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TiO,/WOs3 heterojunctions are one of the most investigated systems for photocatalytic applications.
However, distinct behavior can be found in the literature depending on the pollutant to be degraded and
the photocatalyst preparation conditions. Some authors reported improved photocatalytic activities in
relation to TiO,, while others a deleterious effect. Different factors have been identified to influence the
activity of such systems. In this work, a systematic investigation of TiO,/WO3z samples with different W/Ti
ratios (0—-100%) was carried out using different pollutants as targets (gaseous NO, acetaldehyde and
aqueous methylene blue solutions). A detailed structural investigation along with transient absorption
studies and photoelectrochemical measurements allowed the rationalization of some of the previously
reported factors that control the TiO,/WOs photoactivity, i.e. the inability to reduce molecular oxygen,
the stabilization of the anatase phase and the adsorption surface properties. The investigations also ident-
ified a factor not previously reported: in TiO,/WO3 systems, a fraction of long-lived holes do not take part
in the interfacial charge transfer to efficient hole quenchers, such as methanol. This behavior seems to be
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Introduction

The formation of type II heterojunctions between TiO, and a
second semiconductor with smaller conduction band energy
levels is one of the most common strategies to develop
improved  TiO,-based  photocatalysts  for  different
applications."™ In this strategy, an enhancement in the elec-
tron-hole lifetimes in relation to those of bare TiO, is
expected, as the photogenerated electrons are trapped in the
material with the smallest conduction band energy while the
holes are transferred to TiO,. Moreover, an extension of the
light absorption range towards the visible region of the spec-
trum is typically observed.

A myriad of materials have been coupled to TiO, to yield
heterojunctions, but the heterojunction formed by TiO, and
WO; calls particular attention (Scheme 1). WO; has a smaller
band gap than TiO, due to its more positive conduction band
edge. As a result, WO; acts as an electron sink, improving the
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related to the doping of the TiO, matrix with W(vi) and plays a key role in the photocatalytic activity.

charge separation efficiency. Different strategies have been
employed to produce TiO,/WO; heterojunctions in which the
optimal WO, content varies between 1 and 4 mol%.”*! In the
literature, controversial reports can be found when degra-
dation of different pollutants is analyzed. Some authors
reported improved photocatalytic activities for TiO,/WO; in
relation to TiO,,* %2223 while others described a deleterious
effect related to the addition of WO; to the photocatalyst.>*°
J. Yang et al.”’ observed that the influence of WO, on the
photocatalytic activity of TiO, is complicated and should be
related to the crystal phase, the electron accumulation ability
of WO; and the degradation mechanism of pollutants.
Electron transfer from TiO, to the WO; conduction band inhi-
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Scheme 1 Energy levels in type Il TiO,/WO3 heterojunctions.
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bits the one electron reduction of molecular oxygen, leading to
the observation of photochromism after UV irradiation.

Further, L. Yang and co-workers*® have investigated the role
of amorphous WO, species on the surface of TiO, which influ-
ences both the surface acidity and the electronic properties.
More recently, Zerjav et al. have used time-resolved infrared
spectroscopy to identify shallow and deep electron trapping
states in TiO,/WOj; mixtures which were correlated with photo-
catalytic performance towards bisphenol oxidation.> So far, it
is not clear how all these factors can be controlled by varying
the preparation conditions and how differently they affect the
degradation of different pollutants.

Aiming at the rationalization of the main factors that influ-
ence the photocatalytic performance of TiO,/WO; photocata-
lysts, in this work a systematic investigation of TiO,/WOs;-
based photocatalysts was performed. Samples with different
W/Ti molar ratios varying from 0 to 100% were prepared and
fully characterized, and their activities towards oxidative photo-
degradation of gaseous and aqueous pollutants were investi-
gated. These data were correlated with ns-transient absorption
spectroscopy and photoelectrochemical measurements, allow-
ing the establishment of the main factors that affect the photo-
catalytic activity of these materials.

Experimental
Preparation of the TiO,/WO; photocatalysts

All reactants and solvents were of analytical and HPLC grade,
respectively. Na,WO,-2H,0, titanium(iv) isopropoxide (TTIP),
ethyl cellulose (45 CP), terpineol and potassium sulfate were
acquired from Sigma-Aldrich and used as received. Deionized
water (18.2 MQ cm™") was used in all experiments.

Pure WO; and TiO, photocatalysts as well as W-Ti mixed
oxides (WT) were prepared by the hydrothermal sol-gel
method. Pure WO; was prepared by dissolving Na,WO,-2H,0
in a minimum amount of deionized water, which was passed
through a cation exchange resin (Sigma-Aldrich, Dowex 50
WX2 hydrogen form, 100-200 mesh) to replace Na* by H'. The
so-obtained greenish H,WO, solution was heated at 80 °C for
4 h under vigorous stirring to accelerate the hydrolysis. After
aging overnight under magnetic stirring at room temperature,
the gel was loaded in a Teflon-lined autoclave and heated at
200 °C for 8 h (180 psi). Afterwards, the solid was centrifuged
and dried in an oven at 70 °C. The yellow powder was manually
ground and finally calcined in air at 500 °C for 2 h.

Bare TiO, was prepared as reported previously.’**! Briefly,
12 ml of TTIP were added dropwise to 70 ml of 0.1 M HNO;
solution. The sol was then aged at 80° C for 8 h and submitted
to the same hydrothermal and thermal treatment described
for bare WO;. The W-Ti mixed oxides were produced by
adding dropwise the required amount of TTIP to the H,WO,
solutions under vigorous stirring in order to obtain nominal
molar W/Ti ratios of 1:80, 1:40, 1:20, 1:10, 1:5, 1:4, 1:3,
1:2 and 1:1, labeled as WT80, WT40, WT20, WT10, WTS5,
WT4, WT3, WT2 and WT1, respectively. Afterwards, the sus-
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pensions were aged and hydrothermally and thermally treated
as the bare oxides.

