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Experimental section

Materials

Ferrous chloride (FeCl2·4H2O, 99.5%), molybdenum pentachloride (MoCl5 99.5%), isopropyl alcohol (C3H8O, 

99.9%), nitrilotriacetic acid (N(CH2COOH)3, 99.5%), ethanol (EtOH, 99.7%), 15N–labeled potassium nitrate 

(K15NO3, ≥99.5%), potassium nitrate (KNO3, A. R.), potassium hydroxide (KOH, A. R.), ultra–high purity Ar 

(99.999%), Nessler reagent, Griess reagent and Nafion (5 wt.%) were purchased from Sinopharm Chemical Reagent 

Co. Ltd. (Shanghai, China). All chemicals were used without further purification. All aqueous solutions were 

prepared using deionized (DI) water with a resistivity of 18.25 MΩ‧cm−1.

Characterization

X–ray powder diffraction (XRD): X–ray powder diffraction (XRD) test used a Cu–Kα radiation source with a 

wavelength of λ = 0.15405 nm. Voltage and current in the process of testing were 40 kV and 150 mA, respectively. 

The scanning speed was 5 °/min and the scanning area was from 20° to 70°. 

The field emission scanning electron microscopy (FE–SEM): The field emission scanning electron 

microscopy (FE–SEM) images equipped with energy dispersive X–ray spectrum (EDS) was taken on a SU8000 

cold emission field scanning electron microanalyzer (Hitachi, Japan). 

Fourier transform infrared (FT–IR): Fourier transform infrared (FT–IR) spectra of the products were 

recorded on a Perkin–Elmer 580B IR spectrophotometer using the KBr pellet technique.

Brunauer Emmett Teller (BET): N2 adsorption/desorption examinations were conducted with a 

Micromeritics TriStar 3020 to characterize the Brunauer−Emmett−Teller (BET) ratio of the sample. The test 

temperature was –196.15 ℃ (liquid nitrogen temperature), and the samples were heated at 120℃ for 2 h before the 

test. 

Raman spectrum: Raman spectra were taken using a Raman spectrometer (LABRAM HR800) with a 667 nm 

laser excitation. 

X–ray photoelectron spectroscopy (XPS): X–ray photoelectron spectroscopy (XPS) was used to characterize 

the atomic composition content and the chemical valence state, which was equipped with an excitation source of 

1486.6 eV of A1Kα target. 

Electrochemical impedance spectroscopy (EIS): EIS experiments analysis is performed using a three–

electrode system in a 0.5 M Na2SO4 solution using a three–electrode system, Pt foil, and saturated Ag/AgCl as the 

counter electrode and reference electrode by an electrochemical workstation CHI 660D (Chen Hua, China). Carrier 
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density calculation formula is as follows:

Nd =
2

e0εε0
d(1 c2� )
dV

�  

Inductively coupled plasma mass spectrometry (ICP–MS): The concentrations of Fe were measured with 

a Thermos Scientific Plasma Quad 3 inductively coupled plasma mass spectrometry (ICP–MS) after dissolving the 

samples with a mixture of HCl and HNO3 (3:1, volume ratio).

XAFS characterization: Fe K–edge XAFS measurements were performed at the beamline 14W1 in Shanghai 

Synchrotron Radiation Facility (SSRF), China. The X–ray was monochromatized by a double–crystal Si (111) 

monochromator. The storage ring of SSRF was operated at 3.5 GeV with the current of 300 mA. The acquired 

extended XAFS (EXAFS) data were processed according to the standard procedures using the WinXAS 3.1 

program.
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Calculation of NH3 yield rate

R = (cNH3×V)/(m×t)                                   (1)

where R is the NH3 yield rate (molNH3·gcat
‒1·h‒1), c is the measured concentration (mol L−1), V is the volume of the 

electrolyte (L), m is the mass of the catalyst on the electrode (g), and t is the reaction time (h).

R = (cNH3×V)/(S×t)                                   (2)

where R is the NH3 yield rate (mmol cm−2 h−1), C is the measured concentration (mol L−1), V is the volume of the 

electrolyte (L), S is the effective area of the electrode (cm−2), and t is the reaction time (h).

