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Mesoporous Ta Oxide. 2. Improvement of the Synthetic
Method and Observation of Mesostructure Formation
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The ligand-assisted templating method for the production of mesoporous Ta,Os was
improved by the removal of noncoordinating alkylamine surfactant before aging. The
improved method increased the uniformity of the porous structure and the particle size.
The immediate precipitation after the hydrolysis of the alkylamine-coordinated Ta(OEt)s
allowed the detailed observation of the powder particles at each synthesis step by XRD, N,
adsorption isotherms, SEM, and TEM. TEM and XRD observations found that micelle rods
already existed in particles formed soon after hydrolysis. Therefore, micelle rods were
suggested to be formed even in the absence of water. Final aging at 453 K encouraged the
arrangement of the mesopores in a wormhole-like structure, which was evidenced by the
type H2 hysteresis loop of the desorption branch of N, adsorption—desorption isotherms in

addition to TEM images.

Introduction

Various mesoporous transition metal oxides have
been successfully synthesized using various types of
surfactants.’~* Among them, we have been interested
in photocatalytically active TiO,, Ta,Os, and Nb,Os,
whose synthetic methods are reported by Ying et al.1.8-10
Mesoporous Ta,Os and Nb,Os are formed by the so-
called ligand-assisted templating method, where
M(OEt)s (M = Nb and Ta) is first covalently bonded to
alkylamine to form a complete hexavalent configuration,
M(OEt)s(CrnH2n+1NH2), where M denotes Nb or Ta.
Then, water is added to produce precipitate immedi-
ately. The precipitate is settled in water and is hydro-
thermally treated to proceed dehydration and conden-
sation. One of the unique features of this method is the
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immediate formation of precipitate, differently from
other sol—gel systems. However, the details of the aging
process of this method are not yet clear.

Recently, photocatalytic activity for overall water
decomposition on Ta-containing mixed oxides has been
reported.1>20 Therefore, we synthesized mesoporous
Ta,0s and studied the photocatalytic behavior for
overall water splitting.2! While its photocatalytic capa-
bility was attractive, problems arose on the poor repro-
ducibility of the property of the product; neither the
same BET surface area nor the same pore size distribu-
tion was always obtained even through the same
synthesis procedure. Another problem was the poorly
ordered mesoporous structure. XRD patterns and pore
size distributions obtained from the adsorption branch
of N, adsorption isotherms were not as clear as those
of MCM-41. The poor thermal stability was also one of
the disadvantages for the activation of mesoporous
Ta,Os as a photocatalyst.?! Therefore, we optimized the
synthetic approach for mesoporous Ta,Os. As a result,
fine particles with better mesoporous structure were
obtained. In this study the states of the sample at each
step during the synthesis were examined by X-ray
diffraction (XRD), N, adsorption isotherms, scanning
electron microscopy (SEM), and transmission electron
microscopy (TEM).

Experimental Section

Synthesis. Mesoporous Ta,Os was synthesized following the
ligand-assisted templating method, the procedure reported by
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Antonelli and Ying.8 Octadecylamine (Kanto Chemicals, 1.65
g, 6.15 mmol) was mixed in Ta(OEt)s (Aldrich or Kojundo
Chemical Laboratory, 5.0 g, 12.30 mmol) under an Ar gas
atmosphere and warmed to 323 K for 10—30 min until
octadecylamine was dissolved completely; that is, a homoge-
neous clear liquid was obtained. To these organic metal
complexes was added deionized water (Seiki Medicine
Kougyou) through a spray with stirring. Hydrolyzation oc-
curred immediately to form fine white particles. The deionized
water was poured gradually up to 25 mL. The precipitation
was kept in the supernatant at room temperature for 24—48
h and transferred to a Teflon beaker for aging at 353 K for 1
day, 373 K for 1 day, and 453 K for 7 days, successively. The
product was collected by suction filtration and washed with
the deionized water, ethanol (Kanto Chemicals), and diethyl
ether (Kanto Chemicals). The powder was then dried at 373
K for 12 h in the atmosphere to obtain the precursor.

