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Experimental section

Materials: Potassium hydroxide (KOH), potassium nitrate (KNOjs), copper (II) sulfate
pentahydrate (CuSO,4.5H;0), nickel sulfate hexahydrate (NiSO,.6H,0), potassium sulphate
(K5,S0,), potassium carbonate (K,CO3), potassium chloride (KCl), potassium hydrogen phosphate
(K,HPO,) were purchased from Chengdu Kelong Chemical Reagent Co., Ltd. Sodium citrate
dihydrate (CsHsNa3;07.2H,0) was purchased from Aladdin Ltd. (Shanghai, China). Ti mesh was
provided by Suzhou Taili New Energy Co., Ltd and treated with 1 M hydrochloric acid (HCI),
ethanol, and ultrapure water for 10 minutes, respectively. All chemicals were used as received
without further purification.

Preparation of CuNi/TM-20: Electrodeposited method was performed to synthesis CuNi/TM-
20. Specifically, 2.6285 g NiSO,4.6H,0, 2.941 g C¢HsNa3;07,.2H,0, and 0.062 g CuSO,4.5H,0 were
firstly dissolved in 50 ml ultrapure water to stir for 0.5 h to form an aqueous solution. After that,
the electrodeposited method was conducted in an aqueous solution at a constant potential of -0.8
V vs. Ag/AgCl for 20 minutes, by using a treated Ti mesh, Ag/AgCl electrode, and Platinum (Pt)
electrode as the working electrode, reference electrode, and counter electrode, respectively. Then,
the resulting CuNi/TM-20 was washed by ultrapure water and dried in oven for an hour. The
CuNi1/TM-10 and CuNi/TM-30 samples were prepared by the same procedure but changing the
electrodeposited time into 10 minutes and 30 minutes, respectively. Cu/TM-20 and Ni/TM-20
were fabricated using the same methods without NiSO4.6H,0 and CuSO,4.5H;0, respectively.

Characterizations: The crystal structures of the as-prepared materials were acquired by
employing an X-ray diffractometer with a Cu Ka radiation (40 kV, 30 mA) of wavelength 0.154
nm (SHIMADZU, Japan). The morphology information of the samples was unveiled by the
scanning electron microscopy (SEM) measurement. The SEM images were obtained from a
GeminiSEM 300 scanning electron microscope (ZEISS, Germany) at an accelerating voltage of 5
kV. An X-ray photoelectron spectrum (XPS, Esalab 250Xi) was utilized to probe into the chemical
states of the samples. Gas chromatography (GC-2014C, SHIMADZU) was utilized to
quantitatively detect H, and N,. '"H NMR spectra were collected on Varian VNMRS 600 MHz

(USA).

Electrochemical measurements: All the electrochemical measurements were carried out in an
H—shaped electrochemical cell separated by a treated Nafion 117 membrane using CHI 760E
electrochemical workstation (Chenhua, Shanghai). The electrolyte solution (50 mL) was Ar-
saturated 0.1 M KOH with and without 0.1 M NOj-, where CuNi/TM-20, Hg/HgO electrode, and
a graphite rod were used as working electrode, reference electrode, and counter electrode,
respectively. The simulated wastewater was prepared by adding 0.01 M K,SO,, K,CO3, KCI and
K,;HPO, into 0.1 M KOH solution. The area of the working electrode immersed in the electrolyte
is 1 cm?. The linear sweep voltammetry (LSV) curves were recorded by CHI 760E scans from 0.6
to -0.1 V at a scan rate of 10 mV s'!. All potentials reported in this work were converted to a
reversible hydrogen electrode (RHE) scale by using the following equation: E (RHE) = E
(Hg/HgO) + (0.098 + 0.0591 x pH) V. And the current densities were normalized to the geometric
surface area. All experiments were carried out at room temperature (25 °C).
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Determination of NHj;: The as-generated NH; was quantitatively determined via a
spectrophotometry measurement using the indophenol blue method (the obtained electrolyte was
diluted 40 times).! In detail, 2 mL of the diluted catholyte was obtained from the cathodic chamber
and mixed with 2 mL of a 1 M NaOH solution that contained salicylic acid and sodium citrate.
Then, 1 mL of 0.05 M NaClO and 0.2 mL of 1 wt% CsFeNgNa,O were dropped into the collected
electrolyte solution. After standing at room temperature for 2 h, the ultraviolet-visible absorption
spectrum was measured. The concentration-absorbance curve was calibrated using the standard
NH,4CI solution with NH; concentrations of 0, 0.2, 0.4, 0.8, 1.0, 2.0 and 4.0 ppm in 0.1 M KOH.
The absorbance at 655 nm was measured to quantify the NH; concentration using standard NH,4CI
solutions (y = 0.3756 x + 0.0097, R? = 0.9998).

Determination of NO,: The NO, concentration was measured by Griess reagent using UV
spectrophotometry.> The Griess reagent was prepared by dissolving 0.1 g N—(1-naphthyl)
ethylenediamine dihydrochloride, 1.0 g sulfonamide, and 2.94 mL H3;PO, in 50 mL deionized
water. Typically, 1.0 mL Griess reagent was mixed with 1.0 mL electrolyte and 2.0 mL H,O. After
reacting at room temperature for 10 min, the absorbance at 540 nm was measured to quantify the
NO, concentration with a standard curve of NO, (y = 0.20714 x + 0.04733, R? = 0.9998).

