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Supplementary Figure 1. X-ray photoelectron spectrum (XPS) investigations on the NiCoP@CC catalysts. (a) Survey spectrum. (b) High resolution XPS spectrum in Ni 2p region. (c) High resolution XPS spectrum in Co 2p region. (d) High resolution XPS spectrum in P 2p region.
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Supplementary Figure 2. Scanning electron microscope (SEM) images of the (a) Ni2P@CC, (b) Ni1.5Co0.5P@CC, (c) Ni1.33Co0.67P@CC  and (d) NiCoP@CC catalysts.
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Supplementary Figure 3. High resolution XPS spectra for the Ni2P@CC catalysts in (a) Ni 2p, (b) Co 2p and (c) P 2p region. High resolution XPS spectra for the Ni1.5Co0.5P@CC catalysts in (d) Ni 2p, (e) Co 2p and (f) P 2p region. High resolution XPS spectra for the Ni1.33Co0.67P@CC catalysts in (g) Ni 2p, (h) Co 2p and (i) P 2p region.
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Supplementary Figure 4. X-ray diffraction patterns of the Ni2P@CC, Ni1.5Co0.5P@CC and Ni1.33Co0.67P@CC catalysts.
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Supplementary Figure 5. Photograph of the H-type cell using a standard three-electrode system.
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Supplementary Figure 6. Linear sweep voltammetry curves for the Ni2P@CC, Ni1.5Co0.5P@CC, Ni1.33Co0.67P@CC and NiCoP@CC catalysts in 1.0 M KOH electrolyte without and with 0.5 M NO3−.
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Supplementary Figure 7. FE distributions of the products and corresponding ramm for the Ni2P@CC catalysts at different potentials under the electrolyte (1.0 M KOH solution containing 1.0 M NO3−).
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Supplementary Figure 8. (a) The 1.0 h electrosynthesis of NH3 over NiCoP@CC catalysts (0.6 mg) at −0.3V vs. RHE measured by 1H nuclear magnetic resonance (NMR) spectroscopy. Almost the same 1H NMR signals of the product from NO3− electroreduction and NH4Cl standard (3.12 mmol) confirmed the NH3 production rate of ~88.4 g gcat−1 h−1 over NiCoP@CC catalysts. (b) 1H NMR spectra of the electrolyte after NH3 electrosynthesis over NiCoP@CC at −0.30 V vs. RHE using 15NO3− and 14NO3− as the nitrogen source. The product from 14NO3− electroreduction is 14NH4+ while the product from 15NO3− electroreduction is 15NH4+, suggesting the NO3−-to-NH3 conversion.
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Supplementary Figure 9. (a) SEM image for the spent NiCoP@CC catalysts. (b) High-resolution TEM image for the spent NiCoP@CC catalysts. High-resolution XPS spectra in (c) Ni 2p and (d) Co 2p region for the fresh and spent NiCoP@CC catalysts. 
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Supplementary Figure 10. Nyquist plots for (a) Ni2P@CC and (b) NiCoP@CC catalysts at various potentials. Zoom-in parts were correspondingly presented as inset. The scattered symbols represent the experimental results, and the solid lines are simulated fitting results. The inset also shows the equivalent circuit for the simulation. The fitted parameters are summarized in Supplementary Table 4.
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Supplementary Figure 11. Infrared frequency calculations for various H* vibration on (a) Ni2P(001) and (b) NiCoP(001) surfaces.
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Supplementary Figure 12. In situ differential electrochemical mass spectra (DEMS) during NH3 electrosynthesis over (a) Ni2P@CC and (b) NiCoP@CC catalysts.
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Supplementary Figure 13. Optimized structures of the reaction intermediates on (a) clean Ni2P (001), (b) clean NiCoP (001) and (c) H-poisoned NiCoP surfaces.
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Supplementary Figure 14. Calculated transition state (TS) energy barrier of competitive hydrogen evolution reaction on H*-poisoned NiCoP(001) surface.
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Supplementary Figure 15. Polarization curves presenting oxygen evolution reaction activity for NiCoP@CC catalysts.
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Supplementary Figure 16. Photograph of continuous NH3 electrosynthesis using two-electrode flow cell and its application in the removal of CH2O from industrial exhaust gases.
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Supplementary Figure 17. 1H NMR spectra of the CH2O-containing waste gas before and after NH3 adsorption treatment.
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Supplementary Figure 18. The determination of catalyst loading through (a-b) high precision electronic balances and (c) inductively coupled plasma mass spectrometry.
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Supplementary Figure 19. The cyclic voltammetry result of RHE calibration in 1.0 M KOH, E(RHE) = E(Hg/HgO) + 0.922 V.
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Supplementary Figure 20. UV-vis calibration curves of NO3− using potassium nitrate solutions of known concentration as the standard solutions. (a) UV-vis curves and (b) calibration curve for different NO3− concentrations. 
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Supplementary Figure 21. UV-vis calibration curves of ammonia using ammonium chloride solutions of known concentration as the standard solutions. (a) UV-vis curves of indophenol assays with NH4+ and (b) calibration curve at 654 nm for different NH4+ concentrations. 
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Supplementary Figure 22. Top and side views of clean (a) Ni2P(001) and (b) NiCoP(001) surfaces.
Supplementary Table 1. Comparison of the NH3 electrosynthesis performance and energy consumption of NiCoP@CC catalysts with those of the state-of-the-art Cu-based catalysts.
	Catalyst
	Operation 

