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Abstract: In this work, Sn-Si mixed oxide microspheres with concave hollow morphologies were
first synthesized by a simple aerosol method using the very common commercial surfactant cetyl
trimethyl ammonium bromide (CTAB) as a template, and then highly interconnected mesoporous
and hollow Sn-Si mixed oxide microspheres were synthesized via an alkali (NaOH) treatment
in the presence of CTAB. The results show that CTAB plays a crucial role not only in forming
hollow morphologies during the aerosol process, but also protecting the amorphous framework
and thus preventing the excessive loss of Sn species during the NaOH treatment. More importantly,
it widens mesoporous distribution and forms interconnected mesoporous channels. The catalytic
performance of Baeyer—Villiger oxidation on the interconnected mesoporous and hollow Sn-Si mixed
oxide microspheres with 2-adamantanone and hydrogen peroxide was 9.4 times higher than that of
the sample synthesized without the addition of CTAB; 2.3 times that of the untreated parent, which
was due to the excellent diffusion properties derived from the hollow and interconnected mesopore
structure. This method is mild, simple, low-cost, and can be continuously produced, which has the
prospect of industrial application. Furthermore, the fundamentals of this study provide new insights
for the rational design and preparation of highly interlinked mesoporous and hollow metal-oxides
with unique catalytic performances.

Keywords: aerosol process; Sn-Si mixed oxide microspheres; interconnected hollow mesopore; alkali
treatment; Baeyer—Villiger oxidation

1. Introduction

Baeyer-Villiger (B-V) oxidation for transforming ketones into corresponding esters or
lactones is of great significance, both in theory and in practice in the organic chemistry and
enzymatic fields (B-V monooxygenases enzymes) [1-3]. Up to now, organic peracids such
as peroxyacetic acid still participate as oxidants, which results in environmental and safety
problems [3-5]. Using HyO; instead of organic peracids as an oxidant has advantages such
as lower costs [6-8] and being environmental friendly [9-11] and therefore, is being paid
more attention. However, due to the limited oxidation ability of HyO, when compared
with organic peracids, the key is the synthesis of efficient catalysts.

Frameworks incorporated with Sn(IV) active sites such as Sn-Beta zeolite exhibit
higher activity and selectivity in the B-V oxidation of ketones with H,O,, which due to their
Sn Lewis acid sites activating carbonyl groups and subsequently utilizing non-activated
HyO; [12]. However, the rigorous synthesis conditions of Sn-Beta zeolite such as long
crystallization time, usage of toxic fluoride, and the diffusion limitations of microporous
zeolite limited their practical applications. Later, various types of Sn-based heterogeneous
catalysts, such as Sn-dendrimer/polystyrene [13,14], Sn-MCM-41 [15], Sn/cellulose [16],
and Sn-containing clay minerals [17] have been developed in the past decade.

Catalysts 2023, 13, 1494. https:/ /doi.org/10.3390/ catal13121494

https:/ /www.mdpi.com/journal/catalysts


https://doi.org/10.3390/catal13121494
https://doi.org/10.3390/catal13121494
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/catalysts
https://www.mdpi.com
https://orcid.org/0009-0000-5609-2598
https://doi.org/10.3390/catal13121494
https://www.mdpi.com/journal/catalysts
https://www.mdpi.com/article/10.3390/catal13121494?type=check_update&version=2

Catalysts 2023, 13, 1494

20f16

Highlighting the role of diffusion in catalysis, Sn containing interconnected meso-
porous networks and hollow structure materials could be effective catalysts for the oxida-
tion of bulky ketones because these materials have some remarkable advantages such as
short charge transport pathways, greatly enhancing diffusion efficiencies and both outer
and inner surfaces for reaction sites [18-22]. Many alternative methods have been proposed
to realize the production of materials with a mesoporous or hollow structure: mechanical
milling, precipitation, sol-gel, and hydrothermal methods [18,23,24]. However, significant
difficulties associated with the above methods remain: (1) insufficient process control;
(2) the complexity of the processes; (3) high-cost processing; (4) the yield of the products;
and (5) scaling up the process.

In recent years, an aerosol-assisted spray drying technique [25] has emerged as an
innovative, versatile and effective way to produce various morphology and pore structure
catalysts exhibiting new properties and high performances [26,27]. The method has signifi-
cant advantages such as its rapid (only a few minutes) continuous mode and heteroatoms
that are highly dispersed in the inorganic matrix [28-30]. Furthermore, the morphologies
and pore structures of the products obtained by this method can be easily tuned just by
modulating the composition of the precursor solution, which is very useful for designing
high performance catalysts.

