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1 Experimental section
1.1 Materials and Chemicals
Commercial nickel foam (NF) was purchased from Suzhou Shengernuo

Technology Co., LTD. Copper(Il) nitrate trihydrate (Cu(NOs),:3H,0, 99%),
cerium(IIl) nitrate hexahydrate (Ce(NOs);-6H,0, 99%), sodium nitrate (NaNOs, 99%),
urea (CH4N,0, 99%), sodium nitrite (NaNO,, 99%), dipotassium hydrogen phosphate
(K;HPO4,99%) > sodium nitrate-'>’N (Na'>NOs, >98.5%), 5,5-Dimethyl-1-pyrroline
N-oxide (DMPO, 99%), ethanol (C,HsOH, 99.5%) were obtained from Shanghai Titan
Technology Co., LTD or Sinopharm Chemical Reagent Co., LTD. Ammonium chloride
(NH4CI), potassium dihydrogen phosphate (KH,P0,4,99%), were purchased from
Sinopharm Chemical Reagent Co., Ltd. Commercial NF was purc High-purity Ar
(99.999%, gas) was purchased from Wuxi Liyuan Medical Oxygen Co., LTD.
Deionized H,O (18 MQ) was utilized in all tests. All the chemical reagents were directly
used as received without further purification.
2 Isotope labeling experiment

Isotope labeling was employed by replacing Na*NOs with Na'®NO; for
electrochemical reduction tests under identical conditions to identify the nitrogen source
of ammonia in the products. After the reaction, H.SO4 was added to adjust the pH of the
electrolyte to 2-3. 100 uL of the electrolyte was mixed with 500 pLL DMSO-ds and 100 pL
3 M H.SO. for subsequent 'H-NMR analysis.

3 Electron paramagnetic resonance (EPR) analysis of H*



A typical three-electrode system was constructed in the H-type electrolytic cell, and
the H* capture experiment was carried out with DMPO as the trapping agent in the
constant potential electrolysis process. To ensure that a sufficient amount of H* is
generated to obtain a clearly identifiable signal peak, the geometric area of the cathode
electrode is set to 1 x 1 cm? NF loaded with the same molar amount of catalyst. 20 mM
DMPO was added to the electrolyte and a constant flow of Ar was maintained throughout
the process. After potentiostatically electrolyzing at -0.65 V vs. SCE for 10 minutes, a
certain aliquot of the electrolyte was absorbed by a capillary tube for EPR detection.

4 Cathodic product analysis

The catholyte collected after the test was diluted to the quantification range of the
calibration curve, and then different color reagents were added for the identification of
NO3RR products using UV-Vis spectrophotometry.
(1) Determination of ammonia-N

The NH; concentration in electrolytes after tests was quantitatively determined by
Nessler's reagent. In a typical ammonia-N quantification procedure, 0.2 mL of electrolyte
was taken out from the cathode chamber and diluted to 50 mL in the colorimetric tube.
Then, Sodium potassium tartrate solution (2.4 M, 1 mL) and Nessler's reagent (1 mL) were
added sequentially. After thoroughly shaking and standing for 20 minutes, the absorbance
was tested by UV-Vis spectrophotometry at a wavelength of 420 nm. The concentration-
absorption spectra were calibrated using standard NH4Cl solution with different
concentrations.

(2) Determination of nitrite-N



The NO,™ concentration in electrolytes after tests was quantitatively determined by
the Griess method. In a typical nitrite-N quantification procedure, 0.2 mL electrolyte was
taken out from the cathode chamber and diluted to 50 mL in the colorimetric tube. 1 mL
of color reagent was sequentially added. After thoroughly shaking and standing for 20
minutes, the absorbance at 540 nm was then measured by a UV-Vis spectrophotometer.
The concentration-absorption spectra were calibrated using a standard NaNO, solution
with different concentrations. The color reagent was prepared as follows: 20 g of p-amino
benzenesulfonamide was dissolved in the mixed solution of water (250 mL) and
phosphoric acid (50 ml). Then 1 g of N-(1-naphthyl)-ethylenediamine dihydrochloride
was added to the above mixture. Finally, the above solution was diluted to 500 mL after
being transferred to a volumetric flask.

