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Abstract Multi-structural tungsten oxide (W0O5-0.33H,0)
samples were prepared using a hydrothermal method in the
presence of different salts Na,SO, and CaCl, respectively.
The experimental results showed that pH value of the
reaction solution greatly affects crystal morphology of the
final products. To explore the photocatalysis originated
from nanonetwork hierarchical structure, the photodegra-
dation of methylene blue was carried out under simulated
sunlight irradiation. The photocatalytic activity of the
WO5-0.33H,0 nanonetworks was compared with that of
the nanoplates, and the former showed a higher photocat-
alytic activity owing to its novel hierarchical structure. Our
investigation demonstrates that nanonetwork hierarchical
structure can promote sunlight absorption due to higher
specific surface area.

Keywords Tungsten oxide - Nanostructures -
Hydrothermal synthesis - Photocatalysis

1 Introduction

It is well known that the physical and chemical properties
of most materials are strongly dependent on their shapes
and structures. Therefore, controlling the shape of the
materials is always one of the most challenging work for
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inorganic chemists and material specialists. Recently,
complex three-dimensional (3D) nanoarchitectures have
attracted much attention since such architectures possess
features of micrometer and nanometer-scaled building
blocks and novel properties to be explored [1, 2].

Materials based on tungsten oxide, including tungsten
oxides (WO3_,) and tungsten oxide hydrates (WO5-nH,0),
have been studied extensively because of their special
electronic and optoelectronic properties, which have
enormous potential applications in the fields ranging from
condensed-matter physics to solid-state chemistry[3], such
as photo-electrochemical energy conversion [4], gas-
sensors [5], photo-catalysts [6], lithium-ion batteries [7],
solar cells [8], electron emitters [9], optical storage media
[10]. Crystalline tungsten oxide and tungsten oxide hydrates
have been synthesized previously [11-15]. Among the
hydrates, the structures of WO;5-2H,O, WO5-H,O and
WO05:0.33H,0 have been well documented. In particular,
WO3-0.33H,0 was first prepared by Gerand et al. [16], and
they obtained the micrometer sized platelets and nanonee-
dle aggregates by hydrothermal treatment of aqueous sus-
pension of either tungstic acid gel (prepared by acidification
of sodium tungstate) or crystallized WO3-2H,0 at 120 °C.
Further studies revealed that the WO3-0.33H,0 phase could
also be obtained by the thermal decomposition of titanium
or vanadium containing peroxo-polytungstic acid [17-19]
or acid leaching of tungsten containing compounds such as
LiVWOg¢, LiAIW,04, and LiFeW,0g [20]. However,
nanoscaled photocatalysts with control morphologies are
hard to be achieved by these methods.

To improve the photocatalysis of tungsten oxide and
tungsten oxide hydrate, several strategies can be adopted:
phase and morphological control [21], surface sensitiza-
tion, decorated with noble metals [22-28] or hybridized
with TiO, nanostructures [29]. Interestingly, nanoscaled
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photocatalysts with controlled morphology possess
enhanced photocatalytic activities due to their novel mor-
phology and large surface area. It has been demonstrated
that flower-shaped hierarchical structure can provide a
varied liquid pressure [30] and better absorption of sunlight
[31]. We think the varied liquid pressure and enhanced
absorption in the hierarchical or network structure might
improve the photocatalysis. It is an interesting work to
know whether the WO5-0.33H,0 hierarchical or network
structure should have high photocatalysis.

Herein, we have adopted a facile method to prepare 3D
WO5-0.33H,0 nanonetworks and two-dimensional nano-
plates for the first time with the hydrothermal approach in
which CaCl, and sodium sulfate (Na,SO,) were used as the
structure-directing agents respectively. Our research
revealed that a novel WO5-0.33H,0 nanostructure can be
produced via a traditional hydrothermal route. Morphology
evolution mechanism of the products has been investigated.
The photocatalytic activity of the WO5-0.33H,0 nanonet-
works and nanoplates was comparatively evaluated by
photodegradation of methylene blue (MB) under the sim-
ulated sunlight irradiation.

2 Experimental
2.1 Preparation of WOs3-0.33H,O Nanonetworks

All the chemicals were of analytical grade and used without
further purification. In a typical process, sodium tungstate
(Na,WO,) (0.4 mmol) and CaCl, (0.4 mmol) were firstly
dissolved into distilled water (40 mL) in two beakers,
respectively, then the nitric acid (HNO3) (3 M) was slowly
added into the two beakers until the pH value of the each
solution reached 3.3. These two solutions were mixed and
the mixture was transferred into a Teflon-lined stainless
autoclave and heated at 180 °C for 24 h. After reaction, the
autoclave was taken out and allowed cool to room temper-
ature. The final product was obtained by centrifugation and
washed with deionized water and pure alcohol to remove
ions possibly remaining in the final product.

