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1．Experimental details

Synthesis of Cu-NG:

The modified Hummers method was served to obtain GO. Cu-NG was synthesized using a facile two-

step method. Briefly, the as-prepared GO powder (100 mg) was dispersed in 68% HNO3 solution with 

ultrasonication for 3 h. Then the dispersion was centrifuged and clean with water. The certain 

concentration of metal salt (CuCl2) and 100 mg urea were then added into the gained GO suspension 

(100 mL, 2mg/L) and sonicated for 2 h. The mixed suspension was continuous stirring with 12 h. The 

obtained suspension was then transferred into Teflon equipped stainless steel autoclave which was 

hydrothermally treated at 180 °C for 12 h, forming a porous hydrogel. After freeze drying, the resulted 

production was annealed at 800 °C for 2 h with a heating rate of 10 °C min−1 under Ar (100 sccm) and 

NH3 (50 sccm) flowing atmosphere in a quartz tube furnace. Finally, the Cu-NG powder was collected.

In addition, we are able to obtain NG catalysts without metal salt. 

Characterization:

Morphology observation was conducted within a Zeiss Ultra 55 field emission scanning electron 

microscope. TEM characterizations were obtained within a FEI Tecnai G2 20 microscope at 200 kV. 

Atomic-resolution STEM-HAADF images and EELS point spectra were obtained on a double spherical 

aberration-corrected STEM/TEM FEI Titan G2 60-300 at 300 kV with a field emission gun or on a JEOL 

Grand ARM with double spherical aberration correctors. XRD data were collected using Rigaku D/MAX 

2500 V with Cu Kα radiation (1.5418 Å). XPS analysis was performed on an ESCALab MKII 

spectrometer with Mg Kα X-ray as the excitation source. The Raman spectroscopy (Renishaw inVia 

Raman spectroscope) experiments were performed using a 514 nm laser. N2 adsorption–desorption 

isotherms were recorded on an ASAP 2020 accelerated surface area and porosimetry instrument 
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(Micromeritics), equipped with automated surface area, at 77  K using Barrett–Emmett–Teller 

calculations for the surface area. XAS spectra at the Cu K-edge were measured at the beamline 1W1B 

station of the Beijing Synchrotron Radiation Facility (BSRF), China. The Fe and Cu K-edge XANES 

data were recorded in a fluorescence mode. The concentration of Ion was measured by 

spectrophotometric analysis (Shimadzu UV-3600 plus).

Differential electrochemical mass spectrometry (DEMS) measurements:

0.1 M KNO3 with 1 M KOH electrolyte was kept flowing into a specially-made electrochemical cell 

through a peristaltic pump. Ar was bubbled into the electrolyte constantly before and during the DEMS 

measurements. A glassy carbon electrode coated with Cu-NG, a Pt wire electrode, and a saturated 

calomel electrode were used as the working electrode, the counter electrode and the reference electrode, 

respectively. LSV test was employed from 0.1 to −0.6 V vs RHE at a scan rate of 5 mV s−1 until the 

baseline kept steady. Then, the corresponding mass signals appeared. After the electrochemical test was 

over and the mass signal returned to baseline, the next cycle started using the same test conditions to 

avoid the accidental error during DEMS measurements. The experiment ended after four cycles.

Ion concentration detection methods:

The UV-Vis spectrophotometer was used to detect the ion concentration of pre- and post-test 

electrolytes after dilution to appropriate concentration to match the range of calibration curves. 

Detection of nitrate-N. Firstly, 1.0 mL electrolyte was taken out from the electrolytic cell and diluted 

to 5 mL to detection range. Then, 0.1 mL 1 M HCl and 0.01 mL 0.8 wt% sulfamic acid solution were 

added into the aforementioned solution. After 15 minutes, the absorbance was detected by UV-Vis 

spectrophotometry at a wavelength of 220 nm and 275 nm. The final absorbance of nitrate-N was 

calculated based on the following equation: A=A220 nm-2*A275 nm. The calibration curve can be 

obtained through different concentrations of KNO3 solutions and the corresponding absorbance.

