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DOI: 10.1039/x0xx00000x Pyrochlore-type cubic phase tungsten trioxide hemihydrate (c-WO;:0.5H,0) has been

synthesized firstly via a simple solvothermal process. The photocatalytic property has been
investigated firstly by photodegradation of RhB, c¢c-WO0;5:0.5H,0 sample performed high
photocatalytic activity, indicating that c-W0O;:0.5H,O is a promising candidate of tungsten
oxide-based photocatalytic materials. The investigation result of the crystal water effects on
photocatalytic activity showed that crystal water of ¢-WO05-0.5H,0 played a key role on
photocatalytic activity. The novel method reported in this study has a great potential for the
development of tungsten trioxide-based functional material preparation to improve their
photocatalytic efficiency in elimination of hazardous substances applications, as well as the
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energy materials.

Introduction

Tungsten trioxide as an important inorganic material, has
received a lot of attentions because of their strong potential
applications in various fields such as electrochromism, ' 2
photochromism, > * lithium battery, > ¢ and gas sensor.
Especially, tungsten trioxide has attracted much interest in
photocatalytic application due to its relatively small bandgap
(E; ~ 2.6 V), which could theoretically utilize about 12% solar
light.> 1°.

The photocatalytic property of tungsten

7, 8

trioxides is
influenced by some factors, such as morphology, ' 12 doping,

13-16 composite, 17-19 20, 21

and exposed facet etc. In particular,
composition and crystal structure are also important and direct
influence factors. ' ?*?° For example, Yu et al. studied
photocatalytic properties of orthorhombic WO;-H,O and
monoclinic WO;, WO;5;H,0 has enhanced photocatalytic
property to WO;. * Shi et al
photodegration of methylene blue over hexagonal WOs;,
orthorhombic WO5-0.33H,0, and cubic WO;-0.5H,0, wherein

WO5-0.5H,0 displays the best performance. ** From examples,

compared reported

it can be seen that hydrated tungsten trioxide may have more
excellent photocatalytic property compared with tungsten
trioxide itself. But few reports about the photocatalytic property
of tungsten trioxide hydrates were reported, particularly for c-
WO;:0.5H,0. There are some articles on their synthesis only,22’
2731 put the study on photocatalytic property of c-W0s5-0.5H,0
have been neglected. Therefore, it is necessary to study the

This journal is © The Royal Society of Chemistry 2013

synthesis method of c¢c-WO3-0.5H,0 and its photocatalytic
property. In previous study, the c¢-WO5-0.5H,O are all
synthesized in water.

In this work, we have firstly synthesized an efficient visible-
light-driven photocatalyst in terms of cubic tungsten trioxide
hemihydrate, which could be facilely obtained via a
solvothermal method. In addition, the photocatalytic property
of ¢-WO05-0.5H,0 has been investigated. The ¢c-W0O;-0.5H,0
performs high photocatalytic activity for the photodegradation
of Rhodamine B under visible-light illumination. Further study
showed that crystal water of c-W0O;-0.5H,0 played a key role
on photocatalytic activity. To the best of our knowledge,
synthesis of c-WO;-0.5H,O via solvothermal method have not
been investigated yet. The novel method reported in this study
has a great potential for the development of tungsten trioxide-
based functional material preparation to improve their
photocatalytic efficiency, as well as the energy materials.

Experimental

Materials

Sodium tungstate dihydrate (Na,WO,2H,0, AR) of > 99.5%
purity was purchased from Sinopharm Chemical Reagent Co.,
Ltd. Urea (CH4N,0O) of > 99% purity was purchased from
Aladdin Inc. Hydrochloric acid and acetone are analytical
reagent purchased from Sinopharm Chemical Reagent Co., Ltd.

