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ADDITIONAL INFORMATION

Fig. S1. (a) Cyclic voltammograms for 250 mM HClO4 solution containing 20 mM of RuCl3, 

HAuCl4, and Na2MoO4, respectively. (b) Cyclic voltammograms for the electrolyte for the 

electrodeposition of RuAu-MoOx with various Mo concentrations. (c) i-t curve at -0.55 V (vs. 

Ag/AgCl (KCl sat’d)) for the electrodeposition of RuAu-MoOx with various Mo 

concentrations. It is noted that, in Fig. S1a, the small reduction current emerging at 0.4 V (vs. 

Ag/AgCl) was attributed to Ru at higher intermediate valence state, which was generated near 

the electrode.1 
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Fig. S2. X-ray diffraction patterns of Ru, RuAu, RuAu-1–5MoOx deposits on Ti foil and bare 

Ti foil.
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Fig. S3. Ru 3p XPS spectra of (a) all deposits, (b) Ru, (c) RuAu, (d–h) RuAu-1–5MoOx 

deposits on Ti foil.
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Fig. S4. Ru 3d XPS spectra of (a) all deposits, (b) Ru, (c) RuAu, (d–h) RuAu-1–5MoOx 

deposits on Ti foil.
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Fig. S5. Au 4f XPS spectra of (a) all deposits, (b) Au, (c) RuAu, (d–h) RuAu-1–5MoOx 

deposits on Ti foil.



8

Fig. S6. Mo 3d XPS spectrum of Mo deposit on Ti foil.
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Fig. S7. Peak area ratios of deconvoluted Mo 3d XPS spectra for RuAu-1–5MoOx deposits. 
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Fig. S8. Mo 3d spectrum of RuAu-2MoOx after HER (at -50 mA∙cm-2 for 4 hours).
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Fig. S9. (a) O 1s spectra of RuAu-1–5MoOx deposits on Ti foil and (b) the corresponding peak area 

ratios of deconvoluted O 1s XPS spectra.
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Fig. S10. Top view SEM images of RuAu-2MoOx (a) before and (b) after HER (at -10 mA·cm-2 

for 48 hr) and (c) their atomic compositions (obtained from EDS analysis).
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Fig. S11. Cyclic voltammograms (scan rate: 5, 10, 25, 50, 100 mV/s) for (a) Ru, (b) RuAu, 

(c–g) RuAu-1–5MoOx deposits on Ti RDE and (h) bare Ti RDE.
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Fig. S12. Plots of double-layer charging current density vs. scan rates for (a) Ru, (b) RuAu, (c–

g) RuAu-1–5MoOx deposits on Ti RDE and (h) bare Ti RDE.
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Fig. S13. Comparison of double-layer capacitance based on the slopes obtained from plots of 

double-layer charging current density vs. scan rates.
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Fig. S14. The Atomic ratio of Mo with respect to RuAu according to the Mo precursor 
concentration, calculated from XPS signals.
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Fig. S15. Correlation between d-band center of surface metals and hydrogen binding free 

energy (ΔGH) for (a) Ru sites and (b) Au sites in various RuAu-MoOx catalyst models.
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Fig. S16. Projected density of states (PDOS) for (a) Ru, (b) RuAu1, (c) RuAu2, and (d) RuAu3 

surfaces with varying MoOx oxidation states.
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Table S1. Nomenclature of each metal deposits defined in terms of concentration of metal 

precursors dissolved in solution.

Nomenclature Ru RuAu
RuAu-
1MoO

x

RuAu-
2MoO

x

RuAu-
3MoO

x

RuAu-
4MoO

x

RuAu-
5MoO

x

RuCl3
(mM) 20 20 20 20 20 20 20

HAuCl4
(mM) 0 1 1 1 1 1 1

Na
2
MoO4

(mM)
0 0 1 2 3 4 5

HClO4
(mM) 250 250 250 250 250 250 250
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Table S2. Atomic concentration of each metals investigated by EDS (FE-SEM) with the 

change in the concentration of Mo precursor in electrodeposition process.

At. %
(SEM-EDS) Ru RuAu RuAu-

1MoOx

RuAu-
2MoOx

RuAu-
3MoOx

RuAu-
4MoOx

RuAu-
5MoOx

Ru 100 87.8 82.4 79.8 79.6 78.2 77.7

Au 0 12.2 13.9 15.6 15.2 15.7 15.8

Mo 0 0 3.7 4.6 5.2 6.1 6.5
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Table S3. Calculated lattice distance and crystal size of each metal deposits. 

Thin-film 
XRD Ru RuAu RuAu-

1MoOx

RuAu-
2MoOx

RuAu-
3MoOx

RuAu-
4MoOx

RuAu-
5MoOx

d-spacing 
(nm) 0.2071 0.2081 0.2085 0.2084 0.2089 0.2087 0.2096

Crystal size 
(nm) 6.8742 6.7286 6.1108 7.0690 6.6642 5.4239 4.8841
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Table S4. HER overpotentials at current density of -10 mA·cm-2, Tafel slopes of Ru, RuAu, 
RuAu-1–5MoOx deposited on Ti RDE.

Catalyst Ru RuAu RuAu-
1MoOx

RuAu-
2MoOx

RuAu-
3MoOx

RuAu-
4MoOx

RuAu-
5MoOx

Pt/C

Overpotential
(mV@

-10 mA·cm-2)
71.3 41.2 35.8 34.1 35.7 38.3 39.2 20

Tafel slope 
(mV·decade-1)

43.9±
0.48

40.8±
0.46

38.1±
0.21

38.7±
0.25

38.8±
0.17

38.8±
0.18

40.2±
0.11

45.3±
0.2
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Table. S5. Electrochemical impedance spectroscopy (EIS) fitting data corresponding to Fig. 
4d.

Ru RuAu RuAu-2MoOx RuAu-5MoOx

Rohm (ohm) 4.88 7.79 6.70 8.59

Rct (ohm) 35.21 10.61 10.27 12.32

Cdl (F) 0.475·10-3 11.24·10-3 19.1·10-3 14.46·10-3

Zw (ohm·s-1/2) 15.29 0.449 0.428 0.716
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Table S6. Relative surface area (vs. RuAu) in terms of amounts of Mo precursor added in 
solution for electrodeposition.

Mo conc. 0 1 2 3 4 5

Cdl,avg
(mF·cm-2) 27.8 33.9 34.2 38.9 35.9 39.2

Relative area
(vs. RuAu) 1 1.22 1.23 1.40 1.29 1.41
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Table S7. Summary of PEMWE operation conditions of recently reported literatures.

Cathode

(mg·cm-2)

Anode

(mg·cm-2)
Membrane

T

(℃)

j@1.8 V

(A·cm-2)

This 

work

RuAu-

2MoOx

(0.19)

Pt@IrO2

(0.43)
NR212 80 2.48

Ref.2
CoRu alloy

(0.248)

IrO2

(0.1)
NR212 90 1.49

Ref.3
Ni98.1Ru1.9

(1.396)

IrOx

(2)
NR212 90 1.32

Ref.4
RuP

(0.8)

Ir black

(1)
NR212 80 1.03

Ref.5
RuP/NPC

(0.87)

IrRuPt

(3)
- 50 0.87

Ref.6
Ru/Ti4O7

(0.96)

Ru/Ti4O7

 (2)
NR117 80 0.96

Ref.7
RuTe2

(2)

IrO2

(2.5)

Gore 

M820.15
80 0.69

Ref.8
Ru3Mo

(4.5)

IrO2

(2.5)
NR212 80 0.56
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