Electronic Supplementary Material (ESI) for Inorganic Chemistry Frontiers.
This journal is © the Partner Organisations 2022

Electronic Supplementary Information

Experimental section

Materials: Sodium nitrate (NaNOs;, 99.0%), sodium nitrite (NaNO,, 99.0%),
ammonium chloride (NH4Cl), sodium hydroxide (NaOH), sodium salicylate
(C;HsNaOy), trisodium citrate dihydrate (C¢HsNa3;0,-2H,0), P—
dimethylaminobenzaldehyde (CyoH;{NO), sodium nitroferricyanide dihydrate
(CsFeNgNa,O-2H,0), 0.8 wt% sulfamic acid solution (H3NO3S) and sodium
hypochlorite solution (NaClO) were purchased from Aladdin Ltd. (Shanghai, China).
Cobalt nitrate hexahydrate (Co(NOs),"6H,0O) was purchased from Chengdu Kelong
Chemical Reagent Co. Ltd. Sulfuric acid (H,SO,), hydrogen peroxide (H,0,),
hydrochloric acid (HCI), hydrazine monohydrate (N,H; H,O) and ethyl alcohol
(C,H5s0H) were bought from Beijing Chemical Corporation. (China). Ti plate
(thickness is 0.2 mm) was purchased from Qingyuan Metal Materials Co., Ltd
(Xingtai, China) and treated with 3 M HCI for 30 minutes before hydrothermal
reaction. All chemicals used in this work were analytical grade and direct use without
further purification.

Preparation of Co-TiO,/TP: Firstly, Ti plates were cut into small pieces (2.0 % 4.0
cm?) and sonicated in acetone, ethanol, and distilled water for 15 min, respectively.

After then, they were put into 40 mL of 5 M NaOH aqueous solution in a 50 mL

Teflon-lined autoclave. The autoclave was kept in an electric oven at 180°C for 24 h.

After the autoclave was cooled down naturally to room temperature, the samples were
moved out, washed with deionized water and ethanol several times and dried at 60 °C
for 30 min. Then the resulting Na,Ti,0s/TP was immersed in 0.25 M Co(NO3), for 1
h to exchange Na® with Co?*. The resulting CoTi,O5-H,O/TP was rinsed with
deionized water and ethanol several times and dried at 60 °C for 30 min. Subsequently,
CoTi,05-H,O/TP was annealed in a tube furnace at 500°C under an Ar atmosphere
for 2 hours. After cooling to room temperature, Co-TiO,/TP was finally obtained.

Preparation of TiO,/TP: Firstly, Ti plates were cut into small pieces (2.0 x 4.0 cm?)
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and sonicated in acetone, ethanol, and distilled water for 15 min, respectively. After
then, they were put into 40 mL of 5 M NaOH aqueous solution in a 50 mL Teflon-
lined autoclave. The autoclave was kept in an electric oven at 180°C for 24 h. After
the autoclave was cooled down naturally to room temperature, the samples were
moved out, washed with deionized water and ethanol several times and dried at 60 °C
for 30 min. Then the resulting Na,Ti,Os/TP was immersed in 1 M HCI for 1 h to
exchange Na* with H*. The as-prepared H,Ti,05-H,O/TP was rinsed with deionized
water and ethanol several times and dried at 60 °C for 30 min. Subsequently,
H,Ti1,05-H,O/TP was annealed in a tube furnace at 500°C under an Ar atmosphere for
2 hours. After cooling to room temperature, TiO,/TP was finally obtained.
Characterizations: XRD data were acquired by a LabX XRD-6100 X-ray
diffractometer with a Cu Ko radiation (40 kV, 30 mA) of wavelength 0.154 nm
(SHIMADZU, Japan). SEM measurements were carried out on a GeminiSEM 300
scanning electron microscope (ZEISS, Germany) at an accelerating voltage of 5 kV.
XPS measurements were performed on an ESCALABMK II X-ray photoelectron
spectrometer using Mg as the exciting source. The absorbance data of the
spectrophotometer was measured on a UV-Vis spectrophotometer. TEM image was
obtained from a Zeiss Libra 200FE transmission electron microscope operated at 200
kV. Gas chromatography (GC-2014C, SHIMADZU) was utilized to quantitatively
detect H, and N,. 'H NMR spectra were collected on Varian VNMRS 600 MHz (the
USA).

Electrochemical measurements: All electrochemical measurements were carried out
on the CHI660E electrochemical workstation (Shanghai, Chenhua) using a standard
three-electrode setup. The electrolyte solution was Ar-saturated of 0.1 M NaOH with
0.1 M NOs, using Co-TiO,/TP, TiO,/TP, or TP as the working electrode, a graphite
rod as the counter electrode, and a Hg/HgO as the reference electrode. We use an H-
type electrolytic cell separated by a Nafion 117 membrane which was protonated by
boiling in ultrapure water, H,O, (5%) aqueous solution and 0.5 M H,SO, at 80 °C for
another 2 h, respectively. All the potentials reported in our work were converted to a

reversible hydrogen electrode via calibration with the following equation: E (RHE) =
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E (Hg/HgO) + (0.098 + 0.0591 x pH) V and the presented current density was
normalized to the geometric surface area.

