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ABSTRACT: Self-cleaning coatings are advanced materials for the removal of
pollutants and microorganisms by combining wettability, photocatalytic
degradation, and antimicrobial activity. In this work, we propose a rational
design of self-cleaning films based on TiO, synthesized by sol—gel on

commercial glazed ceramic tiles for building’s indoor applications. The N O
synthesis strategy is based on hydrolysis and condensation of Ti-isopropoxide = SR
in the presence of W(VI) precursors to tune defects and crystallinity of the g Tiles ~ O

resulting W—TiO, thin film. From the microstructure and surface composition
analysis for different tungsten contents and annealing temperatures, we “
conclude that the film is composed by sintered TiO, particles with adsorbed e
polytungstates (WO,) that inhibit anatase/rutile transformation. Polytung- Antimicrobial activit

states on TiO, also induce surface defects that enhance water contact angle /
and inactivation of Escherichia coli under visible light. The presence of W(VI)

has a negligible effect toward crystal violet degradation either under visible or

under UV light. These results provide evidence on the existence of at least two different types of defects: (i) intrinsic defect
from a sol—gel route and (ii) induced defect by tungsten species on the surface. Understanding the correlation between
composition, structure, and self-cleaning properties provides a base for an efficient design of low-cost self-cleaning ceramic tiles
that can be fully manufactured in an industrial plant.

1. INTRODUCTION

The household cleaning usually requires sanitizing chemicals
that potentially introduce hazardous compounds to the
environment and human health." To avoid these products,
self-cleaning coatings represent a valuable and innovative

cleaning and antimicrobial surfaces, such as ceramic tiles."®
Among its feature highlights, it is nontoxic, economically
affordable, easy to deposit as thin films and exhibits good
activity for pollutant photodegradation.'’ For designing self-
cleaning tiles based on TiO, coatings, its electronic and

strategy that triggered the design of advanced construction
supplies.”” The main requirements for these coatings are
hydrophilicity for easy washing, efficient degradation of
pollutants, and antimicrobial activity to reduce the need for
chemical supplies.”® Self-cleaning surfaces such as glass
windows,® concrete blocks,” clay roofing tiles,® and ceramic
glazed tiles” already exist in the market, but they are limited to
high-end buildings as their final price is too high for a mass
production market.

Titanium dioxide (TiO,) is a widespread material whose
properties are suitable for the fabrication of hydrophilic self-

-4 ACS Publications  © 2018 American Chemical Society

crystalline structures should be controlled. For instance, the
density of surface defects such as oxygen vacancies reduces the
recombination rate of photogenerated electron—hole pairs (e—
h) and introduces donor levels within the electronic structure
of TiO,, driving photoactivity in the visible range.'” These
defects might be induced by the synthesis pathway, especially
on those sol—gel routes using organic precursors.~ Defect
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Figure 1. SEM images of the films for different W/Ti ratio and annealing temperatures. (A) W0 400 °C, (B) W0 600 °C, (C) W0 800 °C, (D) W1
600 °C, (E) W2 600 °C, (F) WS 400 °C, (G) WS 600 °C, and (H) W5 800 °C. Grain size distribution histogram for each sample is shown in the
inset of the SEM images; in all cases, the scale bar for histograms is 120 nm.

density is further controlled by the subsequent thermal
treatment. During thermal treatment, organic matter is
removed, and TiO, nanoparticles dehydrate, coarsen, and
crystallize. In particular, for T > 600 °C, the anatase to rutile
transformation (ART) might occur, leading to photodegrada-
tion activity losses."*

The addition of foreign ions to TiO, is a common strategy
for enhancing the TiO, self-cleaning properties.'” However,
ions must be carefully chosen to avoid lattice distortions
inducing ART,'®" as well as defects in the TiO, matrix which
can act as carrier recombination centers.'® Among the possible
ions, tungsten is a good candidate as it stabilizes the anatase
phase at temperatures as high as 900 °C."” This is a key feature
when considering these thin films for industrial applications
because the tile manufacturing process requires high furnace
temperatures.

