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DFT calculation method:

The calculations carried out in this work were based on density functional theory 

(DFT) and the projector augmented wave (PAW) method. Exchange-correlation 

interactions were modeled using the generalized gradient approximation with the 

Perdew–Burke–Ernzerhof (GGA-PBE) functional, as implemented in the Vienna ab 

initio simulation package (VASP).1-5 The calculations were performed using a cutoff 

energy of 500eV, and Fermi-level smearing of 0.05 was applied. A G-centered 6× 6× 6 

and 14× 14× 14 was used for bulk calculations of CoN and Co cell, respectively (Figure 

S18). After extracting Co3N3 clusters from the CoN unit cell and further optimizing 

their geometry, the Co3N3 clusters form a CoN/Co heterostructure with Co (111) 

(Figure S19). Subsequently, 5 Co atoms in Co (111) were replaced with nickel to 

approximate the nickel-cobalt ratio in Ni1Co10 (1:9.3). While 3 × 3 × 1 used for slabs 

calculations for CoN/Ni1Co10. The convergence criterion for total energy and 

Hellmann-Feynman forces were set to be 1 × 10−5 eV and 0.04 eV/Å. Spin polarization 

and dipole corrections were considered in all calculations.6,7 The periodic slabs 

included 5 layers of atoms and a 15 Å thick vacuum layer, and constraint the bottom 

layer atoms and relax the top 4 layers of atoms on the surface. The free energy of 

intermediate structure was obtained by processing the result of frequency calculation 

using VASPKIT.8

The adsorption energy of intermediate on the catalyst surface could be calculated 

by the following equations:

ΔE ads
* = E (ads*) – E (*) – E (ads)

Where the * represented the active site of the catalyst surface, ads represented the 

intermediate, and ads* represented the intermediate adsorbed on the active site of the 

catalyst

The free energy of intermediate adsorption was calculated by the following 

equations:

ΔGads = ΔEads +ΔEZPE +ΔU(0→T)-TΔS [8]

Where ΔGads represented the free energy of intermediate. The ΔEZPE +ΔU(0→T)-

TΔS was obtained by VASPKIT processing the result of frequency calculation (Table 

S5 and S6)8
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Figure S1. XRD spectra of ZIF-67 and Ni1Co10/C before calcination.

Figure S2. SEM images of (a) Co/C, (b) Ni1Co4/C.
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Figure S3. TEM images of (a) Co/C, (b) Ni1Co4/C.

Figure S4. HRTEM images of (a) Co/C, (b) Ni1Co4/C.
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Figure S5. FTIR spectra of Co/C and Ni1CoX/C.

Figure S6. The contact angle of Ni1Co10/C and water.
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Figure S7. OER polarization curves of Co/C, Ni1Co10/C and RuO2.
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Figure S8. Cyclic voltammogram curves of (a) Co/C, (b) Ni1Co4/C, (c) Ni1Co6/C, (d) 

Ni1Co8/C, (e) Ni1Co10/C and (f) Ni1Co12/C at multiple scan rates (10, 20, 50, 100 and 

200 mV s-1).
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Fig

ure S9. Double-layer capacitance of Co/C, Ni1Cox/C (x = 4, 6, 8, 10, 12) and RuO2.

Figure S10. Electrochemical impedance spectroscopy (EIS) plots of OER of Co/C, 

Ni1Cox/C (x = 4, 6, 8, 10, 12) and RuO2.
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Figure S11. Bifunctional polarization curves of Ni1Co10/C before and after 24h stability 

test in double electrode system.

Figure S12. OER Polarization curves of Ni1Co10/C before and after 24h stability test.
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Figure S13. HER Polarization curves of Ni1Co10/C before and after 24h stability test.

Figure S14. Tafel slope of Ni1Co10/C before and after 24h stability test.



S11

Figure S15. XRD of Ni1Co10/C before and after stability test.

Figure S16. TEM of Ni1Co10/C before and after stability test.
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Figure S17. XPS of Ni1Co10/C before and after stability test.

The XRD of the Ni1Co10/C after the stability test are shown in Figure S15. No 

additional phases were observed, and the characteristic diffraction peaks remained 

unchanged compared to those before the stability test, indicating that the catalyst 

retained its structural integrity during the OER and HER processes, without any 

disruption to the spinel crystal structure. Similarly, the TEM results (Figure S16) 

confirmed this stability. The XPS spectra (Figure S17) of Co and Ni showed no shifts 

in the peaks, and the metal valence ratios remained largely unchanged, further 

supporting the excellent stability of the catalyst. (Note: due to the low catalytic dose on 

the carbon cloth after the reaction, the signal peaks are weak, and the satellite peaks are 

prominent.)
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Figure S18. Atomic models of (a) CoN and (b) Co cell.

