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Electronic Supplementary Information

Experimental section

Materials. Zinc nitrate hexahydrate (Zn(NO3)2·6H2O), 2-methylimidazole (MeIM), Iron(Ⅲ) nitrate nonahydrate (Fe(NO3)3·9H2O), Copper(II) 

phthalocyanine (CuPc) Potassium nitrate (KNO3), potassium nitrate-15N (K15NO3), and deuterium oxide (D2O, 99.9 atom% D) were obtained from 

the Shanghai Macklin Biochemical Co., Ltd. Ethanol (C2H5OH), sodium hydroxide (NaOH), methanol, hydrochloric acid (HCl), and potassium 

hydroxide (KOH) were purchased from Tianjin Yuanli Company (Tianjin, China). Sodium nitroferricyanide (III) dihydrate (Na2Fe(CN)5NO·2H2O), 

para-(dimethylamino) benzaldehyde (C9H11NO), sodium hypochlorite (NaClO), maleic acid (C4H4O4), sodium citrate (C6H5Na3O7), and salicylic acid 

(C7H6O3) were obtained from Aladdin Ltd. Carbon paper was bought from Beijing Chemical Corporation. Nafion solution (5 wt%) was purchased 

from Sigma-Aldrich Chemical Reagent Co., Ltd. Deionized water (18.2 MΩ cm) was obtained from a Millipore system.

Synthesis of N-C. In a typical procedure, 2.3 g 2-methylimidazole was ultrasonically dissolved in 50 mL methanol for 5 min, and then added into 

50 mL methanol containing 1.04 g Zn(NO3)2·6H2O under vigorous stirring. The above solution was stirred for 24 h at room temperature. Then, 

The resulting precipitates were centrifuged and washed with methanol for several times and dried in vacuum at 70 ℃ overnight. Finally, The 

collected sample was placed in a tube furnace and heat-treated to 1000 ℃ for 3 h at a heating rate of 5 ℃/min in Ar atmosphere to obtain N-C.

Synthesis of Cu-Fe-N-C. In a typical procedure, 2.3 g 2-methylimidazole and 20 mg CuPc were ultrasonically dissolved in 50 mL methanol for 5 

min, and then added into 50 mL methanol containing 1.04 g Zn(NO3)2·6H2O and 20 mg Fe(NO3)3·9H2O under vigorous stirring. The above solution 

was stirred for 24 h at room temperature. Then, The resulting precipitates were centrifuged and washed with methanol for several times and 

dried in vacuum at 70 ℃ overnight. Finally, The collected sample was placed in a tube furnace and heat-treated to 1000 ℃ for 3 h at a heating 

rate of 5 ℃/min in Ar atmosphere to obtain Cu-Fe-N-C.

Synthesis of Cu-N-C. Cu-N-C was synthesized using the similar method as Cu-Fe-N-C except that there was no added Fe(NO3)3·9H2O.

Synthesis of Fe-N-C. Fe-N-C was synthesized using the similar method as Cu-Fe-N-C except that there was no added CuPc.

Characterization. The X-ray diffraction (XRD) patterns were obtained from a D8-Focus X-ray diffractometer (BRUKER AXS GMBH) equipped with 

Cu Kα radiation at 40 kV and 40 mA. Scanning electron microscopy (SEM) images were collected from a S-4800 scanning electron microscope. 

Transmission electron microscopy (TEM) images were performed on a Tecnai G2F-20 microscope with a field-emission gun, operated at 200 kV. 

High-angle annular dark field-scanning transmission electron microscopy (HAADF-STEM) measurements were carried out on a ARM200F. The X-

ray photoelectron spectroscopy (XPS) spectra were performed using a PHI-1600 X-ray photoelectron spectrometer equipped with Al Kα radiation. 

Binding energy was calibrated to the C1s feature located at 284.8 eV. The absorbance data of spectrophotometer were measured on SHIMADZU 

UV-1800 ultraviolet-visible (UV-Vis) spectrophotometer. In situ Fourier transform infrared (FTIR) spectroscopy were measured with a BRUKER 

TENSOR FTIR spectrometer. The online differential electrochemical mass spectrometry (DEMS) (QAS 100, Linglu instruments (Shanghai) Co. Ltd) 

measurements were collected to capture the intermediates. 1H nuclear magnetic resonance (NMR) spectra were collected on JEOL JNM ECZ600R.

