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2. Experimental and Theoretical Methods
2.1. Preparation of Supported MoO,/SBA-15

To obtain highly dispersed molybdenum oxide species on mesoporous silica SBA-15, an anion exchange
procedure was employed.!”! The preparation details have been described elsewhere.”! In brief, freshly synthesized
metal-free SBA-15 (internal sample ID 8233) was functionalized with propylammonium chloride using (3-
aminopropyl)trimethoxysilane followed by treatment with hydrochloric acid. Then, the functionalized SBA-15
powder was stirred in an aqueous solution containing the desired amount of ammonium heptamolybdate to perform
anion exchange. After washing with water and filtration, the material was dried and calcined at 823 K in air,
yielding supported MoO,/SBA-15 with the actual loadings of 2.1, 5.1, 6.6, 8.2 and 13.3 Mo0% (internal sample ID
8442, 8440, 11054, 11055 and 8441, respectively). The sample labels are given in Table S2.

2.2. General Characterization

Nitrogen adsorption was carried out at 77 K on a Quantachrome Autosorb-6B analyzer. Prior to the
measurement, the samples were outgassed in vacuum at 393 K for 16 h. The data were processed on Autosorb
software (Quantachrome). The specific surface area As was calculated according to the multipoint Brunauer-
Emmett-Teller method (BET) in the pressure range p/p, = 0.05-0.15 assuming a N, cross sectional area of 16.2 A”.
The micropore surface area A, and micropore volume V,, were estimated using the t-plot method in the statistical
thickness t = 4.5-6.5 A range. The total pore volume V, was estimated by using the amount of physisorbed nitrogen
at a relative pressure P/Py= 0.95. The pore size distribution was determined by NLDFT method using a model
based on equilibrated adsorption of N, on silica assuming cylindrical pores at 77 K.

For chemical analysis, the samples and corresponding MoO; standards were mixed with lithiumtetraborate flux
(FX-X100, Fluxana) and fused in a Vulcan Fusion Machine (HD Electronic & Elektrotechnik GmBH) under
formation of flat molten glass discs, which were analyzed by X-Ray Fluorescence spectroscopy using the
spectrometer Pioneer S4 (Bruker AXS GmbH).

Powder X-ray Diffraction (XRD) analysis was performed using a STOE STADI-P transmission diffractometer
equipped with CuK,,; radiation.

The concentration of surface silanol groups of SBA-15 was determined by thermogravimetry (TG) using a
Netzsch STA449 Jupiter thermoanalyzer. After the dehydration at 823 K for 1 h under argon stream, the
temperature was raised with 10 K min™ to 1473 K and held for 0.5 h. The concentration of surface hydroxyl groups
was calculated based on the mass loss between 823 K and 1473 K assuming that one water molecule is formed by
condensation of two hydroxyl groups.”

The morphology and local content of molybdenum was studied by scanning electron microscopy (SEM) coupled
with energy-dispersive X-ray analysis (EDX) using a Hitachi S-4800 electron microscope operating at 2 kV in
secondary electron (SE) mode and backscattering electron (BSE) mode.

2.3. Temperature-Programmed Reduction with Hydrogen (H,-TPR)

Temperature-programmed reduction with hydrogen (H,-TPR) was performed for supported MoO,/SBA-15 in the
dehydrated state using a quartz-made tubular gas flow reactor operating at atmospheric pressure. After the
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pretreatment at 823 K (heating rate 10 K-min™") for 0.5 h in a dehydrated 20 % O, in Ar flow, consumption of
hydrogen during heating in 2 % H, in argon (20 ml min™', 323 to 1253 K, heating rate 10 K min') was monitored
with a quadrupole mass spectrometer (QMS200, Balzer) using argon as internal standard. The sample weight was
varied to keep the amount of molybdenum at about 50 umol.

