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ABSTRACT

High dispersion of Sn in beta () zeolites is pivotal to obtain highly active Snf} catalysts with high

productivity. However, at higher Sn loadings, Sn dispersion and the activity per Sn decrease. The
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present work highlights the augmentation of catalytic activity in the Baeyer-Villiger oxidation and
Meerwein-Ponndorf-Verley reactions of as-synthesized Snf catalysts with Sn loadings up to 10
wt. % by tandem reduction-reoxidation and discusses the effect in terms of Lewis Acid (LA)
density, Sn dispersion, Sn speciation, and catalytic performance. To do so, non-treated, reduced
and reduced-reoxidized Snf catalysts are characterized by N>-physisorption, XRD and a multitude
of spectroscopic techniques such as TPR-MS, probe FTIR, DRUV-vis, '1°Sn Méssbauer, '°Sn
MAS NMR, ICP-AES and XPS. Although not mutually exclusive, the higher catalytic activity
seems to arise from different phenomena depending on the Sn loading. At lower Sn content (< 5
wt. %), the higher activity arises from redispersion of SnO; clusters into smaller active Sn species
whereas at higher Sn content (> 5 wt. %), the catalytic activity seems to improve based on re-

speciation of SnO; clusters.

INTRODUCTION

Lewis acidic Sn incorporated in a beta (B) zeolite is highly active in industrially relevant
reactions such as the reduction of ketones/aldehydes to alcohols by Meerwein-Ponndorf-Verley
reaction (MPV),' the oxidation of ketones to esters with H,O, (Baeyer-Villiger oxidation,
BVO),*8 the isomerization and epimerization of sugars,’ '® the conversion of carbohydrates into

d,'2! and aldol condensations.>** There is general consensus that Snp catalysts contain

lactic aci
Lewis acidity (LA), but the exact structural properties of the active Sn site is still debated. Sn can
be incorporated into the framework of the B zeolite and/or can be deposited as extra-framework
Sn oxide clusters of varying size in- or outside the zeolite pores. Based on CD;CN-FTIR and !'°Sn

MAS NMR spectroscopy, closed and open framework Sn sites were suggested.”**> Closed sites

(weak LA) are tetrahedrally coordinated to four zeolitic framework oxygen [viz. Sn(OSi)4],



whereas open Sn sites (strong LA) are only coordinated to three zeolitic oxygens plus one
extraframework hydroxyl group [viz. Sn(OSi);(OH)].?* This assignment is inspired by the
previously defined open and closed sites in TS-1 catalysts.?®?” However, new evidence of active
dimeric Ti-species challenges the widely accepted idea of isolated (open and closed) framework
Ti sites.?®? Hence, grasping the full identity of the active Sn site(s) might be even more
complicated than previously thought.

Evidence for the existence of the open Sn site remains ambiguous. Ivanova et al. could not detect
any silanol group in the proximity of a dehydrated framework Sn site. Instead, they suggested that
different Sn locations in the framework are at the basis of the different Lewis acidity.*® Upon
hydration, these strong LA Sn sites rapidly form hexacoordinated Sn (in a few hours at RT) via
the dissociative adsorption of two water molecules.? In contrast, weak LA Sn sites show almost
no interaction when a small amount of water is added>! but at a higher water content, the weak LA
Sn sites starts to interact with one HoO-molecule forming a pentacoordinated Sn site, followed by
a very slow rearrangement into the hexacoordinated state (up to 1 month at RT).*® Numerous
studies put forward the open or strong LA Sn sites as the only catalytically active sites for the
BVO, MPV and sugar isomerization reaction.!>?*3233 However, recently, the closed or weak LA
Sn sites were found to be also active in the MPV reaction,** and also small SnO; clusters, confined
inside the pores, were found to catalyze BVO and glucose isomerization reactions.>>* Hence,
instead of focusing solely on open/closed Sn sites, all Lewis acidic active Sn sites should be taken
into consideration to describe and understand catalysis with Sn containing zeolites. In our latest
paper, a linear correlation between BVO activity and total LA density (up to a LA density of 200
umol-g!) was found.® Such a linear relationship was also reported for cyclohexene oxide hydration

and the glucose to methyl lactate reaction.?!” In general, a highly active Snf catalyst exhibits a



high Sn dispersion (and thus a high amount of LA site density) and shows the absence of large
inactive SnO» clusters (possessing insignificant LA density).

The nature of Sn species present (i.e., framework Sn, small pore confined SnO> species and/or
large inactive SnO» clusters) is dependent on the Snf3 synthesis method. There are several ways to
incorporate Sn cations into a zeolite such as a B material. The direct (fluoro-assisted**® or
hydroxyl-assisted®®) hydrothermal (HT) crystallization forms Snf crystals by treating a tin
containing siliceous gel under hydrothermal conditions. The post-synthetic (PS) method involves
the removal of framework Al by acid leaching to form vacancy framework defects followed by

doping this defected zeolite with Sn via gas-phase chemical vapor deposition (CVD),*** liquid-

42,43 4445

phase grafting™** or solid-state incorporation.

For CVD and grafting, it was previously suggested that the driving force for Sn incorporation is
the surface reaction between framework Si-OH and Sn-Cl, forming HCL**? For solid-state
incorporation, we recently corroborated that the Sn incorporation under inert heating (i.e, pre-
pyrolysis) is driven by Sn(II)O species. Their higher volatility and hence mobility compared to
Sn(IV)O: species significantly improved the Sn dispersion. These findings explained the higher
BVO activity of the solid-state (SS) Sn-beta zeolites synthesized via preheating under inert
atmosphere (pre-pyrolysis) compared to the one-step air-calcined method.®

With this knowledge in mind, we hypothesized that Sn dispersion, and hence the catalytic
activity of (inferior) Snp catalysts with high amounts of large extra-framework SnO-, can be
increased by high-temperature reduction of the extra-framework SnO> clusters to Sn(II)O species.
After subsequent oxidation, these latter species can transform into active Sn(IV) sites (either as
framework Sn or small SnO; clusters (< 2nm)). Reduced SnO> species have been studied

frequently in the broader field of redox chemistry (e.g., semiconductors, water splitting, and
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batteries).***’ Yet, reports on Sn cation reduction in siliceous frameworks, and its relation with
catalysis, are less common. In the mid ‘90s, scarce publications studied the reduction of Sn in
mesoporous MCM-41 and microporous zeolite topologies, such as MWW and MEL. '°Sn
Mossbauer spectroscopy indicated that stable, firmly anchored framework Sn(II) species were
formed upon reduction in Ha, which could then be reoxidized to Sn(IV) species.** > In 2016, our
group demonstrated the reduction of framework Sn(IV) to Sn(Il) in a BEA zeolite topology under
H, atmosphere.’! Interestingly, a lower temperature was needed to reduce the Sn atoms in the
materials made via PS grafting compared to HT synthesis, which was attributed to a weaker
bonding of Sn to the zeolite support.’! More recently, the group of Ivanova reported that reduction
of Sn under hydrogen decreased the amount of framework Brensted (Sn-OH--OH-Si) and Lewis
acid sites in HT Snp.>? Apart from these results, no further in-depth characterization on such
reduced Sn sites in 3 zeolites has been reported.

Hence, in this work we first perform a detailed characterization of reduced Sn species inside 3
zeolites with low and high Sn dispersion. Secondly, we investigate the effect of this reduction-
oxidation strategy on the catalytic activity of a solid-state Snf} containing a high amount of large
SnO; clusters in the BVO and MPV reaction. Finally, a link will be proposed between the type of
Sn species formed and the catalytic activity of Snf in both BVO and MVP reactions.

Results and discussion

SnP samples with a significant amount of SnO; species (i.e., low Sn dispersion of 30%) were
reduced to investigate the possible redispersion of Sn from such extra-framework Sn oxide
clusters. The Sn dispersion is calculated by dividing the total amount of active Sn sites, as
determined by pyridine-FTIR (assuming one active Sn site per adsorbed molecule of Py) by the
total amount of Sn atoms (calculated via ICP-AES, vide infra). Such low-dispersed Snf} starting
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samples were made by solid-state (SS) stannation of dealuminated beta zeolites with Sn(II) acetate
via air-calcination without a pre-pyrolysis step.® These Snp samples were reduced and the resulting
Sn species were characterized by powder X-ray diffraction (PXRD) and spectroscopy techniques
including temperature-programmed reduction mass-spectroscopy (TPR-MS), 'Sn Méssbauer,
diffuse reflectance UV-vis (DRUV-vis) and Fourier Transform infrared spectroscopy (FTIR).

