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 1.  Supporting Figures S1 to S20

Fig. S1. HRTEM images and corresponding FFT patterns of Cu2-xS@IrSy 
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Fig. S2. Scaning Transmission electron microscopy (STEM) and elemental mapping analysis 

of CIS template. a) STEM image of CIS template, b) Cu (green), c) S (yellow), d) Ir (red).
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Fig. S3. Compositional line profile of CIS template. The inset of STEM image indicate line 

scan direction for the corresponding nanoparticles.
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Fig. S4. XPS analysis of Ir 4f in CIS template. Each colour indicates metallic Ir (red) and 

oxidized Ir (blue)
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Fig. S5. TEM images of temporal reaction intermediates.  a) template, b) 4 min, c) 8 min, d) 

16 min, e) 30 min, and f) 60 min.
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Fig. S6. XPS analysis of Ru on CIS@Ir48Ru52 for reaction intermediates at 4 min, 8 min, 16 

min, 30 min, and 60 min. Each colour indicates metallic Ru (red), oxidized Ru (blue and pastel 

blue), and carbon (grey colour).
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Fig. S7. XPS analysis of Ir 4f on CIS@Ir48Ru52 for reaction intermediates at 4 min, 8 min, 16 

min, 30 min, and 60 min. Each colour indicates metallic Ir (red) and oxidized Ir (blue).
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Fig. S8. XPS analysis of Cu 2p on CIS@Ir48Ru52 for reaction intermediates at 4 min, 8 min, 16 

min, 30 min, and 60 min. 
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Fig. S9. TEM images of CIS@IrxRu1-x with various ratio of Ir to Ru precursors at second 

reaction step. The ratio of Ir to Ru is a) 1:0, b) 5:1, c) 2:1, d) 1:1, e) 1:2, f) 1:5, and g) 0:1, 

respectively.
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Fig. S10. HRTEM images of CIS@IrxRu1-x with various ratio of Ir to Ru precursors at second 

reaction step. The ratio of Ir to Ru is a) 1:0, and b) 0:1, respectively 
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Fig. S11. XRD patterns of CIS@IrxRu1-x with various ratio of Ir to Ru precursors at second 

reaction step. The colour sticks indicate the reference X-ray diffraction lines: red, Ir (JCPDS # 

06-0598), blue, Ru (JCPDS # 70-0274), and green, Cu1.94S (JCPDS # 34-0660).
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Fig. S12. XPS analysis of a) Ru 3d, b) Ir 4f, and c) Cu 2p in CIS@Ru, CIS@Ir48Ru52, and 

CIS@Ir.
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Fig. S13. CO stripping measurements of a) CIS@Ru, b) CIS@Ir18Ru82, c) CIS@Ir34Ru66, d) 

CIS@Ir48Ru52, e) CIS@Ir67Ru33, f) CIS@Ir82Ru18, g) CIS@Ir, h) Pt/C, and i) Ir/C in N2-

saturated electrolyte. Red and blue curves indicate measurement with CO and N2, respectively.
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Fig. S14. Tafel plots of various CIS@IrxRu1-x, commercial Pt/C, and commercial Ir/C for HER.
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Fig. S15. Comparison of OER activities; plane column for overpotential (η) at 10 mA cm-2 

(left) and dashed column for current density (j) at 1.48 V (right).
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Fig. S16. Tafel plots of various CIS@IrxRu1-x and commercial Ir/C for OER.
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Fig. S17. TEM images of CIS@Ir48Ru52 (a) before and (b) after OER stability test. Cactus-like 

morphology remains after stability test, indicating CIS@Ir48Ru52 has robust structure.
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Fig. S18. TEM images of CIS@Ir34Ru66 (a) before and (b) after OER stability test. 
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Fig. S19. XRD analysis of CIS@Ir48Ru52 after HER (-0.09 V) and OER (1.55 V) at certain 

potential for 2 h. The colour sticks indicate the reference X-ray diffraction lines: red, (Ir, JCPDS 

# 06-0598), magenta (IrO2, JCPDS # 15-0870), blue (Ru, JCPDS # 70-0274), and cyan (RuO2, 

JCPDS # 70-2662).
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Fig. S20. XPS analysis of Ru 3d and Ir 4f in CIS@Ir48Ru52 after HER (-0.09 V) and OER (1.55 

V) at certain potential for 2 h. Each colour indicates metallic Ru and Ir (red), oxidized Ru and 

Ir (blue and pastel blue), and carbon (grey colour). a) Ru3d after HER, b) Ir4f after HER, c) 

Ru3d after OER, and d) Ir4f after OER
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Fig. S21. XPS analysis of Cu 2p in CIS@Ir48Ru52 after HER (-0.09 V) and OER (1.55 V) at 

certain potential for 2 h. 
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Fig. S22. Comparison of a) HER activity, b) OER activity, and c) HER stability. In c), 

CIS@Ir48Ru52 and IrRu showed constant current density for 100 h of constant reaction. Current 

drop (red) was due to surface oxidation of metallic IrRu on IrRu NP surface to Ir/Ru oxides. 

After electrochemical cleaning at 50 h, HER activity was temporally recovered, however the 

HER activity dropped gradually again.
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Fig. S23. TEM images of IrRu NPs (a) before and (b) after OER stability test. The IrRu NPs 

are agglomerated after OER stability test, which might affect the electrocatalytic activity
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Supporting Tables S1 to S8.

Table S1. Energy dispersive X-ray spectrum (EDS) analysis of cactus like CIS@IrxRu1-x with 

various ratio of Ir to Ru.
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Table S2. Table for HER and OER activities of various CIS@IrxRu1-x, Pt/C and Ir/C.
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Table S3. Table for XPS peak area of Ru 3d and Ir 4d with before and after electrocatalytic 
reaction
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Table S4. Table for HER performances of CIS@Ir48Ru52 in this work and other state-of-the-

arts catalysts. 
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Table S5. Table for OER performances of CIS@Ir48Ru52 in this work and other state-of-the-

arts catalysts.
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