2.4. Spectroscopy

Prior to spectroscopic measurements, unless stated, the samples were calcined in dry oxygen (20 kPa, neat or
diluted with a dry inert gas) at 823 K (heating rate 10 K-min™) for 0.5 h, then cooled to room temperatures in the
presence of oxygen in order to achieve the fully oxidized and dehydrated state of the catalyst (referred to as “the
dehydrated state”).

UV—vis. The UV-visible (UV-vis) diffuse reflectance spectra were taken at room temperature with a
PerkinElmer Lambda 650 instrument equipped with an in situ cell (Harrick Praying Mantis™ diffuse reflectance
attachment DRP-P72 in combination with a HVC-VUYV reaction chamber). The dehydrated SBA-15 was used as
the white standard. To assure good spectral quality, the maximum value of Kubelka-Munk function F(R) was kept
below 1 by diluting the sample with the SBA-15 white standard. The spectra were normalized at 4.51 eV.

Mo K-edge XAS. Mo K-edge X-ray absorption spectroscopy (XAS) was performed in transmission mode at
the beam line X18B at the National Synchrotron Light Source (NSLS) at the Brookhaven National Laboratory,
using ionization chamber detectors for measuring incident and transmitted beam intensities. In addition, a third
ionization chamber was used to detect the beam through a reference Mo foil, for energy calibration and alignment
purposes. A quartz capillary cell (I.D./O.D. = 0.8 / 1.0 mm) was used for in situ measurements. Data processing
and analysis were performed using Athena and Artemis softwares."!

O K-edge NEXAFS. In situ O K-edge near edge X-ray absorption fine structure spectroscopy (NEXAFS) was
performed in the presence of 0.5 mbar O, at 623 K in the Auger electron yield mode at the synchrotron radiation
facility BESSY II of the Helmholtz-Zentrum Berlin, Germany (HZB), using monochromatic radiation of the ISISS
(Innovative Station for In Situ Spectroscopy) beamline as a tunable X-ray source. O K-edge spectra of the sample
surface have been corrected for the remaining effects of O, gas phase absorption. Details of the setup, metrology
and data treatment are presented elsewhere.””!

Raman.  Confocal Raman spectra were collected at room temperature using a Horiba-Jobin Yvon LabRam
instrument equipped with a red laser excitation (633 nm / 1.96 eV, 1.5 mW at the sample position) and a Horiba-
Jobin Yvon LabRam HR instrument equipped with an UV laser excitation (325 nm / 3.82 eV, laser power of 5 mW
at the sample position). Spectral resolutions were better than 2 cm™. In situ cells (a home-made quartz cell and a
Linkam CCR1000) were used to measure the dehydrated state.

FTIR. Diffuse reflectance FT infrared (IR) spectra were collected at room temperature on a Bruker IFS66
spectrometer equipped with a liquid nitrogen-cooled MCT detector at a spectral resolution of 4 cm” and
accumulation of 1024 scans. An in situ cell (Harrick Praying Mantis™ diffuse reflectance attachment DRP-P72 in
combination with a HVC-VUYV reaction chamber) was used. KBr was used as reference material. The spectra were
normalized using the silica band at 1865 cm™.

2.5. Theoretical Studies

Cluster Models.  The silica-supported monomeric molybdena structures are modeled by polyhedral
oligomeric silsesquioxane-based clusters.”) The model clusters a—C contain tetrahedral di-oxo (Si—O—
)2Mo(=0), units. Figure S1 shows the optimized geometric structures of the clusters.
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Figure S1. Geometric structure of the molybdena—silica model clusters having tetrahedral di-oxo units in a stick-
ball representation: (a) MO4—Si,0¢Hsg, (b) (M0QO4),—SicO;Hs, (c) MO,—SigO,,Hg

The tetrahedral MoQOj, units in cluster a and b are anchored on silica to form 8-membered Mo—Si—O rings,
while cluster ¢ comprises a 6-membered Mo—Si—O ring. The difference between a and b is that a represents a di-
oxo structure in the neighborhood of a silanol species, and b models two adjacent Mo di-oxo species.