Determination of N,H,: The concentration of the electrogenerated N,H, was assessed by Watt
and Chrisp’s method.? The chromogenic reagent was a mixed solution of 5.99 g CoH;;NO, 30 mL
HCI and 300 mL C,HsOH. In detail, 1 mL of electrolyte was added into 1 mL prepared colour
reagent and stirred for 15 min in the dark. The absorbance at 455 nm was measured to quantify the
N,H, concentration by dint of standard N,H, solutions. (y = 0.7798 x + 0.03416, R? = 0.999).

Calculations of FE and NHj; yield:
The amount of NH; (myy3) was calculated by the following equation:
myys = [NH3] X V
FE of NH; formation was calculated by the following equation:
FE = (n x F x [NH3] x V) / (Mnp3 % Q) X 100%
The NHj yield rate is calculated using the following equation:
NHj; yield = ([NH3] x V) / (t x A x 17)
Where F is the Faradaic constant (96485 C mol!), n is the electrons transfer number (8 for NHj3),
[NH;] is the NH; concentration, V is the volume of electrolyte in the cathodic compartment (50
mL), Mypys is the molar mass of the NH; molecule (17), Q is the total charge during
electrosynthesis; t is the reduction time (1 h) and A is the geometric area of the working electrode
(1 x1cm?).

I5N isotopic labelling experiments: The generated NH; was demonstrated by an isotope-labelled
tracer experiment using a 0.1 M NOs" as a N source. After 1 h electrolysis at -0.5 V, 2 ml
electrolyte retrieved from the cathodic chamber was neutralized by 1.2 M HCI aqueous solution.
After that, 500 ul of neutralized electrolyte was mixed with 50 ul deuterium oxide (D,0). Then the
mixture was then sealed into a nuclear magnetic resonance (NMR) tube (5 mm in diameter, 600
MHz) for further tests.

Calculation of the partial current density:
jpartial =FE x1
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Among them, jaria Tepresents the partial current density at each given potential; FE represents
the calculated Faradaic efficiency of each product at each given potential; I represents the current
density of each product at each given potential.

Ni/TM-20 l I
A EAS ‘M

Cu/TM-20 u
Ae A A Ain

bare TM l .

LJCPDS No. 44-1294 (Ti)

Intensity (a.u.)

| | ] ] 1 .1
JICPDS No. 85-1326 (Cu) |
|

10 20 30 40 50 60 70 80
2 Theta (degree)

Fig. S1. XRD pattern of Ni/TM-20, Cu/TM-20, and bare TM.

T

., ig. S2. SEM image for bare TM |

S3



B Map Sum Spectrum

e | x| omiot |

Cu 36.47 30.36

Ni 2.53 2.28

Ti 61.00 67.36
Total: 100.00 100.00

Ni |

I [ 1 l 1 1 1 1 I 1 1 1 1 I 1

Cullcy

|J| " T R |'T”|"i 1 T|A|7| T e e L e ER I e TR B I R T R |
D 5 10 15 Vv
Fig. S3. Energy dispersive X-ray (EDX) spectra of CuN1/TM-20 catalyst.
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Fig. S4. XPS spectrum of CuNi/TM-20 in the O 1s region.
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Fig. S5. XPS spectra of (a) Cu/TM-20 and (b) Ni/TM-20.
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Fig. S6. LSV curves of (a) CuNi/TM-20, (b) CuNi/TM-30, and (c) Cu/TM-20 in 0.1 M KOH with
and without 0.1 M NOj~.
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Fig. S7. LSV curves of CuNi/TM-20 in 0.1 M KOH with and without 0.1 M NO;".
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Fig. S8. (a) UV-Vis absorption spectra of indophenol assays kept with different concentrations of

NHj; after incubated for 2 h at room temperature. (b) Corresponding calibration curves used for
calculation of NH; concentration.
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Fig. S9. UV-Vis absorption spectra of the electrolyte for calculating NH; concentration at each
given potential.

1.6
—-05V
—— KOH
; diluted for 40 times) —— OCP
< 2] ( ) Blank
S
Q
e
= 0.8
o]
[ -
?
0 0.4
<
(without dilution)
0.0 —— _

500 550 600 650 700 750 800
Wavelength (nm)

Fig. S10. UV-Vis absorption spectra of NH; concentrations at different conditions.
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Fig. S11. (a) Chronoamperometry curves and (b) corresponding UV-vis adsorption spectra of
CuN1/TM-20 for electrochemical catalytic production of NH;3 during the alternative experiments
between NOj-containing and NOs™-free 0.1 M KOH solution.

d s b s
_gjg Egm y = 0.20714 x + 0.04733
;1.2- —— 1.0 ppm /oo ’;-1_2- R?=0.99987
[ — 2.0 ppm :
© o
S 4.0 ppm ~
@© 0.9 94
2 0.9 6.0 ppm 8 0.9
= c
© ©
£ 0.6 £ 0.6
2 2
2
< 03 < 031
0.0 : . . — 0.0 . . : . . .
400 450 500 550 600 650 0 1 2 3 4 5 6

