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GRAPHICAL ABSTRACT

e WO3/TiO, prepared in simple way
show high photocatalytic activity for
NO removal.

e The concrete was the best substrate
to the performance of WOs3/TiO, with
UV radiation.

e The glass was the best substrate to
the performance of WOs3/TiO, with
visible radiation.
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Samples with different proportions WO3/TiO; were prepared by co-precipitation method followed by a
heat treatment. The samples were characterized by X-ray powder diffraction (XRD), scanning electron
microscopy (SEM), transmission electron microscopy (TEM), diffuse reflectance spectroscopy (DRS), and
adsorption—desorption N; isotherms (BET). The photocatalytic properties of WOs3/TiO, samples were
evaluated in the photo-oxidation reaction of nitric oxide (NO) under UV and visible light irradiation. The
highest photocatalytic activity was observed in the WO3/TiO, sample with a composition of 80% mole of
TiO,. Among the different substrates used for supporting the photocatalyst, the best results were reached
over concrete and glass when it was exposed to UV and visible light irradiation, respectively. In overall,
the photocatalytic efficiency of the synthesized materials was higher under UV than visible light
irradiation.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Nitrogen oxides (NOy, NO + NO;) emitted from stationary and
mobile sources are the origin of various health and environmental
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problems, such as irritated eyes, headache, pulmonary emphysema,
acid rain, acidification of aquatic systems, ozone depletion, and
photochemical smog [1]. Due to high NOy concentration usually
observed along highways, efficient techniques for NOx removal
from the ambient environment are required. For this purpose,
heterogeneous photocatalysis is a clean and non energy intensive
technology to eliminate pollutants from the air [2—5].

When a semiconductor oxide is irradiated with an appropriate
electromagnetic radiation, it is possible to induce a charge
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separation in the semiconductor that produces free electrons (e™)
and holes (h") in its conduction (CB) and valence (CV) bands,
respectively. If the charge pair is not recombined, both species can
migrate separately to the semiconductor surface and then partici-
pate in oxidation (h™) or reduction (e~) reactions with chemical
pollutants adsorbed on the surface of the semiconductor. Titanium
dioxide (TiO;) is one of the most important semiconductor pho-
tocatalysts used for such applications, owing to its chemical sta-
bility, cheapness, non toxicity, and structural stability [6,7].
However, TiO; has two main disadvantages. The first one is its wide
energy band gap (3.2 eV for the anatase and 3.0 eV for the rutile)
which limits the use of visible radiation from the solar spectrum.
The second disadvantage is the rapid recombination of the photo-
generated electrons and holes [8]. In this sense, several authors
proposed different methods to avoid the electron—hole recombi-
nation and therefore enhance the efficiency of the photocatalytic
process [9—11]. Among these methods, the combination of TiO;
with other narrow band gap semiconductors provides an effective
way to extend the lifetime of the photogenerated pair, leading to an
increase in the efficiency of the photocatalyst.

Recently some novel photocatalysts based on heterostructures
have been developed. For example, coupling TiO, with binary and
ternary oxides such as InVOy4, BiVOy4, FeVO4, AgzV04[12], Bi,O3 [13],
BiMo0Og [14] and WOs3 [15—17] have been reported. In the present
work, the coupling of WO3 (Eg = 2.6 eV) with TiO; (Eg = 3.2 eV) will
be tested as photocatalyst in the NO photooxidation reaction. In
addition, the influence of the nature of substrate, relative humidity
and gas concentration on the photo-oxidation reaction perfor-
mance will be investigated.

