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A B S T R A C T

WO3/TiO2 and TiO2 coatings were prepared on titania substrates using facile and cost-effective plasma
electrolytic oxidation process. The coatings were characterized by X-ray diffraction, scanning electron
microscopy, Raman, UV–vis diffuse reflectance spectroscopy, and X-ray photoelectron spectroscopy.
With increasing duration of PEO process, the monoclinic WO3 phase became dominant and new
monoclinicWO2.96 phase appeared. The optical absorption edge in theWO3/TiO2 samples, enriched with
WO3/WO2.96 phase, was shifted to the visible region. The photocatalytic efficiency of WO3/TiO2 and pure
TiO2 samples was evaluated by performing the photodegradation experiments in an aqueous solution of
Rhodamine 6G andMordant Blue 9 under the visible andUV light. TheWO3/TiO2 catalysts aremuchmore
efficient than pure TiO2 under visible light and slightly better under UV light. The improvement of
photocatalytic activity in the visible region is attributed to better light absorption, higher adsorption
affinity and increased charge separation efficiency.

ã 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Among semiconductor materials, titanium dioxide (TiO2) in
anatase phase has been shown as excellent and widely used
photocatalyst for the degradation of different organic contami-
nants, because of its physical and chemical stability, high oxidative
power, high catalytic activity, long-term photostability, low cost
and ease of production. Many organic compounds can be
decomposed in an aqueous solution in the presence of TiO2,
illuminated by photons with energies greater than or equal to the
band gap energy of titaniumdioxide (3.2 eV for anatase TiO2) [1–6].
The major drawback for TiO2 commercial use lies in its wide band
gap, and relatively high recombination rate of photoinduced
electron-hole pairs. The modification of TiO2 by doping with
metals and non-metals [7–12] or by Ti3+ self-doping [13,14] have
been extensively performed in order to improve its photocatalytic
activity under the visible irradiation.

Another very promising approach is the combination of TiO2

with metal oxides like V2O5, ZnS, InVO4, WO3 [15–19] or graphene
[20]. Among the metal oxides, WO3 has smaller band gap (2.8 eV)
than TiO2 and better absorbs visible light. Moreover, WO3 has a
suitable conduction band potential and acts as a trapping site for
photoexcited electrons from TiO2. The photogenerated holes from
the valence band of WO3 move towards and accumulate in the
valence band of TiO2. In such a way the efficiency of charge
separation is increased, enhancing at the same time the photo-
catalytic acivity of TiO2 [21]. Additionally, the formation of WO3

monolayer on TiO2 increases the acidity of the WO3/TiO2 surface
enabling the adsorption of greater amount of hydroxyl groups and
organic reactants on the surface [21,22]. In recent years, WO3/TiO2

composites were synthesized using different methods such as
sol-gel, ultrasonic spray pyrolysis, ball milling, hydrothermal,
sol-precipitation, and impregnation to improve photocatalytic
activity of TiO2 under the visible light [23–28]. Thin films of TiO2/
WO3 have also been prepared by dip and spin coating [29,30] or by
one-step oxidation method [31]. In most of these reports it was
demonstrated thatWO3/TiO2 compositeswere found to havemuch* Corresponding author
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higher photocatalytic activity under the visible light thanpure TiO2

[24,26,28,31]. Therefore, the combination of these two materials
can lead to increased charge carrier lifetime and improved
photocatalytic activity under the visible irradiation. Among
different synthesis routs, plasma electrolytic oxidation (PEO)
process is very facile, cost-effective and environmentally benign
process for producing of well-adhered and crystalline oxide films,
but the studies on structural and photocatlytic properties of
WO3/TiO2 films (coatings), produced by PEO process, are limited
[32–34].

In this study WO3/TiO2 coatings were synthetized on titanium
substrate by using PEO process. Structural and optical properties of
the coatings were fully characterized by XRD, SEM, Raman, XPS,
and diffuse reflectance spectroscopy. The aim of this work was to
tailor the band gap energy of WO3/TiO2 coatings towards the
visible spectral region, varying the time of PEO process and to
explore the photocatalytic properties of the coatings. The photo-
catalytic efficiency of WO3/TiO2 coatings was tested under the
visible and UV light irradiation using Rhodamine 6G and Mordant
Blue 9 as model pollutants. We demonstrated that this approach
provides an efficient route for the formation of cost-effective and
improved visible-light-driven photocatalysts.

