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Experimental Procedures

Chemicals and materials

Sodium hydroxide (NaOH, ≥96.0%), Sodium sulfate anhydrous (Na2SO4,99%) 

ammonium sulfate-14N ((14NH4)2SO4, 98.5%), ammonium sulfate-15N ((15NH4)2SO4, 

≥99 at%, 98.5%), sodium nitrate-14N (Na14NO3, ≥99%), sodium nitrate-15N 

(Na15NO3,15N ≥ 99 at%, 98.5%), maleic acid (C4H4O4, ≥99.0%), deuterium oxide (D2O, 

99 at% D), DL-Lactic acid (C3H6O3, ≥85%), Copper sulfate pentahydrate 

(CuSO4·5H2O, 99%). Ni foam (NF, pore density 120 PPI) was bought from Kunshan 

Guang jia yuan New Material Co., Ltd. Milli-Q water (18.25 MΩ cm−1) was used in all 

the experiments. 

Preparation of Ni-Cu/Cu2O.

0.4 M CuSO4-5H2O, 8.5% lactic acid and NaOH (0.3 M) were used as deposition 

solution. The above solution was added to the electrolytic cell and washed 1*1.5 cm2 

nickel foam was used as the working electrode, while the counter electrode and 

reference electrode were platinum sheet and silver chloride electrode, respectively. The 

electrodes were deposited with i-t at a voltage of -0.8 V (vs. RHE) for 5 min. Finally, 

the deposited samples were rinsed several times with deionised water and dried in a 

vacuum oven at 60 °C.

Preparation of Ni-Cu.

0.4 M CuSO4-5H2O was dissolved in 30 ml of deionised water with stirring as the 

deposition solution, and the deposition method was consistent with Ni-Cu/Cu2O.

Preparation of Ni foam.

The nickel foam of 1 × 1.5 cm2 was cut and sonicated with hydrochloric, acetone, 

ethanol and water respectively for 20 min and finally dried in a 60 oC oven.

Materials Characterizations.

Powder X-ray diffraction (XRD) patterns were obtained using a Philips X’Pert PRO 

SUPER X-ray diffractometer equipped with graphite-monochromated Cu Kα radiation 
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(λ=1.54056 Å). The morphologies and elemental mapping analysis were identified by 

scanning electron microscopy (SEM Sigma 500, SEISS, Germany) and field emission 

transmission electron microscope (STEM, JEM-F200, JEOL) equipped with an energy 

dispersive spectrometer (EDS). X-ray photoelectron spectroscopy (XPS) measurements 

were carried out with an Escalab 250Xi system using a monochromatic Al Ka source 

(1,486.6 eV) for the analysis of the surface chemical property. The electron 

paramagnanetic resonance (EPR) measurements of DMPO-H were carried out at 

Bruker PLS-SXE300+. The ultraviolet-visible (UV-Vis) absorbance spectra were 

measured on Shimadzu UV-3900 spectrophotometer. The isotope labeling experiments 

were measured by 1H NMR measurement (JNM-ECZ400R). The X-ray absorption fine 

structure (XAFS) measurements were carried out with the table XAFS-500A. The 

resulting XAFS data were analyzed using Demeter software.1 The reaction intermediate 

information was studies by in Via Raman Microscope (RENISHAW, UK).

Electrochemical Measurements.

The electrochemical nitrate reduction reaction experiments were carried out in a 

single chamber 50 ml electrolytic cell using a standard three electrode system. Catalysts 

loaded on nickel foam and carbon paper, silver chloride reference electrode (Ag/AgCl) 

and catalyst on platinum foil were used as working, reference and counter electrodes, 

respectively. The reaction area of the working electrode was controlled to be 0.5 cm2. 

The electrolyte was 0.5 M Na2SO4 solution and the target reactant was NaNO3. The 

electrolyte was stirred at a rate of 500 revolutions per minute during the reaction. All 

electrochemical measurements were performed using an electrochemical workstation 

(CHI 660e, Zhenhua, Shanghai, China). Potentials were recorded at a standard 

hydrogen electrode with the conversion equation E(RHE) = E(Ag/AgCl) + 0.059 pH + 0.198. 

Linear scanning voltammetry was carried out to bring the polarisation curves to a steady 

state prior to the nitrate electroreduction test. Constant potential tests were carried out 

for 1 h at different potentials. All LSV curves were performed between 0 V and -1.5 V 

versus RHE at a scan rate of 5 mV s-1. EIS tests were performed in the frequency range 

of 100 KHz-0.1 Hz. Cdl values were evaluated by CV measurements in the potential 
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range without Faraday current density.