In this paper, highly interconnected mesopore and hollow Sn-Si mixed oxide micro-
spheres have been successfully prepared via a simple and scalable aerosol-assisted alkali
(NaOH) treatment using CTAB as the sole additive. In our synthesis strategy, OH™ ions,
which induce desilication, are expected to occur only in the vicinity of the external surface
due to the protection of CTAB. After the final calcination, Sn-Si mixed oxide microspheres
with both abundant interconnected mesopores and hollow structures were obtained. The
synthesis of Sn based materials with mesopores [29] or hollow structures [25] by the aerosol
method has been reported, however, such materials with both abundant interconnected
mesopores and hollow structures, especially using our simple, low-cost, and facile synthesis
strategy have not been reported in the literature before. These unique features of Sn-Si
mixed oxide microspheres can reduce diffusion limitations and improve access to active
sites when used as catalysts. Therefore, the Baeyer-Villiger oxidation of the bulky substrate
2-adamantanone was selected as the model reaction to further demonstrate the advantages
of such catalysts in terms of diffusion. It is proven that these catalysts exhibit high catalytic
performance. This approach is generally applicable to other metal oxides (titanium-silica
oxide, etc.) opening a new avenue to design and prepare such interconnected mesoporous
and hollow structures with a high catalytic performance.

2. Results and Discussion
2.1. The Synthesis

The interconnected mesoporous and hollow Sn-Si mixed oxide microspheres were
first synthesized by a simple aerosol method using CTAB as a template, and subsequently
with an alkaline (NaOH) treatment (Scheme 1). The changes in morphology during the
synthesis process can be observed by SEM, as shown in Figure 1. The morphology of
the Sn-Si-C (without the addition of CTAB) sample exhibits a smooth solid sphere as
shown in Figure 1a, which is consistent with our previous report [31] Intriguingly, with the
introduction of CTAB to the precursor solution, the as-synthesized Sn-5i-30 sample exhibits
a concave hollow morphology as shown in Figure 1b. After calcination to remove CTAB,
the Sn-5i-30-C sample presents a very similar concave hollow morphology as shown in
Figure 1c. Therefore, it can be inferred that the formation of this concave hollow structure is
attribute to the addition of CTAB that can cause a decrease in the surface tension of droplets
during the aerosol process [32].
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Figure 1. SEM images of (a) Sn-Si-C, (b) Sn-Si-30, (c) Sn-Si-30-C, (d) Sn-Si-30-0.1-C and (e) Sn-5i-30-C-0.1.

Sn-5i-30 and Sn-5i-30-C were subsequently treated with 0.1 M NaOH at room temper-
ature for 1 h (Scheme 1b,c). The morphology of Sn-5i-30-0.1-C had no significant changes
compared with Sn-5i-30, but the surface became relatively rough, as shown in Figure 1d.
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Instead, the morphology of Sn-5i-30-C-0.1 generated more fragments (Figure le), which
may have been due to the excess desilication by NaOH resulting in the collapse of the
microsphere. These results indicated that CTAB, which existed in Sn-Si mixed oxide parent,
inhibited excessive desilication by alkaline treatment and kept the amorphous framework
and hollow morphology.

N, adsorption measurements were carried out to obtain the detailed porosity of the
samples, as shown in Figure 2, the texture properties of which are summarized in Table 1. It
was observed that the aerosol powder synthesized without the addition of CTAB (Sn-5i-C)
was in a nonporous solid state, which was in agreement with SEM observations (Figure 1a).
However, the Sn-Si-30-C sample showed the typical IV-type adsorption isotherm and Hj-
type hysteresis loop in a relative pressure (p/pg) range of 0.46-0.99 (Figure 2a), indicating
the formation of the mesopores. The BJH pore size distribution evidences the formation
of narrow mesopores centered at 2.1 nm (Figure 2b). The textural properties, such as
BET specific surface area, mesoporous volume, and the proportion of the mesopores,
were 1236 m?/g, 0.63 cm3/g and 84%, respectively, indicating that there were abundant
mesopores in this sample (Table 1).
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Figure 2. (a) N, adsorption—desorption isotherms and (b) BJH pore size distribution of the Sn-Si-C,
5n-5i-30-C, Sn-5i-30-0.1-C and Sn-5i-30-C-0.1.

Table 1. The textural properties of (1) Sn-5i-C, (2) Sn-5i-30-C, (3) Sn-Si-30-0.1-C and (4) Sn-Si-30-C-0.1
by N, physical adsorption.

