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Abstract

Sn-Beta has emerged as a state-of-the-art catalyst for a range of sustainable chemical transformations.
Conventionally prepared by bottom-up hydrothermal synthesis methods, recent research has demonstrated the

efficiency of several top-down methods of preparation. One attractive top-down approach is Solid-State
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Incorporation, where a dealuminated Beta zeolite is physically mixed with a solid Sn precursor, in particular
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Sn (II) acetate, prior to heat treatment at 550 °C. This procedure is fast and benign, and metal incorporation
requires no solvents and hence produces no aqueous Sn-containing waste streams. Although the performances
of these catalysts have been well explored in recent years, the mechanism of heteroatom incorporation remains
unknown, and hence, opportunities to improve the synthetic procedure via a molecular approach remain.
Herein, we utilise a range of in situ spectroscopic techniques, alongside kinetic and computational methods,
to elucidate the mechanisms that occur during preparation of the catalyst, and then improve the efficacy of the
synthetic protocol. Specifically, we find that successful incorporation of Sn into the lattice occurs in several
distinct steps, including i) preliminary coordination of the metal ion to the vacant lattice sites of the zeolite
during physical grinding; ii) partial incorporation of the metal ion into the zeolite framework upon selective
decomposition of the acetate ligands, which occurs upon heating the physical mixture in an inert gas flow from
room temperature to 550 °C; and iii) full isomorphous substitution of Sn into the lattice alongside its
simultaneous oxidation to Lewis acidic Sn(IV), when the physically mixed material is exposed to air during a
short (<1 h) isotherm period. Long isotherm steps are shown to be unnecessary, and fully oxidised Sn(IV)
precursors are shown to be unsuitable for successful incorporation into the lattice. We also find that the
formation of extra-framework Sn oxides is primarily dependent on the quantity of Sn present in the initial
physical mixture. Based on these findings, we demonstrate a faster synthetic protocol for the preparation of
Sn-Beta materials via Solid-State Incorporation, and benchmark their performance of the catalyst for the

Meerwein-Ponndorf-Verley transfer hydrogenation reaction and for the isomerisation of glucose to fructose.

Introduction

Microporous zeolites containing dilute amounts of isomorphously-substituted tri-, tetra- and penta-valent
metal sites, such as TS-1, Sn-Beta and Fe-ZSM-5, have emerged in recent decades as state-of-the-art catalysts
for a variety of sustainable chemical transformations.!- In contrast to classical aluminosilicate zeolites, which
are widely employed as solid Brensted acid catalysts, these metallosilicates exhibit high levels of performance
as Lewis acid catalysts during liquid phase catalytic reactions. Of particular interest amongst these Lewis

acidic metallosilicates is Sn-containing zeolite Beta (Sn-Beta). Sn-Beta is a medium pore BEA-topology
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zeolite, which contains small amounts of Sn(IV) isomorphously substituted into the otherwise siliceous
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framework.® Over recent years, this catalyst has emerged as one of the most promising material$ if the area of

green chemistry, due to its ability to catalyse reactions including the Baeyer—Villiger oxidation of (renewable)
ketones with H,0,, the isomerisation of glucose to fructose, the conversion of hexoses to a-hydroxyester
compounds including methyl lactate and methyl vinyl glycolate, various C-C bond forming reactions, and the

catalytic transfer hydrogenation of carbonyl compounds, amongst others.”!!

Like many zeolite catalysts, Sn-Beta is classically prepared by hydrothermal synthesis, where an aqueous sol-
gel containing the metal precursors and an appropriate Structure Directing Agent (SDA) is crystallised at
elevated temperature and pressures.!>'* Despite resulting in the formation of highly active and selective
catalysts, there are several drawbacks to this method of preparation, including the use of unfavourable
mineralising agents (hydrofluoric acid), the need for long crystallisation times,'*! inhibited crystallisation of
the material at higher loadings of Sn, hence limiting catalyst productivity, and the production of materials

possessing large crystallite sizes, which can possess less than ideal mass transfer properties.!'>-18

Given these disadvantages, the development of alternative preparation methodologies for Sn-Beta has received
substantial attention.!>122 Of particular interest are “top-down” methods, in which readily prepared

aluminosilicate zeolites are converted into a stannosilicate form by “demetallation-remetallation”. In such

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

procedures, a commercially available aluminosilicate is first dealuminated in HNO;, resulting in the formation

of silanol nests i.e. vacant “T” sites. Subsequently, the vacant T sites are “remetallated” with Sn by various
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approaches.???’ For this reason, dealumination of the parental zeolite is an essential first step, in order that
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vacant lattice sites are available for subsequent inclusion of a new heteroatom. Amongst top-down approaches,
we have demonstrated that solid-state methods of incorporation are particularly suitable.!>!7-?8In this approach,
heat treatment of a physical mixture of dealuminated zeolite Beta with Sn(OAc),, firstly in nitrogen (N,, 3 h)
and subsequently in air (3 h), leads to the formation of active Sn-Beta catalysts. This approach, which we have
termed Solid-State Incorporation (SSI), possesses several favourable features, including fast synthesis
timescales, the absence of solvents and wet chemicals in the remetallation stage, and the ability to incorporate
higher loadings of metal than conventional hydrothermal synthesis (> 2 wt. % Sn). '317:28 The procedure has
also been shown to be amenable for insertion of other metal centres, such as Al(III), Ti(IV) and Zr(IV), when

deSired 15,17,24,28,29
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Given the broad applicability and success of this preparation method, Joshi et al. and Peeters et al. have
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recently studied the SSI synthesis procedure. In doing so, these groups have determined that tlie choice ©

mixing method, and the type of gas employed during the heating step, strongly influence the eventual
speciation and activity of Sn in the final material.3%3! In particular, Joshi et al. observed that Sn can be directly
oxidised to Sn(IV) during the grinding stage if a high energy ball mill is used for mixing.3* On the other hand,
Peeters et al. discovered that performing the heat treatment in air flow as opposed to N, flow resulted in the
formation of both Sn(II) and Sn(IV) species, both of which exhibited different levels of performance for the
Baeyer-Villiger oxidation reaction.’! However, although these studies further emphasise how the choice of
preparation conditions influences successful synthesis of the catalyst, they do not directly study the process of
heteroatom incorporation at real operational conditions, i.e. during the critical stages of the SSI procedure.
Hence, limited knowledge is currently available as to what processes occur during conversion of the metal
precursor into the final catalyst. However, such knowledge would make for a powerful tool, since elucidating
the mechanism(s) of heteroatom incorporation during SSI could provide a blueprint towards improving the

synthesis protocol from a molecular perspective.

By employing state-of-the-art spectroscopic methods, including '"”Sn Carr-Purcell-Meiboom-Gill (CPMG)
Magic Angle Spinning (MAS) Nuclear Magnetic Resonance (NMR), in situ X-ray Absorption Spectroscopy
(XAS), in situ Diffuse Reflectance Infrared Fourier Transform Spectroscopy (DRIFTS), in situ Temperature
Programmed Desorption-Mass Spectrometry (TPD-MS), Thermogravimetric analysis, UV-Raman, and
Diffuse Reflectance UV-Vis (DRUV-Vis) spectroscopy, alongside complimentary kinetic studies and Density
Functional Theory (DFT) simulations, we hereby present a detailed study focused upon the chemistry
occurring during the synthesis of Sn-Beta catalysts by SSI. In addition to providing unique molecular level
insight into the chemical processes occurring during the formation of the Sn-Beta catalyst, this study also
reveals which parameters influence successful synthesis of the catalyst, and thereby reveals how the synthesis
protocol can be improved to maximise its rapidity and minimise its energy requirements. The catalytic
performances of the materials prepared by the improved synthesis protocol are evaluated by use of the
Meerwein-Ponndorf-Verley transfer hydrogenation reaction, and the isomerisation of glucose to fructose at

both batch and continuous processing conditions.
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Results and discussion
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Effect of physical grinding

SSI is a two-step procedure (Scheme 1), where dealuminated zeolite Beta and Sn (II) acetate (denoted deAl-
Beta and Sn(OAc),, respectively) are first grinded for 10 min with a pestle and mortar, prior to heat treatment
of the solid mixture at elevated temperature (550 °C, 3 h (N;) and 3 h (air), ramp rate 10 °C min').! Prior
dealumination of the Beta zeolite is a prerequisite for the synthesis of Sn-Beta by SSI, since removal of Al
from the zeolite generates vacant lattice sites denoted as silanol nests, the presence of which are required for
Sn atoms to eventually be effectively incorporated into the material.!>?> Accordingly, we first focused on
elucidating the changes that occurred to Sn(OAc), during the grinding stage. Although higher Sn content
samples are known to possess a greater percentage of spectator sites i.e. extra-framework Sn species,?®? a
Sn(OAc),/deAl-Beta mixture with a targeted Sn loading of 10 wt.% was used for the initial spectroscopic
studies, in order to maximise signal to noise ratio and aid spectroscopic definition of the Sn species potentially
involved in the incorporation mechanism. Sn-Beta materials possessing higher loadings of Sn (e.g. 10 wt.%,

denoted 10Sn-Beta) have also been more thoroughly evaluated from a kinetic perspective.!317-28.32
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Scheme 1. Schematic of the Solid-State Incorporation (SSI) procedure.

