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bstract

he most photocatalytically active titania modification anatase must be stabilised to achieve high photocatalytic activity in ceramic processes at
emperatures above 1000 ◦C. Thermally stable TiO2 powders were prepared by the addition of silica and boehmite nanoparticles and deposited on
orundum substrates and lead-free glazes. The powders and coatings were fired at increasing temperatures, and stabilisation of the anatase phase
as achieved up to 1200 ◦C. In general, thermal stability was found to be lower when coated on substrates compared to the powder alone, and the

xtent of reduction depended on the chemical composition of the substrate. Only a slight modification of the titania electronic structure was found,

ndicating only weak interactions between silica and titania. Based on these results it is possible to assume an amorphous silica and alumina shell
ncases the titania particles which prevents grain growth and the anatase to rutile phase transformation.

2011 Elsevier Ltd. All rights reserved.
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. Introduction

Research on TiO2 semiconductor photocatalysis in gen-
ral, and on functional surfaces in particular, has been a
ubject of great interest in recent decades. TiO2 is used for
isinfection and detoxification of water and wastewater, air
urification, anti-fogging surfaces, self-cleaning surfaces, self-
terilizing surfaces, amongst other applications.1–5 Using TiO2
xidation processes in self-sterilizing coatings to disinfect
nd produce hygienic surfaces is an interesting application
or photocatalysis.6 Regarding the proliferation of infec-
ious diseases by mutated microorganisms in recent years,
elf-disinfecting surfaces in public areas may be an impor-
ant development for the future. For example, Kikuchi et
l.7 and Sunada et al.8 demonstrated the decomposition of
scherichia coli on a photocatalytically active titanium dioxide
urface on glass substrates. E. coli, Pseudomonas aeruginosa,

taphylococus aureus, Enterococcus hirae and Bacteroides frag-
lis were decomposed in suspension by Tsuang et al.9 Other
tudies have shown the decomposition of different types of

∗ Corresponding author. Tel.: +41 58 934 73 23.
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icroorganisms such as MS-2 phages,10 hepatitis B viruses,11

ancer cells with cell-specific antibody-TiO2 bioconjugates12,13

nd algae and daphnids.14 The decomposition of microorgan-
sms on ceramic substrates was also demonstrated by Zan
t al.11,15

However, because anatase is the most photocatalytically
ctive modification of TiO2, a key issue for the development of
hotocatalytically active ceramic surfaces is the anatase (A) to
utile (R) phase transformation.2,16–18 Usually, nanocrystalline
natase is transformed to rutile in the temperature range from
00 ◦C to 700 ◦C.19 This phase transition prohibits the direct
pplication of nanocrystalline anatase in ceramic processes such
s firing or glazing which usually require temperatures between
000 and 1200 ◦C. Rego et al.20 fired screen-printed TiO2 coat-
ngs on glazed ceramic tiles at 850 ◦C and Marcos et al.21 found
he optimal working temperature range to be from 600 ◦C to
50 ◦C to prevent the A–R phase transition and achieve high
hotocatalytic activity. Bondioli et al.22 fired a TiO2-containing
ol deposited by air-brushing on unglazed ceramic tiles up to
00 ◦C for 5 min and Yoo et al.23 fired a transparent TiO2 sol on
laze-coated tiles up to 700 ◦C, also to prevent the A–R phase

ransition.

