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Supporting information

Experimental

Materials

Ruthenium acetylacetonate (Ru(acac)3) was purchased from Macklin Chemical Reagent 

Co., Ltd. Magnesium oxide (MgO), nitric acid (HNO3), isopropanol and ethanol were 

purchased from Sinopharm Chemical Reagent Co., Ltd. Deionized water (DI water) was 

used in all the experiments. All reagents used without any further purification.

Physicochemical characterization

Using a PAN analytical Empyrean X-ray diffractometer with Cu Kα radiation, the crystal 

structures of the samples were determined by Powder X-ray diffraction (XRD) patterns. 

Scanning electron microscopy was conducted with a HITACHI REGULUS-8220. 

Transmission electron microscopy (TEM, JEM-2100F) was employed to analyze the 

samples' morphologies. An energy-dispersive X-ray spectrometry (EDS, X-Max, Oxford 

Instruments) attached to the SEM was used for elemental mapping. For additional 

confirmation of the chemical composition and surface electronic states via high-

resolution X-ray photoelectron spectroscopy (XPS, Kratos Axis Supra+). Raman spectra 

were taken on a via-Reflex, in which the wavelength of the laser is 532 nm. Fourier 

transform infrared (FTIR) spectra were recorded using a Nicolet iS50 Spectrophotometer 

(Thermo-Scientific). In situ Raman spectra were recorded on an XPLORA PLUS Raman 

spectrometer. A homemade Teflon electrochemical cell was used for Raman 

measurement. The synthesized sample was used as the working electrode. The reference 

electrode and counter electrode were Hg/HgO and Pt wire, respectively. In order to apply 

a control potential to the catalyst during the Raman measurement, chronoamperometry 

was performed in 0.1 M KOH at different potentials. Inductively coupled plasma (ICP) 

measurements were performed on a Thermo Fisher iCAP 7400.



Electrochemical measurement

All electrochemical experiments were carried out using a standard three-electrode 

setup on a CHI 760e electrochemical workstation (CH Instruments, Inc.) under ambient 

conditions. The synthesized catalyst-coated electrode served as the working electrode, 

while a carbon rod and a Hg/HgO electrode functioned as the counter and reference 

electrodes, respectively. A catalyst ink was prepared by dispersing 5 mg of the sample and 

20 μL of Nafion solution (5 wt%, Aldrich) into 2.5 mL of a water and isopropanol mixture 

(volume ratio 3:2), followed by 20 minutes of ultrasonication to ensure uniform 

dispersion. Subsequently, 5 μL of the ink was drop-cast onto a glassy carbon electrode (3 

mm diameter) that had been polished beforehand. Electrochemical measurements were 

conducted in 1.0 M KOH solution, which was defeated by purging with argon prior to 

hydrogen evolution reaction (HER) tests. All recorded potentials were converted to the 

reversible hydrogen electrode (RHE) scale. To minimize non-Faradaic contributions, linear 

sweep voltammetry (LSV) was conducted at a slow scan rate of 5 mV s-1. Electrochemical 

impedance spectroscopy (EIS) was performed at an overpotential of 50 mV, using a 5 mV 

amplitude across a frequency range of 100 kHz to 0.05 Hz. The electrochemical double-

layer capacitance (Cdl) was estimated by cyclic voltammetry (CV) within the non-Faradaic 

range (0-0.1 V), using scan rates of 10, 20, 50, 80, and 100 mV s-1. CO stripping 

experiments were performed by maintaining the electrode at 0.4 V for 600 s in a CO-

saturated electrolyte. This was followed by purging with Ar to eliminate dissolved CO, 

after which CV was applied to oxidize the adsorbed CO species. The catalyst stability was 

assessed by chronopotentiometry at a constant current density of 10 mA cm-2. 

Furthermore, HER performance was also evaluated in neutral (1.0 M Na2SO4) and acidic 

(0.5 M H2SO4) media, using an Ag/AgCl electrode as the reference. Turnover frequency 

(TOF) values were estimated under the assumption that all metal atoms are catalytically 

active, using the equation: TOF = J / (2×F×n), where J is the current density at 50 mV 

overpotential, F is Faraday’s constant (96485.3 C mol-1), the factor 2 corresponds to the 



two-electron transfer per H2 molecule, and n is the number of moles of metal atoms 

determined via CO stripping.

