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Supplementary Figure 1. SEM images of (a, b) Co6Ni4, (c, d) Co, and (e, f) Ni catalysts.  

 

Supplementary Figure 2. XRD patterns of Co6Ni4, Co, and Ni catalysts. Source data for the above figure 

are provided as a Source Data file. 

 

 

Supplementary Figure 3. (a-c) TEM-EDS elemental mappings of Co6Ni4. 

 

 

Supplementary Figure 4. (a) SEM-EDS elemental mappings and (b) element spectrum of Co6Ni4. Source 

data for the figure (b) are provided as a Source Data file. 
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Supplementary Figure 5. (a, b) AC-HAADF-STEM images of Co6Ni4. 

 

 

Supplementary Figure 6. (a) TEM image, (b) SAED pattern, and (c-d) HRTEM images for Co catalyst. 

(e) TEM image, (f) SAED pattern, and (g-h) HRTEM images for Ni catalyst. Figure d and h corresponds 

to area Ⅰ in Figure c and area Ⅱ in Figure g, respectively. 
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Supplementary Figure 7. (a) XPS survey spectra of Co6Ni4, Co, and Ni catalysts. (b) O 1s, (c) Co 2p, 

and (d) Ni 2p XPS spectra of Co6Ni4 catalysts. (e) O 1s and (f) Co 2p XPS spectra of Co catalyst. (g) Ni 

2p and (h) O 1s XPS spectra of Ni catalyst. Source data for the above figures are provided as a Source 

Data file. 
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Supplementary Figure 8. Wavelet transforms of the k3-weighted EXAFS signals for the Co element in 

(a) Co6Ni4 catalyst, (b) Co foil, and (c) CoO reference. Wavelet transforms of the k3-weighted EXAFS 

signals for the Ni element in (d) Co6Ni4 catalyst, (e) Ni foil, and (f) NiO reference. Source data for the 

above figures are provided as a Source Data file. 

 

 

Supplementary Figure 9. LSV curve of CP for NO3RR (without iR compensation). Source data for the 

above figure are provided as a Source Data file. 
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Supplementary Figure 10. UV-vis absorption spectra of the standard solution containing different 

concentrations of (a) NH3, (c) NO2
-, and (e) NO3

-. The standard calibration curves for (b) NH3, (d) NO2
-, 

and (f) NO3
-. Source data for the above figures are provided as a Source Data file. 

 

 

Supplementary Figure 11. (a) Chronoamperograms of Co6Ni4 catalyst for NO3RR at different potentials 

(without iR compensation). (b) UV-vis spectra for quantifying the FE of NH3 at various potentials on 

Co6Ni4 catalyst (potentials are not iR-corrected). Source data for the above figures are provided as a 

Source Data file. 
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Supplementary Figure 12. UV-vis spectra for quantifying the FE of (a) NO2
- and (c) N2H4 at various 

potentials on Co6Ni4 catalyst (potentials are not iR-corrected). The FE of (b) NO2
- and (d) H2 for NO3RR 

on synthesized catalysts at various applied potentials (without iR compensation). The error bar represents 

the standard deviation of the data from three independent measurements. Source data for the above figures 

are provided as a Source Data file. 

 

 

Supplementary Figure 13. Chronoamperometric measurement of Co6Ni4 for NO3RR at -0.476 V (vs. 

RHE) (without iR compensation) over 40 consecutive cycles. Source data for the above figure are 

provided as a Source Data file. 
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Supplementary Figure 14. (a) XRD pattern, (b) Co 2p XPS spectrum, (c) Ni 2p XPS spectrum, and (d) 

O 1s XPS spectrum of Co6Ni4 catalyst after 120-h NO3RR. Source data for the above figures are provided 

as a Source Data file. 
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Supplementary Figure 15. (a-b) SEM images, (c) EDS elemental mappings, and (d) elemental analysis 

of Co6Ni4 catalyst after 120-h NO3RR. Source data for the figure (d) are provided as a Source Data file. 