Characterization

Electronic absorption spectra were recorded on a double beam
Shimadzu UV-1650 spectrophotometer or a Cary 100 UV-Vis
spectrophotometer (Varian) equipped with an integration
sphere for diffuse reflectance measurements. Attenuated total
reflectance Fourier-transform infrared (ATR-FTIR) spectra were
recorded using a PerkinElmer Frontier spectrometer. The
measurements were performed on a diamond crystal plate,
using 32 scans at a resolution of 2 cm™'. X-ray diffractograms
of the powders were obtained using a Shimadzu XRD-6000
diffractometer, with a CuKa (4 = 1.54148 nm) monochromatic
source or a D8 Advance diffractometer (Bruker) operating with
CuKa 1,2 as the radiation source. The scans were recorded over
an angular range of 5-110° 26 with a step width of 0.013° 20
and a step time of 0.7 s, measuring in 6/26 geometry. Rietveld
refinements of the XRD data were performed using TOPAS
software. Crystallite sizes were calculated based on the peak
widths assuming Lorentzian shaped peaks. Lattice parameters
were determined according to the positions of the reflections
using Crystallographic Information Files (CIF). The corres-
ponding errors were also calculated by TOPAS.

Specific surface area measurements were determined from
N, adsorption/desorption isotherms using the BET method-
ology®* and a Quantachrome NOVAtouch LX1 surface analyzer.
X-ray photoelectron spectroscopy (XPS) was carried out employ-
ing a Leybold Heraeus analyser equipped with an Al non mono-
chromatic X-ray source and a hemispherical electron energy
analyzer. The beam energy was 1484 eV, and the residual C 1s
peak at 284.6 eV was used as the internal standard.

Field emission scanning electron microscopy (FESEM)
images were obtained using a Jeol JSM 6700F microscope at
2.0 kV acceleration voltage. Transmission electron microscopy
(TEM) images were acquired using a Tecnai G2 F20 TMP
microscope (FEI Company) at 200 kV accelerating voltage.
Raman spectra were collected using a LabRAM HR Evolution
confocal microscope. Samples were excited at 532 nm, and the
presented spectra were obtained by the accumulation of 8
scans in the range of 70 to 2000 cm™.

Transient absorption spectroscopy (TAS) was carried out
employing a LKS80 nanosecond laser flash photolysis spectro-
meter (Applied Photophysics) equipped with the appropriate
diffuse reflectance accessory as described previously.>® The
samples were placed in a closed quartz cuvette, purged with N,
and excited with a 355 nm laser beam (3.0 mJ cm™ per pulse).
The pump beam was produced by a Nd:YAG laser (Quantel;
Brilliant B; third harmonic, 355 nm). The transient signals
were collected by a PMT (Hammatsu R928) connected to a
DS09064A oscilloscope (Agilent). The transient decay is pre-
sented as the variation in the reflectance (AJ), which is calcu-
lated according to eqn (1),>* where I, is the incident intensity
of the analyzing light; J, is the diffuse reflected light without
laser pulse (ground light level); and J, is the diffuse reflected
light with the laser pulse. It has been reported that the AJ
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value can be correlated with the transient absorption provided
that AJ is less than 0.3;*%® thus, to describe the results
obtained by the detection of the diffuse reflected light, the
term transient absorption will be used here.

:]0/10 —Jx/Io _Jo—Jx
Jo/Io Jo

Photoelectrochemical characterization of the mixed oxides
was carried out by preparing thin films of the different
powders by the screen printing technique.** The as prepared
films were then submitted to calcination at 450 °C for 4 h in
order to ensure mechanical stability. Photoelectrochemical
experiments were carried out in a Zennium potentiostat and a
PECC-2 photoelectrochemical cell (Zahner-Elektrik GmbH &
Co. KG). A Pt wire was used as the counter electrode along
with a Ag/AgCl, NaCl 3 mol L™" reference electrode. A 6.5 pH
K,S0,4 0.1 mol L™ solution was employed as the electrolyte.
10% (v/v) of methanol was also added to the electrolyte in
some experiments. Samples were illuminated using a LOT
solar simulator equipped with a 300 W Xe lamp and an A.M.
1.5 filter. The light intensity was adjusted to 100 mW cm 2. All
reported potentials are against NHE (—0.209 mV vs. Ag/AgCl,
NaCl 3 mol L™"). Electrochemical impedance spectroscopy
(EIS) was carried out under illumination in the frequency
range of 1 MHz-100 mHz and at +1 V vs. NHE. 0.1 mol L™*
K,SO, solution was used as the electrolyte. The experiments
were performed at pH = 5.7.

AJ (1)

Photocatalytic properties

The photocatalytic activities of the as prepared samples were
measured towards different targets. Acetaldehyde and NO gas
phase degradation was carried out following the ISO 22197-2
and 22197-1 standards, respectively.’’*® For acetaldehyde
degradation, the experiments were carried out under UV
(365 nm; 1 mW cm™?) and visible (425 nm; 3 mW cm?)
irradiation. The sample surfaces were exposed to a 1 L s " gas
flow having ~1 ppm of acetaldehyde in air at 50% relative
humidity. Variations in acetaldehyde concentration were
measured every 5 minutes using a Syntech 955 gas chromato-
graph. Similar conditions were employed for NO degradation;
however, the gas flow was 3 L s~'. The concentrations of NO
and NO, along the time were determined using a Teledyne API
T200 chemiluminescence NO/NO, analyzer. Some experiments
were also carried out under anaerobic conditions by replacing
the carrier gas with pure N,.

Aqueous methylene blue (MB) degradation was carried out
in a borosilicate reactor at 25 °C, following the ISO 10678
standards.*>*® The initial MB concentration was 2 x 10~°
mol L™, and 0.1 g L™" of the photocatalyst were loaded in each
experiment. After 60 minutes under stirring in the dark, the
suspension was exposed to a 300 W Xe lamp equipped with a
KG1 filter to eliminate UV-B and UV-C photons. The light
intensity was determined using a radiometer (PMA2100 Solar
Light Co). For all assays, the photocatalytic activity is presented
in terms of photonic efficiency (£), eqn (2), in which r is the
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rate of product formation or reagent disappearance and I is
the light intensity.