2. Experimental

2.1. Preparation of WO3/TiO2 coatings

WO3/TiO2 coatings were prepared on titanium substrate using
plasma electrolytic oxidation (PEO) process. PEO process is an
anodizing process of lightweight metals (aluminum, magnesium,
zirconium, titanium, etc.) or metal alloys above the dielectric
breakdown voltage, when thick, highly crystalline oxide coating
with high corrosion and wear resistance, and other desirable
properties are produced. During the PEO process, numerous small
sized and short-lived discharges are generated continuously over
the coating’s surface, accompanied by gas evolution. Due to
increased local temperature, plasma-chemical reactions are
induced at the discharge sites modifying the structure, composi-
tion, and morphology of such oxide coatings. The oxide coatings
formed by PEO process usually contain crystalline and amorphous
phases with constituent species originating both from metal and
electrolyte. WO3/TiO2 coatings were formed on the rectangular
titanium samples (99.5% purity, Alfa Aesar) of dimensions 25mm
�10mm�0.25mm, whichwere used as working electrodes in the
experiment. The working electrodes were sealed with insulation
resin leaving only an area of 1.5 cm2 as an active surface. Before
starting the PEO process, titanium samples were degreased in
acetone, ethanol, and distilled water, using ultrasonic cleaner and
dried in a warm air stream. The anodic oxidation process was
conducted in an aqueous solution of 10�3M 12-tungstosilicic acid
(H4SiW12O40), at constant current density (150mA/cm2). During
PEO process, the electrolyte circulated through the chamber–
reservoir system. The temperature of the electrolytewas kept fixed
at (20�1) �C. Detailed description of PEO process is given in the ref.
[33].

After plasma electrolytic oxidation, the samples were rinsed in
distilled water to prevent additional deposition of electrolyte
components during drying. The WO3/TiO2 samples were obtained
by varying the time of PEO process from 90 s up to 300 s. The pure
TiO2 sample was obtained after 300 s of PEO process.

2.2. Characterization of WO3/TiO2 coatings

The crystal structure of WO3/TiO2 samples was analyzed by
X-ray diffraction (XRD), using a Rigaku Ultima IV diffractometer in
Bragg-Brentano geometry, with Ni-filtered CuKa radiation

(l =1.54178Å). Diffraction data were acquired over the scattering
angle 2u from 15� to 75� with a step of 0.02� and acquisition rate of
2�/min. The XRD spectra refinement was performed with the
software package Powder Cell. The TCH pseudo-Voigt profile
function gave the best fit to the experimental data.

Scanning electron microscope (SEM) JEOL 840A equipped with
an EDS detector was used to characterize the morphology and
chemical composition of formed oxide coatings.

Micro-Raman scattering measurements were performed at
room temperature in a backscattering geometry, using a Jobin-
Yvon T64000 triple spectrometer system and Nd:YAG laser line of
532nm as an excitation source. The incident laser power was kept
less than 10mW in order to prevent the heating effects.

UV-vis diffuse reflectance spectra were acquired using the
Specord M40 Carl Zeiss spectrometer.

X-ray photoelectron spectroscopy (XPS) was used for the
surface composition analysis of WO3/TiO2 coatings. XPS was
carried out on a VG ESCALAB II electron spectrometer with a base
pressure in the analysis chamber of 10�8 Pa. The X-ray source was
monochromatized AlKa radiation (1486.6 eV) and the instrumen-
tal resolution was 1 eV. The spectra were calibrated using the C 1 s
line (284.8 eV) of the adventitious carbon and corrected by
subtracting a Shirley-type background.

