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In this study, we develop TiO»-SiO5 nanocomposites that can be employed as photoactive coatings to create
surfaces with antipollution and self-cleaning properties in urban buildings. In particular, anatase titanium di-
oxide with a high percentage of {001} facets, commonly called titania nanosheet (TNS), was used as active
phase. This approach allows us to improve the antipollution properties of similar sols based on P25. The obtained
TNS were intensively characterized by UV-Vis diffuse reflectance absorption, X-Ray diffraction and transmission

electron microscopy to rationalize the sol synthesis and fully understand the photocatalytic performances. Our
results clearly show that after treating the titania nanosheets with NaOH to remove adsorbed residual fluoride
from the synthesis, they can be easily dispersed and the photocatalytic activity is dramatically improved. This
material has been shown to effectively reduce concentrations of NOy, soot and organic dyes under simulated sun

light radiation.

1. Introduction

During the last decades, there has been a growing interest in pro-
posing eco-sustainable strategies to mitigate the human impact on the
environment. Special attention has been paid to solve the air pollution
problems in populated urban areas. In this sense, around 7000 kilotons
of nitrogen oxides (NOx = NO + NO2) and 200 kilotons of soot are
emitted annually in Europe [1]. These pollutants have a direct impact on
the people health promoting the development of cancer and respiratory
diseases [2]. In 2018, 55,000 and 417,000 premature deaths in Europe
were attributed to NO5 (more toxic than NO) and P.Mjys (particulate
matter smaller than 2.5 um, whose one of their components is soot),
respectively [3]. For this reason, the governments are adopting actions
in order to improve the air quality in big cities, for instance the estab-
lishment of low emission zones [4].

In this context, the photocatalysis opens a wide range of possibilities
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allowing to harness the solar energy in order to induce sustainable redox
transformations [5]. Among all photocatalysts, special attention has
been paid to TiO, due to its properties, such as lack of toxicity, high
physicochemical stability, low cost, high availability and good photo-
catalytic activity [6]. TiO4 has also been proposed as smart component
in building materials to obtain attractive properties such as the self-
cleaning, biocide and de-polluting effects [7]. Remarkably, TiO2 has
relevant capacity of degrading a wide range of pollutants and the TiO»-
based photocatalytic materials are currently investigated and tested to
improve the quality of the air of polluted cities [8,9]. However, TiO
effectiveness in outdoors applications is limited due to its light absorp-
tion restricted to the UV range, which is relatively scarce in the sunlight.
For this reason, an important field of the current research is focussed on
enhancing visible light absorption. Common strategies includes metal
deposition, doping with metals or non-metals or dye sensitization [10].
Many of these modifications lead to the desired improvement in visible
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light absorption that can be easily visualized by a colour change from
white to yellowish or even blueish. While these colour variations are
perfectly compatible with some photocatalytic applications, the appli-
cation of coloured TiO; in building materials is less simple especially in
historical buildings or construction based on natural stones, where
typically thin layers of white titania are used as they act as a nearly
transparent protective and self-cleaning shield that also actively reduce
the air pollution [11]. The colour alteration of building materials is
typically quantified by measuring the total colour difference (AE*)
parameter from the chromaticity coordinates of the CIE 1976 L*a*b*
colour space [12]. This is a relevant factor for certain applications where
the original appearance of the substrate must be preserved, such as the
application on heritage building or monuments. In these situations, the
total colour difference value lower than 3 is desirable and 5 is frequently
the tolerable upper limit [13]. Therefore, improving the photocatalyst
efficiency without shifting the band gap to the visible region is of
paramount importance. In this respect, the photocatalytic activity of
TiOg is also strongly affected by its structure, thus other strategies for
enhancing its performances can and must be considered, such as the
optimization of the synthetic procedures to obtain well-defined nano-
structured material. Specifically, amorphous TiO; doesn’t exhibit pho-
toactivity, while crystalline phases, such as rutile, anatase and brookite,
presents are active photocatalysts [14]. Anatase is more active than
rutile due to its higher surface area and indirect-type band gap that in-
crease the lifetime of electron-hole pairs. On the other hand, brookite
has emerged as an even more promising photocatalyst than anatase and
rutile, but the number of studies about this phase is much lower than
that on the other polymorphs. The TiO; particle size and shape [15,16]
strongly affects the photoactivity being the control of morphology a key
factor in the TiOy photocatalysts preparation. These two aspects are
related with TiO, surface: (1) the small size provides great surface-to-
volume ratios that increases the number of active centres and (2) the
shapes are related with the exposure of specific facets. This last aspect is
particularly important because large faceted particles can show higher
activity than much smaller spherical particles, due to the particular
properties of each facet [17].

{001}, {010} and {101} are the main low-index facets that we can
find in anatase crystals [17]. Specifically, the {001} facets are the most
reactive because this surface attracts holes and has atoms with low co-
ordination, favouring the photocatalytic oxidation activity. However,
this is the less stable surface with a surface energy which is almost
doubled that those of the corresponding {010} and {101} surfaces.
Therefore, a regular crystal growth produces particles primarily domi-
nated by the less reactive and more thermodynamically stable {101}
and {010} facets. The obtainment of anatase crystals with a high per-
centage of {001} facets requires synthetic procedures that employ
capping agents able to stabilize this surface promoting its growth [17].
{001}-faceted TiO, nanosheets has been previously stated as an excel-
lent photocatalyst for the degradation of organic compound. In fact, its
photocatalytic activities are considerably higher than the exhibited by
the commercial P25. Despite these promising results, there are no clear
advances in the use of these nanomaterials in real applications.