,g:; % 100 (2)

Results
Structural and electronic characterization

Bare TiO,, obtained by the sol-gel method followed by hydro-
thermal treatment, is constituted mainly by anatase nanocrys-
tals, as previously described®' and confirmed by XRD analysis
(Fig. 1). In addition to the anatase peaks, rutile (ICDD 01-089-
0552) and brookite (ICDD 01-076-1934) phases were identified,
as revealed by the (1 0 0) reflection at 26 = 27.2° and the (2 1 1)
reflection at 26 = 30.6°, respectively. The bare WO; exhibits
sharper and more intense diffraction peaks which indicated
larger crystallites with higher crystallinity in relation to TiO,. It
is constituted solely by the monoclinic (ICDD 01-072-1465)
phase and is hereafter referred to as m-WO;.

WT20

WT10

Intensity (a.u.)

T v T v T T T g T T
15 20 25 30 35 40
20 (degrees)
Fig. 1 X-ray diffractograms of bare TiO,, WOs and WT samples with
different W(vi)/Ti(iv) molar ratios. A denotes anatase, R rutile, B brookite,
H hexagonal and M monoclinic.
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The hydrolysis of TTIP in the presence of H,WO, should
lead to mixed and well interconnected TiO, and WO; particles,
which is beneficial for photocatalysis due to the formation of
heterojunctions between the two semiconductors. As the W(vi)/
Ti(iv) molar ratio is varied, XRD analysis reveals that anatase is
the main crystallographic phase under all conditions with
shifted peak positions in relation to those for bare TiO,.
Interestingly, the shifts showed no systematics as a function of
the W(vi) amount. No evidence for rutile was found upon
addition of W(v1), which is in agreement with the data reported
by Riboni et al.* for sol-gel prepared TiO,/WO; samples with
a different W(v1) precursor. The authors observed that the pres-
ence of W(vi) ions stabilizes the anatase phase, even when the
samples are subjected to 700 °C. For the samples prepared
here, no sign of rutile was observed up to 800 °C thermal treat-
ment (Fig. S1, ESI}). Anatase is a metastable phase and trans-
forms irreversibly to the most thermodynamically stable rutile
phase at temperatures above 600 °C, when only TiO, is
present. The transformation is known to be a nucleation and
growth process. The crystallites have to grow to a critical nuclei
size before the transformation can proceed.’” The addition of
W(vi) ions resulted in smaller anatase crystallite sizes, imply-
ing that W(vi) ions hindered the crystal growth of TiO, and
thus the critical nuclei size could not be reached.”® Moreover,
the determination of the specific surface area (SSA) by N,
adsorption/desorption isotherms (Fig. S2, ESIT) confirms that
samples with low W(vi) loadings exhibit higher surface areas
than bare TiO, (Table 1). This is likely due to the absence of
larger rutile crystallites. With the exception of bare WOj;, all
powders are mesoporous and exhibit type IV isotherms and
H2-like hysteresis, indicating a large variation in the pore
sizes. For bare WOj3, a type III isotherm was observed, which is
characteristic of non-porous materials. The SSA of WO; is very
low in relation to bare TiO,, as shown in Table 1. The mixed
oxides having up to 20 mol% W(v1) exhibit higher SSA than
bare TiO,. The SSA of WT3 is experimentally similar to that of
TiO,, and after this point, the values steadily decrease.

No reflections from crystalline WO; or any other W(vi)
phase were observed in the XRD patterns of the samples with
WO3/TiO, molar ratios <1:2. These samples exhibit only

Photochemical & Photobiological Sciences

anatase diffraction peaks. Reflections of hexagonal WO; (ICDD
01-075-2187, hereafter h-WO;) could be found for the compo-
sites WT2 and WT1 with a nominal WO; content of 33.3 and
50 mol%, respectively.

Rietveld refinement was performed to evaluate the crystal-
lite sizes and lattice parameters of the anatase phase as a func-
tion of the W(vi) content, as shown in Table 1. In pure TiO,,
the mean crystallite size of anatase was 14 nm, while rutile
and brookite exhibit sizes of 37 and 11 nm, respectively.
Anatase was slightly smaller in all composites, but, although
the composite with the highest W(vi) amount (WT1) showed
the smallest crystallite size, there was no continuous decrease
with increasing W(vi) content. The crystallite size and cell para-
meters were also calculated for the WO; phases. In the specific
case of WT'1, h-WOj; had a mean crystallite size of 45 nm and a
and ¢ parameters of 7.3097 and 7.7961 A, respectively. Bare
WO; (m-WO;) showed much larger crystallites with an average
size of 134 nm.

The lattice parameters of anatase were a = 3.7897 A and ¢ =
9.4925 A in the pure TiO, sample, which differed from those of
bulk anatase.** Changes of these parameters were observed as
the W(vi) concentration was increased. The values were almost
constant at low W(vi)/TI(wv) ratios. The a axis started to increase
monotonously from WT40, while the ¢ axis changed in the
opposite direction (Fig. 2a). Moreover, the resulting unit cell
volume increased from WT40 with increasing W(vi) amount, as
shown in Fig. 2b

Changes in the lattice parameters of anatase due to the
presence of W(vi) ions likely occur due to the substitution of
Ti(wv) by W(v1) ions. These cations have similar ionic radii in an
octahedral environment (0.0605 nm for Ti(wv) and 0.0600 nm
for W(vi)), so it is expected that the latter can be introduced
into the TiO, lattice.”>® Due to the higher ionic charge of
W(vi), charge balancing had to be ensured. This could be
accommodated in several ways. One was the appearance of
interstitial O*~, which is unlikely in TiO, lattices.”” A more
energetically favorable possibility*® is the formation of cation
vacancies, one for every two incorporated W(vi) ions."’

