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Supplementary experimental details

Determination of NH3/NH4
+

Indophenol blue method. Firstly, both the pristine blank electrolyte and the cathodic electrolyte were 

diluted 200 folds with deionized water. Then, a series of standard solutions of NH4Cl (0.4, 0.8, 1.2, 

1.6, 2.0 ppm) in the diluted blank electrolyte were prepared to establish the standard curve. The 

strongest absorption peak appeared at 655 nm. Afterwards, 2 mL of the coloring solution (5 wt% 

C7H6O3, 5 wt% C6H5Na3O7·2H2O and 1 M NaOH), 1 mL of the oxidizing solution (NaClO (ρ = 4–

4.9)) and 0.2 mL of the catalyst solution (1 wt% C5FeN6Na2O·2H2O) were added to 2 mL of the 

standard or diluted sample solutions in sequence. The mixtures were then kept undisturbed at room 

temperature for 2 h. UV-vis absorption spectra were recorded on a UV3900 spectrophotometer 

(Shimadzu) in the wavelength range from 500 to 800 nm at a scan rate of 300 nm min−1. According 

to the standard curve and the measured absorbance, the concentration of ammonia produced from 

NO3RR could be finally obtained.

1H NMR spectra. A series of standard solutions of NH4Cl (100, 200, 300, 400, 500 ppm) in the 

pristine blank electrolyte were prepared to establish the standard curve. The pH value of the standard 

solutions of NH4Cl and the cathodic electrolyte were adjusted to 3.0 by the addition of 0.5 M H2SO4. 

The test solutions comprised of 0.5 mL of the above NH4Cl solutions or cathodic electrolytes, 0.1 

mL of DMSO (0.01 vol%) and 0.1 mL of D2O aqueous solution. Then, 1H NMR spectra were 

acquired on a nuclear magnetic resonance spectrometer (AVANCE III HD 400 MHz, Bruker) after 

scanning 400 times in water suppression mode. Based on the standard curve and the measured peak 

area, the concentration of ammonia produced from NO3RR could be obtained. To identify the origin 

of nitrogen in ammonia produced, isotope labelling experiments were carried out using K15NO3 to 

replace KNO3 in the electrochemical tests and the corresponding products were analyzed using 1H-

NMR spectra in a similar way. 



Determination of NO2
- and NO3

-

Ion chromatography (IC). Both the pristine blank electrolyte and the cathodic electrolytes were 

diluted 500 folds using deionized water. Standard solutions of NO2
− (0.2, 0.4, 0.6, 0.8, 1.0 ppm) and 

NO3
− (3, 6, 9, 12, 15 ppm) in diluted blank electrolyte were prepared to build the standard curves. 

The pH values of the standard solutions, diluted blank electrolyte and diluted cathodic electrolytes 

were adjusted to 7.0 using 0.5 M HCl. The concentrations of anions were measured using an anionic 

column (Metrosep A Supp 5-150/0.4) at room temperature with an eluent flow rate of 0.1 mL min−1. 

The anionic eluent contained 3.2 mM Na2CO3 and 1.0 mM NaHCO3. Termination of the retention 

time was set to 11 min and peaks assigned to NO2
− and NO3

− occurred at 6.35 and 9.5 min, 

respectively. According to the calibration curve and the measured peak areas, the concentrations of 

generated NO2
− and remaining NO3

− could be obtained.

Determination of N2H4

Watt-Chrisp method. Both the pristine blank electrolyte and the cathodic electrolyte were diluted 

300 folds using deionized water. Standard solutions of N2H4 in the diluted blank electrolyte (0.2, 

0.4, 0.6, 0.8, 1.0 ppm) were prepared to build the calibration curve. The color reagent was a mixture 

containing 0.5 g of p-dimethylaminobenzaldehyde, 25 mL of ethanol and 2.5 mL of concentrated 

HCl. Then, 0.1 mL of concentrated HCl solution was added to 4 mL of N2H4 standard solutions or 

diluted electrolytes to adjust the pH values of the solutions to the acidic range, followed by the 

addition of 0.5 mL of color reagent. The resulting solutions were then allowed to stand for 5 min. 

