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1. Introduction

Thermally stable SiO,@TiO, core@shell
nanoparticles for application in photocatalytic
self-cleaning ceramic tilest
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Photocatalyst-coated self-cleaning ceramic tiles are in high demand for indoor and outdoor applications
aimed at keeping a clean environment. Their industrial processing, however, often requires firing at
temperature (1000-1200 °C) much higher than the thermal stability limits of common photocatalysts
(<1000 °C) which results a significant loss in self-cleaning activity of the tiles. To address this issue, we
have coated commercial ceramic tiles with thermally stable core@shell SiO,@TiO, particles, which even
after single-fire industrial treatment (1000-1140 °C), exhibit excellent self-cleaning activity, much higher
than that of control tiles prepared with commercial benchmark P25 TiO, photocatalyst. Importantly, the
photocatalytic activity of SiO,@TiO, particles, in both powder form and as coatings on ceramic tiles,
enhanced with the increase in calcination temperature (to as high as 1000-1140 °C) which is in sharp
contrast to the normal photocatalytic behavior of unsupported TiO,. This article explores in details the
exceptionally high and industrially relevant thermal stability of silica-supported anatase nanocrystals
(5 nm) (SiO,@TiO,) against phase transition and crystallite growth and brings new insight into the effect
of core@shell configuration on the thermal stability and photoactivity of SiO,@TiO, particles. A compre-
hensive discussion on the relationship between core@shell structure, thermal stability and photoactivity
is presented. These SiO,@TIO, particles with ideal physicochemical characteristics (small phase-pure
anatase nanocrystals with higher resistance towards crystallite growth, phase transformation or surface-
area loss upon calcination) are ideal photocatalytic materials for efficient photodegradation of organic
pollutants for effective environmental remediation and other applications that involve high-temperature
processing such as self-cleaning coatings and photocatalytic ceramics.

is thus one of the most widely used semiconductor photocata-
lysts for environmental remediation processes,' > the design of

Due to its high photocatalytic efficiency, TiO, still holds a
prominent position among heterogeneous photocatalysts and
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self-cleaning surfaces®® and solar energy conversion.’**> Most
of these applications closely depend on the physical
properties® ™ such as crystallinity®® and crystalline form,>"?
surface properties (area, pores-volume, roughness)>* and parti-
cle size or morphology®*** of titania powder or films.

It is well-known that, among other factors mentioned above,
the photocatalytic properties of TiO, strongly depend on its
crystalline phase.?™**" Except for the few studies that report
higher photoactivity for rutile**** or somewhat promising
activity for the least-studied brookite phase,> most of the
literature studies agree on anatase being the most active
photocatalytic form of Ti0,.>"?*2%2831:35 The superior photo-
catalytic activity of anatase compared to rutile is due to: (i)
indirect and slightly wider (by 0.1 eV) band gap of anatase®®
which lowers the rate of recombination of the photogenerated
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e -h" pair,”**® as suggested by experimentally measured life-
times of charge carries which are one order longer in anatase
than rutile®® and/or higher photoluminescence yield in rutile,*”
(ii) faster enough electron mobility in anatase (than rutile) to
allow effective bulk transport or diffusion of charge carries
through the crystalline structure to the surface in anatase, as
supported by a study of photoactivity-film thickness relation-
ship of the anatase/rutile-based epitaxial films*'**® and the
lower calculated effective mass of charge carriers in anatase,”®
(iif) unique ability of anatase to promote formation of peroxo
species on its surface® and (iv) the generation and diffusion of
photogenerated mobile *OH radical to bulk solution only in
anatase, making it possible to photodegrade target molecules
within the *OH diffusion zone, in addition to those adsorbed
on the surface of anatase.”®*! Thus, it is important to develop
highly phase-selective synthetic methods for anatase with small
particle size and good thermal stability to ensure better photo-
catalytic properties of the system.**

Similarly, the crystallinity of TiO, is important for its photo-
catalytic activity since suppression of electron-hole recombina-
tion closely depends on the atomic arrangement in solid
materials.>* The sol-gel method is one of the most widely
utilized methods for the preparation of TiO, which involves
the hydrolysis-polycondensation of the molecular precursors
(a metal salt or alkoxide) to produce metal hydroxides.'>****!
The sol-gel method, however, generally results in amorphous
products after the hydrolysis-polycondensation step** which
often require post-synthesis treatment (such as calcination at
higher temperature (>500 °C)****) to obtain materials with
good crystallinity, less crystal structure defects, and other
desired characteristics. Since crystal defects serve as recombi-
nation centers for charge carriers, annealing of the photocata-
lyst particles often results in higher photocatalytic activity.">"”

Unfortunately, however, calcination can also result in a
possible (i) decrease in surface area and pore-volume, (ii)
uncontrolled nanoparticles growth and sintering®® or increase
in crystallite size and (iii) irreversible anatase-to-rutile (A — R)
transformation,**™*® changes that are detrimental to the photo-
catalytic performance. The A — R transformation, often accom-
panied by an increase in crystallite size, occurs because bulk
rutile is thermodynamically more stable than bulk anatase.
The A — R transformation becomes of particular concern
when TiO,-based materials are subjected to high-temperature
calcination that causes nanoparticles sintering. The interface-
nucleation®®*° is the dominant phase transformation mecha-
nism when amorphous TiO, samples are thermally treated
above 400 °C to crystallize them. During this process, the
anatase crystals grow in size due to sintering and rutile starts
to nucleate at the interface of aggregated anatase and the rate
of A — R transformation closely depends on initial particle size
and degree of aggregation and sinterization.*?:>'7?

