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Tungsten oxide (WO;5_,) nanomaterials with controlled morphology and composition were
fabricated by thermal evaporation of WO5 and S powders at different temperatures in a vacuum
tube furnace. At 850 °C the obtained green particle is still of the same monoclinic WO; phase as
that of the starting powder. At a temperature between 900 and 1100 °C, the resultant dark-blue
products are particle-like clusters composed of numerous monoclinic WO, oy short nanorods, but
the clusters became looser and the nanorods grew somewhat longer as the temperature increased.
At a temperature between 1150 and 1250 °C, elongated and thoroughly separate purple-red
monoclinic W;gOy49 nanorods were obtained. The growth of the prepared WO;_, nanomaterials was
controlled by a gas—solid mechanism. Their photocatalytic degradation on organic contaminants was
evaluated by decomposing methylene blue (MB) in aqueous phase under sunlight, in which WO;3
particles presented higher photocatalytic activity than its oxygen-deficient counterparts, WO, oy and

W5049. But the W 30,49 nanorods had higher adsorption ability to MB in all the samples.

I. INTRODUCTION

As a kind of popular metal oxide semiconductor,
nanosized tungsten oxides are of great interest due to
their outstanding chemical activity, gas sensitivity, elec-
trochromic property, and electromagnetic wave absorp-
tion properties.'™ Up to now, various tungsten oxides
have been extensively explored for industrial catalysts,*”’
gas sensors,8 electrochromic materials,g’m military stealth
materials,” and so on, in which tungsten oxides as
photocatalysts have gained intensive attention from the
researchers.

As is well known, in the field of photocatalysts, TiO,
has been the best and most widely investigated one in the
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past 10 years.'' However, due to its wide band-gap of
about 3.2 eV, it can functionalize only under ultraviolet
(UV) light. As a result, it is difficult for TiO, photo-
catalyst to utilize solar energy, the most important and
abundant natural light energy that contains only about 4%
UV light. To address this issue, new generation of
photocatalysts has been intensively developed. On the
one hand, many methods have been proposed to modify
TiO,, including the doping of anionic or cationic impu-
rity, dye sensitization, construction of surface hetero-
junctions, the coupling of TiO, with smaller band-gap
semiconductors, increase in the accessible surface areas,
and usage of surface F effects and exposure of highly
reactive facets.''™'* On the other hand, many non-TiO,
based photocatalysts have been developed. For example,
g-C3N4 may be a good visible photocatalyst, because it
has a relatively narrow band-gap of about 2.7 eV together
with other merits like low cost and no toxicity. However,
due to the quick recombination of its photogenerated
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electron—hole pairs, it still has limited visible photo-
catalytic efficiency, and this issue might be solved by the
fabrication and nanostructure design of pristine g-C3Ny,
band-gap engineering through atomic-level doping and
molecular-level modification, and the preparation of
g-C;Ny-based semiconductor composites.'>'®  Mean-
while, compared with the above photocatalysts, WOs3,
with a band-gap of 2.8 eV, can also absorb visible light to
a large extent besides UV one, and is of high stability
but no toxicity, being the second most investigated
semiconductor photocatalyst and exhibiting enormous
potential in applying solar energy for the splitting of
water into hydrogen and oxygen, decomposing of haz-
ardous organic contaminants in polluted water and hazy
atmosphere, and so forth.>™’

To date, most of the studies in the literature have focused
on the effects of experimental conditions on the photo-
catalytic performance of tungsten oxides, such as the
intensity and spectrum of the irradiation lamp,'’ ™" pH
(potential of hydrogen) value,”**' temperature,” concentra-
tion,'? and the presence of oxidizing agents*>** or inorganic
ions.?>**?* However, more and more investigations have
revealed that the intrinsic properties of materials composi-
tion, morphology, size, and crystal structure together with
different modification engineering strategies would present
important synergistic effects on their photocatalysis perfor-
mance.'"” For example, it was found that nanoscaled
tungsten oxide photocatalysts with controlled morphology
possessed enhanced photocatalytic activities due to their
high purity, novel morphology, and large specific surface
area.*’ More specially, there has been a great potential to
manipulate the composition of tungsten oxides, and various
WO;_, crystals with a variety of oxygen-deficient stoichio-
metries, such as W18049, W5014, W2406g, and W20058,
have been reported.”*® All these results inspire us to prepare
nanosized tungsten oxides of various compositions and
investigate their potential for photocatalysis.