Doping of the anatase TiO, matrix with W(vi) ions was
further confirmed by Raman spectroscopy (Fig. 3). For bare

Table 1 Experimental composition, specific surface area and anatase lattice parameters for the as synthesized samples

Nominal and (experimental®) Crystallite
Sample WO, content in mol% a axis (A) c axis (A) Cell volume (A%) size (nm) SSA (m? g™)
TiO, — 3.7897(7) 9.492(2) 136.33(6) 14 95
WTS0 1.2% 3.7890(3) 9.495(1) 136.31(3) 14 103
WT40 2.4% (2.0%) 3.7887(4) 9.488(1) 136.20(4) 12 108
WT20 4.7% (4.0%) 3.7916(3) 9.488(1) 136.41(3) 13 108
WT10 9.0% (8.0%) 3.7976(4) 9.484(1) 136.77(3) 12 117
WTS5 17% (18%) 3.8038(3) 9.457(1) 136.83(3) 13 107
WT4 20% (22%) 3.8080(3) 9.445(1) 137.00(3) 13 106
WT3 25% (28%) 3.8102(3) 9.430(1) 136.90(3) 13 93
WT2 33% (29%) 3.8154(4) 9.406(1) 136.93(3) 13 79
WT1 50% (47%) 3.8180(9) 9.402(4) 137.06(9) 9 55
WO, — 4

“W(v1) contents of the selected samples were determined by XPS and/or EDX.
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TiO,, the four most intense peaks of the TiO, spectrum at 146,
399, 519 and 640 cm ™! could be related to the Eg, Big, Ajg and
E, modes of anatase, respectively. Rutile could also be identi-
fied in the spectrum by the small peak at 448 cm™", as well as
brookite, characterized by the weak but distinguishable
Raman peaks around 246, 324 and 366 cm™',*° corroborating
with the XRD data. The addition of the W(vi) precursor leads
to shifts in the anatase peaks. The peak corresponding to the
anatase E; mode at 146 cm™' was monotonously shifted to
higher wavenumbers with increasing W(vi) loading. Moreover,
the full widths at half maximum (FWHM) showed the same
trend, as shown in Fig. 3b. This behavior confirms the inser-
tion of W(vi) ions in the TiO, matrix.

No evidence for crystalline WO; was found in the Raman
spectra of the TiO, rich composites, agreeing with the XRD
data. The first occurrence of crystalline WO; was observed for
WT3 and is ascribed to h-WO;. As the W(vi) loading is
increased in the composites, a broad peak around 970 cm™" is
observed and it can be assigned to W=O0 vibrations,*® as
shown in Fig. 3a. This peak can also be observed in the FTIR
spectra of the composites, as shown in Fig. 4, along with an
additional peak at 985 cm™'. The intensity of the peak at
985 cm™! increases continuously from WT80 until WT3. For
WT1 and WT2, the peak is broadened, probably due to other
active modes. W=0 vibrations were not observed for bare WO,

(Fig. S3, ESIt), which exhibits the expected Raman peaks of

This journal is © The Royal Society of Chemistry and Owner Societies 2019
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(a) Raman spectra of bare TiO, and selected WT samples. (b) Dependence of E; peak FWHM (M) and maximum energy (®) on the W(v)

m-WO;. The occurrence of terminal W=0 cannot be related to
crystalline WO; and indicates the presence of some amor-
phous tungsten oxide (WO3-H,0; WO,) in the composites. A
small FTIR peak at ~1620 cm™ "
samples, except for bare WO;, and it is assigned to angular

could be observed for all

vibrations of water molecules. The occurrence of this peak cor-
related well with a broad band between 3000 and 3600 cm™*
(not shown), which belongs to vibrations of the OH bonds in
water. Hence, the W-OH and W=O terminations are corre-
lated with the W(vi) doping of anatase TiO, and the formation
of surface defects.

Electron microscopy studies reveal the distribution of TiO,
and WO; domains in the samples. As revealed by FE-SEM,
bare TiO, is mainly composed of aggregates of spherical nano-
particles (d < 20 nm, Fig. S4at), while bare m-WO; is com-
posed of much larger plates (Fig. S4bt). Such morphologies
correlate well with the N, adsorption-desorption isotherms,
which revealed that m-WO; has very small porosity. Mixed
oxides with a low W(vi) content maintained the morphology of
bare TiO,. A representative image for WT4 is shown in Fig. 5a.
For high W(v1) loadings, such as WT1, as shown in Fig. 5b, the
small TiO, particles are decorating the larger WO; plates and
it is possible to observe larger particles, probably associated
with WO; domains. HRTEM of the WT4 composite, as shown
in Fig. 5c¢, reveals the presence of anatase TiO, particles with
~12 nm diameter. The crystalline TiO, particles are intercon-

Photochem. Photobiol. Sci, 2019, 18, 2469-2483 | 2473
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Fig. 4 (a) ATR-IR spectra of representative powder samples. In (b), the spectra in the W=0O peak region as a function of W(v)) content are shown.
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Fig. 5 SEM micrographs of WT4 (a) and WT1(b). (c) High resolution TEM image of WT4.

nected with amorphous WO; aggregates, thus confirming the
conclusions drawn from vibrational spectroscopy. EDX spec-
troscopy was carried out for the samples and provided experi-
mental W/Ti ratios, as shown in Table 1. The results are in good
agreement with the nominal values. XPS measurements of the
selected samples also allow the determination of W/Ti ratios,
which agreed well with the values obtained by EDX. A represen-
tative XPS spectrum for WT1 is shown in Fig. S5 of ESL

UV-vis reflectance spectra of the representative samples are
shown in Fig. 6. As expected, bare TiO, had an absorption
edge at around 420 nm, which corresponds to a band gap
energy of 3.0 eV. The absorption edge of bare WO; was
obviously shifted toward the visible light region due to its
smaller band gap (~2.6 eV). Interestingly, the spectra of the Ti
rich samples (WT80-WT10) were blue shifted with respect to
TiO,, while the samples with higher W(vi) loadings (WT3-
WT1) exhibited absorption tails between those for the bare
oxides. The later samples also exhibited a broad absorption
feature above 550 nm, which is attributed to the photochromic
behavior of these samples after exposure to UV light. The
photochromism of WOj is well known>"? and is attributed to
the formation of W(v) sites under illumination, leading to a
blue coloration, which is shown in Fig. 6 - inset. These sites
are thermodynamically unable to transfer electrons to O, in
air, and the colors persist for days. The samples WT3-WT1