2.3. Photocatalytic experiments

The photocatalytic activity of WO3/TiO2 samples was evaluated
by monitoring the decomposition of Rhodamine 6G (R6G) and
Mordant Blue 9 (MB9) under the irradiation of two different light
sources: fluorescent and UV lamps. The photocatalytic measure-
ments on R6G solution (initial concentration in water: 10mg/L)
have been performed using a 36W visible fluorescent lamp
(Hyundai eagle), whose emission spectrum, compared to sunlight
spectrum, is given in Ref. [9]. The cuvette (3mL) was placed at
about 5 cm from the lamp. The evolution of the rhodamine
concentration was followed by measuring the variation of the
intensity of main absorption peak at �525nm. UV–vis absorption
measurements as a function of the light exposure time were
performed by using USB2000 spectrometer by Ocean Optics. The
solutionwas placed in the dark for 60min to reach the adsorption/
desorption equilibrium before visible light exposure.

The photocatalytic activity ofWO3/TiO2 samples under UV light
irradiation was evaluated using aqueous solution of MB9 as a
model pollutant. Batch type experiments were performed in an
open thermostated cell (at 25 �C). The cell was equipped with a
water circulating jacket to maintain the solution at room
temperature. A mercury lamp (125W) was used as a light source
and was placed 13 cm above the surface of the dye solution. The
initial concentration ofMB9 in an aqueous suspensionwas 50mg/L
and the working volumewas 25mL. Before the lampwas switched
on, the cell was kept in dark for 60min in order to achieve the
adsorption-desorption equilibrium. At regular time intervals the
aliquots were taken and the concentration of the dye was
determined by UV–vis spectrophotometer (Super Scan) at lmax=
516nm. The photocatalytic experiments were conducted at the
natural pH of the dyes (pH=7 in a case of R6G solution and at
pH=6 in a case of MB9 solution). All photocatalytic measurements
were repeated at least twice to check their reproducibility.

In order to detect the formation of free hydroxyl radicals (OH�)
on the UV illuminated WO3/TiO2 surface, photoluminescence (PL)
measurements were performed using terephthalic acid, which is
known to react with OH� radicals and produces highly fluorescent
2-hydroxyterephthalic acid. The experiment was conducted at
ambient temperature. The WO3/TiO2 photocatalyst (TW300) was
placed in open termostated cell filled with 20mL of the 5�10�4

mol L�1 terephthalic acid in a diluted NaOH aqueous solution with
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a concentration of 2�10�3mol L�1. UV lamp (125W)was used as a
light source. Sampling was performed after 15, 30, 60 and 90min.
PL spectra of reaction solution, using excitation wavelength of
315nm, were measured on a Spex Fluorolog spectrofluorometer
system at wavelength of 425nm for which the 2-hydroxytereph-
thalic acid exhibits intense PL peak.

3. Results and discussion

3.1. Crystal structure and morphology

XRD patterns of theWO3/TiO2 samples obtained for 90 (TW90),
120 (TW120), and 300 s (TW300) of PEO process are presented in
Fig. 1. The diffraction peaks which appear in TW90 sample at
2u =23.3�, 33.4�, 54.2� belong to (002), (022) and (042) planes of
monoclinic WO3 phase, which crystallizes in P21/c (No. 14) space
group. Besides these XRD peaks, the XRD pattern also shows peak
at 25.3� which belongs to TiO2 anatase crystal phase (space group
I41/amd (No. 141)) and intense peaks of elemental Ti (space group
P63/mmc (No. 194)). This indicates that Ti substrate is not
completely oxidized to form TiO2 during the PEO process. With
increasing duration of PEO process, for the TW120 and TW300
samples, the XRD peaks of WO3 phase became more intense. The
spectra refinement, using Powder Cell program, showed that
besides WO3 phase a monoclinic WO2.96 phase appeared (space
group P2/c (No. 13)). Furthermore, the intensities of XRD peaks
which belong to TiO2 phase and elemental Ti decreased implying
that the WO3/TiO2 coatings were enriched with WO3/WO2.96

phase. According to the JCPDS database for WO3, WO2.96, TiO2, and
elemental Ti (JCPDS: 43-1035 (WO3), 30-1387 (WO2.96), 16-0934
(TiO2) and 44-1294 (elemental Ti)) very good agreement is
obtained between experimental and calculated diffraction pat-
terns of the WO3/TiO2 samples. In Fig. 1 are marked main XRD
peaks of WO3 andWO2.96 phases for clarity. The lattice parameters
and the estimated volume fractions (%) of different phases for the
WO3/TiO2 samples are given in Table 1.