Zn-NO3
− Battery Preparation

The electrochemical performance of the mixed liquid Zn-NO3
- cell in a two-electrode 

system was determined in an H-cell. A one-piece (1 × 1 cm2) Ni-Cu/Cu2O cathode in 

0.1 M NaNO3
-/1 M KOH electrolyte and a Zn foil anode (1 × 1 cm2) in 1 M KOH were 

separated by a Nafion NR211 membrane. All cell data were recorded in a CHI 660e 

electrochemical workstation.

N isotope labeling experiments.

Experiments on N isotope labelling were carried out by electrochemical nitrate 

reduction in electrolyte (0.1M NO3
--N) using Na15NO3 and Na14NO3 as N sources, 

respectively.2 For quantification, a series of standard solutions were prepared and 

standard curves were plotted. Firstly, a series of 15NH4
+ solutions of known 

concentration mixed with 300 ppm maleic acid in 0.5 M Na2SO4 were prepared as 

standard solutions; secondly, 50 μL of deuterium oxide (D2O) was added to the above 

mentioned 0.5 mL of mixed solution for NMR detection; finally, since the 15NH4
+ 

concentration and the area ratio were positively correlated, 15NH4
+ and maleic acid were 

utilised as the peak area ratio for calibration. Similarly, the amount of 14NH4
+ was 

quantified in this way when using Na14NO3 as the feed N source. Due to the limited 

sensitivity of instrumental detection, this work has been tested with five-fold dilution 

of Na2SO4 following the reaction.

Ion concentration detection methods.

Nitrate, nitrite and ammonium concentrations were determined using a colourimetric 

method.3 The ionic concentrations of the electrolytes before and after testing were 

measured using an ultraviolet-visible spectrophotometer (UV-Vis) after dilution to 

appropriate concentrations matching the range of the calibration curve:4

1.Determination of nitrate-N: Nitrate concentration was measured according to 

standard methods. First, an amount of electrolyte solution was removed from the 

electrolytic cell and diluted to 5 mL to bring it within the detection range. Then 0.2 mL 
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of 5 wt% amino sulphonic acid solution was added to the above solution and allowed 

to stand for 10 minutes at room temperature. Absorption spectra were tested using a 

UV-visible spectrophotometer and the intensity of absorption at wavelengths of 220 nm 

and 275 nm was recorded. The final absorbance value was calculated by the formula A 

= A220nm - 2A275nm. A calibration curve was plotted using a range of concentrations from 

0 to 20 mg L-1. Sodium nitrate used for plotting the calibration curve was pre-dried in 

an oven at 105-110°C for 2 hours.

2.Determination of nitrite-N: A mixture of p-aminobenzenesulfonamide (0.4 g), N-(1-

naphthyl) ethylenediamine dihydrochloride (0.02 g), ultrapure water (5 mL), and 

phosphoric acid (1 mL, ρ = 1.70 g/mL) was used as a color developing reagent. An 

amount of electrolyte was removed from the electrolytic cell and diluted to 5 mL to 

reach the detection range. Then 0.1 mL of color reagent was added to the above 5 mL 

of solution and mixed thoroughly and left to stand for 20 minutes before recording the 

intensity of absorption at a wavelength near 540 nm. The concentration-absorbance 

curve was calibrated using a series of sodium nitrite standard solutions.

3.Detection of ammonium-N: The ammonia content of the solutions was quantified 

using the indophenol blue spectrometer method. A mixture of NaOH (0.4 g), sodium 

citrate (0.5 g), ultrapure water (10 ml) and salicylic acid (0.5 g) was used, labelled 

solution A. A mixture of sodium hypochlorite (0.625 ml) and ultrapure water (19.375 

ml) was used, labelled solution B. A mixture of sodium nitroferricyanide (0.1 g) and 

ultrapure water (10 ml) was used, labelled Solution C. For colorimetric analysis, an 

amount of electrolyte was removed from the electrolytic cell and diluted to 2 mL to 

reach the detection range. Then 2 mL of solution A was added and mixed thoroughly, 

followed by 1 mL of solution B and 0.2 mL of solution C. After standing for 120 min, 

the intensity of absorption at a wavelength near 655 nm was recorded. Concentration-

absorbance curves were plotted using a series of standard ammonium chloride solutions 

ranging from 0 to 20 mg L-1.

H* detection using DMPO.
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H* capture experiments were performed in electrolytes with and without NO3
-. To 

ensure sufficient *H generation, the cathode area was set to 1 × 1 cm2 and the electrolyte 

was set to 50 mL. After 20 min of reaction at a reduction potential of -1.1 V (vs RHE), 

60 μL of the electrolyte was removed and mixed with 10 μL of DMPO, and then the 

mixture was transferred to a capillary tube for detection.

