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Abstract

WOj; nanoparticles with hexagonal and monoclinic structures were synthesized via a microwave-assisted hydrothermal process without the use
of any additives in which the microwave hydrothermal reaction time was 30 or 60 min and was followed by different thermal treatments. The
formation at different temperatures of hexagonal (h-WO3) and monoclinic (m-WO3) crystal structures of WO3 was confirmed by X-ray powder
diffraction (XRD). The characterization of WO samples was complemented with scanning electron microscopy (SEM) images, which revealed
a natural tendency of the oxides to form particles with ovoid shapes. The particle size of the prepared WO; samples was between 20 and 100 nm
depending on the heat-treatment temperatures. The surface areas of the WO; samples, as determined by the BET method, ranged from 2 to
113 m? g~ ' depending on their temperature of synthesis. The highest obtained specific surface area was nearly 37 times greater than that
observed for commercial WO5. The photocatalytic activity of WO5 was evaluated with respect to the degradation reactions of rhodamine B (thB),
indigo carmine (IC) and tetracycline hydrochloride (TC) under UV-vis irradiation. The highest activity was observed in the sample obtained by
thermal treatment at 700 °C and with a microwave hydrothermal reaction time of 30 min. The degree of mineralization of the organic dyes by
WO; was determined by the total organic carbon analysis (TOC) and was found to reach percentages of 95% for rhB, 65% for IC and 65% for
TC after 96 h of irradiation.
© 2013 Elsevier Ltd and Techna Group S.r.I. All rights reserved.
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1. Introduction

Throughout the last decade, the study of transition-metal
oxides has become important due to their potential applica-
tions, which include nanoelectronics [1], gas sensors [2,3],
optical devices [4], electrochromic devices [5,6], catalysts
[7-9] and photocatalysts in a large variety of chemical
reactions [10-15]. In particular, tungsten oxide (WOj3) is of
great interest in the scientific community because it is an
inexpensive material with high stability in aqueous solutions
under acidic conditions, it does not undergo a photocorrosion
process and it exhibits polymorphism.

*Corresponding author. Tel.: 452 81 1442 4400; fax: +52 81 1442 4443,
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Among the polymorphs of WOs;, the phases that have
attracted the most attention are the hexagonal phase (h-WOj3)
and the monoclinic phase (m-WO3). The hexagonal phase has
drawn special interest in gas-sensor applications, among
others, because of its open-tunnel structure and rich intercala-
tion chemistry. The monoclinic phase is an attractive candidate
for photocatalytic applications under solar irradiation because
it exhibits the proper band-gap energy for the adsorption of
visible light [16—18]. For these reasons, the synthesis of WOj3
has attracted special attention, and researchers have attempted
to prepare it through various methods, including decomposi-
tion [19], acid precipitation [20], sol—gel [21], electrospinning
[22] and hydrothermal treatment routes [23,24], among others.
With all of these methods, the monoclinic phase (m-WO3) is
commonly obtained due to its thermodynamic stability at room
temperature; the hexagonal phase (h-WOj) is commonly
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Table 1

Research reported in the literature on the preparation of WO5 via microwave-assisted hydrothermal processes.

Sample Synthesis method Used additive Phase obtained Experimental conditions Reference
WO--2H,0 Microwave Mixture was transferred into a 300 mL
3 2 hydrothermal Tartaric acid WO3-2H,0 Teflon container and then treated in a [26]
nanospheres S N .
process domestic microwave for 20 min
The solution was introduced in a Teflon
. Ivoth 1 . 210 °C. Then the soluti
WO; nanoparticles S(? vothermal under Benzyl alcohol Cubic ?eact.or at 210 .C en t ? solution Was. [27]
microwave irradiated by microwave. Finally the solution
was calcined between 300 and 500 °C
Microwave Mixed phases and The solution was transferred to the lab-made
WO; nanoplates hydrothermal Citric acid p . autoclave and processed at 270 W via [28]
monoclinic . .. .
method microwave radiation for 180 min

Microwave-assisted

Hexagonal and

The solution was transferred to a

WO; nanoparticles hydrothermal Without additive monoclinic microwave-assisted hydrothermal reactor at This work
Y 180 °C, 200 W fo 30 and 60 min
obtained via hydrothermal methods because of its 60 min. The powder obtained from this step was washed

metastability.

