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Abstract

WO3 polyhedral particles were prepared by precipitation using polyethylene glycol (PEG) as template and steric stabilizer. The growth and
aggregation degree of WO3 polyhedral particles were affected by the thermal treatment, which caused different physical properties in the final
product. The samples were characterized by X-ray powder diffraction (XRD), scanning electron microscopy (SEM), UV–vis diffuse reflectance
spectroscopy (UV–vis DRS) and adsorption–desorption N2 isotherms (BET). WO3 samples were tested as photocatalysts in the oxidation reaction
of nitric oxide (NO) under UV irradiation. The photocatalytic activity of the samples was associated with its morphology and their surface area
values. The present work demonstrates that polyhedral particles of WO3 are effective photocatalytic functional materials for air purification by
elimination of NO.
& 2014 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

The generic term NOx refers to a group of oxides formed by
the chemical combination of nitrogen and oxygen in different
ratios (NOþNO2) and constitutes one of the most common air
pollutants. Among the various proposed technologies to solve
this problem, the heterogeneous photocatalysis has received an
increasing interest in recent years [1–6]. The reactions
involved in heterogeneous photocatalysis are highly attractive
because they take place at room temperature and usually, the
photocatalyst can be used almost indefinitely. Several semi-
conductor oxides have been proposed as photocatalysts, in
particular WO3 oxide has attractive properties such as a small
energy band gap (2.5–2.8 eV), and a high oxidation power of
their photogenerated holes (þ3.1VNHE) which are capable to
oxidize H2O to O2 [7,8]. Several methods have been developed
to synthesize WO3 in order to improve their textural properties,
and consequently increase the photocatalytic activity [9–11].
10.1016/j.ceramint.2014.04.052
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The precipitation of ammonium tungstate hydrate in acid
medium is the most common preparation method to synthesize
WO3 [11,12]. However, the lack of a stabilizer in the reaction
medium promotes the formation of large agglomerates result-
ing in samples with low photocatalytic activity. The formation
of big agglomerates reduces the surface area value of WO3 due
to an unavoidable sintering process which consists of the pore
collapse during the calcination to complete the formation of
oxide. For this reason, one strategy to increase the surface area
of the oxide is to add a polymer to tungstate suspension, since
the presence of the polymer promotes porosity in the sample
after the calcination. In addition, the polymer chains in
tungstate suspension act as steric stabilizer that prevents
aggregation of particles. Currently, polyethylene glycol
(PEG, in a variety of molecular weights) is considered as an
effective steric stabilizer and template during the synthesis of
TiO2 photocatalysts with high surface area values [13–15].
PEG is a water soluble organic polymer with a structure of
HO–(CH2–O–CH2)n–OH, where n represents the average
number of oxyethylene groups. Besides the increase in the
surface area, the PEG addition during synthesis plays an
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Table 1
Experimental set-up main characteristics and operating conditions in the
photocatalytic reactor.

Description Operating conditions

Reactor
Length (cm) 20
Width (cm) 10
Height (cm) 0.3
Volume (cm3) 60

Substrate
Length (cm) 20
Width (cm) 10

Light source
Emission wavelength UV (nm) 300–400
Flow rate (L min�1) 1
Irradiance flux (W m�2) 10
Relative humidity (%) 10–50
NO inlet concentration (ppm) 0.5
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important role in the mechanism of formation of nanosized
structures. In the present work, WO3 was prepared by a
precipitation method assisted with a PEG polymer as template
and a steric stabilizer. The oxidation of NO was employed as
model reaction to evaluate the photocatalytic activity of WO3

samples obtained. The effect of the calcination time employed
during synthesis of WO3 and the relative humidity (RH) of the
air in the NO conversion reaction will be analyzed.

2. Experimental

2.1. Synthesis of WO3

WO3 photocatalysts were prepared by the precipitation
method using PEG as template. In a typical synthesis,
0.0082 mol of ammonium tungstate hydrate (H42N10O42W12-
� xH2O) (Aldrich, 99%) was dissolved in 20 mL of HNO3

solution (10% v/v) under continuous stirring. Subsequently,
PEG was added into the tungstate solution to obtain a final
concentration of 0.25 M. This process was accompanied with a
vigorous stirring. After 1 h, the resulting suspension was
maintained at 100 1C in a hot plate to promote the evaporation
of the solvent. The resulting powders were heated at 500 1C
for 4 h and 24 h to obtain polycrystalline powders. The
obtained samples were labeled as WPc-t (WP0.25-4 and
WP0.25-24), where c represents PEG concentration in the
solution and t the calcination time used to obtain the
polycrystalline powders. For comparative purpose, a sample
of WO3 was obtained by precipitation of the oxide but in
absence of PEG (WP0).

