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Materials. Cobalt nitrate hexahydrate (Co(NO3)·6H2O, 99%), terephthalic acid (TPA, 99%), triethylene 

diamine (TEDA, 98%) and urea (CO(NH2)2, 99%) were obtained from Shanghai Macklin Biochemical Co. 

Melamine (98%), N, N-Dimethylformamide (DMF, AR), and ethanol absolute (C2H5OH, AR) were obtained 

from Shanghai Aladdin Biochemical Technology Co. Nafion solution (5 wt.%) was obtained from Sigma-

Aldrich. All chemicals and solvents were received and used without further purification. All aqueous solutions 

were prepared with MilliQ ultrapure water (18.2 MΩ.cm).

Characterization. The ultraviolet-visible (UV-vis) absorbance of ion concentrations was gained with TU-

1900. X-ray diffraction (XRD) data was accomplished on a JEMARM300F microscope. Scanning electron 

microscope (SEM) was carried out with Czech TESCAN MIRA LMS. The Raman spectra were recorded on 

a LabRam HR Evolution (Horiba) Raman spectrometer. Fourier transform infrared (FTIR) transmittance 

spectra were derived by Thermo Scientific Nicolet iS20. UPS spectra were achieved by PHI5000 VersaProbe 

III (Scanning ESCA Microprobe) SCA (Spherical Analyzer). 1H NMR were obtained by the isotope labeling 

experiments on a BRUKER AVANCE 400.

Theoretical simulation.

The DFT calculations were performed by Vienna Ab initio Simulation Package (VASP) with the projector 

augmented wave (PAW) method. The generalized gradient approximation (GGA) of Perdew-Burke-Ernzerhof 

(PBE) functional was applied to treat the exchange-functional. The energy cutoff for the plane wave basis 

expansion was set to 400 eV and the force on each atom less than -0.02 eV/Å was set for convergence criterion 

of geometry relaxation. To prevent interaction between periodic structures, a vacuum of 15 Å was added along 

the z direction. The Brillouin zone integration is treated using 1×3×1 k-point sampling. The self-consistent 

calculations apply a convergence energy threshold of 10-6 eV.

The free energies of the NO3RR were calculated by the equation: 

ΔG = ΔEDFT + ΔEZPE − TΔS



where ΔEDFT represents the DFT electronic energy difference of every steps. The corrections for zero-point 

energy (ΔEZPE) and entropy variation (ΔS) were obtained through VASPKIT. The calculations were 

performed at a temperature of T = 298.15 K.



Fig. S1. SEM image of Co@NC-4.

Fig. S2. (a) SEM and (b)TEM image of Co@C.

Fig. S3. XPS survey spectra of (a) Co@C, (b) Co@NC-0.5, (c) Co@NC-1, (d) Co@NC-2 and (e) Co@NC-

4. (f) xps general spectra.



Table S1. Elemental analysis results of Co@NC-x samples.

Sample Co (wt. %) N (wt. %) C (wt. %)

Co@C 7.62 0.09 82.4

Co@NC-0.5 6.77 0.93 80.4

Co@NC-1 6.89 2.05 73.14

Co@NC-2 7.01 4.92 67.33

Co@NC-4 6.27 8.41 79.45

Co@NC-6 6.38 7.92 70.24

Table S2. Cobalt contents, as determined by ICP analysis.

Sample Co (wt. %)

Co@C 12.86

Co@NC-0.5 11.43

Co@NC-1 11.77

Co@NC-2 11.42

Co@NC-4 11.90

Co@NC-6 11.74

Fig. S4. UPS spectra of Co@C and Co@NC-4.



The sample of Co@C shows a lower work function of 5.42 eV, than that for Co@NC-4 (5.62 eV), 

suggesting that more electrons were transferred to NC upon doping with N (Fig. 2).

Fig. S5. LSV curves of Co@C and Co@NC-x in 0.5 M Na2SO4 and 0.1 M NO3
- (pH=11.5)

Fig. S6. (a) Ultraviolet absorption and (b) concentration-absorbance calibration curves of NH3.

Fig. S7. (a) Ultraviolet absorption and (b) concentration-absorbance calibration curves of NO3
-.



Fig. S8. (a) Ultraviolet absorption and (b) concentration-absorbance calibration curves of NO2
-.

