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§Leibniz Universitaẗ Hannover, Institut für Technische Chemie, Photocatalysis and Nanotechnology, Callinstrasse 3, D-30167
Hannover, Germany

*S Supporting Information

ABSTRACT: New TiO2/WO3 films were produced by the layer-by-layer (LbL) technique and successfully applied as self-
cleaning photocatalytic surfaces. The films were deposited on fluorine doped tin oxide (FTO) glass substrates from the respective
metal oxide nanoparticles obtained by the sol−gel method. Thirty alternative immersions in pH = 2 TiO2 and pH = 10 WO3 sols
resulted in ca. 400 nm thick films that exhibited a W(VI)/Ti(IV) molar ratio of 0.5, as determined by X-ray photoelectron
spectroscopy. Scanning electron microscopy, along with atomic force images, showed that the resulting layers are constituted by
aggregates of very small nanoparticles (<20 nm) and exhibited nanoporous and homogeneous morphology. The electronic and
optical properties of the films were investigated by UV−vis spectrophotometry and ultraviolet photoelectron spectroscopy. The
films behave as nanoscale heterojunctions, and the presence of WO3 nanoparticles caused a decrease in the optical band gap of
the bilayers compared to that of pure LbL TiO2 films. The TiO2/WO3 thin films exhibited high hydrophilicity, which is enhanced
after exposition to UV light, and they can efficiently oxidize gaseous acetaldehyde under UV(A) irradiation. Photonic efficiencies
of ξ = 1.5% were determined for films constituted by 30 TiO2/WO3 bilayers in the presence of 1 ppm of acetaldehyde, which are
∼2 times higher than those observed for pure LbL TiO2 films. Therefore, these films can act as efficient and cost-effective layers
for self-cleaning, antifogging applications.
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■ INTRODUCTION

Photoinduced (super)hydrophilic properties of TiO2 films have
been extensively studied,1−10 since they were first observed by
Wang and co-workers.11 These films can be directly applied as
antifogging surfaces in building facades, windows, vehicles,
clothes, and so on.12−15 Although the mechanism of this
phenomenon is still under investigation, commercial products
such as Pilkington Activ self-cleaning glass are already
available.16−18

Intense research efforts have been spent to improve the
mechanical and photocatalytic properties of TiO2-based films
for self-cleaning applications. For example, several authors have
reported TiO2 films doped with anions or transitions metals,

which lead to better photonic efficiencies and visible-light
activity.19−24 Another interesting approach to enhance the self-
cleaning properties is the preparation of mixed metal oxide
films.25−29 TiO2/SiO2 films on polycarbonate have been
successfully employed as hydrophilic surfaces with better
adhesion than bare TiO2 films. Miyauchi et al. reported
TiO2/WO3 films deposited by a spin-coating method that
exhibited high hydrophilic properties after UV irradiation with
intensities as low as 1 μW cm−2.30
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The great wettability of TiO2/WO3 heterostructures has
called particular attention and is attributed to the enhanced
electron−hole separation efficiency in relation to bare TiO2
films.31−35 In the TiO2/WO3 heterojunctions, photogenerated
electrons are transferred from TiO2 to WO3, while holes are
transferred in the opposite direction in the valence band,
decreasing the charge recombination rate. As a result,
interesting photochromic and photocatalytic properties are
observed.
Different authors have reported the influence of morphologic

properties and the W(VI)/Ti(IV) ratio on the photo-
electrochemical properties of TiO2/WO3 films.36−38 It was
observed that low W(VI)/Ti(IV) ratios enhance the photo-
catalytic activity toward oxidation of organic pollutants. As the
tungsten content is increased, the films start to exhibit
photochromic properties and the photocatalytic activity
decreases significantly.39 The deposition process also plays a
role on the photoelectrochemical behavior of the films, as
shown by Irie and co-workers.40