2.2 Preparation of WO5-0.33H,0O Nanoplates

In a typical synthesis, the solution of 0.2 mmol Na,WO,
and 0.8 mmol Na,SO, was prepared in a beaker with
20 mL of deionized water. Under stirring, an aqueous
solution of HNO; (3 M) was added dropwise to the beaker
until the pH value of the solution reached 1.3. The mixture
was transferred into a Teflon-lined stainless autoclave and
heated at 180 °C for 24 h. After reaction, the autoclave was
taken out and allowed to cool at room temperature and then
washed with distilled water.
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2.3 Degradation of MB

The degradation of MB was performed in a beaker in
exposure to the simulated sunlight at room temperature.
20 mg of the WO5-0.33H,O nanonetwork catalyst was
dispersed in 80 mL of 10 mg/L. MB aqueous solution. Prior
to illumination, the suspensions were magnetically stirred
in the dark for 30 min to ensure the establishment of
adsorption—desorption equilibrium of MB on the surface of
catalyst. Then, the measurement of photocatalytic reactiv-
ity was carried out using a simulated sunlight instrument
(CH-XM-500 W) with intensity of 100 mW/cm?. At given
intervals, 3 mL of the suspension was extracted and then
centrifuged at a rate of 2,000 rmp for 2 min to remove the
catalyst. The concentration change of MB was then
determined by using an UV-Visible Spectrophotometer
(Hitachi U-4100). Analogous experiments were performed
with WO3-0.33H,0 nanoplates under the same condition.

2.4 Characterization

The structure and morphology of the as-prepared products
were characterized with X-ray diffraction (XRD,
BDX3200 with Cu Ku radiation), field emission scanning
electron microscopy (FESEM, FEI Nova 400), transmis-
sion electron microscope (TEM, JEOL-4000EX). The
UV-Visible spectra of the samples were recorded by an
UV-Visible Spectrophotometer (Hitachi U-4100). The
specific surface areas were calculated by a multipoint
Brunauer—-Emmett-Teller (BET) analysis of the nitrogen
adsorption isotherms recorded on a surface area analyzer
(Micromeritics ASAP 2020 M).

3 Results and Discussion
3.1 Characterization of WO53-0.33H,0 Samples

The WO3-0.33H,0O nanonetworks can be selectively pre-
pared in the presence of CaCl,. XRD pattern of the prod-
ucts obtained at 180 °C for 24 h in pH value 3.3 is shown
in Fig. 1 pattern a. All the diffraction peaks can be indexed
to the pure orthorhombic phase of WO5-0.33H,0, which
agree well with the data from the JCPDS card (35-0270).
No peaks of impurities were detected from this pattern. The
morphology and microstructures of the samples were
shown by SEM and TEM images in Fig. 2. Fig. 2a and b
show the high yield 3D networks with the average diam-
eters around 5 pm. The selected area electron diffraction
pattern shown in Fig. 2c indicates that the sheet of
nanonetworks is made of single crystal morphology, for
which the long axis corresponds to the [200] direction.
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Fig. 1 XRD pattern of the WO5-0.33H,0 nanonetworks (pattern a)
and nanoplates (pattern b)

The spacing of the lattice fringes are found to be about
0.352 nm, as shown in Fig. 2d, which confirms that the
sheet grows along [200] direction.
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To investigate the growth process of the WO5-0.33H,0
network structures, we conducted experiments at different
pH values. Two obvious evolutionary stages could be
clearly observed, as shown in Fig. 3. When the experiment
was carried out at 180 °C for 24 h under different pH
values, the morphology of the products varied dramati-
cally, indicating that the pH value played a crucial role in
the crystal growth process. When the experiment was
conducted at low pH value (<2.5), irregular particles were
obtained (Fig. 3a). A great deal of oval-shaped particles
could easily be obtained when the reaction system was set
in the pH range of 2.5-3.0 (Fig. 3b). As the pH value
increased, uniform nanochips connected together in groups
at their bases and self-assembled into the network-like
morphology, as shown in Fig. 3c. Figure 3d is the magni-
fied SEM image of the networks, which was synthesized at
pH value 3.3.

