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Abstract
Highly ordered WO3/TiO2 composite nanotubes have been successfully
prepared by the combination of the sol–gel chemical method and the anodic
aluminium oxide (AAO) templating method. The diameter of the WO3/TiO2
composite nanotubes is about 100 nm, which is in good agreement with the
pore diameter of the AAO template. The composite nanotubes are
composed of mixed oxides of W6+ and Ti4+.

1. Introduction

Tungsten oxide is one of the most promising inorganic ma-
terials which exhibit excellent electrochromic, photochromic,
and gasochromic properties [1, 2], and it has been widely in-
vestigated to be used in electrochromic [3, 4], gasochromic [5],
solar energy [6], optical modulation, writing–reading–erasing
optical devices [7], flat panel displays [8], gas, humidity, and
temperature sensors and so forth [9, 10]. It has been known
that TiO2 is an attractive material with excellent photorespon-
sive properties [11], and some researchers have attempted to
improve the colouration performance of WO3 thin-films by
doping TiO2 [12, 13]. Most of the studies on WO3/TiO2 have
been reported on composite thin films, which can be used
in photoelectrochromic devices, gas sensors and photocatal-
ysis, etc [14, 15]. However, investigations on nanoarrays of
WO3/TiO2 composite are still few, due to lack of preparation
methods for such materials, particularly WO3/TiO2 composite
nanotubes. Oxide nanotube arrays of materials containing W
and Ti are of great interest for their application in a variety of
fields such as photocatalysis, chemical sensors, solar cells and
so on.

Over the past decades, the synthesis and functionalization
of one-dimensional nanostructural materials has become one
of the most highly energized research areas [16]. One of
the most powerful and now extensively used methods for
synthesizing such structures relies on solid-state templates and
sol–gel to control the diameter and length of such structures. In
particular, this method can yield highly dense nanoscale arrays,
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which are favourable for the fabrication of nanosensors or other
nanodevices. Anodic aluminium oxide (AAO) has a packed
array of columnar hexagonal cells with central, cylindrical,
uniformly sized holes ranging from 4 to 200 nm in diameter,
pore lengths from 1 to over 100 µm, and pore density in the
range from 1010 to 1012 cm−2 [22]. These unique structure
properties and their thermal and chemical stability make
AAO ideal templates for the fabrication of one-dimensional
nanomaterials. Nanostructures (nanowires and nanotubes) of
TiO2 [17], SiO2 [18, 19], V2O5, MnO2, WO3 [20, 21] and
many other semiconductor materials have been synthesized
using such a sol–gel template synthesis strategy. Little use has
been made of the sol–gel technique to synthesize composite
semiconductor oxide nanotube arrays.

In this paper, we tried to synthesize WO3/TiO2

composite nanotube arrays using sol–gel template methods,
and we investigated the microstructure and formation of
WO3/TiO2 composites. The results indicated that highly
ordered WO3/TiO2 composite nanotubes embedded in the
nanochannels of AAO have been obtained.

2. Experimental details

WO3/TiO2 composite nanotubes were prepared by using a sol–
gel process [23] in the AAO template. 4 g metallic tungsten
powder was added to an ice-cooled beaker containing 60 ml of
30% H2O2 solution. After long-time stirring (10 h), the powder
dissolved completely and a faint greenish-yellow solution was
obtained; then 5 ml tetrabutyl titanate was added directly
to the solution under agitation. Pale yellow agglomerates
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Figure 1. SEM images of the WO3/TiO2 composition nanotubes: (a) large scale, (b) the magnification of a selected region in (a), (c) the
magnification of a selected region in (b).