J. Name., 2013, 00, 1-3 | 1
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Synthesis of c-WQ05:0.5H,0

Na,WO,2H,0 (0.5 g, 1.516 mmol) and urea (0.1 g, 1.665
mmol) were dissolved in 11 mL, 16.5 mL, 22 mL of ultra-pure
water at room temperature. 0.43 mL of 38% HCI was added
slowly and carefully, a bit yellow clear H,WO, collosol was
obtained, and then 22 mL, 16.5 mL, 11 mL of acetone was
added correspondingly. Then above solution was placed into a
Teflon-lined stainless steel autoclave, which was sealed and
maintained at 140 °C for 72 h, then rinsed with deionized water
several times and dried at 60 °C, we called it UWAT-1,
UWAT-2, UWAT-3, respectively. And UAT was synthesized
by adding Na,WO,2H,0 (0.5 g, 1.516 mmol), urea (0.1 g,
1.665 mmol), 33 mL acetone and 0.43 mL of 38% HCI
successively and directly into Teflon-lined stainless steel
autoclave and then rinsed with deionized water several times
and dried at 60 °C. Anhydrous c-WO; was obtained by
dehydration at 200 °C 3h, and new c¢-WO30.5H,0 was
obtained by hydrothermal process with water only at 180°C
22h.

Characterization

The collected products were characterized by powder X-ray
diffractometer (Rigaku D/max-2000) with Cu Ka radiation at a
scanning rate of 5° min ' in the 260 range of 10°-90°, The
morphology of the products were observed by FESEM (Helios
Nanolab600i), TEM and HRTEM were carried out on FEI
TecnaiG2F30, UV-vis diffuse reflectance
acquired by a spectrophotometer (TU-1900) and BaSO, was
used as the reflectance standard.

spectra were

Photocatalytic activity measurement

In this measurement, a 300W Xe lamp (Trusttech PLS-SXE
300, Beijing) with a cut-off filter (1 > 400 nm) was used as light
source, 10 mgL! RhB aqueous
representative compound, was used as target photodegradation

and solution, as a
pollutant in heterogeneous photocatalysis reaction. In each
experiment, a quartz beaker containing 100 ml RhB aqueous
solution and 50 mg photocatalyst was firstly put into an
ultrasonic bath to disperse photocatalyst under dark 10 min, and
then stirred 40 min in dark continuously in order to achieve
adsorption—desorption equilibrium. The concentration of RhB
during the degradation process was monitored by colorimetry
using a UV-vis spectrometer (TU-1900) every 20 min, which
obtained by being centrifuged at 10,000 rpm for 5 min.

Results and discussion

Phase composition and microstructure

Cubic tungsten trioxide hemihydrates (c-WO;-0.5H,0) have
been synthesized via solvothermal with adding urea. The
products was named as UWATSs and UAT, as seen in Tab. 1.
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The phase of the as-prepared tungsten trioxide hemihydrates
were examined by X-ray diffraction in Fig. 1. The diffraction
peaks of cubic tungsten trioxide hemihydrates (Fig. 1a-d) are in
good agreement with the standard data of c-WO5-0.5H,O
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Fig. 1 X-ray diffraction (XRD) patterns of tungsten trioxide
hemihydrates prepared in mixed solvent (water : acetone) in
different volume ratio (a) 2 : 1, (b) 1 : 1, (c) 1 : 2, (d) only
acetone used as solvent.

Tab. 1 The short name of synthesized cubic tungsten trioxide
hemihydrates with different synthesis conditions.

urea water acetone

UWAT-1 0.1g 11 mL 22 mL
UWAT-2 0.1g 16.5 mL 16.5 mL
UWAT-3 0.1g 22 mL 11 mL
UAT 0.1g 0 33 Ml

(JCPDS card no. 84-1548) with lattice parameters a = 10.206
A, and no other impurities were detected. The sharp peaks
indicated the as-synthesized products were well-crystallized.
But the UAT which was synthesized by using acetone as
solvent only had very low diffraction peaks, which indicated
that UAT is poor-crystallized. And poor crystallization will
induce poor photocatalytic property. It may be due to many
effect factors. Such as, poor crystallization may cause more
defect, defect may act as recombination centers of the photo-
generated electron—hole pairs. Poor crystallization may cause
larger adsorption of dye, larger adsorption of dye may reduce
the effective light-absorbing of semiconductor, etc.