2. Experimental
2.1. Synthesis of WO3/TiO, samples

All chemicals reagents were analytical grade and were used
without further purification. Commercial TiO,, AEROXIDE® P25
(80%anatase-20%rutile  composition, specific surface area
50 m? g~!) was chosen as the reference photocatalyst. WOs3/TiO;
samples were prepared using a coupling method. In a typical pro-
cedure, stoichiometric amounts of TiO; to get different molar per-
centages in (1 — x)WOs3/xTiO2 (x = 5%, 15%, 50%, 70%, 80%, and 87%)
were dispersed under continuous stirring in 100 mL of HNO3
(10% v/v). Then 0.00107 mol of ammonium tungstate hydrate
(H42N10043W13-Hy0) (Aldrich, 99%) were added into the corre-
sponding TiO, dispersion. The resulting suspension in each case
was maintained under vigorous stirring for 1 h. Afterward, the
suspension was put in repose for 1 day at room temperature

(20 °C + 1 °C). The aqueous solution was removed and the pre-
cipitate was dried at 100 °C in a hot plate for 1 day. The precipitate
obtained for each composition was heated at 500 °C for 24 h in
order to promote the formation of WO3/TiO, samples with different
molar percentages. The heat treatment was accompanied from the
release of gases such as NH3 and H,0 which come from by-products
of reaction and from tungsten precursor decomposition. These
samples will be identified hereafter as WTi5, WTil5, WTi50,
WTi70, WTi80, and WTi87 where the number denotes the molar
percentage of TiO; in the sample. For comparative purposes, WO3
oxide was obtained by the same experimental procedure but
without the addition of TiO,.

2.2. Characterization

The structural characterization of WO3/TiO, samples was car-
ried out by X-ray powder diffraction using a D8 Advance diffrac-
tometer with Cu K, radiation. Diffraction experiments were
performed with a step size of 0.05° and a dwell time of 0.5 s. The
morphology and particle size of the samples were analyzed by
scanning electron microscopy (FEI Nova NanoSEM 200 with an
accelerating voltage of 30 kV) and by transmission electron mi-
croscopy (JEOL 2010 instrument with an accelerating voltage of
200 kV), respectively. For SEM image analysis, 50 particles were
used to estimate the particle size. The UV—Vis diffuse reflectance
absorption spectra of the samples were obtained by using an
UV—Vis spectrophotometer Perkin—Elmer Lambda 35 equipped
with an integrating sphere. The BET surface area measurements
were carried out by adsorption—desorption N; isotherms by means
of a Bel-Japan Minisorp II surface area and pore size analyzer. The
isotherms were evaluated at —196 °C after a pretreatment of the
samples at 150 °C for 24 h.

2.3. Photocatalytic experiments

The photocatalytic activity of WO3/TiO, samples was evaluated
by the removal of nitric oxide from air under UV and visible light
irradiation. The photocatalytic experiments were carried out in a
laboratory test set-up designed according with the standard I1SO
22197-1:2007 as shown in Fig. 1 [18]. The experimental setup
consisted of a planar reactor cell, an UV or visible light source, a
chemiluminescent NOy analyzer, and a gas supply. Table 1 shows
the main characteristics, dimensions and operating conditions of
the system employed in the photocatalytic experiments. Three
different building materials were selected as substrates of the
photocatalysts tested: glass, concrete and wallpaper. The photo-
catalyst (0.4 g) was coated on the substrate in an area of 200 cm?
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Fig. 1. Schematic diagram of the photocatalytic degradation set-up:1. NO gas supply; 2. Synthetic air; 3. Mass controller meter; 4. Humidifier; 5. Humidity controller; 6. Temperature
and relative humidity sensor; 7. Light source; 8. Reactor; 9—10. Valve; 11. NOy analyzer; 12. Computer; 13. Vent.
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Table 1
Experimental set-up main characteristics and operating conditions.