Wavelength (nm) Concentration NO, (ppm)

Fig. S12. (a) UV-Vis absorption spectra of different concentrations of NO,™ after incubated for 10

min at room temperature. (b) Corresponding calibration curves used for calculation of NO;
concentration.
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Fig. S13. (a) UV-Vis absorption spectra of different concentrations of N,H, after incubated for 15

min at room temperature. (b) Corresponding calibration curves used for calculation of N,H,4
concentration.
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Fig. S14. UV-Vis absorption spectra of electrogenerated (a) N,H4 and (b) NO,".
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Fig. S15. (a) Chronoamperometry curves and (b) corresponding UV-vis adsorption spectra of
CuNi/TM-20 for electrochemical catalytic production of NH; during cyclic tests at -0.5 V.
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Fig. S16. LSV curves of CuNi/TM-20 before and after electrolysis.
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Fig. S18. XPS spectra of CuNi/TM-20 after electrolysis.
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Fig. S20. (a) LSV curves of CuNi/TM-20 in 0.1 M KOH with and without 10 M NOs". (b) UV-vis
adsorption spectra of CuNi/TM-20 for electrochemical catalytic production of NHj at each given
potential. (¢) Calculated NH; yield rates at each given potential.

S13



o

—ovV
—0.1V
- —02V
3 1.2+
&
©
=
£ 0.84
2
T
o
. I
CUNi/TM-20-0.1 M KOH g 0.4
—— CuNi/TM-20-simulated wastewater
-200 1 0.0 4 T : ' . . .
1.0 -0.8 -06 -04 0.2 0.0 02 04 0.6 500 550 600 650 700 750 800
E (V vs. RHE) Wavelength (nm)
o~ 100
. 7000 -
E ==
© 6000+ 80
< 5000 y
S e 60 5
~ 4000 » ok
)
- 1]
© 3000+ 40 L
i,
© 2000
= - 20
f1000-
Z 0 T T T T T T T [TI 0
07 06 05 04 -03 -0.2 01 0
E (V vs. RHE)

Fig. S21. (a) LSV curves of CuNi/TM-20 in 0.1 M KOH and simulated wastewater. (b) UV-vis
adsorption spectra of CuN1/TM-20 for electrochemical catalytic production of NH; at each given
potential. (c) Calculated NHj; yield rates and FEs at each given potential.
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Table S1. Comparing the catalytic performances of CuNi/TM-20 with other reported NO;RR

electrocatalysts.
Catalyst Electrolyte Onset potential Performance Ref.
CuNi/TM-20 0.1 M KOH (0.1 0 V vs. RHE NH; yield rate: 5644 ug h'! cm This
M NO;y) FE:93.1% work
Ox0-MoSx 0.1 M PBS (0.1 / NH; yield rate: / 4
M NO3y) FE: 96%
CusP NA/CF 0.1 M PBS (0.1 -0.5 V vs. RHE NH; yield rate: 848 ug h'! cm™ 3
M NO3y) FE: 62.9%
BCN@NI1 0.1 M KOH (0.1 -0.1 V vs. RHE NH; yield rate: 1904.2 ug h'! cm? 6
M NOy) FE:68.17%
Fe-PPy SACs 0.1 M KOH (0.1 0.2 V vs. RHE NH; yield rate: 2750 ug h™! cm™ 7
M NOy) FE: 100 %
Ni;B@NiB, 74 0.1 M KOH (0.1 0.1 Vvs. RHE NH; yield rate: 3371.1 ug h'! cm 8
M NO3y) FE: 100%
TiO2-x 0.5 M Na,SO, (50 | -1.4 Vvs. RHE NH; yield rate: 850 ug h'! cm ?
ppm NO3) FE: 85%
PTCDA/O-Cu 0.1 M PBS (500 -0.1 V vs. RHE NH; yield rate: 436+85 ug h™! cm™ 10
ppm NO3) FE: 85.9%
Cu nanosheets 0.1 M KOH (10 -0.5 Vvs. RHE NH; yield rate: 390.1 ug h'! cm 1
mM NOy) FE: 99.7%
CusoNis 0.1 M KOH (10 / NH; yield rate: / 12
mM NO3) FE: 84+2%
Co304@NiO HNTs | 3.28 mM Na,SOy4 -1.1 Vvs. RHE NH; yield rate: 3305 ug h'! cm 13
(200 ppm NO3")
FE: 93.8%
PP-Co 0.1 M NaOH (0.1 -0.3 V vs. RHE NH; yield rate: 1.1 mmol h'! cm- 14
M NO3')
FE: 90.1
FeOOH/CP 0.1 M PBS (0.1 -0.4 V vs. RHE NH; yield rate: 2419 ug h'! cm™? 15
M NO3')
FE: 92%
CFP-Cu;Ni, 0.5 M Na,SO,4 -0.02 V vs. RHE NH; yield rate: 180 umol h-! cm™ 16

FE: 95.7%
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