2.2. Characterization

The structural characterization was carried out by X-ray
powder diffraction by using a Bruker D8 Advance diffract-
ometer with Cu Kα radiation (40 kV, 30 mA). A typical run
was made with a step size of 0.051 and a dwell time of 0.5 s.
The morphology of the powders was analyzed by scanning
electron microscopy by using a FEI Nova NanoSEM 200 with
an accelerating voltage of 30 kV. The UV–vis diffuse reflec-
tance absorption spectra of the samples were obtained in an
Agilent Technologies UV–vis-NIR spectrophotometer model
2

1

4

6

3

3

5

9

Fig. 1. Schematic diagram of the photocatalytic degradation set-up. 1. NO gas s
controller; 6. Temperature and relative humidity sensor; 7. Light source; 8. Reacto
Cary 5000 series equipped with an integrating sphere. The
BET surface area measurements were carried out by adsorp-
tion–desorption N2 isotherms by means of a Bel-Japan
Minisorp II surface area and pore size analyzer. The isotherms
were evaluated at �196 1C after a pretreatment of samples at
150 1C for 24 h.
2.3. Photocatalytic experiments

The photocatalytic experiments were carried out in a
homemade reactor designed in accordance with standard ISO
22197-1:2007 (Fig. 1). The experimental setup consisted of a
planar reactor cell, an UVA light source, a chemiluminescent
NOx analyzer, and a gas supply. The main operating conditions
of the system are summarized in Table 1. The samples for
photocatalytic reactions were prepared by coating an aqueous
suspension of the oxide on a glass substrate. The aqueous
suspension was prepared by adjusting the mass to obtain 0.4 g
of the photocatalyst on the substrate (dosage of 2 mg cm�2).
Then, the suspension was coated onto the glass substrate by a
brush. Subsequently the coated glass was dried at 100 1C in a
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upply; 2. Synthetic air; 3. Mass controller meter; 4. Humidifier; 5. Humidity
r; 9. Valve; 10. Valve; 11. NOx analyzer; 12. Computer; and 13. Vent.
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hot plate to remove the water from the suspension. The
resulting sample was calcinated at 500 1C for 4 h and 24 h
for PEG removal. The NO concentration was monitored with a
chemiluminescent NOx analyzer (HORIBA 370) with a
sampling rate of 0.8 L min�1.
3. Results and discussion

3.1. Characterization

The formation of the crystalline structure of WO3 was
followed by XRD. Fig. 2 shows XRD patterns of the prepared
WO3 powders by means of different experimental conditions.
The diffraction lines of the WP0 and WP0.25-4 samples were
readily indexed with the monoclinic structure of WO3 in
accord with the JCPDS Card no. 01-83-0950. The monoclinic
structure still remains as the time of calcination was prolonged
from 4 to 24 h (WP0.25-24). In addition, long calcination time
promoted the formation of the hexagonal structure of WO3

(JCPDS no. 01-85-2459) as can be seen in the sample
WP0.25-24.
Fig. 2. XRD patterns of WO3 samples prepared using PEG as template by
precipitation method. (*) WO3 hexagonal.

Fig. 3. SEM images of samples: a. WP

Table 2
Physical properties of the WO3 samples prepared with PEG as template.

Sample [PEG] (M) tcalcination (h) Surface

WP0 0 24 2.9
WP0.25-4 0.25 4 7.1
WP0.25-24 0.25 24 4.0
The morphology of WO3 was strongly dependent on the
presence of PEG in the reaction medium, and on the calcina-
tion time as was revealed by SEM analyses. For example, the
SEM image for the reference sample (WP0) showed a flake-
like morphology with particle sizes higher than 350 nm (see
Fig. 3a). On the contrary, the introduction of PEG into the
reaction medium produced changes in the morphology of
particles from a form of flakes to a polyhedral form as is
shown in Fig. 3b and c. In addition, when the calcination time
was extended to 24 h, the particle size of the polyhedral
particles was higher in comparison with WP0.25-4. According
to XRD results, hexagonal WO3 appears in the sample
WP0.25-24 (Fig. 3c). From the SEM results this evidence
was not clear due to the homogeneity in the morphology of the
particles and also possibly due to its low concentration in the
sample.
Table 2 shows the BET surface area values of WO3 samples