To prepare samples with excellent performance, a num-
ber of methods have been developed to synthesize
various tungsten oxide nanomaterials, for example, ther-
mal decomposition,?” sol-gel processing,® hydrothermal
method,?® microemulsion method,>® and so on. Com-
pared with these methods, thermal evaporation is more
convenient, controllable, and capable of mass—production.3 !
So, in this work, we propose a simple, fast, clean, and
energetically efficient thermal evaporation method for the
preparation of WO;_, nanocrystalline materials in large
scale, in which only WO; and S powders are used as the
starting materials. Simply by adjusting the evaporation
temperature, WO3_, nanorods with controlled morphol-
ogy and composition were obtained for the first time.
And their photocatalytic degradations on organic con-
taminants were systematically investigated by decompos-
ing the model compound methylene blue (MB) in
aqueous phase.

Il. EXPERIMENTAL PROCEDURE
A. Materials preparation

The applied WO3 (Sinopharm Group Co. Ltd, Beijing,
China) and elemental S (Aladdin Industrial Corporation,
Shanghai, China) were commercially bought raw pow-
ders of analytical grade and directly used without further
purification. The nanocrystalline WO;_, samples were
prepared by using an experimental vacuum, horizontal
alumina tube furnace (SJG-16, Luoyang Shenjia Kiln Co.
Ltd., Henan, China).

In a typical process, 1 g WO;5 and 1 g S powders were
loaded separately in two alumina boats. The WOs-
containing boat was placed at the heating center of the
furnace, while another one with S powder was located
on the upstream of working gas flow in the furnace,
10 cm away from the WO3; powder. Before heating, the
alumina tube was evacuated and flushed repeatedly with
high-purity N, gas so as to eliminate the remnant gases
in the tube. Then, the furnace was heated up in 1.5 h
from room temperature to a designed heating tempera-
ture (800—1300 °C in a step of 50 °C) and held there for
1 h. After that, the furnace was cooled down naturally to
room temperature simply by shutting down the electric-
ity of the heating system of the furnace. Throughout the
whole heating process, the N, gas flow inside the
alumina tube was maintained at 200 sccm. Finally,
powder-like products with different colors could be
obtained in the alumina boats originally loaded with
WO;3; raw powder.

B. Materials characterization

The phase composition of the products was identified by
X-ray diffraction (XRD; Bruker D8 diffractometer, Bruker
Corporation, Kalsruhe, Germany) with Cu K,, radiation (A
= 1.5418 A). The XRD scanning range was from 10 to
60° and the speed was 6°min. Their morphologies and
crystallographic structures were examined by field emis-
sion scanning electron microscopy (FE-SEM; Hitachi
S4800, Hitachi Corp., Tokyo, Japan), transmission elec-
tron microscopy (TEM; Tecnai G2 F30 U-TWIN, FEI
Company, Hillsboro, Oregon), high-resolution TEM
(HRTEM), and selected area electron diffraction (SAED).
The UV-vis absorption spectra of solid samples were
recorded on a Cary 5000 UV-vis spectrometer (Varian,
Salt Lake City, Utah) equipped with a ®110 mm in-
tegrating sphere for solid-phase characterization. And their
photoluminescence (PL) spectra were collected at room
temperature on a Cary Eclipse fluorescence spectropho-
tometer (Agilent, Palo Alto, California) using an Ar lamp
as the excitation light source at excitation an wave length
of 325 nm. Specific surface area was obtained by the
Brunauer—-Emmett-Teller (BET) N, adsorption method
using a Micromeritics ASAP2020 surface analyzer (China
National Pharmaceutical Group Corp., Shanghai, China).

1066 J. Mater. Res., Vol. 31, No. 8, Apr 28, 2016



Z. Shen et al.: Synthesis of WO3;_, nanomaterials with controlled morphology and composition for highly efficient photocatalysis

