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a b s t r a c t

Orthorhombic tungsten oxide (o-WO3) was synthesized by 200 ◦C, 24 h hydrothermal reactions of
ammonium metatungstate hydrate solutions containing different volumes of 1 M HCl and cetyltrimethy-
lammonium bromide (CTAB) cationic surfactant. The as-synthesized products were characterized by
X-ray powder diffraction (XRD), Fourier transform infrared (FTIR) and Raman spectroscopy, and scan-
eywords:
ydrothermal reaction
-WO3 microflowers
ptical properties

ning and transmission electron microscopy (SEM, TEM), including UV–visible and photoluminescent
(PL) spectroscopy. These analyses showed that their phases and morphologies were controlled by the
acidity of the solutions. In 7.50 ml 1 M HCl-added solution, the product was o-WO3 microflowers, with
microsquare layers growing out of their cores. FTIR and Raman vibrations of W O, O–W–O, and W–O–W
stretching modes were detected, and showed typical crystalline WO3. Their optical properties showed a
maximum absorption at 275 nm in the UV region and a maximum emission peak at 375 nm. The possible

o-WO
formation mechanism of

. Introduction

Presently, many chemists and materials scientists are paying
lose attention to the study of nanostructured oxides – includ-
ng zero-dimensional (0D) quantum dots, one-dimensional (1D)
anowires and nanorods, and two-dimensional (2D) nanosheets
nd nanodisks – because these materials have novel physical and
hemical properties which are different from their correspond-
ng bulks [1–3]. Among the different oxides with nanostructures,
ungsten oxide (WO3) has received wide attention owing to its
nique photochromic and electrochromic properties. It is consid-
red to be a promising material for multiple potential applications,
ncluding semiconductors for gas sensors, electrodes for secondary
atteries, solar energy converters, and photocatalysts [3–6]. A num-
er of synthetic methods have been developed for WO3 such
s a hydrothermal/solvothermal route [2,3,5,7], thermal process-
ng [4], electric heating in vacuum [6], and physical/chemical
apor deposition process [8,9]. Among these, synthesis under
ydrothermal conditions is a low-temperature, environmentally

enign and low-cost route for preparation of nanosized oxide
aterials, and is becoming an increasingly attractive method

10].
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3 microflowers was also proposed according the experimental results.
© 2010 Elsevier B.V. All rights reserved.

In the present research, orthorhombic tungsten oxide (o-WO3)
microflowers were synthesized using a CTAB-assisted hydrother-
mal method. The as-synthesized o-WO3 products were further
characterized by X-ray powder diffraction (XRD), Fourier transform
infrared (FTIR) and Raman spectroscopy, and scanning and trans-
mission electron microscopy (SEM, TEM), including UV–visible
(UV–vis) and photoluminescent (PL) spectroscopy.

2. Experiment

A 1.38 g of ammonium metatungstate hydrate ((NH4)6H2W12O40·xH2O) was dis-
solved in 20 ml deionized water; 0–7.50 ml 1 M HCl was subsequently added to
form H2WO4 with 30 min continuous stirring. CTAB surfactant (0.36 g) was added
to each solution with an additional 30 min of continuous stirring. The mixtures were
transferred into homemade, Teflon-lined, stainless steel autoclaves. These were
tightly closed, heated at 200 ◦C for 24 h, and naturally cooled to room temperature.
Finally, light-green precipitates were synthesized, separated by filtration, washed
with deionized water and ethanol, and dried at 70 ◦C for 12 h.

