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Supplementary Figures
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Supplementary Fig. 1 | Optical photograph of the electrode. Optical photograph of
self-supported CoP-CNS with large area of about 160 cm™2.

Supplementary Fig. 2 | Characterizations of different catalysts. SEM images of a,
Co-CNS, b, CoP-CNS and ¢, CNS.
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of a, CoP-CNS and b, Co-CNS.



Supplementary Fig. 4 | Characterizations of Co-CNS. a, HRTEM and b,

corresponding EDX mapping images of Co-CNS.

Supplementary Fig. 5 | Characterlzatlons of CNS. a, HRTEM and corresponding b,

EDX mapping images of CNS.
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Supplementary Fig. 6 | Characterizations of control samples. XRD pattern of CoP

and Co, respectively.
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Supplementary Fig. 7 | Characterizations of different catalysts. Ex-situ Raman

spectra of Co-CNS, CoP-CNS and CNS.

1)

s

>

el

[}

X

© |

e '

£ : —— CNS-CoP
: ——CNS-Co
| CNS
: o Co foil

7,700 7,725 7.750 7775 7.800

Energy (eV)

Supplementary Fig. 8 | Characterizations of different catalysts. XANES spectra at
the Co K-edge of Co foil, CoP-CNS, Co-CNS and CNS, respectively.
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Supplementary Fig. 9 | Characterizations of different catalysts. The full XPS
spectrum of CoP-CNS, Co-CNS and CNS, respectively.
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Supplementary Fig. 10 | Characterizations of different catalysts. High-resolution
XPS spectra of Co 2p32 in a, Co-CNS and b, CNS, respectively. High-resolution XPS
spectra of ¢, N /s and d, C /s of CoP-CNS, Co-CNS and CNS.
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Supplementary Fig. 11 | Characterization of CoP-CNS. High-resolution XPS

spectra of P 2p in CoP-CNS.
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Supplementary Fig. 12 | Calibration curves. UV-vis calibration curves of a,

ammonia (NH3) and b, nitrite (NO2"), respectively.
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Supplementary Fig. 13 | Electrochemical performances. LSV curves of a,

CoP-CNS, b, Co-CNS and ¢, CNS in 0.1 M OH™ with and without 10 mM NOs".
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Supplementary Fig. 14 | Electrochemical performances. a, NHs FEs and b,
corresponding yield rates of CoP-CNS, Co-CNS and CNS in 0.1 M OH™ with 10 mM
NOs™ from 0.07 to —0.43 V vs. RHE.
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Supplementary Fig. 15 | Electrochemical performances. LSV curves of CC

substrate in 0.1 M OH™ with and without 10 mM NOs".
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Supplementary Fig. 16 | Electrochemical performances. a, LSV curves, b, NH3
FEs and ¢, corresponding yield rates of CoP-CNS, Co-CNS and CNS in 1.0 M OH™
with 1.0 M NOs™ from 0.07 to —1.03 V vs. RHE.
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Supplementary Fig. 17 | Comparison of the ECSAs of different samples. CV of a,
CoP-CNS, b, Co-CNS and ¢, CNS over a potential window without Faradic current
densities at different scan rates. d, Curves of capacitance Aj as a function of different
scan rates. e, ECSAs of CoP-CNS, Co-CNS and CNS. f, LSV curves normalized by
ECSAin 1.0 M OH with 1.0 M NOs".

Supplementary Fig. 18 | Characterisation of CoP-CNS on Cu foam. SEM images

of CoP-CNS on Cu foam with a, low and b, high magnification.
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Supplementary Fig. 19 | Electrochemical performances. NHs partial current

densities of CoP-CNS on Cu foam under potential range from 0.07 to —1.03 V vs.

RHE estimated by three independent tests.

100 20
—O—FE "
i 3
804 I ANH, yield rate e 3
r;\ =5
= o
> <
O 60 F1.2 @
o &
& -
R4 QO
E L
40 ros 2
Q 3
S 3
s S
8 20 0.4 :—L
o
3
0- Loo 3

0.07 V —0.13 V—0.33 V=053 V-0.73 V-0.93 V
E (V vs. RHE)

Supplementary Fig. 20 | Electrochemical performances. NH3 FEs and

corresponding yield rates of Cu foam substrate from 0.07 to —0.93 V vs. RHE.
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Supplementary Fig. 21 | Electrochemical performances. Comparison of NH3 FEs

and yields of CoP-CNS before and after stability test.