Although the physical mixture of Sn(OAc),/deAl-Beta was found to be poorly active when heat treatment was
omitted (SI Figure S1), changes to the Sn precursor following grinding of the physical mixture were
nevertheless evident by 3C MAS NMR and DRIFT analysis. The 3C MAS NMR spectrum of untreated
Sn(OAc), was composed of two symmetric doublets at -25.6 and -26.7 ppm, and -181.3 and -184.1 ppm
(Figure 1). These doublets correspond to [CH;-] and to [C=O], respectively, likely found in two separate crystal
environments.3* Although no changes were observed following grinding of the acetate alone, the doublets

disappeared when Sn(OAc), was physically mixed with deAl-Beta and only one intense peak for the methyl
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group, as well as a single, broader carbonyl resonance, were observed. These findings strongly indicates that

grinding Sn(OAc), with the dealuminated zeolite causes its coordination to shift towards mo
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Figure 1. °C MAS NMR of untreated and grinded Sn(OAc),, and the grinded Sn(OAc),/deAl-Beta mixture.

Alongside 1*C MAS NMR analysis, DRUV-Vis and DRIFT analysis were also performed. FTIR analysis of

the Sn(OAc),/deAl-Beta mixture revealed the formation of a new vibration at 1297 cm™! upon grinding, and

that the difference between the asymmetric and the symmetric stretching modes of C-O, the so-called A value

of Sn(OAc), [VCOm - VCOy,,],** increased from 187 cm! (1600-1413 cm!) in pure Sn(OAc), alone, to 310

cm! (1714-1404 cm™) subsequent to grinding with the dealuminated zeolite (Figure 2a). Physical grinding

also modified the Ligand-to-Metal Charge Transfer (LMCT) bands of the Sn precursor, as observed by DRUV-

Vis (Figure 2b). The physically mixed sample Sn(OAc),/deAl-Beta lost the lower energy signal at 245 nm

associated with pure Sn(OAc),. Notably, none of the changes to the A value or LMCT bands were observed

when Sn(OAc), was grinded alone i.e. when the dealuminated zeolite material was absent (SI Figures S2-S3),

suggesting that the presence of the dealuminated zeolite is required for these changes to occur.


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2ta03837d

Page 7 of 37

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 02 September 2022. Downloaded on 9/28/2022 12:00:10 PM.

(ec)

Journal of Materials Chemistry A

T T T T T T -
5] T I T
Sn(OAc), / deAl-Beta 14 - 205 nm Sn(OAc), / deAl-Beta |, aricie Oniine
16 deAl-Beta 1 5 deAl-Beta DOI: 10.1039/D2TA03837D
VCOqeym Sn(CAc), A va - Sn(OAc), .
1.4+ P, :
3 J
:_ I 10
8 P ;
= S o8y
E= = i
2 i | £ ;
T i | Q 06+
E i i : ' 3 i
. : : < i
; : § 044 |
: Pt
P E\A | 02
0.2 ; PN i
L M 0ol |
0.0 T T t v T + T T oL T T T T T
2000 1800 1600 1400 1200 1000 200 250 300 350 400 450 500

Wavenumber / cm’ Wavelength / nm

Figure 2. (a) DRIFTS comparison of deAl-Beta, Sn(OAc), (grinded), and physical mixture Sn(OAc),/deAl-Beta. (b)
DRUV-vis spectra of deAl-Beta, Sn(OAc), (grinded), and physical mixture Sn(OAc),/deAl-Beta.

The loss of one LMCT band, coupled to the increase in the A value to + 310 cm’!, further suggest that upon
grinding the acetate ligands become more monodentate in nature, resulting in the formation of more
inequivalent acetate oxygen atoms than those found in the original metal acetate complex.3#3¢ A shift towards
monodentate coordination is further supported by detection of an additional vibrational feature at 1297 cm-!
for the Sn(OAc),/deAl-Beta mixture, which has been attributed to monodentate acetate groups.’® Further
support to this hypothesis was provided by computational analysis, which predicts that the A value of Sn(OAc),
[VCO 45m - VCOyy,,] * increases from 102 cm! to 307 cm! when comparing pure Sn(OAc), and Sn(OAc),/deAl-

Beta, respectively (SI Figure S4).

To investigate the role of the silanol nests produced during the dealumination process, and determine how
these particular vacant sites are involved in the change of coordination of the acetate ligands, a control sample
was prepared by grinding Sn(OAc), with Si-Beta, which is a purely siliceous sample of zeolite beta that has
not undergone dealumination. Although Si-Beta possesses external silanol groups, it does not possess the
internal T-atom vacancies surrounded by four Si-OH groups (i.e. silanol nests), as found in dealuminated
zeolite Beta, which are formed by removal of the original aluminium centres. Grinding Sn(OAc), with a sample
of Si-Beta also increases the A value, and generates the feature at 1297 cm', indicating that any silanol
functionality can facilitate the change in acetate coordination. However, the spectral changes observed were

somewhat more extensive for the deAl-Beta mixture, and the 1297 cm! feature was clearly of lower intensity
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when deAl-Beta was replaced by Si-Beta, both of which indicate that a greater degree of change is observed
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when internal silanol nests are present alongside external silanol groups (SI Figures S5-S6).

To elucidate the impact of the grinding step on the Sn centres, preliminary XAS measurements were performed
on the Sn(OAc),/deAl-Beta grinded mixture and important reference samples (SI Figure S7). Despite the
changes exhibited by the acetate ligands during physical mixing, Sn was still found to be tetrahedral in
geometry and in the +2 oxidation state in the grinded mixture, indicating that the overall speciation of the metal
did not change during physical grinding. This suggests that, upon grinding, partial coordination of Sn to the
zeolite occurred without change in oxidation state, with the lattice providing two of the bonds required to
maintain tetrahedral geometry after the change in acetate coordination from bidentate to monodentate. We note

that the XAS data is more deeply discussed in the following section.

Further indications of metal-zeolite interactions after physical grinding were provided by UV-Raman analysis.
Upon grinding, new bands in the region of 550-650 cm! were observed, the presence of which have previously
been attributed to Sn-O vibrations (Figure 3).3” Notably, the intensity of these bands was found to depend on
the quantity of Sn mixed with the dealuminated zeolite, i.e. the intensity of the new bands increased going
from 2 wt. % of Sn to 10 wt. %, whilst none of these vibrations was observed when grinding Sn(OAc), alone.
Moreover, the bands observed between 550-650 cm™!' remained present even after heat treatment and removal
of the acetate ligand (SI Figure S8). Consequently, these bands can reasonably be assigned to Sn-O bonds in

a range of different configurations as a result of interactions between Sn(OAc), and the zeolite.’

T J T . T 2 T L T T
258 cm’” —— deAl-Beta

A —— Sn(OAc), / deAl-Beta (2% Sn) ]
ALY ——— Sn(OAc), / deAl-Beta (10% Sn)

HAVS
4000 - " J’ \](v Sn(OAc), i
/

30004 |

5000

| 585 cm”

635 cm'’
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2000 |f:
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Figure 3. UV-Raman spectra of 1) deAl-Beta (black line), ii) pure Sn(OAc), (red line), and Sn(OAc),/deAl-Beta mixture
with iii) 2 wt. % of Sn (blue line), and iv) 10 wt. % of Sn (green line).


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2ta03837d

Page 9 of 37 Journal of Materials Chemistry A

In summary, spectroscopic study of the first step of the SSI procedure revealed that, upon grinding the metal
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precursor with deAl-Beta, the acetate precursor switched from a bridged coordination to a more monodentate

one. However, these changes were not accompanied by changes to the Sn centres, which remained in the
oxidation state +2 and in a tetrahedral geometry, due to partial coordination to the zeolite. Comparison with
control samples also showed different Sn(OAc),-zeolite interactions occurred in the presence of silanol nests
(i.e. substituting Si-Beta with deAl-Beta). These findings contrast to those recently reported by Joshi ef al.,
which indicated formation of Sn (IV) via mechanochemical grinding using a high energy ball mill, as opposed
to physical grinding.3® Nevertheless, samples of Sn(OAc),/deAl-Beta, Sn(OAc),/Si-Beta, and SnO,/deAl-Beta
exhibited null or negligible levels of catalytic activity (SI Figure S1),'32® demonstrating that the heat-treatment

step typically employed during SSI is essential towards generating catalytic properties.

