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Introduction

Self-cleaning behavior refers to the ability of a solid surface to
remove contaminants under natural circumstances. This may be
reached by two approaches. The former one is to achieve hydrophilic
surfaces (water contact angle WCA<90°) on which water forms sheets,
washing away impurities; the latter is to realize hydrophobic structures
(WCA>90°), causing droplets to form and roll over the surface quickly.
Many research efforts have been made to find the extreme limits of
wetting and non-wetting behavior by the development of a wide variety
of engineered surfaces with superhydrophilic (WCA approaching zero)
and superhydrophobic (WCA>150°) properties.

Hydrophophilic/superhydrophilic coatings are generally made up
of metal oxides. These materials are all semiconductors activated by
light of certain wavelengths. Titania-based films are by far the most
investigated hydrophilic materials because of their abilities to reach
the superhydrophilic state and chemically break down organic dirt
when exposed to sunlight, thanks to their photocatalytic reactivity. In
addition TiO, is stable, atoxic, and cheap.

The generation of holes and electrons occurs when light with
energy equal to or greater than band gap is absorbed. Although the
majority of the charges self-recombine, few of them reach the surface
and give rise to redox reactions. Thus, holes can oxide the organic
molecules whereas electrons react with atmospheric oxygen to generate
superoxide radicals and further reactive oxygen species, which degrade
pollutants on TiO, surface 1], as shown in Figure la.

As illustrated in Figures 1b-1d, the photoinduced hydrophilic
mechanism implies that holes diffusing to the surface are trapped at
oxygen lattice atoms, weakening the bond between titanium and
oxygen which is then interrupted by a water molecule. This results in
-OH surface groups with high affinity for water, so that water molecules
can form a uniform sheet on the surface rather than single drops. In
the dark, hydroxyl groups progressively desorb from the surface in the
forms of H,O, or H,0O and O, molecules [2-4].

Applications are extensive and, among photocatalytic glasses
already in the market, we find Pilkington Activ’' and PPG Sun Clean’,
which achieve self-cleaning behavior of glass for the construction
industry.

The wide band gap (3 + 3.2 eV) of TiO,, however, does not allow for
an efficient absorption of visible radiation, which is the most abundant
part of the solar light and the only natural radiation existing indoors.
Another important drawback of TiO, is the drop of hydrophilicity in a
dark state.

The following are some of the many attempts made so far to
overcome TiO, limitations.

Nitrogen-doped TiO,

Due to its comparable atomic size with oxygen, high stability and
low ionization energy, nitrogen (N) can be easily introduced into crystal
lattice either by interstitial or substitutional incorporation to enhance
visible light-induced photocatalysis [5]. Theoretical studies modelling
the density of state within the conduction band of doped TiO,, show

how the substitutional doping of N is the most effective because its 2p
states contribute to the band-gap narrowing by mixing with O 2p states,
thereby improving visible light absorption [6].

The incorporation of nitrogen induces the formation of oxygen
vacancies, which increase the visible light activity by acting as color
centers in generating new absorption sites, or by acting as electron traps.
The latter event occurs as an electron is promoted to the oxygen vacancy
state from the valence band. These electrons react with atmospheric
oxygen, whereas holes can interact with water or superoxide radicals,
eventually giving rise to reactive oxygen species, which, on their turn,
trigger the oxidation reactions.

The most versatile technique to obtain N-TiO, is the sol-gel method
in which N-containing precursors, such as ammonium salts, nitrates,
urea, etc., are easily added to the starting colloidal solution, allowing
fine control of the material’s nanostructure morphology and porosity.
Eventually, this results in an enhanced photocatalityc activity and
visible-light response [7]. Recently, many attempts have been made to
further increase N-doped titania performance, by adding additional
doping elements to the colloidal solutions. Together with nitrogen,
vanadium and fluorine have been found to shift the absorption edge to
visible light and increase hydrophilicity [8,9].

Cu-TiO,

A different but equally key approach to improve the self-cleaning
properties of titania is by the dispersion of metal nanoparticles in the
TiO, matrix.

An example of this method is the fabrication of TiO, thin films on
inert support with a gradient of Cu doping through layer-by-layer dip-
coating [10]. Liu and co-workers reported how the band gap of TiO,
can be narrowed, as the loaded copper increases. This occurs since Cu
atoms replace Ti ones in the TiO, crystal lattice yielding the formation
of Ti, Cu O, phase. So, the smaller gap between Ti and O atoms easily

o4 Y
permits the transfer of photoexcited electrons from O, to Ti,, orbitals
[11].