In Fig. 2 are presented SEM images of WO3/TiO2 samples. In the
TW90 sample produced with shorter PEO time, certain number of
microdischarge channels together with molten regions was
present because of the rapid cooling of the electrolyte. With
increasing time of PEO process, when the thickness of the oxide
coatingwas increased, the number ofmicrodischarge channels and

micropores decreased followed by increased roughness of the
coating’s surface.

[5_TD$DIFF]The quantitative elemental analysis confirmed the presence of
Ti, O andWand the [6_TD$DIFF]elemental composition of the samples is shown
in Table 2. EDS analysis confirmed the increasing trend of W
content with increasing of PEO time.

3.2. Raman and diffuse reflectance spectra

The Raman spectra of WO3/TiO2 samples produced for different
duration of PEO process are shown in Fig. 3a. Several modes
originating from two crystalline oxide phases can be identified
(marked on Fig. 3a as T and W).

[7_TD$DIFF]The Raman modes positions were determined using Lorentzian
fit procedure and the deconvoluted spectra of TW90, TW120 and
TW300 samples are presented in Fig. 3b. [8_TD$DIFF]Besides the modes at
about 144 cm�1 (Eg(1)),197 cm�1 (Eg(2)), 393 cm�1 (B1g(1)), 516 cm�1

(A1g, B1g(2)) and 638 cm�1 (Eg(3)) which belong to anatase phase of
TiO2 [35], several modes characteristic for monoclinic WO3 phase
are present [22,36,37]. The broad band at �703 cm�1 and strong
band at �793 cm�1 are assigned to the stretching (O–W–O) modes
of the bridging oxygen of the WO6 octahedra. The bands observed
at �272 cm-1 and at �316 cm-1 are assigned to the bending
(O��W��O) vibrations of bridging oxygen in monoclinic m-WO3

[22,37]. The band positioned at�989 cm�1 is assigned to the dioxo
(W¼O)2 symmetric vibration of the isolated surfaceWO4 structure,
whereas its weak shoulder at �942 cm�1 represents asymmetric
vibration of the same atomic group [22,37]. The low frequency
mode at 58 cm�1 belongs to the to lattice modes of monoclinic
WO3 phase [38].

Further, from the Lorentzian fit procedure it was obtained that
the ratio between the intensity of the peak positioned at 639 cm�1

and the sum of the intensities of the 703 cm�1 and 793 cm�1 peaks
decreased with the increase of PEO time. This fact supports the
XRD results thatWO3 content increaseswith prolonged duration of
PEO process.

In Fig. 4 are presented the Raman spectra of TW90, TW120 and
TW300 samples in the C��H and O��H region. The Raman band at
around 2885 cm�1 originates from the overlapped CH3 and CH2

stretching vibrations [39]. Broad Raman peak in the 3000–
3600 cm�1 frequency range can be assigned to the O��H stretching
vibration of water molecules adsorbed on the surface of the WO3/
TiO2 coatings [3,5].

[9_TD$DIFF]The absorption spectra of TW90, TW120 and TW300 samples
are given in Fig. 5a. With increasing content of WO3 phase the
absorption edge shifts to higher wavelengths. In the spectra of
TW120 a structure around 380–400nm can be observed, which is

[(Fig._1)TD$FIG]

Fig.1. XRD patterns of TW90, TW120 and TW300 samples formed in various stages
of PEO process, together with the XRD spectrum of Ti-substrate. In the inset is given
XRD spectrum of anatase TiO2 obtained on Ti-substrate after 300 s of PEO process.

Table 1
Phase fraction (vol%) and cell parameters (Å) of WO3/TiO2 samples.