Most researches have shown that pH is a key role for the
crystal structure of the tungsten oxides, because different pH
could impact the existing state of tungstate ion. **** Giinter
found a new phase of cubic tungsten trioxide hemihydrate by
regulating the pH of the solution to 3. *® Reis also controlled
solution pH between 3.5~4.5, and pyrochlore cubic WO; was
obtained. ** In the study of Li, pyrochlore cubic WO5 have been
gotten from different initial pH of solution, but the final pH of
the solution is in the range of 7.0-8.5. Li believed the
precipitation of c-W0Oj3-0.5H,0 occurred mainly in the pH range
of 7.0 t0 8.5. %!

This journal is © The Royal Society of Chemistry 2012
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Investigations have shown that pH can affect the existence
form of tungstate ions, and the various existence form of
tungstate ions are considered to be the precursors of tungsten
oxides with different crystal structure. In order to know the
effect of pH, pH change experiments were carried out by
adjusting the

Fig. 2 SEM images of tungsten trioxide hemihydrates prepared
in mixed solvent (water : acetone) in different volume ratio (a)
2:1,(b)1:1,(c) 1:2,(d) only acetone used as solvent.
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Fig. 4 UV-—visible absorption spectra of tungsten trioxide
hemihydrates prepared in mixed solvent (water : acetone) in
different volume ratio (a) 2 : 1, (b) 1 : 1, (c) 1 : 2, (d) only
acetone used as solvent.

amount of hydrochloric acid. The pH was adjusted to 8, 7, 4, 2,
1.5, 1, respectively. When the pH was adjusted to 8 or 7, there

This journal is © The Royal Society of Chemistry 2012
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was no product. When pH was adjusted to 4, there was very
little product of c-WO;-0.5H,0. When pH was adjusted to 2 or
1.5, there was product of c-WO;-0.5H,0. When pH was
adjusted to 1, the product changed into orthorhombic
WO;:0.33H,0. The XRD pattern were shown in Fig. S3. It is
showed that pH affect the crystal structure of tungsten trioxide.
In this work, c-WO;-0.5H,0 would be obtained in the range of
pH 4-1.

Shi got c-W03:0.5H,0 by adjusting the amount of sodium
sulfate without adjusting pH of solution. ** Su respectively used
equal amounts of L(+)-tartaric acid and citric acid as
assistantagents and adjusted the initial pH of solution to 1 by
hydrochloric acid, and accordingly to obtain hexagonal phase
and orthorhombic phase of tungsten trioxide. *® This shows that
the chemical composition in the solution can also impact on the
crystal structure except the factor of pH. Generally, nucleation
is an important stage during crystallization process. I believe
that chemical environment of the solution, including hydrogen
ion concentration and other chemical components, plays a key
role on nucleation stage.

The above two factors are both likely to exist. On one hand,
acetone can occur condensation reaction with urea under acid
condition (hydrochloric acid). " *® Or reacts with urea and
hydrochloric acid at the same time. The situation is more
complex under solvothermal condition. Anyway, the pH of
reaction system, which determine the crystal structure of
tungsten oxide, could be changed. On the other hand, the
reaction products of acetone, urea, and hydrochloric acid might
also affect the crystal structure. The overall result is that c-
WO;-0.5H,0 is generated in such reaction system. More details
about the nucleation process will be investigated in the future
in-depth study.

The morphologies of the produced nanostructures were
characterized by scanning electron microscopy (SEM), as
shown in Fig. 2. The morphologies of cubic tungsten trioxide
hemihydrate aggregated nanoparticles did not change
significantly (Fig. 2a-c), except UAT (Fig. 2d). It can be
speculated that photocatalytic properties of cubic tungsten
trioxide hemihydrates could be similar, except UAT.

The TEM observations of ¢-WQO5:0.5H,0 also revealed the
morphology. The size of ¢-WO30.5H,0 aggregated
nanoparticles were 120 nm — 180 nm. HRTEM image of c-
WO;:0.5H,0 indicated that the lattice spacing of 0.295 nm
and0.255 nm are in good agreement with the (222) and (400)
planes (Fig. 3d), which agrees well with the results by Nedjar et
al. ? But (111) and (311) planes were observed by selected area
electron diffraction (SAED) patterns. However, (111) planes
are equivalent plane to (222) planes, and the lattice spacing
d(111) is equal to two times of d(2,»).

