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a b s t r a c t

Tungsten oxides with various morphologies and crystal phases were synthesized by solvothermal reac-
tions at 200 ◦C for 7–12 h using different solvents. The morphology and crystal phase of tungsten
oxides changed depending on the solvents, i.e., spherical particles of ca. 1 �m in diameter consisting
of nanowires, spindle shaped bundles of ca. 1 �m in length consisting of nanowires and accumulations
consisting of micrometer sized plates and/or rods of tungsten oxides were obtained using ethanol, 1-
eywords:
xide materials
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ptical properties
canning electron microscopy

propanol and water–ethanol mixed solution, respectively. When water–ethanol mixed solution was used,
the crystallinity of tungsten oxide increased but the specific surface area greatly decreased. Crystallinity
of tungsten oxides had more important effects on the NO degradation under light irradiation. The product
using 42.9 vol.% water–ethanol mixed solvent consisted of the mixture of anhydrous tungsten oxide and
hydrous tungsten oxide with preferential orientation of (0 0 2) plane and small band gap energy (2.43 eV),
and showed higher photocatalytic degradation of NO even though it had a much smaller specific surface
area than those prepared using ethanol and 1-propanol.
. Introduction

Tungsten oxide (WO3), an n-type semiconductor metallic oxide,
as many unique characteristics such as electrochromic [1], pho-
oelectrochemical [2], photocatalytic activities [3] and gas sensing
ffects [4]. It was also reported that the dispersions of reduced tung-
ten oxide showed a remarkable absorption of near infrared light
hile retaining a high transmittance of visible light and this prop-

rty is highly suitable for solar control filters in automotive and
rchitectural windows [5]. As gas sensors, tungsten oxides have
een studied to detect NOx [6,7], NH3 [8,9], H2S [10], ethylene [11]
nd other VOC gases [12]. Since tungsten oxide possesses a small
and gap energy of 2.4–2.8 eV, it has the potential ability of pho-
ocatalysis under irradiation of visible light [13]. It was reported
hat WO3 loaded with nanoparticulate of Pt and Pd exhibited high
hotocatalytic activity under visible light irradiation for the decom-

osition of organic compounds [14–16]. It was also found that
O3/TiO2 nanocomposites have increased photocatalytic activity

han that of pure TiO2 [17]. Up to now, tungsten oxides as pho-
ocatalysis materials have been studied extensively [18–20], even
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though pure WO3 has lower light energy conversion efficiency than
the more widely used TiO2 due to its low conduction band level.

As is well known, the morphology and microstructure of parti-
cles have a great effect on the properties. Recently, the morphology
controlled synthesis of tungsten oxide particles has attracted con-
siderable attention [21–23]. One-dimensional (1D) tungsten oxides
especially have attracted considerable interest due to their high
aspect-ratio structure, large surface areas and unique physical
properties, including optical, electronic characteristics and gas
sensing effects [24–26]. Among the various synthesis methods
of tungsten oxide nanoparticles, hydrothermal and solvothermal
reaction processes have significant advantages, such as total con-
trol over their shape and size, low processing temperature, high
homogeneity and so on [27–29]. Especially, the morphology of
tungsten oxide could be effectively controlled by the solvother-
mal synthesis [29]. Since tungsten oxide compound has many
crystal structures, the control of morphology and crystal phase
maybe play important roles in achieving particular and excellent
properties. One-dimensional tungsten oxides such as nanowires
and nanorods have been studied extensively. It was reported that
hierarchical WO3 hollow shells with larger surface areas showed

enhanced photocatalytic activities for the degradation of organic
contaminants under visible light irradiation [30]. However, the
relationship among the crystal phase, morphology, optical absorp-
tion and photocatalysis of tungsten oxides are rarely systematically
investigated.

dx.doi.org/10.1016/j.jallcom.2010.10.052
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In this article, tungsten oxides with different morphologies and
rystal phases were synthesized by the solvothermal reaction, and
he optical absorption and photocatalysis properties of them were
tudied accordingly; meanwhile, the relationship among them was
lso investigated and discussed. The obtained results may be signif-
cant for morphology and phase controllable synthesis of Pt-loaded

O3 with high photocatalysis in the next study.