Among these methods, the synthesis via hydrothermal
process is the more commonly used approach for the synthesis
of h-WO3; and m-WOj; phases [23,24]. However, this method
usually requires prolonged reaction times that range from
several hours to several days for the formation of the oxide
[1,25]. Therefore, few studies in the existing literature have
been focused on the preparation of h-WO; and m-WO;
nanoparticles via a microwave-assisted hydrothermal method,
as is shown in Table 1. Most of the methods reported in the
literature on the preparation of WO5; powders via the
microwave-assisted hydrothermal method have involved the
use of one or more additives (see Table 1).

In this work, h-WO; and m-WO; nanoparticles were
successfully prepared via a microwave-assisted hydrothermal
method without the use of any additives. The samples were
characterized, and their photocatalytic properties were evalu-
ated in the degradation of two organic dyes and an antibiotic:
rhodamine B (thB, CAS 81-88-9), indigo carmine (IC, CAS
860-22-0) and tetracycline hydrochloride (TC, CAS 64-75-5)
under UV-vis irradiation.

2. Experimental
2.1. Synthesis of hexagonal and monoclinic WO3

WOj; nanoparticles with hexagonal and monoclinic struc-
tures were obtained via microwave-assisted hydrothermal
treatments of aqueous solutions. For this purpose, 5.50 g of
ammonium tungstate hydrate (H4oN;gO4,Wi,-xH,O, 99%
purity, Sigma-Aldrich) was dissolved under continuous stirring
in 50 mL of nitric acid solution (10% v/v, HNO3). Afterwards,
the pH of the solution was adjusted under stirring to
approximately 3 by the dropwise addition of ammonium
hydroxide solution (NH4OH, 30% Reagents DUKSAN), and
the stirring was maintained until a homogeneous solution was
formed. Then, the aqueous solution was transferred to a
microwave-assisted hydrothermal reactor, which was heated
at 180 °C under a magnetron power of 200 W applied for 30 or

several times with distilled water and ethanol to neutralize the
pH of the solution and was dried in air at 70 °C for 24 h. The
powders were thermally treated from room temperature to the
specific temperature (250, 500 or 700 °C) under air atmosphere

with a heating rate of 10 °C min "

2.2. Characterizations of WOj3 samples

Structural characterization of h-WO; and m-WO; was
performed by X-ray powder diffraction analysis using a Bruker
D2 PHASER diffractometer equipped with a CuKa radiation
source (A1=1.5418 A). X-ray diffraction data of samples were
collected in the 26 range of 10-70° with a step size of 0.02°
and a scan rate of 0.2 s~ '. The morphologies and particle sizes
of the samples were investigated by scanning electron micro-
scopy using a FEI Nova 200 NanoSEM microscope.

The band-gap energy (E,) was determined by means of UV—
vis diffuse-reflectance absorption spectroscopy of the WO;
samples, which was collected on a PerkinElmer Lambda 35
UV-vis spectrophotometer equipped with an integrating
sphere. The BET surface areas and mean pore diameters of
the WO;5; samples were determined by adsorption—desorption
N, isotherms using a BELSORP Mini-II surface-area and pore-
size analyzer. The isotherms were evaluated at — 196 °C after
the samples were degassed by a heat treatment at 150 °C for
24 h.

2.3. Photocatalytic experiments

The photocatalytic activities of WO5; samples toward the
degradation of rhodamine B (thB), indigo carmine (IC) and
tetracycline hydrochloride (TC) in aqueous solution were
evaluated. Fig. 1 shows the molecular structures of the two
dyes and the antibiotic used to evaluate the activity of the WO;3
samples. The reactor used was a homemade device that
consisted of a borosilicate glass beaker embedded in a water
jacket to maintain the reaction temperature at 25+ 1 °C. A
6000-K Xe lamp with a luminous flux of 90,500 Ix was used as
a UV-vis radiation source.
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Fig. 1. Chemical structures of a) rhodamine B, b) indigo carmine and c) tetracycline hydrochloride.