Electrochemical NO3RR measurements. The electrochemical tests were carried out using corrtest electrochemical workstation on a three-

electrode configuration H-type cell. To prepare the work cathode, 5 mg obtained catalysis were dissolved in 960 µL ethanol and 40 µL of Nafion 

solution (5wt%) ultrasonically for at least 1 h to form a homogeneous ink. Then, 40 µL of catalyst ink was loaded onto a carbon paper with area 

of 1 ×0.5 cm2 with a mass loading of 0.4 mg cm−2 and dried under ambient conditions. Pt slice and Hg/HgO were used as counter electrode and 

reference electrode, respectively. The electrolyte in both the cathode and anode chamber were made up of 1 M KOH with 0.1 M KNO3. All 

potentials were converted to the reversible hydrogen electrode (RHE) scale via calibration (E(RHE)= E (Hg/HgO) + 0.098 V + 0.059 × pH. Prior to 

each measurement, the electrolyte was purged with Ar gas for at least 30 minutes to remove O2 and N2. The linear sweep voltammetry (LSV) 

tests were scanned at a rate of 10 mV s–1. The potentiostatic tests were operated at different potentials for 30 min. The electrolyte in cathodic 

compartment was stirred with a rate of 600 rpm. The long-term performance of the Cu-Fe-N-C catalysts was evaluated at -0.8 V vs. RHE, in which 

the 5 L electrolyte with flow rate of 10 mL min−1. The electroreduction reaction maintained 50 h electrolysis each time. The cyclic 

voltammograms (CV) were perfromed at different scan rate (10, 20, 30, 40, 50, 60 mV s-1) to obtain the double-layer capacitance (Cdl). The Cdl 

was recorded by plotting ΔJ against the scan rate.
15N isotope labelling experiments and quantification by 1H nuclear magnetic resonance (NMR). To determine the NH3 yield rate by 1H NMR, a 

calibration curve was made using a series of standard 15NH4Cl solutions. For K15NO3 isotope labelling experiment, the K15NO3 was chose rather 

than K14NO3. After NO3RR electroreduction, the pH value of the electrolyte after reaction was adjusted to acidic with external standard of maleic 
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acid. Typically, 0.5 mL above mixture and 50 μL of D2O were added to the NMR tube for the further analysis using 1H NMR (600 MHz). The ratio 

of the peak area of 15NH4
+ to maleic acid were determined to confirm the source of NH3 qualitatively.

Determination of ammonia. The produced NH3 was determined by the indophenol blue method. In detail, we took out a certain amount of 

electrolyte after electrochemical measurement and diluted it to the detection range. Firstly, 2 mL of the diluted electrolyte was mixed with 2 mL 

of 1 M NaOH solution containing salicylic acid (5 wt.%) and sodium citrate (5 wt.%). Then, 1.0 mL of NaClO solution (0.05 M), and 0.2 mL of 

sodium nitroferricyanide solution (1 wt.%) were added into the solution. The UV-vis absorption spectram were performed after reaction in the 

dark for 2 h. Finally, The concentration of NH3 was recored using the absorbance at the wavelength of 655 nm. The calibration curve for NH3 was 

measured using a set of different NH4Cl solution as standard.

Determination of nitrite. The concentration of nitrite (NO2
−) was determined with sulfonamide in an acidic environment, in which the diazotized 

compound is coupled with N-(1-naphthyl) ethylenediamine dihydrochloride. Firstly, 0.50 g of sulfanilamide was dissolved in 50.0 mL of 2.0 M HCl 

solution, and then 0.1 mL of the solution was mixed to 5 mL of diluted electrolyte with 10 minutes reaction at room condition. Next, 0.10 mL N-

(1-Naphthyl) ethylenediamine dihydrochloride solution (1 mg/mL) was added to the solution and rested 30 minutes reaction at room condition. 

Finally, The absorbance at a wavelength of 540 nm was recorded to determine the concentration of NO2
−. The calibration curve for NO2

− was 

measured using a set of different KNO2 solution as standard.