To develop hard, abrasion resistant and photocatalytically
ctive titania coatings prepared at temperatures above 1000 ◦C

dx.doi.org/10.1016/j.jeurceramsoc.2011.07.016
mailto:dirk.penner@zhaw.ch
dx.doi.org/10.1016/j.jeurceramsoc.2011.07.016


2 opean

t
m
i
c
t
F
C
o
t
t
e
t
Y
d
r
s
o
p

t
a
o
w
b
a
d
d
l
t
X
o
c

2

2

p
T
e
T
5
m
i
w
a
a
p
7
T
c
6
d
g
v
1

2

e
N
g
fi
1
N
fi
1
w
5
s
t
T
a
T
f
3

2

d
D
a
p
p
s
w
1
b
m
r
6
m
s
3
d
S
f
s

2

w
(
d
r
t

888 M. Hofer, D. Penner / Journal of the Eur

he most photocatalytically active titania modification anatase
ust be stabilised. The anatase to rutile transformation rate

s dependent on dopants, dopant concentration and other
ompounds present such as oxides. Several studies showed
he increase of the transformation rate in the presence of
e2O3,24,25,27 iron chlorides,24 NiO,26 CoO,26 MnO2,26,27

uO,26,27 Li2O,25 LiF,27 Li2CO3,27 K2O and Na2O.25,28 Other
xides such as CeO2,29,30 Eu and Sm31 inhibit the A–R phase
ransition rate. Low-cost oxides alumina and silica increase the
hermal phase stability of anatase at high temperature; Ding
t al.32 demonstrated the thermal stabilisation of a sol–gel syn-
hesised anatase powder by a small fraction of alumina, and
ang and Ferreira33,34 found an inhibitory effect of sol–gel
erived alumina and Al2O3–SiO2 powders on the anatase to
utile phase transition. Baiju et al.35 and Periyat et al.36 also
howed increased thermal stability and photocatalytic activity
f sol–gel synthesised mixed TiO2–SiO2 and TiO2–Al2O3–SiO2
owders.

To the extent of our knowledge, the above authors limited
heir investigations to demonstrating the thermal stability of
natase powders, and there are no reports on the behaviour
f stabilised TiO2 coatings made on substrates. In the present
ork we show a simple method to prepare thermally sta-
le titania powders and coatings using tetraethyl orthosilicate
nd pre-formed boehmite and anatase nanoparticles. We
emonstrate and discuss the thermal stability of the pow-
ers and coatings made on corundum and three different
ead-free glazes fired above 1000 ◦C. Further, we characterise
he material using XRD, FT-IR and UV–vis spectroscopy,
PS, SEM-EDS and investigate the photocatalytic activity
f the material using methylene blue as the model organic
ompound.

. Experimental

.1. Stabilised titania powder preparation

The synthesis of silica- and boehmite-stabilised titania was
erformed using tetraethyl orthosilicate (TEOS) as precursor.
he molar ratio of TEOS to boehmite (AlOOH) was 3/1. In some
xperiments the boehmite fraction was replaced completely by
EOS. The mixtures investigated contained 13, 20, 25, 36, 47,
7, 76, 92, 96 and 98 wt% titania, with the total amount of
aterial (TEOS + AlOOH + TiO2) fixed at 77 mmol. The exper-

ments consisted of the following steps: TEOS (Sigma–Aldrich)
as dissolved in 33.3 g anhydrous ethanol, then hydrolised by

dding 3.33 g of 0.04 M aqueous hydrochloric acid and stirring
t 1000 rpm for 24 h at room temperature. In a separate step,
re-formed titania nanoparticles (40 wt% in water; VP Disp. W
40 X, Evonik) were added and stirred for 18 h at 1000 rpm.
he final step involved the addition of boehmite nanoparti-
les (25 wt% in water; Disperal P2, Sasol) and stirring for
h at 1000 rpm. For powder production the dispersions were

◦ ◦
ried in two stages, 25 C for 24 h and 80 C for 1 h, before
rinding to a powder. The powders were fired for 30 min at
arious temperatures between 100 ◦C and 1400 ◦C in steps of
00 ◦C.

w
b
w
t
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.2. Substrate and titania coating preparation