The products were characterized and recorded on a Philips X’Pert MPD X-ray
diffractometer (XRD) equipped with a graphitic monochromator of Cu K� radiation
(� = 0.1542 nm), using a scanning rate of 0.02◦/s over the 2� range of 10–60◦ . FTIR
spectra were recorded on PerkinElmer Spectrum RX FTIR Spectrometer with KBr
as a diluting agent and operated in the range of 400–4,000 cm−1 with the resolu-
tion of 4 cm−1. Raman vibrations of the products were detected by a HORIBA JOBIN
YVON T64000 Raman spectrometer with 50 mW and 514.5 nm wavelength Ar laser.
Field-emission scanning electron microscopic (FE-SEM) images were taken by a JEOL
JSM-6335F operated at 15.0 kV beam energy. Transmission electron microscopic

(TEM) images, and selected area electron diffraction (SAED) pattern were taken on a
JEOL JEM-2010, employing at an accelerating voltage of 200 kV. UV–visible and pho-
toluminescent spectra were carried out by a Lambda 25 spectrometer using UV lamp
with the resolution of 1 nm, and LS50B Fluorescence Spectrometer, PerkinElmer, at
450 W Xe-lamp with the 0.2 nm resolution and 200 nm excitation wavelength at
room temperature.
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Fig. 1. XRD patterns of the products synthesized by the hydrothermal reaction at
200 ◦C for 24 h in the respective solutions containing (a–d) 0.00 ml, 2.50 ml, 5.00 ml,
and 7.50 ml of 1 M HCl, as compared to the JCPDS standard patterns of orthorhombic
O. Yayapao et al. / Journal of Alloys

. Results and discussion

Fig. 1 shows the XRD patterns of the products synthesized by
00 ◦C, 24 h hydrothermal reactions using (NH4)6H2W12O40·xH2O
nd CTAB as a tungsten source and surfactant, with 0–7.50 ml 1 M
Cl added. In the HCl-free solution, the product was an amor-
hous phase. When 2.50 ml 1 M HCl was added to the solution, both
rthorhombic WO3·0.33H2O (JCPDS No. 35-0270) and WO3 phases
JCPDS No. 20-1324) [11] were detected. These products became
ure orthorhombic WO3 (o-WO3) in the 5.00 ml and 7.50 ml 1 M
Cl-added precursor solutions. The analysis implies that HCl has
n influence on the synthesis of pure o-WO3 phase.

SEM images (Fig. 2a and b) show o-WO3 in the shape of
8 �m microseeds in numerous square layers in the 5.00 ml
M HCl-added solution. By increasing 1 M HCl from 5.00 ml to
.50 ml, these microsquare layers grew out of the microseed cores
o form microflower-like particles (Fig. 2c and d), composed of
–3 �m × 100–300 nm × 100–300 nm petals with very smooth sur-
aces.

In general, o-WO3 has a distorted ReO3-type structure consist-
ng of a three-dimensional network of WO6 octahedrons linked
y their oxygen corners [5,12]. The vibrations are in the infrared
IR) range, and are classified into three regions: 600–900, 200–400
nd <200 cm−1, corresponding to O–W–O stretching and bending
odes, and lattice vibration, respectively [13]. In this research, the

roducts (Fig. 3) were further characterized by FTIR spectroscopy in
he range of 400–4000 cm−1, and the vibrations compared to those
f CTAB. Some bands were detected at 2800–3020 cm−1, which can
e attributed to the CTAB surfactant. The FTIR spectrum of CTAB
hows two intense bands at 2918 and 2846 cm−1, corresponding to
he asymmetric and symmetric stretching vibrations of C–CH2 in
he methylene chains. The sharp bands at 1450–1500 cm−1 were

pecified as the deformation of –CH2– and –CH3, and the weak
and at 3011 cm−1 as the C–CH3 asymmetric stretching and N–CH3
ymmetric stretching vibrations of the solid surfactant [14–17].
n case of the as-synthesized products, broad bands between 590

WO3 0.33H2O and WO3 [11].