prepared with PEG as template and different calcination
times. When PEG was introduced into the reaction medium
(WP0.25-4), the surface area increases from 2.9 to 7.1 m2 g�1,
which can be attributed to a decrease in the particle size of
the oxide. On the other hand, the effect of calcination time in
the BET surface area was also investigated. An increase in
calcination time from 4 to 24 h leads to the decrease of the
BET surface area from 7.1 to 4 m2 g�1 due to the agglomera-
tion and growth of the polyhedral particles formed under these
conditions (Fig. 3c). The decrease in the BET surface area also
can be attributed to the presence of h-WO3 in the samples,
contrary to reports in the literature, in which the hexagonal
structure has higher surface area than the monoclinic structure
[16]. Fig. 4 shows the adsorption–desorption N2 isotherms for
the samples prepared under different experimental conditions.
When PEG was introduced into the reaction medium, the
isotherms obtained were categorized as type V with a hyster-
esis loop observed in the range of 0.6–1.0 P/P0, which is a
0, b. WP0.25-4, and c. WP0.25-24.

area BET (m2 g�1) Band gap (eV) Particle size (nm)

2.6 350–400
2.4 200–250
2.5 250–300



Fig. 4. Adsorption–desorption N2 isotherms of samples: a. WP0 (∇), b.
WP0.25-4 (○), and c. WP0.25-24 (□). (o) Adsorption and (●) desorption.

Fig. 5. Diffuse reflectance spectra of WO3 samples prepared using PEG as
template by the precipitation method.

Fig. 6. Schematic explanation of the formation mechanism of WO
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characteristic of mesoporous materials with low energy of
adsorption [17]. The hysteresis loop was more pronounced for
the sample WP0.25-4 due to its highest adsorption energy.
The diffuse reflectance of WO3 samples was analyzed by

UV–vis spectroscopy. The absorption at 500 nm corresponds
with the absorption edge of the material, and is due to an
electronic transition from O2

� to W67 by charge transfer
process from the valence band (mainly 2p orbitals of the
oxygen anions) to the conduction band (mainly 5d orbitals of
the tungsten cations) in WO3 [18]. It is important to note that
WP0.25-24 shows a higher absorbance in comparison to
WP0.25-4 and WP0. This can be attributed to the presence
of h-WO3 in this sample as impurity. From the data shown in
Fig. 5, the energy band gap (Eg) value of WO3 samples was
calculated and listed in Table 2.
Fig. 6 shows a possible formation mechanism of WO3

particles prepared under different experimental conditions,
according to the results discussed above . First, tungstate
anion (H2W12O42)

10� was produced when ammonium para-
tungstate was dissolved in an acid solution to finally form a
precipitate of WO3 �H2O particles [19]. Once the nucleation
occurs, the PEG polymeric chain adsorbed on WO3 �H2O
surface inhibits the particle growth through a steric stabiliza-
tion (WP0.25-4). When the calcination time increased from 4
to 24 h, the particles tend to form agglomerates in response to
a decrease in its surface energy. In comparison, the SEM
image of the reference sample (WP0) shows that WO3 particles
can grow up and develop a flake-like morphology due to the
lack of stabilizer during its formation. In this sense, PEG plays
an important role as a steric stabilizer and as template leading
to formation of polyhedral particles with smaller size than the
material prepared from the reference method.

3.2. Photocatalytic activity

The photocatalytic activity of WO3 samples was evaluated
by the removal of nitric oxide (NO) carried by a synthetic air
under UVA light and 50% of relative humidity (RH). The NO
concentration used was lower than that recommended by ISO
22197-1:2007, because 0.5 ppm is a concentration more
3 particles prepared under different experimental conditions.



Fig. 7. NO conversion (%) using WO3 oxide prepared with PEG as template
as photocatalyst. (UVA, τR¼3.6 s, Q¼1 /L min�1, E¼10 /W m�2,
RH¼50%).

Fig. 8. Evolution of NO, NO2, and NOx concentrations during the course of
their photocatalytic conversion.