The integration of TiOz in building materials requires additional
attention, starting from considering the differences between their in-
clusion in existing building from that of their used in new constructions.
In both cases, the photoactive component must be incorporated on the
surface and not in the bulk of concrete as its activity is expressed only
interacting with light and adsorbed species [18-20]. Therefore, the
easiest way to effectively use TiO; in constructions is to make a fine
dispersion of TiO, nanomaterials in a solvent to be used for creating
photoactive coatings after the evaporation of the solvent. Typically,
these types of coatings exhibit a progressive decrease in performances as
the TiO2 nanoparticles can be easily detached due to the weather effects
[21,22]. This problem can be mitigated by using silica as binder, which
has a high affinity for TiO and most of the common building materials
[23]. Moreover, SiO5 normally exhibited high surface area and porous
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structure that allows the diffusion of the pollutants to the photoactive
centres, improving the performance in comparison with a non-porous
matrix [23].

In view of the above considerations, we propose in this work the
integration of {001}-faceted TiO5 nanosheets in a silica sol for pro-
ducing TiO-SiO2 photocatalytic coatings for building materials with
enhanced photoactivity with respect to that of commercial P25 TiO,
benchmark. Specifically, we show that it is possible to easily obtain
morphologically controlled TiO, nanoparticles by solvothermal syn-
thesis and that it can be effectively integrated in a SiO2 sol during a
sol-gel process. Finally, a homogeneous xerogel was obtained by
incorporating the TiO3 nanosheets. The use of sol-gels has been already
proven as an effective methodology for treating in-situ the building
materials. This is mainly due to the fact that the sol can easily penetrate
into the porous structure of the stone producing spontaneously xerogels
coatings with high adhesion. Additionally, and taking advantage of their
low viscosity, they can be applied in situ by common methods such as
spraying. The application of this material as an active building element
for the air purification (soot and NOy removal) with self-cleaning
(decomposition of soot and dye stains) properties is discussed and our
results show that titania nanosheets can be used in real applications.

2. Experimental
2.1. Catalyst preparation

2.1.1. Synthesis of titania nanosheets.

TiO, anatase single crystal nanosheets were synthesized by adapting
the procedure reported by Yang et al [24]. First, 60 mL of 2-propanol (2-
PrOH) and 18 mL of tetrabutyl titanate Ti(C4H90O)4 were mixed into a
150 mL Teflon-lined autoclave. Finally, 2.16 mL of HF (48 wt%) as a
capping agent were added dropwise under stirring using a micropipette.
The nominal molar ratio of HF to Ti(C4H9O)4 was kept constant (2:1).
After mixing the solution for 30 min, the Teflon-lined autoclave was
placed in the oven for a solvothermal treatment at 180 °C for 24 h. After
that, the products were carefully collected and washed three times with
a mixture of HoO MilliQ and ethanol (EtOH) (50:50) in a centrifuge at
4500 rpm and then dried overnight in an oven at 70 °C.

In order to investigate the effect of surface fluorination on photo-
activity, the TiO, nanosheets were treated with diluted (0.01 M) NaOH
solution to remove fluoride ions form the surface. The TiO5 powder (0.5
g) was placed in a plastic beaker, NaOH solution was added (50 mL) and
magnetically stirred in the dark for 12 h. Then, the samples were filtered
and washed with a dilute HCI solution (25 mL; twice) to eliminate Na™
ions and with subsequently with MilliQ water until no Cl” ions were
detected in the mother liquor (test with AgNO3). The treatment has been
repeated 4 times, in order to ensure significant removal of fluoride ions.
Finally, the samples were dried at 60 °C overnight. The F” ions samples
were removed from the surface of TiO, via the reaction (1):

Bulk-Ti — F + OH™ — Bulk-Ti — OH + F (1).

The as synthetized sample will be denoted as NS, while the sample
prepared by removing surface fluoride by the NaOH treatment will be
labelled as NSNaOH.

2.1.2. Synthesis of the self-cleaning titania based products.

The prepared TiO, was mixed with a silica precursor, TES40 WN
(Wacker), an ethylsilicate oligomer that provides approximately 41% of
silica upon complete hydrolysis, following a previously established
procedure [25]. The amount of TiOy particles added to the synthesis
were 1 and 4 g per 100 mL of TES40. For comparative purposes, an only
silica sol without titania and sols using the commercial P25 particles
from Evonik were prepared. The sols were designated S& XXX, where &
refers to the TiO, mass/volume % in the sol and XXX is an identifying tag
of the type of TiO; particles employed. 15 mL of the synthetized sols
were disposed in plastic Petri dishes where the sol-gel transition took
place at laboratory conditions. Finally, the gels were dried at the same
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conditions until not weight lost was observed.

For the treatment evaluation, a stone called Capri limestone was
chosen. This building material quarried from Spain is composed by
calcite and it has an open porosity of 9-12%. It presents a very clear
beige-white colour and it is frequently employed in exterior paving and
facade facing. The sols were applied on 5x5x2 cm pieces of the substrate
by spraying onto one of the larger faces until the substrate stops
absorbing the product and the sol starts to be accumulated on the sample
surface. The surface was maintained wet for 1 min and the sol excess was
removed using compressed air. The treated stones were dried at 18 +
0.5 °C and 53 + 3% of relative humidity until constant weight
(approximately after two weeks).

The NO depolluting properties of the treatments were evaluated
using concrete, the specimens were prepared using CEM II/B-L 32.5 N
portland cement, siliceous sand (0.1-2 mm) and limestone aggregates
(6-12 mm) purchased in a local building material warehouse. The mass
mix proportions used for preparing the concrete samples were 1:2:2:0.6
(cement:sand:aggregates:water). The mixture was cast on 120 mm
plastic petri dishes, the concrete plates was unmoulded after 24 h, they
were cured under ambient conditions for 28 days and they were cut into
10x5x1.4 cm pieces. Finally, 40 rng~crn’2 of the product was deposited
on the surface of the concrete and dried over night at 60 °C.