Evolution of Sn during heat treatment of Sn(OAc),/deAl-Beta

Despite the changes that occur to Sn(OAc), during the grinding stage, poor catalytic activity was observed for
the Sn(OAc),/deAl-Beta grinded mixture (SI Figure S1). Thus, to obtain substantial catalytic activity by SSI,

heat-treatment of Sn(OAc),/deAl-Beta is clearly required. During previous research, this has been achieved by

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

heating the sample to 550 °C (10 °C min™'), first in a flow of N, (ramp and 3 h isotherm), and subsequently in

a flow of air (3 h), at gas flow rates of 60 mL min™! throughout for 1.5 g of catalyst (WHSV= ~2400 h!).28
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Accordingly, to understand how the physically grinded ‘pre-catalyst’ gains catalytic activity, the evolution of

(ec)

the metal precursor/deAl-Beta mixture during heat treatment was followed at real conditions with a variety of
in situ techniques, including TPD-MS, DRIFTS and XAS. Control experiments were also performed on
grinded samples of Sn(OAc), alone, deAl-Beta alone, and a physical mixture of Sn(OAc),/Si-Beta, where
required. Also in this case, spectroscopic studies were first focused using 10 wt.% of Sn, to favour spectral
definition, although specific experiments were later reproduced for catalysts containing lower loadings of Sn

to permit additional molecular insights to be achieved (1 wt. %, Vide Infra).

To better understand the nature of the interactions between Sn(OAc), and the zeolite, the gaseous effluent
generated during various heat treatments was monitored by Mass Spectrometry (TPD-MS) (Figure 4). To

maximise rigour, the MS system was connected directly to the calcination furnace employed for conventional
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catalyst synthesis, and identical conditions were used to our standard protocol. Furthermore, tracer experiments
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detection of the MS, and all reported spectra were offset accordingly (SI Figure S9). To determine the
relevance of the effluent evolutions with respect to formation of an active catalyst, control experiments were
performed by measuring the gaseous effluent generated from Sn(OAc), alone, and a Sn(OAc),/Si-Beta
mixture, which did not result in the production of an active catalyst. For clarity, the ramping stage, and the
No/air switch part of the heat treatment are expanded in Figure 4, as no changes were observed in the
intermediate isotherms. However, the full TPD-MS profiles are presented for completion in SI Figure S10-

S12, alongside the TPD-MS profile of deAl-Beta alone (SI Figure S13).

In the absence of any zeolite material, pure Sn(OAc), decomposes at temperatures < 280 °C, primarily
releasing CO,, alongside smaller quantities of acetone and trace quantities of acetic acid. In contrast, TPD-MS
of Sn(OAc),/Si-Beta mixture resulted first into evolution of acetic acid and CO, at temperatures < 250 °C,
followed by formation of acetone and additional CO, in the temperature range 250-400 °C. This observation
suggests that the co-presence of Si-Beta, and/or residual water molecules present in the siliceous zeolite,
induces hydrolysis of the acetate precursor prior to its full decomposition. This is in line with the known

hydrolysis and decomposition behaviour of acetate compounds.373%

In contrast, mixing Sn(OAc), with deAl-Beta drastically modifies the decomposition process, shifting all
product evolutions to a higher temperatures range (350-550 °C) compared to the temperatures found in the two
former cases (< 400 °C). Specifically, two intense peaks related to acetone and CO, were observed at ca. 435
°C, while small amounts of acetic acid were gradually decomposed throughout the ramping period. The
detection of volatile compounds at higher temperatures (> 350 °C) for the Sn(OAc),/deAl-Beta mixture clearly
indicates that stronger Sn(OAc),-zeolite interactions occur when silanol nests are present. Interestingly, the
TPD-MS profile of a deAl-Beta sample previously impregnated with acetic acid revealed similar product
evolution to the Sn(OAc),/deAl-Beta mixture (SI Figure S14), suggesting that primary interconversion of the
acetate ligands into acetic acid, prior to further decomposition into CO,, may be a key step towards the
synthesis of an active catalyst. We note that no volatile products were detected during the initial isotherm
period for any physical mixture, and that only small traces of CO, were evolved when the inert gas was

switched to air after the first 3 h isotherm period (Figure 4b).
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Figure 4. TPD-MS during calcination of (from top to bottom) i) Sn(OAc),/deAl-Beta, ii) Sn(OAc),/Si-Beta, and iii) pure
Sn(OAc),. (a) TPD-MS plots of the first 2 hours which includes the initial ramp from room temperature to 550 °C and
part of the N, isotherm. (b) TPD-MS plots of the N,/air switch step, following the 3 h isotherm in N, at 550 °C.

Complementing the TPD-MS data, the mass loss profiles of these samples were also measured by TGA during
the initial ramping stage (Figure 5). The mass loss profiles of both Sn(OAc), and Sn(OAc)./Si-Beta are in
excellent agreement to the TPD-MS data, exhibiting one major mass loss between 100-300 °C. Interestingly,
the total mass lost during treatment of pure Sn(OAc), does not fully account for all the acetate present in the
sample (mass loss of 40 %, in contrast to approximately 50 % mass of acetate in Sn(OAc),). Since no further
decomposition occurred during the isotherm (Figure 4), this suggests that a solid product of higher mass than
elemental Sn was formed, i.e. an oxide, carbonate, or oxycarbonate product. On the other hand, the mass loss
profile of Sn(OAc),/deAl-Beta exhibited mass losses up to 500 °C, in which the loss of mass observed at low

temperatures (< 200 °C) can be attributed to (partial) dehydration of deAl-Beta.
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Figure 5. TGA profiles and derivatives of (from top to bottom) i) pure Sn(OAc),, ii) Sn(OAc),/Si-Beta, and iii)
Sn(OAc),/deAl-Beta.

The findings from TPD-MS and TGA clearly indicated that the rate and mechanism of acetate decomposition
is strongly influenced by the presence of a zeolite. Also, these changes were not solely due to additional
hydrolysis processes caused by the presence of water present in the hydrated zeolite, since the pathway of
acetate decomposition is different for Sn(OAc),/Si-Beta and Sn(OAc),/deAl-Beta. Hence, the mechanism is
particularly modified when the zeolite also possesses silanol nests. These findings are in good agreement with
the FTIR spectra reported in SI Figures S5 and S6, which revealed different interactions occurring between

Sn(OAc),/deAl-Beta and Sn(OAc),/Si-Beta.

To gain further insights into the various mechanisms occurring during heat treatment, in situ DRIFTS
measurements were subsequently performed. DRIFT analysis of Sn(OAc),/deAl-Beta (Figure 6) revealed
various changes to the 1755 — 1200 cm! region upon heating the sample to 325 °C, which may be related to
changes in the acetate coordination and/or dehydration of the zeolite. However, control experiments using
Sn(OAc), alone (SI Figure S15) and deAl-Beta alone (SI Figure S16) confirmed that changes in intensity at
1751, 1714 (vCO,gm), 1541 (vCO,y), 1413 (vCO,,,,) and 1280 cm!, only occurred for the Sn(OAc),/deAl-
Beta physical mixture, suggesting these rearrangements to be related to changes in acetate coordination in the
presence of the zeolite. As the temperature further increased from 325 °C to 550 °C, all the CO stretching

bands disappeared, suggesting total decomposition of the acetate ligands. This result is in good agreement with
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the TPD-MS and TGA analysis. Due to the dehydration processes occurring throughout the heating step, a
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decrease in vOH bands located in the region 3750-3250 cm™! was also observed. This ﬁndingD is in"agreemen
with 22Si MAS NMR analysis performed on samples of Sn(OAc),/deAl-Beta removed from the furnace after
different periods of time during the ramping stage. Specifically, °Si MAS NMR analysis revealed that the
signal at -98 ppm, assigned to isolated (Si(—OSi—);0H) groups (Q?%),*-#> decreased in the temperature range
300-550 °C (SI Figure S17), suggesting a reduction in defect sites during heat-treatment of the physical
mixture. /n situ DRIFT analysis of the following stages of the heat treatment was also performed, indicating
only minor changes occurring throughout the three hours isotherm in N, and the three hours isotherm in air,

whilst re-hydration of the material was clearly observed at the end of the calcination (SI Figure S18).

T T
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Figure 6. In situ DRIFTS for calcination of Sn(OAc),/deAl-Beta (10 wt. % Sn) during the ramping stage.

