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1. Experimental Details
1.1 Materials and Reagents

Ruthenium (IV) oxide monohydrate (RuO,-H,O) was purchased from Wokai
Reagents Ltd. Selenium powder (Se) and sulfur powder (S) were obtained from Aladdin
Reagents Ltd. Anhydrous lithium chloride (LiCl) and potassium chloride (KCl),
sulfuric acid (H,SO,) and isopropyl alcohol were purchased from Sinopharm Chemical
Reagent Co., Ltd. Commercial RuO,, Pt/C (20 wt%) and Nafion (5 wt%) were obtained
from Sigma-Aldrich. All the reagents are analytical grade and used without further
treatment. Deionized (DI) water was employed as solvent.
1.2 Material Syntheses

Target catalyst Ru,(S;Se) was obtained via one-pot molten salt-assisted route.
First, 140 mg RuO,-H,0, 288 mg S powder and 237 mg Se powder were mixed with
2.5 g eutectic salt KCI-LiCl (ngcy: nic=4.1:5.9) and ground under exclusion of water
and oxygen into a fine powder. Then mixture was added into a corundum boat and
heated for 4 hours at 800 °C under inert atmosphere. After cooled to room temperature,
the reaction product was collected and washed with deionized water and dilute sulfuric
acid to remove the residual impurities. Finally, after vacuum dried at 60 °C overnight,
the Ru,(S;Se) was obtained. The pristine RuS,; was obtained by the molten salt-assisted
strategy without Se powder, and the pristine RuSe, was obtained by the molten salt-
assisted strategy without S powder.
1.3 Material Characterization

X-ray diffraction (XRD) patterns were collected on a Rigaku X-ray diffractometer



equipped with a Cu Ko radiation source to obtain the crystalline structure of all samples.
X-ray photoelectron spectroscopy (XPS) and synchrotron radiation X-ray absorption
spectroscopy (XAS) were carried out to reveal the electronic structure and valence bond
structure. The morphology and structure were characterized by double spherical
aberration-corrected scanning transmission electron microscope (AC-STEM, Titan
Cubed Themis G2 300). Inductively coupled plasma (ICP) was carried on NexION 300
(PerkinElmer) for the leaching measurements. Raman spectra were obtained at a
Renishaw Raman Imaging Microscope System (inVia-Reflex) equipped with a CCD
detector. Excitation radiation at 532 nm was used. Fourier transform infrared
spectroscopy (FTIR) spectrum for powder was collected on a Nicolet 6700 Fourier
Transform Infrared Spectrometer.
1.4 Electrochemical Measurements

All electrochemical measurements were performed in a conventional three-
electrode system at room temperature using a CHI 660E electrochemical analyzer (CHI
Instruments, Shanghai, China). The acidic (0.5 M H,SO,4) electrochemical
measurements were performed using a saturated calomel electrode (SCE) as the
reference electrode, a graphite plate as the counter electrode, and a glassy carbon
electrode (GCE) with a diameter of 3 mm as the working electrode. The catalyst ink
was prepared by dispersing 7 mg as-prepared sample and 3 mg conductive XC-72
powder into a mixture (700 pL isopropyl alcohol, 300 pLL water and 20 pL 5% Nafion
solution) and ultrasonic dispersion for 30 min. For comparison, 5 mg commercial RuO,

was evenly dispersed into the same mixture. The catalyst inks applied on GCE are all



6 uL. Polarization data were obtained at a scan rate of 5 mV s!. All polarization curves
were iR-corrected. The electrochemical impedance spectroscopy (EIS) was conducted
at the corresponding potentials of 10 mA cm™ from LSV curves, with the frequency
range of 0.01 Hz to 100 kHz with AC amplitude of 10 mV. The electrochemical double
layer capacitance (Cqg) was determined with typical cyclic voltammetry (CV)
measurements at various scan rates (20, 40, 60, 80 and 100 mV s™') in nonreactive
region. ECSAs of sample was obtained from the measured Cg4. Notably, the charging
of double layer is originated from the non-Faradaic currents which has a linear
relationship with the active surface area; the 1 cm? of flat surface area has a specific
capacitance which is equal to Cg value of 60 pF cm2. Therefore, the Cq is directly
related with the ECSA as: ECSA = Cy of catalyst (mF cm2) / 0.06 (mF c¢cm?). For the
mass activity calculations, the current density at a certain potential in LSV polarization
curves was normalized with total mass of Ru loaded on GCE electrode which was
determined from the amount of catalyst ink coating. For the specific activity
calculations, the current density at a certain potential in LSV polarization curves was
normalized with ECSA value. The durability was evaluated by accelerated degradation
measurements and constant current chronopotentiometry.
1.5 DFT Calculations

