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Polyoxometalates are important catalysts, but their low surface area
and leaching in solutions present challenges. We developed a facile,
green, solvent-free mechanochemical method to anchor poly-
oxometalates on mesoporous alumina. The resulting catalysts showed
high activity, selectivity in sulfide oxidation, and reusability for at least
seven cycles, achieving gram-scale reactions efficiently.

Polyoxometalates (POMs) are a type of anionic metal-oxygen
cluster that exhibit unique properties depending on their
structures and compositions,* and to date, they have abundant
applications such as catalysis, energy conversion, coordination
chemistry and materials science.> For example, silicotungstate
SiW10 ([SiW10036]®7) can facilitate epoxidation of olefins by
using hydrogen peroxide (H,0,),> and decatungstate W10
([W1003,]"") can be used in direct arylation of electron-deficient
alkenes and strong C-H bonds.* Compared to the homogeneous
use of POM catalysts,>***® the development of heterogeneous
POM catalysts has attracted increasing attention in order to
attain green and sustainable chemistry owing to their facile
separation and reusability toward practical applications.>®*®
Hence, immobilizing POMs onto proper supports is an essential
approach,®” to effectively increase the very low specific area of
POMs (1-10 m* g~ ).

With the development of supported POM catalysts in the
past few decades,® mesoporous materials such as mesoporous
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silica and mesoporous alumina have recently attracted much
attention owing to their high specific area, large pore volume,
and excellent stability (Table S1, entries 1-15).>' To date,
various strategies have been developed to prepare supported
POM catalysts, such as sol-gel synthesis, hydrothermal
synthesis, and impregnation methods.”** However, conven-
tional solution-based methods are faced with concerns about
using excessive organic solvents, time-consuming procedures,
and limitations to soluble monomers.?** Hence, mechano-
chemical synthesis that can be performed at room temperature
under solvent-free conditions with a short reaction time,
appears as a feasible solution based on our recent engagement
in ball-milling synthesis."##¥ Notably, considering the possible
structural decomposition of POMs in aqueous media,** this
solvent-free synthesis is anticipated to provide a universal tool
for the design of POM-based materials for diverse applica-
tions.”* However, it remains a key issue how to efficiently
incorporate POMs (precursors) with mesoporous supports while
attaining a highly dispersed state.

Herein, we reported a versatile synthesis for preparing
mesoporous alumina-supported POM catalysts using a soft-
template approach via mechanochemistry (Fig. 1). Notably,
POMs themselves can function as cross-linking agents with the
template and support through electrostatic interactions. A
supported POM catalyst with a high specific area (up to 644 m>

®- $ #
%, o7 W 7
xmg PMo,0,0% @) ";\ Vf @) %n "V‘
(proton form) = & e “n“@ - ‘\ i
Ball milling '_}r{/ V,.;\ > Ball milling & 3 G *
20 min * % % 20 min : ”;/n\‘{‘;\[‘
i 5 ¥
Pluronic / E
Calcination
A T 300°C4h
Aluminum Mesoporous alumina-supported
isopropoxide POMs (x-POM/meso-Al,0,)

Fig. 1 Illustration for the preparation of x-POM/meso-Al,O3 catalysts
via a mechanochemical templated synthesis.
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g~ ') and narrow pore size distribution can be prepared within
several hours, in comparison to the days of synthesis required
by conventional methods (Table S17). These catalysts efficiently
performed the selective oxidation of sulfides with both the
conversion rate of various sulfides and the selectivity of corre-
sponding sulfoxides above 90%. Furthermore, this catalyst can
be reused for at least 7 cycles without a noticeable decrease in
activity or loss of POM components and can catalyze the reac-
tion on a gram-scale, symbolizing an efficient heterogeneous
catalyst.

Mesoporous alumina-supported POM catalysts with
different loading amounts (x-POM/meso-Al,0;) were prepared
by templated solvent-free mechanochemical synthesis, based
on knowledge of nonhydrolytic sol-gel synthesis in which the
condensation of chloride and aluminum alkoxides was
utilized."* Hence, condensation between anionic POMs and
cationic aluminum precursors with electrostatic interactions
was realized. Specifically, POM PM12 (H3;PMo,;,04,) and
surfactant pluronic P123 were mixed by ball milling for 20 min,
followed by the addition of aluminum isopropoxide (AIP) and
ball milling for 20 min, and calcination at 300 °C for 4 h for
removing organics to give the mesoporous alumina framework
inside being doped with POMs as active sites for catalysis,
labeled as x-POM/meso-Al,O; (Fig. 1, x mg of POMs corresponds
to 2.04 g of AIP).