condition
	 ramm 

[g gcat-1 h-1]
	FEamm 

[%]
	Energy consumption
[kWh kgamm−1]a
	Ref.

	NiCoP@CC
	Three-electrode system 

at cathode potential of −0.3 V vs. RHE

Two-electrode system

at cell voltage of 1.5 V
	88.4

60.0
	~100.0

~100.0
	22.7

18.9
	This

Work

	Cu50Co50
	Three-electrode system 

at cathode potential of −0.2 V vs. RHE
	16.3
	100.0
	21.4
	Ref. 1

	Cu–N-C
	Three-electrode system 

at cathode potential of −1.0 V vs. RHE
	3.4
	84.7
	31.5
	Ref. 2

	Fe/Cu
	Three-electrode system 

at cathode potential of −0.5 V vs. RHE
	76.5
	92.5
	25.2
	Ref. 3

	Ru-dispersed Cu
	Three-electrode system 

at cathode potential of −0.14 V vs. RHE
	153.1
	93.0
	20.7
	Ref. 4

	Cu@C
	Three-electrode system 

at cathode potential of −0.9 V vs. RHE
	0.5
	72.0
	30.3
	Ref. 5

	Ru1Cu10/rGO
	Three-electrode system 

at cathode potential of −0.35 V vs. RHE
	6.5
	98.0
	23.3
	Ref. 6

	Cu SAG
	Three-electrode system 

at cathode potential of −0.8 V vs. RHE
	0.001
	90.0
	29.0
	Ref. 7

	Rh@Cu
	Three-electrode system 

at cathode potential of −0.3 V vs. RHE
	42.2
	82.0
	22.7
	Ref. 8

	CoO/Cu
	Three-electrode system 

at cathode potential of −0.4 V vs. RHE
	0.04
	97.7
	24.0
	Ref. 9

	Au/Cu SAAs
	Three-electrode system 

at cathode potential of −0.8 V vs. RHE
	0.7
	98.7
	29.0
	Ref. 10

	Cu-SAC
	Three-electrode system 

at cathode potential of −1.6 V vs. RHE
	118.3
	88.0
	39.1
	Ref. 11

	Cu/Pd/CuOx
	Three-electrode system 

at cathode potential of −0.64 V vs. RHE
	1.5
	84.0
	27.0
	Ref. 12

	Pd-Cu2O
	Three-electrode system 

at cathode potential of −0.64 V vs. RHE
	0.9
	96.6
	27.0
	Ref. 13

	Cu single atoms
	Three-electrode system 

at cathode potential of −1.0 V vs. RHE
	212.5
	84.7
	31.5
	Ref. 14

	Cu2O/Co3O4
	Three-electrode system 

at cathode potential of −1.0 V vs. RHE
	25.4
	85.4
	22.7
	Ref. 15

	Co3CuN
	Three-electrode system 

at cathode potential of −0.9 V vs. RHE
	11.5
	97.0
	30.3
	Ref. 16

	Pd-Cu2O CEO
	Three-electrode system 

at cathode potential of −0.6 V vs. RHE
	0.93
	96.5
	26.5
	Ref. 17

	CuNi alloys
	Three-electrode system 

at cathode potential of −0.48 V vs. RHE
	18.9
	97.3
	25.0
	Ref. 18

	Cu-N3 SACs/NCNT
	Three-electrode system 

at cathode potential of −1.0 V vs. RHE
	30.1
	89.6
	31.5
	Ref. 19

	Electron-deficient Cu
	Three-electrode system 

at cathode potential of −0.6 V vs. RHE
	1.9
	93.5
	26.5
	Ref. 20

	PdCuAg alloy
	Three-electrode system 

at cathode potential of −0.45 V vs. RHE
	17.7
	95.2
	24.6
	Ref. 21

	PdCuRu 
alloy
	Three-electrode system 

at cathode potential of −0.40 V vs. RHE
	8.5
	95.0
	24.0
	Ref. 22

	PR-CuNC
	Three-electrode system 

at cathode potential of −0.50 V vs. RHE
	7.8
	94.6
	25.2
	Ref. 23


a When using three-electrode system, the energy consumption estimation can be seen in Supplementary Note 1. 
Supplementary Table 2. Comparison of the NH3 electrosynthesis performance and energy consumption of NiCoP@CC catalysts with those of non-Cu catalysts.
	Catalyst
	Operation 

condition
	 ramm 

[g gcat-1 h-1]
	FEamm 

[%]
	Energy consumption
[kWh kgamm−1]a
	Ref.

