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bstract

series of TiO2–SiO2 mixtures – having the following stoichiometry Ti1−xSixO2, with x = 0, 0.1, 0.3 and 0.5 atoms per formula unit – were prepared
y using precursor oxides and fired at three temperatures (900, 1000 and 1200 ◦C). The modifications in the structure and, consequently, on the
hotocatalytic activity, induced by the addition of SiO2 into the TiO2 powder, were thoroughly investigated by using various analytical techniques:
-ray powder diffraction, electron microscopy (FE-SEM and TEM), XPS, FT-IR, DRS and BET analysis. The results underlined as essentially no

olid solution occurs between the two crystalline end-members. Nevertheless, silica addition caused a retarding effect on anatase-to-rutile phase
ransformation and on the crystallite growth.
The photocatalytic activity of the powders was assessed in gas phase and the results were explained by taking into account the anatase and
utile relative amounts in the samples, their crystallite size, the surface hydroxyl groups adsorbed on the photocatalysts and the surface area of the
ixtures.
2010 Elsevier Ltd. All rights reserved.
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. Introduction

There are four naturally occurring polymorphs of TiO2 –
utile (tetragonal, space group P42/mnm), anatase (tetragonal,
pace group I41/amd), brookite (orthorhombic, space group
bca), and TiO2 (B) (monoclinic, space group C2/m)1 – the
ost thermodynamically stable of which is rutile. Both brookite

nd anatase transform into rutile upon heating exothermally and
rreversibly, in a certain range of temperatures. Such a trans-
ormation is a metastable-to-stable irreversible transformation
nd it is widely accepted that the phase transition from brookite
nto rutile takes place in a temperature range of 500–600 ◦C,2

hereas anatase transforms into rutile within a temperature
ange of 600–1100 ◦C.3

Anatase and rutile are TiO2 polymorphic forms which are rel-
vant in photocatalytic applications,4 even if, for many authors,

natase is more photocatalytically active than rutile.5–9 More-
ver, being titanium dioxide compatible with the processing of
ilicate body mixes, the possibility to obtain photocatalytically
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ctive building materials could represent an alternative way to
ace the rising environmental pollution.

Anatase lattice is constituted by distorted TiO6 octahedral
ites, sharing four common edges10; while rutile one is com-
osed of distorted TiO6 octahedra where each octahedron shares
wo of its opposite edges with two other octahedra in order to
orm octahedral chains, running parallel to the c-axis.11

The anatase-to-rutile (A → R) polymorphic phase trans-
ormation follows a nucleation-growth mechanism.12 Upon
hermal treatment, anatase crystallites grow until they reach a
ritical nuclei size; once overcome, the rutile nucleation starts,13

nvolving the breaking of the anatase Ti–O bonds, followed
y a cooperative motion of these atoms.14 The A → R phase
ransformation is influenced by several factors, such as grain
ize,15 crystallite dimension,16 atmosphere17 and the presence
f dopants.18

Anatase is a well known and studied photocatalyst,19 but
ts polymorphic transformation to rutile is considered to be a
rawback that limits the photocatalytic activity. Differently, high

pecific surface area20 as well as crystallinity21 positively affect
he photocatalytic behaviour. Because the firing of TiO2 leads
o a decrease in surface area and an increase in crystallinity, it
an be stated that, to a certain degree, a compromise between

dx.doi.org/10.1016/j.jeurceramsoc.2010.05.014
mailto:tobaldi@cencerbo.it
dx.doi.org/10.1016/j.jeurceramsoc.2010.05.014
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he crucial factors – temperature, A → R phase transformation,
pecific surface area and crystallinity – needs to be reached.

In literature, several metal oxides, such as Al2O3, ZrO2 and
iO2,22–25 are added to titania in order to improve its UV pho-

ocatalytic activity, even if this property has not been tested for
rings at high temperature. The addition of silica to TiO2 could
esult rather attractive, not only because of its ability to maintain
charge balance, but also because silica is a low-cost, non-toxic
nd easily available product.

