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Table S1. Catalytic performance of catalysts reported in the literature.

Yiel . Ref.
T WHS | Conv | Sel. Productivity
Year Catalyst . | . . d e
O | V(D) | . (%) | (%) %) (gBD-eat " h7")
1950 | 2%Cr,05-59%Mg0-39%Si0, | 400 0.4 68 56 38 0.08 1
1985 | Si0,-MgO (1:1 mol%) 350 | 0.15 50 84 42 0.04 2
1988 | Li*-containing fluorohectorite | 375 0.3 32 48 16 0.03 3
2012 | 3%Cr,03-54%Mg0-43%Si0, | 350 0.2 65 53 34 0.04 4
2012 | 3%Zn0-56%Mg0-42%Si0, 400 0.7 98 46 45 0.18 4
2012 | 3%Cu0-56%Mg0-42%Si0, 400 0.7 86 53 44 0.18 4
2012 | 4%Ag-55%Mg0-41%Si0, 400 0.7 92 54 49 0.20 4
2015 | 1%Cu-1%Zr-0.5Zn%/Si0, 360 | 0.21 96 65 63 0.08 5
2015 | 1%Cu-3%-Hf-0.5%Zn/Si0, 360 | 0.21 99 72 71 0.09 5
2015 | 3%H{£-9.3%Zn/Si0, 360 | 0.64 99 70 69 0.26 5
2015 | ZnO/Si0,-MgO 375 0.5 63 65 41 0.12 6
2016 | ZnZrOy 350 0.8 98 26 26 0.12 7
2016 | Na-Zn-Zr;,0,-H 350 0.2 97 47 46 0.05 7
2016 | ZrZn/Si0,-MgO 375 0.6 40 36 30 0.11 8
2016 | Si0,-MgO (sol-gel) 400 24 40 40 16 0.22 9
2017 | Ga/Si0,-MgO 400 | 0.08 99 53 52 0.02 10
2017 | Cs,0-Zn0O-Zr0,/Si0O, 400 1 98 56 55 0.32 11
2018 | 2%Cu/2%Zr-MTW 375 0.5 81 68 55 0.16 12
2018 | t-ZrO,+Cu/ZnO/Al,0O5 400 2.9 76 54 42 0.72 13
2018 | Zn-Talc 400 8.4 46 48 22 1.07 14
2018 | 6.1%Zn-3.4%Ta-TUD-1 400 8 82 63 52 2.44 15
2019 | Cu-Ta/SiO, 355 1.1 75 31 23 0.15 16
2019 | 3%H{f-9.3%Zn/Si0, 360 | 1.12 87 43 38 0.25 17
2019 | 3%H{-9.3%Zn/Si0, 360 | 11.2 50 29 15 0.96 17
2019 | ZnO/t-ZrO, 375 2.8 94 47 44 0.72 18
2019 | Hf-Zn/SiO, 380 1.1 98 52 51 0.32 19
2020 | ZnO-CeO,/SBA-15 375 1.60 79 45 36 0.33 20
2020 | ZnO/Si0,-MgO 400 0.5 85 53 45 0.13 21
2020 | ZnO-ZrO,/Si0O, 400 5.0 67 59 39 1.14 22
2020 | 0.15Zn-0.225Y-DeAIBEA 400 | 12.24 94 52 49 3.52 23
2021 | 2%Zn-8%Y/beta 400 7.9 82 63 52 2.41 24
2021 | ZnZrTUD-1 400 | 0.38 85 63 53 0.12 25
2022 | 10%Si0,-ZrO, 350 2.5 95 80 76 1.12 26
2022 | Y-ZnggpZry o/Si-beta 350 1.0 80 60 48 0.28 27
2022 | Cu1Zn,Ys/SiBEA 375 1 99 70 69 0.41 28
2022 | 10%ZnCe@SBA-15 375 1.62 78 40 31 0.30 29
2022 | ZnZr/SiO, 400 | 0.77 92 61 56 0.25 30
2022 | 5%LaZnZr/Si-beta 350 1.0 83 61 51 0.30 31
2023 | 5Zn-3Zr/SBA-15 375 1.18 94 51 48 0.33 This
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Figure S1. N, adsorption-desorption of the SBA-15 support and xZn-yZr/SBA-15 catalysts.

Table S2. Textural properties of the SBA-15 support and xZn-yZr/SBA-15 catalysts.

Catalyst Sper' Vi Dpore
(m?¥/g) (cm’/g) (nm)
SBA-15 534.8 1.34 3.97
5Zn/SBA-15 468.0 1.12 3.97
37Zr/SBA-15 504.8 1.21 3.97
5Zn-3Zr/SBA-15 413.5 1.06 3.97

[a] BET surface area; [b] Single point pore volume at P/P;=0.99; [c] Average pore diameter
calculated by DFT method.
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Figure S2. Zoom in of the region of 28-40° of Figure 1A.
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Figure S3. FTIR spectra of xZn-yZr/SBA-15 catalysts.
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Figure S4. Element maps of 5Zn-3Zr/SBA-15 catalyst.