Experiments were conducted in a glass beaker, where
200 mL of the solution to be degraded (dye or antibiotic) that
contained 200 mg of WO;3; powder was placed in an ultrasonic
bath for 2 min to eliminate aggregates. The solution was then
transferred to the photochemical reactor. By considering the
molar extinction coefficients of dyes, we determined their
initial concentrations to be 5 mg L' for rhB and 30 mg L™
for IC and for the TC a concentration of 20 mg L™ ' was used.
The solution was kept in dark for 1h to ensure that adsorp-
tion—desorption equilibrium of the organic compound on the
catalyst was reached. After this time, the light source was
turned on. During the reaction, samples were collected from
the reactor at different time intervals and were subsequently
analyzed using UV-vis spectrophotometry according to the
procedure established elsewhere [29].

The degree of mineralization was monitored through analy-
sis of the total organic carbon (TOC) content in the irradiated
solutions at different time intervals using a SHIMADZU TOC-
VSCH analyzer. A typical experiment consisted of 200 mL of
the solution to be degraded (50 mg L' for thB, 100 mg L ™"
for IC and 50 mg L™ " for TC) that contained 200 mg of the
photocatalyst.

3. Results and discussion
3.1. Structural characterization

The obtained powders (30 and 60 min) were decomposed by
heat treatments at 250, 500 or 700 °C. The solids obtained
were greenish, and the calcined samples were characterized by
a greenish-yellow tint. The formation of the hexagonal and
monoclinic WOj; phases (hereafter identified as h-W30,
h-W30-250, m-W30-500, m-W30-700, h-W60, h-W60-250,
m-W60-500 and m-W60-700) was followed by X-ray powder
diffraction. Fig. 2 shows X-ray diffraction patterns of samples
synthesized at 30 or 60 min and under heat treatments at 250,
500 or 700 °C. We observed that, in the cases of the samples
synthesized at both reactions times, the products prepared
without a heat treatment (h-W30 and h-W60) and those heated
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Fig. 2. X-ray powder diffraction patterns of WO3 samples synthesized with a)
30 min and b) 60 min of microwave-hydrothermal reaction followed by heat
treatments at 250, 500 or 700 °C.
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Fig. 3. SEM images of WO3 nanoparticles synthesized by a microwave-assisted hydrothermal method with 30 min of microwave-hydrothermal reaction a) without
heat treatment, with heat treatment at b) 250 °C, ¢) 500 °C, or d) 700 °C and with 60 min of microwave hydrothermal reaction e) without heat treatment and with
heat treatment at f) 250 °C, g) 500 °C and h) 700 °C; image i) represents a commercial oxide.

at 250 °C (h-W30-250 and h-W60-250) crystallized in the
hexagonal polymorph of WO; (h-WO;) according to JCPDS
card No. 01-085-2460. In these samples, the diffraction peaks
located at 20= 13.9°, 23.2°, 28.1° and 36.7° were associated
with the main diffraction lines of h-WO3;. When the obtained
powders were calcined at 500 or 700 °C, the powders that
reacted for both 30 and 60 min underwent transitions in
crystallinity from h-WOj3; to m-WO; according to JCPDS card
No. 01-083-0950. In all cases, only diffraction lines associated
with the WO3 monoclinic structure were observed. In parti-
cular, the intensities of the diffraction lines in the XRD
patterns of the samples prepared at the higher temperature

(700 °C) increased and were better defined. This fact is asso-
ciated with a significant increase in the crystallinity of the
samples at high temperatures.

3.2. Morphological characterization

The morphologies and particle sizes of the WO5; samples
were analyzed by SEM. Fig. 3 shows some SEM micrographs
of h-WO3 and m-WO; oxides obtained via the microwave-
assisted hydrothermal method under different experimental
conditions. Agglomerates with sizes of approximately 500 nm
were observed in the micrographs of powders prepared with
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Table 2
Physical properties of WO5 samples.