Description Operating conditions
Reactor

Length (cm) 20

Width (cm) 10

Height (cm) 0.3

Volume (cm?) 60

Substrate

Length (cm) 20

Width (cm) 10

Light source

Emission wavelength UV (nm) 300—400
Emission wavelength Vis (nm) 400—-700
Flow rate (L min~!) 1
Irradiance flux (W m~2) 10
Relative humidity (%) 10-70
NO inlet concentration (ppm) 0.5-1

using colloidal silica as a binder. The coated materials were pre-
treated at 100 °Cin a ventilated oven to remove the free water from
the suspension. Once the reactor was closed, the gas supply was
started and the lamps were turned on in order to stabilize the ra-
diation. After a short period (10 min), the adsorption—desorption
equilibrium between gases and photocatalyst was achieved and the
photocatalytic reaction was started. The NO, concentration was
continuously measured by a chemiluminescence NOy analyzer
(HORIBA APNA-370) with a sampling rate of 0.8 L min~'. More
detailed information about the test set-up and experimental pro-
cedure can be found elsewhere [19—21].

3. Results and discussion
3.1. Characterization

WO3/TiO, samples were prepared by an aqueous method that
involves the co-precipitation of chemical species containing Ti and
W. The concentration of residual Ti ions in the solution removed
from precipitates was analyzed by atomic absorption spectroscopy
in order to determine an approximate final composition of TiO; in
the samples. For all samples prepared, the analysis revealed a Ti ion
concentration in solution less than 0.06 mg L~! which represents,
in general, a value near to 0.02% of the initial Ti added. On the basis
of these results, it is possible to conclude that almost the total Ti
added remained in the precipitate.

The nature of precipitate was not determined, because the
material obtained was amorphous to XRD. In this point, the pre-
cipitate contains a mixture of phases coming from the TiO,
dispersion and the paratungstate solution. The co-precipitation of
both metal ions was carried out by different process. In the first
case, when TiO; was dispersed in HNOs, a semi-stable suspension
was formed with the help of a continuous stirring. When the me-
chanical stirring was suppressed, a slow precipitation of TiO, took
place. Due to this mechanical process, the size of particle decreases,
producing an amorphous material. By the other hand, ammonium
paratungstate was dissolved in acidic medium. Previous works
have reported the behavior of the tungstate salt in aqueous media
in presence of HNO3 [22] and its precipitation, as is described by the
follow equation:

(NH4)W1204] -5H,0 + 10HNO3; + 2H,0 — 12WO03-Hy0 + IONHI
+ 10NO3

where the tungsten oxide hydrate is separated from solution by
precipitation after keeping the solution at rest for a day. According
with the XRD, WOs3-H;0 was also amorphous. Then, the precipitate
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Fig. 2. XRD patterns of the WO3/TiO, samples with different mole ratios of TiO,. ()
TiO, anatase.

was formed by a contribution of TiO, and WO3.H,0 amorphous
materials, which required an additional thermal treatment (500 °C)
to crystallize.

Fig. 2 shows the XRD patterns of samples with different WO3/
TiO, mole ratios. All diffraction lines were indexed with the
monoclinic structure of W03 according to the JCPDS Card No. 01-
083-0950, while diffraction lines of TiO, corresponding to anatase
(JCPDS Card No. 00-021-1272) were observed only in samples
WTi50, WTi70, WTi80 and WTi87. On the contrary, when the mole
ratio of TiO, was low (5 and 15%), diffraction lines corresponding
with TiO, were absent possibly due to the high dispersion of TiO,
and its low concentration in these samples. Additional XRD ex-
periments were performed in slower conditions (0.02 of step size
with 1.5 s of dwell time) in order to detect the presence of
diffraction lines of TiO, in samples with low concentration of this
oxide (5 and 15%). Nevertheless the results were similar, and TiO,
diffraction lines were no detected, as is showed in the supple-
mentary figure. In addition, shift of the main diffraction lines of
WO3 was not observed after incorporating TiO-, suggesting that the
TiO; is located outside of the crystal structure of W03, without
formation of solution solid between both phases.

