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Crystalline tungsten oxide (WO3) nanorods with diameters
of approximately 8 nm were prepared using SBA-15 mesoporous
silica as a hard template and ammonium metatungstate as a
tungsten source, which have larger surface area (ca. 90m2 g¹1)
than other WO3 materials and, therefore, exhibit superior
photocatalytic activity for the decomposition of acetic acid
under visible light irradiation after Pt loading.

The development of visible light-driven photocatalysts is
highly desirable for the efficient decomposition of environ-
mental organic contaminants using sunlight or indoor fluorescent
lights. Recently, much attention has been focused on tung-
sten(VI) oxide (WO3) for the decomposition of organic
compounds under visible light because it exhibits high photo-
catalytic activity when the surface is modified with nano-
particulate platinum (Pt),1,2 palladium (Pd),3 or copper oxide
(CuO).4­6

In general, high photocatalytic activity requires both high
crystallinity, that is, a low density of lattice defects, to reduce the
recombination of the photoexcited electrons and holes required
for the catalytic reaction, as well as a large surface area to
increase the density of active surface sites where the photo-
catalytic reaction can take place.7­9 Unfortunately, these two
features are generally exclusive in the current preparation of
photocatalytic semiconductors. High crystallinity is typically
obtained by calcination at high temperatures for long periods,
which generally results in lowered surface areas.

There is intense research to produce crystalline WO3 with
larger surface areas. Miyauchi10,11 reported hydrothermal syn-
thesis of WO3 with surface area of ca. 25m2 g¹1, and we12,13

have reported three-dimentionally ordered macroporous WO3

with surface area of 20­30m2 g¹1. In order to enhance photo-
catalytic activity, crystalline WO3 with much larger surface area
is needed.

There have been several reports regarding the production of
nanometer size WO3 crystals using mesoporous silica tem-
plates.14­19 All the reported methods have employed phospho-
tungstic acid, a Keggin-type tungsten­phosphorous mixed oxide
cluster,20 as a tungsten precursor. The Keggin-type phospho-
tungstic acid has a central PO4 tetrahedron with 12 surrounding
WO6 octahedra. However, WO3 materials prepared from
phosphotungstic acid are not photocatalytically active, probably
because of the presence of residual phosphorus impurities after
calcination.13

We describe a method to produce pure crystalline WO3

nanorods using SBA-15 as a mesoporous silica template and
ammonium metatungstate as the tungsten source. Ammonium
metatungstate ((NH4)6H2W12O40) is a Keggin-type tungsten

oxide cluster that does not include phosphorus species,20 is
stable in water and polar solvents, and can be infiltrated in
template voids.13

Ammonium metatungstate was impregnated into the pores of
SBA-15, and tungsten oxide (WO3) was formed by subsequent
calcination at 873K. The silica template was removed by HF
treatment, and the WO3 obtained was washed with water.23

Figures 1 and S123 show SEM and TEM images of the
synthesized WO3 material. The SEM image (Figure S1a23) of
the WO3 materials obtained after silica removal shows two types
of particles, nanorod particles and large particles with diameters
of several hundred nanometers. The nanorod particles have
diameters of ca. 7 to 8 nm, which indicates that the SBA-15
pores acted as a successful template. The large submicron-sized
particles were also observed before silica removal (Figure 1a),
which indicates that they were formed outside of the SBA-15
template. To remove the large particles, the mixture was
suspended in ethanol and centrifuged. The obtained supernatant
was separated from the sedimented solid, and a yellow solid
(34% yield) was obtained by drying the supernatant (Table 1,
Entry 3).

The obtained yellow solid contains nanorod particles with
diameters of ca. 7 to 8 nm and lengths of 20 to 50 nm
(Figures 1b, 1c, and S1b).23 No other particles were observed
in the electron micrographs, which indicates the material
exclusively contains nanorod particles. The lattice fringes were
observed in each nanorod (Figure 1b), which implies that these
are crystalline materials.

The BET surface area of the obtained material was 89m2 g¹1

(Table 1, Entry 3), which is similar to the calculated value,21 and
support that the obtained material is exclusively composed of
nanometer-sized particles.

Figure 2 shows XRD patterns of WO3 particles obtained
from ammonium metatungstate with and without the SBA-15
template. Peaks attributed to monoclinic WO3 (JCPDS 43-1035)
were observed, and all peaks were broad; the crystallite size
estimated from the Scherrer equation using the (120) diffraction
was ca. 10 nm. This result together with electron microscopy
observations and surface area measurement confirms that the
obtained material is exclusively composed of crystalline WO3

nanorods.
Table 1 summarizes the yield, surface area, and nitrogen

contents of the crystalline WO3 nanorods prepared after different
calcination temperatures. Calcination temperatures between 773
and 1073K were suitable for the production of crystalline WO3

nanorods without detectable nitrogen content (Entries 2, 3, 4,
and 5, and Figure S2c23). The sedimented WO3 solids obtained
after centrifugation have smaller surface area, because they
contain both nanorods and large crystals (Table S1, Figures S1c
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and S1d).23 The presence of large crystals was also confirmed
by powder XRD with sharper peaks (Figure S2b23). Nanorod
materials with large surface area could be obtained even at
1073K, which is not possible with organic templates.13,22