Simultaneously, studies on photocatalysis, wettability, and
antimicrobial activity on TiO,-coated tiles are scarce and the
relationship of photodegradation with self-cleaning properties
remains unclear.”’ These properties have been independently
explored on tungsten-loaded TiO, colloids (W—TiO,) and
over films deposited on model substrates, such as glass.” ™
Although the role of tungsten is not fully understood, it is
recognized that when included in the TiO, lattice or
segregated on the TiO, surface the photoactivity might be
extended to the visible range.””** It is also claimed that the
surface becomes more hydrophilic,”” and the generation of
reactive oxidative species (ROS) during irradiation (mainly
hydroxyl *OH) increases,”” which may induce disruption of
cellular processes, leading to bacteria inactivation.’"*”
However, substitution of Ti(IV) by W(VI) in the TiO, lattice
or W(VI)-TiO, composites depends on the synthesis
pathway, and results from different authors are not strictly
comparable.

In previous works, we demonstrated that W-loaded TiO,
(W—TiO,) nanoparticles synthesized via a sol—gel route
exhibit good photocatalytic activity in suspension toward
crystal violet (CV) degradation.”** Here, we propose the use
of W-TiO, coatings synthesized via surface sol—gel on

commercial glazed ceramic tiles as self-cleaning and anti-
microbial surfaces for indoor applications. We focus on the
microstructure and surface composition in order to establish
the role of tungsten on self-cleaning performance measured as
wettability, photodegradation of CV, and inactivation of
Escherichia coli (DHSa) under different light sources. Finally,
from these results, we develop a prototype of self-cleaning tile
entirely processed in an industrial plant with a promising
performance under artificial light and sunlight.

2. RESULTS

2.1. Microstructure of W-TiO, Films. The film
morphology, surface area, and TiO, crystallinity over the tile
surface are considered important parameters to tune
wettability, photocatalytic response, and antimicrobial activ-
ity.'" The surface sol—gel process provides a complete
coverage of the tile by TiO, or W—TiO, nanoparticles, as
shown in scanning electron microscopy (SEM) images (Figure
1).

Increase in annealing temperature at fixed W(VI) loading
leads to an increase in grain size that decreases the surface area,
whereas at fixed annealing temperature, the grain size decreases
with the W(VI) content incrementing the surface area, as
summarized in Table 1. The particle size distribution becomes
broader as the annealing temperature increases. TiO, coatings
(without W) show higher variation than tungsten-loaded ones
(see grain size histograms in Figure S2 and insets in Figure 1).
At the same annealing temperature, the distribution narrows as
the tungsten content increases (Figure S3).

X-ray diffraction (XRD) patterns for different compositions
and annealing temperatures are shown in Figure 2. All samples
exhibit the (101) diffraction peak of anatase at 25.3° (JCPDS
21-1272). For unloaded TiO,, this peak becomes narrower
with the increase of annealing temperature, indicating that
anatase crystalline domains grow with temperature. The rutile
phase contribution (JCPDS 21-1276) begins to appear at 600
°C and reaches a rutile/anatase ratio of 0.63 at 800 °C. These
results are in good agreement with the reported ART
temperature.”> When tungsten is added, the rutile peak at
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Table 1. Anatase Crystallite Sizes and Mean Grain Sizes for
W-TiO, Films at Different Annealing Temperatures

anatase crystallite size (+10)% mean grain size

sample (nm)“ (nm)
WO 400 °C 8 (14 + 3)
WS 400 °C 6 (9+2)
WO 600 °C 15 22+ 9)
W1 600 °C 16 (18 £5)
W2 600 °C 12 (15 +2)
WS 600 °C 11 (12 +2)
WO 800 °C 22 (52 +20)
WS 800 °C 16 (32 +5)

“Measured with the Scherrer equation using the (101) peak for

anatase. "Determined from SEM images.

wmed W5 800°C
homd W5 600°C

W5 400°C
Aed W2 600°C

Figure S4). The location and full width at half-maximum
(fwhm) of the bands remain unaltered for all samples, and the
relative intensity of Ti and W bands changes with the W
concentration or temperature. The calculated surface W/Ti
ratio ([W/Ti],) (for details, see Section S5.3) at constant
annealing temperature is higher than the nominal ratio (Figure
3a), whereas at constant nominal W/Ti, the [W/Ti], ratio
increases with the annealing temperature and reaches a
constant value above 600 °C (Figure 3b). The [W/Ti], is
higher than expected for a homogeneous bulk distribution of
W(VI) on TiO,, denoting that WO, species are preferentially
located at the titania surface. Either at constant temperature or
at constant W loading, the maximum [W/Ti]; ratio is 12.5%.
Analogous results were obtained using tungsten ethoxide as the
precursor, indicating that the location of WO, species on the
surface is independent of the tungsten source (see Figure SS).