The morphology of WOs3/TiO, samples with different TiO, mole
ratios was examined by SEM. In general, as is shown in Fig. 3, TiO,
particles were deposited on the surface of WOs (Fig. 3h). An
elemental analysis by EDX revealed the identity of the TiO, parti-
cles dispersed on the WOs3 surface. As is shown in Fig. 3a, WOs3 in
pure form is composed of particles with flake shape, but without
the spherical aggregates on its surface associated with the presence
of TiO; in the other samples. According to the images, TiO, particles
appear gradually on the WOj3 surface as increasing its concentration
in the WO3/TiO, samples (Fig. 3b—h). Regardless of the TiO, mole
ratio, flake-like particles were observed in all samples, which was
consistent with the XRD results, indicating that TiO, is not incor-
porated in WOs structure. Table 2 shows the particle size of W03
estimated by SEM image analysis. With the increase of the TiO;
mole ratio until 80%, the average particle size decreased from 320 to
180 nm. Nevertheless, at 87% some large particles of WO3; were
found, resulting in an increase of the particle size of the sample (see
Fig. 3g).
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Fig. 3. SEM images of the as-prepared samples. a. 0% b. 5%, c. 15%, d. 50%, e. 70%, f. 80%, g. 87% TiO, mole and h. identification of WO3 and TiO, particles in samples.

The micro-structure of WO3/TiO, samples was analyzed by
TEM and HRTEM. A typical TEM image at low magnification
(Fig. 4a and b) of the sample WTi80 shows a flake-like
morphology of the main phase with TiO, nanoparticles depos-
ited on its surface, consistent with the SEM results. Further
observation of the prepared sample by HRTEM (Fig. 4c) revealed
the interface of the anatase structure of TiO, and monoclinic
WOs. Fig. 4c shows two types of clear lattice fringes. One set of
fringes spacing is d = 0.352 nm, corresponding to the (101)
crystallographic plane of anatase structure of TiO,. Another set of
fringes is d = 0.364 nm which corresponds to the (002) crystal-
lographic plane of the monoclinic WOs. In spite of the thermal
treatment at 500 °C, the interface between WOs3 and TiO, parti-
cles was observed. This result suggests a heterojunction formed
from these two oxides, which can be beneficial for improving the
photocatalytic activity.

The BET surface areas of WO3/TiO, samples are shown in
Table 2. Specific surface areas of the pure oxides are 2.9 and
50 m? g~! for WO3 and TiO,, respectively. When the TiO, mole
ratio was increased, a slight increase in the surface area of WO3/
TiO, samples was observed from WTi5 to WTi50, and remained
almost constant until WTi87. The UV—Vis diffuse-reflectance
spectra of WO3/TiO, samples showed that pure WOs3 oxide has
an absorption edge of 485 nm with an estimated energy band
gap of 2.5 eV, which is consistent with the literature [23,24]. As
can be noticed in Table 2, WO3/TiO, samples present similar
energy band gaps values to WOs3. These values were ranging
between 2.5 and 2.6 eV which corresponds with the typical value
of WOs. The absorption edge for the WO3/TiO; samples indicated
that TiO, can be activated in the visible region by combination
with WOs.

Table 2
Physical properties of the as-prepared samples with different TiO, mole ratio.

Sample %mol TiO, Surface area BET (m? g~') Band gap (eV) Particle size (nm)

W03 0 2.9 2.6 320
WTi5 5 5.5 2.5 320
WTil5 15 9.7 2.6 275
WTi50 50 12.3 2.6 270
WTi70 70 124 25 250
WTi80 80 133 2.6 180
WTi87 87 12.8 2.5 530