formed instantaneously and floated on the liquid surface. With
continued stirring (5 h), the agglomerates dissolved gradually
and the solution turned red. After centrifugal sedimentation, a
red precursor solution was obtained by removing the insoluble
species and then an equal volume of ethanol was added. It
could be seen that bubbles were given off from the resulting
solution due to the decomposition of excessive hydrogen
peroxide. When no further bubbles were observed, the
WO3/TiO2 composite sol was formed and the sol particles
were negatively charged. The AAO template (Anopore,
Whatman Corporation, UK) was immersed into the sol for
30 min, removed, rinsed with tri-distilled water and placed
in air for 30 min. The sol-containing template was heated
at 550 ◦C for 6 h. Finally, the two sides of the products
were ground carefully with 1500-mesh sandpaper in order
to remove the WO3/TiO2 composite film deposited on the
surface of the AAO template before further characterization.
The AAO template was dissolved partly for scanning electron
microscopy (SEM, JSM-5600LV equipped with x-ray energy
dispersion analysis) observation, and dissolved entirely for
transmission electron microscopy (TEM, JEM-100CX) and
high-resolution transmission electron microscopy (HRTEM,
JEM-2010) observations by a dilute HCl through controlling
the reaction time and temperature. For the TEM observation,
the WO3/TiO2 composite nanotubes were dispersed by
ultrasonic vibration, and then dropped onto carbon films on
copper grids. The chemical composition characterization of
the WO3/TiO2 composite nanotubes was determined by x-
ray energy dispersion analysis (EDAX, OXFORD ISIS), x-ray
photoelectron spectroscopy (XPS, AXISULTR, with Al Kα

x-ray source), and x-ray diffraction (XRD, X’Pert Pro MPD,
with Cu Kα radiation).

3. Results and discussion

SEM, TEM and HRTEM observation

SEM images of WO3/TiO2 composite nanotubes are shown in
figures 1(a)–(c). Several clusters of nanotubes can be found in
figure 1(a). The clusters may result from the situation in which
nanotubes are uncovered from the framework of the AAO
template but are not completely freestanding. When the top
alumina of the AAO template is dissolved away, the nanotubes
embedded in the template are gradually released and inclined
to stick together. It is conceivable that the surface energy of
the nanotubes causes this interesting phenomenon. Figure 1(a)
also shows that the WO3/TiO2 composite nanotubes prepared
are abundant, uniform and highly ordered over a large area. It
can be estimated that the length of the WO3/TiO2 composite
nanotubes is more than 50 µm, which corresponds to the
thickness of the AAO template used. Figure 1(b) shows a
magnified local image of figure 1(a), and figure 1(c) is a
magnified local image of figure 1(b). Figures 1(b), (c) show
that the WO3/TiO2 composite nanotubes are arranged roughly
parallel to one another, and are highly uniform in diameter. It
can be seen that almost all of the pores are filled.

Figures 2(a), (b) show the TEM images of the WO3/TiO2

composite nanotubes prepared by immersing the AAO
template into the WO3/TiO2 sol for 30 min at room
temperature. Figure 2(a) shows a single nanotube. Figure 2(b)
shows multiple nanotubes. It can be seen that the diameter
of the nanotubes is about 100 nm, and the same as the pore
sizes of the AAO template. In addition, the nanotubes have
uniform diffraction contrast, relatively straight morphology
and smooth surfaces. As we know, at the pH value used
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Figure 2. ((a), (b)). TEM images of the WO3/TiO2 composition nanotubes obtained by immersing the AAO template into WO3/TiO2 sol:
(a) single nanotube, (b) multiple nanotubes. (c) HRTEM image of a WO3/TiO2 composition nanotube.

here the sol particles are negatively charged, although weakly.
Meanwhile, the pore walls of the AAO are positively charged,
so the WO3/TiO2 composite sol particles are first adsorbed
to the surface of the channels of the AAO. Thus, it is not
surprising that the WO3/TiO2 composite nanotubes formed,
and that single-wall WO3/TiO2 composite nanotubes can be
obtained. Solid WO3/TiO2 nanowires will be obtained with
long enough immersion times.

The microstructure of the WO3/TiO2 composite nanotubes
is investigated using high-resolution transmission electron
microscopy (HRTEM). A typical HRTEM image of a single
WO3/TiO2 composite nanotube is displayed in figure 2(c).
The HRTEM image indicates that the WO3/TiO2 composite
nanotubes are composed of numerous single crystals of WO3

and TiO2. It indexed to monoclinic WO3 single crystals and
orthorhombic TiO2 single crystals. The two images below
figure 2(c) are enlarged pictures of the selected regions in
figure 2(c) respectively, where the 2-D lattice fringes are

clearly seen. The interplanar spacing is about 0.386 nm, which
corresponds to the (002) plane of the monoclinic WO3, and the
interplanar spacing is about 0.175 nm, which corresponds to
the (221) plane of the orthorhombic system of TiO2.