Calculation of NO3
−−to−NH3 FE

Faradaic efficiency (FE) was calculated by dividing the charge used for the given product by the total charge 

consumption (Q): 

For NO3
−−to−NH3:

FE = (8×F×cNH3×V)/Q×100%                              (3)

For NO3
−−to− NO2

−: 

FE = (2×F×cNO2
−×V)/Q×100%                             (4)

For H2O−to−H2: 

FE = (2×F×VH2/Vm)/Q×100%                              (5)

where F is the Faradaic constant (96 485 C mol−1), c is the measured concentration (mol L−1), V is the volume of 

the electrolyte (L), VH2 is the volume of produced H2 (L), and Vm is molar volume of gas in the standard state (22.4 

L mol−1).
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Possible reaction path of NO3RR reported in literatures1–4

Path 1:

* + NO3
− + H+ = * + HNO3

* + HNO3 + H+ + e− = *NO2 + H2O

*NO2 + H+ + e− = *HNO2

*HNO2 + H+ + e− = *NO + H2O

*NO + H+ + e− = *HNO

*HNO + H+ + e− = *H2NO

*H2NO + H+ + e− = *H2NOH

*H2NOH + H+ + e− = *NH2 + H2O

*NH2 + H+ + e− = * + NH3

Path 2:

* + NO3
− + H+ = * + HNO3

* + HNO3 + H+ + e− = *NO2 + H2O

*NO2 + H+ + e− = *HNO2

*HNO2 + H+ + e− = *NO + H2O

*NO + H+ + e− = *HNO

*HNO + H+ + e− = *N + H2O

*N + H+ + e− = *NH

*NH + H+ + e− = *NH2

*NH2 + H+ + e− = * + NH3

Path 3:

* + NO3
− + H+ = * + HNO3

* + HNO3 + H+ + e− = *NO2 + H2O

*NO2 + H+ + e− = *HNO2

*HNO2 + H+ + e− = *NO + H2O

*NO + H+ + e− = *HNO

*HNO + H+ + e− = *HNOH

*HNOH + H+ + e− = *NH + H2O

*NH + H+ + e− = *NH2
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*NH2 + H+ + e− = * + NH3

Path 4:

* + NO3
− + H+ = * + HNO3

* + HNO3 + H+ + e− = *NO2 + H2O

*NO2 + H+ + e− = *HNO2

*HNO2 + H+ + e− = *NO + H2O

*NO + H+ + e− = *NOH

*NOH + H+ + e− = *HNOH

*HNOH + H+ + e− = *NH + H2O

*NH + H+ + e− = *NH2

*NH2 + H+ + e− = * + NH3

Path 5:

* + NO3
− + H+ = * + HNO3

* + HNO3 + H+ + e− = *NO2 + H2O

*NO2 + H+ + e− = *HNO2

*HNO2 + H+ + e− = *NO + H2O

*NO + H+ + e− = *NOH

*NOH + H+ + e− = *N + H2O

*N + H+ + e− = *NH

*NH + H+ + e− = *NH2

*NH2 + H+ + e− = * + NH3
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Supplementary Figures.

Figure S1. XRD pattern of MFN–2 precursor.

Figure S2. Fourier transform infrared spectroscopy of the precursors of MFN–2 and MN.
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Figure S3. FE‒SEM images of the precursors of (a) MC, (b) MFC–1, (c) MFC–2, (d) MFC–3 and (e) MFC–4.

Figure S4. XRD patterns of MFN–2 samples sintered at different temperatures.
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Figure S5. The corresponding ammonia yields of the samples through MFN–2 calcinating at different temperatures.

Figure S6. FE‒SEM images of (a) MC, (b) MFC–1, (c) MFC–2, (d) MFC–3 and (e) MFC–4.
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Figure S7. TEM image of the Fe/C sample prepared through Fe–NTA sintering at 550 °C.

Figure S8. XRD pattern of the Fe/C sample.
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Figure S9. The N2 adsorption/desorption curves of (a) MC and (b) MFC–1, (c) MFC–3, (d) MFC–4 respectively.