In other words, the thin film interacts with a wider spectrum of light
(including visible light) thanks to its layers at different band gaps. The
band gap gradient mainly prevents the recombination of photoexcited
charge carriers leading a further beneficial aspect to the film structure.
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Figure 1: (a) The processes occurring on bare TiO, particle after its excitation causing degradation of organic species [3]. (b-d) Surface structural models for the TiO,
surface; (b) before irradiation the OH group is bound to oxygen vacancy; (c) at the transition state the photogenerated hole is trapped at the lattice oxygen; and (d)

after irradiation new OH groups are formed [4].

The Copper concentration gradient in the TiO, thin film reduces the
WCA by 1.3, 2.2, and 4.4 times before illumination, after visible light
irradiation, and after UV-visible light irradiation respectively, compared
with that in the pure TiO, film.

Silica/Titania composite films

Titania-silica materials have been obtained with a great variety of
morphologies: atomically mixed oxides, zeolites, nanoscopic titania in
a silica matrix, (multi)layered thin films, etc. [12].

The presence of silica generally increases the hydrophilic properties
of TiO, films, giving them long-lasting superhydrophilic behavior
even after many days in a dark state. The enhanced performance can
be ascribed to the silicon cation, which remains connected to the
same number of oxygen atoms despite the latter now having a new
coordination; this produces a charge imbalance. Therefore, Lewis
sites are expected to form because of the positive charge in a TiO,/
SiO, binary metal oxide, thereby improving adsorption of water and
photocatalytic reactivity [13].

Many authors have been reported significant photocatalytic activity
and hydrophilicity of sol-gel mesoporous silica functionalized by
TiO,. The mesoporous structure improves the self-cleaning properties
compared to a microporous matrix embedded with TiO, particles
because of the increased BET surface area. This contributes to accelerate
the diffusion of organic pollutants toward the titania particles [14],
acting both as adsorption sites for water molecules and photocatalytic
centers. Moreover, the mesoporous silica owns a great number of silanol
groups on its inner surface and can favour capillary phenomena [15].

Another effective approach involves the synthesis of silica-titania
nanocomposites with a core/shell structure. In particular, layer-
by-layer assembly provides a convenient and inexpensive way to
produce coatings with tailored chemical composition and controllable
architecture.

Layer-by-layer TiO,-WO, films

Some authors reported TiO,-WO, films exhibit a better electron-
hole separation efficiency in contrast to the bare TiO, [16,17].Indeed, by
diffuse reflectance measurements along with ultraviolet photoemission
spectroscopy (UPS) allowed to understand that in the TiO,-WO, films,
produced by the layer by layer (LbL) technique, the valence band
(VB) maximum remains almost untouched compared to pure LbL

TiO, films, and the WO, conduction band (CB) introduces new low-
lying electronic levels in the relation to the CB of TiO, [18]. Hence,
under UV(A) irradiation the photogenerated electrons in the TiO, are
transferred to low-lying WO, CB and here they are trapped while the
holes are free to move within the VB of both oxides. For this reason,
the wettability of the heterostructure is improved: the so prepared films
showed, after UV(A) irradiation, a WCA <5° for more than 96 h after
storage in the dark at ambient conditions.

Moreover, the LbL TiO,-WO, films displayed a higher photocatalytic
activity than pure TiO, film. Notably, the W(VI)/Ti(IV) ratio must be
low. Conversely, the photochromism phenomena happens: electrons
overstock at the WO, CB and as a consequence the latter is too positive
to reduce O, to superoxide radicals (O,"), so the photocatalytic reaction
rates drop significantly. In addition, the accumulated electrons could
react with *OH radicals to yield OH™ anions [19,20]. Nevertheless,
the LbL TiO,-WO, films did not exhibit significant visible-light
photoactivity.

Conclusion

One of the greatest challenges in the photocatalysis field is to
enhance the visible-light activity and long-lasting (in dark conditions)
superhydrophilic behavior of titania. In spite of the commendable efforts
by the scientific and industrial community, further improvements
are needed for a broader scale utilization of titania based-films in
commercial application.
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