C. Photocatalytic degradation on organic
contaminants

The photocatalytic degradation on organic contaminants
by the as-synthesized WO;_, samples was evaluated
through decomposing the commonly applied model com-
pound MB under 500 W xenon lamp that can generate
light as sunlight. The tests were performed in a cylindrical,
thermostated (30 °C) and inner lamp type photochemical
reactor system (XPA-7, Nanjing Xujiang Mechanical &
Electrical Factory, Nanjing, China) under continuous
magnetic stirring. In a typical photocatalytic degradation
test, 50 mL MB (5 mg/L) aqueous solution was decom-
posed by 50 mg WO;_, sample in the test tube. During the
photocatalytic degradation, the reaction mixture was first
stired in the dark for 60 min to reach the adsorption
equilibrium, and then the irradiation lamp was switched
on. Throughout the whole tests, after every 20 min
reaction, 2—3 mL supernatant sample was collected from
the mixture into a small tube. Then the collected supernatant
sample was centrifuged for 8 min using HC-2064 High-
Speed Centrifuge (Anhui Zhogke Scientific Instrument Co.
Ltd., Anhui, China) with a rotation speed of 9000 rpm.
After centrifuging, the prepared clear solution from the
small tube was analyzed by a 722S Visible Spectropho-
tometer (Shanghai Lengguang Technology Co. Ltd., Shang-
hai, China), and the degradation of MB was determined at
the wave length of its maximum absorption (664 nm). After
the analysis, the clear solution with the sediment during
centrifuging was poured back into the test tube. Because the
absorbance of MB depends linearly on its concentration
according to the Lambert—Beer law, the measured concen-
tration of MB in the clear solution can represent that of the
organic contaminant without photocatalytic degradation.

D. Active species trapping experiments

To investigate the active species generated in photo-
catalytic process, for each photodegradation test on MB
by the selected tungsten oxides, 1 mmol tertbutyl alcohol
(TBA), disodium ethylenediaminetetraacetate (EDTA),
and parabenzoquinone (BQ) were also added into the
reaction system, respectively.'®**>* And all the other
experimental parameters during the tests were kept as
those of the above photodegradation experiments.

lll. RESULTS AND DISCUSSION

A. Composition, structure, and morphology of
WO3;_, hanomaterials

Figure 1 shows the XRD patterns of typical products
fabricated at different temperatures. For comparison, the
XRD pattern of the starting WO; raw powder is also
presented. Under the designed conditions, at 850 °C
(please also see Fig. S1 in the Supplementary Materials),
the obtained sample is still of the same monoclinic WO;

phase as that of the starting powder (JCPDS No.
43-1035). At a temperature between 900 and 1100 °C
(also see Fig. S2), we could obtain powders of absolute
monoclinic phase of WO, oo. The diffraction patterns of
all the samples match perfectly with the standard card
JCPDS no. 05-0386 of monoclinic phase of WO, oy. At
a temperature between 1150 and 1250 °C (also see
Fig. S3), the resultant samples consist of mainly mono-
clinic W;gO49 (JCPDS No. 05-0393) with a small amount
of WS, (JCPDS No. 08-0237). However, at 1300 °C
(see Fig. S4), the dominant phase of the synthesized
samples is WS, already (JCPDS No. 08-0237).

Figure 2 presents some SEM images of the samples, in
which Fig. 2(a) shows the one of the applied starting WO3
raw powder, and Figs. 2(b)-2(f) exhibit those of typical
products prepared at different temperatures. From Fig. 2(a),
we can see that the light-green raw powder (also see
Fig. S1) consists of many granular particles with various
sizes from 10 to 30 pm in diameter. Figure 2(b) shows the
SEM image of the sample prepared at 850 °C. From this
image, it could be seen that the obtained green powder (also
see Fig. S1) still has the same morphology as that of the
starting WOj3 raw powder. After comparing with their XRD
results (also see Fig. S1), it can be inferred that at
a temperature =850 °C, the prepared samples possess the
same composition, structure, and morphology (round mono-
clinic WO; particle). The morphology of the powder-like
product prepared at 950 °C is displayed in Fig. 2(c). From
this image, it seems that the sample is still of the same
structure of granular particles as shown in Figs. 2(a) and 2
(b), but with a closer view, it could be found that the
particles are clusters of many short-length nanorods. The
image of the powder-like product prepared at a higher
temperature of 1050 °C [Fig. 2(d)] reveals similar particle-
like clusters as shown in Fig. 2(c) but of many longer
nanorods, while some nanorods are even separated from the
particles. In combination with the results as shown in Figs. 1
and S2, it can be seen that at a temperature between 900 and
1100 °C, the obtained dark-blue products are particle-like
clusters composed of numerous monoclinic WO, gy nano-
rods, but the clusters may become looser and the nanorods
grow somewhat longer as the temperature increases. At
a temperature between 1150 and 1250 °C, all the obtained
purple-red powder-like products are composed of thor-
oughly separate nanorods with almost entirely straight and
uniform geometry (see Figs. 2(e), 2(f), and S3). With
a rough evaluation, the diameter of the nanorods is in the
range of 200-500 nm, and the length of them is about
several to dozens of microns. However, at 1300 °C, the
resultant gray powder-like products virtually consist of
plate-like nanostructures already, which are the typical
structure of nanosized WS, and can be also confirmed by
its XRD pattern (also see Fig. S4).

