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Crystallized Mesoporous Ta-Nb Oxide

Crystallization of an Ordered Mesoporous Nb-Ta
Oxide**
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Kazunari Domen*

The preparation and application of mesoporous materials has
been in recent years extended from silica-based materials to
general inorganic materials such as oxides, sulfides and
metals.!] Applications now include catalysis, sorption, and
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sensing, as well as nano devices. In particular, mesoporous
transition-metal oxides are expected to be useful functional
inorganic materials with a wide range of potential applica-
tions.”) For example, mesoporous Ta,Os and Mg-Ta mixed
oxidel exhibit high photocatalytic activity for the decom-
position of water into H, and O, under ultraviolet irradiation,
and mesoporous SnO, with a uniform pore size has been
investigated as a gas sensor.’! The amorphous pore walls of
most mesoporous materials, which offer only poor thermal
and mechanical stability, restrict the range of applications of
these materials; whereas a crystallized wall structure can be
expected to provide better thermal and mechanical stability
as well as superior electric and optical properties. The
crystallization and crystallinity of mesoporous materials
have therefore attracted much attention. Hybrid mesoporous
materials (HMMSs), prepared from  alkoxysilane
(CH;CH,0);Si—C4H,—Si(OCH,CH};); and with a 2D hexag-
onal mesoporous structure, were recently reported to have
periodically ordered phenyl groups.’! The synthesis of mes-
oporous zeolite single-crystals has also been reported.”l We
reported the preparation of crystallized mesoporous Nb-Ta
oxide (NbTa-TIT-1) consisting of single-crystal particles
forming a wormholelike mesoporous structure.®! This
Nb-Ta oxide exhibits remarkable hydrothermal and mechan-
ical stability, and the preparation of single-crystal particles in
an ordered mesoporous structure would be of significant
interest. We successfully synthesized a Nb-Ta mixed oxide
with 2D hexagonally ordered mesoporous structure,’! and
attempted the preparation of a crystallized wall structure.
However, the material obtained consisted of crystallized
particles in a wormholelike mesoporous structure, which
suggests that the wormhole structure is formed during
crystallization regardless of the structure of the amorphous
precursor. The pore diameter increases from 6 to 13 nm and
the wall thickness remains widely distributed (4-8 nm) after
crystallization, suggestive of considerable mass transfer
during the process. These findings appear to indicate that it
is difficult to preserve the original ordered mesoporous
structure after crystallization by simple calcination in air.[']

Nanoporous carbon materials were prepared from various
mesoporous silica templates.''l Recently, as one of the
advanced applications, it was reported that highly ordered
mesoporous silica can be regenerated from nanoporous
carbon materials.'?l As such carbon materials exhibit excel-
lent thermal stability in inert atmospheres.'! Mesopores of
ordered mesoporous Nb-Ta oxide filled with carbon may
offer a means of preserving the ordered mesoporous structure
during crystallization. We have examined this possibility by
filling the mesopores of 2D hexagonally ordered Nb-Ta oxide
with carbon prior to crystallization. The results of crystal-
lization are presented herein.

Figure 1 shows a typical transmission electron microscopy
(TEM) image and electron diffraction (ED) pattern (inset) of
the 2D hexagonally ordered mesoporous Nb—Ta oxide, which
was used as an amorphous precursor for crystallization. The
preparation method was reported in detail previously.”] The
ordered mesoporous Nb-Ta oxide was then crystallized
following the procedure shown in Figure 2. After crystalliza-
tion, a peak attributed to an ordered mesoporous structure
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Figure 1. Representative TEM image and ED pattern (inset) of 2D hex-
agonally ordered mesoporous Nb-Ta oxide.

',,/ ’o/ ,,///

/, ,., , /,,, »

r/,// ,// 7 /// //

mmmes Amorphous wall
w. Crystallized wall

Figure 2. Conceptual scheme of the synthesis of mesoporous Nb-Ta
oxide with 2D hexagonally ordered mesoporous structure and crystal-
lized wall structure. a) Accumulation of polymerized furfuryl alcohol
and subsequent carbonization at 823 K in vacuo. b) Crystallization of
walls at 923 K under He. c) Removal of carbon by calcination at 773 K
in air.

(d spacing=6.8 nm) was observed in the powder X-ray
diffraction (XRD) pattern (Figure 3). Wide-angle powder
XRD revealed that a completely crystallized oxide phase,
similar to that of NbTa-TIT-10" was prepared by calcination
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Figure 3. A) Low- and B) wide-angle powder XRD patterns a) before
and b) after crystallization of 2D hexagonally ordered mesoporous Nb-
Ta oxide. I=intensity, arbitrary units.
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of the Nb-Ta oxide in air. The detailed assignment of peaks in
the wide-angle powder XRD pattern has also been given in a
previous report.®l These results imply the presence of both an
ordered mesoporous structure and crystallized walls. Fig-
ure 4a shows the TEM image of a particle with 2D
hexagonally ordered mesopore channels, having somewhat
curved lines. The ED pattern for the whole particle consists of
mixed spots on a ring pattern. As the size of the single-crystal
domain is not clear from Figure 4, ED patterns were obtained
for smaller areas. Figure 4b) is a TEM image in a 100 nm

a)