To complement these findings and gain further insight into the changes occurring to the Sn species in the
sample, the evolution of Sn during heat treatment was followed by in situ X-ray Absorption Spectroscopy
(XAS). This experiment was performed using a Sn(OAc),/deAl-Beta mixture with 10 wt. % Sn, whose final
form obtained after heat treatment is denoted as 10Sn-Beta. It is also worth noting that although the beamline
could only provide helium (He) rather than N, as inert gas, reference experiments (spectroscopic and catalytic)
performed on 10Sn-Beta prepared in He/air demonstrated that precisely the same catalytic activity was
observed for samples prepared in He/air and Ny/air, for the Meerwein-Ponndorf-Verley (MPV) transfer

hydrogenation of cyclohexanone to cyclohexanol (SI Figures S19-21 and Table S1).
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Firstly, changes within the near edge structure by X-ray Absorption Near Edge Structure (XANES) were

View Article Online
9/D2TAD3837D

investigated by examining the maximum of the first derivative of the XANES data. Grinding%ﬁe(l)%c ) Wit

deAl-Beta led to a slight shift in edge position, although this was still consistent with Sn(II) being
overwhelmingly present following physical grinding (SI Figure S7). Heat treatment of the sample under the
X-ray beam was subsequently performed at the precise conditions typically employed by SSI, albeit with He
used instead of N, as inert gas. To aid the understanding of the changes in the XANES spectra, the position of
the 15t derivative maxima were plotted against time, allowing the oxidation state of Sn during the heat treatment
to be monitored. Notably, the edge position was transformed to an oxidation state value by comparison to
authentic standards of Sn(OAc), (+2) and SnO, (+4), which were measured at 29180 and 29185 eV,
respectively (SI Figure S7 for the standards and SI Figures S22-S23 for selected spectra measured throughout
analysis).*#-4¢ During the first stages of the heat treatment (ramp to 550 °C and 3 h isotherm in He flow), very
little change was observed to the oxidation state of Sn, with Sn(Il) clearly still present throughout the first
isotherm in inert gas (Figure 7a). However, significant changes to the XANES spectrum occurred upon
switching the gas stream from the inert carrier to air (Figure 7a). The introduction of air led to extremely rapid

increases in the oxidation state of Sn. Indeed, within 60 min, the oxidation state of Sn rapidly increased from

+2 to +4.
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Figure 7. In situ XAS analysis of 10Sn-Beta synthesis. (a) Oxidation state of Sn as a function of time. (b) Coordination
number of Sn and first-shell Sn-O bond distance obtained from XANES fitting data (further details are reported in SI
Table S2).
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To gain further insight on how these changes correlate to the structure of the catalyst, and in particular the

View Article Online

coordination environment of Sn, Extended X-ray Absorption Fine Structure (EXAFS) measurements were also -

performed (Figure 7b, Table 1 and SI Table S2). To simplify interpretation and the level of analysis required,
focus was placed on the speciation of Sn i) in the Sn(OAc),/deAl-Beta mixture (i.e. prior heat treatment) and,
ii) just prior to, and following, the switch to air, where the major spectral changes were expected based on
XANES. Firstly, Sn(OAc), was fitted to that expected from its crystal structure using two Sn-O paths at
distances of 2.161 + 0.013 A (first-shell Sn-O) and 2.885 + 0.024 A (second-shell Sn-O) with coordination
numbers of +4 and +3, respectively. Notably, the latter path arises from interactions between distinct [SnO4]
centres, which are indicative of a crystalline material. Upon grinding Sn(Oac), with deAl-Beta, a reduction in
the first-shell path length from 2.161 + 0.013 A to 2.087 + 0.015 A was observed (Table 1 entries 1-2),
supporting the proposed changes in coordination of the acetate groups suggested by DRIFT and '3C MAS
NMR analysis (Figures 1-2). This change was also accompanied by the disappearance of the second-shell Sn-O
path length at 2.885 + 0.024 A, indicating loss of the long-range order found in pure Sn(OAc),, and confirming
dispersion of the Sn centres on the zeolite (Table 1 entries 1-2). Moreover, a coordination number of +4.2 was
measured, supporting the hypothesis that, upon grinding, the majority of the Sn atoms remain tetrahedrally
coordinated. Upon heating the Sn(OAc),/deAl-Beta to 550 °C under inert atmosphere, a stable coordination

number of Sn equal to +3.3 £ 0.5 with a Sn-O distance of 2.04 + 0.02 A was observed (Figure 7b), revealing

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

a reduction in both coordination number of Sn and first-shell Sn-O path length, relative to the freshly ground

Open Access Article. Published on 02 September 2022. Downloaded on 9/28/2022 12:00:10 PM.

sample. Upon changing the inert gas flow to air, significant changes to the material undergoing heat treatment

(ec)

were observed. Firstly, a notable reduction in 262 was observed (from 0.0125 + 0.0031 A2 in He flow, to 0.0075
+0.0019 A2 after 16 min in air flow), suggesting an increase in the order of the local environment. Furthermore,
within 16 min after switching to air flow, the Sn coordination number was found to increase from c.a. +3.4 to
+4, and the Sn-O path length was reduced to a value of 1.956 = 0.012 A. Notably, these values for the first-
shell Sn-O bond distance are consistent with that of Sn atoms that are isomorphously substituted into the Beta
framework,*® confirming that full isomorphous substitution occurs at the same time as the Sn atoms are
oxidised from +2 to +4. Throughout this stage, the Sn atoms remain tetrahedrally coordinated, characterised
by a Sn coordination number of 4 and an Sn-O bond distance of 1.956 A, due to their dehydrated nature at

high temperatures. Upon cooling the sample following heat treatment, a higher coordination number (c.a. 4.8)
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was observed. This is consistent with facile rehydration of the catalyst upon cooling, in line with our previous
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EXAFS studies of hydrated Sn-Beta catalysts.?®

Table 1. EXAFS fitting data of selected stages of the catalyst during synthesis of Sn-Beta.?

Entry Sample Flow Time Coordination R/A 202/ A? R-
/min  number (Sn) (Sn-0) /eV factor
1 Sn(Oac), / 3.9(0.4) 2.161 0.011 7(1) 0.0087
(0.013) (0.0019)
3.3(0.7) 2.885
(0.024)
2 Sn(Oac), / deAl-Beta  / 0 4.2 (0.6) 2.087 0.01 6(1) 0.0233
(prior heat treatment) (0.015) (0.0028)
3 Sn(Oac), / deAl-Beta He 231 3.3(0.5) 2.045 0.0125 6(2) 0.0126
(during heat treatment) (0.018) (0.0031)
4 " He—Air 233 3.2(0.5) 2.038 0.0117 6(2) 0.0158
(0.02) (0.0032)
5 " Air 249 4(0.5) 1.956 0.0075 5(1) 0.0091
(0.012)  (0.0019)
6 10Sn-Beta / 413 4.8 (0.3) 1.959 0.0074 2(l) 0.0026

(0.006)  (0.0008)

aFitting parameters: S%=1 as deduced by SnO, and Sn(OAc), standard; Fit range 2.5<k<13, 1<R<4; Number of

independent points=19. Values in parenthesis give the experimental error.

As previously mentioned, Sn-Beta catalysts with high Sn loadings also possess unwanted spectator Sn species,
which do not contribute to the catalytic activity of the material. To investigate the rate and extent of formation
of these sites, focus was placed on both Sn-O and Sn-Sn scattering during the oxidation step (Figure 8,
presenting the magnitude of the k3-weighted Fourier transform of the EXAFS spectrum of the mixture in R-
space). The first features present in the spectra (1-2 A) in Figure 8 can be assigned to Sn-O scattering
interactions whilst Sn-Sn scattering indicative of clustered / extra-lattice Sn species can be identified by
features between 3.0 and 4 A.*5 Prior to the introduction of air, only one major feature is observed at
approximately 1.8 A, indicative of Sn-O bonding. Upon introduction of air into the system, a significant
increase in the intensity of the first peak in the FT spectrum occurred, indicating either i) an increase in the
number of Sn-O bonds, ii) an increase in the order and uniformity of the existing Sn-O bonds, or iii) a

combination of both.
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Figure 8. EXAFS 3D spectrum of the k? weighted FT of 10Sn-Beta calcination in R-space.

