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Experiment Section

Materials: Sodium nitrate (NaNQOs), cobalt nitrate hexahydrate (Co(NOs)::6H20),
boric acid (HsBOs), sodium nitroferricyanide dihydrate, and sulfanilamide were
procured from Aladdin Industrial Co. Phosphoric acid (HsPO.), N-(1-
naphthyl)ethylenediamine dihydrochloride, and hydrochloric acid (HCl) were acquired
from Keshi Chemical Reagent Co. Salicylic acid, sodium nitrite (NaNO-), and sodium
citrate were sourced from Fuchen Chemical Reagent Co. Sodium hydroxide (NaOH)
and p-dimethylaminobenzaldehyde were obtained from Macklin and CIVI Chemical

Reagent Co., respectively. All chemicals were utilized without additional purification.

Preparation of B-Co03;0,/TM: For the synthesis of B-C0:04/TM, the hydroxide
nanoarray precursor was initially prepared using an electrodeposition method.
Employing a titanium mesh (TM, 1 X 1 cm?) as the working electrode, a saturated
calomel electrode (SCE) as the reference electrode, and Pt as the counter electrode,
Co(OH)2/TM was synthesized by electrodepositing in a 0.1 M Co(NQOs)2-6H20 solution
(-1.0 V vs. SCE, 120 s). Subsequently, the Co(OH)./TM was subjected to multiple
washes with ethanol and water, followed by drying at 60 °C. The resulting Co(OH)./TM
was immersed in a 10 mM boric acid solution for 1 h, dried and annealed at 400 °C in
a tube furnace for 2 h under an Ar atmosphere to obtain self-supporting B-doped C030a
(B-C0304/TM) nanosheet arrays. Additionally, Cos0s/TM was synthesized using the

same method without soaking in boric acid solution, serving as a comparative sample.

Characterization: Morphology information of samples was unveiled through scanning
electron microscopy (SEM, ZISS 300, 5.0 kV) and transmission electron microscopy
(TEM, JEM-F200, JEOL Ltd.). The crystal structure of as-prepared materials was
determined using X-ray diffraction (XRD, Philip D8) with Cu K, source radiation at a
scanning rate of 5° min! from 10 to 80°. Chemical compositions were analyzed using

X-ray photoelectron spectroscopy (XPS, ESCALAB 250 Xi, Thermo Scientific) using



Al K, source radiation with an energy of 1486.6 eV. Absorbance data from the
spectrophotometer were obtained using Ultraviolet-visible (UV) spectrophotometer

(Shimadzu UV-2700).

Electrochemical measurements: All electrochemical measurements were conducted
within an H-type cell, separated by a treated Nafion 117 membrane, employing a CHI
760E electrochemical workstation (Shanghai, Chenhua). Electrolyte solution (30 mL)
consisted of Ar-saturated 0.1 M NaOH, with and without 0.1 M NO;~ (NaNO3). The
working electrode, counter electrode, and reference electrode were B-Co;04/TM (0.5
x 0.5 cm?), Pt, and Hg/HgO, respectively. According to the Nernst equation, all
potentials were converted into the potential of the reversible hydrogen electrode (RHE)
(Erue = Engrgo + 0.059 x pH + 0.098 V). Linear sweep voltammetry (LSV) curves
were measured by CHI 760E scans from 0 to —0.8 V in 0.1 M NaOH with and without
0.1 M NO;™ at a scan rate of 10 mV s™!. The potentiostatic experiment was carried out
for 1 hour at each given potential, and the stirring speed was 200 rpm. During the
experiment, Ar was continuously injected into the cathode chamber. In the cycle test,
the potentiostatic test is performed at a stirring speed of 200 rpm at —0.7 V for 1 h, and
then the next cycle used fresh electrolytes under the same conditions. All current
densities presented in this work are based on the geometric surface area. The sampling
method for the stability test is as follows: Before the test, a thin tube was inserted into
H-cell and fixed below the electrolyte level. At each sampling time, 1 mL of electrolyte

was pipetted into the centrifugal tube for subsequent testing.

Determination of NHj: The yields of NH; in the electrolyte were calculated by
spectrophotometer using the indophenol blue method. Concretely, 2 mL of the collected
electrolyte after electrolysis mixed with 2 mL of 1 M NaOH solution containing 5%
salicylic acid and 5% sodium citrate. Then, 1 mL of 0.05 M NaClO and 200 pL of 1
wt% sodium nitroferricyanide dihydrate were dropped in the collected electrolyte
solution. The electrolytes of different potential and cycle tests were diluted 40 times,

and the electrolytes of stability tests were diluted 200 times in H-cell. After maintained



in the dark for 2 h, the concentration of NH; was identified by UV spectroscopy for a

certain wavelength about 655 nm:

NH; yield = [NH;] x 7/ (17 x ¢ x A)

Where [NH;] is the mass concentration, J is the volume of the cathodic reaction

electrolyte, ¢ is the reduction time, and 4 is the area of the working electrode.