Determination of NH3 using the indophenol blue method. The produced NH3 was determined by the 

indophenol blue method. Specifically, the target solution (1 mL) was moved into a clean vessel (5 mL) 

followed by sequentially adding NaOH solution (1 mL, 1 M) containing salicylic acid (5 wt%) and 

sodium citrate (5 wt%), NaClO (0.5 mL, 0.05 M), and Na[Fe(NO)(CN)5] (0.1 mL, 1wt%) aqueous 

solution. After the incubation for 2 h at room temperature, the mixture was subjected to UV-Vis 

measurements and resulted in the absorption spectrum (ranged from 500-800 nm). The absorption peak 

at 655 nm was ascribed to the generated indophenol blue originated from NH3 in the target solution. To 

accurately quantify NH3, concentration-absorbance curves were calibrated using a series of standard 
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ammonia chloride in KOH solutions (0.1 M). The absorbance of the blank sample without adding the 

standard NH3 solution was subtracted from the measured peak absorbance of all tested samples for 

background correction.

15N isotope-labelling experiments by 1H NMR：
1H NMR spectroscopy (500 MHz) was used to quantify the 15NH4

+/14NH4
+yield after electrolysis at 

−0.4 V (vs RHE). The calibration curves with defined 15NH4Cl concentrations were constructed as 

standards. In a typical procedure, 125 μl of the standard solution/electrolytes was first diluted to the 

detection range and adjust to pH 2.0 by adding 0.1 M HCl. Next, the solution was mixed with 0.1 ml 

DMSO-d6 (hexadeuterodimethyl sulfoxide) (include 0.04 wt% C4H4O4), where DMSO-d6 serves as a 

solvent and C4H4O4 as the internal standard. Finally, the prepared solution was tested by a 500 MHz 

NMR spectrometer. The NH3 product peaks area integral ratio to maleic acid were analyzed to confirm 

the source of NH3 qualitatively.

Electrochemical in situ FTIR reflection spectroscopy：

Electrochemical in situ FTIR spectroscopy measurements were carried out Nicolet iS20 FTIR 

spectrometer, equipped with a liquid nitrogen-cooled system. The working electrode, composed of a 

glassy carbon electrode loaded with catalysts, was vertically pressed onto a CaF2 window plate to create 

a thin liquid layer with a thickness of approximately 10 μm. The counter electrode was a platinum foil, 

and the reference electrode was an Ag/AgCl electrode. The infrared beam was directed nearly 

perpendicular to the surface of the electrode. The sample spectra were collected within the potential range 

from 0.1 V to −0.7 V, with steps of 100 mV.

Calculation of the faradaic efficiency and yield rate of NH3:

The faradaic efficiency (FE) of NH3 was the percentage of the charge consumed for NH3 generation 

in the total charge passed through the electrode according to the equation below: 
𝐹𝐸(𝑁𝐻3) = (8 × 𝐹 × 𝐶𝑁𝐻3 × 𝑉 × 10 ‒ 16) (17 × 𝑄) × 100%

The yield rate (YR, mgNH3 h−1 cm−2) of NH3 can be calculated using the following equation:
𝑌𝑅(𝑁𝐻3) = (𝐶𝑁𝐻3 × 𝑉) (𝑡 × 𝐴) × 10 ‒ 3

where CNH3 is the measured NH3 concentration (μg mL−1); V is the volume of the electrolyte; t is the 

electrolysis time; A is the geometric area of the electrode (1 cm−2); F is the faraday constant (96485 C 
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mol−1); Q (C) is the total charge passed through the electrode; The faradaic efficiency, the yield rate, and 

corresponding error bars were obtained from three individual samples under the same testing conditions.

2．Electrochemical measurements

Electrocatalytic nitrate reduction:

Electrochemical properties were measured with a VSP Potentiostat (Bio-Logic Corp., France) in an 

H-type cell with a Nafion membrane (N-117, Dupont) to separate the cathode and anode chambers. In a 

typical three-electrode system, platinum foil and Hg/HgO (1 M KOH) were used as the reference and 

counter electrodes, respectively. The working electrode was prepared as follows: 4 mg of catalyst 

powder, 1 mL DI water and 1 mL ethanol, and 50 μL Nafion solution (Sigma Aldrich, 5 wt%) were 

mixed and sonicated for at least 30 min to form a homogeneous ink. Then, a certain volume of uniform 

catalyst ink was drop-casted onto carbon paper (active area: 1*1 cm−2) with a mass loading of 
0.24 mg cm−2 unless specified. Thus, the potentials were converted to the reversible hydrogen electrode 

(RHE) via the following equation: E(RHE) = E(Hg/HgO) + 0.059×pH + 0.098 V. For electrocatalytic NO3
– 

reduction, the electrolytes (1 M KOH and 0.1 M KNO3, unless otherwise specified) were degassed using 

an ultrapure argon flow to remove O2 and N2 and then was evenly distributed to the cathode and anode 

compartment. The Linear sweep voltammograms (LSV) were performed at a rate of 5 mV s−1. 