1. Reduction of Snp zeolites: in-depth characterization of Sn species

TPR-MS was performed on the Snf} samples to investigate H> consumption as a function of
temperature. In Figure 1 A the TPR-MS data of an air-calcined SS Snf3 (2 wt. % Sn; further denoted
as 2Snf-air) showed H; (m/z = 2) uptake between 450 and 1000 °C with a maximum at 600 °C. In
Figure S1, the TPR results of 5SnB-air and calcined dealuminated B zeolite (deAlB-air) are also
presented. Instead of one maximum, the 5Snf-air shows two Hz-consumption maxima at 610 °C
and 950 °C. DeAlB-air showed marginal H>-consumption and H>O (m/z = 18) production starting
from 500 °C (Figure S1B). The water probably originates from the formation of siloxane bridges
by condensation of neighbouring silanols, which are present in large amounts in the form of silanol
nests. However, water formed during the reduction of 2- and 5Snf-air does not solely originate
from silanol nest condensation since the temperature of the major peak coincides with the H»
consumption maximum. Simultaneous Hz consumption and H>O production indicate that H» reacts
with the framework Sn(IV) or SnO; species, thereby removing coordinating oxygen atoms in the
form of water.

DRUV-vis spectroscopy was performed on dry 2Snf-air samples that were reduced at 600, 700
and 900 °C. The electronic absorption spectra of these reduced samples as well as the non-reduced
reference sample are displayed in Figure 1B. A new signal appeared after reduction, indicating a

change in the electronic structure of Sn species in the reduced samples. The reference sample
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showed a broad signal at 275 nm and a small signal at 210 nm, which can be ascribed to extra-
framework SnO» and tetrahedrally coordinated Sn(IV) sites, respectively.>>*? After reduction at
600 °C, the band at 275 nm disappeared together with the appearance of a new signal at 250 nm;
this latter band was even more intense at 700 °C. This conversion coincides with H> consumption.
At 900 °C, both bands at 210 and 250 nm, drastically decreased. Since TPR-MS data indicated the
consumption of H» at 600-700 °C, the newfound signal (250 nm) was tentatively linked to reduced
Sn species. Literature on this topic was consulted but found to be scarce. Some reports on
nanocrystalline SnO indicate absorption signals of Sn(II) species around 250-270 nm.>
Furthermore, reduction of Sn(IV) to Sn(II) causes an increase in ionic radius (0.69 to 1.18 A)*
related to the formation of a free electron pair with both s- and p-orbital character.*® The s-to-p
intershell electron transfers caused by UV absorption are typically located in the 250-300 nm

range.”’ It is therefore plausible that the absorption band at 250 nm is related to Sn(Il) ions in the

zeolite framework.
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Figure 1. (A) Consumption of H» (black) and production of H>O (grey) in solid-state 2Snf3-air as
a function of temperature by TPR-MS under flowing H>. (B) DRUV-vis spectra of 2Snf-air non-
reduced and reduced at 600, 700 and 900 °C under flowing H>. Abbreviations: redX, reduced at X

°C; non red, non-reduced 2Snp-air.

Unambiguous proof of the formation of Sn(II) species by reducing Sn(IV) species with H> was
provided by ''”Sn Mdssbauer spectroscopy (Table 1). While all Sn in non-reduced 2Snp-air is
present as Sn(IV) (entry 1 and Figure S2A), 52% of Sn(II) and 31% of Sn(0) appeared in 2Sn-air
after reducing at 700 °C (i.e., 2Snp-air-red700) with 17% of Sn(IV) remaining (entry 7, Figure
S2B). Further, 95% of Sn(IV) was reduced at 900 °C (entry 10) giving 25% of Sn(II) and more
than double the amount of Sn(0) (70%). The further reduction towards metallic Sn at high
reduction temperature can be seen by the second Hz-consumption maximum at 950 °C for 5Snf-
air (Figure S1), or the Hz-consumption values which are not returning to the initial values after
700 °C for 2SnSnp-air.

Table 1. ''”Sn Mossbauer parameter values resulting from spectra recorded at 77 K of selected

Snp zeolites varying in Sn content, synthesis method, and reduction and reoxidation temperatures.

No. Material® Sn IS QS AA
[Sn'Y/Sn'/Sn°]  [Sn'V/Sn'/Sn°]  [Sn'V/Sn'/Sn°]

(Wt.%) (mm-s™) (mm-s™) (%)
Non-reduced
1° 2Snp-air 1.6 0.02 0.52 100/0/0
2° 5Snp-air 4.3 0.01 0.51 100/0/0
3*  10SnB-air 9.5 0.03 0.54 100/0/0
4° 2SnB-No/air 1.7 -0.10/3.16 0.65/1.84 94/6/0



5 5SnB-Ny/air 4.4 -0.08/3.01 0.70/1.49 96/4/0
6°  10SnB-Ny/air 9.2 -0.06/3.01 0.75/2.16 97/3/0
Reduced
7 2Snp-air-red700 1.6 -0.10/3.05/2.63  0.64/2.15/0.28 17/52/31
8 5Snp-air-red700 4.3 -0.09/3.05/2.63  0.56/2.16/0.27  29/48/23
9 10Snp-air-red700 9.5 -0.10/3.02/2.57  0.59/2.09/0.25  22/39/39
10 2Snp-air-red900 1.6 -0.03/3.03/2.60 0.66/2.15/0.30 5/25/70
11 2SnP-Ny/air-red700 1.7 -0.09/3.04/2.66 0.54/2.14/0.31  25/61/14
12 5SnB-Nz/air-red700 4.4 -0.06/3.00/2.60 0.59/2.13/0.30  26/53/21
13 10SnB-Nz/air-red700 9.2 -0.10/3.00/2.57 0.65/2.10/0.34  25/47/28
Reduced — reoxidized
14 2Snf-air-red700-reox150 1.6 -0.12/3.13/2.59 0.61/2.04/0.26  54/15/28
15 2Snp-air-red700-reox550 1.6 -0.08/2.96 0.57/1.12 94/6/0
16  10Snp-air-red700-reox550 9.5 -0.01/2.98 0.51/1.04 95/5/0
17 2SnP-Ny/air-red700- 1.7 -0.11/3.05 0.68/2.26 93/6/0
reox550
18 5SnB-Nz/air-red700- 4.4 -0.07/3.13 0.62/1.83 92/8/0
reox550
19 10SnB-Ny/air-red700- 9.2 -0.08/2.94 0.53/1.79 93/7/0
reox550
Grafted
20 2Snp-graft 23 -0.14 0.73 100/0/0
21 2Snp-graft-red700 23 -0.06/3.00 0.54/2.14 31/69/0
22 2Snp-graft-red700- 23 -0.10/3.08 0.67/2.03 91/9/0
reox550
SnOz
23 SnO» - 0.04 0.51 100/0/0

2 General material nomenclature: XSnfB-Y-redZ-reoxW = Snf} zeolite with X wt. % of Sn,
synthesized via post-synthetic method Y (air: solid-state stannation via air-calcination, Ny/air:
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solid-state stannation with pre-pyrolysis under N> prior to air-calcination, graft: liquid-state
grafting) and reduced (in H») and reoxidized (in air) at temperature Z and W °C, respectively. °
Previously published data from Peeters et al., 2021.[8], reprinted with permission, copyright
(2021) American Chemical Society. Abbreviations: IS = isomer shift; QS = quadrupole splitting;
AA = absorption area.

The formation of metallic Sn(0) was also confirmed by PXRD, which showed that Sn(0) is
already formed at a reduction temperature of 600 °C (Figure S3). At higher Sn content (5 and 10
wt. %), Snp-air samples displayed signature Bragg diffractions of SnO; which upon reduction
disappeared. It thus seems that reduction in H> converts the initial, large SnO, clusters (as detected
by PXRD) to Sn(II) or Sn(0) species (as measured by '?Sn Méssbauer spectroscopy).

