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Calculation details
Cambridge sequential total energy package (CASTEP) module was applied for the

density functional theory (DFT) calculations. The exchange−correlation function was utilized
by Perdew−Burke−Ernzerhof (PBE) generalized gradient approximation (GGA) functional. The
convergence criteria for structure optimization were chosen as (1) energy tolerance of 5 × 10−5

eV, (2) maximum force tolerance of 0.1 eV Å−1 and (3) Monkhorst−Pack k−point sampling of 2
× 2 × 2. The electron wave functions were expanded using plane waves with a cutoff energy of
400 eV. The NiO (200) slab was modeled by a 2 × 2 supercell, and a vacuum region of 15 Å
was used to separate adjacent slabs. The Gibbs free energy (ΔG, 298 K) of reaction steps is
calculated by:

G=E ZPE TS (S1)
where ΔE is the adsorption energy, ΔZPE is the zero-point energy difference and TΔS is the
entropy difference between the gas phase and adsorbed state. The entropies of free gases
were acquired from the NIST database.

Molecular dynamics (MD) simulations were carried out using a force field type of universal.
the electrolyte system was set up by randomly placing 1 000 H2O, 50 NO2 and 50 H molecules
in the simulation box, with a catalyst model fixed perpendicular to the z−axis at the center of
the simulation system. The electrolyte system was geometrically optimized by setting the
convergence tolerance of 2.0 × 10−5 kcal/mol for energy and 0.001 kcal/mol/Å for force. The
non−bond interaction was processed by Ewald method with accuracy of 1.0 × 10−5 Kcal/mol.
After geometry optimization, the MD simulations were performed in an NVT ensemble (298 K)
with the total simulation time of 1 ns at a time step of 0.2 fs. The radial distribution function
(RDF) is calculated as

dr
dNr 24

)(g


 (S2)

where dN is the amount of *NO2/*H in the shell between the central particle r and r+dr, ρ is the
number density of *NO2/*H.
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Fig. S1. Enlarged view for the XRD patterns of NiO and Nb−NiO.
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Fig. S2. Morphology of pristine NiO: (A) TEM image. (B) HRTEM image.
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Fig. S3. XANES fitted average Nb valence state of Nb−NiO.
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Fig S4. (A) Pristine NiO structure and (B) the formation energy of Nb−NiO.

Discussion:
The formation energy of Nb−NiO is calculated as1:

E = E(Nb−NiO) − E(NiO) – μNb + μNi
where E is the total energies of corresponding structures, μ is the chemical potential of
corresponding atoms.
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Fig. S5. Detailed charge analysis of (A) Nb−NiO and (B) NiO.
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Fig. S6. Average potential profiles along c−axis direction for calculating the work functions of
(A) NiO and (B) Nb−NiO.
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Fig. S7. Variations of energy and temperature at different AIMD simulation times (Inset is
the geometric structure of Nb−NiO after 1800 fs of AIMD simulation at 700 K).
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Fig. S8. Flow chart of the electrocatalytic NO2RR measurement procedure.
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Fig S9. (A) UV-vis absorption spectra of NH4+ assays after incubated for 2 h at ambient
conditions. (B) Calibration curve used for the calculation of NH3 concentrations.
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Fig. S10. (A) UV-vis absorption spectra of cooled NH2OH assays. (B) Calibration curve
used for the calculation of NH2OH concentrations.
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Fig. S11. (A) UV-vis absorption spectra of N2H4 assays after incubated for 20 min at
ambient conditions. (B) Calibration curve used for calculation of N2H4 concentrations.
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Fig. S12. Amounts of produced NH3 on Nb−NiO under different conditions: (1) electrolysis in
NO2-−containing solution at −0.6 V, (2) electrolysis in NO2-−free solution at −0.6 V, (3)
electrolysis in NO2-−containing solution at open-circuit potential (OCP), (4) before
electrolysis.
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Fig. S13. Alternating experiments with and without NO2−.

Discussion:
The alternating cycling tests (Fig. S13) show that the NH3 production is prominent during

the NO2−−containing cycles, while the NO2−−free cycles show negligible NH3 generation, thus
confirming that the produced NH3 is derived from the NO2RR electrolysis on Nb−NiO.
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Fig S14. FEs of different products at various potentials after 0.5 h electrolysis.
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Fig. R15. The variations of NO2-−N and NH3−N concentrations with NO2RR electrolysis time
on Nb−NiO at −0.6 V.
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Fig. S16. CV measurements at different scanning rates and calculated ECSA for
(A, B) NiO and (C, D) Nb−NiO.
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Fig. S17. Comparison of the ECSA-normalized NH3 yield rates and FENH3 between Nb−NiO
and NiO at −0.6 V.
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Fig. S18. Characterizations of Nb−NiO after electrolysis：(A) XRD pattern, (B) SEM image
and (C) TEM image. (D) Nb K−edge EXAFS spectra of Nb−NiO before and after stability
tests.
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Fig. S19. The optimized structures of NO2− adsorption on (A) Nb−NiO and (B) NiO.
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Fig. S20. The optimized atomic structures of the reaction intermediates on NiO.
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Fig. S21. (A) Initial and (B) simulated states of the dynamic process of NO2− and H
adsorption on Nb−NiO.



S-23

Table S1 Nb K−edge EXAFS fitting results of Nb−NiO.

Sample Shell CN R (Å)
σ2

(10-3Å)
ΔE0 (eV) R factor

Nb/NiO
Nb-Ni 8.2 3.15 7.2 -6.1
Nb-O 5.3 2.04 4.8 1.9 0.015
Nb-O 0.6 1.91 2.6 -3.5

CN is the coordination number, R is interatomic distance, σ2 is Debye-Waller factor, ΔE0 is
edge-energy shift, R factor is used to value the goodness of the fitting.
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Table 2 Comparison of the optimum NH3 yield rate and FENH3 for the recently reported
state−of−the−art NO2RR electrocatalysts at ambient conditions.

Catalyst Electrolyte
NH3 yield rate
(μmol h–1 cm–2

@ V vs. RHE)

FENH3

(@ V vs. RHE)
Ref.

TiO2−x/TP (0.1 M NO2−) 464.6@ −0.7 92.7% @ −0.7 2

V-TiO2/TP
0.1 M NaOH
(0.1 M NO2−)

540.8@ −0.7 93.2%@ −0.6 3

Ni−NSA−VNi
0.1 M NaOH

(200 ppm NO2−)
135.5@ −0.54 88.9%@ −0.54 4

Ni2P/NF
0.1 M NaOH

(200 ppm NO2−)
158.1@ −0.3 90.2%@ −0.3 5

Cu3P
Nanowire array

0.1 M PBS
(0.1 M NO2−)

95.7@ −0.5 91.2%@ −0.5 6

CoP
nanoarray

0.1 M PBS
(500 ppm NO2−)

133.0@ −0.2 90.2%@ −0.2 7

[Co(DIM)Br2]+ 0.1 M NaNO2 / 88.0% 8

Cu80Ni20
0.1 M NaOH
(20 mM NO2−)

/ 87.6%@ −0.335 9

Co tripeptide
complex

0.1 M MOPS
(0.1 M NO2−)

1.1@ −0.29 90%@ −0.29 10

MnO2

nanoarrays
0.1 M Na2SO4

(0.2 M NO2−)
0.11@ −0.885 6%@ −0.885 11

Nb/NiO
0.5 M Na2SO4

(0.1 M NO2−)
200.6@ −0.6 92.4%@ −0.6

This
Work
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