Fig. 9. NO conversion (%) using WP0.25-4 sample as photocatalyst with
different relative humidities. (UVA, τR¼3.6 s, Q¼1 /L min�1).
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realistic in value than 1 ppm in environmental conditions. In
Fig. 7, it can be seen that NO conversion (%) over the
reference sample (WP0) is 17% in steady state under UVA
radiation. Compared to this, the PEG introduction during the
synthesis process has a significant enhancement in the photo-
catalytic activity of WO3 for the conversion of NO. In
particular, this effect was more accentuated in the sample
WP0.25-4 where NO conversion reached 50%. Nevertheless,
the improvement in the photocatalytic activity of samples
decreases as the time of calcination increases, as was shown
for the sample WP0.25-24. This decrease in the photocatalytic
activity can be attributed to the lower activity of the hexagonal
phase present in the sample WP0.25-24 as was previously
reported in the literature [16]. Previous studies have found that
the hexagonal phase contains some cations as impurities in its
channels, which are necessary to maintain hexagonal structure
of WO3. In this case, cation impurities can cause the decrease
of the photocatalytic activity. Nevertheless, NO conversion
degree (%) using WO3 prepared with PEG was always higher
than that obtained with the reference sample (WP0). Fig. 8
shows the evolution of concentrations of NO, NO2, and NOx

during the photocatalytic experiment using WP0.25-4 as
photocatalyst. When the lamp was turned on and the reaction
starts, NO concentration decreased quickly and reached a
stable value of 50% of NO removed in about 20 min. NO2

concentration was increased as a product of the oxidation of
NO to NO2 on WO3 surface. NOx concentration
(NOx¼NOþNO2) increased as NO concentration reached
the steady stable. If a complete oxidation of NO is assumed,
the remaining gas was oxidized to nitrite or nitrate ions (NO2

�/
NO3

�) and fixed onto the surface of WO3 preventing more NO
molecules come into contact with the radicals generated during
the photocatalytic process [20].
In addition, the photocatalytic activity was significantly

affected by the relative humidity when WP0.25-4 was used
as photocatalyst (see Fig. 9). The conversion of NO (%) was
increased with the decrease in the relative humidity and
achieved a maximum value of 80% with 10% RH. In the case
of NOx conversion, the experiment with 10% RH had the
highest conversion in comparison with the values of 30%
and 50% RH. When RH (%) was further increased, the conver-
sion degree of NO decreased. The decrease in the photo-
catalytic activity was related with the competition between
molecules of H2O and NO for the active sites in WO3, which
produces a deactivation of the photocatalyst as was previously
reported [21].
The photo oxidation reaction of NO when WO3 was used as

photocatalyst can be explained by a mechanism involving the
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oxidation of water to hydroxyl radical (OH�) by photogener-
ated holes from the WO3 valence band. Then, the hydroxyl
radicals react with NO to finally produces nitrite/nitrate ions
(NO2

�/NO3
�), which are innocuous molecules. The above is

explained by Eqs. (1)–(6):

WO3þhv-WO3ðe�CBÞþWO3ðhþ
VBÞ ð1Þ

WO3ðe�CBÞþ O2-O�
2 ð2Þ

WO3ðhþ
VEÞþH2O-OH�þHþ þWO3 ð3Þ

NOþOH�-HNO2 ð4Þ
HNO2þOH�-NO2þH2O ð5Þ

NO2þOH�-NO�
3 þHþ ð6Þ

4. Conclusions

WO3 particles with polyhedral shape were successfully
prepared by the precipitation method using PEG as template
and steric stabilizer. The results from SEM images revealed
that the morphology of WO3 was changed from flake to
polyhedral shape when PEG was introduced into the reaction
system. The calcination time for the preparation of samples
also affected the morphology of particles leading to an
unfavorable sintering process when the time went higher than
4 h. The synthesis of WO3 using 0.25 M of PEG concentration
and 4 h of calcination time produced the material with the
largest surface area. WO3 samples prepared using PEG during
its formation showed higher photocatalytic activity than the
reference sample. The sample with the highest surface area and
lower calcination time (WP0.25-4) exhibited the highest
photocatalytic activity which reached a 50% of conversion of
NO in steady state. In comparison, the sample with monoclinic
structure had a higher activity for this reaction than the sample
with the hexagonal structure as was reported in the literature.
NO conversion degree was strongly affected by the relative
humidity due to the competition of adsorption sites between
NO and H2O. When 10% of RH was used in the system, the
highest NO conversion degree was achieved (80%) with a
global NOx conversion probably until nitrite or nitrate ions
(NO2

�/NO3
�) during the photocatalytic process.
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