To further examine the morphology and structure of
the prepared products, TEM, HRTEM, and SAED
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FIG. 1. XRD patterns of typical products fabricated at different temperatures. For comparison, the XRD pattern of the starting WO3 raw powder

was also presented.

characterizations were carried out. Typical results are
shown in Fig. 3, which were taken from the selected
samples prepared at 850, 1050, and 1150 °C, respec-
tively. Their TEM images as shown in Figs. 3(a)-3(c)
further confirm the dependence of the geometry of the
WO;_, samples on the evaporation temperature. At
850 °C, the prepared sample consists of particles with
a diameter of 0.2-2 pm. At 1050 °C, the prepared
nanorods possess a diameter of 1-2 pm. And in the
sample prepared at 1150 °C, the diameter of the nanorods
is only 200-500 nm. All these results are consistent with
the SEM observations. Moreover, from the HRTEM
images [see Figs. 3(d)-3(f)] and SAED patterns [see
the insets in Figs. 3(d)-3(f)], it can be seen that all the
selected products are well crystalline, and the growth of
the WO3 particles prepared at 850 °C is along the (020)
direction, and those of the nanorods prepared at 1050 and
1150 °C are along the (010) and (103) planes, respec-
tively. All these results are basically in accordance with
the results recorded by XRD.

1068

B. Formation mechanism of WO;_, nanomaterials

From the above results, it can be concluded that the
temperature of thermal evaporation affects not only the
composition of the as-prepared WO;3_, nanostructures,
but also their morphology. To elucidate the formation
mechanism of the present nanostructures, the chemical
reactions that happened were first discussed. Considering
the starting powders (evaporation sources) applied in this
study, it was suggested that as the temperature increased,
WO; and S started to sublimate from the alumina boats
separately. When they met with each other, they would
first react in the form of

AH = 3323 kJ/mol
(1)

during which tungsten oxide nanostructures with differ-
ent compositions would be generated at different temper-
atures, because with increasing degree of oxygen

X X
WO; + ES — WO3_x +§SOZ

J. Mater. Res., Vol. 31, No. 8, Apr 28, 2016
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FIG. 2. SEM images of the starting raw powder (a), and typical products prepared at different temperatures: (b) 850, (c) 950, (d) 1050, (e) 1150,

and (f) 1250 °C.

deficiency in the products, the reaction (an endothermic
one) would need more heat. When the product is WO, g,
the calculated standard enthalpy of formation for the
reaction is 8.004 kJ/mol. But for the product WgOyg, it
would be 20.20 kJ/mol. Thus the latter reaction requires
higher temperature. In a word, with increasing degree of
oxygen deficiency in the products, the reaction would need
higher temperature. However, at a temperature higher than
1300 °C, the following reaction would be easier to happen,

7 3
WO; + ES — WS, —1—5802 AHyeg = 138.3 kJ/mol
(2)

because it needs much more heat than Reaction (1). In
such case, WS, nanostructures would be obtained. As for
the by-product SO,, it was taken away by the carrier
gas No,.

J. Mater. Res., Vol. 31, No. 8, Apr 28, 2016

To explain the growth process of the present nanorods,
three kinds of the already-known mechanisms can be
taken into account: vapor-liquid—solid (VLS),* solid—
liquid—solid (SLS),* and vapor—solid (VS).>*® The
growth of the present nanorods may not follow a VLS
mechanism, because in VLS mode there should exist
a clear sign that small spherical droplets appear on the top
of nanostructures. However, after careful searching, we
could not find such phenomenon on the present tungsten
oxide nanorods. Moreover, the growth of the present
nanorods would be difficult to follow a SLS mechanism,
because the nanorods can be formed only under the
action of S vapor (also see Fig. S5), but the applied
starting raw powders were loaded separately in two
alumina boats, which should be transferred through
a gas way for their reaction with each other. So we
supposed that the growth of the present tungsten oxide
nanorods was controlled by a VS mechanism. In this
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FIG. 3. (a, b, and c) TEM and (d, e, and f) HRTEM images of typical WO; particles prepared at 850 °C, WO, gy nanorods prepared at 1050 °C,
and W,g0y49 nanorods prepared at 1150 °C, respectively. The insets represent their corresponding SAED patterns.