Fig. 2. SEM images of o-WO3 synthesized by the hydrothermal reaction at 200 ◦C for 24 h in the solutions containing (a, b) 5.00 ml, and (c, d) 7.50 ml of 1 M HCl.
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ig. 3. FTIR spectra of (a) CTAB, and (b–d) the products synthesized by the
ydrothermal reaction at 200 ◦C for 24 h in the solutions containing 2.50 ml, 5.00 ml,
nd 7.50 ml of 1 M HCl, respectively.

nd 949 cm−1 were detected. They are attributed to the stretch-
ng of short W O bonds, while the bands at 817 and 728 cm−1

ere assigned to be the O–W–O stretching modes. The vibrational
ands centered at 659 and 590 cm−1 were attributed to the W–O–W
tretching modes [5]. The asymmetric and symmetric stretching
ibrations of CH2 in the methylene chains of the incorporated
TAB were also detected at the same wavenumbers as those of the
olid surfactant – implying that no intermolecular interaction was
nhanced due to the capping effect, and the conformation of methy-
ene chains remained unchanged. Their intensities are weakened,
ecause CTAB was not completely removed by washing with deion-

zed water and ethanol, and remained as the adsorbed head groups
n the surfaces of these products – as was also found in previous
eports [14,15,17].

The Raman spectrum of the as-synthesized WO3 microflow-
rs over the range of 50–1200 cm−1 is shown in Fig. 4. Generally,
he 950–1050 cm−1 Raman wavenumbers of the transition metal

xide are assigned to be the symmetric stretching modes of metal
nd oxygen bonds (short terminal W O, �s(W O) terminal bands),
nd 750–950 cm−1 bands were either the antisymmetric stretch-
ng of W–O–W bonds (�as(W–O–W)) or symmetric stretching of

Fig. 5. TEM images of o-WO3 microflowers, synthesized by the hydrotherma
Fig. 4. Raman spectrum of o-WO3 microflowers, synthesized by the hydrothermal
reaction at 200 ◦C for 24 h in the solution containing 7.50 ml 1 M HCl.

–O–W–O– bonds (�s(–O–W–O–)). The Raman spectrum of the as-
synthesized WO3 microflowers detected vibrational peaks at 806,
718, 686, 326, 274, 134, 76 and 60 cm−1. The two main intense peaks
at 806 and 718 cm−1, and the shoulder at 686 cm−1, are typical
Raman peaks of crystalline WO3, which correspond to the stretch-
ing and bending vibrations of the bridging tungsten and oxygen
atoms. They are assigned to be the W–O stretching (�), W–O bend-
ing (ı) and O–W–O deformation (�) modes, respectively. Two peaks
at 326 and 274 cm−1 are assigned to be the bending ı(O–W–O)
vibrations. Those below 200 cm−1 modes were attributed to the lat-
tice vibrations. All these peaks are in good accordance with those
of other reports [1,5,12,18,19].

Detailed morphology of the as-synthesized o-WO3 structure
was proved by TEM images (Fig. 5), which show the product shape
to be microflowers 6–8 �m in diameter; these are composed of
a large number of petals with lengths up to several micrometers.
Some petals were released from the microflower cores by ultra-
sonic vibrations during preparation of the samples for TEM analysis.
Fig. 6a and b presents high-magnification TEM images with the x-

axis of Fig. 5b tilted. These o-WO3 petals are straight and smooth,
with uniform dimension along their axial direction. The selected
area electron diffraction patterns (Fig. 6c and d) were indexed and
specified as orthorhombic WO3 phase (JCPDS No. 20-1324) [11],

l reaction at 200 ◦C for 24 h in the solution containing 7.50 ml 1 M HCl.
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Fig. 6. (a, b) High magnification TEM images, and (c, d) SAED patterns of o-WO3 microflowers of Fig. 5(b).

Fig. 7. Schematic diagram for the formation of o-WO3 microflowers.
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ig. 8. (a) UV–visible spectrum, and (b) the (˛h�)2 versus h� plot of o-WO3 microflow
.50 ml 1 M HCl.

n accordance with the XRD analysis. They show the (0 2 0), (2 2 0)
nd (2 0 0) diffraction planes with the electron beam in the [0 0 −1]
irection. It should be noted that the growth direction of the petals

s normal to the (0 2 0) plane of the microsquare layers – imply-
ng that the o-WO3 microsquare layers are aligned along the [0 2 0]
irection.