To investigate the influence of extra-framework Sn oxide clusters on the formation of metallic
Sn, we compared the ''”Sn Méssbauer data of 2Snp-air (Figure S2A and B) with 2Snp-Na/air
(Figure S2C and D). This latter catalyst, made via two-step pre-pyrolysis/air-calcination, was
previously shown to possess higher Sn dispersion relative to the corresponding one-step air
calcination catalyst (58% vs. 20%)®, and hence less extra-framework Sn oxide clusters because of
an improved incorporation of Sn into the framework. Under identical reduction at 700 °C, it was
found that for the sample with lower Sn dispersion (single-step calcination), not only more Sn(IV)
is reduced (83% vs. 75%), but also more metallic Sn is formed (31% vs. 14%). This suggests that
framework Sn(IV) is more resistant towards reduction to Sn(II) and metallic Sn, probably because
of the stronger interaction of the tetrahedral framework Sn with the zeolite support. When
comparing the reduction at 700 °C of 10Sn-air containing large SnO> clusters (as detected by
PXRD, Figure S3) against 10Snp-No/air, with only small Sn(IT)O clusters, it is seen that more
metallic Sn is present when starting with large SnO»> clusters (39% vs. 28%, Table 1 entries 9 and

13). Hence, larger SnO; clusters are more easily reduced towards metallic Sn compared to smaller
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Sn oxides, which can also be rationalized by the better interaction of small SnO> clusters
(containing more defects compared to large SnO>) with the zeolite lattice.

The higher resistance of framework Sn towards reduction can also be deduced from the
difference in the isomer shift (IS).>* The IS value of Sn is affected by the contributions of p and
s electrons; an increase in the contribution of p symmetry electrons decreases the IS value.*’ As
tetrahedral bonding requires a larger contribution from p electrons compared to octahedral Sn in
SnOy, the tetrahedral framework Sn sites will possess lower IS values relative to the octahedral
SnO; sites.**>%%° For the samples studied here, the Sn(IV) envelope of their Mdssbauer spectra
contains both contributions, but due to the relative low QS values, the Sn(IV) species are difficult
to be distinguished (deconvoluted in the fittings), so they are modelled by a single component
acquiring the average IS value of these contributions. However, an increase in the amount of
tetrahedral framework Sn sites will shift the IS of the Sn(IV) component towards lower average
values. This is indeed observed for the IS values of the two-step calcination process (N»/air)
samples compared to the single air step counterparts (Table 1, entries 4-6), and a higher negative
IS shift is observed for the 2 wt. % sample, reflecting the higher incorporation of tetrahedral
framework Sn sites in samples with low Sn loading.*>® Moreover, tetrahedral framework Sn sites
also increase the QS values compared to the octahedral SnOz species. Hence, relatively higher QS
values for the two-step calcination process sample indicate an increase in the distortion of the
Sn(IV) environment for these sites.

Upon reducing the Sn(IV) ions in the 2, 5 and 10 wt. % Snf-air samples (Table 1, entries 7-9),
in each case the IS value of the remnant Sn(IV) lowered from approximately 0.02 to -0.10 mm-s’
!, while for the two-step Snp-Na/air samples, the same Sn(IV) IS values were retained (Table 1,

entries 11-13). This confirms that more framework Sn(IV) is present in the two-step calcination
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process, and after reduction the majority of non-reduced Sn(IV) is tetrahedrally coordinated.
Hence, octahedrally coordinated SnO- is more easily reduced towards Sn(II) and Sn(0).

We further investigated the higher resistance of framework Sn towards reduction to metallic Sn
by reducing a Snf} with a high amount of framework Sn. To do so, we synthesized a Snf3 of 2 wt.
% via the grafting synthesis method.* Indeed, a Sn dispersion of 94% was obtained (calculated
via Py-FTIR and ICP, results not shown). The IS and QS values of -0.14 and 0.73 mm-s™! (Table
1, entry 20), respectively, correspond to a high framework Sn incorporation and agree with the
high Sn dispersion. Upon reduction at 700 °C, indeed no Sn(0) is formed. Instead, 69% is present
as Sn(Il) and 31 % remains present as Sn(IV) (Table 1, entry 21). A tentative pathway for

framework Sn reduction is proposed in Scheme 1.

Si0;
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Oasi’0\3n4{ Ho. AT 0,5i~OH HO-8i0; AT 0,5~ SO
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O4Si 3 ~sio 0 O
2 0381 2 0481 Si0s
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Scheme 1. Proposed pathway for the reduction of tetrahedrally coordinated open Sn sites.

Overall, by reducing Snf samples containing a significant amount of SnO; species, we identified
both Sn(II) species and metallic Sn. TPR-MS, XRD, DRUV-vis and ''°Sn Mossbauer spectroscopy
results suggested that tetrahedral framework Sn(IV) species are more resistant to reduction
compared to SnO; clusters and once reduced to Sn(Il), it will not further reduce towards metallic
Sn. Moreover, these results showed that large SnO; clusters (detectable with XRD) undergo more
easily a full reduction towards metallic Sn compared to small SnO> clusters. In the next section,
we evaluate the effect of the formation of mobile Sn(I)O species by reduction on the catalytic

activity.
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2. Reoxidation of reduced Snp zeolites: catalytic activity
2.1. Baeyer-Villiger oxidation (BVO) reaction

In the BVO of cyclohexanone (CHO) to e-caprolactone (CL), Lewis acidic Sn activates the
carbonyl of CHO, forming CL through a Criegee intermediate with H20,.* To explore if reduction
prompts higher Sn dispersion, subsequent reoxidation is necessary to increase the overall LA
density, and hence the overall catalytic activity, since Sn(IV) is a stronger Lewis acid than Sn(II)
and Sn(0).>?

To do so, we first determined the optimal set of reduction and reoxidation temperatures by
measuring the catalytic activity — calculated as the initial formation rate of CL (ro,cL) (see materials
and methods and Figure S4) — of 5Snf-air in function of varying reduction (Figure 2A) and
reoxidation temperature (Figure 2B). The optimal reoxidation temperature after reduction at 700
°C was 550 °C (Figure 2B, a catalytic activity increase from 54 to 89 mMcr h™') and at higher
oxidation temperatures, no further increase was observed. Hence, in Figure 2A all reduced samples
are first reoxidized for 2 h at 550 °C prior to catalytic tests. The highest catalytic activity (89
mMcr-h!) was seen for samples that were reduced at 700 °C under Ho-flow for 2 h, viz. 5Snp-air-
red700-reox550 (Figure 2A). A relative increase in catalytic activity of 177% could be acquired
for 5Snp-air-red700-reox550 (89 mMcr-h!) compared to 5SnpB-air (32 mMcr-h™!). The catalytic
activity significantly dropped upon increasing the reduction temperature to 900 °C. This drop can
be due to the aggregation of metal clusters into metal nanoparticles, leading to a decrease in Sn
dispersion and hence catalytic activity.®® The intact B topology observed at 900 °C by PXRD data
(Figure S3) confirms that the decrease in the activity is not due to framework collapse. Finally, to
exclude that the observed increase in catalytic activity for the treated catalysts is just a temperature-

induced phenomenon, a reaction was performed with a 5Snp-air sample calcined at 700 °C under

13



flowing air and a 5Snp-air dried in an N-flow at 700 °C. Activities similar to 5Snp-air were
obtained (30.1 and 32.5 mMcr-h™!, respectively), indicating the critical role of H» pre-reduction in

promoting the catalytic activity.
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Figure 2. Catalytic activity for reduced - reoxidized 5Snf-air catalysts. (A) Influence of reduction
temperature (Z) for 5Snf-air-redZ-reox550 samples. (B) Influence of reoxidation temperature (W)
for 5Snp-air-red700-reoxW samples. XSnp-Y-redZ-reoxW = Snf zeolite with X wt. % of Sn,
synthesized via post-synthetic method Y (air or N»/air) and reduced (in H>) and reoxidized (in air)
at temperature Z and W °C for 2 h, respectively. The point at 0 °C means that the catalyst is not
reduced (2A) or no reoxidation is performed after reduction at 700 °C (2B). Reaction conditions:

ketone (330 mM), 50 wt % H20: (H202/ketone = 1.5), 10 mg catalyst, 80 °C, 700 rpm.