Different from the 0.5 h electrolysis, the consumption of reactants caused by 3 h
continuous electrolysis cannot be ignored, which may slightly reduce the FE of
CoP-CNS. Therefore, 0.5 h chronoamperometric measurement were carried out
before and after the stability test for 3 times, respectively. It was found that the FE and

yield rate were almost unchanged, and were consistent with that in Fig. 2b.
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Supplementary Fig. 22 | Characterizations of the tested CoP-CNS. a, SEM, b,
corresponding EDX mapping, ¢, STEM images, and d, XRD pattern of CoP-CNS
after NITRR testing.
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Supplementary Fig. 23 | Characterizations of different catalysts. In situ Raman
spectra of a, CoP-CNS in 1.0 M OH", b, CoP-CNS in 1.0 M OH with 1.0 M NO3~
and ¢, Co-CNS in 1.0 M OH with 1.0 M NOs", respectively.

Before testing, no obvious peak is observed in the range from 400 to 800 cm™!. A
sharp peak corresponding to NO3~ appears at 1,050 cm™' when electrolyte is added.
The new characteristic peaks of Co(OH)2 and its oxidation products are only observed
in the dried sample, which proven that no phase transition in CNS-CoP occurres

during the testing.
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Supplementary Fig. 24 | Product analysis. a, 'H NMR calibration curve of NH3
using ammonium chloride solutions of known concentration as standards. b, 'H NMR
calibration curve of NO3~. ¢, 'H NMR spectra for the electrolytes after “NOs
reduction tests at —0.33 and —1.03 V. d, The FEs and yields of NH3 calculated by 'H
NMR and UV-vis at —0.33 and —1.03 V.
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Supplementary Fig. 25 | Product analysis. Product distribution of CoP-CNS at
various applied potentials in 1.0 M OH™ with 1.0 M NOs™.
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Supplementary Fig. 26 | Product analysis. In situ DEMS measurement of CoP-CNS
in 1.0 M OH with 1.0 M NOs".
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Supplementary Fig. 27 | Characterizations of CoP-CNS. Pictures of CoP-CNS in

1.0 M OH with 1.0 M NOs™ captured by in situ optical microscope.
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Supplementary Fig. 28 | Product analysis. cNO: in electrolytes after NITRR that
catalyzed by CoP-CNS, Co-CNS and CNS, respectively. The original electrolyte
containning a, 1.0 M OH™ with 1.0 M NOs™ or b, 0.1 M OH with 10 mM NOs,

respectively.
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Supplementary Fig. 29 | Product analysis.
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Supplementary Fig. 30 | Electrochemical performances. CV curves of CoP-CNS,

Co-CNS and CNS in 1.0 M OH".
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Supplementary Fig. 31 | Electrochemical performances. a, The pulse voltammetry

protocol and b, the corresponding current response. ¢, Charge versus potential from

pulse voltammetry.
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Supplementary Fig. 32 | Electrochemical performances. CV curves of CoP-CNS in

1 M OH™ with and without NO3™.
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Supplementary Fig. 33 | Characterizations of different catalysts. Pictures of

CoP-CNS in a, 0.1 M OH with 10 mM NOs3 and b, 1.0 M OH  with 10 mM NO3~

captured by in situ optical microscope.
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Supplementary Fig. 34 | In situ EIS. Nyquist plots of CoP-CNS, Co-CNS and CNS

for a-¢, NITRR and d-f, water splitting at different potentials.
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Supplementary Fig. 35 | In situ FTIR. In situ FTIR spectra of CoP-CNS under
different applied potentials in 1.0 M OH with 1.0 M NOs".
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Supplementary Fig. 36 | In situ FTIR. In situ FTIR spectra of CoP-CNS under —
0.43 V vs. RHE in 0.33 M OH™ with 10 mM NOs".
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Supplementary Fig. 37 | Electrochemical performances. The intermittent NITRR
electrochemical measurements for CoP-CNS at 0.17 V vs. RHE (0 to 30 s), open

circuit state (30 to 60 s) and 0.23 V vs. RHE (60 to 90 s).
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Supplementary Fig. 39 | Techno-economic analysis. a, Polarization curve and b,
technoeconomic analysis of NITRR//OER using CoP-CNS as cathode and anode.

A membrane-electrode assembly (MEA) flow reactor NITRR//OER system using
CoP-CNS as both the cathodic and anodic electrode was assembled to simulate the
actual production (Supplementary Fig. 39a), which delivered a current density over
150 mA cm 2 with a NHs FE of about 90% at 1.6 V.

The techno-economic analysis was carried out using a modified model to
calculate the total plant gate levelized cost of production with units of US$ per ton of
NHs via NITRR.

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
NOs™-containing wastewater can be directly used as reactant.

Capital cost is assumed to consist of the electrolyser 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 Faradaic efficiency is
assumed to be 90% under the current density (i) of 150 mA cm 2 at 1.6 V.

The charge required to produce per ton NHa:

_ n(NHz)xNxF _ 1 x10° g><8><96485L

mol = 5,04x10' C

0= FE 17 -8-x0.9
mol

Where N is 8 electrons are required to convert one NOs  molecule to NH3,
n(NH3) is the total amount (in units of moles) of NH3, F is the Faraday constant (F' =
96485 C mol ™), FE is the Faradaic efficiency.