Furthermore, upon switching to air, the feature at approximately 3.2 A increases at a similar rate to that of the
1.8 A feature. The increase in this feature throughout the heat treatment protocol indicated some Sn-Sn
formation occurs regardless of how long the heat treatment protocol is carried out for at these Sn loadings.
Although preliminary, this observation suggests that both framework and extra-framework Sn species are
formed at the same period of time at this metal loading with this Sn precursor, albeit to different absolute

quantities, suggesting this event may be related to the spatial proximity of Sn, and may not be possible to

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

control by kinetic means.
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Further elucidation of Sn incorporation into the zeolite lattice was achieved by '""Sn CPMG MAS NMR

(ec)

spectroscopy, performed in direct excitation (DE) mode.#” Technical limitations prohibited analysis of the
samples at true operational conditions, and hence, the heat treatment was terminated at various stages prior to
removal of the sample and measurement by ex situ means. Consequently, all Sn resonances are characteristic
of Sn samples in their hydrated state.*3->3 1'"Sn MAS NMR spectra of Sn(OAc),/deAl-Beta obtained at different
stages of the ramp only revealed minimal changes, showing -600 ppm species to still be the dominant
resonance (Figure 9). Moreover, no changes were observed throughout the first isotherm step (N, flow), in
excellent agreement with the XAS analysis. Upon switching the gas flow to air, changes in Sn speciation were
evident, with a prominent increase in intensity at -689 ppm, which can readily be attributed to the active Sn
species based on several previous reports (Figure 9).324254 Notably, only minor changes to the -689 ppm signal

were detected over the final two hours in air, supporting the XAS analysis and indicating that isomorphous
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substitution occurs during the first stages of the air isotherm when the oxidation state of Sn increases from +2
to +4. Due to the fact a variety of Sn-O compounds, including Sn(OAc),, generate resonancengt':-186%3\%?%%%%%%%
Figure S24),'7 it is difficult to say from ''?Sn MAS NMR analysis at which stage extra-framework Sn species
form. Still, it is evident that the final 1"”Sn MAS NMR spectrum strongly resembles those well benchmarked
for active Sn-Beta samples prepared with higher loadings of Sn i.e. > 5 wt.%, which are known to contain a
mixed active site population of isomorphously substituted Sn, and extra-framework Sn compounds. Taken
together, the XANES, EXAFS and ''Sn MAS DE CPMG NMR analyses all indicate that full isomorphous
substitution of Sn into the framework of zeolite Beta, and its oxidation to Lewis acidic Sn(IV) only occurs
upon introduction of air into the system. These findings are in line with those reported by Peeters et al.3' who,

by means of '"?Sn Mdossbauer Spectroscopy, found that heating Sn-Beta in N,/air flow, a Sn(IV)/Sn(II) ratio

of 95/5 is obtained, whilst only 18% of Sn (IV) is formed heating Sn-Beta in N, only, i.e. in the absence of air.
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Figure 9. '?Sn MAS DE CPMG NMR spectra of 10Sn-Beta at different stages of the ramping period in N,, and at

different stages of the isotherm periods.

18


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2ta03837d

Page 19 of 37 Journal of Materials Chemistry A

Increasing the relative proportion of active sites; spectroscopic analysis of 1Sn-Beta

View Article Online
DOI: 10.1039/D2TA03837D

As we have previously demonstrated,!”-?® Sn-Beta catalysts possessing initial Sn loadings > 5 wt. % typically
contain higher quantities of extra-framework SnOy species than Sn-Beta catalysts possessing Sn loadings of <
2 wt.%. Although these species do not contribute to the catalytic performance of the material, they can
evidently influence the spectroscopic signals generated, which may complicate mechanistic understanding of
this system. Accordingly, key experiments described above were repeated for samples of 1Sn-Beta, containing
only 1 wt. % Sn, which were also synthesised by SSI of a Sn(OAc),/deAl-Beta mixture. Although samples
with lower metal loadings are often more challenging to characterise due to their lower levels of signal to
noise, studying samples with a higher fraction of active to inactive sites evidently allows better evaluation of
which of the processes occurring during SSI are most relevant to catalysis and active site formation. We note
that our recent studies have suggested that the turnover frequency of Sn in 1Sn-Beta is approximately 7-fold

higher than that determined for 10Sn-Beta for continuous glucose to fructose isomerisation.!”-28:32

Firstly, DRIFT measurements were performed on Sn(OAc),/deAl-Beta (final Sn loading of 1 wt. % ) prior to
heat treatment, revealing similar changes in the acetate coordination to the ones observed for the high loading
sample (SI Figure S25). However, in situ DRIFT analysis performed throughout the ramping stage (Figure

10a, and SI Figure S26 for full spectra) indicated a greater level of clarity present in the 1 % Sn mixture when

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

compared to the high loading analogue. Specifically, upon heating the 1 % Sn mixture, rapid decrease of the

CO,qym stretching band at 1709 cm™! was observed. This was accompanied by the formation of a band at 1751

Open Access Article. Published on 02 September 2022. Downloaded on 9/28/2022 12:00:10 PM.

cm! at 125°C, which disappeared at 375 °C. These findings clearly indicate changes of C=0 coordination

(ec)

throughout the ramp, prior to full decomposition of the acetate groups at temperatures > 325 °C. The formation
of a band at 1751 cm™! because of a changing acetate ligand is supported by DFT calculations. Specifically,
DFT vibrational analysis reveals a similar shift to a higher frequency (A =40 cm™') when a proton moves from
the zeolite framework to the acetate ligand, yielding free acetic acid (SI Figure S27). Moving to the following
stages of the heat treatment, no change was observed throughout the isotherm in N,, whilst minor changes
were observed in the isotherm in air in the -OH region (3750-3250 cm!). Notably, fast rehydration of the
catalyst was again observed upon cooling the sample to room temperature following synthesis, suggesting the
formation of hydrated Sn sites (Figure 10b). Summarising, DRIFT analysis of the 1 wt. % Sn sample is in good

agreement with that of the high loading analogue, confirming initial changes in acetate coordination in the
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temperature range 25-325 °C, likely related to the initial formation of acetic acid, which further decomposed
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at temperatures > 325 °C.
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Figure 10. DRIFT spectra during heat treatment of Sn(OAc),/deAl-Beta mixture with 1 wt. % of Sn (a) at different stages

of the ramp rate in N, (zoom on CO,m bands) and (b) different steps of the isotherms and cooling to room temperature.

Further key experiments repeated on 1Sn-Beta revealed that the major changes in both acetate evolution and
Sn speciation previously observed for 10Sn-Beta were all comparable for 1Sn-Beta, suggesting that they were
all broadly relevant to the synthesis of active Sn species. In particular, 2Si- and '"’Sn-MAS NMR (SI Figures
S28-S29), along with TPD-MS (SI Figure S30), were shown to be consistent with the results obtained from
10Sn-Beta. However, a much smaller relative fraction of acetone was observed in the TPD-MS spectrum of
1Sn-Beta, when compared to that of 10Sn-Beta. The negligible quantity of acetone observed in this case
appears to correlate with the lower quantity of extra-framework Sn species produced at lower Sn loadings.
DRIFT analysis of 1Sn-Beta presented minor differences due to the better resolution of 1Sn-Beta, showing

clear formation of acetic acid and confirming the key role it has for the synthesis of an active catalyst.

Proposed mechanism

Coupling both experimental and computational data, several observations on the mechanism that controls the
incorporation of Sn into the zeolite lattice may be deduced. Focusing on the first step of SSI, i.e. physical
mixing of Sn(OAc), with deAl-Beta, the following conclusions can be made: i) Sn retains its oxidation state

of +2 and a tetrahedral geometry (XAS and ''"?Sn MAS NMR), ii) the acetate groups change their coordination
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to gain a more monodentate character ('*C NMR and DRIFT), iii) different acetate-zeolite interactions can be

View Article Online

observed when silanol nests are present (DRIFT and TPD-MS), and iv) direct interactions between i and the*’°

zeolite lattice are observed (DRIFT, EXAFS, Raman), and must occur in order to maintain tetracoordinated
Sn species despite the monodentate nature of the acetates following grinding. Despite the complicated network
of hydrogen bonds established between Sn(OAc), and molecules of water and/or silanol sites, a simplified
scheme for the grinding step is proposed in Scheme 2. It should be noted that at this particular stage of

preparation, the material exhibits very low levels of catalytic activity (SI Figure S1).

Simplified structure

AcO OAc
N/
.Sn,
RO" ‘(l)R
Si0; SO,

Sn(OAc), + deAl-Beta grinding

Lmm e e cc e e = =

R=H or SiO;

Scheme 2. Proposed species formed throughout the grinding step.

To gain substantial catalytic activity, heat treatment of the physical mixture Sn(OAc),/deAl-Beta is required

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(550 °C, 3 h N, and 3 h air). Based on the spectroscopic data obtained, the ramping stage and the first hour of

isotherm in air are the key steps to achieve Sn incorporation. Throughout the ramping stage it was found that:

Open Access Article. Published on 02 September 2022. Downloaded on 9/28/2022 12:00:10 PM.

i) most of the acetate is released at temperatures higher than 325 °C (TPD-MS), iii) CO,, acetone and acetic

(ec)

acid are the main products detected (TPD-MS), although acetic acid is clearly the primary product (TPD-MS,
DRIFTS and DFT analysis), iv) most of the Sn centres retain an oxidation state of +2 (XAS) and form

tetracoordinated species (''°Sn MAS DE CPMG NMR, XAS).

