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Figure S1. XRPD pattern of ZrSi30. 

 

Figure S2. FTIR pyridine desorption spectra of the Zr-Si mixed oxides. Adapted from Ref. [1] 
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Figure S3. (up) Nitrogen physisorption isotherms and (bottom) pore size distributions of the Zr-Si mixed 

oxides. Adapted from Ref. [1] 

 

Table S1. Results of the EXAFS analysis on ZrO2 and ZrS30 and m-ZrO2 reference. Errors for CN (coordination 

number) and R (interatomic distance) are 0.1 and 0.05 Å. E0 (threshold energy difference) is -5.6±1.5 eV, σ2 

(Debye-Waller factor) is 0.009 ± 0.003 Å2.  

Entry CN (Zr-O) CN (Zr-Zr) R (Zr-O)b R (Zr-Zr)b 

m-ZrO2
a 7.0 7.0 2.13(3) 3.46(7) 

ZrO2 6.1 2.6 2.12(4) 3.41(3) 

ZrS30 6.0 2.2 2.11(3) 3.40(4) 

a Reference material. 

b Average distances used for the fitting. 
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Figure S4. Quantitative 29Si DE-MAS SSNMR spectrum of ZrSi30 (lower), compared with 1H-29Si CP MAS 
spectrum (higher). 

 

RMD growth protocols: we set up several computational protocols by tuning the following independent 

parameters: (i) simulation temperature, (ii) simulation box size, (iii) hydrogen content. Regarding parameter 

(i), RMD sampled temperatures were in the range of 1000 – 2000 K, and nanoparticle data were collected 

after 2.5 ns for the higher sampled temperature (2000 K) or 5.0 ns for the lower sampled temperature (1000 

K). By referring to the modeling of the ZrSi30 system, regarding parameter (ii), we tested two different cubic 

cell sizes: 98 Angstrom, corresponding to 2500 Zr, 2500 Si, and 10000 O atoms; 123 Angstrom, corresponding 

to 5000 Zr, 5000 Si, and 20000 O atoms. Regarding parameter (iii), a few experimental pieces of information 

concern hydrogen conten. Thus, we sampled hydrogen quantities in a pretty wide range (from 0% to 100% 

for the total number of Zr and Si atoms in the simulation box). Final morphologies were analyzed by using 

the PoreBlazer software [2]. The compact morphology, in closer agreement with the experimental 

information (surface area of 360 m2/g and an average dimension of the pores of about 7 nm in diameter  was 

achieved by using a temperature of 2000 K. Regarding the dimension of the employed unit cell and the 

content of hydrogen, we found that these parameters do not affect the final morphology. Hydrogen is 

present in the final structure in a quantity ranging from 15 to 30% (with respect to total Zr+Si atoms) without 

affecting the final morphology; during the RMDs, hydrogen not adsorbed by the oxide got stabilized in gas-

phase H2 molecules. 

The NP of Figure 5(d) was derived according to a coagulation protocol performed in two steps: (i) the first 

step aimed at deriving the structure of an almost spherical mixed oxide nanoparticle, and it was achieved by 

confining 7200 atoms (1200 Zr, 1200 Si and 4800 O) in a sphere of about 6 nm in diameter and performing a 

coagulation dynamics at 2000 K; (ii) the second step, aimed at adsorbing hydrogen on the nanoparticle 
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surface, was achieved by performing a dynamics at 300 K of the preformed oxide NP surrounded by 1200 H 

atoms. According to this scheme, the resulting nanoparticle was made of 1200 Zr atoms, 1189 Si atoms, 4767 

O atoms, and 1200 H atoms.  

The NP at composition ZrSi50 depicted in Figure 5(c) is made of 1597 Si atoms, 800 Zr atoms, and 4791 O 

atoms; the nanoparticle at composition ZrSi10 shown in Figure 5(e) is made of 450 Si atoms, 1950 Zr atoms 

and 4796 O atoms. 

Cluster models: to derive cluster models cut from the surface of the large nanoparticles achieved via RMD 

we developed the following procedure: (i) specific regions (clusters) of the nanoparticle were cut by randomly 

selecting Si or Zr atoms (cluster seeds) from the nanoparticle surface and a cut-off radius around the seed (of 

about 10 Angstrom): these clusters, of the type shown in Figure S5, are characterized by a semi-spherical 

shape and are usually made by several atoms between 200 and 250 (this number of calibrated based on the 

CPU resources at our disposal for first-principles simulations). Successively, according to the choice of a 

second cut-off radius around the cluster seed (usually about 7/8 Angstrom), the most external atoms of the 

cluster (see cyan balls in Figure S5) were kept frozen. In contrast, the internal atoms were relaxed at the DFT 

level of theory in order to get a refined structure of the nanoparticle surface around the cluster seed. The 

choice of freezing the most external atoms of each cluster is due to the impossibility of considering the 

boundary conditions at the cluster borders.  

 

 

Figure S5: on the left, a typical cluster extracted from the surface of the NP of Figure 5(d) with stoichiometry 

ZrSi30: on the right, the same cluster where the cyan atoms are those belonging to the outer region of the 

frozen atoms. O, Si, Zr, and H atoms red, yellow, grey, and white balls.  
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When simulating the Chemical Shift of 29Si, to rescale the DFT isotropic absolute values to match the 

isotropic experimental values, having verified that our approach quantitatively reproduces the 

results of Ref. [3] [4] on bulk silicon oxide systems, we adopted a solid shift of the absolute values 

of the chemical shifts (CS) according to the following scaling relation:  

CSexp(29Si) = – (DFT (29Si) - 320.9 ppm) 

When simulating the Chemical Shift of 29Si, to rescale the DFT isotropic absolute values relative to 

the simulated signal of TMS, we have optimized the TMS molecule at the same level of theory and 

applied the following scaling relation: 

CSexp(1H) = – (DFT (1H) - 30.96 ppm) 
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Table S2. For both 29Si and 1H, a detailed analysis of both simulated NMR chemical shifts (CS, in ppm) and 

pyridine adsorption energy (in kcal/mol) with standard deviation is provided.  

