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Theoretical calculations: All calculations were performed within the spin-polarized density 

functional theory (DFT) framework as implemented in the Quantum-Espresso package. 

Ultrasoft pseudopotentials are introduced to describe the electron-ion interactions. Perdew-

Burke-Ernzerhof (PBE) function in the generalized gradient approximation (GGA) was 

employed to describe the exchange-correlation functional. The Kohn-Sham (KS) orbitals and 

the charge density were represented using basis sets consisting of plane waves (PWs) up to a 

maximal kinetic energy of 50 Ry and 400 Ry, respectively. The Gibbs free energy of the 

adsorbed hydrogen atom is calculated by ΔGH = ΔEH + ΔEZPE – TΔSH. Where ΔEH is the 

adsorption energy of the hydrogen atom described above, and ΔEZPE is the zero-point energy 

correction for hydrogen adsorption. As for ΔSH, it can be obtained by ΔSH ≅ −1/2S𝐻20,, where 

S𝐻20 is the entropy of a hydrogen molecule in the gas phase at the standard condition. Therefore, 

the overall corrections are expressed by ΔGH = ΔEH + 0.24, where 0.24 eV is the contribution 

from combination of ZPE and entropy at 298 K for surface models. 

 

 

 

 

 

 

 



 

Figure S1. The calculated ΔGH* values of different pure metals and metal overlayers [1]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
Figure S2. The SEM images of the sample RT without EG under different magnification. The 

scale bars are 400 nm and 2 μm, respectively. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Figure S3. The low magnification of TEM images for sample RT, sample 400-Air, sample 

200-H2, sample 300-H2, sample 400-H2 and sample 500-H2, respectively. The scale bars are 

100 nm. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
Figure S4. The AFM images of the (a) sample RT, (b) sample 400-Air, (c) sample 200-H2, 

(d) sample 300-H2, and (e) sample 400-H2, respectively. 

 

 

 

 

 



 

 

 

 

 
Figure S5. Rietveld refinement of the patterns of (a) 400-Air, (b) 200-H2, (c) 300-H2, (d) 400-

H2 and (e) 500-H2. 

 



 
Figure S6. The Bi-Ni alloy phase diagram [2]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
Figure S7. The XRD PDF patterns of NiBi and Bi2O2CO3. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
Figure S8. The thermogravimetric analysis (TGA) of Bi2O2CO3 powder under air with a 

heating rate of 5 ℃/min. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
Figure S9. The wide scan spectrum of the prepared samples. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
Figure S10. The polarization curves of bare Ni foam and Pt/C loaded Ni foam with a scan 

rate of 5 mV s-1 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
Figure S11. (a) The XRD data of sample-450 and sample 350 and (b) the polarization curves 

of different catalysts with a scan rate of 5 mV s-1 in 1.0 M KOH. Sample 350 and sample 450 

were fabricated by the sample RT at 350 C and 450 C, respectively. As shown in the 

Figure11a, compared with sample-350, sample-450 demonstrated significantly increased α-

Bi2O3 content, which can be characterized by the distinct peak position at and 27.9 and 27.3 

for ß-Bi2O3 and α-Bi2O3, respectively. However, no significant HER difference was observed, 

also demonstrating the electrolytic improvement mainly stem from the phase engineering of 

alloy instead of phases change of Bi2O3. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
Figure S12. The cyclic voltammetry (CV) cycles in the region between 1.01 V and 1.08 V 

(vs. RHE) at different scan rates (5, 10, 20, 50 and 100 mv s-1) of sample (a) RT, (b) 400-Air, 

(c) 200-H2, (d) 300-H2, (e) 400-H2 and (f) 500-H2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
Figure S13. The water contact angle (5 μL) of different samples. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
Figure S14. Comparison of the overpotentials required to reach the current density of 10 mA 

cm-2 among the reported Bismuth-based electrocatalysts [3-6]. Notes: as very few Bismuth 

based electrocatalysts was employed for alkaline HER, the referredces cited here (3 and 6) 

were tested under acid condition. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
Figure S15. The SEM images of the 400-H2 sample after the HER operation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
Figure S16. The XRD patterns of the 400-H2 sample after the HER operation. It should be 

noted Bi metal formed after the long time HER operation as well as the existence of NiBi 

NiBi3 and α-Bi2O3. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
Figure S17. (a) The high-resolution TEM images of the 400-H2 sample after the HER 

operation and the intensity line profile of the HRTEM images of (b) Bi (012), (c) NiBi (100) 

and (d) α-Bi2O3 (020) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
Figure S18. The XPS images of the 400-H2 sample after the HER operation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

Figure S19. The schematic views of (a) Ni, (b) Bi, and (c) BiNi. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
Figure S20. The detailed process of the water adsorption steps on to the Bi2O3&Bi3Ni 

catalysts surface with DFT. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Table S1. The calculated contents of different phases from the XRD data of sample 400-Air, 

sample 200-H2, sample 300-H2, sample 400-H2 and sample 500-H2, respectively. 

 Nickel (%) α-Bi2O3 (%) ß-Bi2O3 (%) BiNi (%) Bi3Ni(%) 

400-Air 95.78  2.81 1.41  

200-H2 91.07 2.35 5.38 1.20  

300-H2 82.28 12.63 3.69 1.40  

400-H2 39.32 1.04  29.02 30.61 

500-H2 48.84   49.06 2.10 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Table S2. The ratio of the content of Ni and Bi calculated from XPS for different samples. 

 Nickel (%) Bi (%) Bi3+ (%) Bi0 (%) O (%) C (%) 

400-Air 21.29 7.89 100  46.48 24.34 

200-H2 21.96 6.25 100  46.14 25.65 

300-H2 14.69 5.42 100  42.05 37.84 

400-H2 11.38 10.06 70.17 29.83 37.88 40.68 

500-H2 8.67 13.01 48.91 51.09 35.47 42.85 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Table S3. The of calculated resistance values of ohmic resistance (Rs) and charge transfer 

resistance (Rct). 

 RT 400-Air 200-H2 300-H2 400-H2 500-H2 

Rs 2.1 2.18 2 2.17 2.12 2.24 

Rct 6.21 3.47 4.05 3.96 2.59 6.69 
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