FE=mxFxcxV)/(MxQ)

Where F'is the Faraday constant, 7 is the electrons transfer number, c¢ is the calculated
products concentration, V is the volume of the cathodic reaction electrolyte, M is the

molecular mass of products, and Q is the total charge during electrosynthesis.

Determination of NO,: The NO,™ concentration was detected by the Griess test using
UV spectrophotometry. The Griess reagent was provided through adding N-(1-
naphthyl)ethylenediamine dihydrochloride (0.1 g), sulfanilamide (1.0 g), and H;PO,
(2.94 mL) in 50 mL H,O. Typically, 1.0 mL Griess reagent was added to 1.0 mL
electrolyte and 2.0 mL H,0. After maintained for 10 min, the concentration of NO,~
was measured by UV spectroscopy at a wavelength of 540 nm:

NO; yield=[NO, | x V/ (46 x t X A4)
Where [NO,] is the mass concentration, V' is the volume of the cathodic reaction
electrolyte, # is the reduction time, and 4 is the area of the working electrode.

FE=(mxFxcxV)/(MxQ)

Where F is the Faraday constant, 7 is the electrons transfer number, ¢ is the calculated
products concentration, V' is the volume of the cathodic reaction electrolyte, M is the

molecular mass of NO,™, and Q is the total charge during electrosynthesis.

Determination of H,: Detection and quantification of H, were executed on a gas
chromatograph system (Shimadzu GC-2014C) equipped with flame ionization

detectors (FIDs), FID-methanizer, online auto-sampling system, and thermal



conductivity detector.

NOj;™ isotopic labelling experiment: The generated NH; was verified by an isotope-
labelled tracer experiment using 0.1 M NO;~ as a N source. After 1 h of
electroreduction at —0.7 V, the electrolyte (2 mL) in the cathodic chamber was
neutralized by HCl aqueous solution (1.2 M). After that, the neutralized electrolyte (500
ulL) was mixed with deuterium oxide (D,0, 50 pL). And the mixture was sealed into a

nuclear magnetic resonance (NMR) tube (5 mm in diameter, 600 MHz) for further tests.

Computational details: First-principles calculations with spin-polarized were carried
out using density functional theory (DFT) performed in the VASP package,! and the
projector augmented wave (PAW) approach was used to describe the interaction
between ionic core and valence electrons with a cutoff of 500 eV. Perdew-Burke-
Ernzerhof functional (PBE) with semi-empirical corrections of DFT-D3 were
employed to depict exchange-correlation functional effect by general gradient
approximation (GGA).2

Modeled by the Coz04 (311) facet with two terminations, the upper two layers were
loosened, but the bottom two layers were secured. The spurious interaction was avoided
by the 15 A thickness of the vacuum region. U = 3.32 eV of Co 3d orbitals was used to
perform the Hubbard U model.? According to the Monkhorst-Pack scheme, 3 x 3 x 1
special k-points were applied to optimize the structural configuration by the Brillouin

zone.* The force convergence thresholds and total energy are 0.02 eV/A and less than

1 X107 eV, respectively. Based on VASPKIT software, DFT results were explained.’
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Fig. S1. (a) Partially enlarged XRD patterns of B-Co3;04/TM and Co3;04/TM. (b, ¢)
SEM images of Co3;04/TM. (d) TEM image of Co;0;,.
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Fig. S2. The full spectra of XPS for (a) B-Co30,/TM and (b) Co;04/TM.
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Fig. S3. SEM images of (a) B-Co304/TM-5 and (b) B-C03;04/TM-20. (c) LSV curves
in 0.1 M NaOH with 0.1 M NOj™ for Co;04/TM with different B doping amounts.
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Fig. S4. M-S plots of the B-C0;04/TM and Co304/TM with and without NO5".
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Fig. S5. (a) UV spectra and (b) calibration curve for determining NHj.
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Fig. S6. (a, ¢, and e) Time-dependent current density curves and (b, d, and f)

corresponding UV spectra of B-Co;04/TM for the NO5; RR at different potentials.
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Fig. S7. (a) Time-dependent current density curves and (b) corresponding UV spectra

of Co3;04/TM for the NO;RR at different potentials.
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Fig. S8. (a) LSV curves, (b) time-dependent current density curves, (¢) corresponding
UV spectra, and (d) NH; yields and FEs of B-Co3;04/TM for the NO;7RR in 0.1 M
NaOH with different NO5;~ concentrations at —0.7 V.
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Fig. S9. (a) LSV curves, (b) time-dependent current density curves, (¢) corresponding