Entry Sample Si/Sn 2 Sper (M2/8) P Va1 (cm3/g) ¢ Vipeso (cm3/g) 4 Vimeso/ Viotal (%)
1 Sn-Si-C 30 -- - - -
2 Sn-Si-30-C 29 1236 0.76 0.63 84
3 Sn-Si-30-0.1-C 51 1187 0.87 0.79 90
4 Sn-Si-30-C-0.1 83 549 0.47 0.38 80

2 Determined by ICP-OES; b BET surface area; © p/po; d mesoporous volume, Vimeso = Viotal — Vmicro-

It is of interest that the treated Sn-5i-30-0.1-C sample showed a markedly bigger
hysteresis loop in the relative pressure (p/pg) range of 0.46-0.99, higher total volume
(0.87 cm®/g), mesoporous volume (0.79 cm3/g), proportion of mesopores (90%), and
extended BJH pore size distribution (Figure 2b) than that of the Sn-5i-30-C sample, implying
an increase in the mesopore channels, which probably comes from the opening of the
mesochannels. It should be noted that the BET specific surface area (1187 m?/g) of the
5n-5i-30-0.1-C sample is slightly lower than that of the Sn-5i-30-C sample, indicating that
the mesoporous structures did not collapse during alkali treatment. On the contrary, the
reference Sn-5i-30-C-0.1 sample shows dramatically decreased textural properties (Table 1),
indicating the mesoporous structures were destroyed by alkali treatment. The above
results evidently illustrate that the addition of CTAB to the precursor solution and after
the aerosol process and calcination, a narrow mesopore centered at 2.1 nm can be formed.
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Furthermore, during the alkali treatment, the presence of CTAB in the parent can further
increase the amount of mesopores and extend the pore size distribution while protecting
the mesoporous structure by suppressing excessive desilication. All of these results are
consistent with those from the SEM measurements. To the best of our knowledge, this
highly interconnected mesoporous and hollow Sn-Si mixed oxide with a big specific surface
area has not been observed in the mesoporous materials reported in the literature before.

5n-Si-30-C, Sn-Si-30-0.1-C, and Sn-Si-30-C-0.1 samples were also characterized by XRD
patterns to check if there was a crystalline phase in the materials. All of these samples
displayed a broad peak in the range of 2 theta = 20-30° (Figure 3A), which can be assigned
to the diffraction peaks of the amorphous silica from the walls [33]. The characteristic peaks
of the SnO; crystalline phase could not be observed indicating that the Sn species were
evenly dispersed on the silica matrix. The low-angle XRD patterns of these samples are
also shown in Figure 3B. The Sn-5i-30-C sample displays (100) and (200) reflections of the
ordered mesoporous lattice at 2.3 and 4.4°, respectively [34]. In the case of the treated Sn-Si-
30-0.1-C sample (Scheme 1b), the intensity and position (2.3 and 4.4°) of the diffraction peak
basically have no obvious changes, illustrating that the mesoporous regularity remained
intact. However, a significant decrease in the intensity of the peaks corresponding to
the reflections (100) or even their disappearance at (200) can be observed with the Sn-Si-
30-C-0.1 sample (Scheme 1c), indicating the loss of mesoporous order, probably due to
the excessive etching of NaOH. The above results fully demonstrate that the presence
of CTAB in the parent can protect the mesoporous structure by suppressing excessive
desilication during the alkali treatment and are consistent with the SEM (Figure 1) and N,
adsorption—desorption (Figure 2) characterization.

Sn-Si-30-C

Sn-Si-30-0.1-C

Intensity (a.u.)

Sn-Si-30-C-0.1

10 20 30 40 50
2 theta (degree)

=== Sn-Si-30-C
Sn-Si-30-0.1-C
== Sn-Si-30-C-0.1

Intensity (a.u.)

2 theta (degree)
Figure 3. The high-angle (A) and low-angle (B) XRD patterns of Sn-Si-30-C, Sn-Si-30-0.1-C and
Sn-5i-30-C-0.1 samples.

The FT-IR spectra of Sn-5i-30-C, Sn-Si-30-0.1-C, and Sn-Si-30-C-0.1 are shown in
Figure 4. The samples exhibited peaks at the bands at 1080, 800 and 460 cm~!, which
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is attributed to the asymmetric stretching vibration, symmetric stretching vibration, and
bending vibration of Si-O-Si, respectively [35,36]. Clearly, the band at 960 cm ! presents and
is identified as the stretching vibrations of the Sn-O-5i linkages in the microspheres [37,38],
indicating that the Sn atoms have been successfully incorporated in the SiO, framework.

Sn-Si-30-C
Sn-Si-30-0.1-C
Sn-Si-30-C-0.1
S
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=
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Figure 4. FI-IR spectra of the Sn-5i-30-C, 5n-5i-30-0.1-C and Sn-5i-30-C-0.1.