Chronopotentiometry tests were carried out at given potentials to evaluate the faradaic efficiency and 

yield rate of NH3. For consecutive recycling test, the Chronopotentiometry tests were performed at −0.4 

 V vs RHE for a long time with stirring. After electrolysis, the electrolyte was analyzed by UV–Vis 

spectrophotometry as mentioned below. 

Calculation of double-layer capacitance (Cdl):

The double-layer capacitance (Cdl) was used to determine the ECSA of each electrode according to 

the reference. To measure the value of Cdl, the potential was swept between −0.4 and −0.6V (vs RHE) at 

varied scan rates. A potential range was selected for the capacitance measurements because no obvious 

faradaic reactions can be observed in this region. The capacitive currents ofΔJ׀Ja-Jc0.15@׀ V/2 are plotted 

with respect to the CV scan rates. The data are fitted to a line, whose slope is the Cdl. The Cdl is 

proportional to the surface area of electrode.
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3．Computational details

The density functional theory (DFT) calculations were performed using the Vienna Ab initio 

Simulation Package (VASP) code. The exchange-correlation functional in the Perdew-Burke-Ernzerhof 

(PBE) form within a generalized gradient approximation (GGA) was used. To describe the expansion of 

the electronic eigenfunctions, the projector-augmented wave (PAW) method was applied with a kinetic 

energy cutoff of 500 eV. The graphene adopts a 3×3×1 supercell. For structural optimizations, a Γ 

centered 4×4×1 Monkhorst-Pack k-point sampling was used in the first Brillouin zone, whereas k-point 

mesh was increased to 8×8×1 for the density of states (DOS) calculations. 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. 

The vacuum thickness was set to be 15 Å to minimize interlayer interactions in this study. The solvation 

effect was not included since the ignorable energy change was witnessed. Known as a pre- and 

postprocessing program for the VASP code, VASPKIT was adopted to obtain the DOS diagrams.

The elementary steps of Electrochemical nitrate reduction pathway:

Based on computational hydrogen electrode (CHE) model, The Gibbs free energy (ΔG) calculations 

of each elementary step can be determined as:
ΔG = ∆E + ΔEZPE - TΔS + ∆U + ∆pH

in which ΔE denotes the energy obtained from DFT calculations. ΔZPE and ΔS are the correction of 

zero-point energy and entropy, respectively. T represents room temperature (298.15 K). The effect of the 

applied electrode potential and pH are contained by the correction of ΔU and ΔpH, respectively.

To avoid calculating the energy of charged NO3
− directly, gaseous HNO3 is chosen as a reference 

instead. The adsorption energy of NO3
− (ΔG*NO3) is described as

Δ𝐺 ∗
𝑁𝑂3 = 𝐺 ∗

𝑁𝑂3 - 𝐺 ∗ - 𝐺𝐻𝑁𝑂3(𝑔) + 1/2𝐺𝐻2(𝑔) + 𝐺𝑐𝑜𝑟𝑟𝑒𝑐𝑡

where G*NO3, G*, GHNO3(g), and GH2(g) are the Gibbs free energy of NO3 adsorbed on substrate, HNO3, 

and H2 molecules in the gas phase, respectively. ΔGcorrect denotes the correction of adsorption energy and 

is set to 0.392 eV.

Electrochemical reduction of nitrate results in the formation of NH3 with nine protons and eight 
electrons transferred. The whole reaction can be summarized as: 

𝑁𝑂 ‒
3 + 9𝐻 + + 8𝑒 ‒ →𝑁𝐻3 + 3𝐻2𝑂

the elementary steps of reduction pathway on catalyst were simulated according to the following 
reactions: 
∗+ 𝑁𝑂 ‒