Phase TW90 TW120 TW300

WO3 a =7.4060 a =7.3026 a =7.4060
b =7.6400 b =7.5398 b =7.5177
c =7.6455 c =7.6933 c =7.5920
29.6% 29.1% 54.5%

WO2.96 / a =11.9006 a =11.8000
b =3.8258 b =3.8098
c =59.6312 c =59.7400
36.70% 20.90%

TiO2 a =3.7778, a =3.7841, a =3.7790
c =9.4440, c =9.5105, c =9.4124
66.0% 32.2% 23.8%

Ti a =2.9481 a =2.9594 a =3.0510
c =4.7325 c =4.7254 c =4.7820
4.3% 2.0% 0.9%

Z. Doh9cevi�c-Mitrovi�c et al. /Materials Research Bulletin 83 (2016) 217–224 219



very pronounced in the TW300 sample. The appearance of this
absorption structure can be attributed to the electronic population
of WO3 conduction band [40]. From the absorption spectra from
Fig. 4a, applying the same procedure as Ghobadi in his work [41],
the band gap energies for pure TiO2 and WO3/TiO2 samples were
estimated. In Fig. 5b are presented the Tauc plots for indirect
transition, as TiO2 and WO3 are indirect band gap semiconductors
[26]. The band gap (Eg) energies are 3.19 eV for pure TiO2, and 2.84,
2.77 and 2.6 eV for TW90, TW120 and TW300 samples, respec-
tively. It is obvious that with increasingWO3 content the band gap
decreases compared to pure TiO2 and shifts to the visible spectral
range. Patrocinio et al. [40] have shown that in TiO2/WO3 films, the
WO3 conduction band introduces new low lying electronic levels
with respect to the conduction band of TiO2, causing the lowering
of the band gap energy of composite samples compared to pure
TiO2. This finding is in accordance with the band gap behavior of
our WO3/TiO2 samples from Fig. 5b.

3.3. XPS analysis

The XPS studywas further used to confirm the chemical binding
states of W 4f. The W 4f XPS spectra of the TW90 and TW300
samples and the results of their decomposition into peaks are
shown in Fig. 6. TheW4f spectrum of TW90 sample (Fig. 6a) can be
deconvoluted into one doublet with binding energies of 35.8 (W
4f7/2) and 38.1 eV (W 4f5/2), respectively. The energy position of
this doublet corresponds to the W6+ oxidation state [42].

[10_TD$DIFF]In the TW300 sample (Fig. 6c) the contribution of W5+ states
from nonstoichiometric oxide phase can be seen. The W 4f

spectrum can be deconvoluted with two doublets. The first two
characteristic peaks at 36 (W 4f7/2) and 38.3 eV (W 4f5/2)
correspond to W6+ state as in the case of TW90. The binding
energies of these peaks are somewhat higher than that for TW90
sample. The up-shift in binding energy can be ascribed to the
presence of defects and OH-groups on the surface [43], existence of

[(Fig._2)TD$FIG]

Fig. 2. SEM micrographs of WO3/TiO2 samples formed in various stages of PEO process: (a) TW90, (b) TW120 and (c) TW300 sample.

Table 2
EDS analysis of the WO3/TiO2 composites.

Sample EDS data

Ti (at%) W (at%) O (at%) W/Ti

TW90 6.98 14.17 78.85 2.03
TW120 6.22 16.12 77.66 2.59
TW300 4.09 17.16 78.75 4.1

[(Fig._3)TD$FIG]

Fig. 3. Room-temperature Raman spectra of WO3/TiO2 samples (a). The TiO2 and
WO3 Raman modes are marked as T and W. Deconvoluted Raman spectra of TW90,
TW120 and TW300 samples (b).
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which is confirmed by Raman analysis (Fig. 4). The binding
energies of the second doublet at 34.5 (W4f7/2) and 36.5 eV (W4f5/
2) correspond to W5+ state [42]. These results are in accordance
with XRD analysis.

The O 1 [3_TD$DIFF]s spectra of TW90 and TW300 samples (Fig. 6b, d) are
decomposed into three peaks. The major peak at binding energy of
531.2 eV can be assigned to the oxygen atoms in WO3 and to the
OH-groups present on the surface [32,44]. The second peak
observed at 530.6 eV has been attributed to oxygen bound to Ti
[26], whereas the binding energy of the third peak at 533.1 eV
corresponds to the oxygen in water molecules bound in the
coating’s structure or adsorbed on its surface [45]. The relative
intensity of the XPS peaks at 531.2 eV and 533.1 eVwas increased in
the TW300 sample. The intensity increase of these peaks can be
related to the presence of sub-stoichiometric WO3-x phase
(WO2.96). Similar behavior was reported in the paper of Shpak
et al. [44] inwhich these peaks were more intense inWO3-x oxides
than in stoichiometric WO3. This finding is also supported by the
Raman spectrum of TW300 sample (Fig. 4), for which the intensity
of the Raman mode, corresponding to the water molecules
adsorbed on the surface, is higher than in TW90 sample.