UV spectra, and (d) NHj; yields and FEs of B-Co;04/TM for the NO; RR in 0.1 M PBS
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Fig. S10. (a) UV spectra and (b) calibration curve for determining NO,".
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Fig. S12. Partial current densities of NH4", NO,~, and H, for B-Co30,/TM at different

potentials.
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Fig. S19. Crystal structures of (a) Co;04 and (b) B-Co;0,. Blue, red, and green spheres

denote the Co, O, and B atoms, respectively.
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Fig. S20. Calculated PDOS of (a) Co;0,4 and (b) B-Co;0, configuration.
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Fig. S21. Atomic structures of the reaction intermediates during the NO; RR on the (a)

B-Co30,4 and (b) Co30, surface. Blue, red, green, and silver spheres denote the Co, O,

B, and N atoms, respectively.
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Table S1. Comparison of catalytic performances for B-Co;04/TM with other reported

NO;5;RR electrocatalysts.

Catalyst Electrolyte NHj yield @ Potential FE @ Potential of
(umol h' em? @ V vs. RHE) (% @ V vs. RHE)

B-Co0;04/TM 0.1 M NaOH (0.1 M NO5") 4073 @ 0.7 94.7 @ 0.7 This Work
0-Cu-PTCDA 0.1 M PBS (500 ppm NO5") 25.65 @ —0.4 85.9 @ —0.4 [6]
Co-P/TP 0.2 M PBS (200 ppm NO5") 2447 @ 0.6 93.6 @ —0.3 [7]
NiFe hydroxide 0.1 M K804 (200 ppm NO5") 216 @ —0.75 74.8 @ —0.75 8]
Mn;0,/CuO,/CF 0.5 M Na,SO4 (200 ppm NO5") 178.0 @ —0.85 86.55 @ —0.85 [9]
CugaNPC 0.01 M PBS (500 ppm NOs") 153@-1.1 872 @ —1.1 [10]
BC2N/Pd 0.1 M KOH (250 mM NOs") 101.8 @ —0.7 97.42 @ 0.3 [11]
Co/CoO NSA 0.1 M Na,SOy4 (200 ppm NO5") 194.46 @ —0.65 93.8 @ —0.65 [12]
PdCoO/NF 0.5 M K,S04 (200 ppm NO5") 218@-1.5 88.6 @13 [13]
Fe SAC 0.10 M K,S0; (0.50 M NO5") 460 @ —0.85 75 @ —0.66 [14]
Rh NFs 0.1 M Na,SO4 (0.1 M NO;y") 13.5@0.2 95 @ 0.2 [15]
Cu/Cu,0 NWAs 0.5 M Na,SOy4 (200 ppm NO5") 244.9 @ —0.85 95.8 @ —0.85 [16]
NisN/N-C-800 0.5 M Na,S0, (0.05 M NO5") 277.5 @ —0.795 85 @ —0.795 [17]
PdMoCu 1 M KOH (0.1 M NO5") 250.4 @ 0.6 56.95 @ —0.6 [18]
pCuO-5 0.05 M H,S04 (0.05 M NO5") 292 @ 0.6 89 @ 0.5 [19]
Fe-PPy SACs 0.1 M KOH (0.1 M NO5") 161.76 @ —0.7 100 @ 0.5, —0.6 [20]
NisB@NiB, 74 0.1 MKOH (0.1 M NO5") 1983 @ —0.2 100 @ —0.2 [21]
CusoNisy/PTFE 1 M KOH (0.1 M NO5") / 99+1 @ —0.15 [22]
In-S-G 1 M KOH (0.1 M NO5") 74.82 @ 0.5 75 @—0.5 [23]
CoP NWAS/NF 0.2 M Na,SO, (100 ppm NO5") / 99.4 @ —0.7 [24]
Cu@NF 1 M KOH (200 ppm NO;") 252 @ —0.23 96.6 @ —0.23 [25]
Fe,03 NRs/CC 0.5 M K,S0, (0.1 M NOy") 328.17 @ 0.9 69.76 @ —0.9 [26]
Pd-Co;04/TM 0.1 M NaOH (0.1 M NO;") 745.6 @ 0.6 98.7 @ 0.3 [27]
C0304-Mn, 0.5 M K,S0, (0.1 M NOy") 2058.8 @ —1.2 99.5 @ 1.2 [28]
Pd/NF 0.5 M K,S0, (0.1 M NOy") 1520 @ —1.4 78 @—1.4 [29]
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Table S2. The relative contents of B-Co3;04/TM before and after electrolysis by XPS

analysis.

Before electrolysis After electrolysis
Elements
(at%) (at%)
B 12.8 12.4
Co 16.2 15.1
O 42.4 44.0
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