Table S1. Bond distances and angles in the Mo—Si—O clusters having tetrahedral di-oxo MoQ, structures (Figure
S1).

Cluster distance (A) angle (°)
Mo=0" Mo—OQ° Si—Si° 0=Mo=0"

a : MoO4,—Si,0,Hg 1.70—1.71 1.87 4.6 108.1

b : M00,4),—SisO;Hs 1.70 1.89 4.7 107.7

€ : MoO,—Si30,,Hg 1.92—1.93 2.02 3.07 43.9

* terminal molybdenum—oxygen bonds, ° at the bridging Mo—O—Si bonds, ° the Si atoms at the two bridging
Mo—O—Si bonds.

Calculations of O K-edge NEXAFS and FTIR Spectra. Theoretical O 1s X-ray absorption spectra of the
model clusters were calculated by density-functional theory (DFT) using the transition potential approach and
applying the StoBe cluster code.”® Further details of NEXAFS spectra calculation are described elsewhere.!”
Theoretical IR spectra of selected clusters were calculated by DFT at BLYP level using DZP basis set employing
deMon2k software."!



2.6. Catalytic Tests

Propane Metathesis The catalytic activity for the self metathesis of propene to ethene and 2-butenes was
measured using a fixed-bed tube flow reactor at atmospheric pressure. All the gases were thoroughly dehydrated
and deoxygenated (except oxygen) using trapping filters. The catalysts were pressed under ~135 MPa, crushed and
sieved to a particle size of 250-355 um. Then, 100 mg of the catalyst was loaded into a U-shaped quartz reactor
with an inner diameter of 4 mm. Guard beds consisting of silica gel (BET surface area = 428 m* g'') were placed
both immediately above (100 mg) and below (50 mg) the catalyst bed in order to protect the catalyst bed from
possible contamination by water. The use of the silica guard beds is essential to obtain a good catalytic
performance. A blank test using bare SBA-15 with silica beds confirmed inertness of the apparatus and the guard
beds. The catalyst was activated at 823 K (heating rate 10 K-min™) for 0.5 h, cooled to 323K in a 20 % O, in Ar
(20 ml min™), and then flushed with a flow of Ar (20 ml min™) before reaction. A neat propene flow of 8 ml min™
was fed to start the reaction. Inlet and outlet gases were analyzed by on-line gas chromatography using an Agilent
Technologies 6890A GC system equipped with a flame ionization detector. The conversion of propene was kept
below 5 % to stay in a differential regime. The selectivity to the metathesis products (ethane, cis- and trans-butene)
was above 99.5 %, while trace amounts of 1-butene and higher hydrocarbons were detected. The catalytic activity
was measured at 15~21h of time on stream. The activity is presented as formation rate of the metathesis products
(i.e. sum of ethane, cis- and trans-butene) normalized by specific surface area of the catalyst.

Oxidative Dehydrogenation of Propane  The catalytic activity for oxidative dehydrogenation of propane
was tested at 773 K applying a contact time of 0.6 g-s-ml™ (catalyst mass = 0.1g, total flow rate = 10 ml-min™") and
a molar ratio of propane : oxygen = 2 : 1 with nitrogen as balance (C;Hg/O,/N,=10/5/85). The experiments were
carried out in a setup equipped with 8 parallel fixed bed quartz reactors at atmospheric pressure. The catalysts were
pressed under ~135 MPa, crushed and sieved to a particle size of 250-355 um. Reactants and products were
analyzed by an online gas chromatograph (Agilent 7890). Separation of the permanent gases CO, CO,, N; and O,
was achieved with a combination of a Plot-Q and a Plot-molsieve column connected to a thermal conductivity
detector (TCD). Propane and propylene, were separated with a Plot-Q column connected to a flame ionization
detector (FID). Conversion of propane and selectivity to oxidation products were calculated based on the number of
carbon atoms and on the sum of products found. The catalytic activity was measured at 13 days of time on stream.
The activity is presented as consumption rate of propane normalized by specific surface area of the catalyst.