The precursor (1 g) was suspended in dimethoxyethane at
195 K under an Ar atmosphere, treated with trifluoromethane
sulfonic acid (Aldrich, 0.113 mL, 1.28 mmol), and kept for 1 h
at the same temperature with stirring. The suspension was
warmed to the ambient temperature and stirred for another
2 h. The powder was collected by suction filtration, washed
with 2-propanol (Kanto Chemicals), and transferred to a
beaker for washing in 2-propanol at room temperature for 1
day. The powder was collected by suction filtration with
washing by deionized water, ethanol, and diethyl ether,
respectively, and then dried in evacuation at 373 K within 12
h.

Characterization. Powder X-ray diffraction patterns (XRD)
of the products were obtained on a Rigaku Rint 2000 diffrac-
tometer using Cu Ka radiation (40 kV, 40 mA) at a 0.02 step
size and 1-s step time over the range 1.5° < 26 < 15°. A
background was subtracted in the XRD patterns shown in the
present study. N, adsorption—desorption isotherms at 77 K
were measured using a Micrometrics Coulter Omnisorp 100CX
system. Samples were normally prepared for N, adsorption
measurement by degassing at 373 K under vacuum until a
final pressure of 1 x 107° Torr was reached. BET surface areas
were estimated over a relative pressure (P/Po) ranging from
0.05 to 0.30. Pore size distributions were obtained from the
analysis of the adsorption branch of the isotherms using the
BJH (Barrett—Joyner—Halenda) method. Images of SEM and
TEM were observed on a Hitachi S-4700 FE-SEM and on a
JEOL 2010F electron microscope operated at 200 keV, respec-
tively. The samples for TEM observation were prepared by
dipping a drop of mesoporous Ta,Os powder in 2-propanol on
the copper grid covered with carbon film.

Results and Discussion

Improvement of the Mesoporous Structure of
Ta,0s. Although the molar ratio of Ta(OEt)s to octade-
cylamine was adjusted to 2:1 according to the synthetic
condition reported in the reference,® we considered the
presence and the effect of noncoordinating surfactant
molecules on the aging process and attempted to wash
the precipitate product before aging. The precipitate
formed after hydrolysis of Ta(OEt)s was once collected
for washing by water, ethanol (twice), and water again.
Hydrothermal treatment was then conducted with
another 25 mL of water at room temperature for 1 day,
353 K for 1 day, 373 K for 1 day, and 453 K for 7 days.
Figure 1A compares the adsorption branch of N iso-
therms of the mesoporous Ta,;Os samples produced by
the conventional method without washing before aging
(a) and by the present method (b), both after aging and
surfactant removal. The type IV pattern of the iso-
therms identical to the mesoporous materials was
obviously improved by washing the precipitate product
before aging, although the BET surface area was only
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Figure 1. Comparison of N, adsorption isotherms (A) and
pore size distributions (B) on mesoporous Ta,Os synthesized
by the conventional method (a) and by improved methods (b
and c). Water was added through a beaker at once in the case
of (a) and (b), while a spray was used for the sample (c).

slightly increased from 405 to 431 m2 g~1. The pore size
distribution of the sample (a) and (b) in Figure 1A is
also compared in Figure 1B. The mesoporous Tay0s
produced without washing indicated only a poor pore
size distribution (a), while those formed from the
washed precipitates showed sharp pore size distribu-
tions (b). Assuming that noncoordinating amine surfac-
tant molecules to Ta(OEt)s were participating in micelle
formation, their presence would hinder the homoge-
neous polymerization of the inorganic part as well as
the formation of uniform micelle rods. The elimination
of the free surfactant might result in a homogeneous
environment of Ta species, that is, homogeneous forma-
tion of the oxide phase.