Fired stoneware substrates were glazed with three differ-
nt lead-free glaze compositions. Na–K-glaze 1 contained 19%
a2O, 2% K2O, 3% CaO, 8% ZnO, 2% Al2O3, 66% SiO2. The
laze was first dried at 25 ◦C and then at 80 ◦C for 60 min before
ring using a controlled ramp of 100 ◦C/h to 650 ◦C, 150 ◦C/h to
100 ◦C and holding for 20 min. Na–B-glaze 2 contained 15%
a2O, 51% SiO2, and 34% B2O3 and the glaze was dried and
red as per glaze 1. Ca–Ba–B-glaze 3 contained 5.5% CaO,
0.6% Al2O3, 56.3% SiO2, 5.0% BaO, 22.6% B2O3. The glaze
as dried at 80 ◦C for 60 min before firing using a ramp of
00 ◦C/h to 1100 ◦C and holding for 10 min. The glazed sub-
trates and unglazed corundum substrates were coated with the
itania dispersion using a dip-coating process in a separate step.
he coated area on the substrates covered 2.5 cm × 4.0 cm and
withdrawal velocity of 300 mm/min for the coating was used.
he coatings were dried at room temperature for 1 h and at 80 ◦C

or 1 h and then fired at 1080 ◦C for various durations from 1 to
0 min.

.3. Characterisation methods

The phase composition of the powders and coatings was
etermined by X-ray diffraction (XRD) using a Bruker Advance
8 diffractometer with Cu K� radiation, a resolution of 0.0057◦

nd 0.5 s/step acquisition time. Quantitative determination of the
hase composition, crystallite size and lattice parameters was
erformed via the Rietveld-Method37 using BGMN Autoquan
oftware version 2.7 (GE Inspection Technologies GmbH). The
eighted profile R-factors (Rwp) for refinements were below
0%. The electronic structure of the powders was determined
y Fourier transform infrared spectroscopy (FT-IR) measure-
ents on a Perkin–Elmer Spectrum 100 spectrometer with a

esolution of 4 cm−1 and a measurement range from 4000 to
00 cm−1. Reflection ultraviolet–visible spectroscopy (UV–vis)
easurements were recorded with a Perkin–Elmer Lambda 950

pectrophotometer with a resolution of 1.0 nm and a range from
00 to 650 nm. Scanning electron microscopy (SEM) and energy
ispersive X-ray spectroscopy (EDS) were performed on a Zeiss
upra 40 PV. X-ray photoelectron spectroscopy (XPS) was per-
ormed on a SPECS Compact ESCA System SAGE HR 100
pectrometer using Mg K� radiation.

.4. Determination of photocatalytic activity

The photocatalytic activity of the stabilised anatase coatings
as determined using an aqueous solution of methylene blue

95%, Sigma–Aldrich) at a concentration of 10 �mol/l. An 8 cm
iameter borosilicate petri dish was used as the photocatalytic
eactor. The light source consisted of an 830 W/m2 xenon emit-
er with wavelength range of 300–830 nm to mimic the natural

avelengths and radiation intensity of the sun. The distance
etween the lamp and the coatings was 21.0 cm. The reactor
as cooled by a fan with a flow of 60 m3/h and 20–25 ◦C air

emperature. UV–vis spectroscopy to measure the absorption of



M. Hofer, D. Penner / Journal of the European Ceramic Society 31 (2011) 2887–2896 2889

F 900
R

t
L

3

3

b
w
3
f

a
t
w
i
m
i
o
q
t

ig. 1. (a) XRD patterns of anatase powder starting material fired from 400 ◦C to
: rutile.

he methylene blue samples was performed using a Perkin Elmer
ambda 16 photometer at a wavelength of 664 nm.