3. Extended Characterization of MoO,/SBA-15
3.1. Texture and Dispersion

The N, physisorption shows that the cylindrical mesoporous structure of SBA-15 (~ 7nm) prevails after
introduction of MoO, as can be seen in the characteristic type-IV isotherms with H1-type hysteresis patterns
(Figure S2) and derived pore diameters (d,, in Table S2). Surface area (A;) and pore volume (V) are significantly
decreased in the Mo containing catalysts (Table S2) largely due to preferential filling of the micropores in the
course of Mo deposition (Table S2).

Table S2. Properties of MoO,/SBA-15

sample name Mo loading® Surface density As A Vp# d,"
(Wt%) Mo” SIOH®Y  (m%g)  (m%g) (%) (ml/g) (nm)
(nm’z) (nm’z)

SBA-15 0 0 1.6° 859 261 36 1 7.5
2.1IM 2.1 0.21 1.1¢ 637 164 31 0.79 7.1
5.1Mo 5.1 0.58 0.88¢ 554 127 28 0.71 7.1
6.6Mo 6.6 0.85 0.68¢ 490 135 28 0.61 7.1
8.2Mo 8.2 1.13 0.51¢ 457 147 31 0.58 7.0

13.3Mo 13.3 2.51 0.07¢ 332 36 13 0.55 7.4

by XRF, ® Mo loading (at%) divided by As, ¢ by TG, ¢ by IR at the dehydrated state using relative heights of the
silanol peak at 3745 cm™, € micropore (< ~0.9 nm of width) surface estimated by t-plot method, A, divided by Ag,
£ at P/Py = 0.95, ¢ at the dehydrated state; " estimated by NLDFT approach.
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Figure S2. Selected adsorption/desorption isotherms of nitrogen on supported MoO,/SBA-15 (13.3wt% Mo) and
SBA-15 measured at 77 K. Note that all the supported MoO,/SBA-15 samples show similar Type-IV isotherms
with H1 type hysteresis patterns at P/Py = ~0.65.



Figure S3. High resolution SEM images of SBA-15 (a) and 13.3Mo (b). Plate-like crystalline MoO; particles are
highlighted by the yellow circles in (b).

SEM-EDX confirmed a homogeneous distribution of Mo (data not shown) except in case of the catalyst
13.3Mo. In 13.3Mo, a minor amount of plate-like particles was found in the SEM image (Figure S3b). These
particles are identified as crystalline MoOj; by the characteristic plate-like morphology, the local Mo content
determined by EDX (ca. 60%; the theoretical content of MoQOj is 67%), the occurrence of characteristic bands due
to MoO; (e.g. 993, 817 and 665 cm™)!'” in the Raman spectrum (Figure S6A) and by XRD that exhibits very weak
MoOs reflection peaks (not shown). The regions free of crystalline MoQO; possess a loading of 12.9+0.5 wt% Mo
that is close to the overall content determined by XRF (13.3 wt%), which suggests that the vast majority (~97%,
estimated by the comparison of XRF and EDX) of the supported molybdena is present as surface MoOy species that
are not detectable in the SEM images because of their non-crystalline nature. It is noted that the Raman spectrum of
13.3Mo (Figure S6A) shows intense bands due to crystalline MoOs (e.g. 993, 817 and 665 cm™)!'” owing to the
very high Raman scattering cross section of MoO;.!'"""*! However, the corresponding IR spectrum does not show
detectable features of MoOs as the relative concentration of this phase is very low as revealed by SEM-EDX.
Neither Raman spectroscopy nor XRD show any sign of segregated MoO; nanoparticles in the Mo catalysts with
loadings lower than 13.3% Mo.