Actually, the system TiO2–SiO2 exhibits no miscibility at
05 Pa – despite Ti and Si are both tetravalent cations coordi-
ated by oxygen – due to the significant differences between
i4+ and Si4+ ionic radii; at pressure as high as 3 GPa, the sol-
bility of SiO2 in the TiO2-rich liquid is slightly enhanced.26

n fact, keeping to the present knowledge on the formation of
iO2–SiO2 solid solutions – TiO2–SiO2 phase diagram27 – at

he eutectic temperature (1550 ± 4 ◦C) cristobalite and rutile
oexist in equilibrium with a liquid having such a composi-
ion: 10.5 wt% TiO2 and 89.5 wt% SiO2. According to those
uthors,27 below the eutectic temperature, there is no solid solu-
ion between cristobalite and rutile, but these two coexisting
olids.

The aim of the present work is to study the photocatalytic
ctivity of a titania powder in which was added silica and which
as been fired at high temperature for a likely employ on silicate
ased ceramic products.28 The results are explained with regard
o the impact that the crystallographic characteristics – deter-

ined coupling X-ray powder diffraction structural data with
uantitative phase analysis ones – such as anatase and rutile
elative amount in the mixture, their crystallite dimension and
urface properties, exert on the photocatalytic activity of the
nvestigated samples.

. Experimental procedures

.1. Sample preparation and characterisation

The TiO2–SiO2 mixes were prepared using two commercial
owders as starting materials, a titania, Aeroxide P25 (DE), and
silica powder, CAB-O-SIL® EH-5 (US); their main character-

stics are given in Table 1. The studied mixtures were prepared
ccording to the following stoichiometry: Ti1−xSixO2 where
= 0, 0.1, 0.3 and 0.5 apfu.
The starting powders were thoroughly mixed in water
75 wt%) by using a high shear mixer (Silverson L4R, US),
or 1 min. Then they were dried in oven at 110 ◦C and fired
n a laboratory muffled furnace, subject to different thermal

able 1
hase composition and surface area of the starting powders.

ample Phase composition SBET (m2 g−1)

Anatase (wt%) Rutile (wt%)

eroxideTiO2 P25 85.6(1) 14.4(2) 50.0
AB-O-SIL® EH-5 Amorphous silica 380.0

ote: values in parentheses are the standard deviations referred to the last decimal
gure.
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ycles in order to simulate the firing steps of silicate based prod-
cts. Three maximum temperatures were reached – 900, 1000
nd 1200 ◦C. Unmodified TiO2, used as reference sample, was
hermally treated at the same temperatures.

For the firing at 900 and 1000 ◦C, an heating rate of 7 ◦C/min,
h of soaking time at the maximum temperature and natural
ooling was adopted as thermal cycle, with the aim of simulating
he industrial firing of heavy-clay products. For the firing at
200 ◦C, the same thermal cycle was used, the only difference
as in the soaking time of 1 min, in order to simulate the firing

teps adopted in the ceramic tiles production.
Samples in which silica was added, were named after the Si

ymbol, followed by the apfu amount added, and the value of the
aximum temperature reached. Pure titania at room temperature
as named after P25 symbol; when fired, the denomination with
25 was followed by the value of the maximum temperature
eached.

In order to find out the phase composition, the unit cell param-
ters, Ti–O bond distances and the mean crystallite size, the
owders were characterised through X-ray powder diffraction
nalysis, XRPD, by using a Panalytical X’Pert Pro diffractome-
er (NL) equipped with a fast RTMS detector,29 with graphite

onochromated Cu K�1,2 radiation (5–120◦ 2θ range, a vir-
ual step scan of 0.0167◦ 2θ and 30 s per step). The powders
rystal structure was refined using the Rietveld method and the
efinements were carried out using GSAS-EXPGUI software
ackages.30,31 The starting atomic parameters of anatase and
utile were taken from Howard et al.,32 adopting I41/amd space
roup for the former and P42/mnm one for the latter. Depending
pon the number of phases in the samples, up to 28 vari-
bles were refined: scale-factors, zero-point, 6 coefficients of the
hifted Chebyshev function adopted to fit the background, unit
ell parameters – determined using silicon (NIST SRM 640c)
s internal standard – atomic positions, isotropic displacement
arameters (UISO) and profile coefficients – one Gaussian, GW,
wo Lorentzian terms, LX and LY – peak correction for asymme-
ry and sample displacement effects. Quantitative phase analysis
QPA), via XRPD, was used to determine the amorphous amount
y adding 10 wt% corundum (NIST SRM 676a) used as internal
tandard.33 For this purpose the XRPD data collection extremes
ere: 10–80◦ 2θ range, 0.02◦ step scan and 5 s per step.
The distortion of the octahedral site, TiO6, was estimated as

ond length distortion (BLD):