mode, at an appropriate temperature, the active atmo-
sphere will be adsorbed on the surface of small WO;
particles to form a crystal nucleus. The formed crystal
nucleus would continue to grow or decompose with
thermal fluctuation in the system. When a certain critical
condition is reached, the crystal nucleus will be stable
and grow promptly along its preferential growth direc-
tion, eventually generating nanostructures. In the present
experiment, when the active atmosphere (S vapor) meets
WO; particles, the S vapor will be adsorbed on the
surface of WO; particles to promote WO; forming
a crystal nucleus. When the temperature is less than
850 °C, the formed crystal nucleus would rapidly
decompose (not stable), during which the crystalline
nucleus would not finally grow. So the final samples
are still of particles as the starting raw powder. When the
temperature is between 900 and 1100 °C, the formed
crystal nucleus is stable, but its formation speed is much
higher than that of growth in a specific direction, thus
resulting in products with numerous short nanorods.

During this stage, the morphology of the nanorods is
controlled by the formation of the crystal nucleus. At
a temperature between 1150 and 1250 °C, the formed
crystal nucleus is also stable, but its growth speed is
higher than that of formation. Therefore, the crystal
nucleus would grow rapidly along its preferential
direction, eventually generating elongated nanorods. That
is, during this stage, the morphology of the nanorods is
controlled by the growth of the crystal nucleus.

C. Optical properties of WO3;_, nanomaterials

To understand the photocatalytic performance of the
prepared WO;3_, samples, their UV-vis absorption and
emission spectra were investigated by using UV—vis and
PL spectroscopy. For comparison, the corresponding
spectra of the starting WOj3; raw powder were also
examined.

The recorded UV-vis absorption spectra as shown in
Fig. 4(a) reveal that the starting monoclinic WO5; raw
powder can only absorb light until approximately 500 nm,
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FIG. 4. (a) The UV-vis absorption and (b) PL spectra of the starting WO3 raw powder and samples prepared at different temperatures.

while the monoclinic oxygen-deficient WO;_, samples
fabricated at different temperatures can have a strong
absorption in the whole UV-vis range (200-800 nm).
The dark color (absorption above 500 nm) of the
oxygen-deficient WO;_, samples is owing to the pres-
ence of larger amounts of reduced (W*T and W)
atoms as well as W', which introduced new discrete,
quite deep energy levels into the band-gap.” However,
although the XRD analysis displayed that the sample
prepared at 850 °C possesses the same composition and
structure as the starting WO3 raw powder, it also has
a relatively strong absorption in the whole UV-vis range
though with decreased intensity between 400 and 500 nm.
This result reveals that the WO3 sample prepared at 850 °C
might also have some reduced (W** and W>™) atoms in
the crystals (thus new discrete, quite deep energy levels
into the band-gap), due to the small portion of WO;
reduced by S vapor at a relatively low temperature (lower
than 850 °C in this study). But this small portion of
reductive WO;_, cannot be detected by XRD in the
detection limit. This can thus explain the color difference
between the starting WOz raw powder and samples
prepared at 800-850 °C as shown in Fig. S1.

The Kubelka—Munk formula was used to calculate the
band-gap of the samples from the UV-vis spectra. The
band-gap of the starting WO3; raw powder is 2.75 eV,
while those of the samples fabricated at 850, 950, 1050,
1150, and 1250 °C are 2.51, 2.22, 2.20, 2.1, and 1.84 eV,
respectively. In combination with their compositions
presented above, it can be concluded that the band-gap
of tungsten oxides decreases with the degree of oxygen
deficiency in the samples. On the one hand, due to the
stronger absorption in the visible range, the WO;_,
samples could be better photocatalysts for the

degradation on organic contaminants than the starting
WO; raw powder. On the other hand, the new, quite deep
energy levels in their band-gaps might act as recombina-
tion centers,”’=° which could lower the photocatalytic
efficiency of the WO;_4 samples. In addition, the in-
creased conductance of the reductive WO;_, samples,
owing to that electrons could easily hop between the W
atoms of different oxidation states,26 could result in easier
transport and thus recombination of electrons and holes,’
which could also lower their photocatalytic efficiency.