2474 | Photochem. Photobiol Sci., 2019, 18, 2469-2483
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Fig. 6 UV-vis diffuse reflectance spectra of selected photocatalysts:
TiOx(—), WT80 (——), WT20 (—), WT5 (—), WT3 (—), WTL1 (—)
and WOs3 (—). Inset: Visual observation of the UV-induced photochromic
behavior of WT samples.
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exhibit the stronger color change compared to the samples
with a low W(vi) loading and even more than WO;. Such a be-
havior is likely related to the more efficient charge separation
due to the presence of a second semiconductor, TiO,.

Photocatalytic activity

The photocatalytic activities of the TiO,/WO; samples were
initially evaluated towards photodegradation of 1 ppm gaseous
pollutants (NO and CH3;CHO) using air as the carrier gas. In
Fig. 7, the photonic efficiencies determined under UVA
irradiation as a function of the photocatalyst composition are
shown. Typical plots of the pollutant concentrations as a func-
tion of the irradiation time are shown in ESI (Fig. S67).

Under UVA irradiation, bare TiO, and WT80 exhibit the
highest photonic efficiencies for acetaldehyde degradation
(0.55%, Fig. 7a). As the W(vi) content is increased, the values
decreased almost linearly, reaching 0.35% for WT1, which is
slightly superior than that for bare WO; (£ = 0.30%). Such a
decay of the photocatalytic activity as a function of the W(vi)
content is much stronger for NO. Bare TiO, has a photonic
efficiency of 1.27%. By adding 2 mol% W(vi) (WT80), a decrease
of 35% is observed in the photonic efficiency. The values con-
tinue to decrease exponentially as the W(vi) content is increased,
reaching 0.24% for WT5, which was experimentally similar to
the values for WT1 (0.19%) and bare WO; (0.16%).

Additional experiments were carried out using pure N, as
the carrier gas, so the photodegradation occurred under
anaerobic conditions. The as-determined photonic efficiencies
for bare TiO,, WT80 and WT40 were 0.37%, 0.35% and 0.34%,
respectively. These values are experimentally similar and evi-
dence the role of O, as an electron acceptor on the photodegra-
dation mechanism. In bare TiO,, the electron transfer to O,
yields reactive peroxide radicals and also diminishes the elec-
tron/hole recombination in the semiconductor, improving the
degradation rate of the target pollutant. The relative decreases
in relation to the photonic efficiencies under aerobic con-
ditions were ca. 33% for all samples, which infers that this
factor cannot solely explain the variation of the photonic
efficiency as a function of the W(v1)/Ti(w) ratio.
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Different from the assays with acetaldehyde that exhibit
constant degradation rates over all irradiation times, NO degra-
dation using TiO,/WO; samples exhibits peculiar concen-
tration profiles in relation to the bare oxides. This behavior is
exemplified in Fig. S6b (ESIt), and it is different from those
observed for bare TiO, and WOj;, which exhibit steady-state
concentrations of NO and NO, minutes after the irradiation
starts. The WT samples exhibit greater degradation rates at the
beginning of the irradiation which decrease after some time.
In the presence of WT80, the concentration of NO initially
decreased to the same level of that observed for bare TiO,, but
started to increase over the whole illumination time. Even after
2 h, when the light was turned off, the concentration was not
in steady equilibrium. The NO, concentration increased in the
first 20 min of the irradiation, followed by a decreasing trend.

For WT3, the same behavior is observed, but the photo-
catalyst deactivation is much faster. This behavior was also
observed by Mendoza et al.'® The reasons for such differences
are not clear, but they are probably related to the photo-
induced adsorption of NO and its oxidation products on the
surface of WT samples. The mixed TiO,/WO;3; samples have
higher surface areas than bare WO; and also W(vi) ions
inserted on the TiO, lattices, which can act as Lewis adsorp-
tion sites for NO, and NO;~. Moreover, in WT1 and WT2, WO;
exhibits the hexagonal crystalline phase, which is well known
as a gas sensor due to its more opened structure in relation to
m—W03.53

The photocatalytic activity towards acetaldehyde degra-
dation was also evaluated under 425 nm excitation (Fig. 8). At
this wavelength, the absorption coefficient varies considerably
as a function of the W(vi) content (Fig. 6). As shown in Fig. 8a,
the photonic efficiency for acetaldehyde degradation at
425 nm irradiation was higher for bare WO; (¢ = 0.22%). Bare
TiO, exhibited a photonic efficiency of 0.14%, and WT3 exhibi-
ted the highest photonic efficiency (£ = 0.17%) among the com-
posites. Furthermore, if only the fraction of the absorbed light
is considered, an apparent quantum yield (AQY) for 425 nm
induced degradation of acetaldehyde can be determined
(Fig. 8b). Hence, the quantum yields follow the same trend
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Fig. 7 (a) Photonic efficiencies ¢ for acetaldehyde (a) and NO (b) degradation under UV light irradiation (365 nm, 10 W m~2) as a function of the

W(vi1) content of the samples.
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observed for the photonic efficiency under 365 nm irradiation,
where the absorbances of the samples are very similar. This
result confirms that the charge transfer efficiency between the
photocatalyst and acetaldehyde decreases as the W(vi) content
increases.

Some samples were also evaluated as photocatalysts for
UVA-induced degradation of 2 x 107> mol L™" methylene blue
aqueous solutions (Fig. 9). Some WT samples were able to
adsorb high amounts of MB prior to the beginning of
irradiation, which calls particular attention. The sample WT4
removed ca. 90% of MB from the solution, while bare WO; and
TiO, removed only 2 and 25%, respectively. After turning on
the UV lamp, samples with low W(vi) contents (WT40, WT20)
exhibited the highest degradation rates, yielding better photo-
nic efficiencies. For WT40, the as determined photonic
efficiency was 0.16%, while for bare TiO,, values up to 0.06%
were found. Bare WO; was not active under the same experi-
mental conditions, probably due its very low SSA and its
inability to reduce O, and produce reactive oxygen species.

