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1. Experimental section.

Materials: Cupric oxide, potassium nitrate, potassium nitrate-'>N, ammonium sulfate-
I5N,, ammonium sulfate, sodium hydroxide, sodium nitroferricyanide dehydrate and
N-(1-naphthyl) ethylenediamine dihydrochloride were purchased from Aladdin Ltd.
(China). Potassium nitrites, boric acid, salicylic acid and sodium citrate dehydrate
were purchased from Macklin Reagent Ltd. (China). Potassium hydroxide was
purchased General Reagent Ltd. (China). The water used throughout all experiments
was purified through a Millipore system. All chemicals were used as received without

further purification.

Characterization: The crystalline structures of samples were identified by the X-ray
diffraction analysis (XRD, Philips X’pert PRO) using Nifiltered monochromatic
CuKa radiation (AKal = 1.5418 A) at 40 kV and 40 mA. Transmission electron
microscope (TEM) images of samples were obtained using JEMARM 200F operating
at an accelerating voltage of 200 kV. High-resolution transmission electron
microscope (HRTEM) were obtained on a JEOL-2010 transmission electron
microscope. X-ray photoelectron spectroscopy (XPS) analysis was performed on an
ESCALAB 250 X-ray photoelectron spectrometer (Thermo, America) equipped with
Al Kal, 2 monochromatized radiations at 1486.6 eV X-ray source. The electron spin
resonance (ESR) measurements were performed on Bruker EMX plus 10/12

(equipped with Oxford ESR910 Liquid Helium cryostat).

Synthesis of CuO, nanoparticles solution: CuO, nanoparticles solution was
synthesized by laser fragmentation of raw CuO powders at room temperature. The
laser source is a nanosecond pulsed Nd: YAG laser (splight-600 from Innolas) with
wavelength of 1064 nm, pulse width 7 ns and single pulse laser energy 250 mlJ. First,
4 mg commercial CuO powders were dissolved in 40 mL deionized water, and then
the suspension was stirred and irradiated by nanosecond laser for 10 min at room
temperature. Finally, the CuOy nanoparticles solution was obtained with a color of

bright brown.



Electrochemical measurement: All electrochemical measurements were performed
on a CHI 660E electrochemical workstation (CH Instrumental Corporation, Shanghai,
China) using a two-compartment cell, which was separated by Nafion 117 proton
exchange membrane. Nafion membrane (Nafion 117) was protonated prior to the
NtrRR experiments. First, the Nafion 117 was boiled in deionized water for 30 min,
then in H,O, for 1 h and subsequently in deionized water for another 1 h, then in 0.5
M H,SO, for 2 h, and finally in deionized water for 5 h, all of which were treated at
80 °C. The synthesized CuOy solution (4.0 mL, 0.4 mg) as the electrocatalyst was
dispersed into 0.1 M KOH solution (41 mL) presence of 50 ppm KNO; in the
cathodic compartment for NtrRR measurements. The anodic chamber contained 45
mL of 0.1 M KOH solution. A Hg/HgO electrode was used as the reference electrode
and a Pt wire was used as the counter electrode. The polarization curves were
measured with a scan rate of 5.0 mV s™! at room temperature and all polarization
curves were obtained at the steady-state ones after several cycles. For NtrRR
experiments, the potentiostatic test was conducted by continuously supplying Ar into
the electrolyte under ambient conditions. In this work, all measured potentials (vs.
Hg/HgO) were transformed into the potentials vs. reversible hydrogen electrode (RHE)
based on the following equation:
E (V vs. RHE) =E (V vs. Hg/HgO) + 0.059%pH + 0.098

where E (V vs. RHE) is the converted potential (V) vs. RHE, E (V vs. Hg/HgO) is the
experimentally measured potential against Hg/HgO reference electrode, 0.098 is the
value of standard potential for the Hg/HgO reference electrode at 25 °C.
Determination of ammonia: Concentration of the produced ammonia was
spectrophotometrically detected by the indophenol blue method. In detail, 5 mL of
sample was taken, and then diluted with 5 mL of deionized water. Subsequently, 100
uL of oxidizing solution (sodium hypochlorite (pCl=4~4.9) and 0.75 M sodium
hydroxide), 500 pL of colouring solution (0.4 M sodium salicylate and 0.32 M
sodium hydroxide) and 100 pL of catalyst solution (0.1g Na,[Fe(CN)sNO]-2H,0
diluted to 10 mL with deionized water) were added respectively to the measured

sample solution. After the placement of 1 h at room temperature, the absorbance
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measurements were performed at wavelength of 697.5 nm. The obtained calibration
curve was used to calculate the ammonia concentration.