3.2. Photocatalytic activity

3.2.1. Effect of TiO2 mole ratio on NOy conversion

The photocatalytic activity of WO3/TiO, samples with different
TiO, mole ratios was evaluated by the removal of nitric oxide (NO)
in gas phase under both UV and visible light irradiation. Fig. 5
shows the NO conversion (%) as a function of TiO, mole ratio sup-
ported over glass. Compared with WO3 pure, the WO3/TiO, samples
showed higher photocatalytic activity towards the NO conversion
under both UV and visible light irradiation. However, at low TiO;
mole ratio (5%) the NO conversion was only 30% and 8% compared
with observed for higher TiO, mole ratios (>80%) under UV and
visible light irradiation, respectively. These results indicate that the
introduction of TiO, on the WO3 surface enhances the photo-
catalytic activity of WOs3, possibly by promoting the separation of
photogenerated electrons and holes, as a result of the hetero-
structure formation. The samples WTi70 and WTi80 exhibited the
highest NO conversion under UV and visible light irradiation,
respectively. At the highest TiO, mole ratio (WTi87), the large
particle size observed could have a negative effect on the photo-
catalytic process. For this sample, there could be a high concen-
tration of recombination charge centers in the travel followed by
holes and electrons from its generation point to the photocatalyst
surface. In the latter process, the photogenerated electrons and
holes will recombine, decreasing the photocatalytic activity.

3.2.2. Effect of substrate on NOy conversion

Different substrates typically used as building materials such as
concrete, glass and wallpaper were chosen to investigate the effect
of substrate on NO conversion. As is shown in Fig. 6, when WTi80
was used as photocatalyst, the highest NO conversion was reached
when concrete and glass were used as substrates under UV and
visible light irradiation, respectively. Less satisfactory results were
obtained for the wallpaper sample, where only 36% (UV) and 6%
(Vis) of NO was removed. As can be seen from Fig. 6, when concrete
was used as substrate under UV light irradiation, NO; was not
observed as a product of the reaction, suggesting that NO was fully
oxidized to NO3 [25,26]. These generated nitrate ions are deposited
on concrete surface but due to its high surface area, the deactivation
of the photocatalyst was not observed. In the case of wallpaper,
with the lowest NO conversion, <2% of the NO removed was
oxidized to NO; under both UV and Visible light irradiation.
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Assuming a complete oxidation from NO to NO3 ion, deposition of
nitrate ions over the surface of wallpaper could occupy the
adsorptive sites and prevent the contact between the NO molecules
and WOj3/TiO, surface, leading to the deactivation of the photo-
catalyst. Finally, when glass was used as substrate the NO, forma-
tion was around 20% of the NO removed. The photocatalyst
deactivation under both UV and Visible light irradiation as reported
in the literature for similar materials and experimental conditions
[27,28]. The NO conversion (%) using different substrates under UV
irradiation increased in the following order:
Concrete > Glass > Wallpaper, and with visible light irradiation it
follows the order: Glass > Concrete > Wallpaper.

3.2.3. Effect of relative humidity on NOy conversion

The effect of relative humidity on the photocatalytic removal of
NO is observed in Fig. 7. The experiments were carried out with the
sample WTi80 supported over concrete under UV light irradiation.
The results show a high NO removal from air with the different
samples used as photocatalyst. In fact, NO conversion (%) was
almost constant and decreased only slightly with increasing the
relative humidity from 10 to 70%. These data revealed that the
degradation of NO to NO; is not conditioned by the presence of
water vapor in the air. Nevertheless, in this range of relative hu-
midity, final NO, concentration showed important differences in
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Fig. 5. NO conversion (%) as a function of TiO, mole ratio using WO3/TiO, hetero-
structures as photocatalysts supported over glass under UV and Visible light irradia-
tion. (7r = 3.6 s, HR = 50%, E = 10 W m~2, 1% of error in measurements).
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Fig. 4. TEM and HRTEM images of WO3/TiO, sample: a, b. TEM and c. HRTEM image.

relation with the relative humidity, i.e., 0, 11, 23, and 26% for 10, 30,
50, and 70% of RH. This situation can be associated with the
different rates of reactions for NO, formation and NO, degradation
in each sample by the presence of humidity. The formation of NO;
seems not be affected by the humidity level (assuming a direct
reaction from NO to NO,), but humidity level can be the factor that
rules the rate conversion of NO; to NO3 ions. An analysis of NOy
seems to confirm this point. As can be seen in Fig. 7, the optimal
value of relative humidity is 10%. At this value, the highest NOy
conversion was reached and NO; gas as intermediate product was
not observed as product of the photocatalytic reaction. From this
result is possible to conclude that under these experimental con-
ditions, 94% of NO, (NO + NO,) was oxidized into NO3 as the final
product. The decrease in the photocatalytic efficiency as the relative
humidity increases from 10 to 70% can be explained by the
competition of adsorption sites of the WO3/TiO; surface between
NO, and H,0 molecules.