2.2. Physical and chemical characterization

XRD patterns of TiO, nanosheets were collected using a Bruker
diffractometer AXS, model D8 Advance, equipped with a Cu-K,; radia-
tion source operated at 50 kV and 50 mA. The diffractograms were
registered from 3° to 78° during 1 h. The Rietveld analysis was per-
formed using the software TOPAS 5.0 (Bruker AXS). Photo-catalysts
were also analyzed by transmission electron microscopy (TEM) using a
TEM/STEM FEI Talos F200X G2 microscope (Thermo Fisher Scientific,
Waltham, MA, USA). HAADF-STEM images and XEDS maps were ob-
tained thanks to a 4 Super-X SDDs. Elemental maps were acquired with a
beam current of approximately 90 pA and a dwell time of 75 ps. A FEI
Nova 450 electron microscope with an accelerating voltage of 3 kV was
used to record the Scanning Electron Microscopy (SEM) images.

Brunauer-Emmet-Teller (BET) specific surface areas of the catalysts
were measured by nitrogen physisorption at liquid nitrogen temperature
on an Autosorb®iQ instrument from Quantachrome. Approximately 0.3
g of sample, previously evacuated at 150 °C overnight, were employed
in the analysis. The corresponding pore size distributions were calcu-
lated using a hybrid NLDFT (non-local density functional theory)
approach [26] considering the absorption of N on silica with cylindrical
pores. The UV-Vis diffuse reflectance spectra of the samples were ob-
tained using a doubled beam Varian Carry 5000 spectrophotometer
using an integrating sphere.

A viscometer (model DV-II + with UL/Y adapter) from Brookfield
operated at 25 °C was employed for evaluating the rheological proper-
ties of the sols immediately after the synthesis. The viscosities values
were determined as the slope of shear stress vs. shear rate curves in their
ranges of Newtonian behaviour evaluated.

The colour changes in the substrates induced by the treatments with
the obtained self-cleaning products were determined by using a solid
reflection spectrophotometer, Colorflex model, from HunterLab. The
conditions were illuminant D65 and observer 10°. The colour changes
were quantifying using the CIELa*b* colour space and the total colour
difference (AE*) parameter.

2.3. Evaluation of the photo-catalytic self-cleaning properties and
abatement of NO, pollutants.

The photoactivity of the samples were evaluated using a dye pho-
todegradation test. In a typical experiment, 500 pL of a 1 mM solution of
methylene blue (MB) in ethanol was deposited dropwise on the treated
faces of the limestone samples and it was dried overnight in the darkness
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at room temperature (around 23 °C). The samples were irradiated in a
solar degradation chamber using a power of 500 W/m? and the ambient
conditions were fixed at 50 °C and 30 % of relative humidity. The evo-
lution of diffuse reflection spectra of the samples was recorded during
the irradiation and the Kubelka-Munk function was employed to
determine the MB bleaching. More details about this methodology can
be found in a previous work [27].

Soot photo-elimination tests were carried out in order to evaluate the
self-cleaning activity of the treated limestone samples. A soot water
dispersion (80 mg/L) was prepared using carbon black Printex-U from
Evonik, 50 pL/cm? and it was deposited on the surface of the studied
stones. Subsequently, the samples were dried overnight in an oven at 60
°C. Afterwards, the samples were irradiated with 2 mW/cm? of UV
irradiation from fluorescent backlight bulb lamps. The evolution of soot
stain was monitored during the irradiation digitalizing the stained
sample surfaces using an image scanner. The colour of the obtained
images was averaged to obtain the corresponding colour coordinates
that were employed to calculate the total colour difference of the stained
samples using the clean surfaces as reference and the soot degradation
was quantified using percentage of colour variation (AE*=100x AE*/
AE*().

NO photo-oxidation properties were evaluated according to the ISO
22197-1 standard [28]. The reaction mixture was obtained by mixing
air and pure NO in the appropriate ratio to get a total flow of 3000 cm®/
min with a NO concentration of 1000 + 50 ppb. The reaction mixture
was introduced into the photocatalytic reactor and, after 45 min, the
sample was irradiated using a Osram Ultra Vitalux lamp that provided
10 W/m? of UV-A radiation. The NO, NOy and NO5 (NO4-NO) concen-
trations were determined by chemiluminescence using a model 42i
analyser form Thermo Scientific.

3. Results and discussion
3.1. Characterization of titantia nanosheets.

The textural analyses of the bare titania nanosheets were undertaken
using nitrogen physisorption technique. The adsorption isotherms of the
as-synthetized and washed samples are all very similar. Figure S.1 shows
the isotherms of the as-synthetized sample as an example. According to
the IUPAC classification [29], it corresponds to Type IV. This type of
curve is attributed to mesoporous solids (2 nm < pore size < 50 nm). The
hysteresis loop (H1 from the IUPAC classification) is associated with the
secondary process of capillary condensation, which results in the com-
plete filling of the mesoporous solid at P/Py < 1. Type H1 hysteresis is
characteristic of solids crossed by channels with uniform sizes and
shapes. The obtained BET surface of the as synthetized and NaOH
washed samples were 87 and 89 m?.g ™!, respectively. This confirms that
the washing treatment doesn’t modify the textural properties of the
material.

The XRD patterns of the as synthetized and washed samples are
identical and both diffractograms can be fitted following the Rietveld
analysis assuming a crystal structure of pure anatase (Space Group 14/
amd, n° 141). Fig. 1 includes the experimental result of the as synthe-
tized TiO2 and the Rietveld refinement, as well as the diffraction pattern
of pure anatase phase. The position of the reflections can be reasonably
fitted, indicating that the values of the cell parameters obtained by the
Rietveld analysis (Table S.1) are reliable and close to the theoretical
value. However, some reflections are significantly broader and less
intense than expected. This is particularly evident for (103), (004),
(112) and (1 05) reflections. On the other hand, the (200) reflection is
very sharp and more intense than expected. The unusual width and in-
tensities of some reflections observed in the XRD patterns are in good
agreement with the nanosheet morphology. For this reason, the Rietveld
refinement procedure used included a model considering the preferen-
tial growth along the (200). Using this approach, a good refinement of
the experimental XRD patterns was obtained, although the intensity of
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Fig. 1. X-ray diffraction pattern of bare TiO, nanosheets (black line), the best
fitting results obtained by Rietveld analysis (red line) and the difference be-
tween the experimental result and the fitting (blue). Vertical Drop lines
correspond to the relative intensities of anatase structure without preferential
growth. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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the (200) reflection was partially underestimated (Fig. 1). For this
reason, the particle size was obtained by analyzing each of the peaks
using the LVol-IB method (volume averaged column height calculated
from the integral breadth). In order to determinate the nanosheets
thickness and length, the crystallite size using the (004) and (200) re-
flections was obtained and listed in Table S.1.