2.2, Water Contact Angle. Water contact angle (WCA)
measurements before, immediately after, and 24 h after UV
irradiation for the samples annealed at 600 °C are shown in
Figure 4. The TiO, film is a more hydrophilic surface than the

Intensity/a.u.
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WO 800°C
W0 600°C

ot , s W0 400°C
0 35 40 45 50
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Figure 2. XRD patterns for the films. Peaks pointed as (M) or (@)
correspond to anatase and rutile TiO, crystalline phases, respectively.

25 3

27° is absent even at 800 °C. Moreover, the anatase (101)
peak is broader than the corresponding peak for unloaded
TiO,, revealing a more amorphous structure or smaller
crystallites, suggesting that tungsten inhibits TiO, crystalliza-
tion. Table 1 presents the size of crystalline domains estimated
from XRD data using Scherrer’s equation. For WO, there is an
increase in crystallite size from 8 to 22 nm as the temperature
increases from 400 to 800 °C, whereas for W35, the crystallite
size increases from 6 to 16 nm. The absence of crystalline WO,
peaks (e.g, JCPDS 43-0679 for orthorhombic or 43-1035 for
monoclinic phase) suggests that WO, moieties are present
either as oligomers or as small crystallites unable to diffract X-
rays.

The surface tungsten content for different loading and
annealing temperature was determined by X-ray photoelectron
spectroscopy (XPS) (representative XPS spectra are shown in
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Figure 4. WCA for the W—TiO, films deposited on glazed ceramic
tiles. WCA for samples annealed at 600 °C was measured before,
immediately after, and 24 h after UV irradiation. Insets A—C are
representative photographs of the water drop over the WS-coated tile
taken during the WCA measurement at each condition.

naked tile, as noticed by the WCA decrease of approximately
20°. Hydrophilicity is even greater as the W content increases
(column A in Figure 4). Immediately after irradiation with
black light (column B), WCA drops to 0° for all coated tiles
with a slow recovery toward initial conditions when samples
are stored in the dark (column C). Thus, the presence of
tungsten in TiO,-coated tiles improves their wettability.
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Figure 3. Surface W/Ti ratio calculated from the XPS spectra of films supported on silicon (a) variable W loading at constant annealing
temperature (600 °C) and (b) 5% W loading at variable temperature. The filled circles represent [W/Ti], calculated from XPS spectra, and the
lines correspond to the expected value for a W(IV) homogeneous distribution.
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2.3. CV Photodegradation. Photocatalytic activity was
evaluated by analyzing the decomposition rate of CV spread on
the coated tiles. CV adsorption leads to different surface
complexes whose distribution depends on the film annealing
temperature, as revealed by the distribution of absorption
bands in the 450—700 nm range (Figure S6). When irradiated
under vis light, the intensity of these bands decreases because
of CV photodegradation. However, the slight absorbance
increment in the 400—470 nm range suggests that CV was not
completely mineralized.*

Figure S shows pseudo-first-order kinetic curves for CV
photodegradation, determined from the peak area ratios in the
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Figure S. Photocatalytic degradation of violet crystal under vis light
with tiles covered with W0 or WS annealed at 400 °C (squares), 600
°C (circles), and 800 °C (triangles).

400—700 nm range. It represents the performance of TiO,
(W0) and W—TiO, (WS)-coated tiles annealed at 400, 600, or
800 °C when irradiated with vis light. Data obtained for other
W(VI) loadings and irradiation sources are shown in Figures
S7—89 of the Supporting Information. In all cases, an increase
in the annealing temperature produces a lower dye photo-
degradation rate. Minor differences are found when varying the
coating composition. This is in good agreement with the
negligible shift of absorption onset determined from
reflectance spectra (Figure S10).