LD = 10 ×
∑

i|(M–O)i − 〈M–O〉|
〈M–O〉 (1)

here (M–O)i is the ith metal–ligand distance and 〈M–O〉 is the
verage metal–ligand distance.34

Anatase and rutile mean crystallite size was calculated by
easuring the broadening of the X-ray reflections from selected
WHM values: (1 0 1) crystallographic plane for anatase and
1 1 0) for rutile, using the Scherrer’s formula (2), with Warren’s

orrection (3) for instrumental broadening35:

= kλ

β cos θ
(2)
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tains 42.7 wt% of anatase and 39.1 wt% of amorphous phase. By
increasing the temperature, Si0.5 1000, the anatase and amor-
phous amounts are of 28.6 and 43.0 wt%, respectively. Si0.5
1200 contains the maximum anatase amount (2.0 wt%), and the

Table 2
Phase composition of pure titania and of the samples fired at the different
temperatures.

Sample Phase composition

Anatase (wt%) Rutile (wt%) Amorphous (wt%)

P25 85.6(1) 14.4(2) 0
P25 900 0 100 0
Si0.1 900 10.7(2) 81.3(1) 8.0(5)
Si0.3 900 49.4(1) 30.3(1) 20.3(4)
Si0.5 900 42.7(1) 18.2(1) 39.1(4)
P25 1000 0 100 0
Si0.1 1000 3.9(1) 88.1(1) 8.0(4)
Si0.3 1000 31.2(1) 45.4(1) 23.4(4)
Si0.5 1000 28.6(1) 28.4(1) 43.0(4)
P25 1200 0 100 0
Si0.1 1200 0 92.1(1) 7.9(3)
D.M. Tobaldi et al. / Journal of the Euro

here t is the linear dimension of particle, k is the Scherrer’s
onstant (0.9), λ is the wave-length of the incident X-rays, θ is the
ragg’s angle and β is the sample line broadening (FWHM) that
as calculated using LaB6 (NIST SRM 660a) as line broadening

tandard:

2 = β2
M − β2

S (3)

here βM is the measured FWHM, βS the instrumental contri-
ution on the total FWHM.

The morphology of the powders was investigated by FE-
EM (Zeiss Supra 35-VP, DE) and by TEM (JEOL JEM, 2010,
P) equipped with an energy dispersion X-ray attachment, EDS
Inca, Oxford Instruments, GB). The atomic surface compo-
ition of the powders was evaluated through XPS analysis,
arried out on a TFA XPS spectrometer (Physical Electronics,
S); the spectra were recorded using monochromated Al K�

1486.8 eV).
In order to find out the possible occurrence of OH groups

dsorbed on photocatalysts surface and of Ti–O–Si bonds, FT-
R analysis was performed using a Perkin Elmer Spectrum One
US) and the scanning was set in the wavenumber range of
000–400 cm−1. The powders were mixed with KBr (2/200 by
eight) and pressed into thin pellets.
Diffuse reflectance spectroscopy (DRS) was used with the

im to detect whether silica addition shifted or not titania
bsorption edge. Spectra were acquired in the UV–vis range
300–750 nm, 0.03 nm step size, BaSO4 as reference) on a Perkin
lmer λ35 (US) spectrophotometer.

Their surface area was determined using the BET (Brunauer
mmett Teller) method (Flowsorb II 2300 Micromeritics, US)
ith N2 as adsorbate gas.

.2. Photocatalytic experiments

Photocatalytic activity of the powders was evaluated by mon-
toring the degradation of model organic compounds in gas

edium by FT-IR. The tests were carried out by way of monitor-
ng the oxidation of isopropanol into acetone and its subsequent
egradation, using FT-IR spectroscopy, in a cylindrical reactor
1.4 L in volume) covered by a quartz glass. The light source
as a 300 W Xenon lamp (Newport Oriel Instrument, US) hav-

ng light intensity of ∼30 W/m2 in the λ range of 315–380 nm.
he infrared part of the spectrum was blocked by means of an
dequate filter. The samples were prepared in the shape of thin
ayer of powder with constant thickness in a petri dish with 6 cm
n diameter. The working distance between the petri dish and
he lamp was 6 cm. Due to a strong influence of relative humid-
ty on photocatalytic activity, the relative humidity at 23 ◦C in
he system prior to the experiment was kept within the range
f 25–30%. It was maintained such by means of a flow of syn-
hetic air passing through the system. Relative humidity and
emperature were controlled by thermo- and hygro-meter which

as placed into the reactor. Each experiment was performed
y injecting 3 �L of isopropanol (∼700 ppm in gas phase) into
he reacting system through a septum. The total reaction time
as set at 540 min and the lamp was turned on 60 min after

