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1. Catalyst Characterization

X-ray powder diffraction (XRD) was performed on a Shimadzu XRD-6100 Lab
X-ray diffractometer with Cu Ka radiation. Transmission electron microscopy (TEM) images were
collected on a JEOL-JEM-2010 transmission electron microscopy (TEM, JEOL-JEM-2010) with an
operating voltage of 200 kV and a JEOL JSM-7001F with an operating voltage of 15 kV. X-ray
photoelectron spectroscopy (XPS) was performed on a ESCALAB 250Xi (USA) analyzer. The
reducibility of catalyst was characterized by temperature-programmed reduction with hydrogen
(H2-TPR). Gas chromatography-mass spectrometry (GC-MS) was applied for the detection of
oxidative product and the discussion of mechanism in diesel with analyzer Agilent 7890/5975C
(USA). Electron

spin resonance (ESR) spectra were conducted by a JES FA200 spectrometer at ambient temperature.

2. Turnover frequency (TOF)
Turnover frequency (TOF) was defined as the moles of sulfur containing molecules converted

by the moles of V atoms in the catalysts per second.

TOF= nxSulfur(mol) (1)

Ny_surf(Mol) xTime(s)
Where, TOF was calculated with the # < 20% under the exclusion of interparticle mass-transfer
limitation. Also, nv-surf is the mole number of V atoms on the surfaces of catalysts (mol), which was
estimated based on the XPS and BET data.
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Ny.surf
M= (2)
Na

Where nv-surf is the number of V atoms on the surfaces of catalysts and Na is the Avogadro
constant (6.02x10% mol™?)
The calculation formulas of Nv-surr as follows:
Meatal"Ssurf=STi-surf+SB-surf+SN-surfSv-surf So-surf
=Nri_surf*Sti-single tNB-surf *S-single +NN-surf"SN-single
+ Ny.surf Sv-single tNo-surf So-single (3)
Where Svsingle (M?), Stisingle (M?), So-single (M?), Sg-single (M?), and Sn-single (M?), are the surface
areas of single atoms, which were estimated by the hemispheric surface area (2rtr?), Ssuf (Mg 1)
stands for the specific surface area of catalysts and mcatal (g) represents the mass of catalysts (0.02 g).
The atomic radii employed for V, Ti, O, B, and N are shown as follows: rv = 1.34x107 m, rri =
1.47x1071° m, ro = 6.40x10™™ m, rs = 9.00x107%* m, and rn = 8.00x107* m. The relationship
between Nv-surf, Nrisurf, No-surf, NBe-surf, and Nn-surt was calculated based on XPS (Table 1 shows

Normalized ratio of each element calculated by using XPS).

Table S1 Textural properties of VOx/BNNS@TiO: catalysts.

Samples Sget (M?-g 1) Vp (cmi-g™)
VOX/TIO2 24.5 0.013
VOx/BNNS 25.5 0.013
VOx/BNNS@TiO2-1 24.2 0.013
VOx/BNNS@TIiO2-2 22.6 0.012
VOx/BNNS@Ti0O2-3 22.8 0.012
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Table S2 Correlation fitted data of O 1s XPS and area ratios for VOx/BNNS@TiO: catalysts.

Sample Fitted area area ratios
O Op 0] 0p/O
VOx/BNNS 76672.1 5564.0 82236.1 0.07
VOx/BNNS@TiO2-1 32308.9 18273.2 50582.2 0.36
VOx/BNNS@TiO2-2 43486.1 56096.0 99582.1 0.56

VOx/BNNS@TiO2-3 45215.2 67098.6 112313.8 0.60
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Table S3 Correlation fitted data of V 2ps;2 XPS and area ratios for VOx/BNNS@TiO2 catalysts.

Sample Fitted area area ratios

V5+ V4+ V5+/ V4+
VOx/BNNS 1142.5 1132.2 1.01
VOx/BNNS@TiO2-1 3707.7 3300.2 1.12
VOx/BNNS@TiO2-2 8265.1 5704.8 1.45
VOx/BNNS@TiO2-3 8243.2 6759.3 1.22

Table S4. Comparison of catalytic ODS activities of VOx/BNNS@TiO2-2 with recently reported
Mo/W/V-Containing catalysts.

Entry Catalyst Oxidant  Substrate  Reaction Reaction conditions TOF (Y Ref.
temperat
ure

1 Mn-Mo-O air DBT 110 °C 500 ppm, catalyst dosage 0.5 1.23x107° [1]
gL

2 TiO/SiO; TBHP DBT 80 °C 500 ppm, catalyst dosage 10 6.83x1073 [2]
gL

3 Co-Pc/PMoV Oy DBT 100 °C 500 ppm, catalyst dosage 2 0.68x1072 [3]
gL

4 Co-Fe-Mo-M Oy DBT 100 °C 500 ppm, catalyst dosage 1 0.63x10° [4]
MO-2 gL?

5 Co-Mo-0 air DBT 100 °C 500 ppm, catalyst dosage 1 0.73x10°° [5]
gL

6 (Cu-Co)salen O3 DBT 80 °C 500 ppm, catalyst dosage 8 3.37x10° [6]
Y gLt

7 CraWOg/ H20, DBT 70 °C 870 ppm, catalyst dosage 5 0.52x10°° [7]
WOs gLt

8 CuO/sio,@Vv 0O DBT 120 °C 500 ppm, catalyst dosage 5 5.61x10°® [8]
-PIL gLt

9 MoO3/AlyOs H20, DBT 75°C 320 ppm, catalyst dosage 1.3 0.19x107? [9]
gL

10 VO/BNNS@ O DBT 130 °C 200 ppm, catalyst dosage 1 4.80x107? This

TiO,-2 gLt work
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Fig. S1. SEM images of the catalysts: (a, b) TisAIC2 MAX; (c, d) TisC2 MXene; (e, f) BNNS.
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Fig. S2. H2-TPR profile of the catalysts: (a) BNNS, (b) TiO2, (¢c) VOx/TiOo.
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Fig. S3. Comparison of time required for different catalysts to achieve 90% conversion with (A)
Vo IV4 (B) particle size of these catalysts: (a) VOx/BNNS (b) VOYBNNS@TiO2-1 (c)
VOx/BNNS@TiO2-2 (d) VOxBNNS@TiO2-3.
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Fig. S4. Catalytic stability of the representative VOx/BNNS@TiO2-2 sample in ODS system.
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Fig. S5. The sulfur conversion for real diesel over VOxY/BNNS@TiO2-2. Experimental conditions:
v(02) =200 mL-min ", T = 130 °C, V(oil) = 20 mL, r = 800 rpm and m(catalyst) = 0.02 g.
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