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Fig. S1. Morphological and structural characterizations of PtRuSe HNSs. (A) TEM image 

and (B) SEM-EDS spectrum of PtRuSe HNSs. 

  



  

 

Fig. S2. TEM image of carbon supported PtRuSe HNSs. The dark structures are PtRuSe HNSs 

in the TEM image.  



 

 

Fig. S3. Structural analysis of SS Pt-RuO2 HNSs. XRD pattern of carbon supported PtRuSe 

HNSs. The references of RuO2 and Pt are inserted in XRD pattern. 

  



  

 

Fig. S4. Structural analysis of SS Pt-RuO2 HNSs. SEM-EDS spectrum of SS Pt-RuO2 HNSs.  



  

 

Fig. S5. Structural analysis of SS Pt-RuO2 HNSs. Raman spectra of SS Pt-RuO2 HNSs, 

commercial RuO2 and carbon supported PtRuSe HNSs.  



  

 

Fig. S6. Structural analysis of SS Pt-RuO2 HNSs. HRTEM image of SS Pt-RuO2 HNSs. 

  



  

 

Fig. S7. Morphological and structural analysis of RuO2 HNSs. (A) TEM image and (B) SEM-

EDS spectrum of RuO2 HNSs.  



  

 

 

Fig. S8. Morphological and structural analysis of RuO2 HNSs. (A) XRD pattern and (B) Raman 

spectrum of RuO2 HNSs. 

  



  

 

Fig. S9. Morphological and structural analysis of 2% Pt-RuO2 HNSs. (A) TEM image and (B) 

SEM-EDS spectrum of 2% Pt-RuO2 HNSs.  



  

 

Fig. S10. Morphological and structural analysis of 10% Pt-RuO2 HNSs. (A) TEM image and 

(B) SEM-EDS spectrum of 10% Pt-RuO2 HNSs.  



  

 

Fig. S11. Structural analysis. XRD patterns of 2% Pt-RuO2 HNSs and 10% Pt-RuO2 HNSs. 

  



  

 

Fig. S12. Structural analysis. Raman spectra of 2% Pt-RuO2 HNSs and 10% Pt-RuO2 HNSs.  



  

 

Fig. S13. Morphological and structural analysis. (A) HAADF-STEM image, (B) HRTEM 

image, and (C) STEM image and STEM-EDS elemental mapping images of 2% Pt-RuO2 HNSs.  



  

 

Fig. 14. Morphological and structural analysis. (A) HAADF-STEM image, (B, C) HRTEM 

images, and (D) STEM image and STEM-EDS elemental mapping images of 10% Pt-RuO2 HNSs. 

  



  

 

Fig. S15. Catalytic performance over various catalysts. (A, C) Cyclic voltammograms and (B, 

D) corresponding double layer capacitance (Cdl) of (A, B) SS Pt-RuO2 HNSs and (C, D) RuO2 

HNSs.  



  

 

Fig. S16. Catalytic performance over various catalysts. (A) OER polarization curves, (B) HER 

polarization curves and (C) corresponding histogram of overpotentials at 10 mA cm–2 of 2% Pt-

RuO2 HNSs and 10% Pt-RuO2 HNSs s in 0.5 M H2SO4. 

  



  

 

Fig. S17. Stability test for various catalysts. Chronopotentiometry tests of 2% Pt-RuO2 HNSs 

and 10% Pt-RuO2 HNSs in 0.5 M H2SO4 at a constant current density of 10 mA cm–2. 

  



  

 

Fig. S18. Stability test of commercial RuO2 for OER. Chronopotentiometry tests of commercial 

RuO2 in 0.5 M H2SO4 at a constant current density of 10 mA cm–2.  



  

 

Fig. S19. Stability test of PtRuSe HNSs for OER. (A) TEM image and (B) chronopotentiometry 

test of PtRuSe HNSs without introducing Vulcan XC-72R C in 0.5 M H2SO4 at a constant current 

density of 10 mA cm–2. 

  



  

 

Fig. S20. Morphological and structural analysis. (A) TEM image and (B) XRD pattern of the 

Pt-Ru solid nanoparticles. Note that H2SeO3 was absent during the synthetic process, and the 

conditions for calcination are same with those of PtRuSe HNSs.  



