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We synthesized Si–Nb-mesoporous materials using TEOS,
layered perovskite K2NbO3F, and HDTMACl as starting materi-
als. TEM-EDX and IR spectra measurements indicated that
niobium was introduced in the silica framework, forming Si–
O–Nb bond. Mesopores due to the templating effect of HDTMA
formed in the nanoparticle, thus producing a bimodal mesopo-
rous material.

Mesoporous materials synthesized using structure-directing
agent (SDA) such as long-chain surfactant are expected to find
applications in catalysts and absorbents because they have or-
dered pores with uniform size of 2–50 nm and high specific sur-
face area.1 Such a material is particularly promising for dealing
with nanosize molecules. Mesoporous nanoparticles have large
pores due to the presence of interparticle spaces, resulting in for-
mation of bimodal porous material. This has the advantage of re-
ducing transport limitations. Several synthesis methods have
been reported for preparing bimodal mesopores, such as the
method using two kinds of surfactants2 and others.3,4

Many researches on catalytic activity of mesoporous mate-
rials containing transitional metal have been performed. Meso-
porous materials containing niobium in the pore wall have been
investigated regarding catalytic activity for oxidation5,6 and hy-
drodesulfurization.7 Generally, Nb-mesoporous materials are
synthesized using niobium chloride6,7 or niobium ethoxide8,9 so-
lution as a starting material. Recently, we discovered that meso-
structured materials were formed from layered perovskite
K2NbO3F and alkyltrimethylammonium chloride.10 This result
suggests that layered material K2NbO3F is useful as a starting
material for a mesoporous material. However, in the case of syn-
thesis from K2NbO3F and hexadecyltrimethylammonium chlo-
ride (HDTMACl), the mesostructure collapsed by calcination
at 603K. Synthesis of mesoporous materials containing Si–Nb
complex oxide in the pore wall was examined from the view-
point of improving stability. In this study, we succeeded in pre-
paring Si–Nb-mesoporous oxides with bimodal pores from
K2NbO3F and TEOS and investigated their microstructures
and properties.

HDTMACl was used as the SDA. x cm3 (x ¼ 1; 2; 4) of
TEOS and 24 cm3 of 0.1mol/dm3 aqueous HDTMACl solution
were added to 50 cm3 of distilled water. 0.56 g of powder
K2NbO3F was immediately dispersed in this solution. The
suspension was stirred with a magnetic stirrer at 323K for 3 h.
The resulting white precipitate was recovered by filtration and
drying. The dried samples were calcined in air at 753K for 3 h
in order to remove SDA. Structural characterization of the prod-
ucts was performed using powder X-ray diffraction (XRD) and
infrared spectroscopy (IR). The pore and particle shapes were
observed by transmission electron microscopy (TEM) and Si/

Nb ratio was determined by energy dispersive X-ray analysis
(EDX). N2 adsorption–desorption isotherms were recorded at
77K and the surface area was obtained from Brunauer–
Emmett–Teller (BET) plot. The pore size distribution and pore
volume were estimated by the Dollimore–Heal method.

The XRD patterns of as-synthesized products for three dif-
ferent TEOS additions, x ¼ 1; 2, and 4 cm3, and a product syn-
thesized without K2NbO3F are shown in Figure 1a. The diffrac-
tion peaks of the products for x ¼ 1 and 2 were indexed on the
basis of 2-D-hexagonal type mesostructure. For x ¼ 4, only
one peak was observed at d spacing of 5.0 nm. This peak also in-
dicates formation of mesostructure. In the case of the product
synthesized at 323K for 3 h using 4 cm3 TEOS without
K2NbO3F, no XRD peak indicating formation of mesostructure
was observed. This result suggests that the presence of the
K2NbO3F induces the formation of the mesostructure.

The XRD patterns of calcined products are shown in Figure
1b. For x ¼ 2 and 4, apparent diffraction peaks were observed in
the range 2� ¼ 1:5{2�, while the peak for x ¼ 1 was broad.
These results indicate that the periodicity of the mesostructure
remained after removal of SDA for x ¼ 2 and 4. In the case of
x ¼ 1, however, the periodicity decreased with removal of
SDA. The IR spectra of calcined products are shown in Figure
2. All the products exhibit a symmetric stretching vibration band
at around 810 cm�1 and an antisymmetric vibration band at
around 1080 cm�1 of the tetrahedral SiO4

4� structural units. A
peak at around 960 cm�1 was also observed, which was used
to examine the incorporation of transition metal in the silica
framework.11,12 From the fact that this peak has been observed
in Nb-mesoporous silicas,7,13,14 it is considered that the products
have Si–O–Nb bond in the framework.

The TEM images of calcined products for x ¼ 1 and 4 are
shown in Figure 3. Both of the products have 2–3 nm diameter
pores due to the templating effect of HDTMA. However, the
pore arrangement was not uniform but wormhole like. Addition-
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Figure 1. XRD patterns of as–synthesized (left) and calcined
(right) products.
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ally, for x ¼ 4, ca. 20–30 nm diameter nanosize particle includ-
ing mesopores was formed. Si/Nb ratios estimated by EDX in
the meoporous materials for x ¼ 1 and 4 were 12 and 61, respec-
tively, indicating introduction of Nb into the silica framework.

The nitrogen adsorption–desorption isotherms of products
are shown Figure 4a. The amount of nitrogen adsorption for x ¼
1 is evidently lower than for x ¼ 2 and 4. This result is related to
decrease of the mesostructure periodicity observed by XRD
measurement. In the case of products at x ¼ 2 and 4, two-step
increases in nitrogen adsorption were observed in the ranges
of 0:2 < P=P0 < 0:4 and P=P0 > 0:85. This behavior indicates
that the mesoporous materials have bimodal pores. The pore size
distribution, pore diameter and BET surface area are shown
Figure 4b and Table 1. For x ¼ 4, two peaks in pore size
distribution were observed at around 2–3 and 15–40 nm. From
the results of TEM observation, it is considered that the small
pores of around 2–3 nm are due to templating effect of HDTMA
and the large pores of around 15–40 nm are due to interpaticle
spaces among the nanoparticles.

In summary, we synthesized mesoporous material from
TEOS, layered perovskite K2NbO3F and HDTMACl. TEM–
EDX and IR spectra measurements indicated that niobium was
introduced in the silica framework, resulting in formation of
Si–O–Nb bond. In the case of the synthesis without K2NbO3F,
mesostructure was not formed. Therefore, it is considered that
K2NbO3F induces the formation of the mesostructure. In addi-
tion, for x ¼ 4, we found that nanosize particle including meso-
pores formed. The Si–Nb-mesoporous material with bimodal
pores prepared in this study is a promising material for catalyst
dealing with nano scale compounds such as biomolecules. Re-
search into the details of the formation mechanism and applica-
tion studies are in progress.
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Figure 2. IR spectra of calcined products dispersed in KBr
pellets.
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Figure 3. TEM image of the calcined products for x ¼ 1 (left)
and 4 (right).
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Figure 4. N2 adsorption–desorption isotherms (left) and pore
size distribution (right) of calcined products.

Table 1. Physical properties of calcined products

Amount of TEOS
x/cm3

SBET
/m2g�1

Pore diameter
/nm

Pore volume
/cm3g�1

1 261 2.1 — 0.16
2 527 2.9 — 0.79
4 561 2.7 28.3 0.91
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