Calculation of the conversion, yield, selectivity, and Faradaic efficiency.

The NO3
- conversion rate was calculated as follows:

NO3
- conversion = ∆CNO3

- / C0 × 100%                               (1)

The selectivity of the product can be calculated by:

NH4
+ selectivity (SNH4

+) = CNH4
+ / ∆CNO3

- × 100%                       (2)

NO2
- selectivity (SNO2

-) = CNO2
- / ∆CNO3

- ×100%                         (3)

The yield of NH4
+(aq) was calculated using equation:

Yield NH4
+ = (CNH4

+ × V) / (MNH4
+ × t × m)                            (4)

The Faradaic efficiency was calculated as follows: 

Faradaic efficiency = (8F × C NH4
+ × V) / (M NH4

+ × Q) × 100%           (5)

where CNH4
+ is the concentration of NH4

+(aq), CNO2- is the concentration of NO2
-(aq), 

∆CNO3
- is the concentration difference of NO3

- before and after electrolysis, C0 is the 

initial concentration of NO3
-, V is the electrolyte volume, t is the electrolysis time, m is 

the mass of catalyst, F is the Faradaic constant (96485 C mol-1), Q is the total charge 

passing the electrode.

Theoretical calculation model.

All the DFT calculations were conducted based on the Vienna Ab-inito Simulation 

Package (VASP).5,6 The exchange-correlation effects were characterized by the 

Perdew-Burke-Ernzerhof (PBE) functional within the generalized gradient 

approximation (GGA) method.7,8 The core-valence interactions were accounted by the 
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projected augmented wave (PAW) method.9 The energy cutoff for plane wave 

expansions was set to 480 eV, and the 3×3×1 Monkhorst-Pack grid k-points were 

selected to sample the Brillouin zone integration. The vacuum space is adopted 15 Å 

above the surfaces to avoid periodic interactions. The structural optimization was 

completed for energy and force convergence set at 1.0×10-4 eV and 0.02 eV Å-1, 

respectively. 

The Gibbs free energy change (ΔG) of each step is calculated using the following 

formula:

  ∆G = ∆E + ∆ZPE - T∆S                                              (6)

where ΔE is the electronic energy difference directly obtained from DFT 

calculations, ΔZPE is the zero point energy difference, T is the room temperature 

(298.15 K) and ΔS is the entropy change. ZPE could be obtained after frequency 

calculation by:10

ZPE =                                                         (7)

1
2
 ∑hvi

And the TS values of adsorbed species are calculated according to the vibrational 

frequencies:11 

                      

  TS =  kBT [ ∑
k

ln⁡(
1

1 - e
- hv/kBT

) +  ∑
k

hv
kBT

 
1

(e
hv/kBT

- 1)
+ 1 ]

(8)
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Supporting Figures

Fig. S1 (a-c) SEM images of Ni foam with different magnification. (d-f) SEM images of Ni-Cu with 

different magnification.

Fig. S2 SEM images of Ni-Cu/Cu2O deposited at different voltages (a) -0.4 V, (b) -0.6 V, (c) -0.8 

V, (d) -1.0 V, and (e) -1.2 V (vs. RHE).

Fig. S3 XRD patterns of Ni-Cu/Cu2O, Ni-Cu and Ni.
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Fig. S4 Valence state characterizations of Ni-Cu/Cu2O and Ni-Cu. (a) The Cu 2p high-resolution 

XPS (X-ray photoelectron spectroscopy) spectra of samples. (b) The Cu LMM auger XPS spectra 

of samples. (c) The O 1s high-resolution XPS spectra of samples.

Fig. S5 The EPR spectra of (a) Ni-Cu/Cu2O, (b) Ni-Cu and Ni.
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Fig. S6 Standard curves of concentration-absorbance of (a-b) NH4
+, (c-d) NO3

-, and (e-f) NO2
- 

obtained by UV-vis spectroscopy method.

Fig. S7 The linear sweep voltammogram (LSV) curves of Ni-Cu/Cu2O, Ni-Cu and Ni (a) with 0.1M 

NO3
-, and (b) without NO3

-.
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Fig. S8 The evaluation parameters of Ni-Cu/Cu2O, Ni-Cu and Ni. (a) NH4
+ selectivity. (b) yield rate 

of NH4
+. (c) Faradaic efficiency of NH4

+. 