These data highlights two important features. Firstly, the crystallite
size is very large for the reflections with 1 = 0: (200) and (220). These
reflections are originated by families of planes orthogonal to the c axis
and parallel to the {001} facets exposed by the nanosheets. In fact, the
(200) give us information of the length and the (220) is the diagonal of
the nanosheet. Additionally, all the other reflections show smaller
crystallite sizes because they correspond to groups of planes that are not
orthogonal to the c axis. Notably, crystallite size decreases as the value
of 1 (in hkl) increases. All these features are consistent with the nano-
sheets morphology having the thinner dimension along the c axis of the
anatase structure. In fact, the crystal size obtained for the reflections
corresponding to (001) give an estimation of the particles thickness.
According to this results, the nanosheets have a length of around 29 nm
and a thickness of approximately 8.5 nm.

The morphology and crystal structure of the bare TiO, nanosheets
were investigated using electron microscopy. Representative SEM im-
ages shows the presence of well-defined sheet-shaped TiO, particles
with a rectangular outline (Fig. 2.A). This result is also confirmed by
high resolution HAADF-STEM images. Fig. 2.B shows one nanosheet
among the (111) axis zone, while Fig. 2.C can be interpreted by a
nanosheet orientated among the (010) axis zone. These results also
confirm that the facets of the nanosheet are those labeled in the models
included in Figures 2 and S.2. Thanks to this model, an equation to
determinate the contribution of the {001} surface to the total surface
was obtained (Figure S.2). Additionally, the HAADF-STEM images were
used to obtain the particle thickness and length distributions, which are
included in Fig. 2.K and 2.L. Regarding, the particle length, we observe
values between 15 and 60 nm, being 32 nm the average length of the
nanosheets. On the other hand, the thickness distribution was estimated
to be centered around 6.5 nm. Applying the previously mentioned
equation to obtain the percentage of {001} expose surface and the
particle size distribution, we estimated that the contribution of the
{001} facets is 75%.

As it was mentioned in the introduction, fluorine may affect the band
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gap and the photocatalytic activity. For this reason, it was of interest to
determinate the fluorine content of the nanosheets by fluorescence
(XRF). The as synthetized sample has a fluorine content of 6.1%. The
synthesized samples have been treated with diluted NaOH in order to
remove fluoride ions from the surface of the materials. This treatment at
low temperature was selected instead of thermal treatment at 500 °C to
avoid modifications of the morphology and phase composition of the
nanosheets. The amount of F removed during NaOH treatments was
determined by ionic chromatography. The obtained results are pre-
sented in Table S.2. These data show that the amount of F released
during the consecutive NaOH treatments progressively decreased. After
the forth treatment, the amount of fluoride detected in the washing
solution is negligible, indicating that a further treatment will not further
modify the concentration of superficial F in the sample. After the 4
treatments with NaOH solution, the residual F concentration of the
sample was 4.1%, that it is still a relatively high content. It’s known that
F-doped TiO; contains different F species, namely surface F ions and
bulk/sub-surface F ions [24]. Only the surface F ions can be desorbed by
NaOH treatment [30]. In order to confirm that the fluorine remaining
after the fourth wash is a bulk species and it is not irreversibly absorbed
on the photocatalyst surface, elemental mapping was performing
combining HAADF-STEM technique with EDS. Figure S.3 shows the
elemental distribution of F and Ti elements in a group of titania nano-
sheets orientated along the (010) axis zone. We can observe a homog-
enous distribution of the fluorine in the four times washed sample. In
addition, the concentration of fluorine in the inner part of the nanosheet
(Area 2) and the total area considering also the surface (Area 1) were 4.2
and 4.6 %, respectively. So, the residual fluorine after NaOH treatment is
mostly in the bulk.

The band-gap value was determined using the transformed diffuse
reflectance technique according to the Kubelka-Munk theory [31,32].
Figure S.4 presents the UV-Vis absorbance spectra of the as synthetized
and washed sample. There is a significant increase in absorption at
wavelengths around 350 - 400 nm. The band-gap was obtained
assuming an allowed indirect transition. Fig. 3 shows the Tauc’s plot for
an allowed indirect transition corresponding to both titania nanosheet
samples. The obtained band gap value for the as synthetized and washed
samples were 3.16 and 3.18 eV, respectively. Those values are very
similar and slightly smaller than the value reported in the literature for
pure anatase (3.2 eV). Notably, comparable values and a minor effect of
F content on band gap have previously been reported for F-doped
anatase [33].

3.2. Characterization of the self-cleaning titania based products.

The use of different kind of titania in the sol-gel process allowed to
appreciate the influence on technological and material processability. In
the case of the commercial benchmark P25, homogenous opaque white
xerogels were obtained for all the loadings. The use of the as synthetized
TiO, nanosheets, which contain fluorine on the surface, was more
complicate since the nanoparticles are not well dispersed during the
synthesis process. The resulting sols were slightly yellow and the
nanoparticles of TiO, decanted very quickly. In this case, the xerogels
were more transparent than those obtained using P25. Optimal situation
was achieved with NaOH-washed TiO5 nanosheets and the P25 nano-
particles for which good and stable dispersion were obtained. Never-
theless, the obtained sols were also translucent and slightly yellow. The
difficulties in dispersing the as synthetized nanosheets particles can be
related to the high content of surface fluorine, that increase hydrophobic
behavior, leading to dispersion problems in both water and organic
liquids[34].