 

Supplementary Figure 16. (a) TEM image, (b) SAED pattern, and (c-e) HR-TEM images of Co6Ni4 after 

120-h NO3RR. Figures d and e correspond to areas Ⅰ and Ⅱ in Figure c, respectively.  
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Supplementary Figure 17. (a) 1H NMR calibration results for the quantification of NH4
+. (b) The integral 

area is normalized by C4H4O4. Source data for the above figures are provided as a Source Data file. 

 

Supplementary Figure 18. (a) LSV curves of NO3RR in different KNO3 concentrations using Co6Ni4 as 

the catalyst (without iR compensation). (b) FE and yield of NH3 for Co6Ni4 catalyst in different KNO3 

concentrations at -0.376 V (vs. RHE) (without iR compensation). The error bar represents the standard 

deviation of the data from three independent measurements. (c) Time-dependent FENH3 variations and 

concentration changes of NO3
-, NO2

-, and NH3 at -0.376 V (vs. RHE) (without iR compensation) for 

Co6Ni4. Source data for the above figures are provided as a Source Data file. 
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Supplementary Figure 19. Ex-situ XRD patterns of (a) Co, (b) Co6Ni4, and (c) Ni catalysts under NO3RR 

conditions (potentials are not iR-corrected). XRD results were obtained by measuring the above catalysts 

at various potentials after 1h NO3RR. Source data for the above figures are provided as a Source Data file. 

 

 

Supplementary Figure 20. In-situ Raman spectra for NO3RR of Co6Ni4, Co, and Ni electrocatalysts 

(potentials are not iR-corrected). Source data for the above figure are provided as a Source Data file. 
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Supplementary Figure 21. R-space of (a) Co and (b) Co6Ni4 catalysts from operando EXAFS tests at the 

Co K-edge (potentials are not iR-corrected). (c) R-space of Co6Ni4 catalyst from operando EXAFS 

measurement at the Ni K-edge (potentials are not iR-corrected). Source data for the above figures are 

provided as a Source Data file. 
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Supplementary Figure 22. Nyquist plots at various potentials (without iR compensation) calculated from 

in-situ EIS measurement for NO3RR on (a) Co6Ni4, (b) Ni, and (c) Co catalysts. Source data for the above 

figures are provided as a Source Data file. 
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Supplementary Figure 23. The model of NO3
- adsorption conditions at different potentials on (a) Co6Ni4, 

(b) Co, and (c) Ni. 

 

 

Supplementary Figure 24. XRD patterns of Co8Ni2, Co4Ni6, and Co2Ni8 catalysts. Source data for the 

above figure are provided as a Source Data file. 

 

 

Supplementary Figure 25. SEM images of (a-b) Co8Ni2, (c-d) Co4Ni6, and (e-f) Co2Ni8 catalysts. 
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Supplementary Figure 26. EDS elemental mappings of (a) Co8Ni2, (c) Co4Ni6, and (e) Co2Ni8 catalysts. 

The content of Co and Ni determined by EDS for (b) Co8Ni2, (d) Co4Ni6, and (f) Co2Ni8 catalysts. Source 

data for the figures (b,d,f) are provided as a Source Data file. 

 

 

Supplementary Figure 27. The FE of (a) NH3 and (b) NO2
- for prepared catalysts against applied 

potentials (without iR compensation). The error bar represents the standard deviation of the data from 

three independent measurements. Source data for the above figures are provided as a Source Data file. 
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Supplementary Figure 28. The EIS Nyquist plots of NO3RR of synthesized catalysts. Source data for 

the above figure are provided as a Source Data file. 

 

 

Supplementary Figure 29. CV curves (without iR compensation) of (a) Co, (b) Co8Ni2, (c) Co6Ni4, (d) 

Co4Ni6, (e) Co2Ni8, and (f) Ni catalysts are collected at various scan rates in 1 M KOH + 0.3 M KNO3. 