Fig. S9. FE of NH3, H2 and NO2
- productions with (a) Co@C, (b) Co@NC-0.5, (c) Co@NC-1, (d) Co@NC-

2 and (e) Co@NC-4.

Fig. S10. FE of NH3, H2 and NO2
- productions with (a) Co@NC-6 and (b) Co@NC-8; (c) Yield rate of NH3 



of each catalyst.

The doping of g-C3N4was further increased to prepare Co@NC-6 and Co@NC-8. Comparison of the 
performances revealed that increasing the g-C3N4 doping did not further improve the Faraday efficiency, 
current density and yield of the catalysts. This corresponds to the previous characterization that further 
increasing the g-C3N4 doping did not increase the nitrogen loading of the catalyst.

Fig. S11. CV curves at various scan rates of (a) Co@C, (b) Co@NC-0.5, (c) Co@NC-1, (d) Co@NC-2 and 

(e) Co@NC-4.

Fig. S12. (a) The corresponding Cdl by ECSA of Co@C and Co@NC-x samples. (b) ECSA normalized 

current densities for NH3 formation.



Fig. S13. XRD patterns (a) , Co 2p XPS spectra (b) and N 1s XPS spectra (c) of Co@NC-4 before and after 
electrolysis at -0.5 V.

Fig. S14. 1H NMR spectra of the electrolyte after the NO3
- reduction at -0.5 V for 2 h with 14NaNO3

- and 
15NaNO3

- as N-source, respectively.

Fig. S15. Modeling and atomic structure of reaction intermediates for (a) Co@NC-4 and (b) Co@C.



Fig. S16. (a) N2 adsorption-desorption isotherms and (b) pore-size distributions of Co@NC-4 and Co@C.

Co@NC-4 has a larger specific surface area compared to Co@C, while Co@C has a pore size of around 30 nm.

Table S3. Comparison of NH3 selectivity and yield rate by electrocatalytic nitrate reduction.

Catalysts Electrolyte
FENH3

(%)
Potential

NH3 yield
(mmol h-1 gcat

-1)
Ref.

Co@NC-4
0.1 M NaNO3,
0.5 M NaSO4

(PH=11.5)
99.1 -0.5 V 1392.8 This work

Cu-Co3O4
500 ppm NO3

-,
0.1 M NaSO4

86.5 -0.6 V vs. RHE 36.71 1

CoNi@NC
1 M KOH,

0.1 M KNO3
93 -0.1 V vs. RHE 168 2

Bi-NC
0.5 M KOH,

0.05 M KNO3
88.7 -0.35 V vs. RHE 81.17 3

Ru1Cu10/rGO
1 M KOH,

0.1 M KNO3
98 -0.02 V vs. RHE 240 4

Pd/C
0.1 M NaOH,
 20 mM NO3

- 35 -0.2 V vs. RHE 17.04 5

CuCo2O4/CF
1 M KOH,

0.1 M KNO3
81.9 -0.3 V vs. RHE 394.5 6

Fe2Ti2O5NFs
PBS,

0.1 M NaNO3
87.6 -0.9 V vs. RHE 730 7



Fe2M
0.05 M H2SO4,
0.05 M KNO3

90.55 -1.1 V vs. RHE 1211.76 8

Zn/Cu-2.3
0.5 M K2SO4,
0.01 M KNO3

92.56 / 96 9

Fe SAC
0.1 M K2SO4,
0.5 M KNO3

67 -0.85 V vs. RHE 1176.5 10

In-S-G
0.1 M KNO,
1 M KOH

75 -0.5 V vs. RHE 220 11

Cu@C
1 M KOH, 

0.1 M KNO3
72 -0.3 V vs. RHE 27.58 12

Cu-N4
0.1 M KOH, 
0.1 M KNO3

84.7 -0.1 V vs. RHE 735.3 13

Ru/Co(OH)2
1 M KOH, 

0.1 M KNO3
98.78 0.01 V vs. RHE 1430 14

Ru/Ni
1 M KOH,

0.1 M NaNO3
97 -0.1 V vs. RHE 384.1 15

NTCDA-LIG 1 M NaNO3 83.7 -0.94 V vs. RHE 328.4 16
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