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1 Hybrid tungsten silicate solid precursors

Table 1S. Precursor amounts and hybrid materials yields.

sample W(CO)s H.NDC APTES yield?

m[mg] n[mmol] m[mg] n[mmol] mi[g] n[mmol] [mg]
12W-SiO, 174.8 0.50 233.8 1.08 1.1863 5.36 678
6W-SiO, 84.2 0.24 2333 1.08 1.1814 5.34 645
2W-SiO, 24.2 0.07 233.7 1.08 1.1858 5.36 605

9yield of as-prepared dried product (hybrid tungsten silicate microspheres)
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Figure 1S. MW-reactor record of 12W-NDC precursor solution preparation.
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Figure 2S. FTIR spectrum of 12W-NDC-Si sample.



FTIR spectra of all W-NDC-Si solid precursor (Figure 2S) exhibited an intense absorption bands at 1353
and 1386 cm™ which is attributed to the symmetric stretching modes of carboxylate groups in NDC
linker'? while the band at 780 cm™ is characteristic for C-H vibrations in aromatic rings. The vibrational
bands located in regions 1494 and 1560 cm™ are ascribed to the asymmetric stretching modes of
carboxylate groups. The Si—0-Si linkages are characterized by vibrational bands located at 1116, 1034,
and 1007 cm™.3* A vibrational band with wavenumber 962 cm™ is indicative for Si—-OH/Si—-O-W

species.? Further, the vibrational band of W=0 bonds is found at 921 cm™.*
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Figure 3S. TG/DSC analysis of 12W-NDC-Si sample

A residual mass of 37.1% was obtained after TG analysis in air at 1000 °C (Figure 3S). Several mass-loss
steps are evident on the TG curve. The first loss, occurring between 30 and 175 °C (7.5%), corresponds
to the release of residual DMF solvent. The second loss (15.4%) between 175 and 360 °C is attributed
to the decomposition of the 3-aminopropyl groups originating from APTES.” In contrast, the final mass
loss (39.0%) in the range of 350-610 °C is associated with oxidation and decomposition of the NDC
linker. The TG data are presented together with a heat-flow curve, which shows three exothermic
events corresponding to the oxidation of both the 3-aminopropyl groups and the NDC linker.



2 Tungsten silicate microspheres
2.1 SEM images

O

Figure 5S. SEM images of 6W-SiO, catalyst sample.
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Figure 6S. SEM images of 2W-SiO, catalyst sample.



Figure 7S. SEM image of the 4W-SiO,-imp sample.
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Figure 8S. SEM-derived microsphere diameters of 12W-SiO,, 6W-Si0,, and 2W-SiO, catalyst samples.
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Figure 9S. HAADF and STEM-EDS images of the 4W-SiO,-imp sample.
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2.2 Surface area of 12W-SiO,-WI
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Figure 10S. Nitrogen adsorption/desorption isotherms of 12W-SiO,-WI sample (left) and its pore size distribution determined
by NLDFT method (right).

2.3 XPS spectra of W-SiO3
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Figure 118S. Survey XPS scans of 2W-SiO,, 6W-SiO,, and 12W-SiO, catalyst samples.
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Figure 12S. W 4f spectrum of 12W-SiO,-WI sample.
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Figure 13S. Survey XPS scan of 4W-SiOz-imp.
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Figure 14S. W 4f, O 1s, and Si 2p XPS spectra of 4W-SiO,-imp catalyst sample.

Table 2S. Surface compositions of the W-SiO; catalysts determined by XPS method

wt.% XPS
sample W Si 0] C
2W-SiO, 0.90 52.10 43.17 3.82
6W-SiO, 2.75 50.16 4352 3.56
12W-Si0O; 7.87 48.73 40.35 3.05
12W-Si0,-WI 7.31 52.1 38.90 1.68
4W-SiOz-imp 2.63 51.60 42.15 3.59
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Figure 15S. O 1s, Si 2p, and C 1s XPS spectra of 2W-SiO, catalyst sample.
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Figure 16S. O 1s, Si 2p, and C 1s XPS spectra of 6W-SiO, catalyst sample.
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Figure 17S. O 1s, Si 2p, and C 1s XPS spectra of 12W-SiO, catalyst sample.
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2.4 TOF-SIMS results
Table 3S. List of all W-based clusters identified by ToF-SIMS and considered in the formula reflecting total W content.