The design and development of photocatalytic self-cleaning
ceramic tiles is an important example of titania-based
photocatalysis where A — R transformation and other detri-
mental effects caused by thermal treatments become the bottle-
neck in the way of practical applications of the technology.
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Titania-coated ceramic tiles demonstrate photocatalytic, self-
cleaning and antibacterial properties as well as UV-induced
hydrophilicity.>* Such properties of titania-coated self-cleaning
surfaces (external structures of buildings, for instance) allow
pollution control in heavily polluted environments on one hand
and prevent deterioration of the aesthetical aspects on the
other. Additionally, their application in coverings for floor
and skim coats for walls is a promising option for sterilization
and photo-inactivation of microorganisms in the indoor envir-
onments. Despite numerous reports on the development of
titania-coated photoactive ceramic tiles with interesting proper-
ties, commercial processing or viability and performance of
such materials is still hindered by the low thermal stability of
titania nanomaterials (<500 °C),"”** as compared to the high
firing temperatures (900-1200 °C) employed in the ceramic
industry.>**® As expected, such harsh treatments often lead to
A — R transformation and loss of surface area and thus greatly
reduce the photocatalytic performance of titania nanoparticles
in the self-cleaning surface/tiles.”” Thus, research efforts are
being made to develop thermally stable photocatalysts capable
of enduring the harsh treatments during the single-fire thermal
processing of ceramic tiles,** without undergoing phase trans-
formation or loss in photoactivity.

The task of obtaining materials with such high thermal
stability (up to 800-1000 °C) and desired physicochemical
properties is challenging, but recent studies'***® have demon-
strated the possibility of preparing nanosized and yet thermally
stable photocatalytic materials through a careful choice of
support material (such as SiO, in this study) or crystallographic
control that allow better dispersion of the nanophotocatalysts
and restrain the movement of photocatalysts’ nanocrystallites
under high-temperature conditions. Silica is the support mate-
rial of choice due to its rich and well-known surface
chemistry,>® easy synthesis by the widely-investigated Stober
method,®® low cost, high thermo-, mechanical-stability and
high adsorption capacity.*® Moreover, the surface silanol
(Si—-OH) groups of SiO, are active and provide sites for effective
functionalization®”®" and the formation of interfacial Ti-O-Si
bond in TiO,-SiO, mixed oxide materials which has been found
to affect the optical®®®* and thermal properties®>®® of the
silica-supported TiO, materials. Additionally, SiO, is optically
transparent in the wavelength region (UV-visible) of interest for
photocatalysis.

Keeping this strategy in mind, the present study reports the
preparation of thermally stable SiO,@TiO, photocatalysts
materials. Importantly, we show how the enhanced thermal
stability of silica-supported anatase nanocrystals affects their
photocatalytic performance when the SiO,@TiO, samples are
subjected to high-temperature thermal treatment. Based on a
detailed characterization of the samples using an array of
complementary characterization techniques, a comprehensive
discussion on the relationship between core@shell structure,
thermal stability and photoactivity is presented. Additionally,
we demonstrate the successful application of the prepared
thermally stable SiO,@TiO, photocatalyst on commercial cera-
mic tiles using single-fire treatment under both benchmark

© 2021 The Author(s). Published by the Royal Society of Chemistry
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(up to 1000 °C) and industrial (up to 1140 °C) conditions. These
SiO,@TiO,.based photocatalytic ceramic tiles show superior
photocatalytic performance than that of control tiles coated
with commercial P25 TiO, photocatalyst. We advocate that the
unique physicochemical characteristics of SiO,@TiO, make
them ideal photocatalysts for efficient environmental remedia-
tion processes and the design of self-cleaning surfaces such as
ceramic tiles.

2. Experimental
2.1 Reagents

Titanium(v) isopropoxide (TiP, 97%) and tetraethylorthosili-
cate (TEOS, 98%) were purchased from Sigma-Aldrich (USA).
Commercial TiO, photocatalyst (Aeroxide TiO, P25) was
obtained from Evonik, Germany. HPLC grade anhydrous etha-
nol and isopropanol were supplied by Panreac (Spain). Ammo-
nium hydroxide (28%) and crystal violet (CV, 1% solution) dye
were obtained from QHEMIS (SP, Brazil). All chemicals were
used without further purification.

2.2 Synthesis of SiO, and SiO,@TiO, particles

The Stober Si0, particles®® and Si0,@TiO, core@shell particles
were prepared by a sol-gel method according to our previous
report® using the corresponding alkoxides as molecular pre-
cursors. Briefly, 0.5 g of Stober SiO, particles were dispersed in
100 mL of ethanol-isopropanol mix solvent (3 :1 (v/v)), followed
by addition of 750 pL of titanium(iv) isopropoxide, allowing the
mixture to stir during 20 h in an air-tight Teflon container
before being hydrolyzed by addition of a 9 mL water-solvent
mixture (1:2 (v/v)). The resulting SiO,@amorphous-TiO, parti-
cles were subjected to a hydrothermal treatment (110 °C, 24 h)
to selectively crystallize the amorphous TiO, into phase-pure
anatase with mesoporous shell character. For comparative
study, unsupported TiO, particles were also prepared by the
same method in the absence of SiO, particles in the reaction
mixture. Further details of the synthesis can be found in ref. 2.
To study the effect of core@shell configuration on their ther-
mal stability (phase transformation, crystallite size growth) and
other morphological features, the as-prepared SiO,@TiO, par-
ticles were subjected to thermal treatment at different tempera-
tures (600, 800 and 1000 °C) for 1h under ambient air at a
heating rate of 15 °C min ", as discussed in details later.