Faradaic efficiency and NH3 yield rate. The faradaic efficiency (FE) of NH3 and NO2
− production was determined by the following equation: 

FE (NH3) = (8F × C × V) / Q

FE (NO2
−) = (2F × C × V) / Q

Where F is Faraday constant (96485 C mol−1 ), C is the measured NH4
+ or NO2

− concentration in the electrolyte, V is the volume of the electrolyte, 

Q is the the quantity of applied electricity.

The NH3 yield rate can be calculated using the following equation:

NH3 yield rate = (C × V) / (t × A)

Where t is the electrolysis time; A is the geometric area of the electrode (0.5 cm−2).

Electrochemical in situ FTIR spectrometry. In situ FTIR measurements were obtained from a BRUKER TENSOR FTIR spectrometer. The 

electrochemical tests were carried out in a three-electrode configuration H-type cell. The catalyst was used as the working electrode, while Pt 

slice and Hg/HgO were used as counter electrode and reference electrode, respectively. Before each measurement, the background spectrum of 

the working electrode was tested at an open circuit voltage. In situ FTIR spectra were obtained at different constant potentials.

Electrochemical online DEMS test. The DEMS measurements were obtained from a Linglu instruments. 1 M KOH with 0.1 M KNO3 was used as 

electrolyte. The catalyst was used as the working electrode, while Hg/HgO and Pt wire were used as the reference and counter electrodes, 

respectively. Chronoamperometry at −0.8 V was performed for 60 s, which the corresponding mass signals were detected. After electrochemical 

test, wait for the mass signal to return to the baseline. The following cycles were carried out under the same conditions to minimize errors. The 

measurement was finished after four cycles.

Computational Details
All DFT calculations were performed by Vienna ab initio Simulation package (VASP) using spin-polarized density functional with the Hubbard 

model (DFT+U), and employing the Perdew-Burke-Ernzerhof (PBE) exchange-correlation functional with the projector augmented wave (PAW) 

pseudopotential method to describe interactions between the core and electrons.1-4 Besides, the DFT-D3 method of Grimme was used for 

describing the long-range dispersion interaction.5, 6 The value of the Ueff was fixed at 4.0 eV. 7,8 All atomic positions were fully relaxed until energy 

and force reached the tolerance of 1 × 10–5 eV and 0.02 eV Å−1, respectively. A kinetic energy cut-off of 520 eV was used. The Monkhorst-Pack k-

point of 2×2×1 was used to sample the Brillouin zone. All the slabs were separated by at least 15 Å of vacuum space to reduce spurious 

interactions between atomic layers. The following pathways are considered the most likely to occur on Cu-Fe-N-C. Involving the intermediates 

*NO3, *NO3H, *NO2, *NO2H, *NO, *NHO, *NH2O, *NH2OH, *NH2 and *NH3. The optimal reaction process can be represented by the following 

equation.

* + NO3
- → *NO3 + e- (1)

*NO3 + H+ + e− → *NO3H (2)

*NO3H + H+ + e− → *NO2 + H2O (3)
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*NO2 + H+ + e− → *NO2H (4)

*NO2H + H+ + e− → *NO + H2O (5)

*NO + H+ + e− → *NHO (6)

*NHO + H+ + e− → *NH2O + H2O (7)

*NH2O+ H+ + e− → *NH2OH (8)

*NH2OH + H+ + e− → *NH2 + H2O (9)

*NH2 + H+ + e− → *NH3 (10)

*NH3 → * + NH3 (11)

where * represents the active site. The Gibbs free energy of the reaction can be calculated using the following equation.

∆Gads = ∆Eads + ∆EZPE - T∆Sads               (12)

Where ΔEads is the electronic adsorption energy, ∆EZPE and T∆Sads are the change in zero-point energy of the adsorbates and the corresponding 

entropy difference. The zero point energy and entropy were obtained by calculating the vibration frequency of adsorbed molecules. To avoid the 

difficulties of using periodic DFT calculations for charged NO3
-, thermodynamic cycles were used to calculate the overall free energy of NO3