In order to further reveal the chemical nature and coordination states of the Sn species
in the Sn-Si mixed oxide microspheres, the samples were characterized by UV-vis spec-
troscopy (Figure 5), which is normally adopted to determine the coordination environment
of metal atom species in silica frameworks. The Sn-5i-30-C sample showed a main absorp-
tion band centered at 195 nm, which can be attributed to the presence of Sn(IV) in tetrahedral
coordination within the silica framework [39—41]. The presence of small contributions at
higher wavelengths (240 and 305 nm, respectively) can be assigned to extra-framework
SnOy clusters and bulk SnO, particles outside the framework [42,43]. It is known that
the synthesis of Sn-Si mixed oxide proceeds via the hydrolysis of the precursors followed
by condensation with the consequent formation of Sn-O-5i and Si-O-Si bonds, which are
responsible for the formation of framework Sn(IV) species; however, due to the high Sn
content in the precursor (Si/Sn = 30), a small amount of Sn species failed to incorporate
into the framework and formed extra-framework Sn species during the spray drying or
calcination processes. The actual Si/Sn molar ratios of the Sn-5i-C and Sn-5i-30-C samples
(Table 1) are very close to those of the theoretical feed ratio, indicating that the loss of the Si
and Sn source is avoided during the aerosol and calcination processes.

Sn-Si-30-C
:‘/195 nm Sn-Si-30-0.1-C
Sn-Si-30-C-0.1
3
£
8
-]
]
2
S
2
=
<
T T T T
200 300 400 500 600

Wavelength (nm)

Figure 5. UV-Vis spectra of the Sn-5i-30-C, Sn-Si-30-0.1-C, and Sn-Si-30-C-0.1.
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After the alkaline treatment, the Sn-5i-30-0.1-C sample showed two peaks centered
at 215 nm and 275 nm, which are associated with the framework Sn(IV) species [44] and
extra-framework SnOy species, respectively [45]. The disappearance of bulk SnO, particles
(305 nm), the decrease of the absorption peak of the framework Sn(IV) species, and a
slight increase in the Si/Sn ratio indicate that a part of the Sn species dissolved from
the microsphere, which most likely happened on its external surfaces. However, if the
sample does not contain CTAB (Sn-5i-30-C-0.1), only an absorption peak at 305 nm which is
assigned to bulk SnO; particles is observed, indicating that during the desilication process,
most of the Sn(IV) species on the amorphous framework are shed and transform into
SnO, particles. This agrees with the dramatic increase in the Si/Sn ratio of this sample.
The above results indicate that the desilication process is accompanied by the loss of the
amorphous framework Sn(IV). Meanwhile, the degree of desilication of Sn-5i-30-0.1-C is
significantly lower than that of Sn-5i-30-C-0.1, indicating the protective effect of CTAB,
which is consistent with the characterization of SEM and N, physical adsorption.

2.2. Mechanistic Investigation on the Role of CTAB

The above results fully illustrate that the introduction of CTAB played a crucial
role in forming both the hollow and mesoporous structures, especially the protective
effect during the desilication process. Therefore, the Sn-Si-30 parents were treated with
various concentrations of NaOH to further explore the protective effect of CTAB. The
morphologies of the treated samples were characterized by SEM (Figure S1). All alkali
treatment microspheres showed a rough surface with various degrees of desilication.
Compared to Sn-Si-30-0.05-C and Sn-Si-30-0.1-C, further increases in the concentration of
NaOH lead to more deeply etched microsphere surfaces and collapsed frameworks.

N, physisorption of the treated samples is shown in Figure S2. All samples (Sn-Si-
30-y-C) show the typical IV-type adsorption isotherm and Hj-type hysteresis loop in the
relative pressure (p/pg) range of 0.46-0.99, indicating the formation of the mesopores.
The BJH pore size distribution in Figure 52b shows that 5n-5i-30-0.1-C has the widest
mesoporous distribution. In addition, the texture properties of Sn-Si-30-y-C exhibit volcanic
characteristics as shown in Table S1, the inflection point of which is Sn-5i-30-0.1-C. This
sample presented the largest mesoporous volume (0.79 cm?/g), proportion of mesopores
(90%), and specific surface area (1187 m?/g). The specific surface areas and pore structure
parameters of the samples treated with high concentrations of NaOH (Sn-5i-30-0.3-C and
5n-5i-30-0.5-C) decreased indicating that this may be caused by SiO, framework dissolution,
which is in line with the observations in SEM images.

The UV-Vis spectra of the Sn-5i-30-y-C (Figure S3) show that with increasing NaOH
concentrations ranging from 0.05 M to 0.5 M, the absorption peak which is assigned to the
framework Sn(IV) species (215 nm) gradually decreases until disappearing. Based on the
above characterization results, the optimal concentration of NaOH treatment was 0.1 M.

Interestingly, using Sn-Si-30-C (without CTAB) as the parent, the obtained samples
(5n-5i-30-C-y) showed quite different results. Under the same alkali treatment conditions as
described above, a drastic decrease in the specific surface areas (SppT), mesopore volumes
(Vmeso), and total volumes (Vi,1) of the treated samples (5Sn-Si-30-C-0.1 and Sn-5i-30-C-0.3)
was observed when the NaOH concentration was higher than 0.1 M (Table S2), the corre-
sponding BJH pore size distribution (Figure S5) shows the disappearance of the mesoporous
distribution of these samples, suggesting that the amorphous framework collapsed and
the mesoporous structure was destroyed by the etching of NaOH. In addition, the UV-Vis
spectra reveal that the framework Sn(IV) species in the Sn-5i-30-C-y disappear as shown in
Figure S5, indicating that the NaOH etching of the SiO, framework is accompanied by the
loss of a large number of Sn(IV) species. These results indicate that the presence of CTAB in
the parent during the NaOH treatment protects the amorphous framework from excessive
etching and broadens the pore size distribution.