S
S

N
fi
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he isopropanol injection, in order to complete the adsorption
f isopropanol onto the powder. The isopropanol degradation
nd acetone formation–degradation processes were followed by
onitoring the calculated area of their characteristic peaks at

51 and 1207 cm−1, respectively, in the IR region measured by a
T-IR spectrometer (Perkin Elmer Spectrum BX, US) and anal-
sed by software. We evaluated the photocatalytic activity as
he rate of the initial acetone formation (during the first 10 min),
ecause the slope is linear and thus acceptable for an evaluation
nly for short periods of time.36 In addition, with acetone as the
rst intermediate of isopropanol degradation,37 it may be con-
idered that its formation is characteristic and distinguishing of
sopropanol photo-oxidation.

. Results and discussion

.1. Titania structural modifications

As summarized in Tables 2–5, silica addition affected tita-
ia phase composition, mean crystallite size, surface area, and
→ R phase transition temperature of the fired samples.
Whereas pure titania, sample P25, is completely transformed

nto rutile already at 900 ◦C, the addition of silica delayed the
→ R polymorphic transformation (see Table 2). When fired

t 900 ◦C, sample Si0.1, still contains 10.7 wt% of anatase, but
lso 8.0 wt% of amorphous phase; when fired at 1000 ◦C the
natase and amorphous amounts are 3.9 and 8.0 wt%, respec-
ively. The A → R phase transformation is complete at 1200 ◦C,
ven if 7.9 wt% of amorphous phase still exists. The presence of
.3 apfu of silica allows keeping the maximum anatase amount
mong the samples fired at 900 and 1000 ◦C, namely 49.4 and
1.2 wt%, respectively. When fired at 1200 ◦C, it still contains
small amount of anatase, 1.1 wt% as well. Si0.5 900 con-
i0.3 1200 1.1(1) 77.8(1) 21.2(4)
i0.5 1200 2.0(1) 53.7(1) 44.3(4)

ote: values in parentheses are the standard deviations referred to the last decimal
gure.
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aximum amorphous amount (44.3 wt%) in comparison with
ther samples fired at the same temperature. From the QPA
esults, the amorphous amount is approximately equal to the
ilica added to the titania powder in the starting formulation;
dditionally, we did not find any cristobalite nor the presence
f any crystalline SiO2, but amorphous phase as an evidence of
ilica immiscibility; it can be deduced that no silica – or at least
really small amount – should be found in the fired samples
here silica was added in.
The unit cell parameters of the samples fired at the different

emperatures, as well as the Rietveld refinement parameters, are
eported in Table 3; an example of Rietveld refinement plot is
epicted in Fig. 1, as an evidence of the accuracy of the results.
rom the structural data, the previous assumption, namely the
ilica immiscibility, is confirmed, indeed, by an analysis of rutile
nit cell parameters: at 900 and 1000 ◦C, a- and c-axes of rutile
ontained in samples in which was added silica, show no change
f compared to the ones of the reference sample (Table 3). From
his finding, it can be inferred that no solid solution occurs
etween rutile and SiO2.38 Actually, according to the TiO2–SiO2
hase diagram,27 such system shows no miscibility due to the
ignificant differences between [4,6]Ti4+ and [4,6]Si4+ ionic radii
0.42–0.605 and 0.26–0.400 Å, respectively).39 A small devia-
ion from this trend is given by samples fired at the maximum
emperature: the more the silica addition, the bigger the unit cell
olume. Further studies are in progress, in order to clarify this
rend.

The same assumption is made, considering anatase unit cell
arameters: no solid solution takes place between silica and
natase.

The addition of silica to titania – as expected – slightly mod-
fied rutile Ti–O distances and hence the octahedral site rutile is
oordinated (Table 4). Focusing on the BLD of fired samples,
t can be assumed that silica addition vaguely promotes a dis-
ortion of the octahedral site, a part from samples Si0.3 fired at
000 and 1200 ◦C that are somewhat less distorted than the ref-
rence one. Though Ti–O distances are compatible with absence
f solid solutions, BLD trend is not in full agreement with the
bove-discussed immiscibility between the two oxides.