The recorded PL spectra are shown in Fig. 4(b).
According to this figure, all the products prepared at
different temperatures have similar emission peak sys-
tems with the starting WO3 raw powder, in which the
strongest emission peak at about 400 nm is close to the
UV range. However, the oxygen-deficient WO3;_, sam-
ples have significantly lower luminescence intensity than
the starting WO3 raw powder in the whole spectrum,
because the excitation light could induce polaron tran-
sitions between W4+, W5+, and W' atoms in the
reductive WO;_, samples,* implying that a much weak
light could cause the WO;_, samples to generate
electrons and holes to participate in the photocatalytic
reaction.

D. Photocatalytic degradation on MB

The photocatalytic degradation on organic contami-
nants by the as-synthesized WO;3_, samples was evalu-
ated through decomposing the commonly applied model
compound MB on comparison with that by the starting
WOj; raw powder. The decolorization effects on MB in
aqueous solution by the starting WO; raw powder and
samples prepared at different temperatures during the
whole process including the adsorption in the dark and
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FIG. 5. (a) Decolorization effects on MB in aqueous solution by the starting WO; raw powder and samples prepared at different temperatures
during the whole process including the adsorption in the dark and degradation under irradiation, and (b) their corresponding —In (C/Cy) versus

irradiation time plots during only the irradiation process.

degradation under irradiation are illustrated in Fig. 5(a).
And their corresponding —In(C/Cy) versus irradiation
time plots during only the irradiation process are shown
in Fig. 5(b).

As seen from Fig. 5(a), after adsorption in the dark for
60 min to the adsorption—desorption equilibrium, the
elongated W;3O49 nanorods presented the greatest
decolorization effects on MB among all the samples.
By the typical W,3gO49 nanorods synthesized at 1150 and
1250 °C, after 60 min of dark adsorption, the concen-
trations of MB were decreased to 77.2 and 71.7 wt%,
respectively, much lower than those of the other samples.
To explain this phenomenon, the BET surface areas of
the present samples were measured. Figure 6 displays the
N, adsorption—desorption isotherms of the starting WO;
raw powder, typical WO;_, samples prepared at different
temperatures, WO, oo (1050 °C) and W;3O49 (1150 °C).
It can be seen from this figure that the isotherms of the
three samples are characteristic of a type IV isotherm
with a type H3 hysteresis loop, indicating that all of them
have mesoporous structures.*' However, the BET surface
areas of the WO3, WO, 9, and Wg049 samples were
determined to be approximately 1.87, 0.46, and 0.42 m%/g,
respectively, while the volume of the adsorbed N, by them
were 2.23, 1.5, and 5.2 cm’/g under the relative pressure of
1.0. The abnormally high volume of the adsorbed N, by
the as-synthesized WgO49 nanorods should be attributed
to the vacant surface sites enhanced adsorbability in the
sample,*' which also has a substantial contribution to the
adsorption of N, by the present WO, oo sample. This is
why the W;gO49 nanorods could present the highest
adsorption decolorization effect on MB as presented in
Fig. 5(a).

However, when considering the whole decolorization
stage, including the 60 min of dark adsorption and
240 min of sunlight irradiation, the starting WO;5; raw

1072
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4.5 —e— W0, (1050 T)
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0.0 0.2 0.4 0.6 0.8 1.0
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FIG. 6. N, adsorption—desorption isotherms of the starting WO;5 raw
powder and typical WO;_, samples prepared at different temperatures:
WOz_go (1050 OC) and W18O49 (1150 OC).

powder presented the best total decolorization effect on
MB. After test, the measured residual MB concentration
could drop down to 25.5 wt%. And the WO; particles
prepared at 850 °C even have the second high activity
among all the catalysts, by which the recorded residual
MB concentration would decrease to 47.2 wt%. This is
because these two catalysts have higher ability of
decomposing (oxidizing) MB under sunlight due to their
higher chemical state of W atoms: almost completely
W®" ions in the starting WO raw powder and very little
of W** and W>" ions in the WO, particles prepared at
850 °C. Correspondingly, for the same reason, the
WO,y short nanorods (here prepared at 950 and
1050 °C) and elongated W;gO49 nanorods (prepared at
1150 and 1250 °C) displayed lower activity of decom-
posing MB among the catalysts owing to the presence of
a larger amount of W** and W°™ ions in the compounds.
After the total decolorization tests by them, the measured
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residual MB concentration would drop down to 59.7,
60.1, 58.8, and 54.9 wt%, respectively.