(3) Determination of nitrate-N

Firstly, 0.2 mL electrolyte was taken out from the cathode cell and diluted to 50 mL
in the colorimetric tube. Then, 1 mL 1 M HCl and 0.1mL 0.8 wt% sulfamic acid solution
were added in turn into the aforementioned solution. Finally, the absorbance of the as-
prepared mixture was detected by UV-Vis spectrophotometry at a wavelength of 220 nm
and 275 nm. The corrected absorbance was calculated by the following equation: A = A,y
am — 2A275 1m. The concentration-absorption spectra were calibrated using standard KNO;
solution with different concentrations.

(4) Calculation of the yield rate and the Faradaic efficiency of NH; and NO,~

The NHj; yield rate = (Cyygz X V)/(t x A)

The Faradaic efficiency of NH; = (8 x F x Cyyz x V)/(17 x Q) x 100%
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The NO, yield rate = (Cnoy~ X V)/(t X A)

The Faradaic efficiency of NO,” = (2 x F X Cyoz~ X V)/(46 x Q) x 100%

Where C is the concentration of products, V is the volume of cathodic electrolyte, F
is the Faraday constant (96485 C mol'), Q is the total charge passed through the system,
t is the electrolysis time, and A is the geometric area of the working electrode.

S Assembly of rechargeable Zn-nitrate batteries and electrochemical test

The prepared CuO/Cu0/CeO2/NF electrocatalysts (1x1 cm?) were employed as the
cathode, and the polished Zn plates (2'x2 cm?) worked as both reference and counter
electrodes (anodes). A bipolar membrane (Fumasep FBM-PK) was employed as the
separator to isolate the cathodic and anodic electrolytes in a typical H-cell. When
constructing traditional rechargeable Zn-nitrate batteries, 20 mL of 1 M KOH aqueous
solution with 0.02 M Zn(CH;COQ), as an additive was introduced into the anodic side
while another 20 mL of 1 M PBS solution with 100 mM NaNO; was added into the
cathodic side. All electrochemical tests for Zn-nitrate batteries were conducted on a
Chenhua CHI760e electrochemical workstation, with stirring rates of 400 rpm applied to
both the anode and cathode during the tests. Discharge polarization profiles were obtained
by conducting cathodic LSV from OCV to 0.005 V (vs. Zn*>'/Zn) with a scan rate of 5
mV/s and then the resultant power density curves could be figured out by P =1 x V, where
I'and V are the discharge current density and voltage, respectively.

The electrochemical reactions during the discharge process of the rechargeable Zn-
nitrate battery are presented as follows:

Cathode reaction: NOs;~ + 7H,O + 8¢~ — NH,OH + 9OH~



Anode reaction: 4Zn + 8OH™ — 4Zn0O + 4H,0 + 8¢~

Overall reaction: 4Zn+ NO;~ + 3H,O — 4ZnO + NH,OH + OH"~

The electrochemical reactions during the charging process of the rechargeable Zn-
nitrate battery are presented as follows:

Cathode reaction: 4OH™ — O, + 2H,0 + 4e-

Anode reaction: 2ZnO + 2H,O +4e~ — 27Zn + 40H~

Overall reaction: 2ZnO +40H™ — O, +27Zn
6 In-situ ATR-FTIR measurements

In-situ ATR-FTIR was performed on the Thermo Scientific Nicolet iS50 spectrometer
equipped with a liquid nitrogen-cooled MCT detector and a Si attenuated total reflection
accessory. The ink of the catalyst was coated on a gold nanofilm as the working electrode,
while SCE and platinum wire served as reference electrode and counter electrode.
Potentiostatic tests were performed on a CHI 760E electrochemical workstation at the
open-circuit potential and various potentials ranging from 0 V to —0.85 V vs. RHE. The
background spectrum was acquired in the absence of applied potential. At each applied
potential, FTIR spectra were recorded after holding the potential for approximately 30
seconds to allow current stabilization. And the spectra were obtained by averaging 32
scans at a resolution of 4 cm™!.
7 Operando XAS
In this investigation, both static and in-situ X-ray absorption fine structure (XAFS)

