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Bi;MoOg nanoplates with an Aurivillius structure and a uni-
form thickness of 15-30 nm were fabricated by a hydrothermal
process at 413 K for 48 h with the assistance of the surfactant
cetyltrimethylammonium bromide (CTAB). The nanoplate
structure was favorable to the photocatalytic O,-evolution per-
formance under visible light irradiation.

In recent years, nanoscale materials, especially low-dimen-
sional inorganic semiconductor materials have attracted great
interest because of their size-dependent optical and electronic
properties and potential applications in nanoscale electronics
and photonics.! The preparation of nanoscale photocatalysts is
also of great interest, because nanomaterials offer a high sur-
face-to-volume ratio and short distance from bulk to surface,
which are favored for the migration of electrons and holes,
and this property reduces the probability of recombination of
photogenerated electrons and holes.> However, nanomaterials
of ternary compounds have not been extensively reported.

Bismuth molybdates are interesting, not only as materials
for their catalytic applications on selective oxidation and am-
moxidation of lower olefins,> but also because of their unique
physical properties with other potential technological applica-
tions, e.g., as ionic conductors,”® acousto-optical materials,”!!
photoconductors,'? and gas sensors.'> Bismuth molybdate was
also developed to be a visible-light responsive photocatalyst.'*!3
Thus, if nanoscale bismuth molybdate can be fabricated success-
fully, it will provide an attractive candidate for these potential
applications.

Bismuth molybdates exist in three different crystallographic
phases: ®@-Bi;Mo0301,, B-BizM0,0g, and y—BizM006,16 and
each phase exhibits different properties. The phase that shows
a highly selective oxidation property is generally ®-Bi,Mo305,,
while y-Bi;MoOg, with an Aurivillius structure, shows photoca-
talytic activity for O, evolution under visible-light irradiation.'>
Various processes have been developed to prepare bismuth
molybdates. However, hydrothermal synthesis of y-Bi,MoOg
with the Aurivillius structure is limited.'” In this paper, we report
the successful fabrication of uniform Bi,MoOg nanoplates with
an Aurivillius structure via a hydrothermal process with the
assistance of the surfactant CTAB. Their photophysical and
photocatalytic properties were studied.

All chemicals were analytical grade and were used as re-
ceived, without further purification. In a typical procedure,
CTAB was added into 17.9 mL of 0.1 mol L™! aqueous (NHy)s-
Mo,0,4 (Kanto, 99.0%) solution and magnetically stirred until a
homogeneous gel was formed. To control the shape of the
products, the concentrations of CTAB were adjusted to O,
0.25, and 0.5mol L~!. Subsequently, 16.6mL of 1.5molL~!

of Bi(NO3);3+5H,0 (Kanto, 99.0%) in a 2.0 mol L~' HNOj; solu-
tion was added dropwise into the molybdate solution under stir-
ring. The pH of the mixture was adjusted to 8.0 with an aqueous
ammonia solution. After further stirring for half an hour, the
mixture was transferred into a Teflon-lined stainless autoclave
and maintained at 413 K for 48h. The products were filtered
off, washed several times with distilled water and absolute
ethanol, and finally dried at room temperature.

X-ray powder diffraction (XRD) patterns were measured
with an X-ray diffractometer with CuKoa radiation (Rigaku;
MiniFlex). Field-emission scanning electron microscopic (FE-
SEM) images were obtained with a JEOL JSM-6700F electron
microscope. Diffuse reflection spectra were obtained with a
UV-vis—-NIR spectrometer (JASCO: Ubest V-570) and were
converted from reflection to absorption by the Kubelka—Munk
method. The photocatalytic properties were investigated by O,
evolution from an aqueous AgNO; solution (0.05molL™")
under visible light irradiation (Kenko, L-42 (A > 420 nm)).
The amount of evolved O, was determined by gas chromatogra-
phy (Shimadzu GC-8A, TCD, Ar carrier). After the samples
were calcined at 823 K for 5 h in air, they were used as photoca-
talysts.

The XRD patterns of samples synthesized hydrothermally
and by a solid-state process are shown in Figure 1. The positions
of all diffraction peaks in the four samples agreed well and were
indexed to y-Bi;MoOg with the Aurivillius structure. This result
indicates that the present hydrothermal conditions used in the
synthesis (pH 8, 413 K) are favorable for the crystallization of
Bi,MoOg in this structure. However, differences in the intensi-
ties and peak widths of several diffraction peaks among the sam-
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Figure 1. X-ray diffraction patterns of JCPDS Card No. 21-
0102; (a) Bi;MoOQOg prepared by a solid-state reaction at 8§23 K
for 5h; (b)—(d) hydrothermally synthesized Bi,MoOg with the
presence of 0, 0.25, and 0.5mol L~! of CTAB, respectively.
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ples were observed. The solid-state-prepared sample showed the
narrowest, most intense peak for the (131) plane among the sam-
ples, while the hydrothermally synthesized samples showed
broad, low intensity peaks. This observation suggests that the
crystallinity and microstructure of the materials were different
from one another.