. Results and discussion

.1. Thermal stability of the powders

In order to investigate and optimise the titania thermal sta-

ility and titania loading of the powders, the titania fraction
as varied between 13 and 98 wt%. Powders with 13, 20, 25,
6, 47, 57, 76, 92, 96 and 98 wt% titania were fired stepwise
rom 100 to 1300 ◦C followed by quantitative XRD analysis

2
(
p

◦C. (b) Stabilised anatase powder S20 fired from 700 ◦C to 1200 ◦C. A: anatase;

fter every heating step to examine the crystal structure and
he thermal stability of the synthesised powders. Compositions
ith 20 wt% titania (S20) showed the greatest thermal stabil-

ty, therefore all further experiments were focused on the S20
aterial. Typical XRD results for the non-stabilised titania start-

ng powder and the thermally stable S20 material as a function
f temperature are given in Fig. 1a and b, respectively, with
uantitative XRD analysis for S20 given in Fig. 2a. The diffrac-
ograms (Fig. 1) showed two main peaks at 2θ = 25.3◦ and at

θ = 27.5◦ which correspond to the anatase (1 0 1) and rutile
1 1 0) lattice planes, respectively. The anatase (A) to rutile (R)
hase transition proceeded at temperatures between 500 ◦C and
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Fig. 2. (a) Thermal stability of stabilised titania and (b) crystallite size depen-
dence on firing temperature: S20 powder (20 wt% titania; �), S20 powder
without boehmite (©), S10 powder (13 wt% titania; +), S70 powder (76 wt%
titania; ×), S20 on corundum (�), and non-stabilised anatase starting material
(�). (c) Thermal stability of anatase as a function of the titania fraction in the
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face and linked with hydrogen bridges. With increasing
owder: samples fired at 900 ◦C (�), 1000 ◦C (�), 1100 ◦C (�), 1200 ◦C (©)
nd 1300 ◦C (�).

00 ◦C for the starting material, with the anatase mass fraction
ecreasing from 68 wt% to 4 wt% in this temperature range.
his correlates well to published data for the A–R phase tran-
ition temperature for nanocrystalline TiO2 sol–gel powders.19

he XRD patterns of the thermally stable material S20 show
he A–R phase transformation occurred between 1000 ◦C and
200 ◦C, with the anatase mass fraction decreasing from 70 wt%
o 34 wt%, and by 1300 ◦C the anatase was completely trans-
ormed to rutile (Fig. 2a). At 1100 ◦C an overall increase of
he peak intensity was observed due to enhanced anatase crys-
allinity and crystallite size (Fig. 1b). An increasing crystallite
ize but constant anatase lattice parameter was observed for all
owders with increasing temperature (Fig. 2b). Comparing the

–R transformation temperatures of the anatase starting mate-

ial and the stabilised anatase S20, a shift of the A–R transition
y about 500 ◦C was found.
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Fig. 2c shows the dependence of the anatase fraction on
oth temperature and wt% titania in the starting mixture. The
ighest thermal stability was found at lower titania contents
13–36 wt%) and higher silica/boehmite amounts. At 1000 ◦C
igher anatase stability was seen across the broad range of
3–92 wt% titania in the starting mixture. This shows that silicon
ioxide and boehmite nanoparticles are effective for improving
he thermal stabilisation of the anatase phase compared to the
ure titania starting material.

No phases other than anatase and rutile were found in the
RD diffractograms of S20. Silicon dioxide is assumed to

emain amorphous, as seen by Okada et al.38 and any diffrac-
ion from boehmite is not visible due to the nanoparticle size
roducing just a weak and broad XRD signal. Therefore, it can
e assumed that the anatase particles were dispersed within an
morphous silicon dioxide and boehmite matrix. Other inves-
igators have found that the A–R transition temperature was
ffected by the charge and radius of cation and anion additives,
rain size, and the atmosphere during heating.21,38 Quadravalent
ations such as Si4+ (r = 0.042 nm) with a greatly different ionic
adius from Ti4+ (r = 0.068 nm) cannot enter the anatase struc-
ure but can surround titania particles and thereby prevent direct
ontact, grain growth and the A–R phase transformation.38 The
nhibitory effect of alumina itself on the A–R phase transforma-
ion has also been observed in previous work.32,33,39 Considering
he case here of using pre-formed titania nanoparticles, one can
ssume that during dispersion a silica network is formed (from
EOS) which surrounds the titania particles and which at higher

emperatures forms an amorphous shell, preventing direct con-
act and grain growth of the anatase particles and inhibiting the
ransition to rutile. Improved thermal stability was found when
he silica was partially replaced with alumina (Fig. 2a), a feature
hich was also observed by Yang and Ferreira.34 The boehmite