- 

adsorption.9, 10
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Fig. S1 N2 adsorption-desorption isotherms curves of (a) Cu-N-C, (b) Fe-N-C, and (c) Cu-Fe-N-C.
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Fig. S2 (a) SEM and (b)TEM images for N-C.
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Fig. S3 (a) SEM, (b, c) TEM, and (d) HAADF-STEM images for Cu-N-C.
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Fig. S4 (a) SEM, (b, c) TEM, and (d) HAADF-STEM images for Fe-N-C.
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Fig. S5 (a) SEM and (b)TEM images for Cu-Fe-N-C.
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Fig. S6 XPS spectra in the (a) Cu 2p region, (b) Fe 2p region.
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Fig. S7 XPS spectra of the (a) Cu-N-C, (b) Fe-N-C, and (c) Cu-Fe-N-C in the N 1s region.
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Fig. S8 The corresponding Cu K-edge EXAFS fitting for Cu-N-C.
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Fig. S9 The corresponding Fe K-edge EXAFS fitting for Fe-N-C.
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Fig. S10 The WT plots at the Cu K-edge for Cu-N-C.
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Fig. S11 The WT plots at the Fe K-edge for Fe-N-C.
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Fig. S12 The LSV curves of Cu-Fe-N-C in 1 M KOH electrolyte with and without KNO3.
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Fig. S13 The LSV curves of Cu-N-C in 1 M KOH electrolyte with and without KNO3.
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Fig. S14 The LSV curves of Fe-N-C in 1 M KOH electrolyte with and without KNO3.
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Fig. S15 (a) The UV-visible absorption spectra of various NH4
+ concentrations. (b) The linear fitting results of NH4

+ calibration curve.
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Fig. S16 (a) The UV-visible absorption spectra of various NO2
– concentrations. (b) The linear fitting results of NO2

– calibration curve.
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Fig. S17 (a) Time-dependent current density curves of Cu-Fe-N-C for 30 min in 1 M KOH with 0.1 M KNO3. (b) The corresponding UV-visible 
absorption spectra after NO3RR electrocatalysis.
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Fig. S18 (a) Time-dependent current density curves of Cu-N-C for 30 min in 1 M KOH with 0.1 M KNO3. (b) The corresponding UV-visible 
absorption spectra after NO3RR electrocatalysis.
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Fig. S19 (a) Time-dependent current density curves of Fe-N-C for 30 min in 1 M KOH with 0.1 M KNO3. (b) The corresponding UV-visible 
absorption spectra after NO3RR electrocatalysis.
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Fig. S20 (a) Time-dependent current density curves of N-C for 30 min in 1 M KOH with 0.1 M KNO3. (b) The corresponding UV-visible absorption 
spectra after NO3RR electrocatalysis.
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Fig. S21 jNH3 of Cu-Fe-N-C, Cu-N-C, Fe-N-C, and N-C in 1 M KOH with 0.1 M KNO3.



25

Fig. S22 (a) The 1H NMR spectra of various 14NH4
+ concentrations using maleic acid as an internal standard. (b) The linear fitting results of 14NH4

+ 
calibration curve.
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Fig. S23 (a) The 1H NMR spectra of various 15NH4
+ concentrations using maleic acid as an internal standard. (b) The linear fitting results of 15NH4

+ 
calibration curve.
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Fig. S24 The 1H NMR spectra of electrolysis after electrocatalytic NO3RR for Cu-Fe-N-C at -0.8 V using 14NO3
– and 15NO3

– as the N source.
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Fig. S25 XRD pattern of Cu-Fe-N-C after NO3RR.
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Fig. S26 TEM images of Cu-Fe-N-C after NO3RR.
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Fig. S27 XPS survey spectrum of Cu-Fe-N-C after NO3RR.
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Fig. S28 XPS spectra of Cu-Fe-N-C in the (a) Cu 2p region, (b) Fe 2p region, and (c) N 1s region after NO3RR.
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Fig. S29 Time-dependent concentration change of NO3
--N, NO2