The current required to sustain the process:

I = Qloperational time = 5.04x10'%/19.2x3600/0.8=9.11x10° A

Electrolyzer cost = Area of electrolyzer x Price of electrolyzer

= I/i x 10000 = 9.11x10%/0.15x10000 = 6.07x10°$
Capital cost = (Electrolyzer cost+Catalyst cost)/plant lifetime
= 6.07x10°%(1+0.05)/(30x365) = 582.05 $ day ' = 582.05 $ tnu3 '

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 is assumed to be 20% of the capital cost.

Maintenance costs = 582.05x0.1 = 58.20 $ tnu3 '
Other operational costs = 582.05x0.1 = 58.20 $ tnu3 ™'
Installation costs =582.05x0.2 = 116.41 $ t N3 ™!
Balance of plant costs = 582.05x0.35 = 203.72 $ txu3 ™!

The power required to sustain the process:



P=0xE/3600=5.04x10'" x1/3600x1.6 /1000=2.24x10* k Wh
Where E is the cell voltage.
The electricity cost = P x electricty price, while the product separation cost is
assumed to be 10% of the electricity cost.
When electricty price is 5 cents kWh™! (current level):
Electricity cost = Px0.05 = 2.24x10%x0.05= 1120.00 $ t nu3 ™!
Product separation costs = 1120.00x0.1 = 112.00 $ tnms !
Thus the total cost for NITRR cell
= 582.05+58.20+58.20+116.41+203.72+1120.00+112.00 = 2250.58 $ t Nu3 ™!
When electricty price is reduced to 1 cents kWh™!:
Electricity cost = Px0.05 = 2.24x10*x0.01=224.00 $ txu3 !
Product separation costs = 224.00x0.1 = 22.40 $ tnu3 ™!
Thus the total cost for NITRR cell
= 582.05+58.20+58.20+116.41+203.72+224.00+22.40 = 1264.98 $ tnu3 ™!
The total revenues can be calculated based on the market price of products from
both anode (O2) and cathode (NH3). The mass of produced O:2 at anode estimated as
3.76 t tnus~ . The price of NHs is around 750.00 $ t!, and the price of O2 is about
100.00 $ ¢!
Thus the total revenue = revenue of NH3 + revenue of O2
= 1x750.00+3.76x100.00 = 1126.00 $
The total revenue is roughly similar to the total cost after the reduction of
electricity price, so it is expected to meet the economic benefits in the future to use

NITRR for NH3 production to provide absorbent.



Supplementary Tables

Supplementary Table 1. Comparing the NH3 production performance of CoP-CNS

with other reported NITRR electrocatalysts

Maximum NH3; yield rate FE at maximum
NO. Electrocatalyst Electrolyte (mmol h™ em™) NH; yield rate (%) Ref.
1 CNS-CoP 1MOH +1MNOs~ 3.093 90.5 This work
CNS-CoP on Cu foam 1MOH +1MNO;5~ 8.470 88.6 This work

2 Ru-ST-12 1 MKOH + 1 M KNO; 1.17 100 !
3 Cu/Cu,0 MWAs 0.5 M Na,SO4+ 200 ppm nitrate-N 0.2449 95.8 2

4 HSCu-AGB@C 500 ppm KNO; + 0.1 M PBS 0.98 94.2
500 ppm KNO; + 0.1 M PBS 0.1172 82.7 3

5 Fe SAC 0.5 M KNO;+ 0.1 M K,SO,4 0.46 74.9
0.1 MKNO;+ 1.0 M KOH — 86 4
6 Cu milled 6 h under air 0.1 M NaNO;+ 1 M NaOH 0.2811 97 s
7 Cu 0.1 M NaNO; + 1 M NaOH 0.0404 97 6
8 Cu-—Rh alloy 0.1 M NaNO; + 1 M NaOH 0.0065 70 7
9 CuyoNi3y porous 0.1 M NaNO; + 1 M NaOH 0.0077 97.2 8
10 Cu-incorporated PTCDA 500 ppm NO;™ + 0.1 M PBS 0.0256 77 ?
11 TiO».x 0.5 M Na,SO, + 50 ppm nitrate-N 0.045 85 10
12 Ti 0.3 M KNO; + 0.1 M HNO; S 82 1
13 Co/CoO NSAs 0.1 M Na,SO, + 200 ppm NO;~ 0.1945 93.8 12
14 Cu-Bi 0.1 M Na,SO,4+ 100 ppm NO5 0.0053 19 13
15 Cu/rGO/GP 0.02 M NaCl + 0.02 M NO;~ 0.0142 29.93 14
16 Cu nanosheets 0.1 MKOH + 10 mM KNO; 0.0230 99.7 13
17 Pd cuboctahedron/C 0.1 M NaOH + 20 mM NaNO; 0.00045 35 16
18 [Co(DIM)Br,]* 50 mM KBr + 0.1 M NaNO; — 97 17
19 Pd(111) 0.1 M Na,SO, + 0.1 M NO;~ 0.5485 79.91 18
20 Fluorine doped carbon 0.05 M H,SO, + 200 ppm KNO; e 20 19
21 20 wt % Au/C 0.5 M K,SO, + 1 mM KNOs 0.001584 26 2
22 CugoFe, 0.1 M K>SO, + 200 ppm KNO; 0.236 94.5 2
23 Copper electrode with fiber 1% Pd 600 mg L' NaNO; 0.038 38 2