The viscosity measured for the sols, as well as their gelation time, are
presented in Table 1. All viscosity values are below 7.5 mPa-S and
therefore similar to the values that Tegovakon V100 from Evonik, one of
the most popular commercial stone consolidants, has (5.25 mPa-s at
25 °C) [35]. These low viscosities are required when the sol application
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Fig. 2. SEM image obtained by the detection of secondary electrons using a Through-the-lens detector (TLD) (A), high resolution STEM-HAADF of a top (B) and side
(F, G) view of the TNS, digital diffraction pattern of the selected area (C, H), simulated electron diffraction pattern (D, I) and atomic model of the nanosheets in the
proper orientation (E, J). The thickness (K) and length (L) distribution for bare TiO, nanosheets studied in the present work are also included.

will be carried out by common and simple procedures, such as brushing
or spraying on buildings and facilitate its penetration in the porous
substrate structure increasing the adhesion of the resultant coatings. The
lowest viscosity value corresponds to the sample without titania (S) and
it increases by adding titania nanoparticles. Although the differences are
small between the obtained sols, we can observe two trends; (1) the
viscosity was increased as TiO, loading was raised and (2) the viscosity
was low for the sols containing the as synthetized nanosheets. This last

aspect can be easily explained considering that the presence of fluorine
leads to flocculation and agglomeration of the titania nanoparticles due
to a weak interaction between them and the synthetic solution.
Gelation time may determinate if the material can be used for real
applications, because they must be applied in situ and short gelation
times creates difficulties to handle the product inhibiting sol penetration
into the porous structure of the substrate. In the present case, the lowest
gelation time was of 3.5 h, observed using NSNaOH (Table 1). However,
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Fig. 3. Taucs plot of the UV-Vis diffuse reflectance absorption spectra of the
TNS before (black line) and after washing (red line) assuming an indirect band
gap. The inset include the region used for the band gap calculation. (For
interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

Table 1
Viscosity, gelation time, BET surface area and pore volume (Vp) of all the sol-
gels.

Sample Viscosity Gelation Surface Vp Pore
(mPa:-s) Time (h) (m?%/g) (cm®/ size

8) (nm)
S 4.62 8 182 0.324 11.3
S1P25 5.51 7 41 0.322 22.5
S4P25 7.17 12 36 0.304 24.5
SINS 5.06 4.5 103 0.209 8.6
S4NS 5.57 6 116 0.232 8.3
S1INSNaOH 6.02 3.5 154 0.300 8.3
S4NSNaOH 6.28 3.5 156 0.343 8.6

this time is long enough to ensure a good distribution of the sol inside the
texture of the stone. Therefore, all the obtained TiO2-SiO5 sols are po-
tential candidate for coating building materials. Notably, the addition of
only 1% of TiO, is enough to strongly reduce the gelation time, as a
consequence of the heterogeneous nucleation of silica around TiOy
species [23,36]. In contrast, for the Ti0,-SiO2 nanocomposite prepared
with 4% TiO, P25 and NS, the gelation time increased with respect to
the samples with 1%. This could be due to the high affinity of amines for
the TiO4 surface, which reduces the amount of free n-octylamine catalyst
in the sol slowing down the sol-gel process [25].

Due to the unfeasibility of recovering the xerogels from the treated
stones, the xerogel obtained from the sol deposited on Petri dishes were
characterized to gain information of the sample porosity, nano-structure
and chemical reactivity. Firstly, the light absorption properties of the
Ti02-SiO2 composited were studied. Our results, included in Figure S.5
and Table S.3, show that the band-gap of the raw titania nanosheets are
not appreciably modified by the synthesis procedure of composite.

Figure S.6 shows the N5 physisorption isotherms and the pore dis-
tribution, while Table 1 summarize the main textural data. All the iso-
therms correspond to Type IV (a), characteristic of mesoporous
materials [29]. Type H1 hysteresis is shown by the samples containing
P25, typically observed when the material is formed by the agglomer-
ation of spherical nanoparticles [23]. The other samples exhibit Type H2
(b) hysteresis, that it is associated to the formation of ink bottle pores
likely due to a partial pore blocking.

The pure silica xerogel exhibited a relatively high surface of 181
m?.g L. The addition of P25 nanoparticles dramatically decrease the
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surface of the final composite to 41-36 m2-g 1. This effect is less intense
when NS and NSNaOH are added and the surface are in all the cases
higher than 100 m?.g~!. The samples containing P25 nanoparticles have
longer gelation time, lower surface areas and bigger pore size
(Figure S6) with respect to those of the nanosheets based system. This is
an indication that the titania nanoparticles actively participate in the
xerogel formation and determinate its final microstructure. According to
our results, P25 negatively affect the growth of the SiO, xerogel and
leads to slow formation rates and systems with bigger pores and lower
surface area. This effect is more evident when the TiO, loading is
increased and could be related with the adsorption of n-octylamine on
the acidic site of TiOy P25. The addition of both as synthetized and
washed nanosheets induced smaller changes in BET surface, while pore
volume is significantly reduced (Figure S6). So, it can be considered that
NS and NSNaOH catalyse the TES40 hydrolysis reducing the gelation
time and generating more SiOy nucleation centres that leads to smaller
particles and higher specific surface that in the case of the use of P25. A
non-porous binder can dramatically reduce the photoactivity because it
can inhibit the adsorption of the reactants on the active sites. Therefore,
the porosity of the xerogels is a key factor for obtaining highly photo-
active coating [37]. It has been previously reported that TiO3-SiOg
coatings, with a mesoporous structure similar to that of the present
samples, exhibit better self-cleaning properties that the equivalent
coatings with TiOy particles embedded in a microporous silica matrix
[23]. Oq, water and NO are gas molecules with kinetic diameters below
0.35 nm and methylene blue has a 1.5x1 nm dimension. Therefore, the
pore sizes of the present composites, which are higher than 8 nm, should
allow a proper diffusion of the reactants onto the TiO, nanoparticles.

