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Synthesis of crystallized mesoporous transition metal oxides by silicone

treatment of the oxide precursor
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Ordered mesoporous transition metal oxides were successfully
crystallized after strengthening the amorphous framework by a
silica layer, which efficiently protected the original mesoporous
structure against crystallization and resulting mass transfer.

Although much less research has been conducted on the synthesis
of mesoporous transition metal oxides'™ compared to silica
materials,> ® there is sustained interest in this field and the volume
of literature continues to increase through the accumulated efforts
of many researchers. Most research in this area has involved the
development of new and unique properties of transition metal
oxides based on mesoporous structures, including magnetic,”
electronic'® and catalytic*''™'* properties that cannot be realized
using silica materials. However, the performance of transition
metal oxides as functional materials is limited in the amorphous
state, where the specific electronic orbitals and lattice defects
frequently responsible for catalysis are absent. Thus, crystallization
of mesoporous transition metal oxides is required if they are to be
utilized in wide range of applications. At the initiation of
crystallization, which occurs at temperatures below those required
for complete crystallization, mesoporous Ti, Zr and Nb oxides
develop nano-crystalline patches in the amorphous walls.'?
Further crystallization by heating at higher temperatures gives
rise to drastic mass transfer due to complete phase transition from
amorphous to crystalline with large crystal domains, typically
resulting in a collapse of the mesoporous structure and affording a
material with lower surface area and porosity.'*"> Therefore,
highly crystallized mesoporous transition metal oxides with the
original mesoporous structure cannot be obtained spontaneously.

To overcome this problem, strengthening the pore walls prior to
crystallization is regarded to be indispensable.'® Our group has
previously attempted to achieve this type of wall strengthening by
filling the pores of hexagonal mesoporous Nb-Ta mixed oxide
with carbon material (similar to CMK'” materials) and calcining
the samples in an inert atmosphere to induce crystallization.'® The
carbon could be subsequently removed by calcination in air to
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afford crystallized Nb-Ta mixed oxide with the original hexagonal
mesopore structure. However, while this approach was successful
in some cases, it is not generally applicable due to the difficulty in
achieving complete carbon filling.

As an alternative approach, the internal and external surfaces of
mesoporous transition metal oxides were treated in this study with
a silicone compound, bis(trimethylsiloxy)methylsilane (BTMS;
(CH3)3Si-O-SiH(CH3)-O-Si(CHs)3), to fortify the pore walls
against mass transfer upon crystallization. In silicone treatment,
the surface hydroxyl groups of the mesoporous transition metal
oxides reacted with the Si-H bonds to form M—O-Si (M = metal
cation) bonds. The samples were then calcined in air to induce
crystallization, during which the silicone compounds were
converted to silica through the combustion of methyl groups.
The crystallized materials were finally treated with alkaline solution
to remove the silica layer, affording a crystallized mesoporous
transition metal oxide with the original hexagonal mesoporous
structure. Tantalum oxide'® was one of the most successful of the
mesoporous transition metal oxides treated by this process.

The amorphous precursor, a hexagonal mesoporous Ta oxide,
was prepared by a previously reported procedure. The amorphous
precursor of the hexagonal Ta oxide (0.7-1.4 g) was pretreated at
70 °C, after which five portions of BTMS was added dropwise to
the solution followed by stirring for 5 h at the same temperature.
The silicone-treated mesoporous materials were then obtained
upon removal of unreacted BTMS by heating at 70 °C for 1 h
under evacuation. Crystallization was performed by calcination in
air at temperatures determined by TG-DTA analysis. The silicate
layer was subsequently removed by treatment with alkaline
solution (pH 14) at 100 °C for 10-20 min several times until no
change was observed in the N, sorption results. The final products
were collected by filtration and drying under ambient conditions.

The thermogravimetry/differential thermal analysis (TG-DTA)
results for the original amorphous mesoporous Ta oxide before
and after silicone treatment are first compared in Fig. 1. The DTA
peak for the non-treated mesoporous Ta oxide occurs at 770 °C
without weight loss, assignable to the crystallization temperature
of the amorphous Ta oxide.”® For the silicone-treated sample, an
exothermal peak appears at 500-550 °C associated with consider-
able weight loss, attributable to the combustion of methyl groups
in BTMS. Thus, at temperatures higher than 550 °C, the stabilized
BTMS is converted to silica on the amorphous walls of the
mesoporous Ta oxide. An additional peak observed in Fig. 1B
without an associated weight loss at 845 °C is due to crystallization
of the silicone-treated mesoporous Ta oxide. It should be noted
that the silicone treatment increases the crystallization temperature,
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Fig. 1 TG-DTA data for (A) mesoporous Ta,Os and (B) silicone-treated
mesoporous Ta oxide.

most probably due to the inhibition of mass transfer of amorphous
Ta oxide upon crystallization. This remarkable increase in
crystallization temperature was also observed for Nb, Nb-Ta
and Mg-Ta oxides. In this study, the crystallization of amorphous
mesoporous Ta oxide was performed at 845 °C for 1 h.