Figure 2 shows typical FE-SEM images of Bi,Mo0oOg sam-
ples prepared by the solid-state reaction and the hydrothermal
process. The solid-state-prepared Bi,MoOg consisted of large ir-
regular particles up to 500 nm (Figure 2a). The hydrothermally
synthesized Bi;MoQOg exhibited platelet-shaped particles, even
in the absence of CTAB. Bi;MoOg samples hydrothermally syn-
thesized by Beale et al.'” also showed platelet-like particles. In
the absence of CTAB, the particles obtained were not uniform,
and the thickness of most particles was larger than 100 nm. How-
ever, the presence of CTAB in the synthesis significantly im-
proved the uniformity of the plate structure and decreased the
plate thickness. As shown in Figure 2c, the presence of a low
concentration CTAB led to the formation of nanoplate-struc-
tured BinMoQOg. As the concentration of CTAB was increased
to 0.5 mol L™, the uniformity of the nanoplates was further im-
proved, and a great number of platelet-type crystals with uniform
thickness, particle size, and high aspect ratio were observed, as
shown in Figure 2d. The typical thickness of the plate was in
the range of 15-30 nm. Thus, it can be concluded that uniform
Bi,MoOg nanoplates were able to be synthesized hydrothermal-
ly with the assistance of the CTAB surfactant. The surfactant
would form lamellar micelles at a certain concentration, and
the bismuth and molybdate species were intercalated between
the lamellar structures. Under hydrothermal conditions, the inor-
ganic species would form bismuth molybdate nanoplates with a
high aspect ratio.

Table 1 lists the band gaps, surface areas, and photocatalytic
activities of the calcined Bi,MoOg samples. An increase in the
bandgap with the formation of platelet structure was observed.
The nanoplate-structured catalyst prepared in the absence of
CTAB (HT-0) gave a higher activity than that of bulk Bi,MoOg¢
prepared by the solid-state method (SS), indicating that the nano-
plate-structured Bi,MoOg was more active than the bulk sample,

Figure 2. FE-SEM images of (a) Bi,MoOg prepared by a solid-
state reaction at 823 K for 5h; (b)—(d) hydrothermally synthe-
sized Bi;MoQg with the presence of 0, 0.25, and 0.5 mol L™!
of CTAB, respectively.
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Table 1. The physical parameters of Bi,MoOg and the photoca-
talytic activities for oxygen evolution from an aqueous AgNO;
solution under visible light irradiation

Band gap/ Surface area/ Activityb /
a
Samples eV m?g~! pmol-h~!
SS 2.64 2.3 11
HT-0 2.70 3.5 15
HT-0.25 2.74 4.2 2
HT-0.5 2.80 5.4 6

4SS: Bi;MoOg prepared by a solid-state reaction; HT: Hydro-
thermally synthesized Bi;MoOg, the followed numbers de-
noted the concentration of CTAB used. PCatalyst: 0.2 g,
light > 420 nm, 0.05 mol L-! AgNO;3: 150 mL.

because of the short migration distance of electrons and holes to
the surface, resulting in the low probability of recombination.
Furthermore, the highly uniform nanoplates (HT-0.5) exhibited
a higher activity than the less-uniform Bi;MoOs (HT-0.25).
However, the samples synthesized in the presence of CTAB
gave lower activities than that synthesized in the absence of
CTAB. This observation might be explained by the low crystal-
linity and the wide band gap of the former sample.

In summary, bismuth molybdate nanoplates were synthe-
sized successfully via a hydrothermal process with the assistance
of a surfactant. The synthesized nanoplates were active for
photocatalytic O, evolution.

This research was supported by CREST/JST and a Grant-in-
Aid (No. 14050090) for Priority Area Research (No. 417) from
MEXT, Japan.

References

1 “Nanotechnology,” ed. by G. Timp, Springer, New York (1998).

2 G. Rothenberger, J. Moser, M. Gritzel, N. Serpone, and D. K.
Sharma, J. Am. Chem. Soc., 107, 8054 (1985).

3 R. K. Grasselli, “Handbook of Heterogeneous Catalysis,” ed. by
G. Ertl and H. J. Knozinger, Weitkamp, Wiley-VCH, Weinheim
(1997), Vol. 5.

4 C.N. Satterfield, “Heterogeneous Catalysis in Industrial Practice,”
McGraw Hill, New York (1991).

5 Y. Moro-Oka and W. Ueda, Adv. Catal., 40, 233 (1994).

6 M. M. Bettahar, G. Costentin, L. Savary, and J. C. Lavalley,
Appl. Catal., A, 145, 1 (1996).

7 R. N. Vannier, F. Abraham, G. Nowogrocki, and G. Mairesse,
J. Solid State Chem., 142, 294 (1999).

8 L. T. Sim, C. K. Lee, and A. R. West, J. Mater. Chem., 12, 17
(2002).

9 V. Marinova and M. Veleva, Opt. Mater., 19, 329 (2002).

10 D. K. Biegelsen, T. Chen, and J. C. Zesch, J. Appl. Phys., 46, 941
(1975).

11 K. Y. Kang, P. H. Her, M. S. Jang, H. K. Kim, H. L. Park, D.
Finotello, and M. H. W. Chan, Solid State Commun., 67, 723
(1988).

12 T. Sekiya, A. Tsuzuki, and Y. Torii, Mater. Res. Bull., 21, 601
(1986).

13 N. Hykaway, W. Sears, M. R. F. Frindt, and S. R. Morrison, Sens.
Actuators, 15, 105 (1988).

14 A. Kudo and S. Hijii, Chem. Lett., 1999, 1103.

15 H. Kato, M. Hori, R. Konta, Y. Shimodaira, and A. Kudo, Chem.
Lett., 33, 1348 (2004).

16 G. W. Keulks, L. D. Krenzke, and T. M. Notermann, Adv. Catal.,
27, 183 (1978).

17 A. M. Beale and G. Sankar, Chem. Mater., 15, 146 (2003).

Published on the web (Advance View) October 15, 2005; DOI 10.1246/c1.2005.1528