The analysis of the mean crystallite sizes of anatase and rutile
n the prepared samples (see Table 5), indicates that silica addi-
ion limits not only the A → R phase transformation, but also
he dimensional increase in all the samples (Fig. 2). While the

ean crystallite size of P25 fired at 900 ◦C, 100% of rutile, is
03 nm (Fig. 2a), in the samples with silica addition, rutile crys-
allite size is always smaller and it continuously decreases with
he amount of SiO2 added. At 1000 ◦C, anatase crystallite size is
n the range of 28–38 nm, following the same trend as the rutile
articles (Fig. 2c and d). When fired at 1200 ◦C, rutile reached
he maximum crystallite size, ranging from 66 to 126 nm.

As assessed by TEM observations of the samples in which
ilica was added (Fig. 3), larger titania particles are partially
urrounded by finer silica ones. This way, the amorphous

iO2 matrix behaves as a barrier, reducing the coarsening of
natase40,41 by preventing titania particles from coming into
utual contact and therefore delaying the critical size beyond

hat anatase transforms to rutile.42
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Fig. 1. Rietveld refinement plot of the X-ray powder diffraction data of the sample Si0.1 fired at 900 ◦C. The continuous green line represents the calculated pattern,
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hile the red cross points stand for the observed pattern; the difference curve be
ndicated by the small vertical bars (black: anatase; red: rutile; blue: silicon, the
he reader is referred to the web version of the article.)

The surface area of the samples in which silica was added,
hen fired at the same temperature, increases proportionally
ith the SiO2 amount added, due to the larger amount of
ano-sized silica that is around titania particles. In addition,
he increase of the thermal treatment temperature, from 900 to
200 ◦C, induces a drastic decrease of the surface area for the
hole set of samples, due to incipient sintering effects among

he different particles (Table 5).
.2. FT-IR, DRS and XPS characterisation

FT-IR spectra (Fig. 4), show different absorption bands in the
ange of 400–600 cm−1 to be attributed to Ti–O–Ti vibrations,43

s
a
p
i

able 4
ond lengths of rutile contained in pure titania and in the prepared samples fired a
alculated from the Rietveld refinements of X-ray diffraction patterns.

ample Ti–O bond length (Å)

Apical distance (2×) Basal distance (4×)

25 2.068(18) 1.893(11)

25 900 1.981(2) 1.948(1)
i0.1 900 1.983(2) 1.947(1)
i0.3 900 1.984(3) 1.947(2)
i0.5 900 1.989(4) 1.943(3)

25 1000 1.981(2) 1.948(1)
i0.1 1000 1.987(3) 1.944(1)
i0.3 1000 1.978(4) 1.950(2)
i0.5 1000 1.989(4) 1.943(3)

25 1200 1.982(3) 1.947(2)
i0.1 1200 1.987(2) 1.944(2)
i0.3 1200 1.983(3) 1.948(2)
i0.5 1200 1.988(2) 1.946(1)

ote: values in parentheses are the standard deviations referred to the last decimal fig
observed and calculated profiles is plotted below. The position of reflections is
al standard). (For interpretation of the references to color in this figure legend,

hile the peak at ∼1620 cm−1 corresponds to the bending
ibrations of O–H, and the broad bands at around 2840 and
430 cm−1 are attributed to the surface adsorbed water and
ydroxyl groups.44 These two latter bands are stronger in the
red samples in which was added silica (Fig. 4c) than in the
ure and fired one (Fig. 4b), suggesting that the addition of
ilica brings more surface hydroxyl groups to the photocata-
ysts. The faint band at about 960 cm−1 observed in sample
i0.1 (Figs. 4c and 5) has been attributed to the asymmetric

tretching vibration of Ti–O–Si bond45: TiO2 and SiO2 are prob-
bly not only as single oxide but they also form complex oxide
articles.46 Moreover, in the samples in which was added sil-
ca, there is a peak at approximately 1070 cm−1 which can be

t the different temperatures and distortion of TiO6 octahedron (BLD). Values

Distortion of TiO6 octahedron (BLD)

Average distance (6×)