In order to gain information regarding the microstructure of the
xerogels, the samples were intensively characterized by HAADF-STEM
technique in combination with X-EDS analysis. This approach allows
us to obtain composition maps of the different samples and determinate
the distribution of the titania nanoparticles in the SiOy matrix. Fig. 4
includes representative HAADF images and the elemental mappings for
Ti and Si for samples containing 4 wt% of TiOs, the corresponding 1 wt%
samples are compiled in Figure S.7. The HAADF-STEM images clearly
show that the TiO3 nanoparticles are integrated in a porous silica matrix.
As it can be seen in Fig. 4 down, corresponding to sample S4NSNaOH,
even some TNS are on the surface of the SiO, matrix. Images corre-
sponding to samples SINS and S4NS, especially the latter, demonstrate
the agglomeration of titania nanosheets embedded in a porous silica
matrix. This result is in good agreement with the dispersion problems
that was observed during the synthesis of the gels containing as syn-
thesised nanosheets. In contrast, the titania nanosheets are well
dispersed after treating them with NaOH to remove the adsorbed fluo-
rides, which increases the hydrophilicity of the materials.

3.3. Evaluation of the photo-induced elimination of colored organic
molecules.

As previously described, the freshly prepared products were sprayed
onto one of the biggest faces of 5x5x2 cm limestone blocks. The sol
uptake for most of the samples were in the range of 29 to 33 mg/cm?, the
small differences observed are attributed to the heterogeneity inherent
to the substrate. During the following days the weight of the samples
decreased indicating that the xerogel formation was taking place. After
two weeks, the weight remained constant at around 44-50 % of uptake
values, which is near to the 41% of silica produced by the silica pre-
cursor. At that point the xerogel formation can be considered complete,
associating the weight higher than the theoretical to ethanol occluded in
the sample and non-hydrolyzed ethoxy groups that remains in the silica,
and the changes in colour substrate induced by the treatments can be
evaluated. All the AE* values measures for the samples were below 3
and thus, for similar substrates, there are no limitations for the appli-
cation of these products related with changes of substrate appearance
even in the most restrictive scenarios [38].
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Fig. 4. Representative HAADF images (left) and elemental mapping (right) for Ti (green) and Si (red) of samples S4P25, S4NS and S4NSNaOH. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this article.)

In order to evaluate the photoactivity in the elimination of organic
molecules of the coated samples, methylene blue photo-degradation
tests were performed. Fig. 5 shows the photographs of the samples
during the photocatalytic test. The included inset of each frame corre-
sponds to a digital reproduction of the average colour of the surface of
the stone from the colour coordinates measured by the colorimeter. We
should point out that the MB is better dispersed on the untreated stones,
since the treatments with xerogel prevent the penetration of MB solution
in the substrate. As a result, MB is preferentially accumulated in some
areas of the coating due to the sample surface heterogeneity. We observe
how no visual changes were observed in the untreated sample during the
experiment, while the surface of all the treated samples gradually get
discoloured. On the other hand, if we compare the results obtained with
pure SiO coating (S) and TiO, containing coatings, it is also clear the
positive effect of titania nanoparticles addition. It is noteworthy to
mention the notable decolouration obtained in the case of the samples
treated with S4NS and S4NSNaOH. In those cases, the stone recovered
its initial colour in most part of the surface after 120 min. We also can
conclude that the increase of the titania concentration favours the
removal of MB.

In order to obtain quantitative results, a methodology based on
taking the reflectance spectra of the samples during the photocatalytic
decolourization was employed. This approach is based on the Kubelka-

Munk theory, which was developed for modelling the optical properties
of painted substrates [39,40]. According to this theory, the light ab-
sorption of a dye thin layer on a low absorbent substrate can be
explained by the equation (1). Our system meets the requirements of this
equation and therefore we can use it to obtain the equivalent MB ab-
sorption spectra that it can be used to determinate the concentration
using the Lambert-Beer law. This methodology for quantifying the MB
bleaching is better than others based on color coordinates changes [27].

Fru(R) = 5525 (1),

where Fxm(R) is the Kubelka-Munk function (hereafter KM) that in
our case is equivalent to absorbance and R is the absolute diffuse
reflectance.

Figure 6.A includes the evolution of the UV-Vis spectra during the
experiment carried out with sample S4NSNaOH. We can observe a main
peak at ~665 nm and a shoulder at ~616 nm after the deposition of MB
over the sample, i.e. time cero. According to the literature, the first peak
can be related to the monomeric form of methylene blue and the latter to
the dimeric form of the dye [41]. Similar spectra were obtained for all
the SiO,-TiOy composites (Figure S.8), although for the SiO; reference
sample, the peak corresponding to the dimer is higher and remain
similar during the reaction. In the case of the TiO, containing samples,
the peak related to the monomer decreases faster than the one associated
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Fig. 5. Evolution of MB decolourization by photographs during the first 120 min of the photo-degradation test. The insets include the digital reproduction of the
stone colour from the colour coordinates.
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to the dimer, which indicates that its degradation is faster. However, the
formation of intermediates such as azure A and azure B or even less cited
in the literature azur C, thionine and phenothiazine cannot be excluded
[42-44].

Figure 6.B includes the evolution of the absorbance (KM) normalized
with respect to the initial absorbance (KMy), both obtained at highest
value of the absorption spectra. This curves allow us to determinate the
decay of concentration of MB (the Kubelka-Munk equation employed
also fits the Lambert-Beer equation) over time and we can easily
compare the activity of the studied samples.