analyses of the Cu K-edge were conducted utilizing a commercial Laboratory-Based

XAFS spectrometer (RapidXAFS 2M, Anhui Absorption Spectroscopy Analysis



Instrument Co., Ltd.). X-rays were generated via a Mo target X-ray source operated at 20
kV and 20 mA. A Si (553) spherically bent crystal analyzer (SBCA) with a radius of
curvature of 500 mm served as the monochromator, thereby ensuring a diffraction
geometry approaching a 90-degree backscatter angle at the absorption edge. After
monochromatization, the X-rays pass through the sample and were collected using a high-
energy-resolution silicon drift detector (SDD) to obtain the X-ray intensity. The XAFS
data were acquired in transmission mode. During the XAFS measurements, the position
of the absorption edge (E0) was calibrated using a standard Cu foil sample, and all data
collection occurred within a single time period.
8 DFT calculation details

All calculations were performed within the framework of density functional theory
(DFT) using the DMol*> module in Materials Studio, employing a plane-wave
pseudopotential formalism. The exchange—correlation functional was described by the
generalized gradient approximation (GGA) in the Perdew—Burke—Ernzerhof (PBE)
parametrization. A double numerical basis set with polarization functions (DNP,
version 4.4) was adopted to represent the electronic wavefunctions. Brillouin zone
integration was carried out using a I'-centered Monkhorst—Pack k-point mesh of 2x2x1.
Structural relaxations utilized a Gaussian smearing scheme with a broadening width of
0.01 Ha, and the self-consistent Kohn—Sham iterations were converged to an energy
tolerance of 1x10~° Ha. All systems were treated with spin-polarized calculations to
account for possible magnetic effects.

Three distinct heterointerface models were constructed and investigated: CuO-—



Cu20, CuO—CeOs2, and Cu20—CeO:. In these models, the CuO slab was cleaved along
the (112) surface, the Cu20 slab along the (110) surface, and the CeO: slab along the
(111) surface, respectively. For the Gibbs free energy (AG) calculations of adsorption

processes, zero-point energy (AZPE) and entropy corrections were included according
to the relation:

AG=AE+AZPE-TAS,
where AE is the ground-state electronic energy difference obtained from self-consistent
DFT calculations, T=298.15 K 1is the standard temperature, and AS is the entropy

change. The entropies of gas-phase molecules were taken from the NIST Chemistry
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Fig. S1. (a-b) XRD pattern of the prepared CuO/Cu,O/NF, CuO/Cu,O/CeO,/NF. (c)
PXRD of CuHN/NF calcined at different temperatures (350/400/450/500/550 °C); (d)
PXRD patterns for the hydrothermal precursor after calcination at different
temperatures (350, 400, 450, 500, and 550 °C); PXRD pattern of (e) the prepared
CuO/Cu,0, CuO/Cu,0/Ce0y; (f) CuO/Cu,0 partial enlarged detail; (g) PXRD patterns
of CuO/Cu,0/CeO,x synthesized with different Ce(NO;); additions during the
hydrothermal process. (Note: The powder catalyst for testing was scraped off from the

nickel foam.).

Fig. S2. SEM images of (a) CuHN/NF (b) CuO/Cu,O/NF (c) the corresponding

hydrothermal precursor (d) CuO/Cu,O/CeO,/NF.



50 nm

Fig. S4. TEM image and (d) HRTEM image of the prepared CuO/Cu,O/CeO,

electrocatalyst.
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Fig. S5. Full XPS survey spectra of the synthesized electrocatalysts. (Note: The catalyst
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Fig. S6. Full XPS spectra of the catalysts calcined at different temperatures (Note: bulk
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Figure S8. High-resolution XPS spectra of the synthesized electrocatalysts at different
temperatures: (a) Cu 2p, (b) Cu LMM Auger spectra. (Note: bulk measurements: tested

with NF.)
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Fig. S21. CV curves of (a) CuO/Cu,0/CeO,, (b) CeO,, (¢) CuO/Cu,0 samples at different
scan rates. CV curves of (d) Cg of CuO/Cu,0/Ce0,, CeO,, and CuO/Cu,0; (e) ECSA
values of CuO/Cu,0/CeQO,, CeO,, and CuO/Cu,0. (f) The linear-sweep voltammetry