For the production of both samples (a) and (b) water
was added instantaneously from a beaker to hydrolyze
Ta(OEt)s. We next attempted to add water through a
spray. Fine white particles were obtained when the
spray addition was employed. As shown in Figure 1A-
(c), an improved type 1V isotherm pattern was observed
by N, adsorption isotherms. By comparing the pore size
distributions of (b) and (c) in Figure 1B, the spray
addition of water was confirmed to be preferable to the
conventional method. SEM images of samples prepared
by the conventional (Figure 2A) and improved (Figure
2B) methods both aged at 453 K shows the morphologi-
cal difference. The conventional method, where water
was added instantaneously, produced larger particles
in comparison with the improved method using a spray
for water addition. Although the particle size distribu-
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Figure 2. SEM images of mesoporous Ta,Os samples prepared by the conventional (A) and the improved (B) methods, both after

aging at 453 K for 7 days.

tions of both samples are in wide ranges, the dominant
size was some hundreds of nanometers for the one
prepared by the conventional method and several tens
of nanometers for the improved method. It was also
noted that the outer surface of particles in Figure 2A is
rather flat, while fine spherical particles are observed
in Figure 2B. In addition to the spherical particle, the
improved method also produced spongelike aggregates
of fine particles several nanometers in size (not shown).
The improvement by the spray addition is probably
responsible for the homogeneous hydrolysis around
small water droplets. Thus, we optimized the condition

of hydrolysis to the addition of water through a spray
and the aging process to washing out the residual
surfactant soon after hydrolysis previously.

The aging process and condition were then examined
by XRD and N, adsorption isotherms. The aging was
performed at 353 K for 1 day and 373 K for 1 day,
followed by aging either at 423 K (Figure 3A) or 453 K
(Figures 3B and 3C) for 7 days. In the case of the sample
in Figure 3C, the precipitate was further aged at 473 K
for 1 day. Precipitates were collected at each step of
aging for XRD measurement. The upper XRD patterns
in each trace (A(d), B(d) and C(e)) are attributed to the
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Figure 3. XRD patterns of mesoporous Ta,Os samples during hydrothermal treatment. Samples were treated up to 423 K (A),
453 K (B), and 473 K (C). Patterns (a) and (b) were measured soon after hydrolysis (a) and after hydrothermal treatment at 373
K (b). A(c) and A(d) were measured after aging at 423 K and after surfactant removal. B(c) and B(d) were measured after aging
at 453 K and after surfactant removal. C(c), C(d), and C(e) were measured after aging at 423 K, followed by further aging at 473

K and after surfactant removal, respectively.
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Figure 4. Comparison of N, adsorption isotherms (A) and
pore size distributions (B) on mesoporous Ta,Os synthesized
by different aging conditions as described in Figure 3; see text.

mesoporous Ta,Os after the surfactant removal. A broad
diffraction was already observed at ca. 2.5° for the
particles before aging (a), indicating that micelle rods
that were homogeneous in diameter already existed in
the precipitates collected soon after hydrolysis. Because
(110) and (200) diffraction peaks identical to the hex-
agonal mesoporous structure were not observed clearly,
the pore structure of the mesoporous Ta;Os was not
assigned to hexagonal. The intense diffraction at 26 <

Table 1. Analysis of Mesoporous Ta,Os Synthesized by
Aging at Different Temperatures

aging temp BET surface pore size d(100)
(K) area (m?2g1) (nm) (nm)
423 413 3.0 4.2
453 410 3.3 4.4
473 402 3.4 4.4

3.0° shifted to a lower angle and became sharper by the
proceeding hydrothermal treatment. The gradual change
of micelle rods to homogeneous phase and increase in
pore size (mentioned below) are implied by these results.
Even at the final stage of aging, (110) and (200)
diffraction peaks due to the hexagonal mesoporous
structure did not become clear. Therefore, the strong
diffraction at 26 < 3.0° is rather considered to be caused
by an isomorphous distribution of wall and/or mesopores
with similar sizes. Although XRD data of the final
products are implied to be disordered mesoporous
structures with homogeneous pore sizes, we tentatively
refer to the intense diffraction peak as the (100) peak
hereafter for simplicity. In a comparison of the XRD
patterns of surfactant-removed mesoporous TayOs, (A)
showed a broader (100) diffraction than (B) and (C).
Therefore, it was suggested that 423 K was not a
sufficiently high temperature for aging. Hydrothermal
treatment at 453 and 473 K did not show a large
difference in XRD results.