3.4. Photocatalytic performances of WO3/TiO2 coatings

Fig. 7a shows the kinetics of degradation of R6G for pure TiO2

and WO3/TiO2 samples under the visible light. No detectable

degradation of R6G was registered without the presence of WO3/
TiO2 samples (black circles on Fig. 7a). As can be seen from Fig. 7a,
both TiO2 and WO3/TiO2 coatings adsorbed the dye in the
equilibrium period of 60min before the exposure to visible light.
It is known from the literature that the zero point charge (pHzpc) of
TiO2 lies between 6 and 6.8 [46–48], whereas the isoelectric point
ofWO3 is even lower and lies in the range 1.5–2.5 [49]. At higher pH
values than these WO3 and TiO2 surfaces should be negatively
charged. Therefore, the adsorption of the R6G as cationic dye at
pH=7, points out that the surfaces of WO3/TiO2 and TiO2 coatings
are negative and attract the positively charged R6G. The dye
adsorption ability can be crucial for the high catalytic activity of the
catalyst, because it can enhance the electron/hole transfer
efficiency and contact with photogenerated active species.

When TiO2 and WO3/TiO2 samples were subjected to visible
radiation, composite coatings have shown much better photo-
efficiency and demonstrated to be far superior than pure TiO2. The
highest activity was observed for the TW90 and TW120 samples
for which the photodegradation of R6 [4_TD$DIFF]G reached almost 80% after
60min. With further increase of WO3 content, the photocatalytic
efficiency slightly decreased, but is still much higher than for pure
TiO2.

[11_TD$DIFF]Further, the photocatalytic activity of WO3/TiO2 coatings for
degradation of MB9 was tested under the UV light. In Fig. 7b is
presented the photodegradation of MB9 in the presence of WO3/
TiO2 samples. In the dark, WO3/TiO2 coatings showed no
adsorption of MB9. The absence of adsorption can be explained
by highly anionic character of MB9 and electrostatic repulsion
between the dye and negatively charged surface of WO3/TiO2

coatings.
The photocatalytic activity of WO3/TiO2 samples was improved

with increased content of WO3 phase, and the TW300 sample
exhibited better activity than pure TiO2. As can be seen from
Fig. 7b, after 240min more than 80% of dye was degraded in the
presence of WO3/TiO2 coatings.

Photocatalytic degradation of both dyes can be well described
by first-order kinetic equation, ln(C/Co) = kt, where Co is the initial
dye concentration and C is the dye concentration at time t. The first
order kinetic constant k is obtained from the slope of the ln(C/Co)
versus t for both dyes. In Table 3 are given the first order rate
constants for R6 [4_TD$DIFF]G and MB9 (kR6G, kMB9), together with the
corresponding linear correlation coefficient (R2). In a case of R6 [4_TD$DIFF]
Gdegradation under the visible light, the highest k value (kR6G)was
obtained for the TW90 sample. In a case of MB9 degradation under
UV light, value of kMB9 increased with increasing amount of WO3.

[12_TD$DIFF]The degradation rate constant k of WO3/TiO2 coatings under
visible light is almost five times higher than that of TiO2, whereas
its value under UV light are comparable with TiO2, suggesting that

[(Fig._5)TD$FIG]

Fig. 5. Absorbance spectra (a) and Tauc plots for indirect band gap for WO3/TiO2 samples (b). In the inset [2_TD$DIFF]is given Tauc plot for indirect band gap for pure TiO2.

[(Fig._4)TD$FIG]

Fig. 4. Raman spectra of WO3/TiO2 samples in the C–H and O–H spectral region.
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composite coatings are very efficient photocatalysts under visible
light.