2.3 Preparation of SiO,@TiO,-coated ceramic tiles

Unfired commercial white-colored ceramic tiles were kindly
provided by Artec Pisos e Revistimentos Company located in
Cordeiropolis, SP, Brazil. Typically, A 20 x 20 mm tile piece
was spray-coated with aqueous suspension (3.4% (wt/vol)) of
Si0,@TiO, using a SagymaPro SW-770 airbrush (Sagyma,
China). Spray-coating deposition was carried out using com-
pressed air at a controlled flow rate of 7 L min~', depositing
a single layer of photocatalyst particles on ceramic tiles (esti-
mated mass deposited = 0.25 mg cm™?). For comparison of
photocatalytic performance, ceramic tiles spray-coated with

© 2021 The Author(s). Published by the Royal Society of Chemistry
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benchmark commercial TiO, photocatalyst (Aeroxide TiO, P25
from Evonik, Germany) were prepared under identical condi-
tions. The photocatalysts-coated ceramic tiles were annealed
under two different firing conditions: (i) annealing in labora-
tory furnace involving isothermal heating at 1000 °C for 1h
(referred to as laboratory-fired tiles) and (ii) industrial sintering
process at Artec ceramics company (Cordeiropolis, SP, Brazil)
involving single firing annealing at a temperature around
1140 °C for 20 min (referred to as industrially-fired tiles).

2.4 Materials characterization

For SEM and TEM analysis, the sample powder was suspended
in water and the resulting dilute suspension was deposited
onto the surface of a pre-cleaned monocrystalline silicon sub-
strate or SiO/Formvar coated TEM 300 mesh copper grid and
dried under ambient air. Ceramic tiles samples were directly
supported on aluminum stubs. All samples were sputter-coated
with a thin layer of carbon to ensure conductivity. FEG-SEM
analysis was carried out using a JEOL JSM-7500F microscope
(JEOL, Japan) in secondary electron detection mode, operated
at 2 kv and a working distance of 6-13 mm. TEM and HRTEM
images were collected using an FEI Tecnai G> F20 microscope
(FEI, Netherlands) operated at 200 kV. In situ X-ray diffraction
(XRD) measurements were carried out at the XPD beamline of
the Brazilian Synchrotron Light Laboratory (LNLS, Brazil)®’
under research proposal XPD-19059. Beamline experimental
station setup included a Huber diffractometer (Huber, Ger-
many), 1D Mythen detectors (DECTRIS, Switzerland) and sam-
ple holder inserted in a furnace enabling data collection under
in situ heating conditions. In situ XRD measurements were
performed with 7.99 keV (0.155 nm) monochromatic beam
during high-temperature thermal treatment and the diffracto-
grams were acquired under constant slow heating (5 °C min™")
up to 1000 °C with an interval of around 25 °C between each
measurement. Higher quality diffraction patterns were also
obtained after isothermal treatments at 600, 800 and 1000 °C
for 1 h. For comparison, ex situ XRD measurements were also
collected in an AXS D8 ADVANCE (Bruker, Germany) bench-
mark X-ray diffractometer operated at 40 kv and 40 mA and
employing Ni-filtered Cu Ko radiation. Crystallite sizes were
estimated using Scherrer formula®® based on diffraction peaks
broadening after correction for instrumental broadening
(determined by measuring under the same conditions a bulk
Al,O; standard). Rutile formation as a function of temperature
was estimated using Spurr-Myers empirical relation® based on
the intensity ratio of (100) and (101) diffraction peaks of
anatase and rutile, respectively. Nitrogen adsorption isotherms
were measured in an ASAP 2010 Micromeritics (Micromeritics,
USA) apparatus at liquid nitrogen temperature (77 K). To
remove adsorbed water, powder samples were degassed in
vacuum at 120 °C for 12 h. The specific surface area (Apgr)
values were determined from nitrogen adsorption isotherms
using the Brunauer-Emmett-Teller (BET) method, while pore
size distribution (PSD) analysis was carried out using DFT Plus
Micromeritics software based on the classical Kelvin equation and
the Harkins and Jura isotherm model for cylindrical pores.”””*
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Raman spectroscopy microanalysis of the photocatalyst-coated
ceramic tiles was carried out using a LabRAM HR 800 model
Raman spectrophotometer (Horiba Scientific, Japan) coupled to
an optical microscope and equipped with a 632.81 nm He-Ne
laser. Spectra of selected micro-regions (x100 objective lens
magnification) were collected in the range of 100-1000 cm ™" with
an acquisition time of 20 s and 20 scans. The X-ray photoemission
spectra (XPS) spectra were acquired using a Kratos AXIS Ultra
instrument equipped with a monochromatic X-ray source (Al Ko,
hv = 1486.6 eV) under the following acquisition parameters: base
pressure of 4 x 10~ ° Pa, sample neutralization with low energy
electrons (kinetic energy < 5 eV), hybrid mode (electrostatic and
magnetic lenses used), electrons take-off angle of 0°, pass energy
of 10 or 20 eV in high-resolution spectra. The analysis area was
elliptically shaped with main axes of 300 pum x 700 um. Charge
correction of the binding energy (BE) values was made with
respect to the main C 1s emission peak (C-C, C-H) of adventitious
carbon with BE of 285.0 eV. Using CasaXPS software, the fitting of
XPS spectra was performed with a mixture of Gaussian and
Lorentzian functions considering 30% of Lorentzian contribution.
The photoluminescence (PL) emission spectra of the powder
samples (Aexe) = 325 nm) were acquired using a Horiba Jobin
Yvon spectrofluorometer (model fluorolog-3 FL3-122).

2.5 Photocatalytic activity evaluation

Before coating the SiO,@TiO, particles onto the ceramic tiles,
we studied the photodegradation of crystal violet (CV) dye in
aqueous suspensions of the SiO,@TiO, particles®® to evaluate
the effect of physicochemical characteristics, especially thermal
stability, on photoactivity. For this purpose, the photocatalyst
powder (15 mg) dispersed in 35 mL deionized water by sonica-
tion for 30 min was mixed with 35 mL of CV dye solution
(20 ppm). This dye/photocatalysts mixture, containing 0.2 g L™"
photocatalysts and 10 ppm CV, was magnetically stirred in dark
for 0.5 h and then irradiated with UV-visible light from a Xe-arc
lamp (Lightningcure LC8 (Hamamatsu, Japan), Zemis = 300-
600 nm, maximum UV light output at 365 nm = 18.5 mW cm " ?)
placed 7 cm away from the photoreactor. Sample aliquots
before and after each 10 min of UV illumination were collected,
centrifuged and their electronic absorption spectra collected.
To compare the photoactivity of the different samples, the
photodegradation kinetic profiles were fitted as first-order
exponential decay curves and the corresponding observed rate