24 Co03;04 Rods 0.05 M Na,SO, +200 mg L' NO;—N 0.0303 100 z
25 Ir NTs 0.1 M HCIO4 + 1 M NaNO; — 84.7 2
26 Ni,P/NF-EHP 0.5 g L' Na,SO, + 55 mg L' NO;~ 0.0938 64.2 (selectivity) 25
27 CuCoSP 0.1 M KNO; + 0.1 M KOH 1.17 93.3 2
Supplementary Table 2. Comparing the NH3 production performance of CoP-CNS
with reported NRR electrocatalysts
Maximum NHj3; yield rate FE at maximum
NO. Electrocatalyst Electrolyte Ref.
(mmol h™! cm™) NH; yield rate (%)
1 CNS-CoP 1MOH +1M NOs~ 3.093 90.5 This work
CNS-CoP on Cu foam 1M OH +1MNO;~ 8.470 88.6 This work

2 Mn-N-C SAC N,-saturated 0.1 M NaOH 0.00438 32.02 (MAX)

0.00536 (MAX) ~8 2
3 [Psss14]” Induced NRR 0.5 bar N, + 19.5 bar N, 0.19 69 28
4 mAu;Rh/NF N,-saturated 0.1 M Na,SO, 0.00032 23.84 2
5 WP, N,-saturated 0.05 M H,SO, 0.00042 7.20 30
6 NS-Ti;C, Ty N,-saturated 0.05 M H,SO, 0.00060 6.6 3
7 Pd icosahedron Ny-saturated 0.1 M Li,SO,4 0.0010 31.98 32
8 Pd—-Ag-S PNSs N,-saturated 0.1 M Na,SO, 0.00023 18.41 33
9 BP (black phosphorus) N,-saturated 0.1 M HCI 0.00060 233 34
10 Ag;Cu BPNs N,-saturated 0.1 M Na,SO, 0.00058 13.28 33
11 BD-Ag/AF N,-saturated 0.1 M Na,SO, 0.000075 7.36 3
12 B-VS,/CC N;-saturated 0.5 M LiClO4 0.00066 9.5 37
13 Exfoliated NbS, N,-saturated 0.1 M HC1 0.00022 10.12 38
14 CrOg.66No.s6 B 0.00032 ~0.33 ¥
15 Bi@C N,-saturated 0.1 M Na,SO, 0.00006 ~1.5 40
16 ECOF@BCP N,-saturated 0.1 M HCI 0.01689 54.5 4
17 Porous bimetallic Pd-Ag N,-saturated 0.5 M LiClO,4 0.00268 19.6 2
18 S/Au NWs N,-saturated 0.1 M Na,SO4 0.00050 15.34 3
19 CoVP@NiFeV-LDH N,-saturated 0.05 M H,SO,4 0.0016 13.8 4
20 BCC PdCu N,-saturated 0.5 M LiCl 0.00214 11.5 4




21

22

23

24

25

26

27

a-Fe@Fe;04 N,-saturated H,O 0.00008 32

Fe-Ni,P N,-saturated 0.1 M HC1 0.00104 7.92

Aups-Cys-Mo N,-saturated 0.1 M HCI1 0.00061 26.5
SAB/C N;-saturated 10 M LiCl 0.00342 71

Cu/PI-300 N,-saturated 0.1 M KOH 0.00073 6.56

B.,C nanosheet N,-saturated 0.1 M HCI1 0.00016 15.95

N»-saturated 0.1 M Na,SO, 0.00009 9.24

Eex-COF/NC N,-saturated 0.1 M KOH 0.00074 4543

46

47

48

49

50

52

Supplementary Table 3. Indicators comparison of CO2 capture technologies

CO; treatment cost CO; absorptivity
Technology o Ref.
($ tcoz_l) ( A’)
Absorption system with
40-60 90-99 53
NH3 absorbent
Absorption system with
40-100 86-92 53,54
MEA absorbent
CO; capture membrane 22-120 60-90 53,56
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