. Experimental

.1. Synthesis of tungsten oxide particles

Tungsten hexachloride (WCl6, purity 90%, Kanto Chemical Co, Inc.) was used as
aw material. Ethanol (purity 99.5%), 1-propanol (purity 99.5%) and water–ethanol
ixed solution were used as solvothermal reaction solvents. The precursor solutions
ere prepared by dissolving 0.389 g of tungsten hexachloride in 70 ml of ethanol,

-propanol and water–ethanol mixed solution with stirring. When water–ethanol
ixed solution was used, 0.389 g of tungsten hexachloride was firstly dissolved in
certain amount of ethanol, and then a certain amount of water was added to the

olution under stirring. In this work, the water content in water–ethanol mixed
olution was adjusted as 8.57, 42.9 and 85.7 vol.%. The final concentration of WCl6
n each solution was 0.014 M.

After transferring the precursor solution into a Teflon®-lined autoclave with
00 ml of internal volume, solvothermal reaction was conducted at 200 ◦C for 7–12 h

n an electric oven. The obtained solid precipitates were then centrifuged and
ashed with ethanol three times followed by vacuum drying at 60 ◦C overnight.

.2. Characterization

The phase compositions of the samples were determined by X-ray diffraction
nalysis (XRD, Shimadzu XD-D1) using graphite-monochromized CuK� radiation.
he specific surface areas were determined by nitrogen adsorption–desorption
sotherm measurement at 77 K (BET, Quantachrome NOVA-4200e). The morphol-
gy and microstructures of the samples were observed by a scanning electron
icroscopy (SEM, HITACHI S-4800) and a transmission electron microscopy (TEM,

EOL JEM-2010). The diffuse reflectance spectra of ultra violet–visible light were
easured by UV-visible spectrophotometer (JASCO V-670 spectrophotometer) and

he band gap was determined from the onset of the spectrum.
The photocatalytic activity of the obtained tungsten oxide was evaluated by

easuring the oxidative destruction ability of nitrogen monoxide using a flow-type
eactor as reported in the literature [31,32]. The tungsten oxide powder sample was
laced in a hollow of 20 mm length × 16 mm width × 0.5 mm depth on a glass holder
late and set in the bottom center of the reactor box. A 450 W high-pressure mercury

amp was used as the light source. The irradiation light wavelength was controlled
y various filters, i.e., Pyrex glass for cutting off the light of wavelength <290 nm,
enko L41 Super Pro (W) filter <400 nm and Fuji triacetyl cellulose filter <510 nm.
NO/air mixed gas with 1 ppm NO and 50 vol.% air (balance nitrogen) was flowed

nto the reactor at a flowing rate of 200 cm3/min. The concentration of NO gas was
easured at the outlet of the reactor box (373 cm3).

. Results and discussion

.1. Morphology

Figs. 1 and 2 show the SEM micrographs of the as-synthesized
roducts with different solvents at 200 ◦C for 7 h and 12 h, respec-
ively. When ethanol was used as a solvent, urchin-like spheres
f ca. 1 �m in diameter consisted of nanowires were formed
Figs. 1a and 2a). They were very like the images of h-WO3 syn-
hesized from sodium tungstate reported in the literature [25,28].
he nanowires in the spherical particles in Fig. 2a were thicker
han those in Fig. 1a, indicating that the diameter of nanowire
ncreased with time due to the grain growth. When 1-propanol

as used as a solvent, spindle shaped bundles of ca. 1 �m in length
nd 50–100 nm in diameter consisting of nanowires were formed
Figs. 1b and 2b).

In water–ethanol mixed solutions, accumulations consisting of
icrometer sized plates and rods were formed. The products syn-
hesized at 200 ◦C for 7 h using 8.57 vol.% water–ethanol mixed
olution consisted of the hexagonal plates of 2–5 �m in diam-
ter (see Fig. 1c), while the product with 42.9 vol.% water for
2 h showed a kind of composite consisting of microplates of ca.
–10 �m in diameter and microrods of 10–20 �m in length and
pounds 509 (2011) 1482–1488 1483

1–2 �m in diameter (see Fig. 2c). As for the products with 85.7 vol.%
water–ethanol mixed solution, the morphologies changed with
reaction time, i.e., with increasing the reaction time from 7 to 12 h,
the products changed from mixture of accumulations of micro-
rods and irregular plate-like particles to those of thinner plate-like
particles (see Figs. 1d and 2d).