Optical properties

UV-visible absorption spectra revealed that the absorption edge
of as-prepared ¢c-WO;-0.5H,0, and the band gap E, was
obtained by using the equation: ahv = A(hv - E,)", where a is
absorption coefficient, /4 is Planck’s constant, v is the frequency

J. Name., 2012, 00, 1-3 | 3
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of light, 4 is a constant, and » is equal to 2 because WOj is
indirect semiconductor. *° So band gap energy will be obtained
from the graph with (ahv)"? plotted as a function of Av. It is
found that the band gap value for UWAT-1, UWAT-2, UWAT-
3 was about 2.98 eV, 2.98 eV, 2.95 eV respectively. Whereas,
E, of UAT is 1.93 eV.
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Fig. 5 Photodegradation profiles of RhB over UWATS (a) and
corresponding maximum absorption wavelength change of
organic substances (b) after visible light irradiation (4 > 400
nm).

Visible-light photocatalytic activity

Photocatalytic  activities of cubic tungsten trioxide
hemihydrates have been firstly investigated by choosing the
photodegradation of RhB as a model reaction, to demonstrate
the potential

hemihydrates in the photodegradation of organic contaminants.

application of cubic tungsten trioxide
P25 and commercialtungsten trioxide were used as references.
Compared to the photodegradation of RhB with references (Fig.
S1), the as-prepared tungsten trioxide hemihydrates exhibited a
remarkable photocatalytic activity of eliminating RhB. Fig. 5a
showed the photodegradation curve of RhB solutions in the
presence of the cubic tungsten trioxide hemihydrates under
visible illumination, and the time-dependent absorption spectra
of the RhB solution were shown in Fig. S2. The absorbance
decreases by ca. 16% — 27% is the dark-adsorption of UWATSs
(c-W03:0.5H,0). When visible light (4 > 400 nm) irradiated
with the aqueous RhB/UWATSs dispersion, it caused a decrease
in intensity of absorption peak with a concomitant the
maximum absorption wavelength of RhB shift to shorter
wavelength, reminiscent of similar hypsochromic shifts can be
seen by Watanabe et a/ ** in the RhB/CdS system.

Because of the two kinds of spectral changes in
photodegradation reaction, using the intensity of maximum
absorption peaks and the maximum absorption wavelength as
function of time to judge the photodegradation efficiency is
more appropriate. The trend in overall diminution of the
absorbance with increasing irradiation time is illustrated in Fig.
5a, and the shifts the

photodegradation process is depicted in Fig. 5b. The asterisks

trend of hypsochromic during
in Fig. 5 represented the time required of complete de-
ethylation.

The mentioned wavelength shift is due to de-ethylation of
RhB which is caused by one of the active oxygen species attack
on the N-ethyl group, *' and it is inferred that the electron

4| J. Name., 2012, 00, 1-3
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the singlet excited state 'RhB’ to
photocatalysts. *° In addition, the de-ethylation process is in a

stepwise manner, and the relationship between maximum

transferred from

absorption wavelength and organic dyes is that the maximum
absorption wavelength of N,N,N’,N’-tetracthylated rhodamine
is 554 nm; N,N,N’-triethylated rhodamine, 539 nm; N,N’-
diethylated rhodamine, 522 nm; N-ethylated rhodamine, 510
nm; and maximum absorption wavelength of rhodamine
(thodamine 110) is 498 nm, which can be known in Fig. 5b and
Fig. S2. During the initial period of photodegradation of RhB,
competitive reactions between de-ethylation and cycloreversion
of the RhB occur, and de-ethylation is predominating. In de-
ethylation process, the de-ethylation rate of RhB over UWAT-1
and UWAT-3 is slightly faster than UWAT-2, except UAT.
The split ring rate of rhodamine 110 over UWAT-1 and
UWAT-3 is also slightly faster than UWAT-2, which is
indicated by changes in peak intensity at 498 nm. In the total
photodegradation tests, UWAT-1 and UWAT-3 performed best
photocatalytic activity in both de-ethylation process and
cycloreversion pocess. However, among cubic tungsten
trioxides, the photocatalytic properties are similar, which can be
understood by the similar morphology and size from SEM
images. But UAT is an exception, because of poor crystallinity
and big size, which can be seen from XRD data (Fig. 1) and
SEM image (Fig. 2).