Figure SS5. EDS line scan of 5Zn-3Zr/SBA-15 catalyst.
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Table S3. Acid-base properties of xZn-yZr/SBA-15 catalysts with various contents of ZrO,.

Acidic sites concentrationl®] Basic sites concentration[®
Catalyst (mmol-g), [T(°C)]t] (mmol-g), [T(°C)]t]

SBA-15 Zn Zr Si-OH  SBA-15 Zn/Zrx n/Zr Si-OH

5Zn 0.026 0.067 0.095 0.016 0.028 0.033 0.102
[197] [336] [740] | [190]  [306]  [438]  [792]

5Zn-17Zr 0.016 0.041 0.005 0.069 0.016 0.038 0.027 0.093
[185] [327]  [491]  [747] | [198]  [332] [470]  [786]

5Zn-27r 0.027 0.067 0.013 0.107 0.014 0.048 0.020 0.083
[188] [331]  [492] [754] | [203]  [360]  [510]  [790]

5Zn-37Zr 0.025 0.074 0.019 0.117 0.015 0.048 0.016 0.087
[200] [338]  [508] [771]1 | [210]  [367] [510]  [776]

5Zn-4Zr 0.031 0.073 0.019 0.089 0.016 0.056 0.020 0.085
[196] [325]  [489]  [747] | [198]  [366]  [526]  [800]

5Zn-57r 0.036 0.074 0.030 0.144 0.016 0.059 0.024 0.075
[195] [327]  [495] [762] | [196]  [371] [545]  [800]

[a] Determined by NH3-TPD; [b] Determined by CO,-TPD; [c] The desorption temperature of TPD
peaks.

Table S4. Acid-base properties of xZn-yZr/SBA-15 catalysts with various contents of ZnQO.

Acidic sites concentration[® Basic sites concentration[®!
Catalyst (mmol-g!), [T(°C)]t! (mmol-g!), [T(°C)]t!

SBA-15 Zn Zr Si-OH  SBA-15 Zn/Zrx n/Zr Si-OH
3Zr 0.048 0.063 0.101 0.023 0.078 0.023 0.175
[208] 4571  [776] | [228] [390]  [550]  [760]
3Zn-3Zr 0.031 0.055 0.033 0.109 0.019 0.065 0.018 0.159
[190] [330]  [488]  [764] | [225] [379]  [535]  [761]
4Zn-3Zr 0.021 0.057 0.010 0.156 0.015 0.054 0.013 0.113
[194] [332]  [493] [771] | [208] 3711  [514]  [766]
5Zn-37Zr 0.025 0.074 0.019 0.117 0.015 0.048 0.016 0.087
[200] [338] [508] [771] | [210] 3671  [510]  [776]
6Zn-3Zr 0.028 0.073 0.025 0.129 0.015 0.048 0.018 0.168
[199] [337] [500] [782] | [212] [365]  [506]  [761]
7Zn-37Zr 0.029 0.075 0.025 0.112 0.016 0.049 0.018 0.126
[196] [328] [493] [781] | [210] [356]  [497]  [769]

[a] Determined by NH3-TPD; [b] Determined by CO,-TPD; [c] The desorption temperature of TPD
peaks.
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Figure S6. Deconvolution of NH3-TPD profile of 5Zn/SBA-15 catalyst.
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Figure S7. Deconvolution of NH3-TPD profile of 5Zn-1Zr/SBA-15 catalyst.
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Figure S8. Deconvolution of NH3-TPD profile of 5Zn-2Zr/SBA-15 catalyst.

Raw data
Envelope
SBA-15
—-=-7Zn0
—-—- 710,

—-—- Si-OH

Intensity (a.u.)

- —- = . B IR —

T T T T T T
50 300 550  goolsothermal_
Temperature (°C)

Figure S9. Deconvolution of NH3-TPD profile of 5Zn-3Zr/SBA-15 catalyst.
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Figure S10. Deconvolution of NH;3-TPD profile of 5Zn-4Zr/SBA-15 catalyst.
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Figure S11. Deconvolution of NH3-TPD profile of 5Zn-5Z1/SBA-15 catalyst.
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Figure S12. Deconvolution of NH;-TPD profile of 3Zr/SBA-15 catalyst.
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Figure S13. Deconvolution of NH;-TPD profile of 3Zn-3Z1/SBA-15 catalyst.
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Figure S14. Deconvolution of NH;3-TPD profile of 4Zn-3Zr/SBA-15 catalyst.
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Figure S15. Deconvolution of NH3-TPD profile of 5Zn-3Z1/SBA-15 catalyst.
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Figure S16. Deconvolution of NH;3-TPD profile of 6Zn-3Zr/SBA-15 catalyst.
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Figure S17. Deconvolution of NH3-TPD profile of 7Zn-3Z1/SBA-15 catalyst.
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Figure S18. FTIR of pyridine adsorption and corresponding deconvolution over the
57Zn/SBA-15 catalyst at 300 °C.
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Figure S19. FTIR of pyridine adsorption and corresponding deconvolution over the
3Zr/SBA-15 catalyst at 300 °C.
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Figure S20. FTIR of pyridine adsorption and corresponding deconvolution over the 5Zn-
3Zr/SBA-15 catalyst at 300 °C.