In our previous work, the effect of the inert heat treatment step (pre-pyrolysis) on the catalytic
BVO activity of the solid state Snf samples and LA density was reported. It was seen that via a

pre-pyrolysis step (abbreviated as N2/Air), an increased catalytic activity and LA density was
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obtained for the same Sn content as the air-calcined catalyst due to the presence of mobile Sn(IT)O
species instead of less volatile SnO, species (Figure 3, grey symbols).® To investigate if the
reduction-reoxidation step increases the catalytic activity, all Snp-(N2/)air catalysts are reduced
and reoxidized at the optimal temperatures, i.e. reduction at 700 °C in H»-flow and a reoxidation
at 550 °C in air-flow (denoted as redreox). No change in Sn content (in wt. %) was detected via
ICP-AES after the reduction-reoxidation cycle (Table 1). For clarity, Table S1 provides a general
overview of the main catalysts, the catalytic reactions and the applied characterization techniques.

Figure 3 plots the initial CL formation rate against Sn content for Snf-air and Snf3-N>/air samples
before (in grey) and after optimal redreox (in orange and blue) and shows the influence of such a
treatment on the catalytic BVO activity of samples made via the one- and two-step calcination
method. Independent of Sn content, the catalytic activity of Snp-air samples significantly improved
after reduction-reoxidation. Up to a Sn content of 5 wt. %, the ro,cL of the treated Snf-air samples
even coincided with the untreated SnB-N»/air samples. These observations seem to suggest that it
is indeed possible to redisperse (inactive) extra-framework SnO; through formation of
intermediate mobile Sn(II)O species via reduction with Hz. In contrast, no additional BVO activity
was obtained for treated Snp-No/air samples with a Sn content up to 5 wt. %. Here it seems that
the inert pretreatment step during solid-state exchange is already sufficient to create highly active
Snp catalysts as this preheating step in inert atmosphere already enables sufficiently high Sn

dispersion.
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Figure 3. The initial formation rate of e-caprolactone (CL) as a function of Sn content (wt.%) for
the BVO of cyclohexanone with 50 wt.% H>O» at 80 °C (reaction conditions: see Figure 2). Sn
content was quantified by ICP-AES. Redreox = reduced at 700 °C in H>-flow for 2 h and
reoxidized at 550 °C in an air-flow for 2 h. The error bars represent the standard deviation of
reactions performed in triplicate. The gray series were reported in our previous publication (ref 8.)

and reprinted with permission, copyright (2021) American Chemical Society.

Interestingly, at higher Sn content (= 5 wt.%), the ro,cL of treated Snf3-N»/air samples improved
and even outperformed its untreated counterparts. This way, a maximum activity of 140 mMcr-h
!'is obtained for 10Snp-Ny/air-redreox compared to the plateau value of 93 mMcr- h! for untreated
SnB-No/air catalysts. Hence, treatment of Snf3-(N2/)air samples by reduction-reoxidation allows to

surpass the activity plateau observed for Snf-Ny/air samples. For instance, reduction-reoxidation
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of 10Snf-air and 10Snf-Ny/air gives a relative increase in BVO activity of 85% and 50%,
respectively.

In addition, to test our hypothesis that reduction redisperses (inactive) extra-framework SnO;
through formation of mobile Sn(II)O species, we synthesized a solid-state Snfj sample with SnO»
(abbreviated as SnO; deAlp). The synthesis was performed via identical procedure as the solid-
state Snf-air samples (via grinding and air-calcination), but instead of Sn(II) acetate, SnO- is used
as Sn precursor as it is a cheap and carbon-free alternative. However, in literature it is reported
that SnO> as precursor gives inactive Snf catalysts containing high amount of SnO, clusters.*’
Figure 3 shows that untreated 5SnO> deAlp indeed did not possess any catalytic activity, which is
in agreement with literature. After the reduction-reoxidation cycle, the 5SnO; deAlp samples
reaches 63 mMcr- h'!, exceeding the 5Snp-air catalyst made with Sn(II) acetate and supporting our

hypothesis.

2.2. Meerwein-Ponndorf-Verley (MPV) reaction

Next, we investigated the effect of reduction-reoxidation on the catalytic activity for another
well-studied Snf catalyzed reaction, i.e., the MPV reaction. The MPV reaction reduces an
aldehyde or ketone to an alcohol in the presence of a sacrificial alcohol as the hydrogen donor
(usually a secondary alcohol). The hydride transfer is facilitated by activating the carbonyl group
with Lewis acidic Sn sites which makes the carbon atom of the carbonyl group more
electrophilic.’>* Here, the MPV reduction of CHO with 2-butanol to cyclohexanol (CHOL) and
2-butanone is used as a model reaction. The effect of reduction-reoxidation was investigated by
using the most active catalysts, i.e., 10Snp-(N2/)air-redreox and their untreated counterparts. The

specific reaction conditions are mentioned in materials and methods.
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The kinetic plots of the MPV reaction are shown in Figure S5. The treated catalysts
outperformed the untreated Snp-(N>/)air catalysts. To exclude that the change in activity are
temperature-induced phenomena, Figure S5 also displays the catalytic activities of Snf catalysts
calcined at 700 °C, which were comparable to the ones calcined at 550 °C. In 2020, Deng et al.
reported a decrease in MPV activity upon dehydration of Snf3 catalysts at 120 °C as the amount of
active open Sn sites decreased.®! However, in this case, the catalytic activity of our (un)treated
catalysts was not measured instantly, but after storing them under ambient conditions for at least
two days.

2.3 Kinetic catalysts parameters for BVO and MPYV reactions

The increased BVO and MPV activity of reduction-reoxidation catalysts prompted us to further
scrutinize the active Sn species involved. To do so, we performed kinetic studies to obtain and
compare the kinetic parameters such as the apparent activation energy (E,) and the pre-exponential
factor (ko). The Arrhenius plots are displayed in Figure S6 and the apparent E, values were
obtained from the slopes of these plots (measurements performed between 50-80 °C) whereas ko
values were derived from the calculated intercept with the y-axis. Ea. and ko values are listed in
Table 2. For all reactions, it seems that upon reduction-reoxidation, the E, values stay very similar.
The E, values of the MPV and BVO reaction are comparable to the one reported for HT Snf} (63
kJ-mol™),3* and BVO PS SS Snf (70 kJ-mol™)?, respectively. Moreover, these E,-values indicate
that all reactions were performed in absence of mass transfer limitations. According to the Eyring
analysis,%? a similar activation energy means that during the reaction a transition state with similar
enthalpic level is formed at the Sn active sites of the reduced materials. The pre-exponential factor
ko 1s influenced by the entropic factors and/or change in amount of active sites. For both the BVO

and MPV reaction, ky increases after the reduction-reoxidation reaction by approximately a factor
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2. Thus, it seems that the active site surroundings in the treated catalysts more efficiently
accommodate the required substrate orientation and/or that the number of active sites increases
after the reduction reoxidation cycle. This will be further discussed in the discussion section after

measuring the number of active sites for the various catalysts (vide infra).

Table 2. Apparent activation energy (£,) and pre-exponential factor (ko) of the (un)treated 10Snp3-

(N2/)air catalysts for the BVO and MPV reactions.

Catalyst BVO MPV

E, ko E, ko
(kJ-mol?)  (h') (kJ-mol’) ()

10SnB-air 70.1 4510° | 62.7 42108
10SnB-air-redreox 70.3 8.510° |63.8 1.210°
10SnB-No/air 70.6 7.410° | 64.0 1.110°
10SnP-Ny/air-redreox 71.8 1.510'° | 66.2 3.410°

3. Reoxidation of reduced Snf-zeolite: characterization

If the Sn redispersion hypothesis indeed explains the increased catalytic (BVO and MPV)
activity after tandem reduction-reoxidation, we would expect the LA density, and hence the Sn
dispersion to increase after this reduction-reoxidation step (i) for Snf-air catalysts over the whole
Sn content range, and (ii) for Snf-N2/air catalysts, at a Sn content higher than 5 wt. %.