�-AlOOH) which was used for powder synthesis can undergo
phase transition to aluminium oxide (�-Al2O3) during heating
etween 300 ◦C and 1100 ◦C.40

.2. FT-IR and UV–vis spectroscopy

FT-IR spectroscopy was performed on the most thermally sta-
le S20 titania powder to investigate the bonding environment
f the titania and the silica matrix. The analysis was performed
ver the wave number range from 4000 to 600 cm−1 for pow-
ers fired from 100 ◦C to 1200 ◦C (Fig. 3a). The absorption
and at wave number 1050–1080 cm−1 and the shoulder at
bout 1200 cm−1 observed in all spectra could be assigned to
symmetric ν(Si–O–Si) stretching vibrations. Spectra 7 and 9
f powders fired at 1000 ◦C and 1200 ◦C, respectively, showed
n absorption band at 790 cm−1 which was assumed to be from
ymmetric ν(Si–O–Si) vibrations.41,42 The absorption band at
630 cm−1 was assigned to hydrated species and the broad
and at 2700–3700 cm−1 results from vibrations of O–H groups
nd strongly adsorbed water molecules located on the sur-

42–44
nnealing temperature these absorption bands became very weak
ecause of thermal condensation reactions of the hydroxyl func-
ional groups, loss of water, and a general densification of
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Fig. 3. (a) FT-IR spectroscopy of titania powders: titania starting material (1), S20 fired at 100 ◦C (2), 200 ◦C (3), 400 ◦C (4), 600 ◦C (5), 800 ◦C (6), 1000 ◦C
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7), 1100 C (8), 1200 C (9). (b) UV–vis spectroscopy of titania powders: titan
pectroscopy.

he silicon oxide network. Furthermore, an absorption band
t 940–970 cm−1 seen at low temperatures in spectra 2–4
100–400 ◦C) was found. There is a known absorption band
t 910–960 cm−1 which is characteristic of Ti–O–Si vibra-
ions, but this could overlap with Si–OH group vibrations at
round 980 cm−1.45 The observed decrease of the absorption
and within this region at higher firing temperatures indicates
hat this is likely to be due to the Si–OH bonds. An absorption
and at 1070 cm−1 is characteristic for the Si–O–Al vibration,46

owever, this band overlaps with the asymmetric ν(Si–O–Si)
tretching vibration and cannot be unambiguously identified. In
ummary, no Ti–O–Si bonds were found, hence one can assume
nly weak interactions at the silica–titania interface. The oppo-
ite is found when using organotitanium precursors for anatase
ynthesis, which generates a silica–titania network containing a
igh amount of Ti–O–Si bonds.42

UV–vis reflection spectroscopy between 300 and 650 nm on
he S20 powders fired from 100 ◦C to 1200 ◦C was performed
o investigate the influence of the silicon dioxide and boehmite
n the band gap of the titanium dioxide semiconductor. Fig. 3b
hows the spectra for the non-stabilised titania starting material
1) and for the stabilised anatase powder S20 (2–9). The spectra
howed an onset of absorption at 418 nm for the anatase starting
aterial. The S20 powder fired up to 1000 ◦C showed only a

light blue shift of the absorption edge to shorter wavelengths
ith an onset of absorption at 412–415 nm. From these results
ne can deduce that the titania band gap was barely modified and
o penetration of the silica or boehmite into the anatase struc-
ure occurred.47 The anatase powder fired at 1200 ◦C showed
red shift to longer wavelengths due to the formation of new

morphous phases. Overall the FT-IR and UV–vis results sup-
ort the model of titania particles encased by an amorphous

iO2 shell which prevents direct contact and grain growth of

he anatase particles and thereby inhibiting the transition to
utile.
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rting material (1) and stabilised anatase powders S20 (2–9) fired as for FT-IR