Sample E, (eV) BET surface Mean pore
area (m> g D) diameter (nm)
Commercial 2.62 3.3 40.17
h-W30 2.50 113.5 3.09
h-W30-250 2.76 74.2 4.77
m-W30-500 2.69 12.7 26.36
m-W30-700 2.67 4.5 64.35
h-W60 2.57 111.8 2.75
h-W60-250 2.76 68.9 3.66
m-W60-500 2.70 12.5 24.81
m-W60-700 2.69 1.8 56.53

and without heat treatment at 250 °C; agglomerates were
formed principally by smaller particles with diameters between
20 and 50 nm, as shown in Fig. 3a, b (h-W30, h-W30-250) and
in Fig. 3e, f (h-W60, h-W60-250). When the temperature of
synthesis was increased to 500 °C, particles of m-W30-500
(Fig. 3c) and m-W60-500 (Fig. 3g) were characterized by an
ovoid morphology and a tendency to form agglomerates with
particle sizes of approximately 50 nm. For the samples
prepared at 700 °C, m-W30-700 (Fig. 3d) and m-W60-700
(Fig. 3h), the SEM images show ovoid particles with smooth
surfaces and particles sizes of approximately 100 nm. In this
case, the average particle size was increased by the elimination
of grain boundaries via the sintering process.

Our main conclusion from these results is that the morphol-
ogy of WO;5; samples was not affected by the microwave
hydrothermal reaction time (30 and 60 min). The formation of
ovoid particles appears to be a natural tendency of the
monoclinic WO;3 system, as was also observed when commer-
cial WO3 was analyzed, as shown in Fig. 3i.

3.3. Band-gap energy and BET surface area analysis

The optical properties of WO; samples were analyzed by
UV-vis diffuse reflectance spectroscopy. Table 2 shows the
band-gap energy (E,) values of the synthesized samples. The
E, values found are within the range reported in the literature
(i.e., 2.5-2.8 eV [16-18]) and are similar to the E, value of
commercial WOs;.

The surface areas and mean pore diameters of WO5; samples
measured by the BET method are also included in Table 2. As
expected, the surface areas of the samples decreased as the
synthesis temperature was increased due to the growth of the
WOj; particles, and mean pore diameter was directly propor-
tional to the temperature. For these reasons, the highest
specific surface area was achieved with the powders obtained
directly via the microwave hydrothermal reaction (without heat
treatment) at both synthesis times (113.5m?g~" for h-W30
and 111.8 m> g~ ' for h-W60). These values are nearly 37
times greater than that observed for the commercial WOj;.
Fig. 4 shows the adsorption—desorption isotherms of WOj;
samples. In general, two types of profiles were observed in the
samples analyzed. In the first instance, materials with the
hexagonal crystalline structure (h-W30, h-W30-250, h-W60

and h-W60-250) showed adsorption—desorption isotherms
typical of mesoporous materials (i.e., type IV isotherms
according to the classification previously established for
adsorption—desorption isotherms [30]), as shown in Fig. 4a,
b, e and f, respectively. However, the samples with the
monoclinic crystalline structure, i.e., m-W30-500, m-W30-
700, m-W60-500 and m-W60-700, exhibited behaviors typical
of macroporous materials (i.e., type II isotherms), as shown in
Fig. 4c-h.

As the main conclusion from these results, the WO3 samples
with the highest specific surface area values and hexagonal
crystalline structures are potential candidates for gas-sensor
applications according to reports in the literature, where
materials with a large surface area showed a high sensitivity
to the detection of toxic gases [31].