Inspired by the above discussion, a possible formation mechanism was proposed for
the Sn-Si mixed oxide microspheres with different synthesis routes, as shown in Scheme 1.
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The synthesis consists of two steps of aerosol and subsequent alkali treatments. If CTAB
is not added in the precursor solution, a nonporous solid microsphere is obtained after
the aerosol process (Sn-Si-C, Scheme 2a), which is consistent with our previous report [31].
Unexpectedly, a concave hollow morphology was observed after the same aerosol pro-
cess when a certain amount of CTAB was introduced in the precursor solution (Sn-Si-x,
Scheme 2b). This may be due to the decreased surface tension of the precursor solution
derived from the addition of CTAB, which further leads to the droplets being distorted
under the action of the purge gas. The solvent in the distorted droplet diffuses from the
inside out and evaporates rapidly, and the solute assembles to form a rigid amorphous
framework with a concave hollow morphology during the aerosol spray drying process. In
this case, after calcination to remove CTAB, the Sn-Si mixed oxide microsphere (Sn-Si-x-C,
Scheme 2c¢) also exhibited a concave hollow morphology but with an abundant mesoporous
structure and very high specific surface area (1236 m?/g). However, in the subsequent
alkali treatment, the amorphous framework of the microsphere severely collapsed, and the
mesoporous structure was also destroyed (5Sn-Si-x-C-y, Scheme 2c). This may be due to the
presence of mesopores in the parent that allow OH™ to easily diffuse into the interior of
the microsphere and thus the desilication process occurs on both the inner and the outer
surfaces, resulting in the collapse of the framework structure by excessive etching and the
abundance of mesopores as shown in Scheme 2c.

(@) \) C; Sn-Si mixed oxide
) CTAB
( \ Mesoporous
Sn-Si-C
(without CTAB)
Aerosol technology | =< O T T T e T T T T T en,
I / The formation
(b) ~ 1 Calcination I AlKkali treatment process of alkali
| ) l — treatment
£ removing CTAB
S R Q
£ /)l\ \\'. l Sn-Si-x-C
\{b,;‘\“‘?;{ SEmEmEmEmmEmm=E=E=E=E=m===T=======
S / -
< __{/} | @ é«%\ The formation
AlKali treatment {PA /’ (-\.; 2 Calcination process of alkali
Sn-Si-x I V) —_— treatment
s 4 P i
(with CTAB) . I G ’/c" retaining CTAB
l Sn-Si-x-y

Scheme 2. The formation mechanism diagram of materials by aerosol technology and alkali treatment
strategy.

On the contrary, using the CTAB-occluded microsphere as parent (Sn-Si-x), desilication
induced by OH™ ions cannot penetrate the microsphere due to the presence of CTAB. Thus,
desilication is expected to occur only in the vicinity of the external surface and mesopores
are formed on the outer surface (Sn-Si-x-y, Scheme 2d). After calcination to remove CTAB,
abundant mesopores are also formed in the interior of the microsphere. Compared with
the untreated sample (5n-5i-x-C), the obtained sample (Sn-Si-x-y-C) exhibited a slight
decrease in the specific surface area (1187 m?/g), indicating that most of the amorphous
framework and mesoporous structure were retained. More importantly, the increase in pore
volume and the widening of the pore size distribution further indicate that the mesoporous
structures on both the inner and the outer surfaces of the microsphere are interconnected
(Scheme 2d).
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2.3. Catalytic Performance Evaluation

In heterogeneous catalysis, not only the pore structure but also the number of active
sites and the coordination state of the catalyst have a significant effect on the catalytic
performance. It is known that the framework Sn (IV) species are the catalytic active center
for B-V oxide reaction [29]. However, Sn-Si-30-0.1 also contains extra-framework SnOy
species (Figure 5), which may restrict its catalytic performance. Therefore, the range of the
Si/Sn ratio needed to be further explored for the Sn-Si mixed oxide microspheres on the
basis of the Sn-5i-x-0.1-C samples. It can be seen from the UV-Vis spectra shown in Figure 6
that all samples exhibit significant absorption peaks at 195-215 nm which are attributed to
the tetrahedrally coordinated framework Sn species [39-41]. However, extra-framework
Sn species also appeared in the samples with a higher Sn content (SnOx clusters at 275 nm
for Sn-Si-30-0.1-C and bulk SnO, particles at 305 nm for the Sn-Si-60-0.1-C). In addition,
the absorption peak intensity of Sn-5i-90-0.1-C belonging to the framework Sn(IV) species
(195 nm) was the highest, indicating the highest content.