cluster Mass (u)
182W05 229.9326
WOs 231.9355
186\W 03 233.9397
BL2wWo, 245.9271
WO, 247.9321
188WO0, 249.9322
182W0sSi- 289.8973
WOsSI” 291.9032
186\WOsSi- 293.9038
182\WOeSi- 305.8922
WOeSI 307.8975
188\WOeSi- 309.9019
182W0,Siy 349.8605
WO5Siy 351.8629
188\W0,Siy 353.8651
W,0¢ 463.8679
W30q 695.807
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Figure 18S. The total proportion of W-containing clusters from W-SiO,-based microspheres (i.e., the sum of the intensity for
each W-containing anion normalized by the total count). Error bars are standard deviation of each data set (3 analyses per
sample).



2.5 Pyridine adsorption
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Figure 19S. TG and dTG curves of 12W-Si0,, 6W-SiO,, and 2W-SiO, catalyst samples after pyridine adsorption. Analysis was
performed in the atmosphere of nitrogen.
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Figure 20S. FTIR spectrum of 12W-SiO,-W!I and 4W-SiO,-imp catalyst samples after pyridine adsorption (left). TG and dTG
curves of 12W-SiO,-WI and 4W-SiO,-imp catalyst samples after pyridine adsorption (right). Analysis was performed in the
atmosphere of nitrogen.
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Table 4S. Mass loss of pyridine adsorbed on impregnation-based samples determined by TGA

sample pyridine mass loss pyridine
TG [%] [mmol/g]

4W-SiOz-imp 3.10 0.39

12W-SiO,-WIl-py 1.27 0.16

2.6 Water contact angle

:

Figure 21S. Water contact angle images. From left to right: 2W-SiO,, 6W-SiO,, and 12W-SiO,.
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3  W-SiO; catalytic studies
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Figure 22S. Average initial ethanol conversion after 5 injections (1 hour) at different WHSV of 7.09 and 14.19 h™.



To address the concern regarding mass transfer limitations, we estimated theoretical criteria for
maintaining kinetic control (i.e., Weisz-Prater and Mears criteria). The threshold criteria were
evaluated based on the maximum ethanol conversion rates (i.e., the initial conversion rates at 420 °C).
Refer to Table 5S for a summary of the values used to estimate mass transfer criteria.

Table 5S. Summary of the values for computing mass transfer criteria.

Physical quantity Symbol Value Notes
Catalyst particle radius (2W-SiO,) I 33x107" m Figure 8S
Catalyst particle radius (6W-SiO3) I 20x107" m Figure 8S
Catalyst particle radius (12W-SiO,) I 1.4 X107 m Figure 8S
Average pore diameter for catalyst dp 1.1x10°m
Bulk ethanol concentration Ca 4.6 mol/m3 From ideal gas law
Reynolds number Re 11
Schmidt number Sc 0.34
Bulk gas diffusivity Dy 1.0 x 107* m?/s  Typical value for ideal gas mixtures
- - 1/2.¢-1/3
Mass transfer coefficient (2W-SiO5) Km 9.1 x 102 m/s Sh . km (2rp)/Dag =2 + R Sc* for
laminar flow over a sphere
- - 1/2.¢-1/3
Mass transfer coefficient (6W-SiO5) Km 1.5 x 103 m/s Sh . km (2rp)/Dag =2 + R Sci for
laminar flow over a sphere
- - 1/2.¢-1/3
Mass transfer coefficient (12W-Si02)  Km 2.2x103m/s Sh . km (2r5)/Dag =2 + R Sc* for
laminar flow over a sphere
Knudsen diffusivity Dx 41x1077m?/s  0dy/3
Effective diffusivity De 41x1077m?/s  De=1/(1/Dy+1/Dx)
Density of catalyst support 0. 1.6 x 10° kg/m? Approximated as density of crystalline

silica multiplied by porosity of 0.4

Obseryed reaction rate (volumetric) o 33 mol/m3,, - s From r = 2.1x10°5 mol/gext-s
(2W-SIOz)