Fig. S9 Performance test of Ni-Cu/Cu2O at different nitrate concentrations. (a) Ammonia Faraday 

efficiency and yield. (b) Ammonia selectivity.

Fig. S10 Faraday efficiency and ammonium yield rate of Ni-Cu/Cu2O are compared with reported 

electrocatalytic eNitRR based catalysts.
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Fig. S11 Ammonium yield rate for Ni-Cu/Cu2O in Na2SO4 electrolyte with NO3
-, without NO3

- and 

at OCV.

Fig. S12 (a) 1H NMR spectra of various 15NH4
+ ion concentration (15NH4

+-N) using maleic acid as 

reference (300 ppm). (b) Integral area (15NH4
+ / C4H4O4) against 15NH4

+ ion concentration (15NH4
+-

N). (c) 1H NMR spectra of the electrolyte after 15NO3
- reduction using Ni-Cu/Cu2O at -1.1 V vs. 

RHE fdiluted fivefold for 1 h. (d) The 15NH4
+ ion concentration (15NH4

+-N) of the electrolyte 

quantified by 1H NMR using maleic acid (300 ppm) as reference.
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Fig. S13 (a) 1H NMR spectra of various 14NH4
+ ion concentration (14NH4

+-N) using maleic acid as 

reference (300 ppm). (b) Integral area (14NH4
+ / C4H4O4) against 14NH4

+ ion concentration (14NH4
+-

N). (c) 1H NMR spectra of the electrolyte after 14NO3
- reduction using Ni-Cu/Cu2O at -1.1 V vs. 

RHE fdiluted fivefold for 1 h. (d) The 14NH4
+ ion concentration (14NH4

+-N) of the electrolyte 

quantified by 1H NMR using maleic acid (300 ppm) as reference.

Fig. S14 (a) The comparison of ammonia yield and Faraday efficiency using 15NO3
--N and 14NO3

-

-N as sources. (b) the ammonia yield comparison detected by UV and NMR using 15NO3
--N and 

14NO3
--N as sources.
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Fig. S15 The electrochemical impedance spectroscopy (EIS) measurements of Ni-Cu/Cu2O, Ni-Cu 

and Ni.

Fig. S16 (a-c) CV spectra of different samples at different scanning rate. (d) Double-layer 

capacitance (Cdl).
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Fig. S17 (a-c) SEM images of Ni-Cu/Cu2O at different magnification before 6 cycles of testing. 

(d-f) SEM images of Ni-Cu/Cu2O at different magnification after 6 cycles of testing. 

Fig. S18 XRD patterns of Ni-Cu/Cu2O before and after 6 i-t cycles.

Fig. S19 Valence characterization of Ni-Cu/Cu2O before and after after 6 times of i-t test. (a) The 

Cu 2p XPS spectra. (b) The Cu LMM XPS spectra.
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Fig. S20 The Faraday efficiency and NH3 yield of Ni-Cu/Cu2O, C-Cu/Cu2O, Ni-Cu and Ni catalysts 

at -1.1 V (vs. RHE).

Fig. S21 Discharging curves and the resulted power density curve of (a) Ni-Cu and (b) Ni based Zn-

NO3
- battery.
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Supporting Tables

Table S1 Comparison of FE and yield of ammonia by eNitRR.

Catalysts NH3 FE NH3 Yield Ref.

Ni-Cu/Cu2O 95.8% 1354 μmol h-1 cm-2 This work

CuO/CF 80% 292 μmol h-1 cm-2 12

Cu2+1O/Mn3O4/CF 92.4% 210 μmol h-1 cm-2 13

CoO-CuOX 92.1% 510 μmol h-1 cm-2 14

CoO/Cu foam 96.7% 253 μmol h-1 cm-2 15

CoyNi1-y(OH)2 94.9% 1176 μmol h-1 cm-2 16

Cu50Ni50
a 88% 584 μmol h-1 cm-2 17

CuCl-BEF 44.7% 107.1 μmol h-1 cm-2 18

Ni35/NC-sd 99% 70.6 μmol h-1 cm-2 19

CuCoSP 90.6% 1170 μmol h-1 cm-2 20

CuO@PAN 93.88% 213 μmol h-1 cm-2 21

NiCo2O4/CC 90% 973.2 μmol h-1 cm-2 22

CuO 80% 292 μmol h-1 cm-2 23

Ru/β-Co(OH)2 98.4% 1150 μmol h-1 cm-2 24

Fe2TiO5 87.6% 730 μmol h-1 cm-2 25

Fe/Cu 96.68% 1080 μmol h-1 cm-2 26

a-RuO2 97.46% 115.8 μmol h-1 cm-2 2
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