Fig. 3 shows the TEM images of products synthesized by the
solvothermal reactions at 200 ◦C for 12 h with ethanol and 1-
propanol. It was clearly seen that the urchin-like spherical particles
formed in ethanol consisted of nanowires of 200–500 nm in length
and 10–20 nm in diameter. In contrast, the spindle shaped bun-
dles formed in 1-propanol consisted of nanowires of 10–20 nm in
diameter.

On the basis of the obtained various morphology of tungsten
oxides, it can be concluded that the components of solvent played
an important role in the morphology. Pure organic solvents such
as ethanol and 1-propanol facilitated the formation of nanowires,
although the formation mechanism of urchin-like spheres with
ethanol and spindle shaped bundles consisting of nanowires with
1-propanol is not very clear up to now. As for the pure ethanol sol-
vent, it is considered that WCl6 first dissolves in ethanol to form a
6-fold coordinated [WClm(OC2H5)6−m]2− complex species and HCl
[33]. The linking between the complex species is carried out to form
WO3 by a condensation reaction in the solvothermal process. In
the initial period, a large amount of small [WClm(OC2H5)6−m]2−

clusters aggregate to form solid spheres due to homogeneous
nucleation and aggregation growth. Due to the absence of oxygen
during the solvothermal reaction, the growth of WO3 along some
crystal face was retarded, thus it was more possible to form WO3
nanowires.

As the amount of water in mixed solvent increases, the mole
fraction of oxygen in the tungsten oxide system also increases
because water is a source of oxygen in the solvothermal reaction.
With the increasing of water content in solvent, the particle shape
changed from urchin-like spheres and spindle-like bundles con-
sisting of nanowires to plate-like particles, which is similar to the
report by Choi et al. [27].

3.2. Crystalline phase

Fig. 4 shows the XRD patterns of the products by solvother-
mal reactions at 200 ◦C for 7 h with different solvents. Before
the solvothermal reaction the precursor solution had been aged
for 16 h. It is observed that the products synthesized by using
ethanol or 1-propanol showed only one weak diffraction peak
around 2� = 23◦. In contrast, the products with water–ethanol
mixed solution showed sharp diffraction peaks as expected
by the SEM observation. The product with 8.57 vol.% and
85.7 vol.% water–ethanol mixed solution consisted of single phase
orthorhombic WO3(H2O)0.333 (JCPDS 87-1203, with lattice con-
stants a = 7.3447, b = 12.547, c = 7.7367) and monoclinic WO3 (JCPDS
89-4476, with lattice constants a = 7.3237, b = 7.5644, c = 7.7274),
respectively. These results suggested that with an increase in water
content in ethanol–water mixed solution the synthesized product
tended to change from hydrous WO3(H2O)0.333 to anhydrous WO3.

Fig. 5 shows the XRD patterns of products by solvothermal reac-
tions with different solvents at 200 ◦C for 12 h. For the products
synthesized by using ethanol or 1-propanol, the XRD patterns in
Figs. 4 and 5 are very similar, indicating that the obtained tung-
sten oxides are amorphous with slight tendency of crystallization.
However, when 8.57 vol.% water–ethanol mixed solution was used,

only weak peak around 2� = 23◦ appeared, which is very different
from the XRD pattern of product synthesized at 200 ◦C for 7 h that
is shown in Fig. 4c. The main reason is that the two kinds of sam-
ples in Figs. 4c and 5c were obtained by different process. As for
the sample in Fig. 4c, the WCl6 precursor solution had been aged
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ig. 1. SEM images of tungsten oxide products by solvothermal reactions at 200 ◦

olvothermal reaction) (a) ethanol, (b) 1-propanol, (c) 8.57 vol.% water–ethanol mix

or 16 h before it was transferred into the Teflon®-lined autoclave
or solvothermal reaction. During the ageing in the air, some small
articles may be formed due to the hydrolysis of WCl6 with water

n the air, which is favorable for obtaining crystal phase with better
rystallinity. Therefore, it can be proposed that the pre-ageing of

he precursor solution in the air is favorable for obtaining tungsten
xides with better crystallinity.

With the increasing of water content in the solvent, sharp
iffraction peaks appeared. For the product with 42.9 vol.%
ater–ethanol mixed solution, the product consisted of
7 h with different solvents (the precursor solution had been aged for 16 h before
lution and (d) 85.7 vol.% water–ethanol mixed solution.

orthorhombic WO3(H2O)0.333 and monoclinic WO3 crystal phase
(Fig. 5d). In contrast, the product using 85.7 vol.% water–ethanol
mixed solution was single phase of monoclinic anhydrated
tungsten oxide (WO3) (Fig. 5e).