Through their corresponding plots of —In(C/Cy) versus
irradiation time as illustrated in Fig. 4(b), the rate
constant k values of the photocatalytic reactions with
the samples can be calculated. The rate constant of the
photodegradation reaction on MB with the starting WO;
raw powder is 0.00512/min, and those with the catalyst
samples fabricated at 850, 950, 1050, 1150, and 1250 °C
are 0.00252, 0.00148, 0.00146, 0.00114, and 0.00111/
min, respectively. This result confirms that with increas-
ing degree of oxygen deficiency, the photodegradation
(oxidizing) ability on MB by the WO;_, catalysts under
sunlight would decrease. The reason for this phenomenon
may be that the new, quite deep energy levels in the
band-gaps of WO5;_, would act as the recombination
centers of photogenerated electrons or holes, and the
reductive WO5_, samples, owing to that electrons could
easily hop between the W atoms of different oxidation
states, could result in easier transport and thus recombi-
nation of electrons and holes,” finally lowering the
photocatalytic efficiency of the degradation on MB by
the WO;_, catalysts, which can been seen from the UV—
vis and PL spectra.

To detect the active species generated in photocatalytic
process, under the same conditions for each photodegra-
dation test on MB by the selected tungsten oxides,
1 mmol TBA (a scavenger of hydroxyl radical, *OH),
EDTA (a quencher of hole, h™), and BQ (a quencher of
superoxide radical, 002*) were also added into the
reaction system, respectively.'®**>* Fig. 7 shows the
photodegradation effects of MB over the starting WO;
raw powder, and typical WO;_, samples prepared at
different temperatures, WO, 99 (1050 °C) and W3Oy
(1150 °C), in the presence of TBA or EDTA. To
determine the degradation ability of EDTA, TBA, and
BQ trapping agents on MB, comparative experiments in

1.0 -
| e W, S— ' —
) : ) -
0.8 R S
e 4 T
= L] "-.‘
8 0.6 L = TBA .
& WO_raw powder, blank
A— WO _raw powder + TBA * .
v WO__ (1050 C), blank .
0.4 e wo__ (1050 C)+TBA
«— W _0_ (1150 'C), blank
»— W, 0, (1150 C) + TBA
02 ! - L !
0 60 120 180 240
(a) [rradiation time (min)

the absence of catalysts were also conducted (see Fig. 7
and S6). From Fig. 7 and S6, it was found that under the
same, designed condition, after photodegradation reac-
tion of 240 min, the decolorized MB by pure TBA was
about 12%, that by pure EDTA was up to a quite higher
value of about 48%, and that by pure BQ reached at an
amazing value of 80%. However, for the photodegrada-
tion of MB over WO3, WO,99, and W;gO49 in the
presence of TBA scavenger, it was found that the
photocatalytic activity of the WO; sample was largely
suppressed by the addition of TBA and the inhibition
efficiencies for the degradation of MB is about 67.6%
[see Fig. 7(a)]. Thus, it could be inferred that *OH serves
as the main active species for the photodegradation of
MB over WO; under sunlight irradiation. On the other
hand, the photodegradations of MB over the WO, ¢ and
W,5049 samples were almost not affected by adding
TBA as a quencher [see Fig. 7(a)]. Furthermore, the
photodegradation effects of MB over the WO5;, WO, g,
and W;gOy49 samples in the presence of EDTA could be
improved to a certain extent [see Fig. 7(b)], indicating
that the active species during the photodegradation on
MB by the present tungsten oxides are not h™. For the
WO; sample, the slight enhancement of photodegrada-
tion effect on MB may be derived from the contribution
of EDTA, because EDTA alone could present a high
visible light degradation efficiency of about 48% on MB.
However, for the WO, 99 and W;3049 nanorods, the
photodegradation effect of MB would be enhanced
dramatically, much higher than that in case of WOs;.
For this phenomenon, in addition to the contribution of
EDTA, the added EDTA might capture a large number of
the photogenerated h™, which would suppress the
recombination of h* and e~ at the deep level, leading
to the improvement of the yield of photogenerated e™. In
Ref. 41, Qian et al. proposed that the active species in
WO;_, materials were *O*~ during the photogradation of

08— o
- > .
‘!\'\\' e
08 3 v
' 3 ’\‘\\ X v %
= =
@] A e
O —=— EDTA N
0.6 - o WO, raw powder, blank &~ # S
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nz 1 i 1 i L " L i 1
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(b) Irradiation time (min)