Determination of NO;: 20 g of p-aminobenzene sulfonamide was added to a mixed
solution of 250 ml of water and 50 ml of phosphoric acid, and then 1 g of N-(1-
naphthyl)-ethylenediamine dihydrochloride was dissolved in the above solution.
Finally, the above solution was transferred to a 500 mL volumetric flask and diluted
to the mark. Boric acid saturated solution was used to adjust the pH of electrolyte to
weak acid. 1.0 mL electrolyte was taken out from the electrolytic cell and diluted to 5
mL with 3 mL boric acid saturated solution and 1 mL H,O. Next, 0.1 mL color
reagent was added into the above mentioned 5 mL solution. After shaking and
standing for 20 minutes, the absorbance measurements were performed at wavelength
of 540 nm. The obtained calibration curve was used to calculate the ammonia
concentration.

Calculations.

The equation of NHj; yield rate:

(NH} =N)(ugmL™") x V(mL) x 17

c
R(NHy)(ug h™"mg cat™) = t(h) x m(mg) x 14

where R (NH;) is the ammonia yield rate; C (NH;s*—N) is the measured mass
concentration of NH;/—N; V is the electrolyte solution volume; ¢ is the reaction time;
14 is the molar mass of NH,/—N atom; 17 is the molar mass of NH; molecules; m was
the mass of catalysts (typically 0.4 mg).
The equation of Faradaic efficiency:
8 xn(NH3)(mol)xF
FE(NH3)(%) = 0 x 100%

where F'is the Faradaic constant (96485.34); O is the total charge during the NtrRR.

The equation of NO," yield rate:
C(NO3 - N)(ug mL™")xV(mL)x 46
t(h)yxm(mg)x 14

R(NOE)(ug h™'mgcat =1 =

where R (NO;) is the ammonia yield rate; C (NO,—N) is the measured mass

concentration of NO,—N; V is the electrolyte solution volume; ¢ is the reaction time;
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14 is the molar mass of NO,—N atom; 46 is the molar mass of NO,” molecules; m was
the mass of catalysts (typically 0.4 mg).

The equation of Faradaic efficiency:

2 xn(NO; DxF
FE(NO3Z)(%) = o ZQ)(mo)x % 100%

where F'is the Faradaic constant (96485.34); Q is the total charge during the NtrRR.

SN isotope labeling experiment: The SN isotopic labeling experiments were
conducted using 0.1 M KOH electrolyte containing 50 ppm K!>NOj; (99 at.% of °N).
After the potentiostatic electrolysis at —0.25 V (vs. RHE) for 2 h, the pH value was
adjusted to be week acid using 0.5M H,SO,. In this work, (1’NH,4),SO, as reference
was dissolved in 0.1 M KOH solution (D,O/H,0 mixed solution, Vp,o:Vi.0=1:4) for
'"H NMR (nuclear magnetic resonance) measurements. The 'H NMR spectra were
obtained using superconducting Fourier transform nuclear magnetic resonance

spectrometer (Bruker Avance-400).



2. Additional figures
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Fig. S1 A photograph of the fluidized electrocatalysis system setup in this work.