In addition, it is found that (0 0 2) peak intensities of

WO3(H2O)0.333 and WO3 in Figs. 4c,d and 5d,e were higher than
the reported values in JCPDS 89-4476 and JCPDS 87-1203, indi-
cating the preferred orientation of the WO3(H2O)0.333 and WO3
crystal. These XRD data agreed well with the SEM images, which
indicating that the accumulations of rod-like particles and irregular
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ig. 2. SEM images of tungsten oxide products by solvothermal reactions at 200 ◦C
ixed solution and (d) 85.7 vol.% water–ethanol mixed solution.

late-like particles may be attributed to anhydrated tungsten oxide
WO3), and the hexagonal plate-like particles may be attributed
o hydrated tungsten oxide (WO3(H2O)0.333), respectively. In addi-
ion, it can be seen that anhydrated WO3 has two kinds of

orphologies, which are accumulation of rod-like particles (see

ig. 1d) and plate-like particles (see Fig. 2d). From the XRD and SEM
esults, it can be concluded that ethanol–water mixed solution with
ppropriate content of water will lead to formation of plate-like
ydrated WO3(H2O)0.333, whereas the mixed solution with high
ontent of water will lead to formation of accumulations of rod-
h with different solvents (a) ethanol, (b) 1-propanol, (c) 42.9 vol.% water–ethanol

like or irregular thinner plate-like anhydrated WO3. The possible
reason may be that the water plays an important role in the reaction
speed. Due to the thermal decomposition, anhydrated WO3 should
be the final product and hydrated WO3(H2O)0.333 should be the
middle product. With the increasing of water content, the reaction

speed tends to be high, so it is more possible to form anhydrated
WO3 by using 85.7 vol.% water–ethanol mixed solution and form
intermediate product hydrated WO3(H2O)0.333 by using 42.9 vol.%
water–ethanol mixed solution. Of course, this conjecture needs to
be further clarified.
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Fig. 3. TEM images of tungsten oxide products by the solvothe

Fig. 6 shows the diffuse reflection spectra of products by using
ifferent solvents. All products showed visible light absorption abil-

ty with the onset of absorption around 420–500 nm. The band gap
nergies (Eg) of the products were determined by Eq. (1)

g = 1239.8
�

(1)
here � (nm) is the wavelength of the onset of the spectrum and the
esults are listed in Table 1 together with the specific surface areas.
t was seen that the samples prepared with water–ethanol mixed
olutions showed smaller band gap energies and smaller specific

ig. 4. XRD profiles of tungsten oxide products by solvothermal reactions at 200 ◦C
or 7 h with different solvents (the precursor solution had been aged for 16 h before
olvothermal reaction) (a) ethanol, (b) 1-propanol, (c) 8.57 vol.% water–ethanol
ixed solution and (d) 85.7 vol.% water–ethanol mixed solution.
eaction at 200 ◦C for 12 h with (a) ethanol and (b) 1-propanol.

surface areas than those prepared with ethanol and 1-propanol.
Especially, the specific surface area of product greatly decreased
when using water–ethanol mixed solutions because of the promo-
tion of the crystal growth of tungsten oxides as shown in Figs. 1–3.

3.3. Photocatalytic properties

Photocatalytic degradation of NO is of great significance from

the viewpoint of practical applications because NO is one of the
typical pollutants in the exhaust gases from automobiles. In this
work, the destruction of NO was employed as a model reaction to
characterize the photocatalytic activity of tungsten oxides. Fig. 7

Fig. 5. XRD profiles of tungsten oxide products by solvothermal reactions at
200 ◦C for 12 h with different solvents (a) ethanol, (b) 1-propanol, (c) 8.57 vol.%
water–ethanol mixed solution, (d) 42.9 vol.% water–ethanol mixed solution and (e)
85.7 vol.% water–ethanol mixed solution.
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Table 1
Morphology, crystal phase, specific surface area and band gap of the products synthesized by the solvothermal reactions at 200 ◦C for 12 h with different solvents.