In this work, we have employed the layer-by-layer (LbL)
technique followed by a heating post-treatment to prepare
TiO2/WO3 nanoparticulate films with suitable optical, elec-
tronic, and photocatalytic properties for application as self-
cleaning surfaces. LbL is a promising up-scalable method used
to achieve high-quality, solution-processed films.41−45 It is
based on the self-assembly growth of films in a substrate due to
attraction forces (generally electrostatic) between different
species. The main advantage of LbL assembly is the production
of uniform thin films with precise morphological, composi-
tional, and thickness control. To evaluate the photocatalytic
properties of the TiO2/WO3 LbL films, we employed the
acetaldehyde (CH3CHO) photodegradation test, according to
ISO standard 22197-2.46 Acetaldehyde is one of the principal
indoor air pollutants and one of the most abundant carbonyl
compounds in the atmosphere. Thus, it is of great interest to
degrade acetaldehyde in an environmentally compatible
reaction.47

■ EXPERIMENTAL SECTION
All chemicals were analytical or high-performance liquid chromatog-
raphy (HPLC) grade and were used as received. Positively charged
TiO2 nanoparticles were prepared by hydrolysis of titanium(IV)
isopropoxide (Aldrich, 97%) in a 1 mol L−1 HNO3 aqueous solution,
as previously reported.48 The concentration of the resulting sol was
adjusted to 10 mg mL−1 (pH = 2). Negatively charged tungsten
species were obtained through hydrolysis of Na2WO4·2H2O (Aldrich)
under alkaline conditions. Then, 750 mg of sodium tungstate were
added to 60.0 mL of pH = 10 NH4OH/NH4Cl buffer. The solution
was kept under stirring for 36 h at room temperature to yield a stable
translucid yellowish sol.
TiO2/WO3 films were deposited onto cleaned fluorine doped tin

oxide (FTO) substrates (Pilkington, TEC-15) by the LbL technique,
in which the substrate is alternatively immersed for 3 min in TiO2 (pH
= 2) or WO3 (pH = 10) sols. After each immersion, the substrate was
rinsed with reagent-grade water (30 s, under magnetic stirring) and
dried with compressed air. In this study, 30 bilayers were deposited on
FTO surface. The dried films were sintered at 450 °C to ensure
mechanical stability. To better evaluate the effect of WO3 nano-
particles on the electronic and photocatalytic properties, we also
prepared LbL films with only TiO2 nanoparticles by alternatively
immersions of the substrates on TiO2 sols at pH = 2 and 10. Further
details about the preparation of pure LbL TiO2/TiO2 bilayers can be
found elsewhere.49

The LbL films were characterized by X-ray diffraction (XRD)
analysis using an XRD600 powder diffractometer (Shimadzu)

operating at 40 kV and 30 mA employing Cu Kα radiation. The
diffractograms were collected in the 20−90° range with 0.02° steps.
Raman spectroscopy was performed in a confocal Horiba Jobin Yvon
T64000 Raman system. Samples were excited at 633 nm (delivered by
a He−Ne laser), and the scattered light was collected at back scattering
configuration employing a 20× objective lens. All Raman measure-
ments were performed at room temperature.

The film morphologies were evaluated by field-emission scanning
electron microscopy (FESEM) using a JSM 7401F (JEOL) micro-
scope and by atomic force microscopy (AFM) using a SPM-9600
scanning probe microscope (Shimadzu). AFM images were registered
under contact mode at a scan rate of 1 Hz. The thicknesses of the LbL
films were determined by perfilometry using a P-16 Stylus profilometer
(KLA Tencor). X-ray photoelectron spectroscopy experiments were
carried out using an ESCALAB 220ixL spectrometer (VG Scientific)
equipped with a hemispherical electron energy analyzer and using Mg
Kα radiation (hν = 1487 eV), as previously reported.48 The binding
energies were measured using the C 1s peak at 284.6 eV as internal
reference. Ultraviolet photoelectron spectroscopy (UPS) has been
employed for valence band investigations using the same ESCALAB
electron analyzer. Measurements were performed at 2 eV pass energy
using He I photons (hν = 21.22 eV) from a differential pumped
discharge lamp.

The optical properties of the TiO2/WO3 films were evaluated by
UV−vis spectroscopy using a Shimadzu UV-2501 BC spectrometer
employing a blank FTO as reference. Diffuse reflectance spectra were
acquired using a Varian Cary 100 equipped with an integration sphere.
BaSO4 was used as a non-absorbing reference.