Subsequently, UV-vis absorption spectra were measured in the wavelength range of 400-500 nm at 

a scan rate of 300 nm min−1. The maximum absorbance ought to occur at about 455 nm. According 

to the calibration curve and the measured absorbance, the concentration of N2H4 could be 

determined.

The equations involved in this work are listed as follows:

εd = d (ε)εdε/ d (ε)dε (1), where εd is the d-band center, ε is the energy relative to the fermi 
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level and nd (ε) is the phtotoelectron intensity after the subtraction of the shirley-type background. 

The upper level of the integration was fixed at 8.0 eV for accurate comparison.



E (vs. RHE) = E (vs. Hg/HgO) + 0.059 × pH + 0.098 (2), where E (vs. RHE) and E (vs. Hg/HgO) 

are the applied potentials relative to the reversible hydrogen electrode and to the Hg/HgO electrode, 

respectively.

YNH3=C(NH3)×V/(t×mcat.) (3), FENH3=8F×C(NH3)×V/(17Q)×100% (4), and JNH3 = (I×FENH3)/A 

(5), where YNH3, FENH3 and JNH3 are the yield, faradaic efficiency and partial current density of NH3, 

respectively; C(NH3) is the molar concentration of measured NH3, V is the volume of the electrolyte, 

t is the electrolysis time, mcat. is the mass of the loaded catalyst, F is the Faraday constant (96485 C 

mol-1) and Q is the total charge passing through the electrode (Q =  dt, j is the geometric current 
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density), I is the current during the constant potential electrolysis, A is the surface area of the 

cathode.

Selec. = C(NH3)/ΔC(NO3
-) × 100% (6), where Selec. is the selectivity of NH3, C0 is the initial 

concentration of NO3
- in the electrolyte and ΔC(NO3

-) is the concentration difference of NO3
- before 

and after electrolysis.

EENH3 = (1.23- )FENH3/(1.23-E) (7), where EENH3 is the energy efficiency for nitrate 𝐸 0
𝑁𝐻3

electroreduction to ammonia,  is the equilibrium potential of nitrate electroreduction to 𝐸 0
𝑁𝐻3

ammonia (0.69 V), FENH3 is the faradaic efficiency for ammonia, 1.23 V is the equilibrium potential 

of water oxidation and E is the applied potential vs. RHE.

YNO2
- = C(NO2

-)×V/(t×mcat.) (8), FENO2
- = 2F×C(NO2

-)×V/(46Q)×100% (9), where YNO2
- and FENO2

- 

are the yield and faradaic efficiency of NO2
-, respectively; C(NO2

-) is the molar concentration of 

measured NO2
-, V is the volume of the electrolyte, t is the electrolysis time, mcat. is the mass of the 

loaded catalyst, F is the Faraday constant (96485 C mol-1) and Q is the total charge passing through 

the electrode (Q = dt, j is the geometric current density).
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YN2H4 = C(N2H4)×V/(t×mcat.) (10), FEN2H4 = 7F × C(N2H4) × V/(32Q) ×100% (11), where YN2H4 and 

FEN2H4 are the yield and faradaic efficiency of N2H4, respectively; C(NO2
-) is the molar 

concentration of measured NO2
-, V is the volume of the electrolyte, t is the electrolysis time, mcat. 



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

passing through the electrode (Q = dt, j is the geometric current density).
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E = a + blog(│JNH3│) (12), where E is the applied potential vs. RHE, JNH3 is the partial current 

density of NH3, a is a constant and b is the Tafel slope.

ln(C0/Ct) = kapt (13), where kap is the apparent rate constant, C0 and Ct are the concentrations of 

NO3
- in the electrolytes at the beginning and at reaction time t, respectively.

