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Nano-structured crystalline tungsten(VI) oxides (WO3) were

prepared using a colloidal crystal template method; these mate-

rials have increased specific surface area compared to crystalline

WO3 prepared without the template, and after platinum loading

they show enhanced photocatalytic activity for acetic acid

decomposition under visible light.

Titanium(IV) oxide (TiO2) is widely used as a photocatalyst,

displaying excellent activity under ultraviolet (UV) light for a

number of industrially useful reactions.1 However, TiO2 is not

photoactive at visible wavelengths, which is desirable for the

efficient decomposition of environmental organic contaminants

using sunlight or indoor fluorescent light.2 Recently, Abe et al.

reported that crystalline tungsten(VI) oxide (WO3) loaded with

nanoparticulate platinum (Pt) exhibits high photocatalytic activity

for the decomposition of organic compounds under visible light.3

With further refinement of the WO3 catalyst, it is expected that

even higher activity can be achieved. In general, high photocatalytic

activity requires both high crystallinity, i.e., lower density of lattice

defects to reduce recombination of the photoexcited electrons and

holes intended for participation in the catalytic reaction, and high

specific surface area to increase the density of active surface sites at

which the catalytic reaction can take place.4 However, in practice,

these two preconditions are difficult to satisfy simultaneously using

conventional preparation processes for metal oxides, since conver-

sion of the oxide precursor into a highly crystalline catalytic

material requires calcination at high temperature, which often

results in a reduction in specific surface area. Conventional

preparations for WO3 follow this pattern, with highly crystalline

WO3 usually having a low specific surface area (o1 m2 g�1).

In the present study, three-dimensionally ordered macro-

porous (3DOM) WO3 is successfully prepared by a colloidal

crystal templating method, and the resultant material is shown

to exhibit both high crystallinity and high specific surface area

compared to the corresponding material prepared without a

template. When loaded with Pt as a cocatalyst, the 3DOM

WO3 displays enhanced photocatalytic activity for the

decomposition of acetic acid under visible light. The material

displaying the highest activity for this reaction is found to

be a nano-crystalline form produced by sintering-induced

disassembly of the 3DOM-structured WO3.

3DOM WO3 was prepared using a colloidal crystal tem-

plate (face-centered close-packed array) of mono-disperse

poly(methyl methacrylate) (PMMA) spheres prepared by a pub-

lished method.5 3DOMWO3 materials prepared from tungsten(V)

ethoxide6 and tungsten(VI) chloride7 as tungsten sources have been

reported previously, although the resultant materials had either a

poorly ordered pore structure6 or low pore fraction.7 In the

present study, air-stable and inexpensive ammonium meta-

tungstate ((NH4)6H2W12O40) was found to be suitable for the

synthesis of 3DOM WO3, and to afford a well-ordered product.

Ammonium metatungstate solution8 was infiltrated into the voids

of the colloidal template and the resulting solid was then calcined

at 773 K in a tube furnace under air flow according to the

method of Sadakane.9 This procedure yields well-ordered

3DOM WO3. Fig. 1 shows scanning electron microscopy

(SEM) and transmission electron microscopy (TEM) images

of 3DOM WO3 samples prepared using PMMA spheres of

various diameters. More than 90% of the particles identified in

the SEM and TEM images display a highly ordered 3DOM

structure. The structural data are summarized in Table 1.

Treatment at 873 K caused the structure of the 3DOM WO3

materials with smaller pore diameters to collapse due to

sintering (Fig. 1(d)), whereas the 3DOM structure in the

material with largest pore size was stable at 873 K (entry 11).

Fig. 1 SEM (a,b,d) and TEM (c) images of WO3 prepared using a

colloidal crystal template. (a) PMMA diameter, 490 nm; calcination

temperature, 773 K. (b,c) 180 nm; 773 K. (d) 180 nm, 873 K.
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Powder X-ray diffraction (XRD) analysis and Raman spectro-

scopy revealed that a mixture of orthorhombic (JCPDS 20-1324)

and monoclinic (JCPDS 43-1035) WO3 was formed by calcina-

tion at 673 K (entries 1, 5, and 9), whereas pure monoclinic WO3

was formed at higher calcination temperatures (Fig. S1, S2w).10

WO3 prepared without the PMMA colloidal crystal template

grew to particle sizes of up to several micrometers (Fig. S3w)
and displayed very low specific surface areas (ca. 1 m2 g�1)

(entry 13).11 In contrast, the specific surface area of the 3DOM

WO3 with pore size of ca. 439 nm (entry 10) was 9 m2 g�1. Even

higher specific surface areas of 15 and 21 m2 g�1 were realized at

the smaller pore sizes of 186 and 166 nm, respectively. The

calculated specific surface areas ca. 5, 13, and 14 m2 g�1 for

3DOM WO3 with 439, 186, and 166 nm macropore diameters,

respectively, are similar to the observed specific surface areas.12

Fig. 2 shows a TEM image and corresponding electron diffrac-

tion (ED) patterns for 3DOM WO3 prepared using PMMA

with a diameter of 260 nm. Crystalline 3DOM materials have a

skeleton structure consisting of strut-like bonds and vertices,

where the struts connect two kinds of vertices.9 These two kinds

of vertex can be seen in Fig. 2: 8-coordinated square prism

vertices in zones 4 and 6, and 4-coordinated tetrahedral vertices

in zones 2, 3, and 5. Previously, 3DOM crystalline metal oxide

materials have been constructed by a connection of smaller

crystallites rather than a 3DOM skeleton.7,9 Therefore, the

specific surface area of materials produced in previous syntheses

generally has not increased dramatically by producing the 3DOM

structure, since the specific surface area is determined not by the

macropore diameter but by the crystallite size. In the present case,

the whole particle found in zone 1 (Fig. 2) is a single WO3

crystallite (ED patterns in zone 1–5 are same) which grows around

the macropores and connects to an adjacent crystallite in zone 6.