Photo-oxidation of CH3CHO was carried out in an experimental
setup consisting of a gas supply, three mass flow controllers, a
humidifier, a photoreactor made of poly(methyl methacrylate)
(PMMA) and covered with a borosilicate glass, and a Syntech
Spectras GC 955 gas chromatograph, as described previously.50 The
active area of the samples was 5 cm2. All samples were precleaned
under UV-irradiation (10 W/m2, 365 nm) prior to photocatalytic tests.
The gaseous reaction mixture was prepared by mixing streams of dry
air (500 mL/min), wet air (500 mL/min, relative humidity of 50%),
and 10 or 50% of CH3CHO/N2 mixture (approximately 50 mL/min)
to obtain a final CH3CHO concentration at 297 K of 1 or 5 ppm,
respectively. The photoreactor was illuminated by four UVA lamps
(Philips CLEO 15 W) at 1 mW cm−2. Prior to the photocatalytic tests,
the photoreactor was purged with the CH3CHO/water vapor/air
mixture without illumination until a steady CH3CHO concentration
be achieved at the outlet. Afterward, the sample was irradiated for
approximately 120 min.

Photonic efficiency (ξ), which is defined as the ratio of the
degradation rate of CH3CHO and the incident photon flux was
calculated as described elsewhere50 by using eq 1, in which h is the
Planck constant, c is the light velocity, NA is the Avogadro’s number,
Δn is the difference of the steady state acetaldehyde concentration in
the dark (ndark) and under irradiation (nlight), V̇ is the volume flux (m3

s−1), R is the gas constant, T is the temperature, ϕ is the light intensity,
S is the illuminated area, and λ is the irradiation wavelength (350 nm).
For the calculations, it was considered the fraction of light absorbed by
the samples (1−10−A) is taken into account, in which A is the
absorbance of the film at 350 nm. The maximum theoretical photonic
efficiencies (ξth) under these conditions are 4.7 and 23.5%,
respectively, for initial CH3CHO concentrations of 1 and 5 ppm.

ξ
ϕ λ

=
Δ ̇

− −
hcN nV

SRT (1 10 )A
A

(1)

■ RESULTS AND DISCUSSION
Alternative immersions of FTO substrates in pH = 2 TiO2 and
pH = 10 WO3 sols result in the deposition of homogeneous
films due to the electrostatic interaction between the positively
TiO2 charged nanoparticles and the negatively WO3 charged
ones. The film thickness was 400 ± 20 nm after deposition of
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30 bilayers. XRD analyses carried out after the thermal
treatment at 450 °C (Figure 1) evidence the presence of

anatase TiO2. It is also observed that three weak peaks appear
at 2θ ≅ 23, 32, and 44°, tentatively assigned to the
orthorhombic WO3 (JCPDS 20-1324). Such an assignment is
corroborated by previous studies carried out by Ramana et al.51

on phase transitions in WO3 thin films, which showed that
thermal treatments between 350−500 °C favored the formation
of the orthorhombic WO3 phase. Diffraction peaks from the
Na2WO4 precursor were not observed. The film structure was
also evaluated by Raman spectroscopy (Figure 2). The

spectrum exhibits bands characteristic to anatase TiO2 vibration
modes.52−54 A relatively weak signal (Figure 2, inset) at ∼950
cm−1 corresponds to the stretching mode of terminal WO
bond and is typically observed in amorphous WO3 samples.

55

X-ray photoelectron spectroscopy (XPS) confirms the
presence of Ti(IV) and W(VI) ions at FTO surface, Figure 3.
Typical doublet Ti 2p peaks at 458.5 and 464.2 eV (Figure 3,
inset) are observed and are characteristic to anatase phase.2 The
presence of WO3 is confirmed by the appearance of peaks at
580.5 eV (W 4s), 248.5 and 260.5 eV (doublet W 4d), and 34.8
eV (W 4f).56 The calculated W(VI)/Ti(IV) atomic ratio is 0.05,
which reveals a higher concentration of TiO2 nanoparticles in

the film surface and partially explains the low intensity observed
for WO3 diffraction peaks. Additional evidence for the higher
TiO2 content in the films is given by probing the thickness
increments after deposition of each material (Figure S1,
Supporting Information). Higher increments in thickness can
be observed after deposition of TiO2 layers.
A possible reason for the low W(VI)/Ti(IV) atomic ratio of

the as-prepared TiO2/WO3 films is the pH employed during
the LbL assembly. Dissolution of Na2WO4 under alkaline
conditions should yield several tungsten oxyanions such as
WO6