In order to investigate the impact of crystal water to c-
WO;:0.5H,0 on its photodegradation property. Dehydration
treatment to ¢c-WQO5-0.5H,0 was carried out at 200°C, which
was based on the research of Nedjar. >’ Nedjar said that
anhydrous c-WO; can add water to form c-WO;-0.5H,0 again
at 140°C. %’ To possibly revert back water into c-WO0O5-0.5H,0,
we choose 180°C and utilize hydrothermal method to inject
water into anhydrous c-WOj3. After 22h hydrothermal process,
we obtained the new c-WO3-0.5H,0. The XRD pattern of
anhydrous c-WOj is similar to c-W0O5-0.5H,0, as shown in Fig.
6. But X-ray diffraction peaks shift to small angle, indicating
that the lattice spacing of anhydrous cubic tungsten trioxide
becomes large. This may be

()
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Fig. 6 X-ray diffraction (XRD) patterns of tungsten oxides, (a)
UWAT-1, (b) UWAT-1 200°C dehydration 3h, (¢) UWAT-1
180°C hydrothermal 22h after dehydration, (d) c-WO5-0.5H,0
crystal structure
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Fig. 7 Photodegradation profiles of RhB over UWAT-1,
dehydrated UWAT-1, and new UWAT-1 (a) and corresponding
maximum absorption wavelength change of organic substances

(b) after visible light irradiation (1 > 400 nm).
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Fig. 8 Recycled photodegradation of RhB under the irradiation
of visible light over UWAT-1.
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Fig. 9 Photodegradation profiles of RhB over UWAT-1 (a) and
corresponding maximum absorption wavelength change of
organic substances (b) after visible light (2>400 nm) and 550 +
15 nm monochromatic light irradiation.

caused by dehydration, because the size of water molecule
(radius is 1.41 A) is slightly larger than the tunnel pore of c-
WO5-0.5H,0 (radius is 1.259 A), as shown in Fig. 6d. So water
molecules might slightly enlarged the tunnel pores during the
dehydration process. In Fig. 6, it can also be seen that the X-ray
diffraction peaks of new c-WOj3-0.5H,0 (after adding water)
shift to large angle compared to anhydrous c-WO;, but
compared to old c-WO5-0.5H,0 the X-ray diffraction peaks is
still blue shift. It may be induced by the crystal water could
effect on the XRD peaks position. After photodegradation
experiment, it is found that the photocatalytic activity of
anhydrous ¢c-WOj3; was very poor (Fig. 7 red circle). And the
result of photodegradation experiment of new c-WOQO5-0.5H,0
showed that new c¢-WO50.5H,0 performed the similar
photocatalytic activity (Fig. 7 blue inverted triangle) compared
with old c-WO;3:0.5H,0 (Fig. 7 black square). It is showed that
crystal water played a key role on the excellent photocatalytic
activity of c-WO5-0.5H,0. Fig. S3 showed that the crystal
structure of UWTA-1 didn’t changed after photodegradation of
RhB.

This journal is © The Royal Society of Chemistry 2012

The reason why hydrate enhanced the photocatalytic
properties is complex and unknown. A possible conjecture was
proposed, the conjecture is that the crystal water was located in
cages which were composed of W and O and these cages
adjoined with each other. The size of crystal water is slight less
than the cages, and crystal water may form hydrogen bonds
with the O. Thus, the inside electron density of c-W0O3-0.5H,0
will maximize overlap, and form more and shorter carrier
mobility access between the cages with each other which is
shorter than the carrier mobility access composed of W and O.
Thereby enhancing the photocatalytic activity. In this regard, it
will do further studies in the future.

The stability is a very important role for practical application.
In order to close to practical situation, the four cycles of
photodegradation of RhB were carried out over cubic tungsten
trioxide hemihydrate without stopping (Fig. 8). That means
cubic tungsten trioxide hemihydrate powder wasn’t got out,
washed, and dried after every photodegradation experiment.
We just removed the supernatant, and then added new dye
solution for a new cycle experiment. In order to maintain the
same experimental condition, few new dry cubic tungsten
trioxide hemihydrate powder, which was obtained after once
photodegradation experiment, were added at the beginning of
every cycle experiment. Fig. 8a shows that the dark absorption
of dye was increased after first run, this may be due to
pulverization which can induced larger specific surface area.
The performance didn’t decrease obviously (just decreased less
than 5%). Fig. 8b shows no obvious changes on de-ethylation
process. These results all indicate that c-WO5-0.5H,O exhibits
good stability and reusability.