The plate-like assemblies of WO;3:0.33H,O can be
selectively prepared in the presence of Na,SO,. XRD
measurements of the powder shown in Fig. 1 pattern b,
indicating that the sample is phase-pure orthorhombic

Fig. 2 SEM image (a), TEM images (b, ¢), SAED (inset ¢) and HRTEM image (d) of the WO3-0.33H,0 networks obtained prepared in the

presence of CaCl, at 180 °C, pH = 3.3, for 24 h
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Fig. 3 SEM images of the WO3-0.33H,0 samples synthesized in the presence of CaCl, at 180 °C for 24 h under different pH values pH < 2.5

(a), 2.5 < pH < 3 (b), pH = 3.3 (¢)

structured WO5-0.33H,0 which also agrees well with the
data from the JCPDS card (35-0270). The SEM image of the
as-synthesized products in Fig. 4a shows that the diameter
of the sample is about 4 um. The thickness of the plates is
between 400 and 500 nm and the plate is covered by thou-
sands of irregular nanorods, as is estimated from the Fig. 4b.
The nanorod length ranges from 400 to 500 nm and the end
is a part of hexagon observed from the edge in Fig. 4c, d. The
selected area electron diffraction pattern taken from these
nanorods are shown in Fig. 4d. Though the diffraction pat-
tern is multi-diffraction spots taken from a few nanorods, it
can indicate that the facet of the nanoplates is [—111] plane.

The pH value-dependent experiments were further
carried out to investigate the growth process of the
WO5-0.33H,0 nanoplates at fixed temperature and growth
time (180 °C, 24 h) under different pH values. When the
experiment was conducted at high pH value (>2.3), no
products were obtained. Nanorods could be easily obtained,
when the reaction system was set in the pH range of
2.3-1.7 (Fig. 5a, b). From the diffraction pattern recorded
from a nanorod (inset in Fig. 5b), the pattern clearly
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indicates that the nanorods grow along [002] direction. As
the pH value decreased, the nanorods tended to aggregate,
resulting in the formation of bundle structures (Fig. 5c).
When the pH value was about 1.3, uniform plates were
obtained (Fig. 5d). As the pH value decreased lower than
1.2, a large number of irregular columns appeared
(Fig. 5e). The XRD pattern of the nanorods and irregular
columns (Fig. 5f) still can be well indexed as the pure
orthorhombic phase of WO3-0.33H,0 (JCPDS 35-0270).

Based on the above experimental results, the mechanism
for the formation of WO5-0.33H,O is speculated as
follows:

Na,WO, + 2HNO; + nH,O
— H2W04 . I’lHQO + 2NaN03 (1)

Naz 504 /CaClz
3H2WO4 . I’leO —

3WO; - 0.33H,0 2)
+ (n + 2)H,0.

To obtain WO5-0.33H,0 products, some acid must be
dropped in the mixture solution owing to the alkalinity of the
Na,WO, aqueous solution under hydrothermal conditions.
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Fig. 4 SEM image (a), FESEM
images (b, ¢), TEM image

(d) and SAED of the edge of the
nanoplate (inset) of the
WO;3-0.33H,0 nanoplates
obtained in the presence of
Na,SO, at 180 °C, pH 3.3,

for 24 h

However, excessive acid may induce the formation of
irregular structures. The very low pH value with high
concentration of hydrogen ions in solution can lead to an
extremely fast nucleation process to generate small, not well-
defined nuclei, and then CI™ or SO42_ ions may adsorb in
large amounts onto all the facets of the nuclei without any
selectivity. Those particles or short nanorods tend to
aggregate in order to lower their surface energy, and finally
the uneven morphologies are formed. Therefore, to obtain
the desired crystal structure and morphology of the products,
the pH value should be strictly controlled. Figure 6a, b
summarize all major steps and changes involved in the
formation of the WO3-0.33H,O nanonetworks and
nanoplates respectively.

To better understand the morphological difference
between the two WO0O5:0.33H,O nanonetworks and nano-
plates, the BET analysis for surface area, pore size and
volume was taken on the films made from the two samples.
Though it is not the real situation in solution, but it can give
a good assessment for comparing the two samples. The
results are summarized in Table 1. The specific surface
area of the WO3-0.33H,0 nanonetworks is larger than that
of the WO5-0.33H,0 nanoplates from the BET analysis,

indicating that the larger specific surface area of the

WO5-0.33H,0 nanonetworks
structure.

due to the hierarchical

3.2 Photocatalytic Activity

To explore the influence of microstructure on photocatal-
ysis, photocatalytic activity of the WO5-0.33H,O nanon-
etworks was compared with that of the nanoplates. The
photocatalytic activity of the WO3-0.33H,0O nanostructure
was evaluated with the photodegradation of MB in aqueous
solution under irradiation of the simulated sunlight. Fig-
ure 7a, b show the UV-Visible absorption spectra of
starting solution (10 mg/L MB) and the solution with
0.25 g/LL. WO5:0.33H,0 nanonetworks for catalytic degra-
dation. It can be seen that the concentration of MB
decreases with the illumination time. The absorption
peaks of MB almost disappeared after 7 h irradiation of the
simulated sunlight by the photocatalysis of the
WO5-0.33H,0 nanonetworks, while 86% of MB was
removed by the WO3-0.33H,O nanoplates, suggesting a
better photocatalytic activity of the nanonetwork structure
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Fig. 5 Characterizations of samples prepared in the presence of
Na,SOg4.at 180 °C for 24 h under different pH values. SEM/TEM
image of the sample obtainedin 1.7 < pH < 2.3(a,b), 1.4 <pH < 1.7

