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Characterizations. Transmission electron microscopy (TEM) was performed on a HITACHI HT7700 

transmission electron microscope with voltage of 120 kV. High-resolution TEM (HRTEM), scanning 

transmission electron microscopy energy-dispersive X-ray spectroscopy (STEM-EDS) element mappings 

and high-angle annular dark-field STEM (HAADF-STEM) were carried out on a FEI Tecnai F20 

transmission electron microscope with voltage of 200 kV. Powder X-ray diffraction (PXRD) patterns 

were collected on a Shimadzu XRD-6000 X-ray diffractometer with a range from 20o to 80o and using a 

Cu KŬ X-ray as source (ɚ = 1.540598 ¡). X-ray photoelectron spectroscopy (XPS) was done with an SSI 

S-Probe XPS Spectrometer. The concentration of catalyst was determined by the inductively coupled 

plasma atomic emission spectroscopy (710-ES, Varian, ICP-AES). 

Electrochemical measurements. Electrochemical measurements of all samples were performed by using 

CHI660 electrochemical workstation (Chenhua, Shanghai) with three-electrode system. The glassy 

carbon (GC), saturated calomel electrode (SCE) and graphite rod were used as working electrode, 

reference electrode and counter electrode, respectively. For electrochemical measurements, 2 mg catalyst 

was dispersed in 900 ɛL IPA, 100 ɛL H20 and 10 ɛL Nafion (5%) with ultrasonication treatment about 

0.5h to obtain catalyst ink. Then, 20 ɛL catalyst ink was deposited on the GC electrode. After that, 

electrochemical measurements were carried out in 0.5 M H2SO4, 0.05 M H2SO4, 0.1 M KOH and 1.0 M 

KOH. All of polarization curves were obtained at the potential range with a scan rate of 5 mV s-1 and 95% 

IR compensation. The long-term stabilities for water were tested by using a two-electrode system. 

Computational details. All spin-unrestricted first-principles calculations were ran by using Vienna Ab-

initio Simulation Package (VASP) software with the projected augmented wave (PAW).1,2 The exchange-

correlation functional adopts the generalized gradient approximation (GGA) formula proposed by 

Perdew-Burke- Ernzerhof (PBE) and the convergence standards of energy and force was corresponding to 

10-4 eV and -0.05 eV/¡, respectively, during self-consistent calculations.3 The cut-off energy was set 

about 500 eV. Meanwhile, the empirical Grimme method (DFT-D2) was used to consider weak van der 
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Waals interaction of HER/OER intermediates into consideration.4 Besides, the Methfessel-Paxton 

smearing method with a sigma value 0.05 eV is set to consider the electronic partial occupancies. In the 

RuO2 system, the (110) surface of 3 layered RuO2 is cleaved from its bulk structure (a=3.14 ¡, 

b=c=4.54¡) with a 15 ¡ vacuum height to avoid the image coupling of periodic boundary condition. The 

bottom layer is constrained during optimization to simulate the bulk counterpart. The adsorption free 

energy of G(*H) and G(*OH) is calculated by: 

2
1

G(*H) = E(*H) - E(*) - E(H ) +ȹZPE -TȹS
2

 

2 2
1

G(*OH) = E(*OH) - E(*) - (E(H O) - E(H )) +ȹZPE -TȹS
2

 

where E(*OH) and E(*H) are the total energy of substrate after the adsorption of H and OH. E(*) is the total energy of 

substrate without adsorption of intermediates. E(H2O) and E(H2) are the total energy of H2O and H2 in gas phase. æZPE is the 

zero-point energy based on finite differences method and the æS is the contribution of entropy. 
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Supporting Figures and Tables. 

 

Fig. S1 Size distributions of (a) Co-doped Ru NWs, (b) Ni-doped Ru NWs, (c) Fe-doped Ru NWs and (d) 

Ru NWs. 
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Fig. S2 TEM images of (a, b) Ru NWs, (c, d) Fe-doped Ru NWs and (e, f) Ni-doped Ru NWs. (g) 

HADDF-STEM image and (h) STEM-EDS element mappings of Ni-doped Ru NWs. 
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Fig. S3 SEM-EDS spectra of (a) Fe-doped Ru NWs and (b) Ni-doped Ru NWs. 

 

 

 

Fig. S4 PXRD patterns of M-doped Ru NWs. 
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Fig. S5 TEM images of carbon supported (a, b) RuO2 NWs, (c, d) Fe-doped RuO2 NWs and (e, f) Ni-

doped RuO2 NWs. 
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Fig. S6 PXRD patterns of M-doped RuO2 NWs. 

 

 

Fig. S7 OER polarization curves of Ru NWs in (a) 0.5 M H2SO4, (b) 1.0 M KOH, (c) 0.05 M H2SO4 and 

(d) 0.1 M KOH. 

 

 