Although the formation of mesopores in single crystals has been

reported for niobium-based oxides,13 the present structure appears

to be the first example of single crystals growing around macro-

pores. This structure exhibits a markedly higher specific surface

area compared to the corresponding non-template material.

The performance of the present materials for the photo-

catalytic decomposition of acetic acid was evaluated after loading

theWO3 samples with Pt as a cocatalyst. Loading was performed

by photodeposition from H2PtCl6�6H2O under visible light, first

in pure water and then subsequently in aqueous methanol

(10 vol%) solution.3 Fig. 3 plots the generation of CO2 during

gas-phase decomposition of acetic acid over Pt-loaded 3DOM

WO3 and the corresponding catalyst prepared without the

PMMA template (all prepared using a calcination temperature

Table 1 Structural data

Entry Calc. temp./K
Specific surface
areaa/m2 g�1 Pore sizeb/nm Window sizeb/nm Crystal system

PMMA (180 nm)
1 673 28 170 62 � 59 Orthorhombic + monoclinic
2 773 21 166 85 � 69 Monoclinic
3 873 11 c c Monoclinic
4 973 4 c c Monoclinic

PMMA (260 nm)
5 673 20 178 68 � 51 Orthorhombic + monoclinic
6 773 15 186 69 � 55 Monoclinic
7 873 12 c c Monoclinic
8 973 8 c c Monoclinic

PMMA (490 nm)
9 673 13 430 122 � 101 Orthorhombic + monoclinic
10 773 9 439 150 � 125 Monoclinic
11 873 7 444 168 � 135 Monoclinic
12 973 6 c c Monoclinic

Without PMMA
13 773 1 — — Monoclinic

a BET method. b Average of 20 measurements from TEM images.7 c 3DOM structure collapsed due to sintering.

Fig. 2 TEM image (center) and selected-area ED patterns (left, right)

of WO3 prepared using 260 nm PMMA (calcination temperature,

773 K). Zones indicated by 1–6 are selected areas.

Fig. 3 Time course of CO2 evolution over Pt-loaded WO3 prepared

using PMMA with a diameter of 180 nm (closed circles), 260 nm (open

circles), and 490 nm (closed squares), and over the corresponding

material prepared without the template (open squares).
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of 773 K).z CO2 generation was observed immediately upon

irradiation for all samples, without an appreciable induction

time. The rate of CO2 generation by the samples with the

3DOM structure is considerably higher than that for the corres-

ponding non-template sample, and amongst the 3DOM samples

the generation rate increases with decreasing pore diameter. The

activity achieved by the Pt-loaded 3DOMWO3 sample prepared

using a 180 nm PMMA template (48 mmol h�1) is higher than

that reported previously for a fine Pt-loaded WO3 particulate

(26 mmol h�1; diameter, 50–200 nm; specific surface area, ca.

11 m2 g�1) prepared by centrifugation separation.3

Fig. 4 plots the rates of CO2 generation and the specific surface

areas against calcination temperature for the 3DOM WO3 mate-

rials prepared using 180 nm PMMA. With increasing calcination

temperature, the specific surface area decreases due to sintering of

theWO3. However, the CO2 generation rate continues to increase

up to a calcination temperature of 873K, above which the activity

decreases slightly. Calcination at such high temperatures reduces

the density of impurities, thereby increasing the photocatalytic

activity of the final material. Ultraviolet–visible spectroscopy

indicates that WO3 calcined at lower than 873 K contains

nitrogen- or carbon-based impurities (shoulder at ca., 510 nm,

Fig. S4w). The presence of these impurity elements was also

confirmed by a quantitative elemental analysis (data not shown).

Calcination at 873 K or higher is required in order to ensure the

absence of these impurities, which can cause crystal structure

defects that can act as sites for the recombination of photoexcited

electrons and holes. The consumption of photogenerated carriers

by recombination at defect sites is one of the most important

mechanisms of catalyst deactivation.4a

The sample exhibiting the highest activity for the decomposition

of acetic acid in the present study, WO3 prepared using 180 nm

PMMA and calcined at 873 K, was found to consist of nano-

particles of 80–200 nm in diameter (Fig. 1(d), S5w). This particle
diameter is similar to that estimated from the specific surface

area.11 The nanoparticles can be understood to be produced by the

sintering-induced disassembly of WO3 crystals from the 3DOM

structure. It has been reported that silica nano-particles are

similarly formed by disassembly of 3DOM structures.14 The

present results thus indicate that the 3DOM material is a good

precursor for the formation of nanoparticulate materials.

In summary, well-ordered 3DOM WO3 was successfully pre-

pared by a colloidal crystal template method using PMMA

spheres of various diameters. The 3DOM WO3 material thus

produced has a higher specific surface area compared to WO3

prepared without the template, and the photocatalytic activity of

the Pt-loaded 3DOM WO3 for the decomposition of acetic acid

under visible light was found to be higher than that reported

previously forWO3. High-temperature calcination of 3DOMWO3

afforded a nanoparticulate WO3 material by sintering-induced

disassembly, and this nanoparticulate material exhibited the high-

est photocatalytic activity for this reaction among the present

samples. Further investigation of the photochemical mechanism

and improvement of the catalytic activity are currently in progress.
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