Figure S10. The pore diameter distribution curves of (a) MC and (b) MFC–1, (c) MFC–3, (d) MFC–4 respectively.
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Figure S11. XPS Survey spectra of MC and MFC–2.

Figure S12. The picture of H–type electrolytic cell.
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Figure S13. (a) LSV curves of MC and MFC–2 in 1 M KNO3 and 1 M KOH electrolyte; (b) I–T curves of MC and 

MFC–2 in 1M KNO3 + 1M KOH electrolyte at –1.0 V.

Figure S14. (a) UV–vis absorption spectra based on colorimetric method of Nessler reagent and (b) NH4
+ 

concentration–absorbance curve of standard NH4
+ solution with a series of concentrations. 

Figure S15. i–t curves of MFC–2 recorded in 1 M KNO3 + 1 M KOH solution at the given potentials. 
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Figure S16. LSV curves of MFC–2 and MC in 1 M KNO3 + 1 M KOH and/without 1M KSCN electrolyte.

Figure S17. (a) XRD pattern and (b) the corresponding ammonia yield and Faradaic efficiency of the Fe4N/C 

through MFC–2 etching by 5 M KOH.

Figure S18. Ammonia yields of MFC–2 in 1 M KNO3 + 1 M KOH and 1 M KOH electrolyte.
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Figure S19. (a) UV–Vis absorption spectra and (b) concentration–absorbance curve of NO2
– solution with a series 

of standard concentrations.

Figure S20. (a) The N2 spectra measured by GC and (b) N2 working curve. 

Figure S21. (a) The H2 spectra measured by GC and (b) H2 working curve.
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Figure S22. (a) Ammonia yields corresponding to different potassium nitrate concentrations; (b) Ammonia 

production rates and Faradauc efficiencies corresponding to different potassium nitrate concentrations at –1.0 V.

Figure S23. NH3 yield rates and their corresponding NO3
––to–NH3 Faradaic efficiencies for MFC–2 at different 

pH values.

Figure S24. (a) LSV curves and (b) i−t curves under different pH conditions.
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Figure S25. FE–SEM images of MFC–2 after 20 consecutive electrochemical cycles.

Figure S26. XRD pattern of MFC–2 after 50 hours electrochemical reaction at –1.0 V.
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Figure S27. XPS spectra of MFC–2 after 50 hours electrochemical reaction at –1.0 V. (a) Survey (b) C 1s (c) N 1s 

(d) O 1s (e) Fe 2p and (f) Mo 3d.
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Figure S28. Cyclic voltammetry curves recorded at different scan rates (20−120 mV s–1): (a) MFC−2, (b) MC. (c) 

Capacitive current densities for MFC−2 and MC samples derived from CV curves with different scan rates.

Estimate the Cdl value of the double layer capacitance from the cyclic voltammetry curves recorded at 

different scanning rates, and then calculate the electrochemical active area ECSA of the catalyst. Linear fit the 

relationship between ∆j/2 and scanning rate at different scanning rates, and the slope obtained is the Cdl value. 

ECSA = (Cdl/Cs) × (SA/m)                                (6)

According to the formula (6) calculated the electrochemical active area ECSA (m2 g−1), where Cdl is the double 

layer capacitance, Cs is the characteristic capacitance value of the material (the characteristic capacitance value of 

an ideal smooth oxide is 60 µF cm−2), SA is the actual surface area of the electrode (m2) and m is the mass of the 

catalyst (g).

Here we assume that the value of Cs is 60 µF cm−2, the ECSA of MFC−2 and MC are 2.32 m2 g−1 and 2.14 

m2 g−1, respectively. 
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Figure S29. In–situ Raman spectra of MC recorded in electrolyte containing 1 M potassium hydroxide and 1 M 

potassium nitrate at different potentials from –0.2 V to –1.0 V. 

Figure S30. In situ Raman experimental setup diagram.
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Table S1. The Fe contents in the final samples are determined by inductively coupled plasma mass spectrometry 

(ICP–MS).

Catalyst Actual content of Fe (wt.%) Atomic % (Fe) Atomic % (Mo)

MC 0 0 4.62

MFC–2 1.56% 1.74 3.9

Table S2. BET areas and pore size results of the samples.