Sn-Si-30-0.1-C
Sn-Si-60-0.1-C
Sn-Si-90-0.1-C
Sn-Si-125-0.1-C

Absorbance (a.u.)

' T T T T T T
200 300 400 500 600
‘Wavelength (nm)

Figure 6. UV-Vis spectra of the Sn-5i-x-0.1-C.

In order to show the advantages of the diffusion performance in the Sn-Si mixed oxide
microsphere, the Baeyer—Villiger oxidation of 2-admantanone with H,O, was performed
over the prepared samples. As shown in Table 2, all of the samples show quite high
selectivity to lactone, which should be due to its rigid structure. This is also in accordance
with reports provided elsewhere [31]. The 2-adamantanone conversion of the Sn-Si-C is
only 7%, which is due to its nonporous solid structure. With the addition of CTAB, Sn-Si-
30-C presents a concave hollow morphology (Figure 1c), high surface area, and abundant
mesopores (Table 1). The 2-adamantanone conversion of this sample thus increased by 29%.
However, after the alkali treatment, the conversion of the Sn-5i-30-C-y samples (11-15%)
was lower than the Sn-Si-30-C parent because of the collapsed amorphous framework
(Figure S3) and severe loss of Sn active sites (Figure S4). On the contrary, the Sn-Si-30-y-C
samples exhibit higher activity (26-50%). The concentration of the NaOH has an effect
on catalytic performance. The highest conversion (50%) among these series of catalysts
is obtained over Sn-Si-30-C-0.1, which should be well ascribed to the contribution of the
interconnected mesochannels and extended pore size distribution. These results confirm
the protective effect the CTAB on the framework and mesoporous structure during NaOH
treatment, which prevents the excessive loss of Sn active sites. Surprisingly, the catalytic
performance can be further improved by tuning the Sn/Si ratio in the Sn-Si-x-0.1-C sample.
5n-5i-90-0.1-C shows the best catalytic performance with 66% conversion, 2.3 times higher
than that of the untreated sample (Sn-5i-30-C). These results demonstrate that the highly
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interconnected mesoporous network and extended pore size distribution of Sn-Si mixed
oxide play an overwhelming role in the tremendous increases of activity, while the number
of Sn active sites also makes a considerable contribution.

Table 2. Comparison of Baeyer—Villiger oxidation of 2-adamantanone with H,O, among varying
Sn-Si mixed oxide microspheres ?.

HZOZ
Sn-Si mixed oxide microspheres
0 00
Entry Catalyst Conversion (%) Selectivity (%) Yield (%)
1 Sn-Si-C 7 99 7
2 Sn-Si-30-C 29 99 29
3 Sn-Si-30-C-0.05 11 99 11
4 Sn-Si-30-C-0.1 15 99 15
5 Sn-Si-30-C-0.3 13 99 13
6 Sn-Si-30-0.05-C 32 99 32
7 Sn-Si-30-0.1-C 50 99 50
8 Sn-Si-30-0.3-C 46 99 46
9 Sn-Si-30-0.5-C 26 99 26
10 Sn-Si-60-0.1-C 53 99 53
11 Sn-Si-90-0.1-C 66 99 66
12 Sn-Si-125-0.1-C 27 99 27

@ Reaction conditions: cat., 0.05 g; 2-admantanone, 2 mmol; H,O, (30%), 4 mmol; 1,4-dioxane, 10 mL; temp, 363 K;
time, 180 min.

Another important factor for the evaluation of the catalyst is reusability. The Sn-
5i-90-0.1-C catalyst was recovered by washing, drying, and calcination for the next run.
Unfortunately, it can be seen from Figure 7 that a gradual decrease in 2-adamantanone
conversion was observed during the five runs. A comparison of the texture properties
derived from N, physical adsorption between the fresh and regenerated Sn-5i-90-0.1-C
catalysts is shown in Table S3. A dramatic decrease in BET specific surface, total volume,
and mesoporous volume was observed with the regenerated catalyst (Sn-5i-90-0.1-C-5),
indicating the collapse of the mesoporous structure. In addition, the UV-Vis spectra of the
regenerated catalyst revealed a loss of the framework Sn (IV) species and formed extra-
framework SnOy clusters (Figure 8). Therefore, the loss of activity (~28%) should be due to
the collapse of the mesoporous structures resulting in the loss of Sn active sites (framework
Sn (IV) species) and the change in the Sn coordinated environment (from framework Sn (IV)
species to extra-framework SnOy clusters). It should be noted that there is plenty of Si-OH
available in the catalysts synthesized by the aerosol method [46]. The subsequent alkali
treatment (desilication) process produces more Si-OH. Thus, it can be inferred that the Sn-5Si
mixed oxide microsphere catalyst synthesized in this manuscript should have a certain
amount of Si-OH, which is easily attacked by water molecules resulting in the leaching of
the framework Sn species. Thus, the reusability of Sn-Si mixed oxide microspheres in this
study can be improved by increasing their hydrophobicity.
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Figure 7. The reusability of the Sn-5i-90-0.1-C catalyst in the B-V oxidation of 2-adamantanone.
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Figure 8. UV-Vis spectra of Sn-5i-90-0.1-C and Sn-5i-90-0.1-C-5.