Figure S19. Atomic models of (a) Co3N3 clusters from CoN unit cell, (b) 

geometry optimized Co3N3 clusters and (c) CoN/CoNi heterostructure.
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Figure S20. Atomic models from top vision of (a) (Co)CoN/CoNi(2Co), (b) 

(2Co)CoN/CoNi, (c) CoN/CoNi(2Co1Ni) and (d) (Co)CoN/CoNi about OH* 

adsorption. Atomic models from front vision of (e) (Co)CoN/CoNi(2Co), (f) 

(2Co)CoN/CoNi, (g) CoN/CoNi(2Co1Ni) and (h) (Co)CoN/CoNi about OH* 

adsorption. (CoN/CoNi stands for heterogeneous structure, the parentheses 

represent the active site for OH* adsorption in this model.)



S15

Figure S21. Atomic models from top vision of (a) CoN/CoNi(CoNi), (b) 

CoN/CoNi(3Co), (c) (N)CoN/CoNi and (d) (Co)CoN/CoNi about H* adsorption. 

Atomic models from front vision of (e) CoN/CoNi(CoNi), (f) CoN/CoNi(3Co), 

(g) (N)CoN/CoNi and (h) (Co)CoN/CoNi about H* adsorption. (CoN/CoNi 

stands for heterogeneous structure, the parentheses represent the active site for 

H* adsorption in this model.)
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Table S1. XPS Relative Subpeak Area of N1s of Co/C, Ni1Co10/C and Ni1Co4/C.

Sample Pyridinic N Co/Ni-Nx Pyrrolic N Graphitic N Oxidized N

Co/C 24.14% 34.74% 34.17% 6.63% 0.32%

Ni1Co10/C 20.86% 34.31% 30.07% 10.78% 3.98%

Ni1Co4/C 17.77% 47.39% 25.92% 8.14% 0.78%

Table S2. Specific surface area of the Co/C, Ni1Co10/C and Ni1Co4/C.

sample SBET/(m2∙g-1) Pore Volume (cm3∙g-1)

Co/C 210.79 0.234

Ni1Co10/C 190.85 0.263

Ni1Co4/C 158.87 0.255
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Table S3. Comparison of the OER activity of the Ni1Co10/C with other electrocatalysts 

in 1 M KOH.

Catalysts
Overpotential

(mV)

Tafel slope

(mV dec-1)

Current density 

(mA cm-2)
Ref

Ni1Co10/C 380 53.9 100 Our work

NFO/NF 309 40 100 [9]

Ni3N–CeO2/NF 341 64.4 50 [10]

MnCoP/NF 415 76 100 [11]

Ni3S2@FeNi2S4@NF 379 92 100 [12]

MoS2/Co−N−CN2 398 / 10 [13]

CoOOH/Co9S8 360 86.4 100 [14]

Co 4mmol/NC 400 100 10 [15]

Co@bCNTs 330 113 10 [16]

DE-TDAP 346 67 10 [17]

Co2P/Co4N/CNTs 398 110 100 [18]
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Table S4. Comparison of the HER activity of the Ni1Co10/C with other electrocatalysts 

in 1 M KOH.

Catalysts
Overpotential

(mV)

Tafel 

slope

(mV dec-1)

Current density 

(mA cm-2)
Ref

Ni1Co10/C 357 127 100 Our work

Ni3N–CeO2/NF 314 42.8 100 [10]

Fe/W-Ni3S2 253 102 50 [19]

Ni5P4/Ni2P/Fe2P-2 250 81.2 50 [20]

Co3O4–CoFe2O4@

MWCNT
342 138 100 [21]

Ni0·5Mo0.5Sx + 

XC72R
402 81 100 [22]

Co3O4@MoO3 158 148 10 [23]

Co/NC@PMDA 266 135.3 10 [24]

Table S5. Calculated ΔEZPE +ΔU(0→T)-TΔS of OER.

Site ΔEZPE +ΔU(0→T)-TΔS

(Co)CoN/CoNi(2Co) 0.321

(2Co)CoN/CoNi 0.349

CoN/CoNi(2Co1Ni) 0.316

(Co)CoN/CoNi 0.314
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Table S6. Calculated ΔEZPE +ΔU(0→T)-TΔS of HER.

Site ΔEZPE +ΔU(0→T)-TΔS

CoN/CoNi(CoNi) 0.175

CoN/CoNi(3Co) 0.291

(N)CoN/CoNi 0.148

(Co)CoN/CoNi 0.160
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