  

 

Fig. S21. Effect of residual Se in SS Pt-RuO2 HNSs for OER. (A) SEM-EDS spectrum and (B) 

chronopotentiometry test of SS Pt-RuO2 HNSs (electrochemically leaching of Se) in 0.5 M H2SO4 

at a constant current density of 10 mA cm–2.  



  

 

Fig. S22. Stability test of commercial Pt/C for HER. Chronopotentiometry tests of commercial 

Pt/C in 0.5 M H2SO4 at a constant current density of 10 mA cm–2.  



  

 

Fig. S23. Morphological and structural analysis of the spent SS Pt-RuO2 HNSs. (A) HAADF-

STEM image, (B) HRTEM image, and (C) STEM image and STEM-EDS elemental mapping 

images of SS Pt-RuO2 HNSs after water splitting (cathodic: HER) in 0.5 M H2SO4.  



  

 

Fig. S24. Morphological and structural analysis of the spent SS Pt-RuO2 HNSs. (A) HAADF-

STEM image, (B) HRTEM image, and (C) STEM image and STEM-EDS elemental mapping 

images of SS Pt-RuO2 HNSs after water splitting (anode: OER) in 0.5 M H2SO4. 

  



  

 

Fig. 25. Morphological analysis of the spent catalysts. TEM images of (A) commercial RuO2 

and (B) commercial Pt/C after water splitting in 0.5 M H2SO4. 

  



  

 

Fig. S26. Stability test of commercial IrO2 and Pt/C for water splitting. Chronopotentiometry 

test of commercial IrO2||commercial Pt/C at a constant current density of 100 mA cm–2.  



  

 

Fig. S27. Structural analysis of SS Pt-RuO2 HNSs and RuO2. (A) Pt 4f XPS spectrum of SS Pt-

RuO2 HNSs. (B) Ru 3p XPS spectra of SS Pt-RuO2 HNS and RuO2. (C) Se 3d XPS spectrum of 

SS Pt-RuO2 HNSs. (D) C 1s XPS spectra of SS Pt-RuO2 HNSs and RuO2/C (a physical mixture 

of commercial RuO2 and VC-X72 C). (E) O 1s XPS spectra of SS Pt-RuO2 HNSs and RuO2. 



  

 

Fig. S28. Structural analysis. Wavelet transform of Ru K-edge EXAFS data of Ru foil.  



  

 

Fig. S29. Theoretical calculations. (A) The Bader charge numbers of atoms in RuO2. Note that 

the negative value is referred to lose electrons, while the positive value mains to obtain electrons. 

(B) The PDOS of 4d-orbitals of surface Ru atoms in RuO2. 



  

Table S1. Summary of reported OER electrocatalysts in acidic conditions. 

Catalyst Electrolyte 
Current 

density 

Overpotential 

(mV) 

Stability  

(h) 
Ref. 

SS Pt-RuO2 HNSs 0.5 M H2SO4 10 mA cm–2 228 100b This work 

IrOx/SrIrO3 0.5 M H2SO4 10 mA cm–2 ~270 30b  (51) 

40-IG 0.5 M H2SO4 10 mA cm–2 276 4c  (52) 

6H-SrIrO3 0.5 M H2SO4 10 mA cm–2 248 30b  (53) 

P-IrCu1.4 0.05 M H2SO4 10 mA cm–2 311 10b (54) 

Ru1-Pt3Cu 0.1 M HClO4 10 mA cm–2 220 28b  (27) 

Ir-STO 0.1 M HClO4 10 mA cm–2 247 20b  (55) 

RhCu NTs 0.5 M H2SO4 10 mA cm–2 345 12d (56) 

Ir-SA@Fe@NCNT 0.5 M H2SO4 10 mA cm–2 250 12d  (57) 

a/c-RuO2 0.1 M HClO4 10 mA cm–2 205 60b  (58) 

Ru NWs 0.5 M H2SO4 10 mA cm–2 234 20a (59) 

IrRu@Te 0.5 M H2SO4 10 mA cm–2 220 20b (60) 

a-PN-IN frame/C 0.1 M HClO4 10 mA cm–2 308 5a (61) 

Li-IrSe2 0.5 M H2SO4 10 mA cm–2 220 10e  (16) 

Co-RuIr 0.1 M HClO4 10 mA cm–2 235 25b (62) 

RuCu NSs 0.5 M H2SO4 10 mA cm–2 236 12b (21) 

Ir-NSG 0.1 M HClO4 10 mA cm–2 265 ~1.7b (12). 