	NiCoP@CC
	Three-electrode system 

at cathode potential of −0.3 V vs. RHE

Two-electrode system

at cell voltage of 1.5 V
	88.4

60.0
	~100.0

~100.0
	22.7

18.9
	This

Work

	CoP-CNS
	Three-electrode system 

at cathode potential of −0.33 V vs. RHE
	18.2
	90.0
	24.0
	Ref. 24

	Fe/Ni2P
	Three-electrode system 

at cathode potential of −0.4 V vs. RHE
	3.1
	98.2
	24.0
	Ref. 25

	CoP NAs/CFC
	Three-electrode system 

at cathode potential of −0.4 V vs. RHE
	13.9
	98.5
	24.0
	Ref. 26

	0.6W-O-CoP@NF
	Three-electrode system 

at cathode potential of −0.45 V vs. RHE
	81.0
	95.2
	25.2
	Ref. 27

	Ruthenium Nanoclusters
	Three-electrode system 

at cathode potential of −0.3 V vs. RHE
	107.5
	100.0
	22.7
	Ref. 28

	RuxCoy
	Three-electrode system 

at cathode potential of −0.6 V vs. RHE
	56.2
	98.0
	26.5
	Ref. 29

	FeB2
	Three-electrode system 

at cathode potential of −0.6 V vs. RHE
	51.5
	96.8
	26.5
	Ref. 30

	Fe-N/P-C
	Three-electrode system 

at cathode potential of −0.4 V vs. RHE
	18.2
	90.3
	24.0
	Ref. 31

	Fe3C species
	Three-electrode system 

at cathode potential of −0.6 V vs. RHE
	8.8
	97.3
	26.5
	Ref. 32

	Fe@N10-C
	Three-electrode system 

at cathode potential of −0.95 V vs. RHE
	0.7
	61.0
	30.9
	Ref. 33

	Fe SAC
	Three-electrode system 

at cathode potential of −0.66 V vs. RHE
	19.6
	75.0
	27.2
	Ref. 34

	Fe-CNS
	Three-electrode system 

at cathode potential of −0.66 V vs. RHE
	5.2
	100
	27.2
	Ref. 35

	Meso-Fe–N–C
	Three-electrode system 

at cathode potential of −0.7 V vs. RHE
	2.2
	85.0
	27.7
	Ref. 36

	AgN2O2
	Three-electrode system 

at cathode potential of −0.5 V vs. RHE
	22.6
	97.9
	25.2
	Ref. 37

	BP/Nb2C
	Three-electrode system 

at cathode potential of −0.5 V vs. RHE
	3.9
	90.4
	25.2
	Ref. 38

	meso-PdN NCs
	Three-electrode system 

at cathode potential of −0.7 V vs. RHE
	3.8
	96.1
	27.7
	Ref. 39

	ISAA In–Pd
	Three-electrode system 

at cathode potential of −0.6 V vs. RHE
	28.1
	97.2
	26.5
	Ref. 40

	Pt-Ce pairs
	Three-electrode system 

at cathode potential of −0.5 V vs. RHE
	2.6
	94.0
	25.2
	Ref. 41


a When using three-electrode system, the energy consumption estimation can be seen in Supplementary Note 1.
Supplementary Table 3. ICP-MS analysis of series of Ni2-xCoxP@CC catalysts.
	Sample
	Sample mass [mg]
	Ni loading 
[wt.%]
	Co loading [wt.%]
	Molar ratio of Ni : Co

	Ni2P@CC
	12.4
	3.2 
	− 
	− 

	Ni1.5Co0.5P@CC
	12.4 
	2.4
	0.8 
	3 : 1 

	Ni1.33Co0.67P@CC
	12.5 
	2.1 
	1.1 
	1.92 : 1

	NiCoP
	12.4
	1.6 
	1.6
	1 : 1


Supplementary Table 4. The fitted parameters of the EIS data of Ni2P@CC and NiCoP@CC for NH3 electrosynthesis.
	Catalysts
	η[mV]
	Rs[Ω]
	T[F sn-1]
	R1[Ω]
	n1
	R2[Ω]
	Cφ [F]