. . . C
constants (k.ps) were determined using the equation: o=
0

e kors’ where C, and C represents initial CV concentration and
concentration after certain interval of time (¢), respectively.
The photocatalytic self-cleaning performance of the SiO,@-
TiO,-coated ceramic tiles was evaluated by following the photo-
degradation of CV dye over-layer deposited on tile’s surface.”>
The dye over-layer was deposited by drop-casting 40 pL of a
0.08% CV dye solution in isopropanol on the surface of ceramic
tile and allowing it to dry under ambient air for 24 h. The
concentration of CV in the over-layer, deposited on the surface
of photoactive tiles, as function of UV irradiation exposure
time, was monitored by taking its electronic reflectance spectra
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using a USB 4000 spectrometer (Ocean Optics, USA.) equipped
with a Vis/NIR reflectance optical fiber and an LS1 tungsten
halogen lamp. A 16S Solar Light Simulator Xe arc lamp (Solar
Light Co., USA) was used as light source, maintaining a sample-
to-lamp distance of 7 cm and light spot diameter of 1 cm. The
relative humidity during photodegradation assays was kept in
the range of 60-70%. The collected reflectance spectra were
converted to F(R) function wusing the Kubelka-Munk
equation”’* and the dye photodegradation kinetic profiles
were obtained based on decrease in area of the F(R) vs.
wavelength spectra (450-700 nm). For comparison, the photo-
catalytic activity of P25-coated ceramic tiles was also measured
under identical conditions.

3 Results and discussion
3.1 Synthesis and particles structure of SiO,@TiO,

In this work, a two-step strategy® was followed to prepare
uniform SiO,@TiO, particles with small anatase nanocrystals
essentially supported on the surface of SiO, particles, without
the formation of unsupported free TiO, particles. First, we
allowed the precursor (titanium(iv) isopropoxide) to pre-
adsorb on the surface of SiO, particles suspended in ethanol-
isopropanol mix solvent (3:1 (v/v)) containing a minute quan-
tity of water (<0.05%) and then slowly hydrolyzed the
titanium(iv) isopropoxide adding an alcohol-water mixture.
The morphology of the resulting SiO,@TiO, particles was
studied by FEG-SEM (Fig. 1).

Knowing that the Stober SiO, particles exhibit a smooth
surface,>® the rougher surface of SiO,@TiO, particles con-
firms the formation of a TiO, layer around SiO, particles
(Fig. 1a and b). This core@shell configuration is more evident
in the TEM image of the as-prepared sample (Fig. 1c). The
SiO,@TiO, particles have an average size of 260 + 22 nm and
the TiO, is exclusively deposited on the surface of SiO,, with no
evidence of the formation of coreless or unsupported TiO,
particles. The presence of ethanol ensures partial conversion
of highly reactive titanium(iv) isopropoxide to its less reactive
oligomeric form,> thus allowing control of the nucleation and
deposition rates of TiO, on the surface of SiO, particles. More-
over, the trace amount of water present during the pre-
adsorption step is expected to induce limited hydrolysis
of titanium(v) isopropoxide and condensation, or at-least
H-bonding interaction, of the hydrolysed products with the
surface hydroxyl group of SiO, leads to their adsorption on the
surface of SiO,, thus favouring heterogeneous nucleation
process’®> and avoiding the formation of unsupported TiO,
particles (via homogenous nucleation). The HRTEM image
(Fig. 1e) of the as-prepared SiO,@TiO, particles shows the
presence of small nano-crystallites (5.2 + 0.3 nm) with inter-
planar distances of 0.35 nm which correspond to (101) crystal
planes of anatase TiO,.”® After calcination at 1000 °C,
the porous TiO, shell becomes somewhat denser and a
slight increase in particle/crystal size (~14 nm) is observed
(Fig. 1d and f).

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Representative (a and b) FEG-SEM and (c and d) TEM images of the
SiO,@TiO, particles (average size = 260 + 22 nm) before calcination (c)
and after calcination at 1000 °C (d); HRTEM image of the shell part of the
SiO,@TIO, particles (e) before and (f) after calcination at 1000 °C; the
presence of ~5 nm nanocrystallites with interplanar distances of 0.35 nm
is evident in (e).

3.2 Surface chemical characterization of SiO,@TiO, using XPS

XPS analysis was performed to investigate the surface proper-
ties of the SiO,@TiO, core@shell nanoparticles. The Si 2p core
region of the sample, adequately fitted with two components,
exhibits the characteristic emission peaks of SiO, at a binding
energy (BE) of 104.1 eV’” % with a second component appear-
ing at 102.8 eV (Fig. 2a). This component at slightly lower
BE has previously been assigned to the Si atom in Si-O-Ti
bond.2,77,80

To reinforce our assignment of the Si 2p photoemission
peak at 102.8 eV to Si—O-Ti cross-linking bonds at the interface
of the two oxide materials, the O 1s core region was also
analyzed. The O 1s core region of the as-prepared SiO,@TiO,
samples could not be satisfactorily fitted by considering the
contributions of oxygen atoms from Si-O-Si and Ti-O-Ti only
and an adequate fitting was obtained considering three com-
ponents at BE values of 530.2, 531.6 and 533.1 eV (Fig. 2b). The
XPS peak at 530.2 eV and 533.1 eV could be assigned to the O
atoms in TiO, (Ti-O-Ti) and SiO, (Si-0-Si), respectively.>””
The additional intermediate feature at 531.6 eV could be
assigned to the O atom in the interfacial Si-O-Ti bond,>””*%!
thus confirming the previous assignment of Si 2p region.®>
Moreover, a theoretical study using DFT calculations also