Determination of NHj: The concentration of produced NH; was determined by
spectrophotometry measurement with 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,CI solution with NH; concentrations of 0, 0.25, 0.5, 1.5, 2.0,3.0 and 4.0 pg mL"!
in 0.1 M NaOH. The absorbance at 655 nm was measured to quantify the NHj
concentration using standard NH4Cl solutions (y = 0.42074 x + 0.02455, R> = 0.9997).
Determination of NO,: The NO, concentration was analyzed using the Griess test.?
The Griess reagent was prepared by dissolving 0.1 g N—(1-naphthyl) ethylenediamine
dihydrochloride, 1.0 g sulfonamide and 2.94 mL H;PO,4 in 50 mL deionized water. In
a typical colourimetric assay, the 1.0 mL Griess reagent was mixed with the 1.0 mL
nitrite-containing solution and 2.0 mL H,O and allowed to react at room temperature
for 10 min, in which sulfonamide reacts with NO,™ to form a diazonium salt and then
further reacts with the amine to form an azo dye (magenta). The absorbance at 540 nm
was measured to quantify the NO,~ concentration with a standard curve of NO,™ (y =
0.20595 x + 0.06651, R?>= 0.9999).

Determination of N,Hy: In this work, we used the method of Watt and Chrisp?® to
determine the concentration of produced N,H,4. The chromogenic reagent was a mixed
solution of 5.99 g CyH;;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
with a standard curve of hydrazine (y = 0.6878 x + 0.1066, R = 0.9997).

Detection of Co?*: First, the Co-TiO, nanoribbons array was scraped from the TP and

weighed 40 mg. Next, the Co-TiO, powder was dissolved into 2 mL of mixed acid
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prepared from hydrochloric acid and nitric acid (Vuci: Vuanos = 3:1). Finally, the
prepared solution was diluted 20,000-fold and the concentration of Co ions was
measured on an inductively coupled plasma-mass spectrometry (ICP-MS) instrument.
Calculations of FE and NH; yield:
The amount of NH; (myy3) was calculated by the following equation:
myp3 = [NH3] x V
FE of NH; formation was calculated by the following equation:
FE = (8 X F x [NH3] X V) / (Mnp3 % Q) x 100%
The NHj yield rate is calculated using the following equation:
NH; yield = ((NH3] x V) / (Mnp3 x t X A)
Where F is the Faradaic constant (96485 C mol '), [NH3] is the NH; concentration, V
is the volume of electrolyte in the anode compartment (70 mL), Myys is the molar
mass of the NH;3 molecule, Q is the total quantity of applied electricity; t is the
electrolysis time (1 h) and A is the geometric area of the working electrode (1 x 1

cm?).
Calculation of the partial current density:

Jpartial = FEX 1

Among them, jparia represents the partial current density at each given potential; FE is
the corresponding Faradaic efficiency of each product at the given potential; I is the
corresponding current at each given potential.
Calculation of the energy consumed in the formation of Vo, (Ey):
The energy consumed to form Vo in Co-TiO, can be calculated by the following
equation:

Er= Eos-co-io2) t E(02)/2-E(co-Tio2)-
Among them, Evos.co-tio2) denotes the total energy of the Co-TiO, system after the
formation of Vog; E(0y) is the energy of the O, molecule; Ec,.rio2) refers to the total
energy of the TiO, system after Co doping into TiO,,
The energy consumed to form Vpg in TiO, can be calculated by the following
equation:
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Er= Evos-tio2) T E02)/2-E1i02).-

Among them, Evos.Tioz) presents the total energy of TiO, after the formation of Vo;
E02) 1s the energy of the O, molecule; E rioz) represents the total energy of the TiO,
system without Vg,

DFT calculations details: First-principles calculations with spin-polarized were
performed using density functional theory (DFT) implemented 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 the exchange-correlation functional effect by general
gradient approximation (GGA). Co-TiO, (101) and TiO, (101) surfaces with two
terminations were modelled. The bottom two layers were fixed, and the upper two
layers were permitted to relax. The thickness of the vacuum region is 15 A to avert
spurious interaction. The Brillouin zone was built by 3 x 3 x 1 special k-points based
on the Monkhorst Pack scheme for structural configuration optimizations.” The total
energy is less than 10 eV and the force convergence threshold is 0.02 eV/A,