Focusing on the subsequent key step, i.e. moving from N, to air, the following observations can be made: 1)
Sn is rapidly oxidised from +2 to +4 (XANES), ii) a large percentage of Sn centres are subjected to a change
of coordination, and become consistent with Sn atoms that are isomorphously substituted into the Beta lattice
(EXAFS and '""Sn MAS DE CPMG NMR), iii) concurrently to the formation of framework Sn centres, some

Sn-Sn interactions, indicative of extra-framework Sn species, are observed (EXAFS) and iv) the final catalyst
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samples reveal a large percentage of the -689/-703 ppm species which are associated with hydrated active
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Species (“981'1 MAS DE CPMG NMR).28’29 DOI: 10.1039/D2TA03837D

These findings indicate that several chemical processes are clearly relevant during SSI. Throughout the
ramping stage (Scheme 3), partial coordination of Sn in the zeolite, i.e. formation of the first Sn-O-Si bonds,
may be achieved by donation of a proton from an adjacent silanol site to the acetate group, resulting in
formation of free acetic acid (TPD-MS and DRIFT). Transition state calculations with DFT predict the
formation of acetic acid from a monodentate acetate-Sn species, and its subsequent dissociation, are relatively
low energy (<0.72 eV), suggesting that the production of acetic acid would be facile from the initial physically
mixed state of the catalyst (SI Figure S31). Though this process is endothermic, entropic contributions can
likely drive the process. Further decomposition of free acetic acid likely accounts for the generation of the
majority of the products detected in the gas effluent of Sn(OAc),/deAl-Beta (TPD-MS). This is supported by
a TPD-MS experiment performed on a sample of deAl-Beta previously impregnated with acetic acid (SI Figure
S14), which results in the generation of a gaseous effluent comparable to the standard preparation procedure,
with CO, detected as main product alongside smaller amounts of acetic acid, acetone and hydrogen. Based on
the observations made for 10Sn-Beta, and especially the analogous experiments performed on 1Sn-Beta, we
conclude this to be the preliminary step required to eventually form active, isomorphously-substituted Sn(IV)

atoms.

Alongside this route, reaction pathways involving the release of acetone (TPD-MS) can also occur.
Considering that higher percentages of acetone are observed at higher loadings of Sn, we propose that acetone
could be formed from two neighbouring acetate groups. Based on steric reasons, we hypothesise that
interactions between two proximal acetate groups may provide the opportunity for acetone to be released.
Although interactions among proximal Sn acetate centres may be considered negligible in mixtures with low
Sn loading (i.e. 1 wt. %), such mechanism may easily occur on materials with Sn loading > 5 wt. %, which are
known to lead to Sn-Beta catalysts with higher percentages of extra-framework Sn, and, thus, more spectator
Sn species.!>!4 This effect is in excellent agreement with the much higher percentage of acetone detected during
TPD-MS of Sn(OAc),/deAl-Beta mixture with 10 % Sn, compared to its low loading analogue (1 wt. % Sn,
SI Figure S30), which exhibited only traces of acetone, and which is known to possess only small quantities

of extra-framework Sn.!732

22


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2ta03837d

Page 23 of 37 Journal of Materials Chemistry A

Changing the calcination gas to the highly oxidising conditions, in addition to the presence of water vapour

View Article Online

found in compressed air, leads to the genesis of Sn centres with the oxidation state +4, at the Same time that”"”

XAS studies indicate full incorporation of Sn into the lattice occurs. To determine the full relationship between
the oxidation state increase and full incorporation into the lattice, a series of experiments were performed using
Sn(OAc), as precursor. Although use of this precursor resulted in a similar grinded complex being formed
between Sn(OAc),/deAl-Beta as found for Sn(OAc)./deAl-Beta (SI Figure S32), the Sn(OAc),/deAl-Beta
mixture was found to be inactive when tested for the MPV reaction (SI Figure S33). This indicates that full
isomorphous substitution of Sninto the zeolite lattice is essential for the synthesis of an active Sn-Beta catalyst,
and not simply coordination of a Sn(IV) containing precursor. Furthermore, the Sn-Beta material prepared
following heat treatment of Sn(OAc),/deAl-Beta still exhibited poor activity for the MPV reaction when
compared to the conventional Sn-Beta analogue prepared with Sn(OAc), (SI Figure S33). This suggests full
isomorphous substitution of Sn into the lattice cannot occur when a Sn(I'V) precursor is used. Taken together,
these results indicate that although Sn(OAc), and deAl-Beta interact in a similar manner to Sn(OAc), and
deAl-Beta; Sn(Il) is required to prepare a Sn-Beta material with substantial catalytic performances (SI Figure
S33). This finding also suggests that oxidation of Sn from +2 to +4 is undesirable during the grinding stage,
and should preferentially occur throughout the heat treatment. This finding likely explains why poorer catalytic

performance is achieved when a high energy ball mill is used for preparation, since such instruments have

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

been shown to cause oxidation of Sn from +2 to +4 prior to heat treatment, potentially hindering isomorphous

substitution.

Open Access Article. Published on 02 September 2022. Downloaded on 9/28/2022 12:00:10 PM.
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On another level, however, these findings also suggest that full isomorphous substitution cannot be achieved
if there is no oxidative driving force, strongly indicating that the oxidation and incorporation events are linked.
Based on this, we propose that Sn oxidation occurs via hydrogen abstraction from Sn-O(H)-Si to Sn-O-Si
bonds (Scheme 3), which leads to concurrent oxidation of Sn(Il) to Sn(IV) whilst simultaneously achieving
full incorporation of Sn(IV) species into the zeolite lattice. Transition state modelling indicates that direct
release of H, from geminal -SiOH bonds (Scheme 3) is characterised by a kinetic barrier of 3.26 eV, but a
drastic reduction in the kinetic barrier to 1.38 eV occurs when transferring hydrogen via water (SI Figure S34).
The reduced barrier suggests that a network of water molecules, which may be present in the pore, but also in
compressed air, would aid in the transfer of hydrogen during the oxidation step. Finally, hydration of Sn-Beta

readily occurs throughout the cooling step, leading to the genesis of hydrated Sn sites, which are characterised
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by NMR signals at -689 / -703 ppm. In regards to the formation of extra-framework Sn species, XAS studies
View Article Online
indicate that their formation occurs at the same time as isomorphous substitution of Sn into e fgt]t%ge/,Dgfé%ﬁ 370
to a lower absolute degree. This suggests that the ratio of active sites / spectator sites cannot be controlled by
kinetic means, and instead depends on the spatial distribution of Sn, since the relative fraction of these
undesirable species is much lower for samples with lower Sn loadings. Based on the TPD-MS experiments
performed for 10Sn-Beta and 1Sn-Beta, we hypothesize that extra-framework Sn formation occurs due to the

competing formation of acetone from two neighboring acetate groups, the probability of which increases

markedly at higher loadings of Sn.

(a) Acetate removal 25°C to 550 °C N, flow !
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Scheme 3. Proposed steps for the insertion of Sn into the zeolite lattice. (a) Simplified scheme for the acetate removal,
forming a tetrahedral Sn(II) species. (b) Oxidation step occurring in air at 550 °C, where Sn(IV) is obtained by loss of 2
hydrogen atoms. (c) Simplified scheme for the hydration of the fully incorporated Sn(IV) centres, occurring during the
cooling stage from 550 °C to room temperature in air. We note that X corresponds to either a Si atom or an H atom arising

from hydrolysis of the Sn-O-Si bond, which would also result in the generation of a neighbouring silanol site.

Application of mechanistic insight

In addition to providing detailed mechanistic insight regarding the reactions occurring during the synthesis of

Sn-Beta catalysts by SSI, the in situ spectroscopic data presented above suggests that long stages of the SSI
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synthesis procedure are superfluous to form active Sn-Beta catalysts. To clarify whether the extended stages
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of both isotherms were unnecessary with respect to forming active Sn-Beta catalysts, and with %ﬁ'éoé%JDech ve’P

of streamlining the synthesis procedure for future optimisation studies in mind, a final series of experiments
aimed at clarifying the unnecessary nature of the isotherm periods was performed. Despite possessing higher
distribution of spectator sites compared to 1Sn-Beta, 10Sn-Beta was used as the material for this study for two
reasons. Firstly, its higher loading results in improved productivity per gram of catalyst, making it a more
interesting material from an industrial perspective. Secondly, its higher ratio of spectator sites / active sites
provides greater opportunity for improved catalyst performance, if extra-framework Sn species can be avoided
simply by shortening the synthesis procedure. Based on spectroscopic data, two important key points were
determined to be essential to synthesise an active catalyst: i) the use of a N, ramp, and ii) subsequent change
to air flow is important to oxidise the Sn(Il) to Sn(IV). Therefore, to experimentally determine whether the
long isotherm steps were superfluous, a new 10Sn-Beta material was prepared by as follows: a physical
mixture of Sn(OAc), and deAl-Beta was heated to 550 °C in a flow of N, at a ramp rate of 10 °C min™!, before
N, flow was switched to a flow of air once a temperature of 550 °C was achieved. The furnace was
subsequently held at 550 °C for one hour in air flow. The catalyst prepared with the rapid calcination is
henceforth denoted as 10Sn-Beta (Oh, 1h), whilst the conventional sample synthesised using three hours

isotherm in N, and three hours isotherm in air, is denoted as 10Sn-Beta (3h, 3h). The catalytic performances