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 XPS spectra of SiO,@TiO, showing (a) Si 2p and (b) O 1s core
regions. The chemical bonds involving O and Si atoms that give rise to
different component peaks in the XPS spectra have been indicated on the
graphs.

suggests that the formation of interfacial Si-O-Ti bond in
SiO,-TiO, materials plays important role in determining the
enhanced stability of SiO,/TiO, interface.®®

3.3 Crystalline phase and thermal stability of SiO,@TiO,

In situ XRD measurements were performed to study the struc-
tural changes and thermal stability of SiO,@TiO, (Fig. 3b) and
unsupported TiO, (Fig. 3a) particles during high-temperature
thermal treatment up to 1000 °C. These measurements allowed
us to continuously monitor the A — R transformation and
crystallite growth as function of temperature (Fig. 3a, b and 4).
Higher quality diffraction patterns were also obtained after
isothermal treatments at 600, 800 and 1000 °C for 1h (Fig. 3c
and d) and relevant structural information of such annealed
samples are summarized in Table 1.

As shown in Fig. 3, the XRD patterns of the as-prepared
Si0,@TiO, and unsupported TiO, both closely match that
of anatase phase, thus confirming the selective crystallization
of amorphous titania into phase-pure anatase nanocrystals of
around 5 nm in both these samples upon hydrothermal treat-
ment (110 °C, 24 h). However, the structural and thermal
properties of these samples start to show significant differences

a) Tio, b) 5i0,@Ti0,

(102
>
3
H

A

At660°C rutile 4

formation starts  200:

20 (degree)
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R-Rutile d) A A-Anatase

=
£l

o

I

R
|

RR
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L b sooe
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Fig. 3 In situ powder X-ray diffractograms of (a) unsupported TiO, and
(b) SiO,@TIO, samples collected under continuous and slow heating
(5° min™) up to 1000 °C; powder X-ray diffractograms of (c) unsupported
TiO, and (d) SiO,@TiO; after isothermal treatments at 600 °C, 800 °C and
1000 °C for 1 h.
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Fig. 4 Evolution of (a) rutile formation and (b) anatase crystallite growth
for the SiO,@TiO, and unsupported TiO, as function of calcination
temperature. Data derived from in situ XRD data (Fig. 3a and b) collected
under continuous and slow heating (5° min~%) of the samples.

Table 1 Structural properties (crystalline phase, crystallite size and Aget)
of the as-prepared and annealed SiO,@TiO, and TiO, samples as deter-
mined by XRD and N, adsorption measurements

Crystalline
Sample Annealing TiO, size (nm) Aggr
code temperature phases (major phase) (m*g*)
SiO,@TiO, As-prepared Anatase 5+1 119+ 1
SiO,@TiO, 600 °C Anatase 5+1 85 +1
SiO,@TiO, 800 °C Anatase 7+1 68 £1
Si0,@TiO, 1000 °C Anatase 17 £ 4 24 + 4
TiO, As-prepared Anatase (major) 5+ 1 217 £1
Brookite (minor)
TiO, 600 °C Anatase (83%) 24 £6 40 £ 2
Rutile (17%)
TiO, 800 °C Rutile (98%) >150 <1
Anatase (2%)
TiO, 1000 °C Rutile >150 <1

when further subjected to calcination at higher temperatures.
For instance, the unsupported TiO, undergoes A — R trans-
formation, possibly following an interface-nucleation
mechanism,*®**® as evidenced by the appearance of sharp
diffraction peaks assigned to the rutile phase of TiO,** (Fig. 3a
and c). Such A — R transformation in TiO, starts around 660 °C
and rutile becomes the major phase at 800 °C and the only
phase at 1000 °C (Fig. 4a). The A — R transformation in TiO,
upon annealing (at T > 600 °C) is accompanied by a drastic
increase in crystallite size and large crystallites (rutile >
150 nm, anatase = 50 nm) are obtained at around 800 °C
(Table 1 and Fig. 4b).

For the SiO,@TiO,, the anatase nanocrystals of the same
initial size (~5 nm) show remarkable thermal stability, retain-
ing their phase-purity even after calcination at 1000 °C (Fig. 3b,
d and 4a). In this case, it is only at temperatures higher than
800 °C that a slight increase in intensity and/or decrease in
width of anatase diffraction peaks are observed (Fig. 3b and d),
indicating a relatively small increase in crystallite size (from
5 nm to 17 nm after annealing at 1000 °C for 1 h) of silica-
supported anatase (Fig. 4b). Similar results were obtained when
the ex situ diffractograms of SiO,@TiO, annealed at 600 °C,
800 °C and 1000 °C for 1h were obtained using a benchmark
Bruker D8-Advance X-ray diffractometer (Fig. S1, ESIf).
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Literature survey indicates that our SiO,@TiO, particles
show higher thermal stability than most of the reported ther-
mally stable SiO,-TiO, photocatalysts®®#>58 which, upon ther-
mal treatments in air at temperatures higher than 900 °C suffer
from at least partial A — R transformation.®®®*>"®® Such thermal
behavior has also been observed in core-shell structured
Si0,-TiO, aerogels previously reported by our group.'
Moreover, such outstanding stability could be related an inter-
facial diffusion of silicon and titanium cations during hydro-
thermal treatment leading to Si-O-Ti bond formation not
only at the interface but also in deeper atomic layers of both
materials. The effect of this interdiffusion and formation
of Si-O-Ti bonds was studied using DFT calculations,®®
which showed an interface stabilizing effect of this bond,
leading to higher mechanical stability. We may as well infer
that such interfacial bonding results in higher thermal stability
by inhibiting nanocrystals diffusion on the interface which is
involved in grain growth as well as A — R transformation, as
discussed later.