Rh22Ir78 0.5 M H2SO4 10 mA cm–2 292 ~8d (63) 

Li-IrOx 0.5 M H2SO4 10 mA cm–2 300 10b  (24) 

D-IrTe2 HNSs 0.5 M H2SO4 10 mA cm–2 298 ~3b (64) 

Ru-N-C 0.5 M H2SO4 10 mA cm–2 267 30d (65) 

Ruthenate NSs 0.1 M HClO4 10 mA cm-2 255 ~6b  (66) 

Amorphous Ir NSs 0.1 M HClO4 10 mA cm–2 255 8d (67) 

RuNi2©G-250 0.5 M H2SO4 10 mA cm–2 227 3b (29) 

FeNx/NF/EG 0.5 M H2SO4 10 mA cm–2 294 10e (68) 

CaCu3Ru4O12 0.5 M H2SO4 10 mA cm–2 171 24b  (69) 

Note: a, b and c are the chronopotentiometry test at 5, 10 and 20 mA cm–2, respectively. d and e 

are the chronoamperometry test at 10 and 20 mA cm-2, respectively. 

 



  

Table S2. Summary of reported HER electrocatalysts in acidic conditions. 

Catalyst Electrolyte 
Current 

density 

Overpotential 

(mV) 

Stability  

(h) 
Ref. 

SS Pt-RuO2 HNSs 0.5 M H2SO4 10 mA cm–2 26 100b This work 

Pt1/OLC 0.5 M H2SO4 10 mA cm–2 38 100d  (70) 

1T0.81-MoS2@Ni2P 0.5 M H2SO4 10 mA cm–2 38.9 10d (71) 

CoP/NP/TF 0.5 M H2SO4 10 mA cm–2 91 10d (72) 

Co-NMGO 0.5 M H2SO4 10 mA cm–2 146 24d (73) 

Ce-doped CoP 0.5 M H2SO4 10 mA cm–2 54 10d (74) 

IrTiTa 0.5 M H2SO4 10 mA cm–2 99 10b (75) 

Ir6Ag9 NTs/C 0.5 M H2SO4 10 mA cm–2 20.0 5a (76) 

Ni2P/MoS2/N:RGO 0.5 M H2SO4 10 mA cm–2 40 60e (77) 

IrNi NCs 0.1 M HClO4 10 mA cm–2 28 2a (78) 

Co-RuIr 0.1 M HClO4 10 mA cm–2 14 25b (62) 

RhCu NTs 0.5 M H2SO4 10 mA cm–2 12 12d (56) 

A-Ni@DG 0.5 M H2SO4 10 mA cm–2 70 10a (79) 

RuP2@NPC 0.5 M H2SO4 10 mA cm–2 38 11d (80) 

Ir-SA@Fe@NCNT 0.5 M H2SO4 10 mA cm–2 26 12d (57) 

W-SAC 0.5 M H2SO4 10 mA cm–2 105 ~11d (81) 

Mo2C/G-NCS 0.5 M H2SO4 10 mA cm–2 ~70 20d (82) 

Ni-GF/VC 0.5 M H2SO4 10 mA cm–2 111 20d (83) 

Bm-5d-Pt 0.5 M H2SO4 10 mA cm–2 30 24d (84) 

RuB2 0.5 M H2SO4 10 mA cm–2 52 50b (14) 

Ru@MWCNT 0.5 M H2SO4 10 mA cm–2 16 50e (85) 

Pt3Co NPs@NCNT 0.5 M H2SO4 10 mA cm–2 42 35b (86) 

Ni@Ni2P-Ru HNRs 0.5 M H2SO4 10 mA cm–2 51 ~7b (87) 

CBC-Ir-800-1.2 0.5 M H2SO4 10 mA cm–2 17 6b (88) 

Ir@N-G-750 0.5 M H2SO4 10 mA cm–2 19 20c (89) 

Ru-SA/Ti3C2Tx 0.1 M HClO4 10 mA cm–2 70 32b (90) 

Li-PPS NDs 0.5 M H2SO4 10 mA cm–2 91 ~13c (91) 

Note: a, b and c are the chronopotentiometry test at 5, 10 and 20 mA cm–2, respectively. d and e 

are the chronoamperometry test at 10 and 20 mA cm–2, respectively. 