6−, W2O7
2−, depending on the initial WO4

2− concen-
tration.57 Only a small amount of these highly charged species
needs to be adsorbed by the positively charged TiO2 layer on
FTO in order to reach the charge equilibrium\inversion at each
deposition cycle. As a result, the concentration of tungsten
species in the film is lower than that of the TiO2 film. The
thermal treatment performed after deposition ensures the
conversion of all tungsten species in WO3. The control of
structure and composition by the pH employed during the
deposition has been shown before for LbL TiO2/SiO2 films

58

and is an elegant manner to tune the properties of LbL metal
oxide films.
The morphology of TiO2/WO3 film was evaluated by

FESEM and AFM, Figure 4. One can observe that the film is
very homogeneous, nanoporous, and composed by aggregates
of spherical nanoparticles smaller than 20 nm. Its surface is
relatively flat with RMS roughness of ca. 30 nm.
The deposition of 30 LbL TiO2/WO3 or TiO2/TiO2 bilayers

results in a decrease of ca. 30% in the optical transmittance of
the substrate in the visible region, Figure 5a. Visually, the films
are translucent (Figure 5a, inset), and therefore, the decrease in
the transmittance can be due light scattering or multiple
reflections caused by the nanoparticle network. On the basis of
the available data, it is not possible to differentiate these
processes. Absorption spectrum of the TiO2/WO3 film, Figure
5b, evidence the presence of a shoulder at ca. 380−400 nm that
is not present in pure TiO2 films. This absorption feature can
be correlated to the electronic population of WO3 conduction
band, which is expected to be approximately 0.4−0.6 eV more
positive than that of anatase TiO2.

30,39 Indirect band gap
energies estimated from Tauc plots are 3.0 and 2.5 eV for pure
TiO2 and TiO2/WO3 films, respectively (Figure 5b, inset).
The electronic structure of the TiO2/WO3 films was also

investigated by ultraviolet photoemission spectroscopy (UPS)

Figure 1. XRD pattern of an LbL TiO2/WO3 film (30 bilayers)
sintered at 450 °C. The FTO diffraction peak is indicated by an
asterisk (*).

Figure 2. Raman spectrum of LbL TiO2/WO3 films (30 bilayers) after
sintering at 450 °C.

Figure 3. XPS spectrum of 30 TiO2/WO3 bilayers on FTO. (Inset,
bottom) High-resolution spectra showing the Ti 2p peaks and (inset,
top) the deconvolution of Ti 3p and W 4f signals.
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and compared to pure TiO2 LbL films, Figure 6. One can
observe that the valence band maximum remains the same for
both films (at ca. 3.5 eV). Both spectra exhibit peaks at ca. 8
and 6 eV, which correspond to photoemissions from σ and π*
O 2p orbitals, respectively.59,60 The spectrum of TiO2/WO3

film exhibits an increased photoemission intensity in the region

around 4−6 eV. The difference between the TiO2/WO3

spectrum and the TiO2/TiO2 one results in a well-defined
peak in this region that can be correlated to contribution of W5d

orbitals to valence band, accordingly to previous UPS
studies.61,62 Thus, diffuse reflectance measurements along
with UPS allow us to conclude that, in the TiO2/WO3 films,
the valence band maximum remains almost unchanged in
relation to pure LbL TiO2 films, and the WO3 conduction band
introduces new low lying electronic levels in relation to the
conduction band of TiO2.