3.1 Pyridine and CD3CN FTIR
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The LA density was probed via Py-FTIR (see materials and methods). Figure 4A shows the LA
density as a function of Sn content for the two calcination methods treated with and without tandem
reduction-reoxidation. For the Snf-air samples, the treatment increased the LA density over the
whole Sn content range, and up to 5 wt. % of Sn, the LA densities corresponded to the values of
SnB-No/air. In contrast, for treated Snf3-N»/air samples with up to 5 wt. % of Sn, the LA density
remained unchanged. So far, these trends match the catalytic activity data, hence supporting the
redispersion hypothesis. However, for both Snf-air and Snf-Ny/air at higher Sn loadings (> 5 wt.
%) the LA density trend started to deviate from the catalytic activity trend. Whereas the activity
kept increasing (Figure 3), the LA density hovered around 200 pmol-g™.

This can also be expressed in terms of Sn dispersion. Figure S7 depicts the Sn dispersion against
Sn content by assuming one adsorbed pyridine molecule per active Sn site.®> Because of the
treatment, the Sn dispersion of Snf3-air samples increased from 20-30% to 60% at low Sn loadings.
For the No/air-catalysts with up to 5 wt. % of Sn, similar Sn dispersion appeared after the treatment,

but at high Sn loadings, the dispersion dropped below the dispersion of the non-treated samples.
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Figure 4. A. Influence of the redreox step on the Lewis acid density of Snf-(N2/)air and SnO»-
deAlp with varying Sn content. B. Catalytic activity against Lewis acid density for the BV
oxidation of CHO with 50 wt. % H>O: at 80 °C (reaction conditions: see Figure 2). For clarity, the
Sn content in wt. % is mentioned for the redreox samples at high Sn loading. The Lewis acid
density was calculated by Py-FTIR at 150 °C and 1.42 cm.pumol™! as integrated molar extinction

coefficient.

The gray series were reported in our previous publication (ref 8.) and reprinted with
permission, copyright (2021) American Chemical Society. Abbreviations: redreox, reduced at 700
°C in Hz-flow for 2 h and reoxidized at 550 °C in an air-flow for 2 h. Reproducibility was checked
by performing Pyridine-FTIR spectroscopy and the BVO reaction for some catalysts in duplicate

and triplicate, respectively. Error bars represent the standard deviations.

The LA density of SnO> deAlp (5 wt. % Sn) before and after treatment are also presented in

Figure 4A. Initially, the material possessed insignificant LA density which agrees with the absence
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of catalytic activity (Figure 3) and after treatment, the LA density of 5SnO> deAlp increased to
123 pmol-g™!. This demonstrates that out of large SnO:> clusters (see XRD below), active sites can
be created by redispersion of the Sn species with the reduction-reoxidation step.

Figure 4B plots the catalytic BVO activity against the LA density before and after tandem
reduction-reoxidation. At lower values, irrespective of the calcination method (air or N»/air) and
Sn precursor (Sn(II) acetate or SnO,) used, a clear linear correlation is seen between the catalytic
activity (< 93 mMCL-h") and the LA density (< 200 umol-g'). However, at higher values, two
trends become apparent. Firstly, the catalytic activity stabilized (at 93 mMcr-h™') while the LA
density further increased (up to 275 pmol-g™!) for non-treated (Snp-Na/air) samples (Trend 1).
Secondly, the catalytic activity increased (up to 140 mMcr-h!) while the LA density stabilized (at
approximately 200 pmol-g™!) for treated (Snp-air and SnB-Ny/air) samples (Trend 2).

As previously discussed by our group, the plateau in catalytic activity (Trend 1) was suggested
to be due to Sn incorporation in less favourable sites at high Sn loadings.® However, the plateau in
LA density (Trend 2) arising after the tandem reduction-reoxidation was not previously observed.
One possible explanation might be that the LA sites are more accessible for reaction since the
harsh reduction conditions created a more open pore structure (e.g., hierarchization). However, the
pore structure was not altered significantly by the treatment as confirmed by the similar pore
volumes measured via Na-physisorption (Table S2). Moreover, the E, values (Table 2) indicated
that the reactions took place in absence of mass transfer limitations.

The levelling off in LA density is also not due to the presence of more metallic Sn and Sn(II)
species (with lower Lewis acidity) at high Sn loading. Reoxidation at 550 °C indeed converted
almost all Sn(II) and Sn(0) back into Sn(IV) for all Sn loadings, as evidenced by the !'’Sn

Mossbauer data, with only 5-8% of Sn(Il) remaining (Table 1, entry 15-19). Note that at a
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reoxidation temperature of 150 °C, only a third of the Sn(II) is reoxidized into Sn(IV) while almost
all Sn(0) remained (Table 1, entry 14). Hence, this explains the lower catalytic activity at low
reoxidation temperatures (Figure 2B).

Another explanation might be the underestimation of active sites with pyridine as a probe
molecule. Therefore, we also tested the smaller acetonitrile-ds (CD3;CN) probe. CD3CN
preferentially adsorbs on strong LA Sn sites (2316 cm™) prior to coordinating to weaker LA Sn
sites (2308 cm™!). At higher coverage, CD3CN adsorbs at SiOH groups (2275 cm™) and large non-
framework SnO> groups (2290 cm™). Finally, at full saturation, physisorbed CD3CN appears (2265
cm™).3293 After saturation, a spectrum was taken after 30s vacuum to remove physisorbed CD3CN
and this was deconvoluted into the principal bands (Figure S8). The total amount of Sn sites was
estimated by combining the strong LA Sn sites with the weak LA Sn sites (see materials and
methods). A similar amount of LA sites (within experimental error) was obtained when titrating
with pyridine or CD3CN (Figure 5A). CD3CN can also be used to distinguish between strong and
weak LA Sn sites. While weak LA Sn sites drastically decreased at high Sn loading (> 5 wt. %,
Figure 5B) after treatment compared to the N»/air-catalysts, the amount of strong LA Sn sites is

similar to the untreated N»/air counterparts (Figure 5C).
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Figure 5. A. Total B. weak and C. strong LA Sn sites against Sn content. Via Py-FTIR, LA density
was measured at 150 °C, and calculated with an integrated molar extinction coefficient (g) of 1.42
cm-pmol™.% Via CD3;CN-FTIR, LA density was measured at 30 °C, 1.04 and 2.04 cm-pumol™! were
used as e-values for strong LA (or open) and weak LA (or closed) Sn sites, respectively.®® The
gray series were reported in our previous publication (ref 8.) and reprinted with permission,
copyright (2021) American Chemical Society. Abbreviations redreox: reduced (in H>) at 700 °C

and reoxidized (in air) at 550 °C.

When plotting the activity against either weak or strong LA Sn sites (Figure 6 A and B), a linear
correlation can be noticed for the treated catalysts in terms of strong LA Sn sites, also at high Sn
loadings. Hence, even though the number of strong sites is similar to the non-treated N»/air-
catalysts (at Sn > 5 wt. %, Figure 5C), the strong Sn species are becoming more active. Therefore,
in contrast to the Sn redispersion at lower Sn loadings, it is hypothesized that more active Sn

species are formed (Sn re-speciation) at higher Sn loadings after tandem reduction-reoxidation.
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Figure 6. Initial formation rate against A. weak and B. strong LA Sn sites. LA density was
measured via CD3CN FTIR at 30 °C, 1.04 and 2.04 cm-pmol™! were used as e-values for strong
LA (or open) and weak LA (or closed) Sn sites, respectively.®® The gray series were reported in
our previous publication (ref 8.) and reprinted with permission, copyright (2021) American
Chemical Society. Abbreviations redreox: reduced (in Hz) at 700 °C and reoxidized (in air) at 550

°C.