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

of both samples were then investigated for batch MPV reaction of cyclohexanone to cyclohexanol using 2-
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butanol as a secondary alcohol, and for the isomerisation of glucose to fructose, two reactions which are

(ec)

prevalent for the testing of Sn-Beta catalysts.®%3457 Notably, glucose isomerisation has been receiving great
attention from the scientific community due to the increasing demand for fructose as a building block for the
synthesis of biobased chemicals and fuels in addition to its employment as a sweetener, and therefore, rapid
synthesis of an active catalyst for glucose isomerisation to fructose is a challenge of fundamental societal
relevance.’®-%! To compare the intrinsic activity of the catalysts, turnover frequency (TOF) values were
calculated during the early stage of batch reactions using equation (4) in the Experimental Section, and reported
in Figure 11. When comparing the catalyst prepared with the shortened synthesis procedure to the conventional
one, similar turnover TOF values were observed for both MPV and glucose isomerisation reactions.
Specifically, both catalysts exhibited TOFs of 200 = 20 h' for MPV reaction of cyclohexanol to

cyclohexanone, whilst TOFs + 17 h'! and &+ 14 h'! were achieved on both catalysts, for glucose conversion and
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fructose yield, respectively. The essentially identical values observed in Figure 11 confirm identical catalytic

View Article Online

performances between the conventional catalyst and the more rapidly prepared catalysts. This Conel

837D

usively

demonstrates that the successful synthesis of 10Sn-Beta can be achieved even with removal of the superfluous

isotherm stages, confirming that isomorphous substitution of Sn by SSI remains successful, even if the heat

treatment protocol is shortened by 5 h.
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Figure 11. (a) TOF at 5 min for MPV reaction of cyclohexanone to cyclohexanol over conventional (3h, 3h) and rapidly

synthesised (Oh, 1h) 10Sn-Beta. Reaction conditions: 10 mL solution of 0.2 M cyclohexanone and 0.01 M Biphenyl in 2-

butanol, 1:100 Sn:cyclohexanone molar ratio, 100 °C. (b) TOF for batch glucose isomerisation at 5 min over conventional

(3h, 3h) and rapidly synthesised (Oh, 1h) 10Sn-Beta. Reaction conditions: 5 mL of 1 wt. % glucose in methanol solution,

1:50 Sn:glucose molar ratio, 110 °C.

To verify whether the shortened synthesis procedure affected the stability of the isomorphously substituted Sn,

additional glucose isomerisation experiments were performed at continuous processing conditions (Figure 12).

In line with the batch reactivity data, negligible differences to the TOF value of 10Sn-Beta were observed,

despite the 5 h reduction of synthesis time. Moreover, at the conditions explored, the rate of deactivation (k)

of Sn-Beta catalyst was found to be almost unaffected by the rapid preparation method, presenting a ky of

0.13 h'' (Oh, 1h) in contrast to 0.10 h'! obtained from the original procedure (3h, 3h) (SI Figure S35). Details

on Levenspiel plots for rate of deactivation can be found in SI Figure S35. Thus, it is clear that omitting the

isotherm step in N; and reducing the time in air by 67 % resulted in no loss in performance compared to the

original material. Although the relationship between Sn species and TOF is non-trivial,'® with even different

framework sites displaying different TOF values,* we note that the fact the TOF values did not increase
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following the rapid synthesis procedure suggests that the formation of extra-framework Sn species is not

View Article Online

avoided simply by shortening the synthesis procedure. This provides further confirmation that the' formation "~

of extra-framework Sn species is determined by the spatial distribution of Sn acetate, and not by the

agglomeration of isomorphously substituted Sn(IV) atoms during the extended heat-treatment protocol.
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Figure 12. Continuous glucose isomerisation on 10Sn-Beta (Oh, 1h) (blue symbols) and 10Sn-Beta (3h, 3h) (black
symbols). Reaction conditions: 1 wt. % glucose in methanol employed as feed solution, 100 mg of catalyst packed into a

stainless steel 4 tube with quartz wool, 110 °C, flow rate of I mL min-'.

Conclusions

Using a broad range of in situ and ex sifu techniques, along with computational studies, this study investigated
the key steps for the successful incorporation of Sn into the lattice of dealuminated Beta (deAl-Beta) zeolite
by Solid State Incorporation. Spectroscopic analysis of the conventional synthetic protocol allowed us to gain
insights into the key mechanistic steps, and then apply these findings to improve the synthesis procedure of
Sn-Beta. In our study, we identified that although Sn does not fully incorporated into the lattice upon physical
mixing alone, interactions between the Sn(OAc), precursor and the dealuminated zeolite occurred during this
stage of the preparation, resulting in coordination of the acetate to the vacant lattice sites of the zeolite matrix.
Subsequent heating of the Sn(OAc),/deAl-Beta mixture to 550 °C under inert gas flow (N, or He) is required
to remove the acetates from Sn(OAc),, and achieve the first stages of Sn incorporation. However, this step
alone is insufficient to synthesise highly active Sn-Beta catalysts, and we find that replacing the inert gas flow

with air flow at high temperatures is required to oxidise the Sn species from an oxidation state of +2 to +4,
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which occurs simultaneously to the full incorporation of Sn in the lattice. Formation of the active site, proposed
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to be a Sn (IV) species resonating at -689 ppm by ''’Sn MAS NMR spectroscopy, and typiga(ﬂlly assigned to
hydrated Sn centres, occurs during the first hour from the introduction of air in the calcination furnace,
indicating completion of the synthesis during this time. Alongside Sn incorporation, XAS analysis revealed
that spectator species such as SnO, are formed at the same time that Sn is incorporated into the lattice,
suggesting that the active species / spectator species ratios are driven by proximity of Sn centres, and are not
controlled by kinetic means. Based on these mechanistic findings, we demonstrate that successful preparation
of Sn-Beta can be achieved in a total of only two hours, by shortening the synthesis procedure so that it only
includes the first ramp in N,, and the first hour of isotherm in air. Catalytic analysis of Sn-Beta materials
prepared by this streamlined synthesis procedure, for the Meerwein-Pondorf-Verley transfer hydrogenation
reaction of cyclohexanone to cyclohexanol and the isomerisation of glucose to fructose, reveal identical
performance between the conventional Sn-Beta catalyst and that prepared by our shorter heat treatment
method. Along with providing a more rapid procedure for future optimisation studies, this also demonstrates
how the mechanistic information generated by in situ spectroscopic analysis can be used to make practical

improvements to the Sn-Beta synthesis procedure.

Experimental Section

Catalyst Synthesis

A commercial zeolite Al-f (Zeolyst, NH4* -form, Si/Al = 38) was dealuminated by treatment in HNOj; solution
(13 M HNO;3, 100 °C, 20 mL g! zeolite, 20 h). Solid-state stannation of dealuminated zeolite p was performed
according to the procedure reported in ref 13, by grinding the appropriate amount of Sn(OAc), with the
necessary amount of dealuminated zeolite for 10 min in a pestle and mortar. Following this procedure, the
samples were heated in a combustion furnace (Carbolite MTF12/38/400) to 550 °C with a ramp rate of 10 °C
min’!, first in a flow of N, and subsequently changed to air (60 mL min™') after reaching set temperature and

desired isotherm time.

Kinetic Studies
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MPYV reactions
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Batch reactions for the MPV reduction using cyclohexanone and 2-butanol as the secondary alcohol were
performed in a 50 mL round bottom flask equipped with a reflux condenser, controlled thermostatically by
being immersed in a silicon oil bath. The vessel was charged with a 10 mL solution of cyclohexanone in 2-
butanol (0.2 M) with biphenyl (0.01 M) used as the internal standard. The flask was subsequently heated to
the desired temperature (100 °C internal temperature). An aliquot prior to the addition of the catalyst was
obtained and analysed to obtain the initial point (Ty) by immersing and letting the vessel reach internal
temperature. The reaction started when Sn-Beta catalyst (1 mol. % of Sn relative to cyclohexanone) was added
to the flask, which was then stirred at + 750 rpm. Aliquots were taken periodically from the flask, centrifuged

and subsequently analyzed in a GC-FID (Agilent 7820, 25m CP-Wax 52 CB).