	Ni2P@CC
	0
	4.56
	0.0021
	19.1
	0.91
	20684
	0.0004

	
	-30
	4.66
	0.0029
	19.0
	0.88
	14791
	0.0008

	
	-60
	4.61
	0.0023
	18.9
	0.86
	10471
	0.001

	
	-90
	4.63
	0.0032
	18.8
	0.90
	6166
	0.0015

	
	-120
	4.67
	0.0025
	18.4
	0.88
	3019
	0.002

	
	-150
	4.52
	0.0034
	17.8
	0.86
	1698
	0.003

	
	-180
	4.63
	0.0032
	16.7
	0.85
	1148
	0.004

	
	-210
	4.69
	0.0024
	15.7
	0.87
	537
	0.0066

	
	-240
	4.62
	0.0032
	14.8
	0.88
	269
	0.0070

	
	-270
	5.17
	0.0021
	14.6
	0.91
	151
	0.0072

	
	-300
	4.88
	0.0035
	14.6
	0.86
	98
	0.0081

	
	-330
	4.69
	0.0036
	14.3
	0.83
	62
	0.0091

	
	-360
	4.61
	0.0028
	14.0
	0.85
	−
	−

	NiCoP@CC
	0
	4.53
	0.0026
	20.0
	0.91
	5988
	0.0005

	
	-30
	4.64
	0.0025
	19.9
	0.90
	2951
	0.0046

	
	-60
	4.65
	0.0028
	18.9
	0.86
	1412
	0.021

	
	-90
	4.64
	0.0024
	18.8
	0.89
	501
	0.035

	
	-120
	4.66
	0.0027
	18.4
	0.88
	191
	0.038

	
	-150
	4.58
	0.0023
	17.8
	0.83
	139
	0.039

	
	-180
	4.61
	0.0029
	17.7
	0.90
	107
	0.039

	
	-210
	4.63
	0.0024
	17.1
	0.87
	62
	0.041

	
	-240
	4.64
	0.0022
	16.8
	0.88
	40
	0.039

	
	-270
	4.52
	0.0023
	16.0
	0.85
	16
	0.041

	
	-300
	4.65
	0.0028
	15.6
	0.86
	9
	0.042

	
	-330
	4.66
	0.0023
	14.9
	0.88
	5
	0.042

	
	-360
	4.64
	0.0025
	14.8
	0.87
	−
	−


Supplementary Note 1: Energy consumption estimation

The energy consumption for NH3 electrosynthesis can be estimated through the following equations:
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where Q represents the total charge (C) passed through the electrode; E represents the cell voltage (V); n represents the number of electrons involved into the NO3−-to-NH3 conversion; N is the total amount of generated NH3 (mol); F is the Faraday constant (F = 96485 C mol−1), and FE represents Faraday efficiency for NH3 production.
     Taking NiCoP@CC as an example, it can afford efficient NH3 electrosynthesis with a FE of ~100 % at a cathode potential of −0.3 V vs. RHE. By assuming a potential of 1.5 V vs. RHE for the corresponding anodic water oxidation reaction,42 E is calculated to be 1.8 V. Therefore, to yield 1 kg NH3, the energy consumption is estimated to be 22.7 kW h.
Supplementary Note 2: Techno-economic analysis

A membrane-electrode assembly (MEA) flow reactor system using NiCoP@CC as both the cathodic and anodic electrode was assembled to simulate the actual production (Figure 6a), which delivered a current density over 445 mA cm−2 with a NH3 FE of about 100 % at 1.5 V.
The techno-economic analysis was carried out using previously proposed model to calculate the total plant gate levelized cost of production with units of US$ per ton of NH3.24