(LSV) curves of the electrocatalysts in this study normalized by electrochemically active

surface area (ECSA).
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Fig. S22. (a) The NOsRR performance of CuO/Cu,O/CeO, with and without 100 mM
NO;™at—0.65 V vs. RHE, and the NO;RR performance of CuO/Cu,0/CeO, with 100 mM

NO;™ at OCP; (b) Nitrogen Mass Balance Calculation.
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Fig. S23. Stability evaluation of CuO/Cu,0/CeO; at -0.65 V (vs. RHE) for 1h: NO, yield

rates and FEs during 15 consecutive recycling tests.
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Fig. S24. The i-t curves of CuO/Cu,0/CeO, at —0.65 V vs. RHE with 100 mM NOs~ for

15-cycle stability test. (Note: 1 hour per cycle).
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Fig. S25. The i-t curves of CuO/Cu,0/CeO; at —0.65 V vs. RHE with 1000 mM NO;~ for

120h stability test. (Note: 10 hour per cycle)
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Fig. S26. Comparison of FE and NHj; yield after 120 hours of cycling.
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Fig. S28. PXRD pattern of CuO/Cu,0/CeO, and CuO/Cu,0 electrocatalyst after NOs;RR
stability testing. (Note: The powder catalyst for testing was scraped off from the nickel
foam.)
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with/without 100 mM NO;7/ NO;,".
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Fig. S35. (a) Variation of NHj; yield with electrocatalytic reduction time at -0.65V vs.
RHE potentials; (b) NH; yield rate, and FE of CuO/Cu,0/CeO,, CuO/Cu,0 and CuO
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Fig. S36. (a) Variation of NO," yield with electrocatalytic reduction time at -0.65V vs.
RHE potentials; (b) NO,™ yield rate, and FE of CuO/Cu,0/CeO,, CuO/Cu,0O and CuO
at -0.65V vs. RHE potentials after 1 h.
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Fig. S37. The NHj; yield rate and FE of CuO/Cu,0/CeO, at —0.65 V vs. RHE after

adding different concentrations of pyridine.
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Fig. S41. XANES spectra of CuO/Cu.0/CeO: at different potentials in 1 M PBS

containing 0.1 M NO;.
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Fig. S42. The corresponding adsorption configurations of NOsRR reduction intermediates

on the Cu20/CeO, catalyst.

Fig. S43. The corresponding adsorption configurations of NOsRR reduction intermediates

on the CuO/CeO; catalyst.

Fig. S44. The corresponding adsorption configurations of NOsRR reduction intermediates

on the CuO/Cu:0 catalyst.
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Fig. S47. Comparative performance of the CuO/Cu.O/CeO.-based Zn-NOs" battery

against prior studies.

Table S1. The specific binding energy positions of the corresponding peaks after XPS
peak fitting for CuO/Cu,O/Ce0,, CeO, and CuO/Cu,O (Note: The powder catalyst for

testing was scraped off from the nickel foam.).

Binding energy  Cu?" 2p3;; Cu'*2p;, Ce¥*3ds, Ce*t 3ds,
(V)

CuO/Cu,0/Ce0, PCERREL 931.62 885.83 889.18
— — 885.13 888.78
CuO/Cu,0 933.83 932.62 _ _
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Table S2. Comparison of NH; yield rate and Faradic efficiency (FE) of reported self-

supporting catalysts.
. NH; yield rate FE
(Self-Cs?Jtal)(’)srttin ) Electrolyte (‘f 3?111;:11;2) @Potential @Potential Ref.
PP g : (mg h™! cm™2) )
1 M PBS This
CuO/Cu,0/Ce0, (0.1 M NaNO5) 0.65V 43.37 99.85 work
1 M KOH This
CuO/Cu,0/Ce0, (0.1 M NaNO5) 0.65V 51.2 90 work
1 M KOH 1
Co304 (111) (0.1 MNOy) 09V 22.38 86.8
0.1 M PBS 5
CuO/CuAlO, (0.1 MNOy) -1.0V 10.21 97.81
B 1 M KOH 3
Mn-CeO,—x (0.1 MNOy) 0.6V 17.01 91.8
Ce-
1 M KOH 4
CUQ+10(/:(;‘113VO4- (01 M NO3_) 05V 18.905 93.7
. 05M Nast4 5
Ni-P HCs (0.1 MNOy) -0.8V 10.37 93.7
0.1 M KOH p
RuCu DAs/NGA (0.1 MNOy) -04V 3.1 95.7
. 0.1 M PBS 7
Cu-Cu,O/NiP (0.1 MNOy) -1.0V 14.636 96.4
1 M KOH .
Cu;(HITP),/CF (0.1 MNOy) -09V 19.9 71.78
d-CoCP 1 M KOH 0
(0.1 MNOy) 0.5V 13.26 97.0
MO-S-F€304@FF
. 0.1 M K;,SO, 0
(Foam iron) (0.1 MNO5) -1.3V 2.1 91.30
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1 M KOH

