500 eV®*. The exchange-correlation correction effect
was treated by the generalized gradient approximation—-
Perdew-Burke-Ernzerhof (GGA-PBE) method®. A 20 Angstrom-thick
vacuum layer was used to eliminate the interaction between two adja-
cent slabs. The convergence accuracy was considered to be reached
when the force of each atom was less than 0.02 eV-A™., The Brillouin
zone was sampled on the Gamma-centered Monkhorst-Pack (MP)
grids®, and the K-points were set as 3x3x1 in all models. The DFT-
D3(BJ) method was used to consider the dispersion energy correction
of van der Waals force®’. The RuO, (110) facet was constructed to
simulate the OER process. In the Bap3(S04)sWo.2RuUp s0,-s model, both
Ba and W atoms were uniformly doped into the lattice sites of Ru with a

metal atomic concentration of around 8.5%. Four enriched SO, groups
(i.e., sulfate groups) were uniformly anchored by one surface Ba atom.
In each sulfate, two O atoms replaced two surface lattice O of RuO, to
bond with Ru, and one O atom was bound with Ba. To screen the M in
the periodic table, the sulfate-enriched surface Ba was replaced by the
other elements. In the Ru loss model, the boundary was constructed by
two perpendicular (110) and (-110) facets. Data processing was assisted
by VASPKIT®®, QVASP®’, and VESTA” software. In particular, the exact
energy of the triplet O, (-10.33 eV) was determined by VAPKIT. Porbaix
diagrams were calculated using Atomic Simulation Environment (ASE)
with input formation energy by DFT calculations of bulk and surface
models”. The Gibbs free energy difference (AG) between the initial and
final states was defined by AG = AE + AZPE - TAS, where E, ZPE, T, and S
represent the DFT-calculated energy, zero-point energy, temperature
(298.15K) and entropy, respectively’.

Characterization

TEM images were acquired using an FEI Tecnai G2 Spirit Twin trans-
mission electron microscope operating at 120 kV. HAADF-STEM,
SAED, and EDS elemental mappings were performed by an FEI Titan
80-300 equipped with a field emission gun and spherical aberration
corrector working at an accelerating voltage of 300 kV. XRD patterns
of each sample were collected on a Bruker D8 Advance with Cu Ky
radiation (A =0.154 nm). The data were collected with a step size of
0.01s and a dwell time of 0.1s. XPS spectra were recorded at a Kratos
Analytical AMICUS/ESCA 3400 equipped with an Mg-anode K, exci-
tation X-ray source (hv=1253.6 eV) at 10 kV, 10 mA, and 2 x 107 Pa. All
binding energies of the elements were referred to the C 1s peak at
284.8 eV. XPS spectra of catalysts after the OER were obtained when
the CV curves became stable. ICP-MS (Agilent, 8800) was used to
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determine the contents of the elements for as-prepared catalysts. Prior
to ICP-MS measurements, the samples were digested by an Ultrawave
(Milestone, SRC Technology) in aqua regia at 250 °C under 50 bar for
12 h. The S-number of catalysts was calculated according to the defi-
nition by Geiger et al.”: S-number = n, /ng,. The moles of the evolved
oxygen (np,) which can be determined by integrating the current (i)
during the constant current: ny, =1/zF [ i(¢)dt, where z is the number
of electrons transferred during the reaction (z=4 for OER), F is the
Faraday constant (96485 C mol™), and ¢ is the reaction time. The moles
of the dissolved Ru (ng,) can be determined by: ng, = mg,/Mp,, where
my, is the mass of dissolved Ru during OER, My, is the molar mass of
Ru (101.07 g mol™).

Operando XAS measurements were performed using the beamline
BLOIC1 at the National Synchrotron Radiation Research Center
(NSRRC, Taiwan). First, the catalyst was dropped onto the carbon
paper as the working electrode with a catalyst loading of 0.1 mg cm™. A
carbon bar and an Ag/AgCl electrode were used as the counter and
reference electrodes, respectively. The working electrode was assem-
bled into an organic glass electrochemical cell with 0.5 M H,SO, as the
electrolyte. The spectra were collected at oxidation potentials of 1.2,
1.3, 1.4, 1.5, and 1.6 V. Ru foil and standard-RuO, were tested as the
references. Data processing and EXAFS fitting were carried out using
the Athena and Artemis programs’.

In-situ XRD was carried out on a Bruker D8 Discover XRD spec-
trometer equipped with an IpS microfocus X-ray radiation source and
an Eiger 2D detector. A collimator (2 mm in diameter) was used to
improve the X-ray intensity of the laser spot. A 2D detector was ver-
tically positioned to collect the information in the still scan mode. An
optical laser-video camera system was integrated for accurate sample
positioning and system calibration. The catalyst was sprayed on car-
bon paper as the working electrode, which was positioned on the
outermost layer of a customized electrolytic cell and wrapped with
adhesive tape (without any XRD diffraction signal)”. A Pt wire and an
Ag/AgCl electrode were used as the counter and reference electrodes,
respectively. In total, 0.5M H,SO, was used as the electrolyte. A con-
stant potential of 1.55V (without iR correction) was applied to the
working electrode by an electrochemistry workstation (VSP-3e, Bio-
Logic). In-situ XRD patterns were acquired in the still scan mode with
an integration time of 20 min.