Table 2 compiles the rate constants derived from kinetic
data and the photonic efficiency calculated as the ratio between

Table 2. Pseudo-First-Order Constants and Photonic
Efficiency under Each Illumination Source for W0 and W35
Samples

photonic efficiency

k(s') x 1073 (®) x 1073

sample vis white black vis white black
‘WO 400 °C 1.017 0.080 0.717 0.14 0.35 1.98
WO 600 °C 0.850 0.055 0.850 0.12 0.24 2.35
‘WO 800 °C 0.550 0.085 0.300 0.08 0.37 0.83
WS 400 °C 0.883 0.025 0.733 0.13 0.11 2.03
WS 600 °C 0.533 0.065 1.483 0.08 0.28 4.11
WS 800 °C 0.417 0.075 0.333 0.06 0.33 0.92

the initial reaction rate and photon flux on the exposed tile
area. As expected, the photonic efficiency under black light is
higher than the obtained efficiency when samples are
illuminated in the visible region, using either vis light or
white light source. The rate constant decreases when the
annealing temperature reaches 800 °C. Moreover, at each

annealing temperature, the photonic efficiency under the
visible light is independent of the coating composition. This
result provides evidence that in the unloaded TiO, film, the
synthesis pathway and thermal treatment induce photoactivity
in the visible range because of surface defects. It should be
noted that in oxygen-deficient TiO, surfaces, the broadening
for Ti 2p bands toward lower bindin§ energies—characteristic
for Ti** species—is barely detected;>’ >’ thus, the density of
defects such as O vacancies or Ti** in our samples should be
low.

2.4. Antimicrobial Activity. The antimicrobial activity
tests with E. coli under different light sources are shown in
Figure 6 for WO and W5 coatings. Results are normalized to
the uncoated tile, which also exhibit a decrease of colony-
forming units (CFU) under the same irradiation conditions,
probably because of cell dehydration. Under black light, both
samples WO and WS annealed at 600 °C present a similar
decrease in bacterial content (Figure 6a) compared to control
tiles. In contrast, under white light, the bacterial viability is 45%
lower when 5% tungsten is included in the coating compared
to bare TiO, (Figure 6b).

2.5. Preliminary Manufacturing in an Industrial Plant.
Using the optimal synthesis conditions determined for
maximum wettability, photocatalysis, and reduction of bacterial
viability, we designed and produced W—TiO,-covered tiles
with 5% W(VI) in a plant. Coatings were deposited in the
enamel line and treated in a roller furnace at 600 °C (Figure
S1la). Uniform, colorless, and adherent coatings (pass
abrasion test class 2) with small anatase grains were obtained.
CV spread on these tiles is bleached after 40 min exposure to
sunlight (Figure S11b).

3. DISCUSSION

From the results presented in the previous section, the
incorporation of W(VI) to titania produces an enhancement of
wettability (Figure 4) and antimicrobial activity under visible
light (Figure 6) but has negligible effect on the photo-
degradation of CV (Figure S5). The wettability and
antimicrobial response are correlated with the surface excess
of W(VI) at the titania nanoparticle surface that inhibits
particle growth and stabilizes the anatase phase, as discussed
below.

The sol—gel synthesis of W—TiO, nanoparticles involves
hydrolysis and condensation at pH = 2. At this pH, Ti(O—i-
Pr), quickly forms TiO, particles with a positive surface
charge,” and ammonium metatungstate (AMT) gives
negatively charged, stable, and discrete units (WO,), such as
a-Keggin or ff-Keggin structures among other polytungstates.41
Therefore, negatively charged species (WO,) are adsorbed
onto fresh and positively charged TiO, nanoparticles.

The surface excess of W determined from XPS (Figure 3)
results from a migration of tungsten at the particle surface
when the annealing temperature reaches 600 °C. This WO,
excess at the surface is a consequence of merging of titania
building blocks, producing an increase in the grain size and
promoting WO, migration to the particle surface, as
schematized in Figure 7.