FIG. 7. Photodegradation effects of MB over the starting WO5; raw powder, and typical WO;_, samples prepared at different temperatures,
WO,.90 (1050 °C), and W ;3049 (1150 °C), in the presence of TBA (a) or EDTA (b).
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MB. However, because the added BQ itself is a very high
efficient catalyst on the photodegradation of MB (see
Fig. S6), the active species cannot be determined from
our experiments on the photogradation of MB by the
present WO, 9 and W;3049 samples together with BQ.
On the basis of the result proposed by Qian et al., after
the addition of EDTA into WOs5_,, due to the increased
yield of photogenerated e, more *O*  with strong
oxidation ability might be generated through the re-
duction of oxygen by the e™ of strong reduction ability,
finally leading to improved efficiency of photodegrada-
tion of MB.

Accordingly, the possible photocatalytic mechanism of
WO;_, was proposed in Fig. 8. The low photocatalytic
activity of WO;_, should be ascribed to the effect of
oxygen vacancies. As shown in Fig. 4(a), the presence of
oxygen vacancies could effectively result in a blue-shift
on the optical absorption edge, indicating that some new
energy levels were formed on the bottom of the conduc-
tion band. In this case, the electron was more excited
from valence band of WO;_, to arrive at oxygen vacancy
level. Because W4+, W5+, or W atom can serve as
electron scavenger and 0>~ producer in the following
steps:

WO;_y + visible light — WO3_ (e~ +h') , (3)
WO fem — W or WO 427 — W (4)
St e 4+
W +e - W , (5)
WH 4+ 0, = 0 + W | (6)
and
*0’” + MB — degradation (7)

upon visible light irradiation, photogenerated e~ could be
trapped by WO or W%, and the W or W>* would be
reduced to W*". Then, the W*" could be oxidized back

M JE—— e
CO,+H,0 ’ . ",. w‘h - ﬂCOzJ’HzO

o \MB

e ®© B e‘ & 0\,;

|
!’sible light ¢ L

VB DOOOS /
- /

\- WO x /

FIG. 8. Schematic diagram of the photodegradation mechanism of
MB over WO5_, samples under light irradiation.

to W°* or W by the adsorbed oxygen in this system.
Meanwhile, O, adsorbed on the surface of the photo-
catalyst can react with W*" and e~ to generate *O*~
Therefore, the presence of the W4 WA or W atom
can result in the generation of *O”~ for the degradation of
the dye molecules. However, excessive W species might
cover the active sites or act as a recombination center of
WO;_y, which would reduce the separation efficiency of
charge carriers, finally reducing the photodegradation
activity of WO3_, on MB.

In a word, when all the factors are taken into account,
under the same conditions, the total decolorization effect
on MB under sunlight by the present tungsten oxide
catalysts can be ranked as: WOj; particles > elongated
W 3049 nanorods > WO, ¢q short nanorods.

IV. CONCLUSIONS

(1) By only using WO3; and S powders as the
evaporation sources, tungsten oxide (WO;_4) nanostruc-
tures with controlled morphology and composition were
successfully fabricated at different temperatures in a vac-
uum tube furnace. At 850 °C the obtained green particle
is still of the same monoclinic WO;5 phase as that of the
starting powder. At a temperature between 900 and
1100 °C, the resultant dark-blue products are particle-
like clusters composed of numerous monoclinic WO, g
short nanorods, but the clusters become looser and the
nanorods grow somewhat longer as the temperature
increases. At a temperature between 1150 and 1250 °C,
elongated and thoroughly separate purple-red monoclinic
Wi13049 nanorods were obtained. And the growth of the
obtained WO;_, nanomaterials was controlled by a gas—
solid mechanism.

(2) The starting WO3 raw powder can absorb light up
to 500 nm in the visible region, while the WO5_, samples
had strong absorption in the whole UV-vis range. And
their band-gap decreases with the degree of oxygen
deficiency in the samples. All the tungsten oxides have
similar emission peak systems, but the oxygen-deficient
WO;_, samples have significantly lower luminescence
intensity than the starting WO3 raw powder in the whole
spectrum.

(3) Compared with the oxygen-deficient counterparts
WO, 99 and W 3049, WO; particles presented stronger
photocatalytic degradation on MB under sunlight. But the
elongated W3O49 nanorods have the highest adsorption
ability to MB in all the tungsten oxide samples due to
their high content of vacant surface sites.
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