Figures

Fig. S1. The Statistical histogram for the size of (a) pristine Ru and (a) Rudomains.

Fig. S2. SEM images of (a) Rudomains-1 and (b) Rudomains-2.



Fig. S3. SEM images of (a) pristine Ru and (b) Rudomains before acid treatment.

Fig. S4. Elemental mapping of (a) pristine Ru and (b) Rudomains.

Fig. S5. TEM images of (a) pristine Ru, (b) Rudomains-1 , (c) Rudomains-2, (d, d1, d2) 
Rudomains.



Fig. S6. TEM images of (a) pristine Ru, (b) Rudomains-1 , (c) Rudomains, (d) Rudomains-2.

Fig. S7. TEM images of D-Rudomains.

Fig. S8. HRTEM image of Rudomains-1, with corresponding intensity profiles of the 
selected area.



Fig. S9. HRTEM image of Rudomains-2, with corresponding intensity profiles of the 
selected area.

Fig. S10. HRTEM image of D-Rudomains, FFT and IFFT images corresponding intensity 
profiles of the selected area.

Fig. S11. HRTEM image of Rudomains.



Fig. S12. XRD patterns of Rudomains-1 and Rudomains-2.

Fig. S13. (a) XRD patterns, (b) XRD patterns of pristine Ru, Rudomains before nitric acid 
cleaning and N-MgO.

Fig. S14. Raman spectra of Rudomains-1 and Rudomains-2.



Fig. S15. The measured XPS survey spectra for these samples.

Fig. S16. XPS survey spectra of Rudomains before and after acid etch.

Fig. S17. XPS spectra of Rudomains-1 and Rudomains-2 (a) Ru 3p, (b) O1s.



Fig. S18. Overpotential comparison histogram of pristine Ru, Rudomains-1, Rudomains, 
Rudomains-2 and commercial Pt/C catalysts under 10 and 20 mA cm−2.

Fig. S19. CO stripping measurement on these samples.



Fig. S20. The corresponding CV curves of Ru, Rudomains-1, Rudomains, Rudomains-2 and 
commercial Pt/C catalysts.

Fig. S21. DLC measurement in 1.0 M KOH of Ru, Rudomains-1, Rudomains, Rudomains-2 and 
commercial Pt/C catalysts.



Fig. S22. Rudomains after the electrochemical durability evaluation: (a) SEM image, (b) 
TEM image, (c) HRTEM image and (d) Ru 3p of XPS.

Fig. S23. LSV curves, Tafel plots, EIS spectra of these catalysts in (a1-3) 0.5 M H2SO4 and 
(b1-3) 1 M Na2SO4 electrolytes.

Tables
 Table S1. ICP measurements of Rudomains.

Catalysis Element concentration (ug/ml) Mass fraction (%)

Rudomains Ru 0.135397892 100%



Mg 0 0%

Table S2. HER performance comparison of Rudomains with recently reported Ru-based 
catalysts.

Catalyst Electrolyte η10 (mV) 
Tafel plots(mV 

dec-1) 
Reference

Rudomains 1M KOH 23.5 34.4 This work

RuCo@NC 1M KOH 28 31 1

Ru@CN 1M KOH 32 53 2

Ru-Cu-2 1M KOH 33 37 3

NiO/Ru@PNS 1M KOH 39 75 4

Ru/NC-400 1M KOH 39 49 5

Ru-MoS2/CC 1M KOH 41 114 6

Ru-G/CC 1M KOH 40 76 7

Ru@1T-MoS2-Mxene 1M KOH 42 38 8

Co@RuCo 1M KOH 46 50 9

Ru-Mo2Ti2C3 1M KOH 47 49 10

Ru/S–Ni2P 1M KOH 49 43.1 11

Au-Ru NWs 1M KOH 50 30.8 12

Ru@2H-MoS2 1M KOH 51 64.9 13

RuP2@NPC 1M KOH 52 69 14

Ni1.5Co1.4P@Ru 1M KOH 52 50 15

Ru/Co4N-CoF2 1M KOH 53 114.1 16

Sr2RuO4 1M KOH 61 51 17

Ru/TiO2-VO@C-15 1M KOH 64 58 18

Ru/C3N4/C 1M KOH 79 49 19

Cu2-xS/Ru 1M KOH 82 48 20
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