3.2 SS NMR, XRD, ICP/XPS and ''°Sn Mdssbauer spectroscopy

To characterize the Sn species present at high Sn loadings, solid-state ''’Sn NMR with Carr-
Purcell-Meiboom-Gill (CPMG) echo-train acquisition under MAS was performed on 10Snf-
No/air samples before and after treatment. CPMG acquisition significantly reduces the acquisition
time which enables data acquisition at natural abundance levels of !'*Sn.%*% In general, solid-state
9%Sn MAS NMR can be used to differentiate extra-framework SnO» and framework Sn(IV)
species, and more specifically it can make a distinction between strong and weak LA framework
Sn sites.?>3%% Figure 7A shows the cross polarization (CP-CPMG) spectra acquired for the
hydrated 10Snp-Nz/air samples with and without tandem reduction-reoxidation. The hydrated
samples gave a broad signal with peak maxima at -651 (non-treated) and -660 ppm (treated),
respectively. Chemical shifts between -650 and -700 ppm are typically assigned to hydrated
framework Sn sites. The exact chemical shift of these octahedrally coordinated species depends
on multiple factors including the T-site, number of proximal defects and Sn content.®” %

In the direct excitation (DE-CPMG) spectra of the dehydrated catalysts (Figure 7B), the
dehydrated sample before treatment showed signals for strong (-425 ppm) and weak (-442 ppm)

tetrahedral Sn sites, while no signal for octahedral SnO; (-600 ppm) was detected. In contrast, after

treatment, the dehydrated sample gave a dominant signal at -600 ppm, while the intensities of the
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signals at -425 and -450 ppm were strongly reduced. The latter is in sharp contrast with the
CDs;CN-FTIR data, which indicated almost no change in the amount of strong LA Sn sites (Fig.
5C). Moreover, three additional Sn signals appeared at -512, -543 and -574 ppm. These were
excluded to be spinning sidebands of SnO», since no mirrored signals were seen around the main
SnO, resonance. According to literature, these signals could be indicative of pentacoordinated Sn
species.?*31:67:69 It has been reported that for hydrated Snp zeolites, weak LA Sn sites initially form
pentacoordinated Sn species, while, strong LA Sn sites interact with two water molecules forming
a hexacoordinated Sn site. Ivanova et al. reported that in presence of a large amount of water
(H20/Sn = 4 ), they could not detect an intermediate pentacoordinated Sn site for strong LA Sn
sites, probably because it reacted faster than the time scale of the experiment ( first measurement
after 3 h), confirming that the strong LA Sn sites are more prone to hydration.*® In this case, the
pentacoordinated Sn is not detected in the hydrated redreox sample but in the dehydrated one. It
seems that for the dehydrated redreox sample (dehydrated at 450 °C for 12 h under dynamic
vacuum [1072 mbar]), some Sn sites still interact with one H,O-molecule. Consequently, it could
be that these pentacoordinated Sn sites possess a very strong Lewis acidity and might be detected

with CD3CN-FTIR as strong LA Sn sites as well.

26



A. hydrated -651

T T T T T T
-300 -400 -500 -600 -700 ppm

B. dehydrated

T T T T T
-300 -400 -500 -600 -700 ppm

Figure 7. A. '"?Sn CP CPMG MAS NMR spectra of hydrated and B. !'Sn DE CPMG MAS NMR

spectra of dehydrated (a.) 10Snf-Ny/air and (b.) 10Snp-N»/air-redreox catalysts.

We further evaluated if the SnO, species seen by solid-state !'°Sn NMR are also detected by
PXRD. Figure 8 shows the diffraction patterns for Snf-air, Snf3-N2/air and SnO»-deAlp at varying
Sn content with and without reduction-reoxidation. At 10 wt.% Sn, in all cases, sharper SnO>
reflections (at 26.7, 33.9 and 52.3°) were indeed obtained after treatment. Interestingly, while for
Snp-air existing SnO; reflections sharpened after treatment, SnO; reflections appeared for Snf3-
Ny/air-redreox as no crystalline SnO; particles were detected before treatment. Hence, PXRD data
confirms that larger and more crystalline SnO; clusters are formed after treatment at high Sn
loading (> 5 wt.%). For low Sn loadings (< 5 wt. %), however, no such SnO> reflections were

apparent after treatment. Finally, for the untreated 5SnO, deAlp sample, highly intense and sharp
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SnO, signals are detected, which agree with the absence of LA density (FTIR). After reduction-

reoxidation, the signals became less intense, which supports the improved incorporation of Sn(IV)

into the framework.
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Figure 8. PXRD patterns of (un)treated Snf-air, Snp-No/air and SnO>-deAlf with varying Sn

content and calcination method benchmarked against dealf-air, parent H (Si/Al=19) and pure

Sn®, SnO and SnOx. redreox: reduced (in Hy) at 700 °C and reoxidized (in air) at 550 °C.

To evaluate how Sn dispersion inside the B zeolite is affected by the reduction step, surface

(XPS) and bulk (ICP-AES) Sn/Si ratios are compared in Figure 9. The XPS spectra of the Snf3

samples (Figure S9) display signals of Sn 3d3/2 and 3ds,2 with binding energies at 495.8 and 487.5

eV, respectively, which is indicative of Sn(IV).”% At high Sn loadings (> 5 wt. %), the Sn to Si
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ratio decreased drastically after the reduction-reoxidation cycle for both the air and No/air catalysts.
This means a better infiltration of the Sn species into the  zeolite. This is in line with a recent
paper observing an increased amount of Sn in the core region of a K-PtSn-MFI zeolite via STEM-
EDS and HAADF after reduction at 650 °C.”! These results confirm that mobile Sn(II)O and
metallic Sn(0) species can migrate during the reduction step from the surface to the core of the -
zeolite. Hence, increasing Sn dispersion inside the B zeolite seems to align with a higher catalytic
BVO and MPV activity. For the 5Snp-N»/air catalyst, no change in Sn dispersion into the crystal
upon reduction was observed. Activity-wise this treated 5Snf3-N2/air is very similar to the non-

reduced sample, further confirming the importance of the Sn dispersion parameter for the catalytic

activity.
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Figure 9. Bulk and surface Sn content (in Sn/Si) as measured by ICP (grey) and XPS (black) for
selected Snf3 XSnP-Y-(redreox) with Sn content X (wt. %), heat treatment Y. redreox: reduced (in

H>) at 700 °C and reoxidized (in air) at 550 °C.

Finally, with !'°Sn Méssbauer spectroscopy we investigated if at high Sn loadings, we can detect
the formation of SnO; clusters together with new LA Sn sites. The results of the non-treated and
redreox catalysts are presented in Figure 10 and Table 1. The left and right end of the bar in Figure
10 represent the resulting IS and QS-values, respectively, of the Sn(IV) component in each sample.
A high QS together with a negative IS value for Sn(IV), suggest a more distorted first neighbour
environment, as discussed in section 1, and hence a better on-average incorporation of Sn into the
framework.>°!¢”.7 For the air-calcined sample with low Sn loading, a significant decrease in IS (-
0.08 vs. 0.02 mm-s™') and an increase in QS (0.57 vs. 0.50 mm-s™!) after the redreox step confirms
the better incorporation of Sn into the beta framework, which agrees with the increased Sn
dispersion (Figure S7). For Ny/air-catalysts with < 5 wt. % of Sn, the IS- and QS-values for the
reduced and non-reduced catalysts are very similar. As already discussed in section 1, Sn is already
well dispersed after the pre-pyrolysis step (Sn dispersion up to 60%), and thus no major
improvement was seen after the redreox step. Finally, for high Sn loading (10 wt. %), a significant
decrease in QS is obtained for the Na/air sample after the redox step (0.75 to 0.53 mm-s™). Since
SnO> has an IS and QS of 0.04 and 0.50 mm-s™! (Table 1, entry 23), the lower QS is in line with
the presence of more SnO; clusters. In contrast, the [S-value for this sample is retained at a similar
level, even becoming slightly more negative (-0.08 vs. -0.06). This result could justify the presence
of pentacoordinated Sn sites, detected via NMR, which seem to shift the average IS of the Sn(IV)

component towards a slightly more negative IS-value.
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Figure 10. Comparative figure of the isomer shift (IS) and quadrupole splitting (QS) of the Sn(IV)
species in Snp-(redreox) catalysts. The left and right end of the bar represent the IS and QS-value,

respectively.

DISCUSSION AND CONCLUSION

In this work, it is shown that for low Sn loadings (up to 5 wt. %), inactive SnO» clusters (< 5
nm) can be redispersed via a tandem reduction-reoxidation. SnO- clusters are reduced towards
mobile Sn(IT)O species which will interact with the zeolite. Further reduction towards metallic Sn
appeared as well, but at low Sn loading these metallic particles are not likely to aggregate in large
metal particles. After reoxidation, higher LA density and BVO activity are obtained as more
framework Sn or small SnO»> clusters are created. The redispersion hypothesis for low Sn loadings
was further corroborated by using SnOz as a Sn precursor. The SnO2-deAlp catalyst, having no LA
density and no catalytic activity, could be activated by an intermediate reduction step, resulting in

a higher Sn dispersion and a decent catalytic BVO activity by the formation of framework Sn and
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small SnO»-clusters (FTIR, PXRD). For Snf catalysts of low loadings with a high Sn dispersion
(No/air catalysts), no improvement in LA density and activity was observed after the redreox step.
This demonstrated that already well incorporated Sn species (framework or small SnO; clusters in
pores) are not negatively affected by this treatment.