3.2. Mo K-edge XAS

XANES  The Mo K-edge X-ray absorption near-edge structure (XANES) spectra show a pronounced pre-edge
peak at 20006 eV (Figure 2b) that is mainly due to the dipole transitions from Mo 1s to the p components in Mo 4d
— Mo 5p hybridized orbitals, where the deviation from the perfect centrosymmetry (i.e. octahedral without
distortion) governs the peak intensity.”’ MoO; shows a modest pre-edge intensity (Figure 2b) reflecting the
distorted octahedral symmetry of Mo atoms.

EXAFS  Figure S4 shows the extended X-ray absorption fine structure (EXAFS) fit for the tetrahedral-dioxo
structure and the pentahedral mono-oxo structure in catalysts with different loadings. The obtained bond lengths are
1.70—1.71 and 1.91—1.92 A (Table S3). Minor contributions of pentahedral mono-oxo structures cannot be
excluded, because the EXAFS fit for 2.1Mo assuming a pentahedral coordination, where the coordination numbers
are constrained as N = 1 and N = 4, results in similar, however, less perfect agreement with the experimental
spectrum (Figure S4A).

Table S3. Curve fit parameters for the single-scattering refinements® of the EXAFS spectra of the dehydrated
Mo0O,/SBA-15 for the tetrahedral di-oxo (O=),Mo(—0—Si), model (Figure S1). Uncertainties in the last significant
digits are given in parentheses.

Sample path Assignment N° R°(A) 0’4 (A%
2.1Mo Mo—O Mo=0 2 1.71(2) 0.0016(15)
Mo—O Mo—0—Si 2 1.92(3) 0.0014(18)
8.2Mo Mo—O Mo=0 2 1.70(2) 0.0005(12)
Mo—O Mo—0—Si 2 1.91(2) 0.0007(16)
13.3Mo Mo—O Mo=0 2 1.71(2) 0.0011(12)
Mo—O Mo—0—Si 2 1.92(3) 0.0019(19)

*k range = 2~12 A, R range = 1~2.09 A, ® coordination number, © distance, {EXAFS Debye-Waller factor.
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Figure S4. Magnitudes of Fourier-transformed k*-weighted Mo K-edge EXAFS spectra in non-phase-corrected R
space for the dehydrated MoO,/SBA-15 (dot) with curve fits to the single-scattering models for the tetrahedral-
dioxo structure (red line) and the pentahedral mono-oxo structure (blue line, only for 2.1Mo): (A) 2.1Mo, (B)
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8.2Mo, and (C) 13.3Mo. The fits were performed for the R range of 1~2.09 A.



3.3. O K-edge NEXAFS

Theoretical O 1s excitation spectra were calculated for cluster a—c (Figure S1). The calculated spectra of
clusters a and b that possess isolated di-oxo MoO, structures anchored by 8-membered molybdosiloxane rings
show a distinct double-peak structure, reproducing the experimental spectra of these low-loaded samples 2.1Mo,

5.1Mo and 6.6Mo (Figure S5A).
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Figure S5. Theoretical and experimental O K-edge NEXAFS spectra. (A) Theoretical spectra for clusters a—c and
experimental spectra of 2.1Mo and 6.6Mo. (B) Experimental spectra of 8.2Mo and 13.3Mo and theoretical spectra

of modified cluster a and ¢ where the O=Mo=0 angle is changed to 53 and 47.9°, respectively. The spectra are

arbitrary offset and scaled for clarity. Note that the absorption due to silica above 533 eV makes a large

contribution in 2.1Mo due to the high Si/Mo ratio.

The theoretical O K-edge NEXAFS spectrum of cluster ¢ (Figure S5A) is characterized by main absorption at

533.2 eV and weaker absorption at lower energy, which is totally different from any of the experimental spectra.