1/r0 = 1/(kKadsC0) + 1/k (14), where Kads is the equilibrium adsorption constants for NO3
-, r0 is the 

initial reduction rate of NO3
- (r0 = kapC0), k is the rate constant for the adsorbed NO3

-, C0 is the initial 

concentration of NO3
-.

ΔGads = -RTlnKads (15), whereΔGads is the adsorption free energy of NO3
-, R is the gas constant, T 

is the reaction temperature and Kads is the equilibrium adsorption constants for nitrate ions.

ik = Ae(-Ea/RT) (16), where Ea is the apparent activation energy, ik is the kinetic current at -0.5 V, A 

is the pre-exponential factor, T is the reaction temperature and R is the universal gas constant.

jp = (-2.99×105)nα1/2CD1/2v1/2 (17), where n is the charge transfer number, jp is the peak current 

density(A cm-2), α is transfer coefficient (0.5), C is the nitrate concentration in electrolytes (7.5×10-5 

mol cm-3), D is the diffusion coefficient of nitrate ions (2.0×10-5 cm2 s-1) and v is the scan rate (V 

s-1).



Figure S1. SEM images (a-e) and XRD patterns (f) for the samples of Cu0.5 (a), Cu0.4Ni0.1 (b), 
Cu0.25Ni0.25 (c), Cu0.1Ni0.4 (d), and Ni0.5 (e).

Table S1. Molar ratios of Cu/Ni in the bimetal catalysts obtained from the ICP-MS tests.

sample Cu0.1Ni0.4 Cu0.25Ni0.25 Cu0.4Ni0.1

molar ratio of Cu/Ni 1/3.35 1/0.9 5.37/1



Figure S2. Photograph of the setup for NO3RR.

Figure S3. UV-vis absorption spectra of the standard NH4Cl solutions stained with the indophenol 



blue coloring agent (a) and the corresponding standard curve (b). 

Figure S4. Chronoamperometric responses (a-c) and the corresponding UV-vis absorption spectra 
of the catholytes after electrolysis at different potentials stained with the indophenol blue (b-f) for 
the samples of Cu0.25Ni0.25 (a, c), Cu0.5 (b, d) and Ni0.5 (c, f).



Figure S5. The yield and FE of the possible by-product of NO2
- after electrolysis in 1 M KOH 

solutions containing 75 Mm KNO3 at different potentials with Cu0.25Ni0.25 as the catalyst.

Figure S6. Determination of the possible by-product of N2H4 according to the Watt-Chrisp method. 
UV-vis absorption spectra of the standard solutions of N2H4 (a), the corresponding standard curve 
(b) and the UV-vis absorption spectra of the catholyte after electrolysis at different potentials with 
Cu0.25Ni0.25 as the catalyst (c). 



Figure S7. The concentration of NO3
-, NO2

- and NH4
+ as a function of reaction time with Cu0.25Ni0.25 

as the catalyst.

Figure S8. N2 adsorption-desorption isotherms (a) and the corresponding pore size distributions (b) 
for the samples of Cu0.25Ni0.25, Cu0.5 and Ni0.5.



Figure S9. CV curves obtained at different scan rates in the non-faradaic potential ranges for the 
samples ofCu0.5 (a), Ni0.5 (b) and Cu0.25Ni0.25 (c) and the corresponding double layer capacitances 
(Cdl) (d).



Figure S10. Linear fitting plots of lnC0/Ct against the reaction time t according to the pseudo first 
order kinetic equation for Cu0.5 with different initial nitrate concentrations in the electrolytes. (a) 20 
mM, (b) 40 mM, (c) 60 mM, (d) 75 mM, (e) 100 mM.



Figure S11. Linear fitting plots of lnC0/Ct against the reaction time t according to the pseudo first 
order kinetic equation for Cu0.25Ni0.25 with different initial nitrate concentrations in the electrolytes. 
(a) 20 mM, (b) 40 mM, (c) 60 mM, (d) 75 mM, (e) 100 mM.