3.4. Porosity, surface area and pore size distribution

The BET specific surface area (Aggr), pore structure and pore
size distribution (PSD) of the as-prepared and calcined SiO,@-
TiO, photocatalysts was studied through nitrogen physisorp-
tion analysis. The N, adsorption-desorption isotherms of the
Si0,@TiO, particles (Fig. 5a) are of type IV,”" confirming the
mesoporous nature of TiO, shell. The SiO,@TiO, particles
display a bimodal PSD consisting of narrowly distributed small
(average diameter = 5 nm) mesopores pertaining to anatase
shell and widely distributed larger pores (>20 nm) that corre-
spond to inter-particle spaces in agglomerated core@shell
photocatalyst (Fig. 5b).

A comparison of the Aggr values (Table 1) and PSD analysis
(Fig. 5b) before and after calcination sheds some light on the
effect of high-temperature annealing on the textural properties
of Si0,@TiO, and unsupported TiO, particles. The unsup-
ported TiO, particles completely lose their porosity and surface
area (by as much as ~99%, see Table 1) due to drastic sintering
and crystallite growth, as previously demonstrated by XRD
analysis (Fig. 3 and 4). On the other hand, the higher stability
of SiO,@TiO, is reflected in their resistance to decrease in
surface area upon calcination. The SiO,@TiO, particles retain
their mesoporous structure (Fig. 5) and 60% of their Aggr upon
calcination at temperatures as high as 800 °C (Table 1). Upon
further thermal treatment at 1000 °C, however, the TiO, shell
in SiO,@TiO, samples loses its mesoporosity and suffers
around 80% decrease in Aggy (~), changes that are related to
the growth of the crystallites of silica-supported anatase (see
Fig. 4) as well as the collapse of porous system at such a high
temperature.

3.5. Why SiO,@TiO, core@shell particles show enhanced
thermal stability?

From the discussion presented above, we notice that the
enhanced thermal stability of anatase in SiO,@TiO, samples
is manifested in its ability to resist change in its crystalline

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) N, adsorption—desorption isotherms and (b) pore size distribu-
tion of the as-prepared SiO,@TiO, particles and after calcination at
different temperatures.

phase, crystallite size and specific surface area upon high-
temperature calcination (see Table 1). It is thus important to
understand how the SiO, support affects the thermal properties
of supported anatase nanocrystals.

The growth of anatase nanocrystals upon thermal treatment
is one of the main factors that induce conversion into rutile*>*°
and the rate of anatase-to-rutile transformation closely
depends on initial particle size and degree of nanoparticles
aggregation.*®*>*® Considering this, the higher thermal stabi-
lity of our SiO,@TiO, compared to unsupported TiO, can be
assigned to a combined effect of different factors including (i)
the formation of an interfacial Ti-O-Si bond, (ii) the formation
of small anatase nanocrystals (~ 5 nm), (iii) better dispersion of
anatase nanocrystals and (iv) silica effect, each one of which is
discussed in details below.

The presence of amorphous silica has been found to
improve the thermal stability of anatase, possibly due to a
surface curvature effect’>®’ and/or the formation of Ti-O-Si
bond.®*** These two factors may hinder the diffusion of small
anatase nanocrystals®® which is the first step in the interface
nucleation mechanism of A — R transformation.”® For
instance, Li et al®' reported that the crystallite size of TiO,
was smaller for small size SiO, core particles (24 nm) due to
surface curvature effect and this surface curvature effect was

© 2021 The Author(s). Published by the Royal Society of Chemistry
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less important for SiO, core particles with diameters of 95 nm
or larger. According to their model, for SiO, particles smaller
than 60 nm, surface silanol groups remain isolated due to
greater surface curvature and act as isolated nucleation sites for
the formation of small TiO, crystallites (8.2 nm at Ti/Si = 0.28).
For SiO, particles larger than 60 nm, extensive hydrogen
bonding between surface silanol groups leads to the formation
of agglomerates and TiO, crystals of larger sizes (22 nm at
Ti/Si = 0.4).°" However, this model neither explains the for-
mation of small (5 nm) anatase crystals nor the thermal
stability of our SiO,@TiO, particles since the SiO, sub-micron
spheres used in our work have larger diameters (>200 nm)
than the threshold size of 60 nm suggested by the authors.”

Considering that XPS analysis confirmed the formation of
interfacial Ti-O-Si bond in SiO,@TiO, samples (Fig. 2), in
agreement with previous theoretical and experimental
studies,>®>””*" we suggest that the formation of this interfacial
bond and the presence of amorphous SiO, help in preventing
aggregation and thus phase transformation by lowering the
surface diffusion of anatase crystallites.®> Moreover, theoretical
studies of the TiO,/SiO, interface using density functional
theory suggested the formation of Ti-O-Si bond and interdiffu-
sion of Si and Ti ions between the anatase and SiO, structures
as the two interface stabilizing interactions with an interface
stabilization of 1 eV and 1.5 eV, respectively.®

It is well known that the thermodynamic stability of the
three phases of TiO, (anatase, rutile, brookite) closely depends
on their particles size and degree of aggregation.*>>">
For instance, bulk anatase is less stable than bulk rutile but
anatase becomes more stable in the nanoscale size regime
(< 14 nm).***>°* This is because the contribution of surface
enthalpies to total Gibbs free energy becomes significant at
such small particle dimensions and the surface enthalpy
of anatase ((0.4 + 0.1) ] m ?) is lower than that of rutile
((2.2 £ 0.2) J m~?).> The lower surface energy of nanoanatase
thus plays an important role in its phase stability, knowing that
nanomaterials possess higher surface/volume ratios.’*°® The
critical crystallite size of anatase for A — R transformation has
been reported to be even higher (70-100 nm) for SiO,/TiO,
composites,”®> compared to 14 nm®>°* for unsupported TiO,
cited above. Since the crystallite size of the well-dispersed
anatase in our SiO,@TiO, samples is smaller than 14 nm, even
after thermal treatment at 800 °C, no phase transformation
takes place.