The saturation value of [W/Ti], = 12.5%—reached either at
constant temperature increasing nominal W at 5% W by
increasing temperature—implies that the TiO, surface charge
limits WO, adsorption in the sol, and any nonadsorbed WO, is
removed by dialysis (the dialysis membrane filters particles up
to S nm diameter). The limited WO, adsorption is
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Figure 6. E. coli inactivation by (a) black light for 10 min and (b) white light for 30 min over the ceramic tile (control), ceramic tile with the titania
film (W0), and ceramic tile with the titania film with $% mol/mol of tungsten (WS), both annealed at 600 °C.
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Figure 7. Scheme of coarsening and sintering of W-TiO,
nanoparticles with the annealing temperature.

corroborated as similar results are obtained using a tungsten
precursor with different hydrolysis behavior, such as W-
ethoxide (Figure SS). The presence of WO, at the titania
surface has several consequences. First, it reduces the
coarsening as it hinders the contact between titania building
blocks. Second, it inhibits merging of anatase crystallites with
the appropriate orientation for ART** (i.e, with octahedral
units tilted in opposite directions) that is confirmed by the
absence of rutile, even at 800 °C (Figure 2). Third, in order to
maintain electroneutrality, WO, eliminates oxygen vacancies at
the titania surface.”

The addition of WO, on the titania surface leads to lower
WCA before UV irradiation. This effect is related to the change
in surface charge, as other parameters involved in wettability
such as crystal structure and surface roughness*”* are
unchanged with the W content for samples annealed at 600
°C. The hydrophilicity enhancement under UV light has been
attributed to chemisorbed ROS, such as O,”* and HO®
produced by photogenerated holes.*® The fact that tiles coated
with W—TiO, or unloaded TiO, become superhydrophilic
under black light indicates that in both cases the surface defect
density is enough to produce chemisorbed ROS. Storage in
dark induces recovery of the original WCA because of the
replacement of adsorbed ROS by the atmospheric oxygen. In
addition, the formation of WO, species on TiO, increases the
surface acidity’’ that stabilizes surface hydroxyl groups
allowing to retain wettability after storage in the dark. This
change in surface charge as W loading increases enables the
possibility of tuning wettability with the W content.

Although the antimicrobial behavior of TiO, is not yet well
understood, it is widely accepted that under UV light the
biocidal activity is correlated with the concentration of ROS,
which triggers a disruption of the cell wall giving rise to
deleterious alterations of metabolic and communication
processes.***’ Moreover, the interaction of cells with the
surface affects these processes, leading to biofilm formation.*°
Within this framework, the incomplete inactivation of E. coli on
TiO, and W—TiO,-coated tiles under black light (Figure 6a) is
caused by the low rate of ROS production combined with the
stress response under low power irradiation (10 min, 210 yW

17633

ecm™2).>" Under white light, W—TiO, coatings exhibit an
improved antimicrobial effect compared to TiO,. This
behavior is again related to a more negative surface, giving
higher ROS concentration® and inhibiting the formation of
biofilms,>* thus reducing the bacterial viability.

CV photocatalytic degradation on TiO, follows a complex
mechanism involving ring opening and demethylation, leadin§
to discoloration and the formation of recalcitrant byproducts,’
as revealed by the complex evolution of adsorbed CV
reflectance spectra in Figure S6. It is worth to note that dye
sensitization could affect its photodegradation, but as CV is not
an efficient sensitizing molecule for TiO,,>* this can be
disregarded. The W(VI) addition has little effect on the TiO,
photoactivity toward CV photodegradation, although it has
been reported that tungsten plays a beneficial role—especially
under visible light—because of reduction of band gap and
generation of defect sites.'” The slight variations on the
reflectance spectra (Figures S and $10) rule out changes in the
electronic structure. On the other hand, the band gap of WO,
oligomers falls in the 3.5—4.0 eV range;55 thus, their
contribution to photodegradation can be neglected. For all
coatings, as expected, the photonic efficiency (Table 2) when
irradiated with black light is higher than those irradiated with
vis or white light and photoactivity decreases when the
annealing temperature increases. These results show that
neither crystallinity nor surface area plays an important role in
the CV photodegradation, as the W—TiO, coatings did not
exhibit rutile (Figure 2) and grains are significantly smaller
than for unloaded TiO, (Figure 1, Table 1). When excited in
the UV region, complexes formed by CV adsorption on sites
with unsaturated coordination act as deep hole traps, and then
photodegradation should mainly proceed by direct hole
transfer instead of the Langmuir—Hinshelwood mechanism.”
Under this rationale, titania films prepared by this surface sol—
gel approach should exhibit uncoordinated surface sites that
are not affected by W(VI) addition, as the photodegradation
rate with black light is nearly independent from the W content.
The dye photodegradation rate under vis light and white light
for unloaded coatings supports the idea of surface sites with
localized energy levels in the band gap inducing TiO,
absorption in the 400—600 nm range. Thus, surface point
defects induced by hydrolysis and condensation of Ti
precursors—probably unaffected by W(VI)— play a major
role in the CV photodegradation.”’