—
Q
S

CuO

CuO JCPDS NO.01-089-2529

Intensity(a.u.)

| . 1 I-II |||| |H|||I\I I
20 30 40 50 60 70 80
20 (degree)

X
D= 0.29 nm A
(200)

2 nm

Fig. S2 (a) XRD patterns, (b, c) TEM images and (d) HRTEM image of CuO.
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Fig. S3 XPS survey spectrum (a), O 1s (b) and Cu 2p (c) spectra of raw CuO.
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Fig. S4 The i-t curves of CuO, nanoparticles catalyst for 2 h of NtrRR at various potentials (vs.
RHE).
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Fig. S5 (a), (b) and (c¢) UV/Vis absorption spectra of various NH; concentrations for three
repeated experiments. (d) Calibration curve used for estimation of NH;3 concentration.
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Fig. S6 UV-Vis absorption spectra of electrolytes stained with the indophenol indicator after
NtrRR for 2 h for three repeated experiments.
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Fig. S7 NH; yield rate and FE of CuOy and CuO at -0.25 V (vs. RHE) after 2 h of NtrRR in this
fluidized electrocatalysis system. The error bars correspond to the standard deviations of three

independent measurements.
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Fig. S8 (a) Linear sweep voltammetry curves of CuO,/GC (GC: glassy carbon) in catalyst-loading
system and CuOy NPs in fluidized system. (b) The it curves of CuO,/GC in catalyst-loading
system and CuOy NPs in fluidized system for 2 h of NtrRR at -0.25V (vs. RHE). (¢) NH; yield
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Fig. S9 (a), (b) and (c) UV/Vis absorption spectra of various NO, concentrations for three
repeated experiments. (d) Calibration curve used for estimation of NO,~ concentration.
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Fig. S10 UV-Vis absorption spectra of electrolytes stained with the Griess reagent after NtrRR for
2 h for three repeated experiments.
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Fig. S13 The XPS spectra of Cu 2p (a) and O 1s (B) of CuOy NPs after 10 h of NtrRR.
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Fig. S14 The mechanism diagram to illustrate the role of oxygen vacancy in the nitrate reduction
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Fig. S16 Control experiments results. (a) pure KOH as the electrolyte, (b) KOH solution
containing CuOy catalyst as the electrolyte, (c) KOH solution with nitrate as the electrolyte, (d)
KOH solution with nitrate containing CuOy catalyst as the electrolyte. All the above tests were
carried out in an Ar atmosphere, at -0.25 V (vs. RHE) for 2 hours.
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Fig. S17 Cu LMM AES spectra of CuOy before and after 10 h of NtrRR.
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Table S1. Comparison of the NtrRR performance of CuOy electrocatalyst in this work and other

electrocatalysts in reported literatures.

Catalyst Electrolyte NH; yield FE (%) Ref.
Ti foil 0.4 M NOy N/A 82 1
. 1 M KOH with
Cu-Ni alloy 4160 pmol h™! cm™ 99 2
0.1 M KNO;3
0.1 M KOH with
Fe-PPy SACs 781.25 ug h'! mg! 100 3
0.1 M KNO3
0.5M Nast4
Cu/Cu,0 .
) with 200-2000 0.2449 mmol h™! cm™ 95.8 4
nanowire arrays
ppm NaNO;
TiO, nanotubes 0.5 M Na,SO,
with oxygen with 50-400 ppm 810 ug h"! mg! 95.2 5
vacancies NaNO;
Strained Ru 1 M KOH with 1
1.0008*10% ug h"' mg™! ~100 6
nanoclusters M KNO;
PBS with 500 =+ -1
0-Cu-PTCDA 67071308 pg h 7743 7
ppm KNO3 mg’!
0.5 M K,SO,4 with
Avu/C 407.31pug h'' mg! 26 8
1 mM KNO;
0.02 M NaCl with
Cu/rGO/GP 0.0099 mmol h™! cm™ N/A 9
0.02 M NO;-
Cobalt-tripeptide 0.2 M citric acid
. i N/A 13.5 10
complex with 0.1 M nitrite
0.1 M Na,SO,
Cu-Bi with 100 ppm 0.0053 mmol h™! cm™ N/A 11
NO3_
0.1 M KOH with
Cu nanosheets 390.1 pg h'' mge, ! 99.7 12
10 mM KNO;
CuOy 0.1 M KOH with ~ 449.41 +12.18 pgh™! .
) 74.18 £2.27  This work
nanoparticles 50 ppm KNO; mgeq !
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