The total cost is separated into 7 components, namely the capital cost, electricity cost, maintenance cost, product separation cost, installation cost, balance of plant cost and other operational costs. The input chemical cost can be ignored because the NO3−-containing wastewater can be directly used as reactant.
Capital cost is assumed to consist of the electrolyzer and catalyst cost. The price of electrolyzer is assumed to be 10000 $ m−2, and the catalyst cost is assumed to be 5% of the electrolyzer cost. A plant is assumed to produce 1 ton of NH3 per day and the plant lifetime is assumed to be 30 years. Capacity factor is the fraction of time the plant is expected to be operational on any given day and this is assumed to be 0.8. This means the plant will be operational 19.2 hours a day. The FE is assumed to be 100 % under the current density (i) of 445 mA cm−2 at 1.5 V. The charge required to produce per ton NH3:
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where N is 8 electrons are required to convert one NO3− molecule to NH3, n is the total amount (in units of moles) of NH3, F is the Faraday constant (F = 96485 C mol−1), FE is the Faradaic efficiency.
The current required to sustain the process:
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Electrolyzer cost = Area of electrolyzer × Price of electrolyzer = I/i × 10000 = 1.85 × 106 $
Capital cost = (Electrolyzer cost + Catalyst cost)/plant lifetime 

= (1.85 × 106 × 1.05)/(30 × 365) = 176.9 $ day−1
The maintenance cost and other operational costs are assumed to be 10% of the capital cost, respectively. The balance of plant costs is assumed to be 35% of the capital cost. The installation costs are assumed to be 20% of the capital cost.
Maintenance costs = 176.9 × 0.1 = 17.7 $ tamm−1
Other operational costs = 176.9 × 0.1 = 17.7 $ tamm−1
Installation costs = 176.9 × 0.2 = 35.4 $ tamm−1
Balance of plant costs = 176.9 × 0.35 = 61.9 $ $ tamm−1
The energy consumption required to sustain the process:
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where E is cell voltage of 1.5 V.

The electricity cost = Energy consumption × Electricty price, while the product separation cost is assumed to be 10% of the electricity cost.
Where electricity price is 3 cents kWh−1 (current level):
Electricity cost = Energy consumption × 0.05 = 1.89 × 104 × 0.03 = 567 $ tamm−1
Product separation costs = 567 × 0.1 = 56.7 $ tamm−1
Thus, the total cost = 176.9 + 17.7 + 17.7 + 35.4 + 61.9 + 567 + 56.7 = 933.3 $ tamm−1
When electricity price is reduced to 1 cents kWh−1:
Electricity cost = Energy consumption × 0.05 = 1.89 × 104 × 0.03 = 189 $ tamm−1
Product separation costs = 189 × 0.1 = 18.9 $ tamm−1
Thus, the total cost = 176.9 + 17.7 + 17.7 + 35.4 + 61.9 + 189 + 18.9 = 517.5 $ tamm−1
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