The higher photonic efficiency observed for WT40 in
relation to those for WT4 and WT1 indicates that the photode-
gradation of MB following the self-sensitization mechanism is
not the main reactive pathway under the experimental con-

WO, content (mol %)

(a) Photonic efficiencies ¢ (a) and apparent quantum yields (b) for acetaldehyde degradation under visible light irradiation (425 nm; 30 W

ditions employed here (365 nm irradiation). At this excitation
wavelength, band gap excitation, followed by interfacial charge
transfer, is probably the major degradation pathway.

Transient absorption spectroscopy and photoelectrochemical
studies

Aiming at a deeper understanding of the dynamics of the elec-
tron/hole pair in photoexcited TiO,/WO; powders and possible
interfacial charge transfer processes,” nanosecond transient
absorption spectroscopy (ns-TAS) studies of selected samples
were carried out under N, atmosphere and in the presence of
methanol vapor. Methanol is well known to act as an efficient
hole quencher with the charge transfer occurring at the fs—ps
scale.®® Transient spectra of WT4 and WT1 samples are pre-
sented in Fig. 10, while the spectral data for WT10 are shown
in Fig. 11. For reference, the ns-TAS spectra of the bare oxides
obtained under the same experimental conditions are given in
the ESI (Fig. S7, ESIf). The transient spectra of bare TiO,
exhibit the typical features previously described,”® i.e. a broad
absorption band covering basically all the visible region of
spectra with the maximum at ~540 nm. This absorption is
attributed to the overlap between electronic transitions involv-
ing both the trapped holes on the valence band and the
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(a) Relative absorbance variations probed at 660 nm of MB aqueous solutions in the presence of different photocatalysts (T = 298 K). (b)

Determined photonic efficiencies for MB photodegradation as a function of W(vi) content in the photocatalysts.
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trapped electrons on the conduction band. The transitions
associated with the holes are mainly located at lower wave-
lengths (400-600 nm), while those associated with the trapped
electrons are mainly located at higher wavelengths
(600-800 nm). This becomes clear when gaseous methanol is
added to the medium and reacts with the photogenerated
holes (Fig. S8 of ESIt). The transient spectra of bare WOj;
under inert atmosphere are characterized by a strong absorp-
tion band with the maximum at ~450 nm (Fig. S7bt), which is
mainly attributed to the trapped holes.'>'® The presence of
methanol leads to the same spectral behavior observed for
TiO,, and it is in agreement with previous spectroscopic and
spectroelectrochemical studies.'®'* Under N,, the transient
signals’ intensity decays non-exponentially as a result of the
electron/hole recombination. This process is hindered in the
presence of methanol, and it is not observed up to 8 ps after
the laser pulse.

Two different transient spectral profiles could be identified
for the WT samples as a function of the W(vi) content at the ns
to pus scale after the laser pulse. For W(vi) rich samples (above
10% mol content), the transient spectra under inert atmo-
sphere are basically the sum of the spectral features of the
bare oxides. The spectrum of WT4 resembles the spectrum of
TiO, (Fig. 10a), while the spectral features for WT1 are similar
to that for WO;. For both cases, a strong absorption at longer
wavelengths can be observed, which is associated with the
blue coloration of the samples under excitation and is ascribed
to the formation of W(v) ions in the crystal structure. In the
presence of methanol as a hole scavenger, the same behavior
as those for the bare oxides is observed, i.e. a broad long lived
absorption with intensity increasing with the wavelength
appears, due to free conduction band electrons. This feature
co-exists with the more localized absorption at ~760 nm,
assigned to W(v) sites.

A second spectral profile was identified for Ti rich WT
samples. As shown in Fig. 11a for WT10, the transient spec-
trum under N, resembles that for bare TiO,, as expected.
However, when methanol is added to the system, the typical
signal for free conduction band electrons does not appear
immediately (Fig. 11b). In the transient spectrum 200 ns after
the laser pulse, AJ in the 400-550 nm region is smaller than
that collected under N,, indicating that the hole concentration
was decreased, probably due to the fast reaction with metha-
nol. Moreover, the transient signal continues to decay within
the first 5 ps, and only at longer time scales, the spectral
feature of the free conduction band electrons and the W(v) site
can be clearly observed. This is shown in Fig. 11c, in which the
signals were collected up to 1.5 ms after the laser pulse. In
Fig. 11d, the decay traces at 540 nm of WT10 and TiO, in the
presence of methanol are shown. Hence, TAS data evidence
that the interfacial charge transfer rates of WT samples are
actually dependent on the W(vi) content. Particularly for WT
samples with up to 10 mol% W(vi) content, it seems the hole
transfer to methanol occurs by at least two kinetically distinct
pathways: one fraction of photogenerated holes is transferred
very fast (below the time resolution of the experiment) to the
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quencher as observed for the bare oxides, while a second frac-
tion reacts very slowly (at ps scale) or, more likely, even does
not react with the quencher and recombines with the trapped
electrons.

The transient decays of the different samples under N,
could be fit as a combination of two second order com-
ponents, as shown in eqn (3) (Fig. S9, ESIT),”” assuming that
the trapped electrons and holes recombine between them-
selves. In this equation, AJ, corresponds to the initial ampli-
tude of the slower component associated with k,, while k; is
the rate constant for the fastest component. The determined
recombination rate constants, which are shown in Table 2, are
expressed in a.u.”' s™' as the conversion of the observed rate
constants to units of M™' s7! is difficult due to uncertainties
concerning absorption and scattering coefficients of the ana-
lyzed materials.