However, only large crystals were obtained at calcination
temperature of 1273K (Table 1, Entry 6 and Table S1,
Enrty 6),23 which indicates that sintering of the WO3 crystals
occurred even in the presence SBA-15 template at such a high
temperature (Figures S2a and S2b).23

Diffuse reflectance UV­vis spectra indicate that WO3

nanorods have more intense adsorption in a range of 500­
800 nm (Figure S323), which indicate reduction of W in the
nanorod materials. Detailed investigation is now underway in
our group.

The photocatalytic decomposition of acetic acid was
evaluated after loading the WO3 samples with Pt as a co-
catalyst.23 Figure 3 shows the generation of CO2 during the gas-
phase decomposition of acetic acid over Pt-loaded WO3 nano-

Table 1. Yield, surface area, nitrogen contents, and relative
photocatalytic activity of the obtained crystalline WO3 nanorods

Entry
Calcd
temp/K

Yield
/%

Surf. area
/m2g¹1

N cont.
/wt%

Relative CO2

evolution ratea

1 673 1 0.26
2 773 14 88 0
3 873 34 89 0 1.7
4 973 30 86 0 1.5
5 1073 28 83 0 1.7
6 1273 0
7 3DOM WO3 prepared PMMA sphere (diameter: 181 nm)b

11 1.0
8 3DOM WO3 prepared PMMA sphere (diameter: 86 nm)b

23 1.3
aPhotocatalytic activity (CO2 evolution rate) was compared to
CO2 evolution rate of three-dimensionally ordered macro-
porous (3DOM) WO3 prepared using poly(methyl methacry-
late) (PMMA) sphere (PMMA diameter: 181 nm) at 873K of
calcination temperature. bData from ref 13.
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Figure 2. XRD patterns of (a) WO3 prepared by calcination
of ammonium metatungstate without a template at 1273K and
(b) WO3 nanorods prepared using SBA-15 as a template and
calcined at 873K.
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Figure 3. Time course of CO2 evolution over Pt-loaded WO3
prepared using SBA-15 as a template ( ) and using PMMA
spheres (diameter: 181 nm) ( ). Calcination temperature was
873K.

Figure 1. SEM and TEM images of WO3 materials prepared
using SBA-15 as a template. (a) WO3 materials before SBA-15
removal. (b) and (c) WO3 nanorods separated by centrifugation.
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rods and 3DOM WO3 prepared using the PMMA colloidal
crystal template (at a calcination temperature of 873K). CO2

generation was observed immediately upon irradiation for all
samples, without an appreciable induction time. The rate of CO2

generation over the WO3 nanorods was considerably higher than
that for the corresponding 3DOM sample (Table 1), and this
improvement is most likely due to the enlarged surface area.
Further tuning of the crystal size and surface area to improve the
catalytic activity is presently underway.

Crystalline WO3 nanorods were successfully prepared using
SBA-15 as a template and ammonium metatungstate as a
tungsten source. The nanorods had diameters of ca. 8 nm and
were 20 to 50 nm long with large surface areas. The photo-
catalytic activity of these materials was higher than that of our
previously prepared 3DOM crystalline WO3 because of its larger
surface area.
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Japan. We thank Dr. Y. Mouri, the Natural Science Center for
Basic Research and Development (N-BARD), Hiroshima Uni-
versity for measurement of the nitrogen contents. TEM was
performed using JEM-2010 (JEOL) at N-BARD, Hiroshima
University.

References and Notes
1 A. Sclafani, L. Palmisano, G. Marcí, A. M. Venezia, Sol.

Energy Mater. Sol. Cells 1998, 51, 203.
2 R. Abe, H. Takami, N. Murakami, B. Ohtani, J. Am. Chem.

Soc. 2008, 130, 7780.
3 T. Arai, M. Horiguchi, M. Yanagida, T. Gunji, H. Sugihara,

K. Sayama, Chem. Commun. 2008, 5565.
4 T. Arai, M. Yanagida, Y. Konishi, Y. Iwasaki, H. Sugihara,

K. Sayama, J. Phys. Chem. C 2007, 111, 7574.
5 T. Arai, M. Yanagida, Y. Konishi, Y. Iwasaki, H. Sugihara,

K. Sayama, Catal. Commun. 2008, 9, 1254.
6 T. Arai, M. Yanagida, Y. Konishi, A. Ikura, Y. Iwasaki, H.

Sugihara, K. Sayama, Appl. Catal., B 2008, 84, 42.
7 S. Ikeda, N. Sugiyama, S. Murakami, H. Kominami, Y. Kera,