3.5. Hydroxyl radical analysis

The formation of free hydroxyl radicals (OH�) was tested on the
surface of TW300 photocatalyst under UV irradiation and detected
by PL method. Applying similar procedure as described in the
paper of Su et al. [50], TW300 sample was placed in terephthalic
acid solution and illuminated byUV light. PL spectra of the reaction
solution were measured at room temperature after 15, 30, 60 and
90min, and these spectra are presented in Fig. 8. The terephthalic
acid reacts with OH� producing 2-hydroxyterephthalic acid, which
exhibits PL peak at 425nm [51]. The intensity of this peak is
proportional to the amount of OH� produced in water [50,51]. As
can be seen from Fig. 8, gradual increase of PL intensity at 425nm
with prolonged illumination time points at increasing amount of
OH� radicals produced at the surface of TW300 sample.

[13_TD$DIFF]3.6. Mechanism of the reaction

The photocatalytic degradation of R6G orMB9 is initiated by the
photoexcitation of the WO3/TiO2 coatings when the electron-hole
pairs are formed on the catalyst’s surface. According to the

[(Fig._6)TD$FIG]

Fig. 6. XPS spectra of W 4f and O 1 [3_TD$DIFF]s regions for TW90 and TW300 samples.

[(Fig._7)TD$FIG]

Fig. 7. Photocatalytic degradation of R6 [4_TD$DIFF]G under visible light (a) and MB9 under UV
light (b) in the presence of WO3/TiO2 and TiO2 coatings.

Table 3
The pseudo-first rate constants for R6 [4_TD$DIFF]G and MB9 together with R2.

Sample kR6G�10�2 (min�1) R2 kMB9�10�2 (min�1) R2

TW90 1.52 0.975 0.44 0.990
TW120 1.24 0.957 0.47 0.982
TW300 1.20 0.963 0.65 0.966
TiO2 0.28 0.888 0.41 0.963
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generally accepted photoexcitationmechanism, electrons from the
conduction band of TiO2 can easily diffuse into the conduction
band of WO3 [40,52]. Since W(VI) can be easily reduced to W(V),
WO3 acts as an acceptor of conduction band electrons from TiO2,
whereas the photogenerated holes migrate in the opposite
direction, i.e. from the lower-lying valence WO3 band to the
valence band of TiO2. In such away the charge separation efficiency
can be increased.

[14_TD$DIFF]In Fig. 9 is given an illustration of photo-induced electron-hole
separation and reacting radicals formation. The presence of holes
in the dye solution permits a direct oxidation of the dye, due to
high oxidative potential of the holes (h+):

h+ + dye!dye�+!oxidation of the dye (1)

Further, hydroxyl radicals (OH�) are usually formed by the
reaction between the holes andOH� orwatermolecules present on
the surface of the catalyst. The OH� radicals attack the dye in
aqueous solution leading to its degradation:

OH� +dye!photodegradation of the dye (2)

The photo-induced electrons can also react with dissolved
oxygen to form superoxide ions (O2

��) which in contact with H2O
molecules form OH� ions and finally OH� radicals.

It is known from the literature that WO3 is almost 15 times
more acidic thanTiO2 [21,22,31], so it is expected that the surface of
PEO produced WO3/TiO2 coatings is more acidic than that of TiO2,
and has a higher affinity for chemical species having unpaired
electrons. Because of higher acidity, the surface of WO3/TiO2

coatings can absorb more H2O and OH� generating more OH�

radicals. The XPS and Raman spectra of WO3/TiO2 composite
coatings gave an evidence that adsorbed H2O and hydroxyls are
present on the surface of WO3/TiO2 coatings, existence of which is
important for the formation of OH� radicals. PL measurements,
performed on TW300 sample, (Fig. 8) clearly demonstrated that
with increasing illumination time the increasing amount of OH�

radicals is formed on the surface of photocatalysts, which
manifests throughhigher photocatalytic activity of TW300 sample.

