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Experimental Procedures

1.1 Chemicals

RuCl3-H2O (Shanxi Kaida Chemical Engineering Co., Ltd., Ru content > 37.00%); Na>SeO4 (Aldrich
Chemical Co., Inc., purity > 99%); KOH (Aladdin Co., Ltd., ACS); H2SO4 (RCI Labscan Ltd, purity >
98%); Nafion (DuPont, content > 5%); isopropanol (TEDIA, HPLC/Spectro); Tetramethyl ammonium
hydroxide (Aladdin Co., Ltd., AR, 25 wt%.); Methanol (EMD Millipore Corporation, gradient grade);
40% Pt/C (Suzhou Shenernuo Technology Co., Ltd.).

1.2 Catalysts synthesis

Se04-RuO; was synthesized through a simple two-step procedure consistig hydrothermal process

mmol and 0.06 mmol, respectively. Besidg
the addition of Na;SeOa.

1.3 Material characterization

X-ray diffraction (XRD) using Rigaku
ated at 40 kV and 40 mA. XRD patterns
were collected over a 26 @ange of 20-90° a
catalysts was chaggterizd@by X-ray photoe
Alpha spectro i
resolution XP

% X-ray source (hv = 1486.6 ¢V). All high-
Avantage software. Charge correction was

performed by i ifding energy of 284.8 e¢V. The morphology and
micrq haractgiized using JEOL JEM-F200 transmission electron
microSEQRe ergy-dispersive X-ray spectroscopy (EDS) elemental

mappin g i i the lattice structure, crystallinity, and elemental distribution of

vibrational profg he catalysts. In-situ Fourier transform infrared spectra (FTIR) were collected
using Thermo g
oxygen evolution
the open-circuit pote
interval of 0.1 V.

Wbackground spectrum was first recorded, followed by spectra acquired at
ial (OCP) and at applied potentials ranging from 0.7 to 1.6 V vs. RHE with an

1.4 Electrochemical measurement

Electrode preparation: Electrochemical measurements were performed in a standard three-electrode
system, using a catalyst-coated glassy carbon electrode (diameter: 3 mm; geometric area: 0.07068 cm?)
as the working electrode, a saturated mercurous sulfate electrode as the reference electrode, and a
graphite rod as the counter electrode. The working electrode was prepared by dropping the catalyst ink
onto the electrode surface and then drying. To prepare the catalyst ink, 5 mg catalyst powder and 2.5
mg carbon black (XC-72R) were dispersed in a mixed solvent containing 400 pL isopropanol, 50 pL
deionized water, and 50 uL 5% Nafion D520, followed by ultrasonication for at least 1 h. The catalyst
ink was then drop onto the glassy carbon electrode at a loading of 0.25 mg cm™.
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Electrochemical test: Eletcrochemical measurements were performed in a standard three-electrode
system using a CHI760 electrochemical workstation. The oxygen evolution reaction (OER)
performance was evaluated in 0.5 M H2SO4 aqueous electrolyte. Prior to activity measurements, cyclic
voltammetry (CV) was performed at a scan rate of 100 mV s™! within the potential range of -0.65 to 0.8
V vs. Hg/HgSOs. for electrode activation. The catalytic activity was then characterized by linear sweep
voltammetry (LSV) at a scan rate of 5 mV s'! within the potential range of 0.4 to 1.0 V vs. Hg/HgSO4
by 100% IR compensation. Charge transfer resistance was acquired through electrochemical
impedance spectroscopy (EIS) at 0.8 V vs. Hg/HgSO4 with 5 mV AC amplitude over frequency
spanning 100 kHz to 100 mHz. All measured potentials were converted to the reversible hydrogen
electrode (RHE) scale according to the equation Erug = Engngsos + 0.652 + 0.059 x pH. Catalyst
stability was evaluated by chronopotentiometry at a constant current density of 10 mA cm™.

estimated from the
ed within the
0, 50, and 60

Electrochemical surface area: The electrochemical active surface areca (EC$
electrochemical double layer capacitance (Ca). Cyclic voltammetry (M) was pc

a 'jc, Ja
ctively)
B A/Cs,
0.035
mF cm?,
Stability test: A carbon-paper electrode with an area ing’ electrode.

The catalyst ink was prepared by dispersing g#fToaaka i i isopropanol,

ples (1 mL) were collected at 1, 3, 6, and 10 h
H2SO4 was subsequently added to maintain a

is the Faraday constant, Cru is the dissolved Ru concentration
te volume, and Mg, is the molar mass of Ru.

Membrane electroddyassembly (MEA) fabrication: The MEA was fabricated using catalyst-coated
membrane (CCM) mef#0d. Both anode and cathode catalyst layers were deposited onto the Nafion 212
membrane by spray coating. SeO4-RuO2 and commercial Pt/C (40 wt%) were used as the anode and
cathode catalysts, respectively. For the anode catalyst ink: SeO4-RuO2 powder and 5% nafion D520
ionomer (10 wt% relative to the catalyst) were ultrasonically dispersed in a mixed solvent of
isopropanol and deionized water (volume ratio = 0.95:0.05) to obtain a catalyst concentration of 5 mg
mL!. The cathode catalyst ink was prepared by dispersing commercial Pt/C (40 wt%) and 5% nafion
D520 ionomer (10 wt% relative to the catalyst) in a mixed solvent of isopropanol and deionized water
(volume ratio = 0.95:0.05) with a catalyst concentration of 5 mg mL"'. Both catalyst inks were
ultrasonicated for at least 1 h to ensure homogeneous dispersion. Then, spraying the catalyst inks onto
both sides of the membrane under heating at 80 ‘C with negative pressure adsorption. Finally, the
catalyst-coated membrane was hot-pressed at 135 ‘C under a pressure of 1.5 MPa for 5 min to obtain
the MEA. The active area of MEA was 4 cm?, and the catalyst loading was controlled at 2 mg cm™.
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Proton exchange membrane water electrolyzer: The electrolyzer was equipped with gold-coated and
platinum-coated -ﬁeld plates for the anode and cathode, respectively. Platinum-coated titanium felt
was used as the porous transport layer, and the electrolyzer was assembled under a pressure of 1.5 MPa.
During electrochemical tests, deionized water was continuously circulated and the operating
temperature was maintained at 80 ‘C. Electrochemical measurements were performed using a DC
power supply. Polarization curves were recorded by applying different current densities, allowing the
cell voltage to stabilize before recording. Stability performance was tested under galvanostatic
conditions at a current density of 200 mA cm?.

1.6 Reaction mechanism exploration

TMA* molecular probe experiment: To investigate the reaction mechanism, the electrolyte was
replaced with 0.5 M H2SO4 containing 0.1 M TMA®*, and the catalyst perfoz vas evaluated in this
2S04 to pH 7
. were then
the final

0.4, 0.6, and 0.8), which i i ifid@using a pH meter. The reaction order (p)
was determined from th C
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Supplemental Figures

Intensity (a.u.)

Figure S1. XPS survey sficctru
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Com-RuO> catalysts calculated from OER
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