3.4. Photocatalytic activity of WO3 samples

The photocatalytic activity of WO;3 samples was evaluated
in the degradation reactions of rhB, IC and TC molecules in
water under a 6000-K Xe lamp as a radiation source. Fig. 5
shows the degradation of rhodamine B (5mgL™') with
different synthesized WO; samples used as photocatalysts.
After 240 min of exposure to lamp irradiation, all of the
samples bleached the thB solution to a large degree. All the
samples exhibited better results than that of commercial WO3.
In particular, the m-W30-500 and m-W30-700 samples
bleached nearly 100% of the rhB solution. Although the
photocatalytic activities of the WO;3; samples were similar,
the samples synthesized at higher temperatures (m-W30-700
and m-W60-700) showed slightly better bleaching perfor-
mance compared to the samples synthesized at lower tempera-
tures (m-W30-500 and m-W60-500).

These results indicate that the temperature at which the
obtained powders were thermally treated played a role as
important as that of the time of microwave hydrothermal
reaction in determining the photocatalytic properties of the
WO; samples. These results differ from the characterization
results for the samples, where physical properties related to the
morphology as well as optical and textural properties were not
influenced by the time of microwave hydrothermal reaction. In
contrast, significant differences were observed in these physi-
cal properties when the temperature of the thermal treatment
was modified.

The surface area and degree of crystallinity of the photo-
catalyst can play a determinant role in the photocatalytic
activity. Unfortunately, these factors work in opposite direc-
tions, i.e., samples with a higher surface area can be obtained
at lower temperatures but with a low degree of crystallinity.
The first case leads to a high concentration of defects on the
crystalline structure of the oxide. These defects function as
undesirable recombination points of electrons and holes
formed during the excitation of the semiconductor oxides
under irradiation. Although notable differences were observed
in the surface-area values of samples prepared using the same
reaction time (30 or 60 min), the surface area does not
significantly influence the activity of the oxide. In this sense,
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Fig. 4. N, adsorption—desorption isotherms of WO; samples prepared by microwave-assisted hydrothermal method with 30 min of microwave-hydrothermal
reaction a) without heat treatment and with heat treatment at b) 250 °C, ¢) 500 °C or d) 700 °C and with 60 min of microwave hydrothermal reaction e) without heat

treatment and with heat treatment at f) 250 °C, g) 500 °C or h) 700 °C.

the factor that governs the photocatalytic activity of the WO;3
nanoparticles is the degree of crystallinity of the photocatalyst.
This behavior was observed in a previous work, where the
activity of WO;5; samples was increased when the temperature
of the thermal treatment to form the oxide was increased [14].
Because the hexagonal-structured samples (h-W30, h-W30-
250, h-W60 and h-W60-250) showed strong adsorption of the

rhB molecules at their surfaces, photocatalytic experiments
were not performed with these materials.

Fig. 6 shows the evolution of concentration of IC (30 mg
L™") in the course of its photocatalytic degradation by Xe
lamp irradiation. The reaction rate of IC degradation was
greater than that observed for rhB, as can be deduced from the
time required for the WO;5 samples to bleach the IC solutions.
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Fig. 5. Photocatalytic degradation of thB (5 mg L~") under UV-vis irradia-
tion; the photocatalyst was WOj3 synthesized under different experimental
conditions.
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Fig. 6. Photocatalytic degradation of IC (30 mg L™~ ") under UV-vis radiation;
the photocatalyst was WOj; synthesized under different experimental
conditions.
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Fig. 7. Photocatalytic degradation of TC (20 mg L™ ") under UV-vis radiation;
the photocatalyst was WO; synthesized under different experimental
conditions.

Notably, the initial IC concentration used in these experiments
was six times greater than that used in the thB experiments
because of their respective molar extinction coefficients. With
the exception of m-W60-500, all of the samples bleached the
IC solution to nearly 100% within 180 min. These experiments
revealed that the degradation of thB and IC is feasible when
WO; is used as a photocatalyst.