3. Materials and Methods
3.1. Chemicals

The chemical reagents provided by Sinopharm Chemical Reagent Co., Ltd., Shang-
hai, China were as follows: tetraethyl orthosilicate (TEOS, analytically pure), stannic
chloride pentahydrate (SnCly-5H,0O, analytically pure), sodium hydroxide (NaOH, an-
alytically pure), chlorobenzene (C¢HsCl, analytically pure), and 1,4-dioxane (C4HgO,,
analytically pure). Hexadecyl trimethyl ammonium bromide (CTAB, analytically pure) and
2-adamantanone (analytically pure) were from Macklin Biochemical Co., Ltd., Shanghai,
China. Hydrochloric acid (HCl, 37%) was provided by Gucheng Chemical Reagent Co.,
Ltd., Jinzhou, China. Hydrogen peroxide (H,O;, 30%) was provided by Damao Chemical
Reagent Factory, Tianjin, China. Deionized water (DI) was self-made. The above chemical
reagents were not purified further.

3.2. Synthetic Procedures

Preparation of the Sn-Si-x parent. The Sn-Si-x mixed oxide where “x” represented
Si/Sn molar ratio in the initial solution was configured according to the molar composition
ratio of 1.0 SiO,: (0.008-0.033) SnO,: 0.2 CTAB: 40 DI: 0.15 HCI. For a typical synthesis,
solution A was prepared by dissolving a certain amount of tin (IV) chloride (SnCly-5H,0) in
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a hydrochloric acid (HCI, 2.3 g) aqueous solution (55 g). Then, 32 g of tetraethyl orthosilicate
(TEOS) was added. Cetyltrimethylammonium bromide (CTAB, 11 g) was dissolved in DI
water (56 g) to yield solution B. Both solutions were left stirring for at least 2 h at room
temperature. After that, solutions A and B were mixed together and then stirred for another
2 h to form a clear, transparent, uniform, and stable precursor solution. The precursor
solution was converted into white SnO,-5i0; composite oxides by an aerosol spray dryer
at 483 K and 800 mL/h. The obtained samples were dried at 373 K for 3 h as shown in
Scheme 1a. For comparison, the Sn-Si-C (where “C” represented calcination) sample was
also synthesized according to the above steps with SiO;/5SnO, = 30 and without adding
CTAB. The sample was finally calcined under an air atmosphere at 823 K for 6 h.

Preparation of Sn-Si-x-y-C samples. The as synthesized Sn-Si-x parent was treated in a
y M NaOH (y = 0.05, 0.1, 0.3 and 0.5) aqueous solution for 1 h at room temperature with the
solid-liquid ratio of 1 g/10 mL, as shown in Scheme 1b. Subsequently, the treated samples
were washed with DI for neutralization and dried overnight at 373 K. Finally, calcination
(823 K for 6 h) was performed to remove the template (CTAB). The obtained samples were
named Sn-Si-x-y-C (where “y” and “C” represented NaOH concentration and calcination,
respectively).

Preparation of Sn-Si-x-C-y samples. As reference samples, the Sn-Si-x parent was first
calcined under an air atmosphere at 823 K for 6 h to remove the template (CTAB) and then
treated in an NaOH aqueous solution (y = 0.05 M, 0.1 M and 0.3 M). After washing with
DI for neutralization and dried overnight at 373 K, the obtained samples were marked as
5n-Si-x-C-y, as shown in Scheme 1c.

3.3. Catalyst Characterization

Scanning electron microscopy (SEM, Carl Zeiss Jean company, Jena, Germany) op-
erating at 200 kV was used to characterize the morphology of the mesoporous materials.
The porous structures of all of the materials were measured by N; adsorption—desorption
isotherm by an ASAP 2020 fully automatic physical adsorption analyzer of the American
Micronics Company. The samples were treated at 573 K for 3 h prior to the analysis. Pow-
der X-ray diffraction (XRD) patterns were recorded on a Shimadzu Rigaku D/Max 2400
diffractometer (Kyoto, Japan) with Cu-K« radiation at 40 kV and 10 mA. The low-angle
diffraction diagrams of the samples were recorded in the 2 theta range of low-angles at
0.6-5°, with steps of 0.4° and a count time of 60 s at each point. The high-angle diffraction
diagrams of the samples were recorded at a rate of 8°/min in the range of 2 theta = 5-50°.
FT-IR spectra were recorded in a range of 4000-400 cm~! by a Bruker INVENIO S with
spectral resolution of 4 cm 1. The pore size distribution was calculated from the adsorption
isotherm using the Barrett-Joyner-Halenda (BJH) method. The coordination status of Sn
was detected by the UV-550 ultraviolet spectrophotometer of Jasco Company and barium
sulphate powder was used as the reference sample. The Sn loadings were determined by
inductively coupled plasma (ICP) analysis on a Perkin Elmer Optima2000DV inductively
coupled plasma atomic emission spectroscope.