Notably, the calcination temperature was set at 300 °C to
completely remove P123 and prevent thermal decomposition of
POMs as plenary POMs including PM12 often remain stable
below 350 °C.* Also, a heating rate of 1 °C min~* was adopted to
prevent the collapse of the tunnels in mesoporous alumina. By
varying the amount of P123, the usage of 1.0 g was confirmed to
achieve the highest surface area of 483 m> g~ ' (Table S2,}
entries 1-4). In the presence of PM12, a higher surface area of
570 m> g~ for alumina can be observed owing to the presence
of PM12 as a cross-linking agent for the sol-gel process (Table
S2,1 entries 5-8). The pre-treatment of AIP with grinding was
found to be effective in increasing the surface area, and the
addition sequence, as provided in Table S2t, led to a record-
high surface area of 644 m* g~' for 100-PM12/meso-Al,O5(-
Tables S1 and S27).

Both 100-PM12/meso-Al,O; and meso-Al,O; obtained in the
absence of POMs displayed typical type-V isotherms with H2-
type hysteresis loops, indicating their mesoporous structure
and piled pores (Fig. 2a),'* in which the larger hysteresis loop for
100-PM12/meso-Al,O; suggested a higher surface area than
meso-Al,O; (Table S2,t entries 4 and 10). The pore diameter
distribution also proved the existence of mesoporous pores in
the range of 2-8 nm (Fig. S17), and a record-high pore volume of
0.487 cm® g~ ' for 100-PM12/meso-Al,0; compared to that of
reported supported POM catalysts (Table S1t). This result sup-
ported our hypothesis that POMs can be not only immobilized
on the in situ formed mesoporous alumina support, but also can
further increase the surface area and pore volume of the ob-
tained composite by facilitating the nonhydrolytic sol-gel
process (Fig. 1).

To explore the crystallinity of as-synthesized mesoporous
composites, X-ray diffraction (XRD) was performed. By varying

© 2025 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Mechanochemistry

(a) 350 350

3004

w
(=3
o
©,

250

N
(43
o

K, 2004 ﬁ'
. d 150

?‘; 100-PM12/meso- meso-Al,O,
| Al2Os | 400 o/f

——9— Adsorption —@— Adsorption

—9— Desorption

- n

14 o

o o
X

Quantity Absorbed (cm®/g)
=)
o

SOW 504

——9— Desorption

0 T T v T v 0 T T T . v
00 02 04 06 08 10 00 02 04 06 08 10
Relative pressure (P/P,)

(b) 25-PM12/meso-AlL0,
100-PM12/meso-AlLO,
250-PM12/meso-AlO,

S

©

>

®

=

2 ua P

E »

1
70 80
(c)

Fig. 2 (a) N, adsorption—desorption isotherms (77 K) of 100-PM12/
meso-AlL,Oz and meso-Al,Os; (b) XRD spectra of varying loading
amounts of POMs as x-PM12/meso-AlLOsz; (c) STEM EDS-mapping
images of 100-PM12/meso-Al;Os.

the amount of loading amount of PM12, there existed weak
peaks parallel to those of a-Al,O3, supporting the mesoporous
nature of x-PM12/meso-Al,0;. Meanwhile, there existed no
obvious peaks for PM12 in the XRD spectra despite varying the
amount of PM12 (Fig. 2b). As PM12 retained the main peak at
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26° and other minor peaks with much decreased intensity after
ball milling for 40 min (Fig. S21), the absence of XRD patterns of
POMs can be attributed to even mixing of POMs and Al,0O; into
fine powders, leading to a high surface area and a relatively low
supporting amount of PM12 (16 wt% for 100-PM12/meso-
AlL,O3). The infrared (IR) spectra were recorded and despite
overlapping of peaks with Al,Oz (Fig. S37), the characteristic
peaks of PM12 at 1060 and 970 cm™ " were retained, supporting
the retained structures of POMs in x-PM12/meso-Al,03."

Scanning electron microscopy (SEM) analysis was further
carried out, which revealed that by varying loading amounts of
PM12 from 25 mg, 100 mg (i.e.,, 100-PM12/meso-Al,0;) to
250 mg, the number of particles of catalysts dispersed on the
matrix increased significantly, which indicated successful
immobilization of PM12 on meso-Al,O; (Fig. S41). However, the
use of 250 mg of POMs led to the over-packing structure of 250-
PM12/meso-Al, 03, indicating that a portion of the mesoporous
pores was blocked according to BET results (Table S2,T entries
1-4). The high-angle annular dark field scanning TEM (HAADF-
STEM) revealed the porous structure of 100-PM12/meso-Al,O3
and piled pores and tunnels with quite uniform distribution in
diameters below 10 nm (Fig. S5t). Notably, the average pore
diameter of 3.3 nm in STEM images was consistent with that in
BET analysis, indicating the mesoporous pores (Fig. S1, S5a and
bt). Furthermore, energy dispersive X-ray spectroscopy (EDS)
was carried out to evaluate elemental composition for 100-
PM12/meso-Al,0;. It was demonstrated that molybdenum,
aluminum, and oxygen elements were evenly distributed,
together with IR and XRD results indicating that PM12 retained
its structure and achieved a highly dispersed state on meso-
Al,O; (Fig. 2c and S67). Based on the above characterization
studies, we developed a non-solvent-based mechanochemical
method for preparing supported POM -catalysts with high
surface area, mesoporous pores, and well-dispersed states
within hours.