At high Sn loadings (> Swt. %), however, a deviation in catalytic BVO activity and LA density
appeared. For all catalysts with a Sn content > 5 wt. % (air and N»/air), after the redreox step, a
plateau was reached for the LA density, but simultaneously the BVO activity kept increasing (up
to 140 mMcc- h'!, Figure 4B). More specifically, the total LA density of 10SnB-Na/air relatively
decreased by 30% after the redreox step, while in contrast the BVO activity increased by 50%.
This 10SnB-Nz/air-redreox catalysts was not only more active in the BVO reaction, but also in the
MPYV reaction. For both reactions, similar E£,-values (and thus enthalpic levels) were obtained after
the redreox step, but the pre-exponential factors (ky) were multiplied by a factor 2. As previously
mentioned, the ky-factor is influenced by (i) the number of active sites and (ii) entropic change of
the transition state. Since the amount of LA sites (as calculated by Py and CD3CN-FTIR) was
lower for the redreox catalyst, the higher rate of the treated catalysts in the MPV and BVO
reactions could predominantly be ascribed to entropic effects. This suggests that the active sites of
the redreox catalysts form the required substrate orientation better, decreasing the loss of entropy
upon forming the transition state.

Hence, to shed light on the type of active Sn species and its distribution, the differences and
similarities of the 10SnB-Ny/air catalyst and its redreox variant are summarized below. Both
catalysts showed a similar Sn content (ICP) and pore volume (N2 physisorption, Table S2). 10Snf-
No/air-redreox possessed similar number of strong LA Sn sites, but the weak LA Sn sites
drastically decreased compared to the non-treated catalyst (CD3CN-FTIR, Figure 5 B and C).

32



Major differences were detected via ''?Sn SS NMR (Figure 7). The dehydrated redreox catalyst
contained less framework sites (both strong and weak Sn sites at -426 and -450 ppm, respectively).
Instead, a SnO> signal arose at -600 ppm, and signals appeared between -510 to -575 ppm, which
are suggested to be pentacoordinated Sn species. The SnO» clusters of the redreox catalysts were
visible with XRD, whereas no SnO> signals appeared for the non-reduced catalysts (Figure 8).
Interestingly, by comparing the surface and bulk Sn/Si ratios (XPS and ICP, Figure 9) the Sn
species were better dispersed in the B zeolite after the redreox step. Finally, ”Sn Mdssbauer
spectroscopy (Table 1, Figure 10) showed a slightly more negative IS (-0.08 vs. -0.06 mm-s!),
together with a lower QS (0.53 vs. 0.75 mm-s™) for the redreox catalyst which could indicate the
presence of pentacoordinated Sn sites.

In scheme 2 a possible redreox process is displayed at high Sn loading. Although no SnO:
clusters are detected via XRD (SnO; < 5 nm) for 10SnB-Ny/air, XPS/ICP results showed that the
zeolite possessed a significant amount of Sn-(clusters) at the surface of the B-zeolite, in addition
to framework Sn and small SnO> clusters inside the pores. Upon reduction, surface Sn(IV)O:
species are reduced towards mobile Sn(II)O species which can (i) diffuse inside the zeolite and
interact with silanol nests or (ii) encounter and collide with other Sn-particles at the surface,
creating large clusters. The theoretical maximum incorporation of framework Sn inside a 3 zeolite
(starting with a parent zeolite with Si/Al ratio of 19) is 9.2 wt % provided that all silanol nests,
created by removal of Al, are used as Sn anchoring points. At high reduction temperatures, a part
of the silanol nests will condense to siloxane bridges, which diminishes the framework Sn
anchoring points. Hence, as there are only a limited number of Sn anchoring points in the zeolite
framework, the agglomeration of Sn species to form SnOx> clusters (after reoxidation) will happen

more frequently at high Sn loading. Moreover, a reduced Snff with a high Sn content contains a
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higher absolute amount of metallic Sn. Since it has been reported that, in general, larger metal
particle sizes and/or higher metal contents complicate the redispersion process,’*> "> the formation
of large metallic clusters (as detected with XRD) could explain the lower final Sn dispersion.
Since the total amount of Sn (in mol) on the crystal surface is less after reduction, it means that
more Sn is incorporated inside the zeolite (as framework Sn or small SnO; clusters since large
SnO» clusters are too big to diffuse inside the pores). The lower LA density after the treatment
could be explained by the fact that small SnO- clusters on the surface of the untreated zeolite
possess Lewis acidity. However, they are not very active in the reaction because pore-confinement
is essential to allow the adequate substrate conformation. After the treatment, the larger particles
created at the surface (due to Sn collision and clustering) are not Lewis acidic (which agrees with
the lower total Lewis acidity), but more active LA Sn sites are created inside the pores which could
explain the increased pre-exponential factor (per LA site measured). It could be that the
pentacoordinated Sn species detected by NMR, are very strong LA Sn sites which have the
adequate orientation and hence, are more efficient in the BVO and MPV reaction. Future work
will further study the pentacoordinated Sn species in greater detail, with the aim of identifying
their local environment and interactions with the substrates. Moreover, since it is known that large
metal particle sizes and high metal contents hamper the redispersion of the metal oxides,”> "
ongoing work focuses on applying milder reduction conditions (such as using CO instead of H» as

reducing agent) to prevent undesired metal formation, and to produce outstanding Snf} catalysts.
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Scheme 2. Illustration of the proposed changes of the Sn species in a § zeolite at high Sn loading
during the tandem reduction-reoxidation and the tentative configurations of the tetracoordinated

and pentacoordinated Sn Lewis acid sites.

MATERIAL AND METHODS
Catalyst synthesis

synthesis

A calcined commercial Al-f (CP814c, Zeolyst International, SiO2/Al,03 = 38) was
dealuminated by stirring the zeolite powder for 20 h in a 65% nitric acid solution (20 mL-g™! of
zeolite) at 100 °C. Afterwards, the solids were filtered and washed thoroughly with water and dried
overnight at 60 °C. To remove any physisorbed water the dealuminated B was stored in an oven at
150 °C. The procedure of Hammond was followed for the solid state synthesis.*** The appropriate

amount of Sn precursor (Sn(Il) acetate or SnO> with particle size < 100 nm) was added to the
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dealuminated § and manually ground for 10 min in a pestle and mortar. Two calcination procedure
were used. In this first method (abbreviated as air), the sample was heated under static air in a
muffle furnace to 550 °C (2 °C-min™!) for 6 h. In the second method (abbreviated as No/air), the
sample was heated in a quartz tube inside a tubular oven to 550 °C (2 °C-min™") first in a Nao-flow
(3 h) and subsequently in an air-flow (3 h). Gas flow rates of 20mL-min"! were employed. The
procedure of Gounder et al. was followed for the grafting method.** The dried dealuminated p was
added to dichloromethane (DCM) solvent (dried for 3 days under Ar using molecular 3A sieves)
in a round-bottom flask and the appropriate amount of SnCls (1 M in DCM) was added via a
syringe. The solution was heated for 7 h at 50 °C under reflux conditions with N>. Afterwards the
zeolite was rinsed with methanol and dried overnight at 60 °C. The recovered solids were calcined
for 6 h at 200 °C (3 °C-min’!) and 6 h at 550 °C (3 °C-min™).

Reduction and reoxidation of Snf

Reduction of the calcined samples was performed in a quartz U-tube with a quartz window for
DRUV-vis measurements. The U-tube was placed in tubular oven and heated (5 °C-min™) to the
desired temperature under a flow of Hz for 2 h. If the sample was reoxidized, the same set-up was
used and the reduced catalyst was heated (5 °C-min’!) in an air-flow to the desired reoxidation
temperature for 2 h.