Obseryed reaction rate (volumetric) o 42mol/m3,, - s From r = 2.7x10° mol/gcat-s
(6W-Si0,)

Observed reaction rate (volumetric) v )
(12W-Si0,) r 59mol/m3,; - s From r = 3.7x10° mol/geat-s

The threshold criteria were computed via Eq. S1 and S2. Eq. S1 was taken from Kinetics of Catalytic
Reactions by Vannice,® and equation S2 were taken from The Microkinetics of Heterogeneous Catalysis
by Dumesic.” All the estimated criteria are significantly below the limitation criteria (Table 6S),
indicating the reported rates (< 3.7x10™ mol/g.'s) are free of mass transfer limitations.

Weisz-Prater Criteria for excluding intraparticle mass transfer limitations:

' 2
chTr; = Weisz — Prater criterion (should be < 0.3) (Eg. S1)
A e
Criteria for excluding interphase mass transfer limitations:

- WTP
Cakm

= Mears criterion (should be < 0.15) (Eq. S2)
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Table 6S. Summary of the values of mass transfer criteria

Sample Weisz-Prater criterion Mears criterion
2W-Si0, 1.9x10°° 2.6 x107°
6W-Si0, 8.9 x 1077 1.2x107°
12W-SiO, 6.1x 1077 8.3 x 10710
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Figure 23S. Average values of ethanol conversion (left) and ethylene selectivity (right) at temperatures 300-390 °C. Data are
obtained from 5 measurements at each temperature with error bars.
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Figure 24S. Correlation of initial ethylene productivity at 420 °C with number of Brénsted (Bp,), Lewis (Lp,), and total (B,, +
Lpy) acid sites.
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Figure 25S. Correlation of initial ethylene productivity with DRUV-Vis band-edge energy (left) and tungsten surface
density from XPS (right).

3.1 Tungsten molar content normalized ethylene production
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Figure 26S. The activity of the catalysts related to the molar content of tungsten. Expressed as space-time yield.
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Figure 27S. Ethanol, ethylene, and acetaldehyde peak areas during the ethanol dehydration performed under nitrogen and
mixed nitrogen/oxygen atmosphere.
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Partial over-oxidation of pentane and ethanol to CO, CO,, and other products cannot be avoided under
the reaction conditions strongly affecting carbon balance. Therefore, ethanol conversion and product
selectivities and yields were not calculated and only peak areas are given for the sake of comparison.

3.2 Spent catalysts

Figure 28S. SEM image of 12W-SiO; spent catalyst.
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Figure 29S. Raman spectra (a) and PXRD diffractograms (b) of 12W-Si0,, 6W-SiO,, and 2W-SiO, spent catalysts.
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Figure 30S. TG curve of 12W-SiO, spent catalyst (performed in the atmosphere of air).
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Figure 31S. Wide XPS scans of spent W-SiO; catalysts.
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Figure 32S. C 1s XPS spectra of spent W-SiO; catalysts.
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Figure 33S. W 4f XPS spectra of spent W-SiO; catalysts.
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Table 7S. Surface composition of fresh and spent catalysts determined by XPS.

wt.% XPS
sample w Si 0] C
2W-SiO,-spent 0.45 55.6 35.56 4.89
6W-SiO,-spent 2.44 55.6 35.56 6.40
12W-SiO,-spent 7.72 50.54 33.92 7.82
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Table 8S. Ratio of W®*/W? 4f peak areas from XPS spectra of fresh and spent W-SiO; catalysts.

catalyst We* /W>*
fresh spent
12W-SiO, 3.48 1.75
6W-SiO, 2.57 1.03
2W-SiO, 2.63 1.48
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Figure 34S. TGA analysis of 12W-SiO,-WI spent reference catalyst prepared via impregnation technique.
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