Selective oxidation of sulfides is an important process in the
catalysis community with many applications that range from
organic synthesis to industrial fine-chemical production.'®
Since POM-based materials have also been applied to a series of
oxidation reactions,” in order to utilize the above-developed
properties, we applied x-PM12/meso-Al,O; to selective oxida-
tion of sulfides taking thioanisole (1a) to methyl phenyl sulf-
oxide (2a) conversion as a representative reaction, with H,0, as
a green oxidant (Fig. S7 and S87). First, the loading amount of
POMs was evaluated, and the reaction proceeded to some extent
with low selectivity in the absence of POMs (Table S3,1 entries 1
and 2). By increasing the amount of POMs, the conversion
increased up to 100 mg (i.e.,, 100-PM12/meso-Al,0;), and
decreased when using 250 mg POMs with a decrease in selec-
tivity for 250-PM12/meso-Al,O;, which can be attributed to the
as-observed over-packing structure (Table S3 and Fig. S47).
Then, a higher amount of H,0, was found to facilitate the over-
oxidation of 1a into methyl phenyl sulfone (3a), thus the same
equivalent of H,O, to 1a was considered optimal (Table S47).
Furthermore, the effect of solvent on catalysis was evaluated,
and both conversion and selectivity were significantly higher
when using alcohol solvents than other solvents, which can be
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attributed to the fact that protic solvent can provide protons in
the catalytic system to enhance acid catalysis of POMs (i.e., 100-
PM12/meso-Al,0;)."* The low activity when using toluene as
the solvent was related to the fact that, on the one hand,
solvents with low polarity impeded the dissolution of H,0,,
decreasing the reaction rate, and on the other hand, they
facilitated the formation of 3a with lower polarity.

The substrate scope was further studied and x-PM12/meso-
Al,O; can facilitate selective oxidation of less reactive alkyl
sulfides (1e and 1f) or aryl sulfides (1b, 1¢, and 1d) with electron-
withdrawing groups (-F, -Cl, and -Br) to the corresponding
sulfoxide products with high selectivity exceeding 90% (Fig. 3a).
Moreover, x-PM12/meso-Al,O; can be easily retrieved from the
catalytic solution through high-speed centrifugation and can be
reused for at least 7 times without a notable decrease in catalytic
performance, while the conversion and the selectivity still
retained at around 90% and 95%, respectively (Fig. 3b). There
remained a transparent reaction solution for x-POM/meso-
Al,O; after catalysis compared to PM12, indicating few loss of
POM components during the reaction (Fig. S9t). Subsequently,

(a) 100-PM12/meso-Al,04 o o
s (0.2 mol%) 's' g
Ri7 Ry > R7TR, R{ICR,
CH30H, H,0, O
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O O (0]
" " "
o O O
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Fig. 3 100-PM12/meso-Al,Os-catalyzed selective oxidation of (a)
different sulfide substrates; and (b) reused catalytic tests for selective
oxidation of 1la.
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a gram-scale experiment with ten times the usage of thioanisole
was performed using 100-PM12/meso-Al,0O3, and the conversion
and the selectivity were 90% and 92%, respectively. The above
results indicated that x-PMo12/meso-Al,O; can be an efficient
catalyst toward heterogeneous catalysis for industrial
utilization.

In summary, we report a facile mechanochemical method for
developing supported POM catalysts on mesoporous alumina at
room temperature and wunder non-solvent conditions,
completed within several hours. POMs can not only be immo-
bilized on supports in a highly dispersed state but also
contribute to achieving a high specific area (644 m* g~') and
large pore volume (0.487 cm® g™ '), respectively. The obtained
mesoporous composite can facilitate the selective oxidation of
sulfides to sulfoxides with high activity and selectivity and can
hold excellent durability toward reuse tests without activity loss
for at least 7 cycles. We envisage that this synthetic method-
ology can provide a general strategy for developing POM-based
materials especially based on the wide applicability of this
method to different precursors (e.g., POMs, supports, and metal
salts) and the avoidance of solvent usage to prevent general
decomposition and isomerization of POMs.
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