DFT calculations in this work were carried out using the CASTEP program on
Materials Studio.[ 1-2] The exchange-correlation effects were described by the Perdew-
Burke-Ernzerhof (PBE) functional within the generalized gradient approximation

(GGA) method.[3-4] The core-valence interactions were accounted by the projected



augmented wave (PAW) method.[5] The energy cutoff for plane wave expansions was
set to 450 eV, and the 3x3x1 Monkhorst-Pack grid k-points were selected to sample
the Brillouin zone integration. The vacuum space is adopted 20 A above the surfaces to
avoid periodic interactions. The structural optimization was completed for energy and
force convergence set at 1.0x10-5 eV and 0.02 eV A-!, respectively.
The OER process is divide into the four fundamental reactions as following:

(1) HO0+*=OH*+H'+e¢

(2) OH*=O*+H'+e

(3) O*+H,0=00H*+H"+¢

(4) OOH*=0,+H"+e
OOH*, O* and OH* present the OOH, O and OH moieties on the adsorption site.
The Gibbs Free Energy Variation

The change in Gibbs free energy (AG) of each adsorbed intermediate is calculated
based on the computational hydrogen electrode method developed by Nerskov et al.8
At standard condition (T = 298.15 K, pH =0, and U = 0 V (vs. SHE)), the free energy
G is defined as the following equation:
AG=NE + NEzpg—TAS
Where AE is the energy change obtained from DFT calculation, AEzpg is the

difference between the adsorbed state and gas, which was calculated by summing
vibrational frequency for all model based on the equation: Ezpg = 1/2) hv; (T is the

temperature (298.15 K) in the above reaction system, and AS represents the difference

on the entropies between the adsorbed state and gas phase.
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2. Supplementary Figures and Tables

Figure S1. The crystal structure of (a) RuS, and (b) Ru,(S;Se).
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Figure S2. The phase diagram of the two-salt system (KCl + LiCl), which coming from

the http://www.crct.polymtl.ca/FACT/documentation/ (FTsalt — KCI-LiCl).
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Figure S3. XRD patterns of synthesized samples with different S/Se ratio.



Figure S4. Corresponding HAADF and BF-STEM image of figure 1d and figure le,

respectively.
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Figure S5. STEM images and corresponding EDS elemental maps for Ru, S of RuS,.
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Figure S6. Corresponding high-resolution atomic images of Ru,(S;Se).



Figure S7. (a) HAADF and (b) corresponding BF-STEM images of Ru,(S;Se).
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Figure S8. XPS survey patterns of RuS; and Ru,(S;Se).
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Figure S9. Se 3d XPS spectrum of Ru,(S;Se).
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Figure S10. Ru K-edge EXAFS (points) and fit (line) for Ru powder (a), RuO, (b),
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Figure S11. Ru K-edge EXAFS (points) and fit (line) for Ru powder (a), RuO, (b),

RuS; (¢) and Ru,(S3Se) (d), shown in k? weighted k-space.
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Figure S12. OER polarization curves of synthesized samples with different S/Se ratio.
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Figure S13. OER polarization curves without IR correction for Ru,(S;Se), RuS, and

commercial RuO,.
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Figure S14. X-ray diffraction pattern of synthesized RuSe;.
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Figure S15. OER polarization curves of Ruy(S;Se), RuS,, RuO, and RuSe, in 0.5 M
H,SO,.
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Figure S16. Cyclic voltammograms of (a) Ruy(S;Se), (c) RuS, and (e) RuO, in the
region of (0.80) - (0.90) V versus SCE at different scan rates. Corresponding linear

relationships between capacitive current and scan rate of (b) Ru,(S;Se), (d) RuS, and