Solvent Morphology Crystal phase Specific surface
area (m2/g)

Band gap
(eV)

Ethanol Urchin like nanowire spheres Amorphous with slight tendency of crystallization 128.75 2.76
phous
osite

s
o
m
o
P
t
s
w
u
p

F
2
s

F
t
m

1-Propanol Spindle shapes nanowire bundles Amor
42.9 vol.% water–ethanol Composite morphology with

micrometer sized plates and rods
Comp

85.7 vol.% water–ethanol Accumulations of microrods WO3

hows the nitrogen monoxide destruction ability of the tungsten
xide powders synthesized with different solvents by solvother-
al reaction at 200 ◦C for 12 h. Although the photocatalytic activity

f tungsten oxides is observed to be lower than that of the TiO2
25 powder, whereas the differences of photocatalytic degrada-
ion of NO for tungsten oxide products synthesized with different

olvents is obvious. It can be seen that the samples prepared
ith water–ethanol mixed solution showed photocatalytic activity
nder the irradiation of visible light � > 400 nm superior to the sam-
les with ethanol and 1-propanol solvents, even though the specific

ig. 6. Diffuse reflectance spectra of products by the solvothermal reactions at
00 ◦C for 12 h with (a) ethanol, (b) 1-propanol, (c) 42.9 vol.% water–ethanol mixed
olution and (d) 85.7 vol.% water–ethanol mixed solution.

ig. 7. NO destruction activity of tungsten oxides synthesized by solvothermal reac-
ion at 200 ◦C for 12 h with (a) ethanol, (b) 1-propanol, (c) 42.9 vol.% water–ethanol

ixed solution and (d) 85.7 vol.% water–ethanol mixed solution.
with slight tendency of crystallization 81.42 2.95
crystals with WO3(H2O)0.333 and WO3 3.13 2.43

5.72 2.43

surface area of former sample was much lower than those of latter.
In particular, the sample synthesized with 42.9 vol.% water–ethanol
mixed solution showed the highest photocatalytic activity in the
near ultraviolet light range (� > 290 nm). It is known that the pho-
tocatalytic activity is closely related to specific surface area and
crystallinity, because the high crystallization will have less defects
acting as the recombination center and should suppress mutual
e−–h+ recombination [34]. The effects of specific preferential ori-
entation of crystal faces on the photocatalytic activity of tungsten
oxide was reported in the literature [17], in which it was sug-
gested that excellent photocatalytic activity could be obtained by
designing and fabricating high regular self-assembled nanoporous
WO3 with preferential orientation of (0 0 2) planes. The products in
the present study showed preferential orientation of (0 0 2) planes,
and the XRD peak intensity of tungsten oxides prepared in various
solvents was in the order of 42.9 vol.% water–ethanol > 85.7 vol.%
water–ethanol > ethanol > 1-propanol (see Fig. 5). This order agreed
well with the order of photocatalytic activity shown in Fig. 7. It
was reported that different crystal plane had different adsorption
ability on NO molecules, and the recombination between electrons
and holes was difficult to occur on a perfect crystal surface [35].
Although the detail mechanism of preferential orientation of (0 0 2)
plane having effects on the NO destruction reaction is not so clear
yet, it is obvious that crystallization status of tungsten oxides plays
an important role in the photocatalytic activity on the NO destruc-
tion in this work.

It was also notable that the sample prepared with 42.9 vol.%
water–ethanol mixed solution consisted of mixture of anhydrous
tungsten oxide and hydrous one. It may also play an important role
in improving the photocatalytic activity, since the heterogeneous
electron transfer to retard quick recombination of photo-induced
electron and hole can be expected.

4. Conclusion

Tungsten oxides with different morphologies and crystal phases
were successfully synthesized by solvothermal reaction. The mor-
phology and crystal phase of tungsten oxides could be effectively
controlled by the adjustment of the solvents in reaction. Micro-
sized spherical particles and bundles consisting of nanowires of
tungsten oxides were obtained when using ethanol and 1-propanol
as solvents, respectively. When water–ethanol mixed solution was
used, tungsten oxides with higher crystallinity and lower band gap
energy could be obtained. The sample prepared with 42.9 vol.%
water–ethanol mixed solution was a mixture of anhydrous tung-
sten oxide and hydrous one, which showed preferential orientation
of (0 0 2) plane and higher photocatalytic activity despite of their
relatively small specific surface area. As a result, it can be reasonably
deduced that compared with specific surface area, the crystallinity
had more important effects on the photocatalytic activity of tung-
sten oxides in the test of nitrogen monoxide destruction.
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