FcwO o\ Niknoy 03V 1027 9305 1
Cu0/Cu,0/CusP (8:i ﬁﬁgﬁ) 08V 16.8 043 1
Cuy/Cl-Ce0,@C ?6§1“&%S§; 0.5V 9.528 088 1

NiCuFe-LDHs . | MKOH 04V 27.88 048 14

(0.1 M NaNO5)

Table S3. Performance benchmarking of CuO/Cu,0/CeO, in NO;RR against state-of-the-

art heterojunction catalysts with BIEF or hydrogen spillover effects.

NH; yield
Catalyst rate FE-NH; Initial potential Cycle Tafel Slope Ref.
(Heterojunction) (mgh™! (%) (Vvs.RHE) hours (mVdec!)
cm?)
This
CuO/Cu,0/Ce0;, 43.37 99.85 —0.65 120 166
work
Cu/Cu,+O@PANI 4.83 90.89 -0.7 5 289 15
Cu-CoP 7.56 85.1 -1.0 84 102 e
Ni—P HCs 10.37 93.7 -0.8 25 251 3
Mo-S-Fe;O4@FF 2.1 91.3 -1.3 20 63.7 0
CugaNPC 2.6 87.2 -1.1 10 229 17
Pd@Cu-1.35% 21 97 —0.8 15 91 1
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Table S4. Lists the Gibbs free energy changes for each elementary step on the three
catalysts.

Elementary step Cu,0/CeQO, CuO/Ce0O, CuO/Cu,O

*NO; -2.59 -2.45 —1.74
*NO, -4.58 -3.92 -3.51
*NO -5.73 -5.57 —5.22
*N -5.38 -6.75 -5.92
*NH -7.21 -6.52 —4.78
*NH, -7.62 -7.32 —6.9
*NHj; -8.37 -8.17 —8.18
* -8.46 -8.46 -8.46

Table S5. The performance comparison of our proposed CuO/Cu,O/CeO, based Zn-NOs~

battery with other reported works.

OCV (V Power

Catalyst Anolyte Catholyte Vs. density

Zn,"/Zn) (mW cm?2) LEE
1 M KOH .
ClOCw0/Ce0;  (02M o 11 1?4415?1\?0 , 1707 7.10 vg}’i
Zn(CH;CO0),) 3
3 M KOH
CoFe,0,@NC 0.5M o ! 1;\441%’\1% , 138 0.78 19
Zn(CH;CO0),) - 3
Ru—B/C,,0 0.1 MKOH ((())'11 &411((1%{) 1.62 1.46 2
. 3
NiFe,0/NC 6MKOH 111}\4411((%% , 13 0.96 2
. 3

0.1 M KOH 1 M K,SO4

NECOONSs  (Tvve o1 MENGy S0 515 2
Frofaon®rimkon NN, 136 332 >
Fe/Ni,P 1 M KOH (8 'gsl\l/\[/l%%;) 1.25 3.25 2
Pd-Co;0yTM  1MKOH (3'11 l\lfégg , 16 3.9 25
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0.1 M Nast4

c-Co@a-Cu 1 M KOH (0.05 M NaNO) 1.39 5.9 2
Bi;-CuCo,0, 1 M NaOH ((())'.51 1\13[ ﬁzzl\?g:) 1.28 2.81 27
Cu-LC 1 M KOH ()'(5412/([)(1)\I ;ﬁ% 1.30 3.1 28
NaNOs)
Ni-WS, | M KOH (0‘11 1}@%%3) 1.32 1.65 29
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