3 →𝑁𝑂 ∗
3 + 𝑒 ‒

𝑁𝑂 ∗
3 + 𝐻 + + 𝑒 ‒ →𝐻𝑁𝑂 ∗

3
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𝐻𝑁𝑂 ∗
3 + 𝐻 + + 𝑒 ‒ →𝑁𝑂 ∗

2 + 𝐻2𝑂

𝑁𝑂 ∗
2 + 𝐻 + + 𝑒 ‒ →𝐻𝑁𝑂 ∗

2

𝐻𝑁𝑂 ∗
2 + 𝐻 + + 𝑒 ‒ →𝑁𝑂 ∗ + 𝐻2𝑂

𝑁𝑂 ∗ + 𝐻 + + 𝑒 ‒ →𝐻𝑁𝑂 ∗

𝐻𝑁𝑂 ∗ + 𝐻 + + 𝑒 ‒ →𝐻2𝑁𝑂 ∗

𝐻2𝑁𝑂 ∗ + 𝐻 + + 𝑒 ‒ →𝐻2𝑁𝑂𝐻 ∗

𝐻2𝑁𝑂𝐻 ∗ + 𝐻 + + 𝑒 ‒ →𝑁𝐻 ∗
2 + 𝐻2𝑂

𝑁𝐻 ∗
2 + 𝐻 + + 𝑒 ‒ →𝑁𝐻 ∗

3

𝑁𝐻 ∗
3 → ∗ + 𝑁𝐻3

where * represents the adsorption site. 
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Figures

Fig. S1. (a, b) SEM and (c, d) TEM images of NG. The rGO layer presents a broad and flat surface, while 

NG develops a porous structure. During the hydrothermal and annealing processes, the introduction of a 

Cu precursor facilitates the loading of Cu single atoms onto the nitrogen edges within the micropores.

Fig. S2. SEM images of Cu-NG, indicating Cu-NG has an interconnected vesicle-like structure.
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Fig. S3. EDS mapping images of Cu-NG, indicating the existence of Cu, N, and C elements throughout 

the graphene layer.

Fig. S4. (a) High-resolution N 1 s XPS spectrum of NG. The broad peak of N 1s signal could be de-

convoluted to pyridinic N at ~398.3  eV (40.6% of N species), pyrrolic N at ~400.2  eV (32.3% of N 

species), and graphitic N at ~401.4  eV (27.1% of N species). (b) N2 adsorption–desorption isotherms of 

NG (inset: corresponding pore-size distribution). The N2 adsorption-desorption isotherms of NG reveal 

the existence of a predominantly mesoporous structure. The pore size distribution exhibits a prominent 

peak in the range of 2-4 nm. Using the Brunauer–Emmett–Teller (BET) method, the surface area is 

calculated to be 876 m2 g−1, which is similar with Cu-NG.
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Fig. S5. (a) High resolution XPS of Cu 2p spectra in Cu-NG, (b) Raman spectra of Cu-NG, the ID/IG is 

1.01, (c) N2 adsorption–desorption isotherms and (d) The pore-size distribution curve of Cu-NG.

Fig. S6. LSV curves of NG in the electrolyte of 1 M KOH and 0.1 M KNO3.
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Fig. S7. Nyquist plot of Cu-NG electrodes. The EIS spectra were fitted using Randles equivalent circuit 

model (illustrated in the inset), yielding the charge transfer resistance (Rct) of 2.38 Ω for the Cu-NG.

Fig. S8. Calibration curve of NH4
+ for different concentrations using ammonium chloride solutions of 

known concentration as standards. 
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Fig. S9. Cyclic voltammograms for (a) Cu-NG catalysts at different scan rates from 5 to 200 mV s−1, 

respectively. The Cdl plots for extraction electrochemical surface area (ECSA) of (b) Cu-NG. 

Fig. S10. LSV curves of the initial and after 24 h test of Cu-NG.
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Fig. S11. (a) TEM, (b) HRTEM, (c) HAADF-STEM images and (d) High-resolution N 1 s XPS spectrum 

of Cu-NG after 24 h test.

Fig. S12. (a) 1H NMR spectra of 15NH4
+ ions at different concentrations. C4H4O4 with a constant 

concentration was used as an external standard (with the proton signal at d = 6.25 ppm). (b) Calibration 

curve for 15NH4
+ detection using 1H NMR. (c) Comparison of the ammonia yield rate over Cu-NG 

quantified by the 1H NMR and UV-vis spectra.
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Fig. S13. In situ FTIR of Cu-NG from 0.1 to −0.7  V vs. RHE. Dotted lines represent the peak position.
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Tables

Table S1. EXAFS structure parameters from the Cu-NG.