Fig. 7 shows the evolution of the concentration of TC
(20 mg L™ ") in the presence of m-W30-700 as a photocatalyst
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Fig. 8. Changes in the TOC during the mineralization of rhB, IC and TC.

in the course of its photocatalytic degradation under irradiation
by a Xe lamp. In this test, only the WO; sample that exhibited
the best photocatalytic activity toward the degradation of rhB
and IC was used. After 240 min of irradiation, the m-W?30-700
degraded almost 50% of the TC solution, which was better
than the performance achieved with the commercial WOj3.
Therefore, on the basis of these results, we can conclude that
use of WO; as a photocatalyst is feasible not only in the
degradation of organic dyes but also in the degradation of
antibiotics, such as tetracycline, which can undergo a series of
pathological changes and disrupt ecosystem equilibrium [32].

To determine if the mineralization of organic compounds by
the WOj; oxides is feasible, we performed analyses of the total
organic carbon (TOC) during the course of the photocatalytic
reaction for the degradation of thB, IC and TC, as is shown in
Fig. 8. For these experiments, we used the sample with the
highest photocatalytic activity, m-W30-700, as a photocatalyst.
To minimize the experimental error, the initial concentrations
of rhB, IC and TC were modified to 50 mg L% 100 mg L}
and 50 mg L™, respectively. The degree of mineralization
reached after 96 h under lamp irradiation was 95% for rhB,
65% for IC and 65% for TC. These results indicate that not
only the chromophore group but also the aromatic rings in the
rhB and IC molecules are attacked during the photocatalytic
reaction. Similarly, these results indicate that the destruction of
TC is possible.

Unlike the previous works [13,14], this work involved the
successful preparation of WO; nanoparticles via a microwave-
assisted hydrothermal method without the use of any additives
in which the time of the microwave hydrothermal reaction (30
or 60 min) was varied and the effect of the temperature during
different thermal treatments was studied. The results obtained
from the characterization of the samples indicated that physical
properties such as the morphology as well as optical and
textural properties were not influenced by the microwave
hydrothermal reaction time. In contrast, significant differences
were observed in these physical properties when the tempera-
ture of the thermal treatments was modified. However, the
microwave hydrothermal reaction time and the temperatures of
the thermal treatments played an important role in the
photocatalytic properties of the WO3; samples.

Therefore, using this synthesis method, we prepared WO;3
samples with interesting and attractive physicochemical
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properties, which we observed via our characterization of their
structural, morphological, optical and textural properties. In
addition, the prepared oxides exhibited good photocatalytic
properties with respect to the photodegradation of two organic
dyes (thB and IC) and an antibiotic (TC).

4. Conclusions

WOj; nanoparticles with hexagonal and monoclinic struc-
tures were successfully synthesized via a microwave-assisted
hydrothermal method without the use of any additives in
which the microwave hydrothermal reaction time was varied
(30 or 60 min) and different thermal treatments were used.
Using this route, we prepared hexagonal-structured WO;5 at
lower temperatures (< 250 °C) and the monoclinic polymorph
at higher temperatures (=500 °C); i.e., the WO; undergoes a
crystallinity transition from h-WOj3; to m-WOj3 due to the effect
of the temperature increase in materials prepared at both
reaction times. For all the prepared samples, the morphology
of the WO; particles was ovoid. The particle sizes of obtained
WOj; samples were between 20 and 100 nm depending on the
heat-treatment temperature. The WO5; samples with hexagonal
structures exhibited the greatest specific surface area. Samples
of the synthesized WO3, when used as photocatalysts, exhib-
ited greater photocatalytic activity than the commercial WOj;
toward the degradation of rhB, IC and TC in aqueous solutions
under irradiation by a Xe lamp. Hexagonal-structured samples
of WO3 exhibited strong adsorption; for this reason, they were
not used in the photocatalytic experiments. Monoclinic-
structured WO;5; samples exhibited the highest activity when
they had been thermally treated at 700 °C and had been
prepared at a microwave-hydrothermal reaction time of
30 min, probably due to optimized values of synthesis tem-
perature, reaction time and crystallinity. After 96 h under lamp
irradiation, the mineralization of the organic dyes and the
antibiotic was complete: 95% for rhB, 65% for IC and 65% for
TC. These results corroborate the potential of WO;3; as a
photocatalyst in the removal of organic dyes and antibiotics.
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