  



  

Table S3. Summary of reported water splitting electrocatalysts in acidic conditions. 

Catalyst Electrolyte 
Current 

density 

Voltage 

(V) 

Stability 

(h) 
Ref. 

SS Pt-RuO2 HNSs||SS Pt-RuO2 HNSs 0.5 M H2SO4 10 mA cm–2 1.49 100b This work 

RuTe2 PNRs||RuTe2 PNRs 0.5 M H2SO4 10 mA cm–2 1.52 24d (13) 

Ru nanosheets||Ru nanosheets 0.5 M H2SO4 10 mA cm–2 1.53 ~2d (92) 

Mo-Co9S8@C 0.5 M H2SO4 10 mA cm–2 1.68 24d (93) 

Ir-SA@Fe@NCNT||Ir-SA@Fe@NCNT 0.5 M H2SO4 10 mA cm–2 1.51 12d (57) 

RuB2||RuB2 0.5 M H2SO4 10 mA cm–2 1.53 ~9b (14) 

RuCu NSs||RuCu NSs 0.5 M H2SO4 10 mA cm–2 1.49 ~15b (21) 

Ir@N-G-750||Ir@N-G-750 0.5 M H2SO4 10 mA cm–2 1.54 40c (89) 

RhCu NTs/CP||RhCu NTs/CP 0.5 M H2SO4 10 mA cm–2 1.64 30d (56) 

Ir6Ag9 NTs/C||Ir6Ag9 NTs/C 0.5 M H2SO4 10 mA cm–2 1.55 ~32a (76) 

ONPPGC/OCC||ONPPGC/OCC 0.5 M H2SO4 5 mA cm–2 1.75 10b (94) 

Co-doped RuO2 NWs||Ni-doped RuO2 NWs 0.5 M H2SO4 10 mA cm–2 1.54 12a (22) 

Ir-doped WO3||Ir-doped WO3 0.5 M H2SO4 10 mA cm–2 1.56 60b (95) 

RuIrOx||RuIrOx 0.5 M H2SO4 10 mA cm–2 1.45 24d (96) 

Li-IrSe2||Li-IrSe2 0.5 M H2SO4 10 mA cm–2 1.44 24e (16) 

CB[6]-Ir2||CB[6]-Ir2 0.5 M H2SO4 10 mA cm–2 1.56 20a (97) 

np-IrO2||np-IrAl 0.5 M H2SO4 10 mA cm–2 1.52 40b (98) 

Co-RuIr||Co-RuIr 0.1 M HClO4 10 mA cm–2 1.52 25b (62) 

RuO2 NWs||Ir NWs 0.5 M H2SO4 10 mA cm–2 1.47 10a (59) 

Au0.5Ir0.5@CNT||Au0.5Ir0.5@CNT 0.5 M H2SO4 10 mA cm–2 1.51 50d (99) 

Ir/GF||Ir/GF 0.5 M H2SO4 10 mA cm–2 ~1.55 10b (100) 

Ru-SA/Ti3C2Tx||Ru-SA/Ti3C2Tx 0.1 M HClO4 10 mA cm–2 1.56 32b (90) 

IrNi0.57Fe0.82||IrNi0.57Fe0.82 0.5 M HClO4 10 mA cm–2 1.64 ~6b (101) 

IrOx/GDY||IrOx/GDY 0.5 M H2SO4 10 mA cm–2 1.49 30d (102) 

Ir-NSG||Ir-NSG 0.1 M HClO4 10 mA cm–2 1.42 24b (12) 

Note: a, b and c are the chronopotentiometry test at 5, 10 and 20 mA cm-2, respectively. d and e 

are the chronoamperometry test at 10 and 20 mA cm-2, respectively. 
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