1.951(13) 2.392

1.959(1) 0.441
1.959(1) 0.485
1.959(2) 0.501
1.958(3) 0.625

1.959(1) 0.445
1.959(2) 0.579
1.959(3) 0.380
1.958(3) 0.632

1.959(2) 0.481
1.959(2) 0.585
1.960(2) 0.475
1.960(1) 0.577

ure.
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of the particle are approximately the same (Table 6). The O 1s
core level spectra of the samples P25 and Si0.1, fired at 900 ◦C,
are shown in Fig. 7. P25 spectrum can be decomposed into two
ig. 2. FE-SEM micrographs: (a) sample P25 fired at 900 ◦C; (b) sample Si0.1

ssigned to the asymmetric stretching vibration of Si–O–Si bond
n the amorphous silica47 surrounding the titania particles, as
videnced by TEM observations (Fig. 3).

The optical spectra of the samples illustrate how the addi-
ion of silica and the subsequent firing do not modify titania
and gap (Fig. 6), since silica was not incorporated into titania
tructure. As a matter of fact, the onset of the absorption spectra

ppears to be at about 380–410 nm, that corresponds to anatase
nd rutile band gap (3.2 and 3.0 eV, respectively).48 Those pow-
ers are actually a mixture of anatase and rutile, a part from P25
amples fired at the several temperatures – composed of rutile

able 5
ean anatase and rutile crystallite dimension and BET surface area of the

repared samples.

ample Anatase (nm) Rutile (nm) SBET (m2 g−1)

25 23 35 50.0

25 900 – 103 3.6
i0.1 900 35 65 32.7
i0.3 900 27 51 83.0
i0.5 900 26 41 125.9

25 1000 – 113 1.8
i0.1 1000 38 72 25.9
i0.3 1000 29 59 70.9
i0.5 1000 28 49 103.7

25 1200 – 126 1.2
i0.1 1200 – 99 0.6
i0.3 1200 a 74 0.8
i0.5 1200 a 66 0.5

a The anatase amount in the mixture resulted to be too low for a reliable
easure.

c

at 900 ◦C; (c) sample P25 fired at 1000 ◦C; (d) sample Si0.1 fired at 1000.

whose absorption spectra are slightly shifted toward lower
nergies.

XPS spectrum of sample Si0.1 fired at 900 ◦C shows that the
mounts of Ti (11.7 at%) and Si (9.8 at%) on the outer shell
ontributions: a major peak at 529.8 eV with a small shoulder

Fig. 3. TEM micrograph of the sample Si0.1 fired at 900 ◦C.
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Fig. 6. DRS spectra of samples P25 at room temperature (dotted line) and
samples P25 (continuous line) and Si0.1 (dashed line), both fired at 900 ◦C.

Table 6
Composition (at%) of samples P25 and Si0.1 fired at 900 ◦C, according to XPS
analysis. Carbon comes from atmospheric CO2.

Sample Atomic %

O Ti Si C

P25 900 60.1 19.4 – 20.5
Si0.1 900 59.1 11.7 9.8 19.4
ig. 4. FT-IR spectra of the samples: (a) P25 at room temperature; (b) P25
red at 900 ◦C; (c) Si0.1 fired at 900 ◦C. *: hydroxyl groups; �: O–H bending
ibrations; ♦: adsorbed water; �: Ti–O–Si bonds; �: Si–O–Si bonds.

t 531.6 eV, respectively assigned to Ti–O in TiO2, and to O–H

dsorbed on the sample surface49 according to FT-IR analysis.
esides these peaks, sample Si0.1 spectrum has another major
eak at 532.9 eV, attributed to Si–O in SiO2.50

ig. 5. Magnification in the range 1000–800 cm−1 of FT-IR spectra b and c
eported, in order to emphasize the band at approximately 960 cm−1, due to
i–O–Si bonds. Dashed line: sample P25 fired at 900 ◦C; continuous line: sample
i0.1 fired at 900 ◦C.

Fig. 7. XPS O1s core level spectra of the samples: (a) P25 fired at 900 ◦C; (b)
Si0.1 fired at 900 ◦C. Dot-dash line: Ti–O bond; dotted line: O–H bond; dashed
line: Si–O bond.
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We are indebted to Prof A.G. Gualtieri (University of Modena
ig. 8. Photocatalytic activity of the samples fired at 900 and 1000 ◦C, consid-
red as the initial acetone formation rate.