than that of the nanoplate structure. Figure 7c shows the
plots of the catalytic degradation percentage versus illu-
mination time, which indicates that after 1 h, the degra-
dation percentage of the nanonetworks was higher than that
of the nanoplates. The degradation without illumination in
the early stage comes from adsorption of the dye on the
catalysts.
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(c), pH = 1.3 (d) and pH < 1.2 (e). Diffraction pattern of a nanorod
(inset). XRD patterns of the sample prepared at 1.7 < pH < 2.3
(nanorods) and pH < 1.2 (irregular columns) (f)

3.3 Catalytic Mechanism

UV-Visible reflection spectrums of the WO3-0.33H,0
nanonetworks are presented in Fig. 8, which shows a clear
absorption edge at 3.2 eV, a little larger compared with that
of the band gap for WO3 (~2.8 eV) [32]. The band gap of
WO05:0.33H,0 indicates that the electron transition from
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Table 1 Results of the BET analysis

Sample BET surface Pore Pore volume
area (mzlg) size (nm) (cm3/g)

WO; nanonetworks 6.5 8.9 0.09

WO; nanoplates 4.2 6.1 0.05

valence-band to conduction-band can only be excited by
absorbing the energy of UV wavelength less than 387 nm.
Though the percentage of UV-light in the simulated sun-
light is very small (3—5%), photocatalytic activity was still
obvious.

In order to explain the catalytic mechanism and compare
the morphology-dependent light absorption ability, UV—
Visible absorption spectra were measured by dispersing
WO5-0.33H,0 nanonetworks and nanoplates in ethanol with
the same concentration (Fig. 9). We can see obvious band
edge absorption is around 400 nm for these two samples.
However, the absorbance plot of the WO3-0.33H,0 nanon-
etworks is higher than that of the WO53-0.33H,0 nanoplates,
indicating the better absorption ability of the hierarchical
structure of the nanonetworks. On the other hand, the unique
network-shaped hierarchical structure can provide micro-
channels for reactant diffusion in which a varied liquid
pressure can significantly reduce the liquid sealing effect
[30]. It is well known that the larger specific surface area of
catalysts can improve catalytic activity due to the less steric
hindrance for the diffusion of reactants [33], and can provide
a photocatalyst with more total active sites photocatalytic
reactions.

®

The photocatalytic degradation by the WO;-0.33H,0
nanocrystals under the sunlight irradiation can be explained
as follows. When the WO3-0.33H,0 photocatalysts were
irradiated with the sunlight, photogenerated electron—hole
pairs are produced. The electrons and holes react with the
adsorbed surface substances, like O,, OH™ etc., to form
reactive species O, , OH*, which is the major oxidative
species for the decomposition of organic pollutants. Based
on the above analysis, the photocatalytic reaction can be
expressed as follows:

WO;3 - 0.33H,0 + hV(E > Eg)

— WO;-0.33H,0 + ¢ + h* (1)
h* + H,0 — OH* + HTY, (2)
h* + OH- — OH* (3)
O, + e —0; (4)
2H,0 + O, + e — 20H* + 20H™, (5)
OH* + MB — CO, + H,0. (6)

4 Conclusions

The 3D WO3-0.33H,0 nanostructures have been prepared
by the simple hydrothermal method in the presence of
different salts. The pH value is found to be a crucial factor
in determining the morphology of the final product due to
the influence on the early nucleation process, and nanon-
etworks, nanoplates, nanoovals, nanoparticles and nano-
wires can be obtained by adjusting pH value. The
photodegradation experiment indicates that WO5-0.33H,0
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Fig. 7 Absorption spectrum of 10 mg/LL MB solution with 0.25 g/L
WO3-0.33H,0 nanonetwoks (a) or nanoplates (b) in different stages
under illumination of the simulated sunlight and the plot of
degradation percentage versus illumination time (c)

nanonetworks exhibit better photocatalytic degradation of
MB under the simulated sunlight irradiation than that of the
WO53-0.33H,0 nanoplates, which demonstrates the specific
hierarchical structure can improve the light absorption and
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Fig. 8 UV-Vis reflection spectrum and Kubelka—Munk function of
the WO5-0.33H,0 nanonetworks
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Fig. 9 UV-Visible absorption spectra of the WO3-0.33H,0 nanon-
etworks (i) and nanoplates (ii)

provide higher specific surface area. The microchannels in
the nanonetwork hierarchical structure can also promote
reactant diffusion owing to the liquid sealing effect reduced
by a varied liquid pressure in the channels. This investi-
gation proves a very good catalyst structure based in
WO5-0.33H,0 nanonetworks.
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