The wettability of the LbL films deposited on FTO was
evaluated by water contact angle (C.A.) measurements carried
out before and after 30 min of UV(A) irradiation (Table 1).
Both TiO2/TiO2 and TiO2/WO3 LbL films exhibit very low
water contact angles in comparison to bare FTO (C.A. = 69°)
even before UV irradiation. On the basis of the particle size of
the oxides and the nanoporous morphology of LbL films, the
hydrophilic behavior is probably associated with the so-called
nanowicking effect, described by Rubner and co-workers,63 in
which water rapidly infiltrates through the 3D nanoporous
network created by the LbL assembly.
Moreover, UV(A) irradiation of both TiO2/WO3 and TiO2/

TiO2 LbL films leads to an enhancement of the surface
wettability (Figure 7, Table 1). This superhydrophilic state

Figure 4. (Left) SEM and (right) AFM images of 30 TiO2/WO3 bilayers deposited over FTO substrates.

Figure 5. (a) Transmittance spectra of 30 (solid line) TiO2/WO3 or (dashed line) TiO2/TiO2 bilayers deposited on FTO and (inset) photograph of
a TiO2/WO3 film. (b) Diffuse reflectance spectra of the films along with Tauc plots used to determine the indirect optical band gaps.

Figure 6. He 1 UPS spectra of (solid line) TiO2/WO3 and (dashed
line) TiO2/TiO2 films, along with (dashed-dotted line) the difference
between the two spectra.
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(C.A. <5°) observed for the LbL metal oxide films persisted for
more than 96 h after storage in the dark at ambient atmosphere.
The photocatalytic properties of LbL TiO2/WO3 films were

evaluated toward gaseous acetaldehyde oxidation under UV(A)
irradiation (Figure 8). Two initial CH3CHO concentrations (1
and 5 ppm) were employed in the photocatalytic tests. After
reaching initial equilibration of the inlet flux in the dark, the
system was exposed to 1 mW cm−2 UV(A) irradiation, and the
CH3CHO concentration started to decrease until it reached a
plateau. As can be seen in Figure 8 and Table 2, the TiO2/WO3
LbL films are ∼2 times more efficient than the films produced
only with TiO2 nanoparticles for [CH3CHO]0 = 1 ppm.
Photocatalytic oxidation of acetaldehyde mediated by metal

oxide semiconductors involves its adsorption and oxidation by
species such as superoxide (O2

•−) and hydroxyl radicals (OH•)
produced at the semiconductor surface by the reaction of
photogenerated electrons and holes with adsorbed molecular
oxygen and water, respectively.21 In the presence of the LbL
metal oxides films, the photodegradation rates increase as the
initial acetaldehyde concentration is enhanced from 1 to 5 ppm,
Table 2. Under the irradiation condition employed in this work
(∼1019 quanta cm−2 s−1, i.e. light-rich), this behavior can be
explained by the higher diffusion/adsorption of CH3CHO into
the nanoporous structure of the films that increases the
occurrence of radical chain reactions. In such reactions,
photogenerated holes or •OH radicals react with acetaldehyde
to yield organic radicals able to degrade other acetaldehyde
molecules.64

For the two acetaldehyde concentrations investigated, the
LbL TiO2/WO3 films exhibited higher photonic efficiencies and
degradation rates than those of pure self-assembled TiO2 films.
Given the similarity of the optical and morphological properties
between the two films, the enhanced photocatalytic activity of
the TiO2/WO3 assembly is directly related to its more efficient
electron−hole separation. In the LbL TiO2/WO3 films, the self-
assembly growth of the layers followed by the heating post-
treatment allow the efficient interconnection between the oxide
nanoparticles to yield nanoscale heterojunctions. UV(A)
excitation of the films produces electron−hole pairs, and the
low-lying WO3 conduction band acts as an electron trap, while
the holes are free to move within the valence bands of both
oxides (Scheme 1). As a result, the electron−hole recombina-

tion rate is decreased in comparison with pure TiO2 films, and
more reacting radicals are produced at the film surface.

Another key aspect for the high photocatalytic activity of LbL
TiO2/WO3 film, in contrast to the pure TiO2 film or the
commercially available Pilkington Active glass, is the low
W(VI)/Ti(IV) ratio. It is well-known that TiO2/WO3
heterostructures with high tungsten contents exhibit low
catalytic activity due to the occurrence of photochromism.36,39

This phenomenon is related to electron accumulation at the
WO3 conduction band, which is enhanced in highly crystalline
microsized particles. The occurrence of photochromism is

Table 1. Water Contact Angle Measurements for TiO2/WO3
and TiO2/TiO2 Films (30 Bilayers) Deposited over FTO
Substrates

water contact angle (deg)

substrate before UV(A) irradiationa after UV(A) irradiation

bare FTO 69 ± 3 69 ± 3
TiO2/WO3 9 ± 1 <5
TiO2/TiO2 12 ± 2 <5

aImages from the C.A. measurements before irradiation are presented
in Figure S2 (Supporting Information).