Moreover, since A — R transformation occurs when rutile
starts to nucleate at the interface of aggregated anatase
crystals,*®*° the process is facilitated in case of samples con-
taining aggregated nanoparticles. For the same reason, A - R
transformation can be inhibited by reducing particles
aggregation®>*°"%” and/or keeping the particle size below
14 nm,*”"** for example, by supporting small TiO, nanoparticles
on silica, as discussed in this article. The hydrothermal formation
of stable small (5 nm) anatase nanocrystallites, together with
their improved dispersion on SiO, surface, may thus be con-
sidered one of the reasons behind the higher thermal stability
of our Si0,@TiO, samples.*’
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We thus attribute the outstanding thermal stability of ana-
tase in SiO,@TiO, to its small crystallite size (~5 nm) with
better dispersion as well as to the suppression of coarsening
and surface diffusion of anatase nanocrystals due to the
presence of amorphous silica and the formation of the inter-
facial Ti-O-Si bond between the anatase TiO, and silica parti-
cles, as evidenced by XPS analysis (Fig. 2). It implies that the
SiO,@TiO, particles, with their unique structural/phase stabi-
lity, could be calcined at higher temperatures (1000 °C) to
improve anatase crystallinity and/or reduce structural defects
without any crystal growth or phase transformation. This
results in a photocatalytic system exhibiting high efficiency
(vide infra) and we exploit these ideal physicochemical char-
acteristics of SiO,@TiO, to prepare highly active self-cleaning
ceramic tiles, as discussed later.

3.6 Thermal stability-photocatalytic relationship in
Si0,@TiO, particles

We noticed that the formation of core@shell structure in
SiO,@TiO, plays important role in controlling their physical
properties (crystallinity, Aggp, PSD) during post-synthesis
annealing. To evaluate the effect of calcination or thermal
stability on the photocatalytic properties, the photoactivity of
SiO,@TiO, (Fig. 6a) and unsupported TiO, (Fig. 6b) samples as
function of calcination temperatures was studied through
photodegradation of CV dye (4. = 582 nm) as a model pollutant.
Direct photolysis of the CV dye by the UV light in the absence of
any photocatalysts is small (~6%), as indicated in Fig. 6a and b).
An analysis of the kinetic profiles (Fig. 6a and b) and photode-
gradation rate constants (Fig. 6¢) shows that the as-prepared
uncalcined SiO,@TiO, samples show better photoactivity than
the as-prepared unsupported TiO, samples. The higher photo-
activity of SiO,@TiO, is a combined result of the formation of
porous shell consisting of well-dispersed small anatase (~5 nm)
nanocrystals, improved adsorption of the dye molecules and
increased light path and hence efficient light harvesting ability
of Si0,@Ti0,, as demonstrated in our previous study.>*
Moreover, as expected from their contrasting thermal stability,
the materials display very distinct photocatalytic behaviour upon
annealing. A non-linear variation of photocatalytic activity with the
calcination temperature is observed for the unsupported TiO,
sample (Fig. 6b). As compared to the hydrothermally prepared
uncalcined TiO,, the TiO, sample treated at 600 °C shows higher
photocatalytic performance due to its increased crystallinity. How-
ever, calcination at a temperature higher than 600 °C leads to
drastic decreases in photoactivity, which is related to the extensive
crystallite growth, drastic loss of surface area and full conversion
of the anatase (most photoactive anatase) to rutile (less photo-
active) induced by thermal treatments at 800 °C and 1000 °C.
On the contrary, the photocatalytic activity of SiO,@TiO, is
significantly enhanced upon annealing to as high as 1000 °C
(Fig. 6a) and is much higher than that of unsupported TiO,
samples. Again, such excellent photocatalytic behaviour is
related to the higher thermal stability of anatase in SiO,@TiO,
samples which allows an increase in crystallinity of anatase
without any phase transformation or drastic crystallite growth.
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Fig. 6 Photocatalytic activity of SiO,@TiO, and unsupported TiO, before
and after calcination at different temperatures (600-1000 °C). The first-
order exponential decay fitted kinetic profiles of CV dye removal in the
presence of (a) SiO,@TiO, and (b) unsupported TiO, and (c) a comparison
the first-order decay kinetic constants for these photocatalysts. Error bars
correspond to the standard deviation of triplicate test. Direct photolysis of
the CV dye by UV light in the absence of any photocatalysts has also been
included in (a) and (b).

The fact that SiO,@TiO, annealed at different temperatures
(600-1000 °C) display almost the same photoactivity and simi-
lar photodegradation rate constants (Fig. 6¢) can be understood
by considering the interplay between increased crystallinity
(positive impact over photocatalytic activity) and decreased
surface area (negative impact over photocatalytic activity) with
the increase in the calcination temperature.

To further verify the effect of temperature and possible
increase in crystallinity on the charge separation efficiency,
photoluminescence spectra (PL) of the as-prepared and cal-
cined SiO,@TiO, samples were compared (Fig. S2, ESIt). The
PL intensity resulting from the radiative recombination of
charge carriers is higher for the as-prepared SiO,@TiO, sam-
ples and lower for the calcined samples. Moreover, the PL
intensity decreases with increase in calcination temperature,
indicating lower electrons-holes recombination, possibly due
to increased crystallinity of the calcined samples. These
remarkable results reinforce the great potential of the prepared
SiO,@TiO, core@shell particles for technological applications
that demand high-temperature processing such as self-cleaning
coatings and photocatalytic ceramic tiles.

3.7 Photocatalytic, self-cleaning ceramic tiles coated with
Si0,@TiO, particles

To test the implication of high thermal stability and excellent
photocatalytic properties of SiO,@TiO, particles in practical
applications of commercial interest, the SiO,@TiO, were spray-
coated onto the surface of unfired commercial ceramic tiles.
The low-magnification SEM images of SiO,@TiO,-coated tiles
obtained after annealing in laboratory furnace (Fig. 7a) or
industrial furnace (Fig. 7c) both show a uniform micrometric
scale coating of the tiles’ surface. The higher magnification

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 SEM images of SiO,@TiO,-coated ceramic tiles after annealing
using (a and b) laboratory furnace (1000 °C, 1 h, 15 °C min™) and (c and d)
industrial single firing process (1140 °C, 20 min); Raman spectra of the
respective (e) lab-fired and (f) industrially-fired SiO,@TiO,-coated ceramic
tiles. The Raman modes and the corresponding crystalline phases of TiO,
have been marked (anatase = *, rutile = #) on the Raman spectra.