Source data for the above figures are provided as a Source Data file. 
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Supplementary Figure 30. (a) LSV curves of Co6Ni4, Co, and Ni catalysts for NO3RR and NO2RR 

(without iR compensation). Tafel slopes of Co6Ni4, Co, and Ni catalysts for (b) NO3RR and (c) NO2RR. 

The error bar represents the standard deviation of the data from three independent measurements 

(potentials are not iR-corrected). Source data for the above figures are provided as a Source Data file. 

 

 

Supplementary Figure 31. (a) The FENH3 of Co6Ni4, Co, and Ni catalysts for NO2RR (potentials are not 

iR-corrected). (b) The current density of main product for NO2RR and NO3RR on Co6Ni4, Co, and Ni 

catalysts (potentials are not iR-corrected). The primary product of NO2RR is NH3, and the primary 

products of NO3RR are NH3 and NO2
-. The error bar represents the standard deviation of the data from 

three independent measurements. Source data for the above figures are provided as a Source Data file. 
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Supplementary Figure 32. Online DEMS of Co6Ni4 during NO3RR. Source data for the above figure are 

provided as a Source Data file. 
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Supplementary Figure 33. The Gibbs free energy calculation models of adsorbed intermediates for 

NO3RR on (a) Co6Ni4, (b) Co, and (c) Ni. 
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Supplementary Figure 34. The (a) LSV curves (without iR compensation), (b) Tafel slopes (potentials 

are not iR-corrected), and (c) Nyquist plot of OER in 1 M KOH for Co6Ni4 and RuO2. The OER stability 

test at 250 mA cm-2 for (d) Co6Ni4 and (e) RuO2 (potentials are not iR-corrected). Source data for the 

above figures are provided as a Source Data file. 

 

 

Supplementary Figure 35. I-t curves of Co6Ni4 for MEA at different cell voltages (without iR 

compensation). Source data for the above figure are provided as a Source Data file. 
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Supplementary Figure 36. Potential (without iR compensation) calibration of the Hg/HgO reference 

electrode in H2-saturated 1 M KOH solution at 25 ℃. Source data for the above figure are provided as a 

Source Data file. 

 

 

Figure 37. (a) Schematic of the reactor for the NH3 overflow detection. (b) UV-vis spectrum for the HCl 

solution after capturing the escaped NH3. Source data for the above figure are provided as a Source Data 

file. 

 

 

Figure 38. Schematic diagrams of the electrolytic cell setup for (a) in-situ FTIR, (b) in-situ Raman 

spectroscopy, and (c) operando XAS measurements. 
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Supplementary Table 1. ICP-OES results of CoxNiy catalysts. 

 Co (at.%) Ni (at.%) 

Co 99.94 0.06 

Co8Ni2 80.35 19.65 

Co6Ni4 60.44 39.56 

Co4Ni6 41.28 58.72 

Co2Ni8 19.99 80.01 

Ni 0.13 99.87 
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Supplementary Table 2. Comparison of the NO3RR performance of recently reported electrocatalysts. 

Catalyst 

Potential 

@ 1A 

cm-2 (V 

vs. RHE) 

E (V 

vs. 

RHE) 

FENH3 

(%) 

YieldNH3 

（mg h-1 

cm-2） 

Stability 

(h) 
Electrolyte Ref. 