--N, and NH4
+-N in the electrolytes for Cu-Fe-N-C.
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Fig. S30 The Arrhenius plots of the kinetic current at −0.8 V vs. RHE in 1M KOH + 0.1 M KNO3.
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Fig. S31 The electrochemical impedance spectroscopy (EIS) Nyquist plots of (a) Cu-N-C, (b) Fe-N-C, and (c) Cu-Fe-N-C in 1 M KOH at different 
potentials. (d) The comparison of Rct for the catalysis above in 1 M KOH.
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Fig. S32 The electrochemical impedance spectroscopy (EIS) Nyquist plots of (a) Cu-N-C, (b) Fe-N-C, and (c) Cu-Fe-N-C in 1 M KOH with 0.1 M KNO3 
at different potentials. (d) The comparison of Rct for the catalysis above in 1 M KOH with 0.1 M KNO3.
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Fig. S33 Cyclic voltammograms (CV) profiles obtained on the (a) Cu-N-C, (b) Fe-N-C, and (c) Cu-Fe-N-C. (d) The determination of double layer 
capacitance for catalysts.
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Fig. S34 Double layer capacitance normalized LSV curves of Cu-N-C, Fe-N-C, and Cu-Fe-N-C.
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Fig. S35 Electrochemical online DEMS of (a) Cu-N-C and (b) Fe-N-C
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Fig. S36 EPR spectra of Cu-Fe-N-C catalyzed NO3RR solutions with different concentrations of KNO3.
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Fig. S37 Free energy profiles of NH3 formation from NO3
- reduction on Cu-N-C, Fe-N-C, and Cu-Fe-N-C at -0.8 V vs. RHE.
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Fig. S38 Differential charge density at the (a) Cu-N-C and (b) Fe-N-C surface (cyan and yellow represent charge depletion and accumulation, 
respectively).
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Fig. S39 Differential charge density of *NO3H on the (a) Cu-N-C and (b) Fe-N-C surface, respectively (cyan and yellow represent charge depletion 
and accumulation, respectively).
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Fig. S40 Differential charge density of *NH2O on the (a) Cu-N-C and (b) Fe-N-C surface, respectively (cyan and yellow represent charge depletion 
and accumulation, respectively).
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Table S1 EXAFS fitting parameters at the Cu K-edge for various samples

Sample shell CNa Rb(Å) σ2c(Å2) ΔE0
d(eV) R factor

Cu-N-C Cu-N 4.2±0.2 1.97±0.01 0.0058 4.2±0.9 0.0021

Cu-N 2.9±0.1 1.93±0.01 0.0062
Cu-Fe-N-C 

Cu-Fe 1.0±0.1 2.57±0.01 0.0099
-5.5±1.2 0.0041

aCN: coordination numbers; bR: bond distance; cσ2: Debye-Waller factors; dΔE0: the inner potential correction. R factor: goodness of fit.
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Table S2 EXAFS fitting parameters at the Fe K-edge for various samples

Sample shell CNa Rb(Å) σ2c(Å2) ΔE0
d(eV) R factor

Fe-N-C Fe-N 4.2±0.2 1.97±0.01 0.0098 -2.6±1.7 0.0014

Fe-N 3.1±0.1 1.97±0.01 0.0096
Cu-Fe-N-C 

Cu-Fe 1.0±0.1 2.58±0.01 0.0123
-3.7±0.6 0.0003

aCN: coordination numbers; bR: bond distance; cσ2: Debye-Waller factors; d ΔE0: the inner potential correction. R factor: goodness of fit.
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Table S3 Comparison of the electrocatalytic NO3RR performance for NH3 production of Cu-Fe-N-C with reported catalysts.

Catalyst Electrolyte NH3 yield rate FE (%) Ref.