4. CONCLUSIONS

The main conclusion of this work is that self-cleaning
properties depend on surface defects rather than on crystalline
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structures or grain sizes. At least two kinds of defects are
involved in the self-cleaning performance: (i) those that affect
the surface electronic density and modify surface acidity that
can be tuned with W(VI) and (ii) those related to unsaturated
coordination of Ti atoms at the surface that are determined by
the synthesis pathway of TiO, building blocks. The first group
depends on the concentration of WO, at the surface and
participates in ROS chemisorption, improving wettability and
the antimicrobial activity under vis light. The second group is
involved in photodegradation by direct hole transfer and
remains unaltered when WO, specimens are added. Although
the antimicrobial activity and dye photodegradation rate are far
to be optimal, the surface sol—gel synthesis pathway in the acid
media of W—TiO, coatings is promising to be applicable in a
factory with current technology for tile’s processing, thus
enabling a strategy for massive production of self-cleaning
ceramic tiles.

5. EXPERIMENTAL SECTION

5.1. Reagents. Titanium(IV) isopropoxide (97%) and CV
(>90%) were purchased from Sigma-Aldrich. Nitric acid was
Baker Analyzed—ACS reagent 69—-70%. AMT
[(NH,);oW,0,4;-7H,0] was prepared by neutralization of
tungstic acid (Aldrich, 99%) with ammonia (Anedra).
Ultrapure water (Milli-Q, 18 MQ) was used in all experiments.

5.2. Synthesis of TiO, Films. TiO, and 1, 2, or 5% mol/
mol tungsten/TiO, were prepared by a sol—gel process.
Samples were named as WX, where X indicates the nominal
tungsten (W) molar percentage with respect to the total
cationic content. The necessary amount of AMT was dissolved
in 180 mL of water with 1.8 mL of nitric acid contained in an
open spherical flask. Titanium isopropoxide (15 mL) was
slowly incorporated to the acid solution under strong stirring.
A white suspension was obtained immediately and was heated
at 80 °C for 30 min; the alcohol produced as a consequence of
the alkoxide hydrolysis was partially evaporated in this step.
Finally, the suspension was refluxed at 80 °C for 2 h until total
peptization and dialyzed against water until pH = 3.5 (Spectra/
Por 3 dialysis membrane tubing 3.500 MWCO regenerated
cellulose).

The obtained sols were sprayed on white glazed ceramic tiles
Milano provided by Cooperativa de Trabajo FASINPAT. A
0.30 g/cm* of sol (ca. 6 mg/cm® TiO,) was deposited with
each application. The sprayed tiles were air-dried and annealed
at 400, 600, or 800 °C for 30 min using a 5 °C/min ramp. The
process (spraying, drying, and annealing) was repeated three
times in total for obtaining a homogeneous coating. For
comparison purposes, films were also prepared using tungsten
ethoxide as the organic precursor.”

5.3. Films Morphology and Tungsten Species
Characterization. The crystalline structure was determined
by XRD with a Siemens D-5000 equipment using a Cu Ka
radiation source filtered with a graphite monochromator (4 =
1.5406 A). For this analysis, the film was deposited on a silicon
wafer by the same procedure. Crystalline domain size was
calculated using Scherrer’s equation, considering the shape
factor typical for spherical crystallites (K = 0.94) and the fwhm
at maximum diffraction angle for the [101] crystallographic
direction in anatase.

The morphology of the films was observed with a field
emission gun SEM (FEG-SEM) (Zeiss Supra 40) instrument
operated at 4 kV. The mean grain size was obtained by
processing images with Image] (>40 grains for each image).