(f) RU.OQ.
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Figure S17. LSVs normalized by (a) Ru load and (b) ECSA value for OER in 0.5 M

H,S0,.
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Figure S18. (a) XRD pattern and (b) XPS survey of Ru,(S;Se) before and after OER
electrolysis in 0.5 M H,SOq. (¢) S 2p and Se 3p XPS spectrum of Ru,(S;Se) after OER
electrolysis. (d) Ru 3p XPS spectrum of Ru,(S;Se) after OER electrolysis.



Figure S19. (a, b) STEM images of Ru,(S;Se) after OER electrolysis in 0.5 M H,SO,.

(c-f) HAADF-STEM image and corresponding EDS elemental maps for Ru, S and Se.



25

IrO,

20 4

154
cE
(8]
<

£ 10-

54

0
1.2 ; ) ) 16

3 1.4 1.5
E/V (vs.RHE)

Figure S20. OER polarization curves of Ruy(S;Se) and commercial IrO, in 0.5 M

H,S0,.
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Figure S21. The four-step OER process at the adsorption site of RusS,.



Figure S22. The band structures of RuS,.
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Figure S23. Raman spectra of RuS, and Ru,(S;Se) mensurated under dry conditions.
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Figure S24. CV analysis of redox peak of RuS, and Ru,(S;Se) measured from 0.0 to

1.2 Vvs. SCE.



Table S1. Comparison of OER performance of Ru,(S;Se) with recently reported Ru/Ir-

based electrocatalysts at 10 mA c¢cm in acidic media.

Il (mV) at 10 mA

Catalyst Electrolyte em (mass loading) reference

Ru,(S;Se) 0.5 M H,SO4 186 (0.32 mg cm?) This work
Rulr@CoNC 0.5 M H,SOy4 223 (50 pg cm?) [1]
Ir-CCTO 0.5 M H,SO4 280 (0.35 mg cm?) [2]
Ru;Ir; O, 0.5 M H,SO4 204 (0.15 mg cm?) [3]
RuO, /(Co,Mn);04 0.5 M H,SO4 270 (-) (4]
SrRulr 0.5 M H,SO4 190 (0.32 mg cm?) [5]
Ir/Nb,Os_, 0.5 M H,SO4 218 (-) [6]
RuCu NSs 0.5 M H,SO4 260 (-) [7]
Rh-RuO, 0.5 M H,SO4 239 (0.45 mg cm?) [8]
Ru/RuS, 0.5 M H,SO4 201 (0.85 mg cm) [9]
RuB, 0.5 M H,SO4 223 (0.26 mg cm2) [10]
Cry ¢Rug 40, 0.5 M H,SO, 178 (0.29 mg cm?) [11]
CaCuzRu40O1; 0.5 M H,S0q4 171 (0.25 mg cm?) [12]
RuO; NSs 0.5 M H,SOy4 199 (125 pg cm?) [13]
Wo.57119.4303-5 1 M H,SO4 370 (0.84 mg cm) [14]
a-RuTe, PNRs 0.5 M H,SO4 242 (0.20 mg cm2) [15]
Nby.1Ru 90, 0.5 M H,SO4 204 (0.51 mg cm?) [16]
Ti-IrOy/Ir 0.5 M H,SO4 254 (-) [17]
Ru@IrOy 0.05 M H,SO4 282 (0.05 mg cm?) [18]
IrW-W,B 0.5 M H,SO4 291 (0.25 mg cm?) [19]
Li-IrOy 0.5 M H,SO4 300 (1 mg cm) [20]
IrO,/StIrO; 0.5 M H,SO4 270 (-) [21]
B-RuO, 0.5 M H,SOy4 200 (0.29 mg cm?) [22]
Ir:'WO4/Ir 0.5 M H,SO4 260 (-) [23]
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