3.4. Performance Evaluation

Catalytic test. The catalytic evaluation of Baeyer-Villiger oxidation of 2-adamantanone
and H,O, was performed in a 25 mL round-bottomed flask. 2 mmol of 2-adamantanone,
10 mL of 1,4-dioxane, 0.05 g of the catalyst, 0.5 g of chlorobenzene (GC internal stan-
dard) [18,31], and 4 mmol of HyO, (30%) were sequentially loaded into the reactor. The
reaction was conducted at 363 K for 3 h. After cooling, the catalyst was removed by cen-
trifugation and the reaction mixture was analyzed using a gas chromatograph (GC-7890,
Techcom, Shanghai, China) equipped with a 30 m SE-54 capillary column and an FID
detector (Techcom, Shanghai, China). The products were identified by using a GC-MS
(Agilent-5975C).
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Cycle test. The used catalyst was collected from centrifugation and washed with
ethanol and DI, respectively. Subsequently, it was dried overnight at 373 K and calcined in
a mulffle furnace at a temperature of 823 K for 6 h for subsequent use.

4. Conclusions

In summary, highly interconnected mesoporous Sn-Si mixed oxide microspheres
with a concave hollow morphology and large specific surface area (~1187 m?/g) and
mesoporous volume (~0.79 cm?/g) have been successfully prepared exploiting a simple
aerosol combined surfactant (CTAB) approach of first synthesizing hollow Sn-Si mixed
oxide microspheres and subsequently with a NaOH treatment in the presence of CTAB.
The characterization results show that CTAB has several key roles, such as the formation of
a hollow morphology during the aerosol process, protection of the amorphous framework,
prevention of the excessive loss of Sn species, the widening of the mesoporous distribution,
and the formation of interconnected mesoporous channels during the NaOH treatment.
Thanks to the unique interconnected mesoporous and hollow structure which can provide
more accessible active sites opened by such an aerosol assisted alkali treatment approach,
the optimized catalyst (Sn-5i-90-0.1-C) exhibits remarkably enhanced activity for the B-V
oxidation of 2-adamantanone compared with the counterparts. This method is mild, simple,
low-cost, and can be applied to improve the catalytic performances of the most industrially
relevant metal oxides.

Supplementary Materials: The following supporting information can be downloaded at: https:/ /www.
mdpi.com/article/10.3390/catal13121494 /51, Figure S1: SEM image of Sn-Si-30-y-C series samples:
(a,b) 5Sn-5i-30-0.05-C, (c,d) Sn-5i-30-0.1-C, (e,f) Sn-Si-30-0.3-C, (g,h) Sn-Si-30-0.5-C; Figure S2: (a) Np
adsorption—-desorption isotherms and (b) BJH pore size distribution of the Sn-5i-30-y-C series samples.
Figure S3: UV-Vis spectra of the Sn-Si-30-y-C series samples; Figure S4: (a) N, adsorption—desorption
isotherms and (b) BJH pore size distribution of the Sn-5i-30-y-C series samples; Figure S5: UV-Vis
spectra of the Sn-Si-30-y-C series samples; Table S1. The textural properties of the Sn-Si-30-y-C series
samples; Table S2. The textural properties of the Sn-Si-30-C-y series materials; Table S3. The textural
properties of the 5n-5i-90-0.1-C and Sn-5i-90-0.1-C-5.
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Sn-Si-x: Sn-Si mixed oxide synthesized by the aerosol process where “x” represents the Si/Sn
molar ratio in the initial solution; Sn-Si-x-y-C: Sn-Si-x sample treated in an NaOH aqueous solution
and calcination where “y” represents the concentration of NaOH and “C” represents calcination;
Sn-Si-x-C-y: Sn-Si-x was first calcined and then treated in an NaOH aqueous solution where “C”
represents calcination and “y” represents the concentration of NaOH; Sn-5i-C: Sn-Si mixed oxide
synthesized by the aerosol process without the addition of CTAB followed by calcination where “C”
represents calcination; Sn-5i-90-0.1-C-5: Sn-5i-90-0.1-C catalyst after five cycles; B-V: Baeyer—Villiger
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