Figure S12. Linear fitting plots of lnC0/Ct against the reaction time t according to the pseudo first 
order kinetic equation for Ni0.5 with different initial nitrate concentrations in the electrolytes. (a) 20 
mM, (b) 40 mM, (c) 60 mM, (d) 75 mM, (e) 100 mM.



Table S2. Binding energies of different components in Cu 2p and Ni 2p XPS for the samples of 
Cu0.5, Ni0.5 and Cu0.25Ni0.25.

Cu 2p
Cu 2p 3/2 Cu 2p 1/2Sample

Cu0/Cu+ (eV) Cu2+ (eV) Cu0/Cu+ (eV) Cu2+ (eV)
Sat. (eV)

Cu0.5 932.48 952.32 934.52 954.31 941.66/943.83/962.5
Cu0.25Ni0.25 932.33 952.29 933.86 953.82

Ni 2p
Ni 2p 3/2 Ni 2p 1/2Sample

Ni0 (eV) Ni2+ (eV) Ni0 (eV) Ni2+ (eV)
Sat. (eV)

Ni0.5 852.21 855.26 869.44 872.93 860.73/879.61
Cu0.25Ni0.25 852.66 855.66 869.97 873.45 861.02/879.17

Table S3. Performance comparison with reported Cu or Ni-based catalysts for nitrate 
electroreduction to ammonia

Catalyst Potential FE
(%)

Selectivity
(%)

Yield
(mmol h-1 cm-2)

Ref.

Cu0.25Ni0.25 -0.30 a 94.5 65.0 0.5496 This wok
Cu/Rgo/GP -1.40 b 96.8 19.4 0.0145 [1]
CF@Cu2O -0.60 a 94.2 - 0.4418 [2]
pCuO-10 -0.50 a 89.0 - 0.2000 [3]
Cu-NBs-110 -0.15 a 95.0 95.3 1.3000 [4]
Cu/Cu-Mn3O4 -1.30 a 92.4 87.6 0.2100 [5]
Cu/Cu2O NWs -0.85 a 95.8 81.2 0.2449 [6]
Cu-N-C-800 -1.30 b - 80.5 0.0003 [7]
Cu49Fe1 -0.70 a 94.5 86.8 0.2300 [8]
Pd0.4Cu0.6 -0.30 a - 49.0 0.0002 [9]
Cu-Bi -1.60 b - 19.0 0.0053 [10]
Bi2O3/CC -10.0 c 47.8 80.3 0.0027 [11]
TiO2-X -1.60 b 85.0 87.1 0.0225 [12]
Co/CoO NAs -1.30 b 93.8 91.2 0.1940 [13]
nZVI@OMC-400 -1.30 b 60.1 39.5 0.0010 [14]
Fe SAC -0.66 a 75.0 69.0 0.4600 [15]
Fe/Cu Composite 25.0 c - 70.0 0.0600 [16]
Co3O4 -0.65 a 1.23 33.6 0.8540 [17]
FeNC/MC -1.30 b - 19.0 0.0005 [18]
Sn0.8Pd0.2/SS -40.0 c - 14.0 0.0013 [19]
Co3O4-TiO2/Ti -10.0 c - 24.0 0.0008 [20]
Ni-NSA-VNi -1.20 b 88.9 77.2 0.2360 [21]
Cu -0.376 a - 85 0.2714 [22]
Pd-Cu/γAl2O3 -0.844 a - 19.6 0.0091 [23]
Pd/TiO2 -0.70 a 92.05 - 0.0659 [24]
Ru-ST-12 -0.20 a 100 99.0 1.1700 [25]
Ni-Fe0@ Fe3O4 5.0 c - 10.4 0.0009 [26]

a The potentials were relative to the reversible hydrogen electrode (RHE).
b The potentials were relative to the saturated calomel electrode (SCE).



c The numbers were current densities (mA cm-2) at which the constant current electrolysis were 
performed and the performances were assessed.
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