.3. Photocatalytic activity

The photocatalytic activity results are illustrated in Fig. 8. The
resence of silica clearly improved the photocatalytic activity of
itania samples, both at 900 and 1000 ◦C. No sample, which was
hermally treated at 1200 ◦C, acted as a photocatalyst because of
intering that made particles bigger and gave the lowest surface
rea values.

Concerning the samples thermally treated at 900 ◦C, it is
orth noting that rutile plays a significant role in the photocat-

lytic degradation.51 Actually, sample P25 900, notwithstanding
he lack of anatase, has a low but still appreciable photocat-
lytic activity, which is due to its crystallite size rather small,
03 nm. At 900 ◦C, the photocatalytic activity of the samples
ith silica addition improved, despite the presence of a not
egligible amount of rutile and amorphous phase as well, as
etected by XRPD (Table 2). Sample Si0.1 shows the best pho-
ocatalytic performances due to the less amount of amorphous
hase (8.0 wt%), small anatase and rutile crystallite size and
high surface area value. Apart from that sample, more silica

ddition lowers the photocatalytic activity. This behaviour could
e ascribed to the larger amount of amorphous phase that, sur-
ounding titania particles, hinders its photocatalytic activity. In
act, the worst photocatalyst among the samples in which sil-
ca was added, is sample Si0.5 900 – the one containing the
argest amount of amorphous phase at 900 ◦C. It can be asserted
hat the improved photocatalytic activity of Si0.1 900, compared
o the reference sample (P25 900), is due to the presence of
oth anatase and rutile, characterised by small particle size and,
onsequently, to the high surface area value that increases the
umber of active sites participating in the photoreaction. The
ncrease of the thermal treatment temperature, 1000 ◦C, causes
general decrease of the photocatalytic activity. This is more
vident in the reference sample and in the samples where sil-
ca addition was more than 0.1 apfu. The biggest crystallite size
nd lowest surface area are responsible, for sample P25, of this

a
m
v
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ehaviour. Samples Si0.3 and Si0.5, even if fired at 1000 ◦C,
aintain a rather low crystallite size, in the range of 28–29 nm

or anatase and 49–59 nm for rutile, consequently, surface area
alues are still high (Table 4). Nevertheless, they contain a large
mount of amorphous phase that is strongly detrimental to their
hotocatalytic activity. It is highly probable that this detrimental
ffect is even higher in the case of increased rutile amount. Con-
ersely, sample Si0.1 – having less amorphous SiO2 amount,
amely 8.0 wt% – is the best photocatalyst among the samples
red at that temperature, despite the presence of 88.1 wt% of
utile and the biggest anatase and rutile mean crystallite size
ithin the set of Si-samples fired at 1000 ◦C (Tables 2 and 4).
Furthermore, the presence of more surface hydroxyl groups

wing to silica addition, as detected by FT-IR analysis, favours
he photocatalytic reaction, because it helps generating chemical
xidative species such as hydroxyl radicals that open the photo-
atalytic oxidation.52 In addition, as revealed by the microscopic
nd XPS observations, amorphous SiO2, present as a matrix
etween titania particles, acts as adsorbent domain, whereas
iO2 as photocatalyst22 (Figs. 3 and 6).

. Conclusions

Silica was added to a titania powder in order to shift the
natase-to-rutile phase transition toward higher temperatures
o as to improve its photocatalytic activity, once fired at high
emperature.

The crystal structure of the fired powders was investigated
horoughly. Results validated as essentially no solid solution
etween the two crystalline end-members occurs; anyway, silica
ddition shifted toward higher temperatures the A → R poly-
orphic transformation by delaying anatase from reaching the

ritical size beyond which the phase transformation takes place,
llowing therefore higher anatase retention.

An excessive amount of the amorphous phase, that surrounds
he anatase/rutile particles, is able to decrease the photocatalytic
erformance of the sample. The ones containing less amorphous
hase, behaved as the more active photocatalysts, both at 900
nd 1000 ◦C. At the maximum firing temperature, 1200 ◦C, no
ample acted as a photocatalyst, because of a partial sintering.
he rutile contribution on the photocatalytic activity resulted to
e not negligible.

The improved photocatalytic effects of silica addition in
itania powders are supposed to be due to the smaller mean crys-
allite size and larger surface area, to the concurrent presence
f anatase and rutile and to the more surface hydroxyl groups
dsorbed on the photocatalyst surface.
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