EDAX, XPS, and XRD analysis

The chemical composition and crystalline structure of the
WO3/TiO2 composite nanotubes were determined using XPS,
EDAX and XRD. The EDAX spectrum (obtained from SEM
with a magnification of 1000 times) of the WO3/TiO2/AAO
composite is shown in figure 3. From this figure, the peaks of
W, Ti and O can be clearly seen, indicating that the nanotubes
contain Ti, W and O elements. The presence of Al can be
ascribed to the remaining AAO membrane.

The XPS spectra of the WO3/TiO2 composite nanotubes
are shown in figures 4(a)–(c). These indicate that the
WO3/TiO2 composite is formed. Figure 4(a) shows the
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Figure 3. EDAX spectrum of the WO3/TiO2/AAO composition.

(This figure is in colour only in the electronic version)

binding energy peak of O1s at 530.7 eV. Figure 4(b) shows
the XPS spectrum of W4f . The binding energy peaks located
at 35.8 and 37.9 eV are attributed to the spin–orbit splitting
of the W4f components (W4f 7/2 and W4f 5/2), which are in
good agreement with those of tungsten (VI) trioxide power.
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Figure 4. XPS spectra of O1s (a), W4f (b), Ti2p (c) at the WO3/TiO2/AAO composition corresponding to the SEM image shown in figure 1.

Figure 4(c) displays the XPS spectrum of Ti2p. The peaks
located at 458.9 and 464.4 eV are attributed to the spin–orbit
splitting of the Ti2p components (Ti2p 3/2 and Ti2p 1/2), which
are in good agreement with those of titanium (IV) dioxide
power. Therefore, it is evident that the tungsten and titanium
in the nanotubes are present in the 6-valent and 4-valent state,
respectively.

Figure 5 shows the XRD pattern of the sample within
the AAO template prepared at 550 ◦C. Although background
diffraction peaks of Al2O3 are present, the diffraction peaks
at WO3 can be observed; the diffraction peaks at 23.15◦,
23.61◦, 24.37◦ , 33.30◦ and 24.19◦ can be indexed to (002),
(020), (200), (022) and (202) of the monoclinic WO3 phase,
respectively. These peak positions and their relative intensities
are in good agreement with the standard diffraction data
(JCPDS: 72-1465). However, it can be found that for the
composite of WO3/TiO2 the intensity of the XRD pattern
is very weak, and only the XRD peaks of WO3 can be
observed while none of the peaks of TiO2 appears. We
think the main reasons are that the particle size remarkably
reduces and the grain boundary extremely increases for the
WO3/TiO2 composite. This conclusion was also supported by
our comparison experiment, in which the XRD of WO3/TiO2

composite powder was checked and it was found that the XRD
intensity decreased further (data not shown). On the other
hand, the mole ratio of WO3 and TiO2 is about 1 (this can be
obtained from the XPS data) but the mass ratio of WO3 and
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Figure 5. XRD spectrum of the WO3/TiO2/AAO composition.

TiO2 is about 5, which resulted in no obvious TiO2 peaks being
observed. The result is in good agreement with earlier work
on mixed semiconductor particles [24].

4. Conclusion

In summary, highly ordered WO3/TiO2 composite nanotubes
in an AAO template have been prepared successfully using
the sol–gel method. XPS and XRD analyses indicate that
WO3/TiO2 composite nanotubes are formed. TEM and
SEM observations demonstrate that the WO3/TiO2 composite
nanotubes are highly ordered, with a diameter of about
100 nm. The mechanism of nanotube growth is also described.
The method applied in this work can possibly be used
for the preparation of other ordered one-dimensional binary
composition semiconductor nanotubes as well.
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