The absorption measurements have shown that the band gap
energy of TiO2 is higher than that of WO3/TiO2 coatings. Namely,
with prolonged time of PEO process, the WO3 content increases
followed by an appearance of WO2.96 phase. As the conduction
band of nonstoichiometric WO3-x oxides is lower with respect to
WO3 and TiO2 (Fig. 9) [53], the presence of WO2.96 phase will
further reduce the band gap of WO3/TiO2 samples towards the
visible spectral range, as already noticed from the Tauc plots from
Fig. 5. As a result, the electron-hole recombination will be more
difficult and more reactive radicals can be produced at the WO3/
TiO2 surface. Therefore, WO3/TiO2 coatings should be more
efficient as catalysts under the visible light. The photocatalytic
degradation of R6G and kinetics of the reaction confirmed that
WO3/TiO2 coatings are efficient photocatalysts in the visible region.
Slight decrease of photocatalytic activity of TW300 sample in a
case of R6G photodegaradation (Fig. 7a) can be explained by the
occurrence of photochromism [27,40]. Namely, the electron
accumulation at the WO3 conduction band can be more
pronounced with increased WO3 content. The accumulated
electrons can react with OH� radicals forming OH� ions or can
reduce the number of superoxide radicals [27,40] degrading at
some extent the photocatalytic activity of WO3/TiO2 coatings. The
presence of pronounced absorption feature around 380–400nm in
the absorbance spectrum of TW300 sample confirms this
assumption. Another reason can be found in the formation of
small polarons, appearance of which is characteristic for WO3 and
WO3-x phases. The photoexcited electron-hole pairs can be rapidly
quenched by recombination of photoexcited holes with electrons
from localized polaron states, whereas photoexcited electrons

[(Fig._9)TD$FIG]

Fig. 9. Schematic diagram of electron-hole pairs separation and proposed mechanism of photodegradation over WO3/TiO2 photocatalysts.

[(Fig._8)TD$FIG]

Fig. 8. PL spectral changes observed during UV illumination of TW300 sample in
the solution of terephthalic acid after 15, 30, 60 and 90min. The PL spectra of pure
terephthalic acid is also presented.
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populate polaron states [54], reducing[15_TD$DIFF] on the other side the
photocatalytic efficiency of the catalyst.

4. Conclusion

WO3/TiO2 composite and pure TiO2 coatings have been
prepared on titania substrates using facile and cost-effective
PEO process. The structural, morphological, optical properties and
chemical composition of these samples were investigated by
different methods such as XRD, SEM, Raman, UV–vis diffuse
reflectance spectroscopy and XPS. XRD and Raman analysis
revealed that the coatings are mainly composed of monoclinic
WO3 and anatase TiO2.With increasing duration of PEO process the
crystallinity of the samples was improved, the WO3 phase become
dominant and a certain amount of monoclinic WO2.96 phase
appeared. XPS analysis confirmed the XRD results and revealed the
presence of OH-groups and adsorbed H2O on the surface of WO3/
TiO2 coatings. The increasing amount ofWO3/WO2.96 phase caused
a decrease of optical band gap, i.e. shift from near UV to visible
spectral region. The photocatalytic activity of WO3/TiO2 samples
has been measured by monitoring photodecolouration of two
model pollutants in aqueous solution, R6G under visible and MB9
under UV light irradiation. The WO3/TiO2 samples have shown
enhanced photocatalytic activity compared to pure TiO2 under the
visible light irradiation. Slight decrease of photocatalytic activity
under the visible light in the sample enriched with WO3/WO2.9

phase can be ascribed to the occurrence of photochromism and/or
small polaron formation. Under the UV light, the WO3/TiO2

photocatalysts have shown slightly better photocatalytic activity
than pure TiO2. PL mesurements demonstrated the correlation
between photoactivity and the formation rate of OH� radicals
under UV light irradiation, i.e. higher amount of OH� radicals
formed, the better photoactivity of WO3/TiO2 photocatalysts was
achieved. The kinetics of the reaction in the case of both azo dyes
followed the pseudo-first order. The degradation rate constant k of
WO3/TiO2 coatings under the visible light is almost five times
higher than that of TiO2. Much better photocatalytic activity of the
WO3/TiO2 samples compared to pure TiO2 in the visible range can
be attributed to better light absorption, higher adsorption affinity
and increased charge separation efficiency with increasing content
of WO3/WO2.96 phase.
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