Supporting Information

In-situ characterization reveals a favorable reconstruction of
BiVOy in thermal catalysis
Cheng Chen'?, Yifan Xu®, Chunyan Ma'?, Bolei Chen!?, Fanglan

Geng,? Xiaozhi Liu**, Maoyong Song'?*, and Guibin Jiang?

!Key Laboratory of Environmental Nanotechnology and Health Effects, Research Center for Eco-
Environmental Sciences, Chinese Academy of Sciences, Beijing 100085, China

2State Key Laboratory of Environmental Chemistry and Ecotoxicology, Research Center for Eco-
Environmental Sciences, Chinese Academy of Sciences, Beijing 100085, China

3Nanjing Institute of Environmental Sciences, Ministry of Ecology and Environment of China,
Nanjing, 210042, China

“Beijing National Laboratory for Condensed Matter Physics, Institute of Physics, Chinese Academy
of Sciences, Beijing, 100190, China

#Cheng Chen, Yifan Xu, and Chunyan Ma contributed equally to this work.

*Correspondence: liuxz@iphy.ac.cn; smsong@rcees.ac.cn



1 Il awii Lol 1 an

PDF#85-1329
“ H,-BiVO,-600
n M ] ) L

3 l | PRTOTTS T oY
3 H,-BiVO,-500
\ﬁ; o $ ™ U U I 8 A.T.L_":_wn " "
%‘ L I&-Bluvoffoo
2 -BiVO -
E bl il e D D

== Hz-BiVO ,-200
T § OV VU7 NPT, WO R SRS AN

ﬂ b | BiVO,

I PDF#83-1700

10 20 30 40 50 60 70 80 90
20 (degree)

Figure S1. XRD characterization of the BiVO4 and H»-BiVOa.
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Figure S2. Raman characterization of the BiVO4 and H»-BiVOa.
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Figure S3. FTIR spectra of the BiVO4 and H>-BiVOa.
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Figure S4. Bi Ls-edge XANES spectra of Bi powder, Bi,O3;, BiVO4, and H>-BiV04-300,
respectively.
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Figure S5. WT-EXAFS plots of Bi powder, Bi,O3, BiVOs, and H>-BiV04-300, respectively.
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Figure S6. SEM images of the BiVO4 and H»
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Figure S7. In-situ STEM images of the BiVO4 subjected to high-temperature treatment in an H»
atmosphere.
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Figure S8. The product selectivity of thermal catalytic selective oxidation of benzylic C—H of
toluene over the BiVO4 and H»-BiVOa.
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Figure S9. The stability of H>-BiV04-300 in selective oxidation of the benzylic C—H of toluene.
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Figure S10. SEM/EDS elemental mapping of the H>-BiVO4-300-R-20h.
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Figure S11. In-situ FTIR characterization of the H2-BiV04-300 in an Oy/toluene atmosphere at

160 °C.
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Figure S12. XRD characterization of the fresh and used H»-BiV04-300. PDF#76-2478 1is the
standard card of Bi,Os. “R” represents the H>-BiV4-300 after the reaction, for example, R-1h refers
to the H>-BiVO4-300 after use for 1 h in the reaction. “*” is used to label the characteristic peaks
belonging to Bi>Os. “4” is used to label the characteristic peaks belonging to metallic Bi particle.
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Figure S13. XRD characterization of the fresh and used BiVOs. “R” represents the BiVOs after the

reaction, for example, R-20h refers to the BiVOy after use for 20 h in the reaction.
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Figure S14. SEM images of the BiVO4, H2-BiV04-300, H>-BiV04-300-O2, H2-BiVO4-300-R-5h,
H»-BiV04-300-R-10h, and H>-BiVO4-300-R-20h.
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Figure S15. SEM image and corresponding elemental mapping of the BiVO4-R-30h.
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Figure S16. TEM images and the corresponding elemental mapping of the BiVO4, H>-BiV04-300,
Hz-BiVO4-300-R-10h, and Hz-BiVO4-300-Oz.



Figure S17. In-situ STEM images of the reduced BiVO4 undergoing high-temperature reoxidation
under an O, atmosphere.
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Figure S18. n-situ STEM images of the reduced BiVO4 undergoing high-temperature reoxidation
at 600 °C.
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Figure S19. STEM/EDS linear scan performed on BiVOj treated with H; (a) and subsequently

treated with O, (b), and the signal intensity distribution of Bi, V, and O elements and O/V intensity
ratio at the corresponding linear scans (c).
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Figure S20. XRD characterization of Bi,O3 and Bi,03/BiVO4-syn-1.5. PDF#76-2478 1is the
standard card of BiOs;. PDF#83-1700 is the standard card of BiVOas. “%” is used to label the
characteristic peaks belonging to Bi,Os.
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Figure S21. Thermal catalytic selective oxidation of benzylic C—H. Product yield obtained over the
Bi203/ BiVO4-syn.
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Figure S22. The yields of benzyl alcohol, benzaldehyde, benzoic acid, and benzyl benzoate obtained
over H>-BiV04-300 at different reaction time.