The structure of clusters a and ¢ was modified by changing the O=Mo=0 angle while freezing other geometric
parameters. Figure S5B shows the experimental spectra of 8.2Mo and 13.3Mo and the theoretical spectra of angle-
modified cluster a and ¢ where the O=Mo=0 angle is changed to 53 and 47.9°, respectively.
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3.4. Raman and FTIR

The IR spectra of MoO,/SBA-15 (Figure S6C) show the evolution of a new and broad band at 3620 cm™,
indicating the occurrence of hydrogen bonding of the Si-OH groups to the surface MoO, species. Consistent with
the change in the OH stretching, modifications of the v(Mo=0) and v(Mo—O—Si) bands are visible in the Raman
and IR spectra. With increasing molybdenum loading, the v{(Mo=0) Raman band at 980—997 cm™ becomes
sharper and is blue-shifted (Figure S6B), which is also observed in IR (Figure S6D). The blue shift is also observed
for the v(Mo—O—Si) band at 926—943 cm™ in IR (Figure S6D).
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Figure S6. In situ Raman and FTIR spectra of supported MoO,/SBA-15 at the dehydrated state (pretreated in 20%
0O, at 823 K for 0.5 h) measured at room temperature: overview Raman spectra upon 1.96 ¢V (633 nm) excitation
(A), a magnification of panel A (B), IR spectra in the OH stretching region (C), and IR spectra in the Mo=0O and
Mo—O—Si stretching region (D). The IR spectra were normalized by the SBA-15 intensity at 1865 cm™. The
Raman spectra were vertically offset for clarity.
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Figure S7. Calculated IR spectra for clusters a ((Si—O—),Mo(=0), with a Si—O—H in the vicinity) and b (two
adjacent (Si—O—),Mo(=0), units).

The calculated spectrum of cluster b (Figure S1) presents blue-shifted peak positions comparing to cluster a in
the range between 900—1000 cm™ (Figure S7), qualitatively reproducing the experimentally observed progressive
blue shift along the increase of the molybdenum loading (Figure S6B and D).
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Figure S8. In situ Raman spectra of the dehydrated 8.2Mo measured at room temperature using excitation energies

of 3.82 and 1.96 V. The intensity was normalized at the Mo=0 band at 994—996 cm™'. The spectra were
vertically offset for clarity.

Figure S8 displays Raman spectra of 8.2Mo upon two different excitation energies. The use of the near-
resonant UV excitation results in the occurrence of new bands at 1035 and ~860 cm™. These bands are not due to
silica!" The band at 1035 cm™ has been assigned to the stretching vibration of pentahedral mono-oxo
O=Mo(—0—Si), species,” ' suggesting that the pentahedral mono-oxo species in minor concentration show a
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strong resonance enhancement at the excitation energy used (3.82 eV). The selective enhancement of pentahedral
O=Mo(—0—Si), species over tetrahedral (Si—O—),Mo(=0), species (bands at 994, 973 and 364 cm’) is
reasonable, because the optical absorption edge energy of pentahedral species is generally higher than tetrahedral
species.'” Among the spectroscopic methods used, only the UV Raman was able to detect pentahedral mono-oxo
species, strongly indicating that the relative concentration of the mono-oxo species is rather low. This observation
is indeed in agreement with the recent theoretical study by Handzlik and Ogonowski in which the authors showed
that a minor fraction of the surface of amorphous silica prefers the formation of the mono-oxo species besides a
predominant fraction of di-oxo species.'® The broad band at 860 cm™ may be related to Mo—O—Si (as indicated
in the theoretical spectra in Figure S7) or Mo—O—Mo stretch® of minority polymeric species. The increased
relative intensity of the band at ~970 cm™ may be due to Mo—O—Si stretch of the mono-oxo species and/or the
Si—OH vibration''* that is enhanced at this excitation condition.

4. Selectivity in Oxidative Dehydrogenation of Propane over MoO,/SBA-15
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Figure S9. Selectivity in propane oxidation over MoO,/SBA-15 catalysts. Reaction conditions: T = 773K, Feed;
C;Hg/0,/N,=10/5/85, contact time 0.6 s g ml™. Propane conversion was 0.11~0.63%.
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