K-edge Shell N r/Å σ2/10-3Å2 R

Cu Cu-N 2.03 1.50 ± 0.021 6.41 ± 0.35 0.03

N: coordination number; r: bond length;

σ2: Debye-Waller factor (disorder); R: R-factor.

Table S2. Reported catalysts for the nitrate reduction to ammonia.
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Materials Maximum 

FE to NH3

Corresponding 

potential to NH3

Maximum NH3 

yield rate

Electrolyte 

conditions

Ref

Cu-NG 91% −0.4 V vs RHE 3600 μg h−1 cm−2

−0.5 V vs RHE

0.10 M KNO3,

1.0 M KOH,

pH=14

This work

In1Cu 95.1% −0.6 V vs RHE 11050 μg h−1 cm−2

−0.7 V vs RHE

0.5 M Na2SO4, 

0.1 M NaNO2,

PH=7

1

Cu-N1O2 

SACs

96.5% −0.6 V vs RHE 4600 μg h−1 cm−2

−1.0 V vs RHE

0.01 M KNO3, 

0.1 M KOH,

pH=13

2

Cu/Cu2O/HT

C-350

89.5% −0.95 V vs RHE 1581 µg h−1 mgcat
−1

−0.95 V vs RHE

0.5M Na2SO4, 

200 ppm NaNO3,

pH=7

3

Cu/Cu2O 91.1% −0.6 V vs RHE 6500 µg h−1 cm−2

−0.8 V vs RHE

0.5 M PBS, 

100 mg L−1 

NO3
−N,

pH=7

4

Co-Cu SCC 91.2% −0.3 V vs RHE 185300 µg h−1 gcat
−1

−0.5 V vs RHE

0.10 M KNO3, 

0.10 M KOH,

pH=13

5

Cu-N4B2 98.2% −0.6 V vs RHE 7480 µg h−1 cm−2

−0.7 V vs RHE

0.10 M KNO3, 

1.0 M KOH,

pH=14
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Cu/Cu2O/Pi 

NWs

96.6% −0.5 V vs RHE 8190 µg h−1cm−2

−0.5 V vs RHE

0.10 M KNO3, 

1.0 M KOH,

pH=14

7

Cu/Cu2O/Cu

O

90.52％ −0.23 V vs RHE 2040 µg h−1 cm−2

−0.23 V vs RHE

500 ppm KNO3, 

1.0 M KOH,

pH=14

8

CuIr 93.0% −0.22 V vs RHE 10251 µg h−1cm−2

−0.27 V vs RHE

0.10 M KNO3, 

1.0 M KOH,

pH=14

9

VO2-x/CuF 77.9% −1.3 V vs RHE 3116 µg h−1 cm−2

−1.3 V vs RHE

1.5 mmol KNO3

0.1 M K2SO4 

pH=7

10

Cu NNs-B 98.1% −0.6 V vs RHE 306 µg h−1 cm−2

−0.6 V vs RHE

0.5 M Na2SO4,

100 mg L-1 

NO3
−N,

pH=7

11

RuSA@Cu2+1

O

98.02% −0.4 V vs RHE 1377 µg h−1 cm−2

−0.4 V vs RHE

0.10 M KNO3, 

0.10 M KOH,

pH=13

12

7Cu3FeOx/A

C

76% −0.8 V vs RHE 4800 µg h−1 mgcat
−1

−1.1 V vs RHE

0.5 mol/L 

Na2SO4, 

16 mmol/L 

KNO3,

PH=7

13

Fe-

CuO@Co3O4/

CC

84.4% −1.2 V vs RHE 8005 µg h−1 g−1

−1.2 V vs RHE

0.1 M Na2SO4, 

0.01 M NaNO3, 

PH=7

14

Ni2P@Cu3P 96.97% −0.49 V vs RHE 4732.8 µg h−1 cm−2

−0.49 V vs RHE

0.5 M K2SO4, 

200 ppm KNO3, 

PH=7

15

Cu3P@Co(O

H)2/CF

86.7 % −0.17 V vs RHE 3400 µg h−1 cm−2

−0.37 V vs RHE

0.01 M KNO3, 

1.0 M KOH,

PH=14

16

ED-

30PANI@B-

Cu

96.1% −0.89 V vs RHE 5100 µg h−1 cm−2

−0.89 V vs RHE

0.5 M K2SO4, 

200 ppm KNO3, 

PH=7
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