The low MB elimination on the untreated sample can be related with
the spontaneous degradation of MB by simple UV light exposure due to
purely photochemical mechanisms [45]. It is evident that the MB
decolourization is greatly improved for the treated samples, even for S
sample which is free of photoactive components. In this case, the MB
degradation was also related to the photolysis, but the coating promoted
the process because the MB remained in the external surface of material
being more accessible to degradation and/or can be promoted by the
acid sites on the surface of the SiO; coating, and, as it was previously
discussed, MB is deposited in the coating as monomer, which is
degraded faster than the dimer that is the predominant form in the
untreated sample [27]. Despite this, it is clearly observed that the
decolourization of MB is enhanced by adding TiO5 nanoparticles, due to
its photocatalytic properties. In fact, the performance of the coatings
increases by increasing the amount of titania nanoparticles (Fig. 6.B).

If we consider the activity of the samples with the same amount of
added titania nanoparticles, we can conclude that titania nanosheets
exhibit better photocatalytic activity than the P25. On the other hand,
the activity of the as synthetized nanosheets is improved by a pre-
treatment with NaOH. The comparisons of the photocatalytic perfor-
mance with the specific surface of the xerogels demonstrate that there is
not any obvious correlation between them. We can observe, as example,
that the sample S4P25 exhibits almost the same surface of the S1P25, but
the catalytic performance of the first is better. A similar result is
observed by adding as synthetized TiO, nanosheets and NaOH treated
nanosheets the surface slightly changes (13%) by increasing the titania
content, but the remaining MB is the double when we use the lower

(A)

1.0 |

Wavelength (nm)
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concentration. Therefore, we can conclude that the nature of the TiO,
nanoparticles and the loading determinates the photocatalytic activity.
P25 contains a mixture of anatase and rutile phases in a ratio of about 3
and an average particle sizes of 25 and 85 nm, respectively, while the NS
and NSNaOH samples consists on pure anatase TiO, with exposed {001}
and an average length of 35 nm and an average thickness of 6.5 nm. It
has been previously reported that the coexistence of rutile and anatase
has a beneficial on the catalytic tests [46]. On the other hand, recent
research using morphologically controlled TiO5 nanoparticles demon-
strates that anatase {001} facets are highly active [24] in the oxidation
of organic pollutants. The high density of surface undercoordinated Ti
atoms on the {001} facets, compared to the {101} facets, improve the
dissociative adsorption of reactants, such as formic acid, methanol and
even water [47-50]. In addition, theoretical calculations indicates that
the presence of large Ti-O-Ti bond angles promote the formation of very
reactive 2p states linked to surface oxygen atoms [51]. Therefore, and
despite the apparently contradictory published results, it is reasonable
to expect that anatase nanoparticles with high percentage of {001}
facets will exhibit high photocatalytic efficiency. Our results show that
the nanosheets with a high content of {001} facets exhibit better cat-
alytic performance than P25. If we compare the performance of P25 and
the washed nanosheets, we can observe that the MB decolourization is
greatly improved by using the washed nanosheets. In fact, after 30 min
the stone treated with S4NSNaOH product show a value of KM/KMg
almost thrice smaller that the value obtained for the stone treated with
S4P25.

The effect of surface fluorination is also controversial. It is accepted
that it affects the reactants adsorption, charge separation and transfer,
and the reaction mechanism and kinetics. Recent studies demonstrate
that depending on the oxidation mechanism, surface fluorination may
either improve or inhibit the photocatalytic oxidation reactions [52,53].
Several works indicate that surface fluorination improves the photo-
catalytic degradation of organic compounds, such as phenol [54], ben-
zoic acid [52] and some organic dyes [51,52] in water, when the
reaction mechanism is based on the formation of ¢OH [53]. However, a
negative effect has been observed when the reaction mechanism implies
the absorption of the pollutants on the semiconductor in order to react

Untreated
S

S1P25
S4P25
S1NS
S4NS
S1NSNaOH
S4NSNaOH

7E7EI 11

50 100 150 200 250 300

Time (min)

Fig. 6. UV-Vis spectra from Kubelka-Munk function obtained during the experiment carried out with sample S4NSNaOH (A) and KM/KMj at the maximum ab-

sorption over time for all the studied samples (B).
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with the holes photoproduced in the semiconductor valence band. The
explanation was related to the detrimental effects of the superficial
fluorine to the reactants adsorption and the direct hole transfer to the
organic substances [55]. Our results suggest that the reaction mecha-
nism corresponds with the latter option and implies the direct adsorp-
tion on the catalyst surface. However, the worse distribution/dispersion
of the un-washed titania nano-sheets within the xerogel and the deriving
changes in textural properties may also be, at least partially, responsible
of the lower activity exhibited by the samples containing the as-
synthetized nanosheets in comparison with those obtained with
washed nanosheets.

3.4. Photocatalytic elimination of soot.

The coating material with the best performance in decolourization of
MB (S4NSNaOH) was selected to study the self-cleaning properties to
remove soot, a real urban air pollutant that it is also a staining agent of
buildings. An untreated limestone sample and one treated with S4P25
were employed as references materials. A thin layer of soot was depos-
ited in order to slightly blacken the surface ensuring the light penetra-
tion until the treatment (see first column of Fig. 7.A). After 586 h of
irradiation, no evident alteration of the soot stain on the untreated
sample was observed with the naked eye but the stains on treated
samples was lightened (see second column of Fig. 7.A). This stain
elimination can be related to the oxidation of the soot to CO5 [38].

The image treatment allowed to quantify the soot elimination as
presented in Fig. 7.B. The color variation produced by the soot stain on
the untreated sample was reduced by a 10% during the first 200 h, but
after the color remained almost constant. This initial change of color can
be related to an alteration of soot stain induced by the UV light rather
than a real soot elimination. On the other hand, the color variation was
considerably higher for the treated samples confirming the role of TiOy
in the photocatalytic oxidation of soot. The S4P25 coating eliminated
30% of the soot whereas the coating containing the NSNaOH removed
more than 50% of the stains. In this way, it is demonstrated that the
highest photoactivity observed degrading MB also results in a higher
elimination of organic molecules performance and therefore of self-
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cleaning performance.