Co6Ni4 -0.276 -0.476  99.21 93.55 120 
0.3 M KNO3 + 

1 M KOH 

This 

work 

NiCoP 
-0.48 

100% iR 

-0.3 

100% iR 
99.7 55.33 24 

1.0 M KNO3 + 

1 M KOH 
1 

RuPt/Cu -- -0.2 99.8 58.76 62 
1.0 M KNO3 + 

1 M KOH 
2 

Co3O4/Cu-N-C 
-0.71 

50% iR 

-0.8 

50% iR 
97.7 92.46 20 

1.0 KNO3 + 1 

M KOH 
3 

SP-Fe1-Ti -- -0.4 95.2 68.12 40 
1.0 M NaNO3 + 

1 M KOH 
4 

CoP-CNS -- -1.03 90 52.63 123 
1.0 M KNO3 + 

1 M KOH 
5 

Cu1Co5 -- 
0.075 

80% iR 
96.2 32.4 30 

1.0 M KNO3 + 

1 M KOH 
6 

CoP NAs/CFC -- -0.3 99.3 16.89 60 
1.0 M NaNO3 + 

1 M NaOH 
7 

CuPc MDE 
-0.6 

85% iR 

-0.32 

85% iR 
98.4 62.4 30 

1.0 M NaNO3 + 

1 M NaOH 
8 

CuPd -- -0.5 92.5 21.29 12 
1.0 M KNO3 + 

1 M KOH 
9 

CuNi NPs/CF -0.38 -0.48 97.03 94.57 12 
0.71 M NaNO3 

+ 1 M NaOH 
10 

Cu1Co1 -0.5 -0.5 96.15 78.77 20 
0.5 M KNO3 + 

1 M KOH 
11 

Au skin-Au Cu3 -- 0.55 96 12.94 110 
0.5 M KNO3 + 

1 M KOH 
12 

CoP@Co -- 
-0.2 

100% iR 
96.7 17.88 5 

0.5 M KNO3 + 

1 M KOH 
13 

Pd-Cl/Cu2O -0.5 -0.6 97.5 53.46 10 
0.5 M KNO3 + 

1 M KOH 
14 

Ni/Ni(OH)2 -0.53 -0.467 98.5 84.74 102 
0.5 M KNO3 + 

1 M KOH 
15 

Cu(100)/(111) -- 
-0.36 

85% iR 
95 18.39 700 

0.2 M KNO3 + 

1 M KOH 
16 

CuCo2O4 -0.84 -0.8 96.8 114.9 22 
0.2 M NOX

- + 1 

M NaOH 
17 

Fe2O3/Fe-N-C -0.86 -1.0 100.7 115.81 24 0.16 M KNO3 + 18 
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1 M KOH 

P-Cu/Co(OH)2 -- -0.4 97.04 42.63 12 
0.1 M KNO3 + 

1 M KOH 
19 

Cu/β-Co(OH)2 -0.6 -0.5 97.7 66.42 30 
0.1 M KNO3 + 

1 M KOH 
20 

Ni(OH)2/Ni -- -0.8 98.99 47.85 50 
0.1 M KNO3 + 

1 M KOH 
21 

Cu3N/GDY -- -0.9 98.1 35.28 5 
0.1 M KNO3 + 

1 M KOH 
22 

Cu9S5-SNWs -- 
-0.3 

90% iR 
90.4 6.3 20 

0.1 M KNO3 + 

1 M KOH 
23 

Cu-N4B2 -- 
-0.6 

100% iR 
98.2 68.63 30 

0.1 M KNO3 + 

1 M KOH 
24 

Fe-Ni2P@NF -0.6 -0.8 96.1 90.8 132 
0.1 M KNO3 + 

1 M KOH 
25 

Note: the FENH3 in the table represents the highest FENH3 observed for the catalyst, and the corresponding 

E and yieldNH3 align with the highest FE. 
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Supplementary Table 3 The Gibbs free energies for NO3RR intermediates on established modes of 

Co6Ni4, Co, and Ni catalysts. 

 Co6Ni4 (eV) Co (eV) Ni (eV) 

Slab 0 0 0 

*NO3 -3.5769 -0.8774 -1.5232 

*NO3H -3.1933 -0.4873 -1.2483 

*NO2 -5.3585 -3.4601 -3.1139 

*NO2H -5.0691 -3.1595 -2.8369 

*NO -7.1659 -5.5191 -5.5415 

*NOH -6.5400 -3.3323 -4.8550 

*NHOH -7.6490 -4.4443 -5.5014 

*NH2OH -6.9664 -5.5665 -5.6590 

*NH2 -6.7048 -5.7993 -6.2900 

*NH3 -7.8818 -7.4818 -7.4818 

NH3 -7.2727 -7.3928 -7.3928 
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