Figure 4. Typical TEM and ED analyses of NbTa-TIT-2. a) Image and
ED pattern (inset) of a whole particle. b) Image and ED pattern (inset)
of single-crystal domain of 100 nm.

region with corresponding ED pattern (inset). The observed
mesoporous region consists of a single crystalline domain.
The presence of mesopores in a single-crystal domain can be
directly observed in high-resolution (HR) TEM images. As
indicated by the arrows in the inset of Figure Sa and b, the
lattice fringes extend coherently across several mesopores,
thus confirming the existence of mesopores in a single-crystal
domain. Figure 5a and b, taken for the same particle, reveal
different directions of lattice fringes. This is consistent with
the fact that there are several single-crystal domains in a
particle. In the HRTEM image taken along the pore channel
axis (Figure 5c¢) lattice fringes can be seen in the walls around
pores with almost the same size and arrangement of
mesopores as prior to crystallization. From these results, the
mixed spot ED pattern (Figure 4 a inset) is attributable to the
presence of several single-crystal domains in the particle
within an ordered mesoporous structure. From energy-
dispersive X-ray spectroscopy (EDX) analysis, an Nb/Ta
ratio of about one was confirmed at approximately 10 points
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Figure 5. HRTEM images of NbTa-TIT-2. a) And b) lattice fringes in dif-
ferent orientations with respect to the pore channel direction. c) Lattice
fringes on walls, viewed perpendicular to the pore channel axis.

(< ca. 5nm size) on a particle in Figure 3a. This material is
denoted NbTa-TIT-2, and represents a material obtained
from a carbon-filled amorphous precursor with a 2D hexag-
onally ordered mesoporous structure.

The role of carbon in the preservation of the mesoporous
structure was also examined. In the case of crystallization
under helium at 923K for 1h in the absence of a carbon
template, no peak was observed in the low 26 region (1-6°) of
the XRD results, and an N, uptake owing to the mesopores
appeared at a relative pressure of around P/P,=0.8 (P,=1x
10° Pa). These results represent the physicochemical changes
of NbTa-TIT-1 with the wormhole mesoporous structure, and
differs markedly from the results for NbTa-TIT-2. Therefore,
NbTa-TIT-2 cannot be constructed by calcination under
helium without a carbon template. The mesoporous structure
appears to be stabilized by the carbon template, thus
preventing the structural change from a 2D hexagonal to a
wormhole structure during crystallization.

According to the results shown in Figure 6, the N, uptake
at P/Py=0.5-0.7 for NbTa-TIT-2 is approximately a quarter
of that of the amorphous precursor. The N, uptake at P/P,=
0.8 is derived from large pores, which increases markedly in
size after crystallization of the amorphous precursor. In
addition, the mesopore volume per gram decreases from 0.34
to 0.23 mL g™}, probably owing to the collapse of mesopores.
Therefore, approximately three quarters of the original
mesopores (ca. 6.0 nm) of the amorphous precursor either
are converted to larger pores or collapse after crystallization.
Crystal domains with lower pore-wall periodicity are also
observed by HRTEM. From the results obtained by XRD, N,
isotherm and TEM image (see Supporting Information)
before the removal of carbon (after crystallization of the
pore walls), we regard the insufficient carbon content inside
the pores of the sample as one of the reasons for the low yield
of NbTa-TIT-2. Despite this low yield, the carbon templating
method is still effective for controlling the mesoporous
structure of crystallized mesoporous materials.
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Figure 6. A) N, sorption isotherms and B) pore size distributions
a) before and b) after crystallization of 2D hexagonally ordered meso-
porous Nb—Ta oxide. V=volume of N, per gram of material.

Experimental Section

Two-dimensional hexagonal mesoporous Nb-Ta oxide, the amor-
phous precursor for crystallization, was synthesized based on a
reported procedure.l”) The pore wall crystallization method is shown
in Figure 2. Furfuryl alcohol vapor (0.023 molh™!) in nitrogen gas
(30 mL min~') was passed through the amorphous precursor fixed in a
reactor at 473 K for 2 h. The brown color of the resulting sample
arises from the accumulation of polymerized furfuryl alcohol. The
polymerized furfuryl alcohol in the brown sample was then changed
to black carbon by carbonization at 823 K for 3 h in vacuo. The
sample was subsequently crystallized by heating in a He atmosphere
at 923 K for 2 h. The carbon template in the crystallized sample was
then removed by calcination at 773 K for 15 h in air. Powder XRD
patterns were obtained on a Rigaku RINT 2100 diffractometer with
Cug, radiation. TEM images, ED patterns and EDX were obtained
using a 200 kV JEOL JEM2010F microscope. N, sorption isotherms
were measured using SA-3100 systems, and pore-size distributions
were determined by Barett-Joyner-Halenda (BJH) analysis.
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