In-situ ATR-SEIRAS were performed using a Nicolet iS50 FT-IR
spectrometer equipped with an MCT detector cooled with liquid
nitrogen and a PIKE VeeMAX Ill variable angle ATR sampling accessory.
The spectral resolution was 4 cm™, and 64 interferograms were co-
added for each spectrum. The spectra are shown in absorption units
defined as A = -log(R/Ro), where R and Rq represent the reflected IR
intensities of the samples and the reference single beam spectrum,
respectively. The ATR crystal was a Si face-angled crystal with an
incident angle of 60°. After polishing the crystal, an ultra-thin Au film
was coated on the surface using a chemical method to enhance the IR
signal and electron conduction’. The catalyst ink without Nafion was
dropped onto the Au film as a working electrode, and 0.5M H,SO,
solution was used as the electrolyte. A graphite rod and an Ag/AgCl
electrode were used as the counter and reference electrodes, respec-
tively. All SEIRAS spectra were collected using the CP method
(1.1-1.8V, without iR correction), and the spectrum obtained at 1.0V
was used as the reference.

Electrochemical measurements on RDE

The OER activity of the catalysts was measured on RDE in a typical
three-electrode system using 0.5M H,SO, as the electrolyte at 25 °C.
The working electrode was a catalyst-coated glassy carbon (GC) elec-
trode (5 mm in diameter) rotated at 1600 rpm. A Pt wire and an Ag/
AgCl electrode were used as the counter and reference electrodes,
respectively. The homogeneous catalyst ink was prepared by disper-
sing 2 mg of catalyst, 990 pL of absolute ethanol, and 10 pL of Nafion

solution (Dupont, 5%) under ultrasonication in an ice-bath for 5 h. The
catalyst ink was drop-casted on the GC electrode to form a thin film
with a catalyst loading of 125 pgoxiqe cm™. The OER stability of the
catalysts was tested on carbon paper with the same loading due to the
long-term operation. All potentials were converted to RHE with iR
correction. Of note, Pt/C was used as the working electrode with a
rotation rate of 1600 rpm in an Hy-saturated 0.5 M H,SO, electrolyte to
identify the equilibrium potential of hydrogen evolution/oxidation
reaction (the zero potential of RHE). The OER polarization curves of
catalysts were obtained from 1.1to 1.6 V at a scan rate of 10 mV s™. The
accelerated aging tests were conducted via fast-scan CV from 1.2 to
1.45V at a scan rate of 100 mVs™ for 100,000 cycles. EIS was per-
formed from 10,000 to 0.1 Hz with a voltage perturbation of 10 mV at
1.5V. The C4 was determined by non-Faradaic capacitive currents (i.)
at different scan rates (v) of 20, 60, 100, 140, and 180 mV s™ between
1.21and 1.32 V, and was calculated by i. = vCq4. ECSA was obtained from
Caq by ECSA = C4/Cs, where C, is 0.035mF cm™ according to the
reported specific capacitance”.

PEMWE tests

The as-synthesized Bag 3(S04)sWo 2R 50,-5 or commercial RuO, (Alfa
Aesar, 99.9%) was used as the anode catalyst for PEMWE with a loading
of -3 Mgoyxiqe cm 2. Commercial Pt/C (Alfa Aesar, 60 wt% Pt) was used as
the cathode catalyst with a loading of 0.5 mgp, cm™. Nafion 115 served
as the PEM. Prior to usage, the PEM was sequentially treated at 80 °C
for 30 min with H,O, (Aladdin, 5%), 0.5M H,SO,, and distilled water.
Pt-plated Ti fiber felt and carbon paper were used as anode and cath-
ode gas diffusion layers (GDLs), respectively. The catalyst inks for both
anode and cathode were prepared by ultrasonically mixing the cata-
lyst, Nafion (Dupont, 5%), isopropanol, and distilled water at weight
ratios of 1:6:80:10 and 1:10:80:10, respectively, for 1 h under ice-bath
conditions (0 °C). Subsequently, half of the catalyst ink was sprayed
onto the PEM and the other half was sprayed onto the GDL surfaces.
The catalyst-loaded PEM and GDLs were then hot-pressed together at
120 °C for 3 min under a pressure of 0.3 MPa to fabricate the MEA. The
MEA was sandwiched by two Ti bipolar plates to complete a PEMWE.
Each Ti bipolar plate possessed a serpentine flow channel with a
reactive area of 1 cm x 1cm. The PEMWEs were tested at a temperature
of 80 °C using 0.5 M H,SO, or distilled water as the electrolyte, which
was circulated to the anode by a peristaltic pump (LongerPump,
BT100-3)) at a flow rate of 10 mLmin™. Polarization curves of the
PEMWESs were obtained from 1.0 to 2.5V at a scan rate of 10 mVs™. The
PEMWE stability was evaluated at a water-splitting current density of
500 mA cm™in 0.5M H,SO, or 1A cm™ in distilled water. All voltages
measured in PEMWEs were obtained without iR correction. The
hydrogen production rate (Q) was calculated by: Q=(i X S x 7 X Vo
x3600)/2 F, where i is the current density, S is the reactive area of the
MEA, n is the current efficiency (assumed as 100%), Vo is the molar
volume (22.43 L mol™ at standard temperature and pressure), and F is
the Faraday constant (96,500 C mol™). The electricity consumption
(W) was calculated from Q by: W=Px n/(Q x p), where P is the power
density, n is the area of MEA, and p is the density of hydrogen
(0.089gL™).

Data availability

Source data are provided with this paper.
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