Sample BET surface area (m2 g–1) Pore diameter (nm)

MC 12.8 34.0

MFC–1 68.6 16.2

MFC–2 76.2 27.1

MFC–3 21.4 16.0

MFC–4 20.0 9.0

Table S3. Compare the catalytic performance of MCF−2 with the latest reported catalyst for NO3RR at the same 

nitrate concentration. 

Catalyst Electrolyte
Potential

(V vs. RHE)
NH3 yield FE (%) Reference

MoO2/Fe4N/C
1 M KOH,

1 M KNO3
−1.0

11.10 mol·g−1·h−1

1.67 mmol·cm−2·h−1 99.3 This work

CuPd Nanocube
1 M KOH,

1 M KNO3
−0.6 6.25 mol·g−1·h−1 92.5

Nat. Commun., 2022, 

13, 2338.5

CoO

NC/Graphene

1 M KOH,

1 M KNO3
−0.71 25.63 mol·g−1·h−1 99

Adv. Energy Mater., 

2023, 13, 2204236.6

CoP NAs/CFC
1 M NaOH,

1 M NO3
− −0.3 0.596 mol·g−1·h−1 ~100

Energy Environ. Sci., 

2022, 15, 760−770.7

ox−LIG 1 M NaNO3 −0.93 0.168 mmol·cm−2·h−1 96.4
Adv. Mater., 2023, 35, 

e2211856.8

Strained Ru

nanoclusters

1 M KOH,

1 M KNO3
−0.8 5.56 mol·g−1·h−1 96

J. Am. Chem. Soc., 

2020, 142, 7036−7046.9

Ir nanotubes 0.1 M HClO4, 0.06 0.0542 mol·g−1·h−1 84.7 ACS Appl. Mater.
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1 M NaNO3 Interfaces, 2020, 12, 

14064−14070.10

GdSA−D−NiO400
1 M KOH,

1 M KNO3
−0.1 0.0369 mol·g−1·h−1 97.00

ACS Nano, 2022, 16, 

15297−15309.11

Cu SACs
1 M KOH,

1 M KNO3
−1.0 13.8 mol·g−1·h−1 95.5

ChemSusChem, 2022, 

15, e202200231.4

MoO2/Fe4N/C
0.1 M KOH,

0.1 M KNO3
−1.0

3.86 mol·g−1·h−1

0.58 mmol·cm−2·h−1 74.4 This work

Cu−N−C
1 M KOH,

0.1 M KNO3
−1.0 12.5 mol·g−1·h−1 84.7

J. Am. Chem.

Soc., 2022, 144, 

12062−12071.12

Fe−PPy
0.1 M KOH,

0.1 M KNO3
−0.7 0.714 mol·g−1·h−1 ~100

Energy Environ. Sci., 

2021, 14, 3522−3531.13

In−S−G
1 M KOH,

0.1 M KNO3
−0.5 0.22 mol·g−1·h−1 75

Chem. Eng. J., 2021, 

426, 134641.14

Fe3O4@TiO2/TP
0.1 M PBS

0.1 M NaNO3
−0.9 0.496 mmol·cm−2·h−1 88.4

Inorg. Chem., 2023, 62, 

25−29.15

Cu@C
1 M KOH,

0.1 M KNO3
−0.7 0.0276 mol·g−1·h−1 72

Adv. Mater., 2022, 34, 

e2204306.16

RuOx/Pd 1 M KOH,

0.1 M KNO3
−0.5 1.38 mmol·cm−2·h−1 98.6

ACS Nano, 2023, 17, 

1081−1090.17

Ru−CuNW
1 M KOH,

0.1 M NO3
− –0.099 4.5 mmol·cm−2·h−1 95.6

Nat. Nanotechnol., 

2022, 17, 759−767.18

Fe SACs
0.1 M KOH,

0.1 M KNO3
−0.85 0.46 mmol·cm−2·h−1 69

Nat. Commun., 2021, 

12, 2870.19

Cu−N4

0.1 M KOH,

0.1 M KNO3
−1.0 0.735 mol·g−1·h−1 84.7

J. Am. Chem. Soc., 

2022, 144, 

12062−12071.12
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