Figure S23. Reaction pathway and free-energy diagrams for generation of the high value-added
products of toluene.
S1: O2+e” — 02"
S2: C¢HsCH3 + h™ — CsHsCH,e + HY
S3: C¢HsCHae + O, — CcHsCH,00™
S4: C¢HsCH,OO0+ + H" —» CsHsCH,OOH
S5: CéHsCH2,00H — CsHsCHO + H,O
S6: 2 CcHsCH,O0OH — 2 C¢HsCH,OH + O,
S7: CéHsCHO + h* — C¢HsCO« + H*
C¢HsCOe« + H* + 1/2 «O,” - CsHsCOOH
S&: C¢HsCOOH + C¢HsCH,OH — CsHsCH,OCOCgH5 + H,O
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Figure S24. Optimized geometric structures of the BiVO4, Bi/BiVOs, and Bi,03/BiVOs. Pink, Bi;

Orange, V; Red, O.



Table S1. The catalytic performance of BiVOy-based catalysts for selective oxidation of benzylic
C—H of toluene.

Selectivity (%)

Toluene Total

Catalysts Benzyl Benzoic  Benzyl (m:ZTUCtS_l Conversion  Selectivity
Benzaldefyde  iconol  acid  benzoate gar’) (umol g~-h™h) (%)
BiVO, 38.46 11.54 5.77 0.00 29.00 1733.33 55.77
H2-BiV04-200 13.60 6.80 34.17 143 309.00 18633.33 55.99
H2-BiV04-300 11.53 2.15 37.14 2.28 410.00 26300.00 53.11
H2-BiV04-400 13.03 2.10 38.38 1.96 389.00 23800.00 55.46
H2-BiV04-500 12.92 1.97 35.25 1.69 363.00 23733.33 51.83
H2-BiV04-600 13.85 2.92 33.69 1.54 333.00 21666.67 52.00
H2-BiV04-300-HNO3 13.88 4.13 35.37 0.99 326.00 20166.67 54.37
Bi2O3 15.43 16.98 21.60 1.85 178.00 10800.00 55.86
Bi,03+BiVO4 21.65 13.06 23.37 0.00 169.00 9700.00 58.08
Bi»03/BiVO4-syn-1.5 16.92 7.69 36.04 0.00 276.00 15166.67 60.65
Bi203/BiVO4-syn-3 12.04 4.82 38.24 142 394.00 23533.33 56.62
H>-BiV04-300-O; 11.34 2.14 37.91 2.02 416.00 26466.67 53.40

Products = Yield (Benzyl alcohol) + Yield (Benzaldehyde) + Yield (Benzoic acid) + Yield (Benzyl
benzoate);

Toluene conversion = Amount of toluene converted/(Reaction time * Catalyst dosage);

Selectivity (Benzyl alcohol) = Yield (Benzyl alcohol) / Amount of toluene converted;

Selectivity (Benzaldehyde) = Yield (Benzaldehyde) / Amount of toluene converted;

Selectivity (Benzoic acid) = Yield (Benzoic acid) / Amount of toluene converted;

Selectivity (Benzyl benzoate) = 2 * Yield (Benzyl benzoate) / Amount of toluene converted;

Total selectivity = Selectivity (Benzyl alcohol) + Selectivity (Benzaldehyde) + Selectivity
(Benzoic acid) + Selectivity (Benzyl benzoate).



Table S2. Comparison of the the selective oxidation properties of benzylic C—H of toluene with
the catalysts reported in the literatures.

Product Yield  Toluene Conversion

Catalyst Solvent (mmol-ger ) (umol g 1) Reference

H.-BiV04-300 No 410.00 26300.00 This Work
La,Mn0s No 134.00 5433.33 1
N-TiO> No 132.80 5693.33 2
Au-Pd/TiO; No 59.50 2375.82 3
o-MnO; No 32.10 4968.53 4
mpg-CaN4 No 29.40 1833.62 5
Cu/Al,03 No 11.60 5875.00 6
Fe,0s/HZSM-5 No 17.50 4952.13 7
Pd/ZSM-5 No 63.00 10750.00 8
Co(OH)2Cr203 No 101.98 10197.53 9
CrS-1 Acetic acid 10.80 830.00 10
CosAl oxide Acetonitrile 4.50 989.47 11
Cu/graphene Methanol 25.00 3120.25 12
Cu-CNB Acetonitrile 21.00 1312.50 13
CuCr04 Acetonitrile 79.50 8320.67 14
Pd/C Dimethylacetamide 2.82 61.13 15

[n-BusN]sHs[PWeV30u0] Acetonitrile 79.00 13166.67 16
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