AJ
1+ A]()kzt

A — AR
14 AJokyt

A7 3)

For all bare oxides and WT samples, ca. 40% of the trapped
holes decay with the fastest rate constant (k;). Bare WO; and
W(vi) rich WT samples exhibit lower values of k;, which agrees
well with previous reports in the literature about the long-lived
holes on WO;.°®°° The same trend is observed for k,, i.e. as
the W(vi) content is increased, the recombination rate constant
becomes smaller. This is likely due to the electron trapping at
long-lived W(v) sites.

Further insights into the dynamics of the photoproduced
charge carriers on WT samples were obtained by photoelectro-
chemical experiments. The samples were deposited on trans-
parent FTO glasses and employed as photoanodes in the pres-
ence of aqueous 0.1 mol L™' K,SO, solution and also in the
presence of 10 vol% methanol. Chopped light voltammetry
measurements of representative photoanodes under simulated
solar irradiation are shown in Fig. 12a and b.

For the photoanodes having bare TiO, or WOj;, prompt
responses to the chopped light were observed in the time-
current profiles. In contrast, the WT samples showed saw
tooth-shaped curves implying a slower rise and decline of the
current densities after turning on and off the light, respect-
ively. In the absence of methanol, the highest photocurrent
densities were observed for pure WO;, as shown in Fig. 12c,
which were several magnitudes higher than the photocurrent
densities measured for TiO, and the composites. The much
better performance of bare WO; is partially explained by the
higher visible light absorption. It is worth mentioning that

Table 2 Second order decay rates obtained for the selected samples
under 355 nm excitation (3 mJ per pulse)

Sample k (107 au " s™) k, (10° au. ™" s7Y)
TiO, 1.9 0.1 (43%) 3.4+ 0.1 (57%)
WT10 1.4+ 0.1 (43%) 2.9+ 0.1 (57%)
WT4 1.6+ 0.1 (44%) 1.5+ 0.1 (56%)
WT1 0.8 0.1 (40%) 0.9 + 0.4 (60%)
WO, 0.36 = 0.04 (37%) 1.1+ 0.1 (63%)
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TiO, and WT40 had better electrochemical performances at
the lowest potentials due to earlier photocurrent onsets. Pure
TiO, showed higher photocurrent densities than all compo-
sites. WT1, WT3 and WT10 exhibited almost no current
response to the light and consequently extremely low photo-
currents. The photocurrent densities in general increased with
increasing applied bias. While the Ti rich photoanodes
showed very low potential dependency of the photocurrents,
the current densities increased much stronger for pure WO3;.
In the presence of 10 vol % methanol, the photocurrent
onsets were shifted to more negative potentials for all photo-
anodes (Fig. 12b). Furthermore, the photocurrent densities
were even more constant for the Ti rich electrodes over the
whole potential range. WO; also showed a strong increase in
the photocurrent density with a more positive applied bias.
However, unlike water oxidation, the photocurrent density
seemed to reach a maximum. Higher photocurrent densities
were obtained with methanol for all electrodes, but the relative
increments were individually different for all samples.
Although WO; had the highest photocurrent density, the rela-
tive increase was lower compared to TiO,. Even higher relative
increases were found for WT10, WT40 and WT80, resulting in
a higher absolute photocurrent density for WT80 than for TiO,
(Fig. 12d). A general decrease of the photocurrent densities
with increasing W(vi) amount in the films could be observed.
Impedance measurements carried out with the electrodes
in the 10°~107" Hz frequency range and 1 V applied potential
(Fig. S10a — ESIt) reveal that the overall impedance of all elec-
trodes is very similar, and no systematic variations could be
observed as a function of the film composition. Thus, the
different photoelectrochemical performance should be more

This journal is © The Royal Society of Chemistry and Owner Societies 2019

associated with the interfacial charge transfer at the photo-
anode/electrolyte interface than with the charge transport pro-
perties through the film. Mott-Schottky measurements were
also performed with the different electrodes. Plots of C~2 vs.
applied potential (Fig. S10b — ESI}) reveal that all photoanodes
strongly deviated from an ideal linear relation, which could be
explained by divergences from the ideal behavior of a semi-
conductor/electrolyte interface. These deviations make it
difficult to precisely determine the flat band potentials of the
different photoanodes; however, there was an obvious trend
towards more positive flatband potentials with increasing
W(vi1) content. For bare TiO,, a flatband potential of —0.4 V vs.
NHE was determined (pH 5.7), which correlated well with the
reported values from the literature.®® For WOj3, the determined
flat band potential was —0.08 V vs. NHE (pH 5.7).

Discussion

Considering all characterization performed and the photo-
catalytic assays with different substrates, it is possible to estab-
lish the main factors that govern the photocatalytic perform-
ance of TiO,/WO; samples. The efficiencies of these photocata-
lysts are largely dependent on the substrate, the preparation
conditions and the W(vi)/Ti(wv) ratio. In fact, reports about
both enhanced and worsened photocatalytic activity of TiO,/
WOj; in relation to bare TiO, can be found in the literature. It
is well accepted that the formation of a heterojunction
between TiO, and WO; should lead to enhanced charge carrier
lifetimes due to the transfer of photoexcited electrons in the
TiO, to WO3 conduction band. The TAS measurements under
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N, have confirmed the decrease of the recombination rate
constants.

The conduction band energy edge of crystalline WO; is
more positive than the one electron reduction of molecular
oxygen (E° = —0.3 vs. NHE, pH = 7); thus, under aerobic con-
ditions and in the absence of another electron acceptor, elec-
trons are accumulated on WOj;, leading to a color change
(photochromism). In this case, the photocatalytic activity is
hindered as no redox active peroxide species are produced. As
a result, TiO,/WO; mixtures with a low W(vi) content (typically
between 1-4 mol%) are reported as optimized photocatalysts.
Moreover, Yang et al. reported that the formation of highly dis-
persed amorphous WO, species on the TiO, surface is ben-
eficial for photocatalysts as these species have more negative
energy levels than crystalline WO; and only shallowly trap the
photoexcited electrons, allowing the interfacial charge transfer
to O,. The authors observed enhanced photodegradation rates
for MB and phenol. On the other hand, Riboni et al*'
suggested that the improved activity observed for 1.0 mol%
W(vi)-TiO,/WO; mixed oxides towards formic acid degradation
is mainly due to the stabilization of the anatase TiO, phase
rather than the electron transfer from TiO, to WOj3. This stabi-
lization is related to the insertion of W(vi) on the TiO, lattice.