H. Noguchi, K. Uosaki, T. Torimoto, B. Ohtani, Phys. Chem.
Chem. Phys. 2003, 5, 778.

8 B. Ohtani, S. Nishimoto, J. Phys. Chem. 1993, 97, 920.
9 Y. Noda, B. Lee, K. Domen, J. N. Kondo, Chem. Mater.

2008, 20, 5361.
10 Z.-G. Zhao, M. Miyauchi, Angew. Chem., Int. Ed. 2008, 47,

7051.
11 Z.-G. Zhao, M. Miyauchi, J. Phys. Chem. C 2009, 113,

6539.
12 M. Sadakane, K. Sasaki, H. Kunioku, B. Ohtani, W. Ueda,

R. Abe, Chem. Commun. 2008, 6552.
13 M. Sadakane, K. Sasaki, H. Kunioku, B. Ohtani, R. Abe, W.

Ueda, J. Mater. Chem. 2010, 20, 1811.
14 E. Kang, S. An, S. Yoon, J. K. Kim, J. Lee, J. Mater. Chem.

2010, 20, 7416.
15 B. Yue, H. Tang, Z. Kong, K. Zhu, C. Dickinson, W. Zhou,

H. He, Chem. Phys. Lett. 2005, 407, 83.
16 X. Cui, H. Zhang, X. Dong, H. Chen, L. Zhang, L. Guo, J.

Shi, J. Mater. Chem. 2008, 18, 3575.
17 K. Zhu, H. He, S. Xie, X. Zhang, W. Zhou, S. Jin, B. Yue,

Chem. Phys. Lett. 2003, 377, 317.
18 E. Rossinyol, A. Prim, E. Pellicer, J. Rodríguez, F. Peirò,

A. Cornet, J. R. Morante, B. Tian, T. Bo, D. Zhao, Sens.
Actuators, B 2007, 126, 18.

19 M. Sadakane, W. Ueda, Ordered Porous Crystalline Tran-
sition Metal Oxides in Porous Materials, ed. by D. W. Bruce,
D. O’Hare, R. I. Walton, John Wiley & Sons Ltd.,
Chichester, UK, 2011, Chap. 3, p. 147.

20 M. T. Pope, Heteropoly and Isopoly Oxometalates, Springer-
Verlag, Berlin, 1983.

21 The specific surface area of rod-shaped materials is calculated
by (2000D + 4000L)/dLD by assuming a cylinder model,
where d is density (monoclinic WO3, 7.28 g cm¹3) and D and
L are diameter (nm) and length (nm) of cylinder model,
respectively. This calculation yields specific surface area of
84m2 g¹1 for rod-shaped WO3 with a diameter of 7 nm and a
length of 50 nm.

22 F. Böttger-Hiller, R. Lungwitz, A. Seifert, M. Hietschold, M.
Schlesinger, M. Mehring, S. Spange, Angew. Chem., Int. Ed.
2009, 48, 8878.

23 Supporting Information is available electronically on the
CSJ-Journal Web site, http://www.csj.jp/journals/chem-lett/
index.html.

445

© 2011 The Chemical Society of JapanChem. Lett. 2011, 40, 443­445 www.csj.jp/journals/chem-lett/

http://dx.doi.org/10.1016/S0927-0248(97)00215-8
http://dx.doi.org/10.1016/S0927-0248(97)00215-8
http://dx.doi.org/10.1021/ja800835q
http://dx.doi.org/10.1021/ja800835q
http://dx.doi.org/10.1039/b811657a
http://dx.doi.org/10.1021/jp0725533
http://dx.doi.org/10.1016/j.catcom.2007.11.012
http://dx.doi.org/10.1016/j.apcatb.2008.03.002
http://dx.doi.org/10.1039/b206594k
http://dx.doi.org/10.1039/b206594k
http://dx.doi.org/10.1021/j100106a018
http://dx.doi.org/10.1021/cm703202n
http://dx.doi.org/10.1021/cm703202n
http://dx.doi.org/10.1002/anie.200802207
http://dx.doi.org/10.1002/anie.200802207
http://dx.doi.org/10.1021/jp900160u
http://dx.doi.org/10.1021/jp900160u
http://dx.doi.org/10.1039/b815214d
http://dx.doi.org/10.1039/b922416e
http://dx.doi.org/10.1039/c0jm00227e
http://dx.doi.org/10.1039/c0jm00227e
http://dx.doi.org/10.1016/j.cplett.2005.03.066
http://dx.doi.org/10.1039/b806115g
http://dx.doi.org/10.1016/S0009-2614(03)01206-5
http://dx.doi.org/10.1016/j.snb.2006.10.017
http://dx.doi.org/10.1016/j.snb.2006.10.017
http://dx.doi.org/10.1002/anie.200903636
http://dx.doi.org/10.1002/anie.200903636
http://www.csj.jp/journals/chem-lett/