Small- and wide-angle X-ray diffraction (XRD) patterns of the
mesoporous Ta oxide at various steps in the crystallization
procedure are presented in Fig. 2. A diffraction peak observed at
1.42° for the amorphous mesoporous Ta oxide (Fig. 2A(b)) is due
to the mesoporous structure, and its amorphous structure is
confirmed in Fig. 2B(b). Crystallization of the amorphous
mesoporous Ta oxide without modification causes the diffraction
peak in Fig. 2A to disappear (Fig. 2A(a)) due to pore collapse, as
confirmed in Fig. 2B(a). After silicone treatment, no significant
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Fig. 2 (A) Small- and (B) wide-angle XRD patterns for (a) the
crystallized sample without silicone treatment, (b) the amorphous
precursor, (c) the silicone-treated precursor, (d) the silicone-treated sample
after crystallization, and (e) the silicone-treated sample after crystallization
and alkaline treatment.

change from the amorphous precursor is observed in either
diffraction pattern (Fig. 2A(c) and B(c)), although there is a
change in apparent pore size, as mentioned below. Intense
diffraction peaks supporting crystallization are observable in
Fig. 2B(d) after calcination of the silicone-treated sample at
845 °C for 1 h, analogous to the as-crystallized sample in
Fig. 2B(a). In the same crystallized sample, a diffraction peak is
still observable at 1.50° (Fig. 2A(d)), indicating the preservation of
the original mesostructure in the silicone-treated and crystallized
sample. This crystallized mesostructure is also retained upon
removal of the silica by alkaline treatment (Fig. 2A(e) and B(e)).
Therefore, the original mesoporous structure is expected to be
present in the sample crystallized in the present method.

The pore structure was examined based on the N, adsorption—
desorption isotherms of the samples shown in Fig. 2. The
isotherms are shown in Fig. 3, and the physico-chemical properties
obtained from both XRD and N, sorption analyses are
summarized in Table 1. The original mesoporous amorphous Ta
oxide exhibits the type-IV isotherm pattern typical of mesoporous
materials (Fig. 3(b)), with a BET surface area of 152 m* g ' and
pore size of 3.6 nm. The isotherm of the original amorphous
mesoporous Ta oxide changed drastically upon crystallization
(Fig. 3(a)) and the BET surface area decreased to 33 m* g,
indicating that the original mesoporous structure had been lost.
The BET surface area and pore volume are slightly lower in the
silicone-treated amorphous sample due to the presence of silica in
the mesopores, as confirmed by the decrease in pore size from 3.6
to 2.5 nm. However, the BET surface area, pore volume and pore
size remain almost unchanged upon crystallization (Table 1), and
the pore size increases to 3.1 nm upon removal of the silica by
alkaline treatment. This slight decrease in pore size from 3.6 nm in
the initial amorphous precursor (Table 1(b)) to 3.1 nm in the final
product (Table 1(e)) is most probably due to shrinkage of the walls
upon crystallization, and is consistent with the decrease in the
repeat distance of samples after crystallization (Table 1). Thus, the
pore size is reduced by 1.1 nm by BTMS treatment, recovered by
0.5 nm by silica removal, and reduced by 0.5 nm by wall shrinkage.
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Fig. 3 N, adsorption—desorption isotherms for (a) the crystallized
sample without silicone treatment, (b) the amorphous precursor, (c) the
silicone-treated precursor, (d) the silicone-treated sample after crystal-
lization, and (e) the silicone-treated sample after crystallization and
alkaline treatment.

This journal is © The Royal Society of Chemistry 2006

Chem. Commun., 2006, 2188-2190 | 2189



Table 1 Physicochemical properties of mesoporous tantalum oxide

BET surface area/m> g~

Pore volume/mL g~ Pore size/nm Repeat distance/nm

(a) As-crystallized Ta oxide 33
(b) Amorphous precursor 152
(c) Silicone-treated mesoporous Ta oxide 102
(d) (c) after crystallization 109
(e) (d) after alkaline treatment 131

0.15 — —
0.20 3.6 6.2
0.10 2.5 6.5
0.13 2.6 6.5
0.20 3.1 6.5

Fig. 4 TEM images and ED patters (inset) of silicone treated
mesoporous Ta,Os after (A) crystallization and (B) alkaline treatment.

This indicates that the pore size of the crystallized silicone-treated
sample is reduced by lattice shrinkage and increased by methyl
combustion, resulting in a negligible overall change in pore size.
The silica layer formed by the combustion of silane within the
mesopore was confirmed to be effectively removed by ICP
analysis.

The presence of mesopores with crystallized walls was confirmed
by direct transmission electron microscopy (TEM) observation of
pores and lattice fringes. Fig. 4A shows a typical TEM image of
the silicone-treated, crystallized mesoporous Ta oxide and electron
diffraction (ED) pattern (inset). Highly ordered mesopores can be
clearly observed, with lattice fringes appearing simultaneously in
several directions. The spot pattern in the ED pattern further
confirms that crystallization has been achieved. It should be noted
that the central spot in the ED pattern forms a hexagonal pattern,
indicating the co-existence of two different ordered structures at
the atomic and nano-levels. The well-ordered and crystallized
mesoporous structure is preserved after silica removal as shown in
Fig. 4B. The ED patterns in Fig. 4B were measured at two
different focal distances to confirm both the mesoporous ordering
(upper inset) and crystallization (lower inset). The nano-scale
periodicity is also indicated by the diffraction spots (see the central
spot in the lower inset), further confirming that the material
consists of single-crystal domains. Although the particles are

polycrystalline, no inter-particle voids exist between crystal
domains, and the original ordered mesopores remain present.
Comparing with the carbon back-filling method,'® this silicone
treatment method more efficiently retains the original ordered
mesoporous structure upon crystallization, and as such appears to
be an excellent and widely applicable strategy for the synthesis of
crystalline mesoporous transition metal oxides.
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