Species System Model Site* # Sys** Average CS (ppm) 
Standard Deviation 

(ppm) 

 

29Si 

ZrSi50 Fig. 5(c) - 74 -104.7 9.0 

ZrSi30 Fig. 5(d) - 57 -94.7 11.1 

ZrSi10 Fig. 5(e) - 23 -87.5 10.0 

 

 

1H 

ZrSi30 Fig. 5(d) Zr-OH 12 8.6 2.5 

ZrSi30 Fig. 5(d) Si-OH 22 5.3 3.2 

ZrSi30 Fig. 5(d) (Zr-O(H)-Zr) 38 6.3 2.5 

ZrSi30 Fig. 5(d) (Zr-O(H)-Si) 32 6.5 3.1 

ZrSi30 Fig. 5(d) - 104 7.0 3.0 

 System  Site # Sys 
Average Energy 

(kcal/mol) 

Standard Deviation 

(kcal/mol) 

 

 

1H 

ZrSi30 Fig. 5(d) Zr-OH 7 13.8 3.7 

ZrSi30 Fig. 5(d) Si-OH 11 14.3 4.0 

ZrSi30 Fig. 5(d) (Zr-O(H)-Zr) 6 17.7 3.7 

ZrSi30 Fig. 5(d) (Zr-O(H)-Si) 14 23.8 4.4 

*If not specified all sites are considered; for 1H, the following site classification (also displayed in Figure 6(b)), was used: 
-OH on top of Zr atoms (Zr-OH), -OH on top of Si atoms (Si-OH), bridge -OH between one Zr and one Si atom (Zr-O(H)-
Si), and bridge -OH between two Zr atoms (Zr-O(H)-Zr) 
** Number of computed sites for each category. 
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Figure S6. 1H-29Si 2D HETCOR SSNMR spectrum of ZrSi30. 

 

 

Figure S7 (a) LAS and BAS determined via pyridine adsorption and (b) NH3-TPD analyses on ZrSO3H, ZrSi30, 
pure ZrO2, and SiAl. 

 

Determination of the acid and basic sites: The acid sites were identified and quantified via Fast 

Fourier infrared spectroscopy (FT-IR) (Biorad FTS-60A) using pyridine as a probe according to the 

procedure reported in Ref. [34] of the main text. In detail, the samples were pressed in 13 mm 

diameter pellets of 15-20 mg in weight and transferred into the IR cell, which was then sealed. The 

samples were treated before the analyses at 270 °C for 20 minutes in air, followed by another 20 

under vacuum. The pyridine was adsorbed at room temperature, and then the excess was purged 

under vacuum. The spectra were collected at different temperatures and normalized over the disk 

weight. The LAS and BAS were quantified by integrating the peaks at 1440 cm-1 and 1540 cm-1, 

respectively. The data are reported as µmol of pyridine adsorbed over the weight of the catalyst. 

A homemade unit [4] consisting of a gas-feeding rig connected to a furnace and downstream to a 
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mass spectrometer (Hiden Analytical, HPR20) was used for the NH3 Temperature Programmed 

Desorption (TPD) analyses. After a pretreatment at 270 °C in air and then in He flow for 20 min each, 

the samples were cooled in He flow (40 mL/min) at 80 °C. After saturation with NH3, the samples 

were purged for at least 1 h in He flow (40 mL/min) at 80 °C. The analyses were then carried out by 

ramping up the temperature at 8 °C/min under the same He flow conditions. The NH3 mass signals 

(m/z =17 and 15) were recorded. 

The basic sites were quantified using CO2 adsorption isotherm using a Micromeritics ASAP2020 

instrument after treating the samples at 270 °C in air and followed by degassing under high vacuum 

for 2 h, always at 270 °C. The CO2 isotherms were collected at room temperature up to about 1 bar 

of pressure. The basic sites were quantified by extrapolating the linear region of the curve at a higher 

pressure and taking the intercept with the Y axis of such line, i.e., at zero CO2 adsorption [5] [6]. No 

micropores, which can interfere with this determination at low CO2 pressures [7], were detected in 

all the samples.  

 

 

Figure S8. Thermogravimetric Analyses (TGA) and Derivative Thermogravimetry (DTG) of the spent catalysts 

after the 1-octanol dehydration reaction. (a) ZrSO3H after 80 h and (b) ZrSi30 after 200 h and (c) SiAl after 

100 h on stream. 

 

Thermogravimetric Analyses (TGA): The analyses were carried out using a 7200 Exstar 

thermogravimetric scale. The samples were first treated at 130 °C for 1 hour in airflow (200 mL/min) 

and then cooled down to 30 °C under the same flow. After the signal stabilization, the temperature 

was ramped up at 10 °C/min in airflow. 
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Figure S9. Nitrogen physisorption isotherms of the (a) fresh and (b) used ZrSi30 catalyst. 
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Table S3. Morphological characteristics of the fresh and used ZrSi30 catalyst. 

Entry Isotherm typea Istheresis typea 
Specific surface 

area (m2/g) 

Volume of the 

pores (cm3/g) 

Average pore 

width (nm) 

Freshb IV H2 353 0.60 5.9 

Used IV H2 312 0.45 4.8 

aAssigned according to Ref. [8]. 

bAdapted from Ref. [1]. 
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