From above results, c-tungsten trioxide hemihydrate is a
good candidate for treating waste water, also due to it is
noxious, green, stable, and inexpensive, especially its unique
crystal structure.

Photolysis mechanism

The presence of dye-sensitized has been investigated firstly,
of RhB is dye induce
photosensitization. It can be known from experimental data,

because colourful and may
RhB can mainly absorb the light with wavelength 554 nm, and
the c-WO5-0.5H,0 just can absorb the light with wavelength
shorter than 405 nm. So, the photodegradation experiment was
carried out by using 550 + 15 nm band-pass filter for exciting
the RhB only, as shown in Fig. 9. Fig. 9a shows that 64.7%
RhB can be decomposed when photodegradation experiment
with 550 + 15 nm band-pass filter was completed. It indicates
that dye-sensitization exists. Fig. 9b shows the maximum
absorption wavelength changes from 554 nm to 539.5 nm,
which indicates that RhB just lost one ethyl. However, de-
ethylation of RhB was caused by one of the active oxygen
species attack on the N-ethyl

J. Name., 2012, 00, 1-3 | 5
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Fig. 11 photocatalytic degradation process diagram of prepared
tungsten trioxide hemihydrate.

group. ¥ In addition, active oxygen species, like superoxide
radicals and hydroxyl radicals, can be formed by photo-
generated electron, photo-generated hole, and photo-excited
electron in the conduction band of ¢c-WO5-0.5H,O which was
transferred from RhB". If there exists dye-sensitization only,
and RhB just lost one ethyl that means concentration of active
oxygen species is not enough for complete de-ethylation,
itindicates that dye-sensitization displays a certain role in
photodegradation of RhB.

Secondly, it should be known which active species played a
main role. So the photodegradation mechanism experiment of
cubic tungsten trioxide hemihydrate was carried out by adding
methanol, dimethyl sulfoxide (DMSO), and p-benzoquinone
(BQ), which were used as wildly and highly efficient quenchers
for holes, hydroxyl radicals, and superoxide radicals,
respectively. *** Fig. 10 shows that adding methanol affects
the results of photocatalytic reaction slightly, which indicated
that photo-generated hole has played a minor role. When
DMSO was added, the processes of intensity of absorption peak
decreases and the maximum absorption wavelength of RhB
shifts to shorter wavelengths were all subject to a certain degree
of inhibition, it inferred that hydroxyl radicals play a certain
degree of role not only in de-ethylation process but also in
cycloreversion process. The effect of superoxide radicals was
also considered by adding BQ. The two processes in reaction of
photodegradation were inhibited significantly, the results
explained that superoxide radicals play the main role in whole
photodegradation process. Because of BQ is colorful, we did a
of pumping nitrogen. From this

similar  experiment
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supplemental experiment, we got a more pronounced result
because of excluding oxygen directly for reducing the
formation of superoxide radical, which is more effective than
BQ. The above results showed that photogenerated electron is
main role during the photodegradation process.

From the above results, we can launch the possible reactions
of the degradation process, as shown in Fig. 11.

Conclusions

In summary, cubic tungsten trioxide hemihydrate has been

synthesized firstly by simply solvothermal process.
Photodegradation of RhB was firstly carried out for
investigating  its  photocatalytic  activity, the results

demonstrated c-WO;-0.5H,0 displayed excellent photocatalytic
activity. From the photodegradation experiment result of
anhydrous c-WO; and new ¢c-WO;3-0.5H,0, it can be known that
crystal water played a key role on photocatalytic activity. The
¢c-WO;:0.5H,0 sample exhibits a long duration even after four
cycles of photodegradation. Photolysis experiment results
showed that dye-sensitization exists, and superoxide radicals
played a main role (generated by photogenerated electron). All
results indicated that c-WO3-0.5H,0 is a promising candidate of
tungsten oxide-based photocatalytic materials for pollutant
abatement.
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