Glucose isomerisation reactions

Batch D-glucose (Sigma—Aldrich, 99%) isomerisation experiments were performed in 15 mL thick-walled
glass reactors (Ace pressure tube, Sigma—Aldrich) that were heated in a temperature-controlled oil bath. The
reactor was charged with 5 mL of an aqueous solution of glucose (1 wt. % in MeOH) and an appropriate

amount of catalyst corresponding to a 1:50 metal:glucose molar ratio. Once the oil had reached the desired

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

temperature (110 °C), the reaction commenced with vigorous stirring with a magnetic stirrer bar (750 rpm).

The reactor was stirred for an appropriate length of time, and time online samples were obtained by periodically

Open Access Article. Published on 02 September 2022. Downloaded on 9/28/2022 12:00:10 PM.

quenching the reaction by rapidly cooling the reactor in an ice bath. Aliquots of solution were extracted with

(ec)

a syringe, centrifuged to remove solid particulates, and were subsequently analysed by 1260 Infinity HPLC
coupled with a Hi-Plex Ca (6.5 x 300 mm, 8m particle size, Agilent) column, which was isothermally held at
80 °C, and an ELS detector where sorbitol was used as an external standard. HPLC grade water was used as

the mobile phase, at a flow rate of 0.75 mL min!.

Continuous D-glucose isomerisation was performed in a plug flow, tubular (¥4, 4.1 mm ID) stainless-
steel reactor using 1 wt. % glucose in MeOH as feed. The reactor was connected to an HPLC pump to
regulate the reactant flow and be able to operate in high pressures. Catalysts (100 mg) were placed
between two plugs of quartz wool and packed in the reactor with a 0.5 um frit in the reactor outlet.

The reactor was then immersed in a thermostatic oil bath at 110 °C. Pressure in the system was
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controlled using a backpressure regulator, set at the desired pressure (typically 10 bar). Experiments

View Article Online

. . . . . DOI: 10.1039/D2TAP3837D
were performed with a flow rate of 1 mL min'. Periodic aliquots were taken from the reactor outfet

and analysed by an Agilent 1260 Infinity HPLC coupled with a Hi-Plex Ca column and an ELS

detector, where sorbitol was used as an external standard.

Formulas and Mathematical expressions

mozSubstrateO —mo lSubstratet

Conversion: X(%) = * 100 €))

mo lSubStrateo

mo leductt

Yield: Y (%) = 100 @)

mo lSubstrateo

Product Y (%)
Conversion X(%)

Selectivity:S(%) = * 100 3)

mo lSubstrateO —mo lSubstratet

TOF supstrate = time(h) * mols, @
leProductt
TOFProduCt (Fructose) = m (5)
1
Levenspiel rate of deactivation: kq (h ™) = In |In (IX(O/))] (©)
~ 100

Catalyst Characterization

Specific surface area (SSA) was determined from N, adsorption using the BET equation, and microporous
volume was determined from N, adsorption isotherms using the t-plot method. Porosimetry measurements
were performed on a Quantachrome Quadrasorb, and samples were degassed prior to use (300 °C, 12 h).
Adsorption isotherms were obtained at 77 K. TGA analysis was performed on a PerkinElmer system. Samples

were held isothermally at 30 °C for 30 min before being heated to 550 °C (10 °C min~! ramp rate) in N,.

TPD-MS measurements were performed on a homemade system formed by a mass flow controllers (MFC)
equipped with a horizontal tube furnace where the sample is placed, connected with a Hiden QGA Mass
Spectrometer. A weighed amount of catalyst was placed inside a calcination boat and placed in the horizontal

furnace and compound evolutions were monitored by the aforementioned spectrometer. The furnace was
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heated from 30 to 550 °C (ramp rate 10 °C min'') and a constant flow of N, was used throughout the experiment

View Article Online

(20 mL min™"). N, flow was switched to air after reaching set temperature and continued for TR, 101039/D2TA03857D

Nuclear Magnetic Resonance (NMR) was carried out in a Bruker Avance 111 HD 400 MHz NMR spectrometer.
119Sn, TH, BC and *Si NMR were carried out at operating frequencies of 149.23, 400.20, 188.41 and 79.508
MHz, respectively. All analyses were run with a 10 kHz spin rate, with samples packed into ZrO, rotors. !'*Sn
MAS DE CPMG NMR experiments were performed with the CPMG echo-train acquisition as described in
references 37 and 49. Spectra were measured by applying 100 echoes, using a 2.5 us 90°-pulse with a 180°
proton decoupling. The relaxation delay (t;) was set to 5 s, and 2048 scans were performed. Sn chemical shifts
were calibrated using Sn(IV) oxide as reference. Si MAS NMR were obtained by one-pulse experiment with
a 4 us 45°-pulse with a 20 second recycle delay and 128 scans. Chemical shifts were calibrated using the
Si(0Al) (*Q) chemical shift at -110 ppm of the commercial aluminium Beta zeolite.>% '"H MAS NMR were
obtained by a one-pulse experiment with a 2.5 us pulse with a 3 second recycle delay. Adamantane was used
for calibration of the "H chemical shifts. '*C CP MAS were acquired with a relaxation delay of t,=5 s, using

2048 scans where glycine was used as the reference of 3C chemical shift.

DRIFT spectroscopy analyses were performed in a Harrick praying mantis cell, using a Bruker Tensor II

spectrometer over a range of 4000—650 cm™' at a resolution of 2 cm™!. In situ DRIFT spectroscopy was

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

performed with the same conditions under flow. The samples were heated at a ramp rate of 10 °C min' to set

temperature 550 °C under N, flow, switched to air (20 mL min-") after reaching set temperature and maintained
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under isotherm for 1h. Raman spectra were obtained with a Renishaw inVia spectrometer equipped with a

(ec)

laser line at 266 nm. UV-Vis analysis was performed using a Cary 4000 UV-Vis spectrophotometer. The scan

range was done between 200-800 at a scan rate of 200 nm min’.

Computational Simulation

Density functional theory (DFT) calculations were performed using the numeric atomic orbital (NAO)
package, FHI-aims, which is an all-electron, full-potential electronic code structure, and is suitable for periodic
and non-periodic systems.®* The generalised gradient approximation exchange- correlation functional of
Perdew, Burke and Ernzerhof, reparameterised for solids (PBEsol), was used; several density functionals were

tested, with PBEsol chosen due to its good comparative performance, and acceptance within the computational
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pair-wise additive approach to include van der Waals interactions within the simulation.5 Calculations were

performed using a ‘light’ basis set, with self-consistent field (SCF) convergence reached when the charge

density was 10 e/ao’. Calculations were performed spin-restricted throughout, and the ZORA approximation

was applied to provide relativistic treatments.%’
Structure Optimisation, Vibrational Simulations and Transition State Sampling

An initial BEA unit cell structure was obtained from the International Zeolite Association (IZA) database.%®
Models were built and manipulated using the Atomic Simulation Environment (ASE) python library.® Full
geometry and unit cell optimisations were performed on all structures using the Broyden-Fletcher-Goldfarb-
Shanno (BFGS) algorithm’®73, with convergence reached when the residual forces on all atoms were less than
0.01 eV/A. Optimisations were performed with a converged Monkhorst-Pack™ k-grid (2x2x2). Vibrational
frequencies were also calculated on optimised structures using ASE, and scaled by a parameterised factor’ of

0.99 to correct for systematic over approximations, allowing direct comparison with experiment.

Transition state structures and minimum energy pathways were identified using a machine learning nudged
elastic band (ML-NEB) method approached, implemented in the CatLearn software.’® This machine learning
approach uses a Gaussian process regression to evaluate uncertainty estimates of all images in a reaction
pathway and sets this uncertainty to be a criterion for convergence. To improve computational efficiency
without compromising accuracy, atoms beyond a distance from 2 nearest neighbours from the reaction site
were frozen. Convergence was assumed when the force on individual atoms was below 0.05 eV/A and the

average uncertainty in the interpolated pathway was below 0.05 eV.
X-ray Absorption Spectroscopy analysis

Sn K-edge XAFS studies were performed on the B18 beamline at Diamond Light Source, Didcot, UK, using
a Si(111) double crystal monochromator and were measured in transmission mode. The samples were placed
into a Harrick X-ray transmission DRIFTS cell, details of which have been described previously.””’® Spectra
were recorded over 2 min intervals (k,.,=14, step size 0.5 eV), and on average three scans were acquired to
improve the signal-to-noise level of the data for transmission measurements of each spectrum. All XAFS

spectra were acquired concurrently with the appropriate foil placed between I; and I,.;. XAFS data processing
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was performed using IFEFFIT? with the Horae package®® (Athena and Artemis). The amplitude reduction

View Article Online

factor was derived from EXAFS data analysis of two reference compounds, SnO,, (with known cootdination -

numbers which were fixed during analysis) to be 1.0, which was used as a fixed input parameter, and Sn(OAc),.
Supporting Information

Supporting Information, containing additional kinetic, spectroscopic and theoretical data, is available.
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