The formation of o-WO3 microflowers can be explained by poly-
ondensation, electroneutral and dehydration reactions from the
olyoxotungstate anions, as shown below:

2W12O40
6− + 6H+ + (8 + n)H2O → 12H2WO4 · nH2O (1)

2WO4 · nH2O → o-WO3(nuclei) + (n + 1)H2O (2)

-WO3(nuclei) → WO3(microflowers) (3)

When (NH4)6H2W12O40·xH2O was dissolved in deionized
ater, followed by the addition of HCl, the colorless solution of
2W12O40

6− anions changed to H2WO4·nH2O yellow precursor
recipitates. Upon the 200 ◦C hydrothermal reaction, H2WO4·nH2O
as further decomposed to produce o-WO3 (nuclei) [20–22], con-

aining in microsquare layers of [WO6]6− octahedrons [5,12] lying
n the [2 0 0] direction. At this stage, CTAB – which is a posi-
ively charged cationic surfactant (CTA+) with a long hydrophobic
ail [14,23,24] – was attracted by the four negatively charged
xygen atoms in the planar surface of [WO6]6−, due to the
tereochemical effect. The [CTA–WO6]2− bonds orientated par-
llel to the [0 2 0] direction inhibited growth in the [2 0 0] and
0 0 2] directions because of the CTA+ hydrophobic tails [21,23].
he [CTA–WO6]2− petals grew out from cores to form o-WO3
icroflowers, and the CTAB molecules were washed out, as shown

n Fig. 7.
UV–vis absorbance for o-WO3 microflowers (Fig. 8a) shows an

bsorption band in the 200–450 nm range and a strong band at
75 nm, attributed to the high UV spectrum [25]; this might be
consequence of the confined nature of electrons in the [0 1 0]

irection [1]. No absorption band in the visible range was detected.
his result is in accordance with those reported by Nataraj and co-
orkers [18], and Xu and co-workers [25]. The direct band gap (Eg)

f o-WO3 microflowers was determined by Eq. (4):

h� = (h� − Eg)n (4)

here ˛, h, �, and Eg are the absorbance, Planck constant, pho-

on frequency, and optical band gap, respectively. The parameter n
s a pure number associated with the different types of electronic
ransitions: n = 1/2, 2, 3/2 or 3 for direct–allowed, indirect–allowed,
irect–forbidden and indirect–forbidden transitions, respectively
26]. Its direct energy gap was determined by extrapolation of
Fig. 9. PL spectrum of o-WO3 microflowers.

the linear portion of the curve (Fig. 8b) to ˛ = 0, corresponding
to 4.10 eV. It should be noted that the change of absorption was
controlled by two photon energy (h�) ranges – the high and low
energies. When the photon energy is greater than the energy band
gap (Eg), absorption was linearly increased with the increasing of
photon energy. But for the photon energy with less than Eg, the
absorption became different from the linearity, due to the dominant
photonic absorption relating to defect levels between the valence
and conduction bands of the product.

The PL spectrum (Fig. 9) of the as-synthesized o-WO3
microflowers was recorded using 200 nm excitation wavelength
at room temperature. The emission peak presents a broad band
at 275–575 nm with a maximum emission at 375 nm in the violet
region by Gaussian curve fitting, due to the electronic transition of
WO3. This PL emission is in accordance with the report of Lee and
co-workers [27].

4. Conclusions

In summary, o-WO3 microflowers composing of long petals
(Eg = 4.10 eV) were successfully synthesized by the CTAB-assisted

hydrothermal reaction at 200 ◦C for 24 h. Their microsquare layers
grew along the [0 2 0] direction to form the petals. UV spectrum
shows a maximum absorption at 275 nm, and PL emission at
375 nm.
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