N, adsorption isotherms were measured for template-
removed samples aged at different temperatures (cor-
responding to A(d), B(d), and C(e) in Figure 3). Although
the type IV isotherm pattern was found for all the
samples as shown in Figure 4A, the type IV curve was
found to be improved by increasing the aging temper-
ature from 423 to 453 K. The pore size was found to be
increased by increasing the temperature of final aging
as shown in Figure 4B. The results from XRD and N
adsorption isotherms are summarized in Table 1. BET
surface areas higher than 400 m? g~* were obtained for
all the samples, and the value of d(100) and the pore
size did not show much difference for the sample aged
at temperatures above 450 K. These results confirmed
that the temperature higher than 450 K was necessary
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Figure 5. XRD patterns to show the thermal stability of
mesoporous Ta,Os samples synthesized by the conventional
method (A) and by improved method (B). As-prepared samples
(a) were calcined either at 473 K (b), 573 K (c), 673 K (d), or
773 K (e) in air.

to complete aging. The increase of the d(001) value by
0.2 nm by increasing the aging temperature from 423
to 453 K corresponds to the increase of the repeated
distance by 0.22 nm. A simultaneous increase in pore
size was observed from ca. 3.0 to 3.2—3.3 nm (Figure
4B). Therefore, the wall thickness is considered to be
unaffected during the aging process.

Thermal Resistibility of the Mesoporous Struc-
ture. The thermal resistibility of the mesoporous Ta;Os
samples synthesized by the conventional (Figures 5A
and 6A) and the improved (Figures 5B and 6B) methods
was compared by XRD (Figure 5) and N, adsorption
isotherms (Figure 6). Both samples were prepared by
hydrothermal treatment at 353 K for 1 day, 373 K for 1
day, and 453 K for 7 days. After the surfactant removal,
the prepared samples were calcined either at 473, 573,
673, or 773 K for 1 h in air. The (100) diffraction peak
of the mesoporous Ta,Os prepared by the conventional
method extremely decreased in intensity when calcined

Kondo et al.
240
1 A (@) "
P Y1140
200~ “....oucotopio.--o.c..-oooil'l
.
) .'.‘ uuooO°
" o ooucoooooeoboeocnnooooouuoonoocoﬂeoooo
: & 000
160 - o° 00
A
=
1723
8 & © .
" 00
E 1 o o::'.. gﬁ%‘;un‘uuuu: uuuuu DnuuDDL‘Innunuuuuuuuuuunuunnuuunﬂﬂ&ﬂuun
El R
B - ST ( )
2 B0 et -
T PQBEPAAAA‘A xxxx")"‘x"X""X""XXXXXXXxxxxxxxxxxxxxxxxxxxxxxxxx xxxxx XX
e -
40 S
”
0 T T ¥ T T T T . r .
0 01 02 03 04 05 06 07 08 09 10
P/ P,
350
B (b
o
T oooonoooooeonooooooooooooﬂ
0 T ravessaeesstessssnsssrnssrasestt
E " @)
n
50 250
[=9
[
S aasbasd
2 200
g 200 =
2
g
£ 150+ )
g wuunnuunnunﬂuununnuuuunnnnuuunuuuuuuuuunnnununnuﬂ
100
xxxxxXxxxXXKXXXXXxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxXXxxxxxxxxXXK
50 oo (e)

0 T T T T T T T T T T
0 01 02 03 04 05 06 07 08 09 10
P/ Py

Figure 6. N; adsorption isotherms to show the thermal
stability of mesoporous Ta,Os samples synthesized by the
conventional method (A) and by improved method (B). As-
prepared samples (a) were calcined either at 473 K (b), 573 K
(c), 673 K (d), or 773 K (e) in air.

Table 2. Change of BET Surface Area upon Calcination
of Mesoporous Ta;Os (m2 g—1)

calcination conventional improved

temperature method method
none 427 410
473 K 417 397
573 K 310 387
673 K 290 330
773 K 180 253

at 473 K and then gradually weakened with increasing
the calcination temperature. On the other hand, the
improved synthesizing method also increased the ther-
mal resistibility of the mesoporous Ta,Os: calcination
at 473 K did not so much affect the XRD pattern and
about half of the intensity of the (100) diffraction still
remained on the sample calcined at 673 K.