3.2.4. Effect of inlet NO concentration on NOy conversion

Additional experiments were done in order to investigate the
effect of inlet NO concentration in the NOy (NO + NO,) conversion
using the sample WTi80 supported over concrete at 10% RH under
UV light irradiation. Fig. 8 shows that NO conversion remains
constant (94%) as inlet concentration increases from 0.5 to 1 ppm.
The NO, formation (%) from NO removed slightly increases until 5%
when 1 ppm was used as inlet NO concentration. The NOy
(NO + NO-) conversion was 94%, 92% and 89% for 0.5, 0.7, and
1 ppm, respectively of the initial concentration of NO.
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Fig. 6. Substrate effect in NO, conversion (%) using WO3/TiO, as photocatalyst under
UV and visible light irradiation. (Q = 1 L min~, RH = 10%, E = 10 W m ™2, 1% of error in
measurements).
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Fig. 7. Humidity effect in NO, conversion (%) using WO3/TiO, as photocatalyst sup-
ported over concrete under UV light irradiation. (Q = 1 L min~, E = 10 W m 2, 1% of
error in measurements).

Based on the above results, WO3/TiO, samples exhibited
enhanced photocatalytic activity under UV and visible light irra-
diation. This situation can be explained due to the interaction be-
tween WOj3 and TiO,, which involves an electron transfer. Since the
conduction band (CB) of W03 has a potential more positive than the
CB of the TiO,, the photogenerated electrons from TiO, can be
transfer to the CB of WO3 under UV light. This electron transfer
leads to an increase in the lifetime of the photogenerated electrons
and holes and as a consequence to a promotion in the efficiency of
the photocatalytic oxidation of NO. On the other hand, under visible
light irradiation only WOs5 is excited (2.6 eV). The increase in the
photocatalytic activity of WOs3/TiO, samples under visible light
irradiation can be attributed to the synergistic effect between both
oxides, in which NO molecules are adsorbed on the TiO, surface to
be able to react with the photogenerated electrons and holes
formed in WOs. In this sense, the sample with the highest photo-
catalytic activity under visible light irradiation (WTi80) also has the
lowest particle size, thereby allowing the transport of photo-
generated electrons and holes to the surface to be able to react with
NO adsorbed on the TiO, surface. From these results, WO3/TiO2
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Fig. 8. Inlet NO concentration in NOy conversion (%) using WOs3/TiO as photocatalyst
supported over concrete under UV light irradiation. (Q =1 Lmin™', E = 10 W m~2,10%
RH, 1% of error in measurements).

sample with 80% mole of TiO; in its composition can be considered
as an efficient photocatalyst to remove NO from air under UV and
visible light irradiation.

4. Conclusions

WO3/TiO, heterostructures consisting of monoclinic WO3 and
anatase TiO; crystalline phases were prepared by a co-precipitation
and calcination method. It was found that the optimal content of
TiO, in WO3/TiO; heterostructures in NO conversion was 70 and 80%
mole for UV and visible light irradiation, respectively. On the other
hand, when concrete was used as substrate an increase in NO con-
version was observed under UV light irradiation due to its higher
surface area to absorb more NO molecules compared to glass and
wallpaper. The efficiency in NO conversion is affected by increasing
the relative humidity in terms of the NO, formed, the optimal level
was 10% with a minimum of NO; generated using concrete as sub-
strate under UV light irradiation. The inlet NO concentration has not
a significant effect in NO conversion under the same conditions.

Appendix A. Supplementary data

Supplementary data related to this article can be found at http://
dx.doi.org/10.1016/j.matchemphys.2014.07.034.
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