.3. Thermal stability as coatings

A similar series of experiments as for the powders was
erformed on coatings on crystalline corundum substrates to
nvestigate the influence of an inert substrate on the phase sta-
ility of anatase. The corundum substrates were dip-coated with
20 and fired stepwise from 500 ◦C to 1400 ◦C. On corundum
ubstrates the diffractograms show an A–R transformation tem-
erature between 1000 ◦C and 1200 ◦C (Fig. 4a). The anatase
ass fraction decreased from 62 wt% to 0 wt% within this tem-

erature range (Fig. 2a). At 1300 ◦C mullite formation was found
n the substrate. This shows slightly reduced anatase thermal
hase stability on corundum compared to S20 powder bulk
aterial.
In order to examine the phase stability of anatase on amor-

hous glazed substrates similar experiments were performed
n three different common lead-free glazes. Due to the lower
elting points of the glazes, it was not possible to explore the

000–1200 ◦C region at extended times as for the previous sam-
les. Instead, the samples were analysed as a function of holding
ime when fired at 1080 ◦C for between 1 and 30 min. A typi-
al example of the XRD patterns produced is shown in Fig. 4b
or S20 dip-coated on glaze 3. On the Na–K glaze 1 a complete
ransformation of anatase to rutile was found after 5 min (Fig. 5).
n comparison, the non-stabilised starting material was com-
letely transformed after one minute on the same glaze. Fig. 5
lso shows the thermal stability of the stabilised anatase pow-
er S20 and S20 coated on corundum after 30 min at 1080 ◦C
or comparison. On Na–B glaze 2.53 wt% anatase and on glaze
.61 wt% anatase were found after 5 min at 1080 ◦C. On glaze 2
he complete A–R phase transformation was found after 15 min
nd on glaze 3.40 wt% residual anatase was found after 20 min

t 1080 ◦C. It is clear from these results that the thermal stabil-
ty of S20 stabilised anatase is reduced when coated onto glazed
ubstrates compared to the bulk powder form. In contrast, only a
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Fig. 4. (a) XRD patterns of stabilised anatase powder S20 coated on corundum and fi
fired at 1080 ◦C. A: anatase; R: rutile; C: corundum; G: glaze 3.

Fig. 5. Thermal stability of anatase S20 coated on three different glazes and on
corundum: anatase starting material on glaze 1 (�), S20 on glaze 1 (�), glaze
2 (�), glaze 3 (©) and on corundum (�). Stabilised anatase powder S20 (×)
fired at 1080 ◦C.
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red from 700 ◦C to 1200 ◦C. (b) Stabilised anatase S20 coated on glaze 3 and

light decrease of the thermal stability when coated on the crys-
alline corundum substrate was seen. In the case of the glazed
ubstrates which contain cations such as Na+, K+, Ca2+, Ba2+

nd B3+, the reduced thermal stability can be understood by
ssuming the formation of oxygen vacancies by cationic substi-
ution in the TiO2 at the glaze–titania interface. These vacancies
nable the transport of atoms within the anatase structure at
igh temperature and accelerate the A–R phase transition.38,48

a2O and K2O for example are major components of glazes 1
nd 2 which have been seen to induce an increased A/R phase
ransition rate in other studies.25,28 In summary, the thermal sta-
ility of anatase coated onto glazes is strongly influenced by

he cations present in the glaze and on the ability of the cations
o generate oxygen vacancies. Inert and highly crystalline sub-
trates such as corundum do not deliver cations and the titania
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is shown. The dip-coating process has therefore maintained a

F
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ig. 6. XPS wide scan spectra of titania coatings: titania starting material (1),
20 fired at 400 ◦C, 600 ◦C and 800 ◦C.

oatings show increased thermal stability. Aside from the direct
tabilisation of the titania by addition of silica and alumina, the
hemical composition of the glaze substrate plays a key role for
he development of photocatalytically active ceramic tiles.