respectively. The DFT calculation results were analyzed by VASPKIT software.®
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Fig. S1. XRD patterns for Co-TiO,/TP and TiO,/TP.
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Fig. S2. SEM image of bare TP
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Fig. S3. SEM images of (a) Na,Ti,05/TP and (b) CoTi,Os/TP.
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Fig. S4. SEM images of (a) TiO,/TP, and (b) Co-TiO,/TP.
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Fig. S5. (a) The SEM and corresponding EDX mapping images of Ti and O for
TiO,/TP. (b) EDX spectrum of TiO,/TP.
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Fig. S6. (a) EDX spectrum for Co-TiO,/TP. (b) The ICP-MS data of Co ions and

calibration curve.
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Fig. S7. HRTEM image of undoped TiO,
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Fig. S8. XPS survey spectrum of Co-TiO,.
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Fig. S9. (a) UV-Vis absorption spectra of indophenol assays kept with different

concentrations of NH," after incubated for 2 h at room temperature. (b) Calibration

curve used for estimation of NH4" concentration.
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Fig. S10. UV-Vis absorption spectra of various NO,~ concentrations after incubated

for 10 min at room temperature. (b) Calibration curve used for quantification of NO,~

concentration.
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Fig. S11. (a) UV-Vis absorption spectra of various N,H; concentrations after

incubated for 15 min at room temperature. (b) Calibration curve used for calculation

of N,H, concentration.
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Fig. S12. LSV curves of TiOy/TP and TP in 0.1 M NaOH with and without 0.1 M
NO3_.
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Fig. S13. (a) Chronoamperometry curves and (b) corresponding UV-Vis spectra of

Co-TiO,/TP at different given potentials.
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Fig. S14. UV-Vis absorption spectra of the electrolytes estimated by the method of

Watt and Chrisp for the calculation of N,H,4 concentration.
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Fig. S15. UV-Vis absorption spectra of NH; concentrations at different conditions.
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Fig. S16. NH; yields and FEs of Co-TiO,/TP during the alternating cycle tests

between NO; -containing and NO3™-free 0.1 M NaOH solution.
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Fig. S17. Long-term stability test at —0.5 V.
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Fig. S18. (a) Chronoamperometry curves and (b) corresponding UV-Vis absorption

spectra of Co-TiO,/TP for electrogenerated NH; during cycling tests at —0.5 V.
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Fig. S19. LSV curves of Co-TiO,/TP before and after 24-h electrolysis.
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Fig. S20. SEM image of Co-TiO,/TP after 24-h electrolysis.
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Fig. S21. XRD pattern of Co-TiO,/TP after 24-h electrolysis.
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Fig. S22. Crystal structures of (a) TiO, without oxygen vacancies, (b) TiO, with

oxygen vacancies, (¢) Co-TiO, without oxygen vacancies, and (d) Co-TiO, with

oxygen vacancies. Dark blue, red, and light blue spheres denote the Co, O, and Ti

atoms, respectively.
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Table S1. Comparison of catalytic performance of Co-TiO,/TP with other
reported NO;RR electrocatalysts.

Catalyst Electrolyte NH; yield FE Ref.
. 0.1 M NaOH .
Co-TiO,/TP 1127 pmol h™! cm2 98.2% This work
(0.1 M NOy)
. 0.5 M Na,SO
T10, S 45 pmol h™!' mg, ! 85% 9
(50 ppm NO;3")
0.1 M NaOH
Pd facets 18 umol h~! cm2 35% 10
(20 mM NOy")
. 1 M NaOH
Ni NP / 46.3% 11
(20 mM NOy")
0.5 M NaOH
Pd/TiO 66 umol h™! cm™ 92% 12
2 (0.25 M NO) H ’
1 M NaOH
Cu / 79% 13
(0.1 M NOy")
1 M KOH
In-S-G 220 pmol h™! mg,, ! 75% 14
(0.1 M NOy")
1 M KOH
Fe SAC / 86% 15
(0.1 M NOy)
BC,N/Pd 0.1 MKOH 100 pmol h™! cm2 97.42% 16
mol h™! cm~ .
2 (0.25 M NOy) H °
0.1 M KOH
Fe-PPy SACs 160 pmol h! cm™2 ~100% 17
(0.1 M NOy)
. 0.1 M KOH
BCN@Ni 140 pmol h™! cm™ 91.15% 18
(0.1 M NOy")
. . 0.1 M KOH
N13B@N1B2'74 200 umol h! cm™ ~100% 19
(0.1 M NOy)
0.1 M KOH
BCN-Cu 110 umol h™! cm™ 98.23% 20
(100 mM NOy°)
0.1 M KOH
ZnCo,0, 120 pmol h™! mg, ! 95.4% 21
(0.1 M NOy)
0.1 M NaOH
Co-NCNT 350 pmol h ™! mg, ! 92% 22
(0.1 M NOy")
. 0.1 M NaOH
CusoNisg / 84+ 2% 23
(10 mM NOy")
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