SEM image (Fig. 7b) of the coated tiles annealed in laboratory
furnace clearly shows the presence of SiO,@TiO, particles
(similar to those observed for powder samples (Fig. 1b)) albeit
with some neck formation between the particles. Moreover, this
sample exhibits some small nanoaggregates that possibly
results from the sintering of supported anatase nanocrystals
(Fig. 7b). This makes sense as the industrially fired coated tile,
which passes through a more abrupt and higher temperature
(1140 °C) and is expected to undergo more sintering, shows no
sign of any small nanoaggregate and exhibits a more extensive
inter-particle neck-formation (Fig. 7d). This hypothesis is
further supported by a comparison of the Raman spectra of
SiO,@TiO,-coated tiles obtained after annealing in laboratory
furnace (Fig. 7e) and industrial furnace (Fig. 7f). While the
Raman spectrum of coated ceramic tile fired in laboratory
furnace shows the characteristics Raman band of only anatase
phase (marked as *) at 148 cm™ (Eg), 396 cm™ (Byg), 513 cm™
(A1g/B1g) and 635 em™ (E,)°®°° (Fig. 7e), additional Raman
bands (marked as #) corresponding to rutile phase appear in
the industrially fired ceramic tile (Fig. 7f). This suggests a
higher degree of sintering in the industrially fired ceramic tiles
which leads to at least partial conversion of anatase to rutile
despite the high thermally stability of silica-supported anatase
in SiO,@TiO, samples. This partial conversion of anatase to
rutile, however, is beneficial for the photocatalytic performance
of the photoactive tiles as discussed below.
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To understand the effect of annealing and hence thermal
stability on the photoactivity of coated photocatalytic ceramic
tiles, the photodegradation of CV deposited as an over-layer on
the surface of annealed tiles was studied under UV illumination
(Fig. 8). In case of lab-fired tiles, the P25-coated tiles could
photodegrade around only 30% of the CV dye after 30 min of
UV illumination, whereas the SiO,@TiO,-coated tiles degraded
over 90% of the dye in the same time (Fig. 8a). This difference
in photoactivity and/or the higher self-cleaning of the lab-fired
Si0,@TiO,-coated tiles is evident from the digital images
shown in Fig. 8d. Similarly, the industrially-fired tiles showed
excellent self-cleaning activity, with the SiO,@TiO,-coated tiles
performing better than P25-coated tiles (Fig. S3, ESIT).

Comparing Fig. 8a and b, a prominent increase and slight
decrease in photoactivity is observed for SiO,@TiO,-coated and
P25-coated tiles, respectively, after industrial firing at higher
temperature (~ 1140 °C) even though such treatment results in
more sintering and anatase to rutile conversion (Fig. 7). In fact,
the SiO,@TiO,-coated industrially fired sample degraded
around 80% of the dye overlayer within just 5 min of
UV-illumination, as compared to less than 10% in case of
P25-coated tiles (Fig. 8c). While the loss of photoactivity in
P25-coated tiles upon industrial firing may be related to exten-
sive sintering and complete transformation of the anatase
fraction (~70%)" of P25 TiO, to rutile (Fig. S4, ESIT), the
higher activity of annealed SiO,@TiO,-coated tiles may be
attributed to the formation of anatase/rutile heterojunction
that allows better charge carries separation.’®® % These
results testify the greater potential of SiO,@TiO, particles with
ideal physicochemical characteristics for use in the design of
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Fig. 8 Comparison of the photocatalytic activity of annealed SiO,@TiO5-
coated and P25-coated ceramic tiles. (a and b) Kinetic profiles of CV dye
removal in the presence of (a) laboratory-fired and (b) industrially-fired
ceramic tiles; (c) Comparison of the amount of CV dye degraded after
5 min of UV irradiation in the presence of annealed SiO,@TiO,-coated and
P25-coated tiles; (d) digital photos of the laboratory-fired CV-covered
photoactive tiles after 30 min exposure to UV light showing the superior
self-cleaning performance of SiO,@TiO,-coated tiles.
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self-cleaning coatings and photocatalytic ceramics as well as
environmental remediation. In fact, these SiO,@TiO, coated
tiles show far better photocatalytic behaviour than other TiO,-
based coatings reported in literature (Table S1, ESIY).

4 Conclusions

Small anatase nanocrystals (~5 nm), deposited on the surface
of SiO, particles in a core@shell (SiO,@TiO,) configuration
using the sol-gel method, exhibit excellent thermal stability
(1000 °C) which is reflected in their ability to resists change in
phase, loss in surface area or increase in crystallite size during
high-temperature calcination. Such higher thermal stability of
silica-supported anatase is attributed to its small crystallite size
(~5 nm) with better dispersion and the formation of the
interfacial Ti-O-Si bond between the anatase TiO, and silica
support particles which suppresses coarsening and surface
diffusion of anatase nanocrystals during calcination. The con-
sequence of this high thermal stability is that, unlike unsup-
ported TiO,, the photocatalytic activity of SiO,@TiO, particles
enhances upon calcination at 1000 °C. The implication of this
high thermal stability is that the SiO,@TiO,-coated photocata-
Iytic ceramic tiles vastly outperform the photocatalytic activity
of control tiles coated with commercial benchmark P25 TiO,
photocatalyst. Better dispersion, high thermal stability towards
crystallite growth and phase transformation and small anatase
crystallite size of the SiO,@TiO, particle make these photo-
catalysts ideal candidates for effective environmental remedia-
tion and other applications that involve high temperature
processing such self-cleaning coatings and photocatalytic
ceramics.
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