Cu-Fe-N-C 1  M KOH with 0.1 M NO3
– 1.22 mmol h–1 cm–2 95.08 This work

Cu-cis-N2O2 SAC 0.5 M Na2SO4 with 1000 ppm KNO3 27.84 mg h–1 cm–2 88.46 11

Cu-N-C SAC 0.1  M KOH with 0.1 M KNO3 4.5 mg h–1 cm–2 84.7 12

Fe SAC 0.1 M K2SO4 with 0.5 M KNO3 0.46 mmol h–1 cm–2 ~75 13

Fe-N/P-C 0.1 M KOH + 0.1 M KNO3 5849.38 μg h−1 mgcat
−1 90.28 14

Single-atom Ru sites 1  M KOH with 0.5 M NO3
– 0.15 mmol h–1 cm–2 72.8 15

Co-SACs 0.02 M Na2SO4 with 100 mg/L NO3
– 0.433 mg h–1 cm–2 92 16

Fe/Cu-NG 1  M KOH with 0.1 M KNO3 1.08 mmol h–1 mg–1 92.51 17

Cu@Th-BPYDC 1  M KOH with 0.1 M NO3
– 0.2253 mmol h–1 cm–2 92.5 18

Cu/PTCDA 0.1 PBS with 500 ppm NO3
– 0.0515 mmol h–1 cm–2 77 19

pCuO-5 0.05 M H2SO4 with 0.05 M KNO3 0.292 mmol h–1 cm–2 80 20

Cu nanosheet 0.1  M KOH with 10 mM NO3
– 0.0046 mmol h–1 cm–2 99.7 21

Cu/Cu2O 0.5 M Na2SO4 with 14.3 mM NO3
– 0.245 mmol h–1 cm–2 95.8 22

Cu@NF 1  M KOH with 200 ppm NO3
– 0.252 mmol h–1 cm–2 96.6 23

Rh@Cu 0.1 M Na2SO4 with 0.1 M KNO3 1.27 mmol h–1 cm–2 93 24

Fe-cyano NSs 1  M KOH with 0.1 M KNO3 42.1 mg h−1 mgcat
−1 90 25

Co/CoO NSAS on Ni foam 0.1 M Na2SO4 with 200 ppm NO3
– 0.1944 mmol h–1 cm–2 ~93.8 26

Pd (111) 0.1 M Na2SO4 with 50 ppm NO3
– 0.5485 mmol h–1 cm–2 79.91 27

In-S-G 1  M KOH with 0.1 M NO3
– 220 mmol h-1 g-1 75 28

TiO2-x 0.5 M Na2SO4 with 50 ppm NO3
– 0.045 mmol h–1 mg-1 85 29

Bi-Xred 1  M KOH with 0.5 M KNO3 46.5 g h−1 gcat
−1 90.6 30

Ni3B@NiB2.74 0.1  M KOH with 10 mM NO3
– 0.1071 mmol h–1 cm–2 98.7 31

PCNV-600 0.5 M Na2SO4 with 100 ppm NO3
–-N 0.03262 mmol−1 g−1 h−1 89.96 32

Cu plates 1 M KOH + 0.5 M KNO3 3.14 mmol h–1 cm–2 75 33
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PdCuCo MEA metallene 1 M KOH + 0.1 M KNO3 458.9 mg h-1 mgcat
-1 75.4 34

n-HEA 0.2 M K2SO4 + 50 mM KNO3 0.52 mg h-1 cm-2 95.23 35

Co1-P/NPG 0.5 M K2SO4 + 0.1 M KNO3 8.6 mg h-1 mgcat
-1 93.8 36

PdCu bimetallene 0.5 M K2SO4 + 0.1 M KNO3 73.7 mg h-1 mgcat
-1 90.9 37

Mn-Co(OH)2 0.5 M K2SO4 + 0.1 M KNO3 1.12 mmol cm-2 h-1 98.9 38

RhNi@Rh BMLs 100 mM HClO4 +50 mM KNO3 13.4 mg h-1 mgcat
-1 98.5 39

Pd-Cl/Cu2O 1 M KOH + 56 mM KNO3 30.1 mg h-1 cm-2 99.2 40

Co-B@CoOx 0.5 M Na2SO4 + 100 ppm NO3-N 0.96 mg h-1 cm-2 86.82 41

PR-CuNC 0.1 M KOH + 0.1 M KNO3 130.71 mg h-1 mgcu
-1 94.61 42
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Table S4 Ed analysis of the constructed Cu-Fe-N-C, Cu-N-C, and Fe-N-C structures models (Ed represents the d-band center).

Ed(Cu) Ed(Fe)

Cu-Fe-N-C -3.076 0.811

Cu-N-C -3.524 -

Fe-N-C - 0.214
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Table S5 Bader charge analysis of the constructed Cu-Fe-N-C, Cu-N-C, and Fe-N-C structures models (q represents the total charge).

qCu (e) qFe (e)

Cu-Fe-N-C 16.44 12.90

Cu-N-C 16.17 -

Fe-N-C - 12.92
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