Table S5. Deconvoluted band area under the characteristic bands of xZn-yZr/SBA-15

catalysts.
Band position (cm™)
Catalyst
1611 1608 1490 1451 1446
5Zn/SBA-15 0.31827 0.4953 0.38231
3Zr/SBA-15 0.17174 0.0589 0.35385
57Zn-3Zr/SBA-15 0.08936 0.71896 0.11231 0.39349 0.12029

There is a strong correlation between the deconvolution results and the NH3-TPD results,

as follows:

1. The band area at 1451 cm! for the 5Zn/SBA-15 catalyst (0.38231) is larger than that at
1446 cm! for the 3Zr/SBA-15 catalyst (0.35385), which aligns with the higher
concentration of acidic sites in the 5Zn/SBA-15 catalyst (0.067 mmol g!) compared to

3Zr/SBA-15 (0.063 mmol g!).
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2. The band area at 1451 cm! for the 5Zn-3Zr/SBA-15 catalyst (0.39349) exceeds that for
the 5Zn/SBA-15 catalyst (0.38231), consistent with the higher concentration of Zn Lewis
acid sites in the 5Zn-3Zr/SBA-15 catalyst (0.074 mmol g') compared to 5Zn/SBA-15
(0.067 mmol g).

3. The band area at 1446 cm! for the 5Zn-3Zr/SBA-15 catalyst is 0.12029, approximately
one-third of that for the 3Zr/SBA-15 catalyst (0.35385), corresponding to the lower
concentration of Zr Lewis acid sites in the 5Zn-3Zr/SBA-15 catalyst (0.019 mmol g!)
compared to 3Zr/SBA-15 (0.063 mmol g'). This deviation from the nominal content

suggests the deposition of ZnO onto ZrO,.
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Figure S21. Deconvolution of CO,-TPD profile of 5Zn/SBA-15 catalyst.
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Figure S22. Deconvolution of CO,-TPD profile of 5Zn-1Zr/SBA-15 catalyst.
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Figure S23. Deconvolution of CO,-TPD profile of 5Zn-2Zr/SBA-15 catalyst.
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Figure S24. Deconvolution of CO,-TPD profile of 5Zn-3Zr/SBA-15 catalyst.
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Figure S25. Deconvolution of CO,-TPD profile of 5Zn-4Zr/SBA-15 catalyst.
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Figure S26. Deconvolution of CO,-TPD profile of 5Zn-5Zr/SBA-15 catalyst.
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Figure S27. Deconvolution of CO,-TPD profile of 3Zr/SBA-15 catalyst.

19/25



Raw data
Envelope
SBA-15
—-—-Zn0/ZrO,
—-—-Zn0/ZrO,

—-—- Si-OH

Intensity (a.u.)

T T T T T T
50 300 550  goplsothermal
Temperature (°C)

Figure S28. Deconvolution of CO,-TPD profile of 3Zn-3Zr/SBA-15 catalyst.
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Figure S29. Deconvolution of CO,-TPD profile of 4Zn-3Zr/SBA-15 catalyst.
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Figure S30. Deconvolution of CO,-TPD profile of 5Zn-3Zr/SBA-15 catalyst.
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Figure S31. Deconvolution of CO,-TPD profile of 6Zn-3Zr/SBA-15 catalyst.

21/25



Intensity (a.u.)

B

Raw data
Envelope
SBA-15
—-—-Zn0/ZrO,

—-—- Zn0/Z10,
—-—-Si-OH

—
50 300 550 800
Temperature (°C)

' Tsothermal
—_—

Figure S32. Deconvolution of CO,-TPD profile of 7Zn-3Zr/SBA-15 catalyst.
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Figure S33. High-resolution XPS spectra of xZn-yZr/SBA-15 catalysts: (A) Zn 2p, (B) Zr 3d,
(C) O 1s, and (D) Si 2p.
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Table S6. Atomic content of constituent elements of xZn-yZr/SBA-15 catalysts.

Atomic %
Catalyst -
Zn Zr Si O
5Zn/SBA-15 0.57 31.05 59.97
37Zr/SBA-15 0.35 31.50 58.90
5Zn-3Z1r/SBA-15 0.69 0.30 29.77 58.24
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