The advantage of the improved method for the
thermal resistibility also appeared in the sustenance of
the type IV pattern of N, adsorption isotherms as well
as BET surface areas as compared in Figure 6 and Table
2. The type IV isotherm was not changed after calcina-
tion of the sample prepared by the present method at
473 K, while that of the sample produced by the
conventional method already commenced to be de-
stroyed after calcination at the same temperature. This
result is in good agreement with the XRD patterns
observed in Figure 5. Although the isotherms of both
mesoporous Ta,0s samples after calcination at 773 K
seemed to be almost the same, the difference was seen
in the BET surface area. The improved sample still
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Figure 7. TEM images of mesoporous Ta,Os samples soon
aging at 473 K (B).

possessed high surface area (253 m? g=1) even after
calcination at 773 K. This corresponds to SiO, with more
than 900 m? g=! when one estimates the value by
converting from Ta,0Os to Si»,O4 unit. Therefore, the
mesoporous Ta,Os prepared by the improved method is
expected to be practically utilized for various applica-
tions, although Ta,Os consisting of the wall was con-
firmed to be amorphous by XRD. (An exothermal peak
due to crystallization was observed only at 984 K at a
heating rate of 10 K-min—1.)

TEM Observation and Arrangement of Mesopo-
res. The formation of precipitates from the initial stage
of the aging process enabled us to visually observe the
samples by TEM in addition to the results from XRD
and N, adsorption isotherms. TEM images give us the
structure of organic and inorganic phases in particles.
Alternative black and white lines are observed in the
sample before aging as shown in Figure 7A. This
supports the XRD results, indicating the presence of

2520007
00

after hydrolysis (A) and after aging at 453 K followed by further

micelle rods in the particle even before the aging
process. Considering the spherical particle shape ob-
served in SEM images in Figure 2B, the hydrophilic part
of the micelle rods, which are already formed in the Ta-
(OEt)s—octadecylamine solution, seem to immediately
run into the added water drops of spherical particles.
After the aging process at 453 K for 7 days, no straight
rods were observed, but spots and wormhole-like me-
soporous structures were identified in TEM images from
various parts. Further aging at 473 K for 24 h was found
to have little effect on the pore structure as far as the
sample was observed by TEM (Figure 7B). Therefore,
it is concluded that homogeneous three-dimensional
wormhole-like mesoporous structure is the stable phase
for the presently prepared mesoporous Ta,Os. The
sharpness of the d(100) diffraction in XRD patterns of
the final product (Figure 3) is attributed to the homo-
geneous structure.
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Figure 8. N; adsorption and desorption isotherms of meso-
porous Ta,0Os samples aged at 423 K (a) and at 453 K followed
by further aging at 473 K (b).

The transformation of the mesoporous phase during
the aging process is also supported by the change of the
desorption branch of N, adsorption isotherms. Figure
8 compares the N, adsorption—desorption isotherms of
the samples finally aged at different temperatures: at
423 K for 7 days (a) and at 453 K for 7 days followed by
further aging at 473 K for 24 h (b). The shape of the
hysteresis loop is known to be reflected by the shape of
mesopores,?? and a change of the desorption branch was

(22) Rouquerol, F.; Rouquerol, J.; Sing, K. In Adsorption by Powderd
and Porous Solids; Academic Press: San Diego, 1999.
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observed from Figure 8a to Figure 8b by aging. Type
H2 loop (or type IVb isotherm) in Figure 8b indicates
the formation of complex and interconnected networks
of pores.

Conclusion

The ligand-assisted preparation method of mesopo-
rous TayOs was improved, and uniform wormhole-like
mesopores were finally formed in amorphous TayOs
particles. The gradual formation of the pore structure
was observed by XRD, TEM, and N, adsorption iso-
therms at different aging temperatures. The precursors
of mesopores, micelle rods, were evidenced in particles
soon after hydrolysis by TEM. Ordered straight rods
were found in the sample after the final aging at 423 K
together with the wormhole-like pore structure, and the
final aging at either 453 or 473 K resulted in the
arrangement of a wormhole-like pore structure.
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