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Figure S1. Polarization curves in 1 M KOH after immersion of NiMoO4-R in 1 mg/ml RuCl3 

solution for (a) 0–4 h, (b) 4–22 h and (c) 22-24 h. The activity increased within the first 4 h 

due to the Ru deposition, slightly decreased afterwards likely owing to the dissolution of 

residual unstable Ni species and stabilized after 22 h. 
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Figure S2. XRD patterns of ACC, (a) NiMoO4 on ACC, (b) NiMoO4-R on ACC, and (c) 

Ru/a-Ni-MoO3 on ACC. It should be noted that the Ru peaks in Ru/a-Ni-MoO3 were 

overlapped with the peaks of ACC. 
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Figure S3. Selected-area electron diffraction patterns of (a) NiMoO4, (b) NiMoO4-R, and (c) 

Ru/a-Ni-MoO3. 
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Figure S4. Scanning transmission electron microscopy-energy dispersive X-ray spectroscopy 

images of NiMoO4-R. 
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Figure S5. (a) Size distribution histogram of Ru nanoparticles in Ru/a-Ni-MoO3; (b) typical 

TEM image of Ru/a-Ni-MoO3 showing the measured sizes of Ru nanoparticles; (c) high 

magnification TEM image showing the lattice spacing assigned to Ru. 
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Figure S6. Typical TEM image of Ru/a-Ni-MoO3 showing the crevices and possible 

mesopores among the Ru nanoparticles. 
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Figure S7. The evolutions of Ni, Ru, and Mo concentrations in the immersion solution 

obtained by ICP-OES. The rapid change in Ni and Ru concentrations within the first 4 h was 

due to the redox reaction between Ru3+ and the metallic Ni in NiMoO4-R; beyond 4 h the 

slight increase in Ni concentration was due to dissolution of unstable Ni species, while the 

decrease in Ru concentration was caused by hydrolysis. 
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Figure S8. STEM-EDS spectrum and quantitative elemental analysis of Ru/a-Ni-MoO3. 
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Figure S9. High-resolution XPS Ru 3d spectra of Ru/C and Ru/a-Ni-MoO3. 
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Figure S10. High-resolution XPS Ni 2p3/2 spectra of NiMoO4-R and Ru/a-Ni-MoO3. 
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Figure S11. Ultraviolet photoelectron spectroscopy (UPS) (a) survey and (b) Fermi edge 

spectra of Ru/C and Ru/a-Ni-MoO3. 
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Figure S12. Cyclic voltammetry (CV) curves of (a) Ru/C, (b) Ru/a-Ni-MoO3, and (c) Pt/C in 

the non-Faradaic regions in 0.5 M H2SO4; (d) plots of Δj/2 (the mean value of absolute 

current density value at the middle point of positive and negative scans in the CV curves) 

versus scan rate. 
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Figure S13. Electrochemical surface area (ECSA) normalized polarization curves of Ru/C, 

Ru/a-Ni-MoO3, and Pt/C in 0.5 M H2SO4; scan rate: 5 mV/s.  
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Figure S14. EIS spectra of Ru/C, Ru/a-Ni-MoO3, and Pt/C under an overpotential of -71 mV 

in 0.5 M H2SO4. Inset shows the equivalent circuit model. 
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Figure S15. EIS spectra of Ru/a-Ni-MoO3 under different overpotentials in 0.5 M H2SO4. 
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Figure S16. CV curves of (a) Ru/C, (b) Ru/a-Ni-MoO3, and (c) Pt/C in the non-Faradaic 

regions in 1 M KOH; (d) plots of Δj/2 (the mean value of absolute current density value at the 

middle point of positive and negative scans in the CV curve) versus scan rate. 
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Figure S17. ECSA-normalized polarization curves of Ru/C, Ru/a-Ni-MoO3, and Pt/C in 1 M 

KOH; scan rate: 5 mV/s. 
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Figure S18. EIS spectra of Ru/C, Ru/a-Ni-MoO3, and Pt/C under an overpotential of -75 mV 

in 1 M KOH. Inset shows the equivalent circuit model. 
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Figure S19. EIS spectra of Ru/a-Ni-MoO3 at overpotentials of -75 and -85 mV in 1 M KOH. 
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Figure S20. CV curves of (a) Ru/C, (b) Ru/a-Ni-MoO3, and (c) Pt/C in the non-Faradaic 

regions in 1 M PBS; (d) plots of Δj/2 (the mean value of absolute current density value at the 

middle point of positive and negative scans in the CV curve) versus scan rate.  
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Figure S21. ECSA-normalized polarization curves of Ru/C, Ru/a-Ni-MoO3, and Pt/C in 1 M 

PBS; scan rate: 5 mV/s. 

 

  



S23 

 

 

Figure S22. Tafel plots of Ru/C, Ru/a-Ni-MoO3, and Pt/C at large overpotentials in 1 M 

PBS. 

  



S24 

 

 

Figure S23. EIS spectra of Ru/C, Ru/a-Ni-MoO3, and Pt/C under an overpotential of -57 mV 

in 1 M PBS. 
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Figure S24. Experimentally measured H2 production amounts on Ru/a-Ni-MoO3 and the 

theoretically calculated values with electrolysis time in (a) 0.5 M H2SO4, (b) 1 M KOH, and 

(c) 1 M PBS; applied cathodic current density: 20 mA/cm2. 
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Figure S25. Comparison of polarization curves in 0.5 M H2SO4 before and after acid 

washing of (a) NiMoO4-R and (b) Ru/a-Ni-MoO3. Scan rate: 5 mV/s. 
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Figure S26. Polarization curves of Ru/a-Ni-MoO3 and a-Ni-MoO3 in (a) 0.5 M H2SO4, (b) 1 

M KOH, and (c) 1 M PBS. Scan rate: 5 mV/s. 
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Table S1. ICP-MS measurement results of Ru/a-Ni-MoO3 on ACC based on an average 

density of 12 mg/cm2 for ACC. 
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Table S2. Quantitative XPS analyses of Ru chemical states in Ru/C and Ru/a-Ni-MoO3. 
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Table S3. Quantitative XPS analyses of Ni and Mo chemical states in NiMoO4-R and Ru/a-

Ni-MoO3. 
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Table S4. Applied potentials and recorded current densities in chronoamperometry stability 

test of Ru/C, Ru/a-Ni-MoO3, and Pt/C in different media. 
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Table S5. Equivalent circuit parameters obtained from EIS spectra fitting of Ru/C, Ru/a-Ni-

MoO3, and Pt/C in electrolytes with different pH values. In the models, Rs is the solution 

resistance, Rct and CPEdl are the resistance and constant phase element (CPE) associated with 

charge transfer, while R1 and CPE1 are the corresponding components for the porosity of the 

electrode. CPE is defined by two values, CPE-T (CPE constant) and CPE-P (CPE exponent). 
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Table S6. Measured H2 production amounts, theoretically calculated values, and Faraday 

efficiencies of Ru/a-Ni-MoO3 in different media; applied cathodic current density: 20 

mA/cm2. 

 