The partial replacement of Ti(v) by W(vi) ions on WT
samples has strong consequences on the electronic and
surface properties of the powders, which indeed will deter-
mine their photocatalytic activity. As evidenced by the N,
adsorption-desorption isotherms, the specific surface areas of
the WT samples up to 25 mol% (WT4) are higher than that for
bare TiO, likely due to the smaller anatase crystallite size.
Moreover, the presence of W(vi) increases the presence of both
Bronsted and Lewis adsorption sites on the surface and has a
positive effect on the removal of MB from aqueous solutions.
As a cationic dye, MB strongly adsorbs on Brgnsted sites of WT
samples. On the other hand, for NO degradation, surface poi-
soning of WT photocatalysts is observed in the course of the
irradiation, likely due to the Lewis-based interaction of NO;z;~
with W(vi) centers.

Insights into the electronic properties of WT samples are
first given by the UV-vis spectra. In relation to bare TiO,, very
small spectral changes are observed for the low W(vi) content
WT samples (WT80 to WT10). Indeed, the absorption edges of
these samples are slightly blue shifted in relation to bare TiO,,
which can be correlated with the smaller particle size. As the
W(vi) content exceeds 10 mol%, the absorption edge is shifted
to the visible region as expected due to the smaller band gap
of WO; in relation to TiO,. UV-induced photochromism con-
firms the electron transfer from TiO, to WOj3, thus evidencing
that photogenerated electrons on the TiO, conduction band
can be efficiently trapped as W(v) sites. ns-transient absorption
measurements under inert atmosphere revealed that the elec-
tron-hole recombination rates in the WT samples are lower
than that for bare TiO, and decrease continuously as W(vi) is
increased.

Measurements carried out in the presence of methanol, a
very efficient hole scavenger, evidenced that a fraction of
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photogenerated holes in the WT samples does not react with
the quencher and recombines at the ps-ms scale with the
trapped electrons. This observation was not reported before
and should be related to the doping of TiO, with W(vi) ions
and the formation of amorphous WO,. Further evidence for
the relatively low reactivity of a fraction of trapped holes is
given by the very low photocurrent observed for all WT
samples with more than 10 mol% in relation to the bare
oxides. Even under anodic bias, the interfacial hole transfer in
samples having more than 10% WO; seems to be kinetically
inhibited, resulting in very low photocurrent densities.
Previous theoretical studies carried out by Fernandez-Garcia
et al*® indicated that in TiO,/WO;, the valence band upper
edge energy hardly changes as a function of the W/Ti ratio, but
inner states do change due to the stabilizing effect of W(vi)
ions on the neighbor oxygens. Thus, deep hole traps could be
created.

Therefore, despite the improved charge carrier lifetime in
relation to bare TiO,, the photocatalytic activity of TiO,/WOj3
samples is limited by inefficient interfacial charge transfer pro-
cesses: electrons trapped on WO; CB are thermodynamically
incapable of producing peroxide radicals by one electron oxi-
dation of molecular oxygen, and the reactivity of a fraction of
trapped holes is kinetically hindered and actually recombines
with the trapped electrons at the ps scale. Both factors become
more determinant as the W(vi) content increases. The studies
present here could identify two conditions in which the oxi-
dative degradation rates in the presence of TiO,/WO; can over-
come that for bare TiO,. When the photocatalytic assay is
carried out under simulated sunlight or even exclusively with
irradiation at a given wavelength of the visible region, the red
shifted absorption edges of W(vi) WT samples favor the light
harvesting and consequently the degradation rates. This was
observed for acetaldehyde degradation employing 425 nm
LEDs as the light source, in which WT3 (25 mol% W(vi))
exhibited the optimal performance.

Other favorable conditions could be observed for the degra-
dation of aqueous solutions of the cationic methylene blue
dye. The species strongly adsorb on WT surfaces and are
further degraded under UV irradiation. In this case, WT
samples with W(vi) contents between 1 and 2.5% (WT40,
WT80) exhibited improved degradation rates. These samples
benefit from the larger specific surface area and the stabiliz-
ation of the anatase phase in relation to bare TiO, and should
have a larger fraction of reactive electrons and holes in com-
parison with W(vi) rich samples. The rationalization of the key
factors that govern the photocatalytic activity of TiO,/WO;
mixed oxides allows the choice of the best photocatalyst com-
position as a function of the pollutant that will be
photooxidized.

Conclusions

The photocatalytic activity of TiO,/WO; mixed oxides was
investigated in detail using different gaseous and dissolved
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organic targets. The studies corroborate with previous investi-
gations indicating that the more positive conduction band
energy of crystalline WO; acts as an electron trap, does
enhance the electron/hole lifetime, but inhibits the one elec-
tron reduction of O,. The latter aspect seems to prevail as the
W(vi) content increases and is detrimental to photocatalysis.
Moreover, addition of W(vi) stabilizes the anatase phase of TiO,
and increases the SSA as well as the concentration of Bronsted
and Lewis adsorption sites. This factor has a positive effect on
photodegradation of cationic dyes such as MB, but can facilitate
surface poisoning by coordinating photoproducts such as NO;™
in the case of NO degradation. Despite the improved visible
light harvesting by WT samples in relation to bare TiO,, the
experiments revealed an additional effect not yet reported for
TiO,/WOj3-based photocatalysts: doping with W(vi) ions seems
to induce the formation of deep hole trap states that kinetically
inhibit the interfacial charge transfer on the photocatalyst
surface. The results provide new insights into how TiO,/WO;
with appropriate W/Ti ratios could be chosen as a function of
the pollutant to be degraded. Further studies are necessary to
identify the nature of the deep hole traps in such systems.
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