Characterization techniques

TPR-MS analysis was performed in a horizontal home-made oven with temperature control,
coupled to a Pfeiffer Omnistar Mass spectrometer. The catalyst powder was pelletized (sieve
fraction 250-500 um) and 200 mg was placed inside a quartz tube. The sample was pretreated at
400 °C in He for 2 hours and was cooled to 100 °C before starting the measurement. Next, the

sample was heated at 10 °C-min! in 14.8 ml-min™! of a 5% H> in He-flow to 1000 °C. M/e of 2
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(H2) and 18(H20) were tracked with the MS. DRUV-vis measurements were performed in quartz
U-tubes equipped with a quartz window. The samples were pretreated (reduced or reoxidized)
inside the U-tubes and measured, after cooling, on an Agilent Cary 5000 spectrophotometer. Dried
barium sulfate was used as the diffuse reflectance standard. PXRD patterns were recorded on a
high-throughput STOE Stadi P Combi diffractometer in the transmission mode equipped with Cu-
Koy source and IP-PSD detector. N2 sorption measurements were performed using a
Micromeritics Instruments Tristar 3000 at 77 K. Samples were degassed under N>-flow at 300 °C
for 6 h prior to measurement. The relative nitrogen pressure was varied between 0.01 and 0.99
(p/po). Pore volumes were calculated by the t-plot method. Elemental analysis was performed
using an ICP-AES (Perkin Elmer Optima 3300 DV) with signals for Sn, Al, and Si at 189.9, 238.2,
and 251.6 nm, respectively. Before ICP-AES, the samples were decomposed with lithium
metaborate at 1000 °C and dissolved in 5% HCI in Milli-Q water. FTIR measurements were
performed on a Nicolet 6700 Spectrometer equipped with DTGS detector. Samples were pressed
into self-supporting wafers (with a rectangular shape with size around 1.6 cm x 1.1 cm) and
degassed at 400 °C in vacuo for 1 h before measurements. LA sites were analyzed with gas-phase
pyridine or deuterated acetonitrile. For pyridine adsorption, the samples were subjected to a flow
of pyridine (20 - 25 mbar) until saturation at 50 °C. Spectra were recorded at 150 °C in vacuo after
equilibration for 40 min. 1.42 cm-pmol™! was used as integrated molar extinction coefficient for
calculations of LA density at 1451 cm™.%® Deuterated acetonitrile (CD3CN) was adsorbed at 30
°C. The samples were exposed to sequential doses of 4 mbar of probe molecule until saturation,
which was evidenced when gas-phase CD3CN (2267 cm™') appeared. Once saturated, a spectrum
was recorded at 30 °C after 30 s in vacuo. The spectra were deconvoluted in open Sn sites (2316

cm™), closed Sn sites (2308 cm™), SnO> (2287 cm™), silanol groups (2275 cm™), and physisorbed
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or gas-phase CD3;CN (2265 cm™') with OMNIC software. All peaks were fitted using mixed
Gaussian-Lorentzian peaks (50/50) except for the peak corresponding to physisorbed CD3CN,
which was fitted using a fully Lorentzian (0/100) peak. For all deconvolutions, a peak centers
variation of £ 3 cm™! was allowed and FWHM values ranged from 5- 20 cm™ . For strong and weak
Sn sites, integrated molar extinction coefficient of 1.04 and 2.04, respectively, were used.®® For all
probe molecules, spectra of unloaded materials were recorded at the same temperature as the
reference spectra. The number of LA sites titrated by the probe molecules was calculated using the

following equation.

integrated peak area (cm™1) Ayafer (cm?)

LA density (umol-g?) = (1)

molar extinction coefficient (cm pmol=1) m (g)
With Awaferand m the area and the mass of the dry wafer, respectively.
Sn dispersion is calculated by assuming 1 active Sn site per adsorbed molecule of pyridine divided
by the total amount of Sn present (calculated via ICP-AES).

XPS measurements were carried out on a SSX 100/206 photoelectron spectrometer from Surface
Science Instruments (USA), equipped with a monochromatized Al-Ka radiation (1486 eV). The
sample powders, pressed in small stainless troughs of 4 mm diameter, were placed on an insulating
home-made ceramic carousel. The pressure in the analysis chamber was around 107 Pa. The
analyzed area was ~1.4 mm? and the pass energy was set at 150 eV. The Si2p peak of silicon was
fixed to 103.5 eV to set the binding energy scale. Data treatment was performed with the CasaXPS
program (Casa Software Ltd, UK); spectra were decomposed with the least squares fitting routine
provided by the software with a Gaussian/Lorentzian (85/15) product function, after the baseline
was subtracted. "'”Sn Maéssbauer spectra of the powder samples were collected at 77 K in
transmission geometry, using a constant-acceleration Mdssbauer spectrometer equipped with a

Ca'!®™Sn0s source kept at RT and a variable-temperature (Thor Cryogenics) liquid nitrogen bath
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cryostat. The spectrometer was calibrated with metallic iron at room temperature and 77 K.
Analyses of the spectra were performed by the IMSG code using Lorentzian-type lines.”® To
prevent re-oxidation, the reduced samples were stored, sealed and transported in N»-atmosphere
and the corresponding Mdossbauer sample holder was prepared and sealed in a glovebox under N»-
atmosphere prior to its measurement. The non-reduced or reoxidized samples were transported
after drying at 550 °C (or as specified) in air in a sealed vial. The corresponding Mdssbauer sample
holder was rapidly prepared and sealed in ambient conditions prior to its measurements. 1°Sn
MAS NMR direct excitation combined with CPMG echo-train acquisition (DE-CPMG) and cross-
polarization combined with CPMG echo-train acquisition (CP-CPMG) measurements were carried
out following the method described by Ivanova.®* Measurements were carried out using a Bruker
Avance III HD spectrometer operating at 149.15 MHz for ''°Sn and a 4 mm (rotor outside
diameter) magic-angle spinning probe. Direct excitation measurements were carried out using a
60 s recycle delay. Cross polarisation measurements were carried out with a 1 s recycle delay and
3 ms contact time. A spin rate of 10 kHz was used for all measurements. Spectral referencing is
with respect to Sn(CH3)s carried out by setting the resonance from an external sample of
Sn(CsHi1)4 to -97.4 ppm. Other experimental details are given in Table S3. Where accumulation
times exceed 24 hours, the results from multiple identical measurements were added together.
Spectra for hydrated samples were first recorded on samples that had been stored under ambient
conditions. Dehydrated samples were subsequently formed through dehydration at 450 °C (ramp
rate = 5 °C-min) under dynamic vacuum (below 1072 mbar, attached to a Schlenk line) in a quartz
tube for 12 h. The quartz tube was subsequently transferred to an argon filled glovebox, where
samples were transferred to a 4 mm rotor. Approximately 60 - 80 mg of solid was loaded into the

rotor.
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Catalytic reactions

BVO and MPV reactions were performed in magnetically stirred thick-walled glass reactors,
capped with a rubber stopper and placed in a temperature-controlled copper block. The BVO
reaction was conducted at 80 °C (or as mentioned), 10 mg of catalyst was added to 330 mM of
cyclohexanone in 5 mL of 1,4-dioxane. The glass reactor was heated to the required temperature
for 10 min, prior to the addition of 50 wt. % H>O> in an H2Ox/ketone ratio of 1.5. The MPV reaction
was conducted at 80 °C (or as mentioned), 15 mg of catalysts was added to a 7 mL solution of 0.2
M of CHO in 2-butanol. For both reactions, biphenyl was used as internal standard for
chromatographic analysis. To determine the initial formation rate, samples were taken at regular
time intervals and filtered to remove the catalysts. Each ro was determined from the initial linear
part of the kinetic plot. For the BVO reactions, samples used for the calculation of the initial
formation rate contained a CL-yield below 10%. MnO; powder was added to the aliquots to
decompose H>O2, which is still present in a large amount and is detrimental for the GC-column.
After decomposition of H2Oto Oz and H>O, MnO; powder was removed by filtration. The aliquots
of the BVO and MPV reaction were quantitatively analyzed on a Hewlett Packard HP 6890 GC
equipped with an HP 7683 autosampler, a 30m CP-wax-52 CB column and an FID detector.
Identification of products was based on retention time analysis. Apparent activation energy (E.),

pre-exponential factor (ko) for the reactions were calculated via following equations:
Arrhenius equation: Ink = Inkj — E—Ra . % (2)

Where R is the gas constant.
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