3.5. Photocatalytic NO, abatement.

The self-cleaning is not the only effect that a photocatalytic coating
can provide to the building materials, the TiO, photoactivity is able to
oxidize air pollutants producing building materials with depolluting
properties. NO, a typical pollutant of urban and industrial areas, was
chosen as model pollutant to assess the depolluting capabilities of
building materials samples treated with S4NSNaOH product. The sub-
strate employed was concrete because is the most abundant material in
the NOy emissions points and the application of a photocatalytic coating
on its structures can help to mitigate the problems associated with high
NOxy levels in the air. The obtained NO, NOy and NO, concentration
profiles for the samples treated with S4NSNaOH and S4P25, as reference
material, are presented in Fig. 8.A, while the product distribution at the
reaction outlet, NO conversion and NO3 selectivity is plot in Fig. 8.B.

After the lamp was switched on, the NO content decreased fast and a
minimum value of 580 ppb for S4P25 and 735 for S4NSNaOH were
reached, which are translated in overall NO conversions of 36 and 24 %
respectively. At the same time NO,, an intermediate in the photooxi-
dation process of NO to HNO3 mediated by TiO2 [56,57], started to be
released but evident differences in the amount of this gas generated for
each sample were observed. The final balance showed a total NOy
elimination of 22 and 21% for S4P25 and S4NSNaOH, respectively, and
therefore both treatments have a similar capacity for removing NOy.
However, the selectivity of S4P25 to unwanted NO is much higher than
obtained for S4NSNaOH (39% vs 12%). For the S4P25 sample the con-
centration immediately reached the 60 ppb and it continued growing
during the test up to 200 ppb, i.e. 14% of the initial NO concentration is
transformed into NO,. On the other hand, the NO, concentration for the
S4NSNaOH sample was maintained under 60 ppb for all the duration of
the test, which indicates that only 3% of the initial NO is converted into
NO,. In other words, both treatments have a similar NOy depolluting
performance, but S4NSNaOH released less NO; to the air. This is a key
factor that must be consider to determine the potential real application
of the photocatalyst because NO, (IDLH (immediately dangerous to life
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Fig. 7. Images showing the stone samples stained with soot before and after the UV irradiation (a) and evolution of AE% for the samples stained with soot during the

UV irradiation (b).
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Fig. 8. Evolution of NO, NOy and NO, concentrations during the NO photodegradation tests, the irradiation started at 15 min and switched off at 315 min (a).
Progression of %NO conversion, %NO, released, %NOy removed and % selectivity to NO, during the irradiation of samples (b).

or health) value 20 ppm) has a toxicity 5 times higher than NO (IDLH
value 100 ppm). For S4P25 sample the maximum efficiency of NO
elimination is reached after approximately 90 min and later starts to
slightly decrease. This decrease in the activity is even more obvious if we
consider the NO; production. According to the green line in Fig. 8.B, this
sample reach a maximum NOy abatement of 26.5%, but later decreases
to 15%. This result may be related with the photocatalyst deactivation
due to the HNO3 accumulation that promote the conversion of NO into
NO; [58]. Regarding the S4NSNaOH, after 90 min the NOx elimination
and NO; release remained almost unaffected, showing a remarkable
photocatalytic stability. Photocatalytic paints prepared using P25 pho-
tocatalysts showed a NOy abatement of 25% with a selectivity to NO5 of
70-80% with a TiO; loading of 23 g/m? and a NO flow of 0.7 L/min
[59]. By comparison, the coatings developed in this work with lower
TiO, loading (16 g/m?) and using a pollutant load much higher (8 ymol/
h vs 1.9 umol/h) achieved a similar NOy abatement with less release of

11

NO,, demonstrating the benefits of employing a mesoporous silica ma-
trix for producing photocatalytic coating over an organic binder.
Therefore, it can be concluded that the synthetized nanosheets show
promising results as component of photo-depolluting treatments for
building materials.

4. Conclusions

Our results demonstrate that titania nanosheets can be used to obtain
SiO»-TiO, sols with the adequate viscosity, gelation time and photo-
catalytic properties to be used as an active element against air pollution,
as well as self-cleaning protective material. Dispersing the as synthetized
nanosheets particles was difficult due to the high content of fluorine on
the surface of the sample that implies hydrophobic properties. This was
corroborated by the characterization of the samples by EDS-STEM that
showed the agglomeration of the TiO, nanosheets.
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The obtained materials exhibit excellent photocatalytic properties,
superior of that of the commercial P25 benckmark. The observed order
in the dye removal activity of the synthetized products is the following:

S4NSNaOH > S4NS > SINSNaOH > S4P25 > SINSNaOH > S1P25
> S.

We demonstrated that the surface fluoration negatively affects the
photocatalytic activity and that the activity of the titania nanosheets
increases after washing with NaOH.

The samples prepared with titania nanosheets are also active in the
photocatalytic abatement of NOy, which it is a relevant reaction in air
purification. More interestedly, concrete treated with titania nanosheets
sols show a remarkable stability and a low NO; release, being both re-
sults of great interest for real applications.

The present work also clearly demonstrates that the use of
morphologically controlled nanoparticles is a promising approach to
develop novel products with improved photo-induced self-cleaning and
depolluting activities. This approach is much appealing that others that
introduce modifications in the band gap, such as doping, and provoke
visible light absorption. It is obvious that the later approach leads to
coloured materials that can modify the original colour of building ma-
terials. In the case of developing nanomaterial to protect heritage
buildings, it is commonly accepted that the preservation of the original
colour is mandatory.
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