Electron photoemission spectra (XPS) for samples prepared
from W-ethoxide or metatungstate precursors were obtained
with a vacuum generator (VG) CLAMP 3 (0.3 eV resolution)
operating in the constant analyzer energy mode in an ultrahigh
vacuum chamber (background pressure, p &~ 10~° mbar, room
temperature) using Al Ka line (VG XR X-ray source, hy =
1486.6 eV, width 0.85 V). Films were deposited on silicon
wafers for these experiments. Quantification of W/Ti atomic
ratio at the surface ([W/Ti];) was done taking into account
the area of Ti 2p and W 4d bands and their corresponding
cross sections.”® Although W 4d bands are broader and with
lower intensity than W 4f bands, they were considered for
quantification in order to avoid interference from the Ti 3p
signal that overlaps W 4f bands.

5.4. Water Contact Angle. The hydrophilicity of the
coatings was determined from WCA measurements performed
in a ramé-hart 200 standard contact angle goniometer with
DROPimage standard software. Results are averaged over six
or more fresh spots. Measurements were performed in air at
room temperature (22—23 °C). The samples were irradiated
with a 38 W UV light (Philips) with an irradiance of 210 yW
em™? (Apy = 350 nm) for 60 min.

5.5. Photocatalytic Degradation of CV. The photo-
catalytic performance of coated tiles was determined by
spreading a CV solution and exposing it to a light source under
controlled humidity at (55 + 5)%. In a typical experiment, a
CV solution in isopropanol (100 mg L™") was dropped into
the tile (70 uL per dm?®), dried at ambient conditions, and
exposed to light. At the specified times, illumination was shut
down and a diffuse reflectance spectrum was measured (Ocean
Optics spectrometer with integrating sphere). Quantification
of CV on the surface was performed through the area of the
diffuse reflectance spectra in the 400—700 nm range.

Three different light sources were used. (i) A 150 W XBO
Osram Xe lamp with a cell filled with CuSO, solution (IR filter
for minimizing heating) and a polycarbonate sheet (UV cutoff)
placed between the lamp and the tile. This configuration with
continuum emission between 400 and 600 nm and 2700 yW
cm™? (Apa = 520 nm) irradiance is referred to as vis light. (ii)
A 40 W white fluorescent tube (Philips) with an irradiance of
90 uW cm™? (A, = 520 nm), in the text called white light. (iii)
A 38 W UV light (Philips) with an irradiance of 210 4W cm™>
(Amax = 350 nm), named black light. Irradiance values were
measured at the position of the tile with a Coherent radiometer
using the appropriate UV or vis sensor set at the mentioned
wavelength parenthesis. In the case of the measurement at 520
nm, a band-pass filter was used (2 mm Schott VG14). The
emission spectra of the lamps are shown in the Supporting
Information (Figure S1).

Photonic efficiencies (@) under each light source were
calculated as the ratio between CV disappearance rate and
incident photon flux. For this, the initial rate was calculated
considering a pseudo-first-order kinetic constant (mol m™>s™")
and the photonic flux (I,, einstein m™ s™') was estimated for
each lamp transforming the power density into flux values in
the A,

5.6. Antimicrobial Activity. The antimicrobial activity
was tested using E. coli (DHSa) as the model microorganism.
Stock bacterial suspensions were grown at (37 + 1) °C under
orbital agitation (120 rpm) in a liquid Tryptone Soya (TS)
medium. To avoid further cellular division of bacteria, an
isotonic liquid medium without carbon source was used for
work dilutions. Appropriate dilution of stock suspension was
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adjusted by optical density (600 nm) to obtain 5 X 10* UFC/
mL. A homogeneous distribution of bacterial suspensions was
obtained after dispersing 4 uL per cm® over each tile surface.
The tiles were placed in a chamber at 25 °C and irradiated at
20 cm for 10 min with black light or 30 min with white light.
After irradiation, samples were analyzed for cell viability by
contact spotting of samples onto a semisolid culture medium
(TS) and incubation at 37 °C for 24 h. The number of viable
bacteria per tile was obtained after incubation by conventional
counting of CFU on agar plates. Each experiment was done
with six replicates.
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