Figure 7. Water contact angle measurements of bare and modified FTO surfaces after 30 min of UV(A) treatment.

Figure 8. Time profile of the CH3CHO photodegradation upon
UV(A) irradiation (1 mW cm−2) in the presence of TiO2/WO3 or
TiO2/TiO2 LbL films (30 bilayers); [CH3CHO]0 = 1 ppm.

Table 2. Acetaldehyde Degradation Rates and of Photonic
Efficiencies of TiO2/WO3 and TiO2/TiO2 Thin Films

thin film
[CH3CHO]0

(ppm)
degradation rate
(10−10 mol s−1)

photonic
efficiency, ξ (%)

TiO2/WO3 1.00 ± 0.02 1.7 1.5
5.00 ± 0.05 2.8 2.3

TiO2/TiO2 1.00 ± 0.02 0.93 0.8
5.00 ± 0.05 2.1 1.7

Pilkington
Activ

1.00 0.9421

Scheme 1. Efficient Photo-Induced Electron-Hole
Separation at LbL TiO2/WO3 Films
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deleterious for the photocatalytic activity because the WO3

conduction band is too positive to reduce O2 to superoxide
radicals (O2

•‑). Moreover, the accumulated electrons can react
with •OH radicals to yield OH− anions.
No photochromism was observed in the LbL TiO2/WO3

films, which means electron accumulation in the WO3

conduction band is limited, probably by the low W(VI)
content of the film and by its nanosized heterostructure. A
similar effect has been reported by Yang et al. for TiO2/WO3

composites with different WO3 contents.39 The authors have
observed better photocatalytic activities for low W(VI)/Ti(IV)
ratios. Thus, photoexcitation of LbL TiO2/WO3 films should be
followed by electron transfer from TiO2 to WO3 nanoparticles,
which decreases the charge recombination, allowing the
production of more •OH radicals by the reaction of holes
with adsorbed water and improving the photocatalytic activity.
The adequate W(VI)/Ti(IV) ratio along with the nanosized
particles promote more efficient charge separation than in pure
LbL TiO2 films, without the occurrence of photochromism.
Visible-light photoactivity of TiO2/WO3 films was evaluated

using a 420 nm LED source (1 mW cm−2), however no
degradation of acetaldehyde was observed. This behavior may
be associated with the low light absorption in the irradiation
wavelength of such thin films. The UV(A) photocatalytic
activity of LbL TiO2/WO3 films on FTO is higher than that of
commercial photoactive glasses, such as Pilkington Activ or
platinum/titania composite films,21 and therefore, they
represent a cost-effective solution for production of self-
cleaning photocatalytic surfaces. Additionally, the LbL films
exhibit superhydrophilicity under UV(A) irradiation, which is a
desired property for self-cleaning surfaces.

■ CONCLUSIONS

The layer-by-layer technique was successfully applied to
produce new TiO2/WO3 thin films with enhanced photo-
catalytic activity. The films were produced by alternative
immersions of the substrates into sols of TiO2 (pH = 2) and
WO3 (pH = 10) nanoparticles, leading to the production of
films with low W(VI)/Ti(IV) molar ratio. The photocatalytic
activity of the films was evaluated against gaseous acetaldehyde
degradation, and the determined photonic efficiencies are
higher than those of pure LbL TiO2 films or Pilkington Activ
glass. The results show the role of WO3 nanoparticles as
efficient electron traps able to decrease the electron−hole
recombination rate. The small particle size employed in the
self-assembly deposition leads to formation of highly
homogeneous films constituted by nanoscale heterojunctions
responsible for the efficient charge separation. The relatively
high photocatalytic activity along with the good optical
properties and (super)hydrophilicity make such films suitable
for applications such as self-cleaning surfaces in windows, roofs,
walls and so on.
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