.4. X-ray photoelectron spectroscopy

Due to the high thermal phase stability of S20 coated on
laze 3, these samples were analysed using X-ray photoelectron
pectroscopy (XPS) to investigate the elements present on the
oating surface. The analysis was performed on coatings fired

etween 100 ◦C and 1000 ◦C. The spectra showed the following
hotoelectron peaks: O 1s at a binding energy Eb of 530 eV, Ti2p
t Eb of 458 eV, C 1s at Eb of 284 eV, Si 2s at Eb of 153 eV, Al 2s

h
C
g

ig. 7. SEM-EDS analysis of stabilised anatase S20 dip-coated on glaze 3. Mapping
ip-coated on glaze 3 and dried at 100 ◦C (d).
Ceramic Society 31 (2011) 2887–2896 2893

t Eb of 118 eV, Si 2p at Eb of 102 eV, Al 2p at Eb of 73 eV and O
s at Eb of 23 eV and the CKLL, TiLMM and OKLL auger peaks
etween 700 and 1000 eV (Fig. 6). The photoelectron peak for
1s is due to Si–O, Al–O and Ti–O bonds, the peak for Ti 2p is

ue to the Ti–O bonds, the Si peaks due to Si–O and the Al peaks
ue to Al–O bonds. The photoelectron peak for C 1s is likely
o be due to residual carbon produced by incomplete pyrolysis
f alkoxide precursors and ethanol. The ratios of the elements
n the surface varied only slightly when increasing the firing
emperature. A molar ratio of 67/31/2 Si/Al/Ti was found on the
ample fired for 800 ◦C. Based on this XPS analysis one could
educe that only a minor amount of titania is present within
he upper few nanometers of the coating surface. Considering
he use of pre-formed titania nanoparticles and a polymerisable
rganosilicon precursor, this result can be explained by assuming
hat an amorphous silica shell encases the titania particles which
eads to less TiO2 accessible to XPS and more SiO2 on the
urface. Additionally a high deflection and partial absorption of
he TiO2 electrons by SiO2 on their way to the detector lower
he XPS measured titania content.

.5. EDS elemental mapping

To investigate the distribution of the S20 particles within
he coatings, an element map was generated using SEM-EDS
Fig. 7). An even dispersion of titanium, silicon and aluminium
omogeneous distribution of the particles on the glaze surface.
onsidering that the thermal stability of anatase depends on
ood dispersion within the silica matrix to prevent direct contact

of silicon (a), aluminium (b) and titanium (c). SEM of stabilised anatase S20



2894 M. Hofer, D. Penner / Journal of the European Ceramic Society 31 (2011) 2887–2896

Fig. 8. Photocatalytic activity of stabilised anatase S20 coated on corundum and
fired at 800 ◦C (�), 900 ◦C (�), 1000 ◦C (�), 1100 ◦C (©) and 1200 ◦C (�) and
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Fig. 9. (a) Photocatalytic activity of stabilised anatase powder S20 dip-coated
on glaze 1 (©), 2 (�), 3 (�) and corundum (+) and fired at 1080 ◦C, compared
with commercial available titania coatings on glass (�), ceramic tiles (�) and the
r
o

t
a

d
t
b

he reference photocatalysis without titania (×). Normalised (a) and linearised
egradation curves (b).

etween anatase particles38 a random dispersion of the tita-
ia is important for high thermal stability. On the other hand,
ith respect to the correlation between high specific surface

rea and catalytic activity, an even distribution of the titania
s also important for achieving highly photocatalytically active
urfaces.

.6. Photocatalytic activity of the coatings

The photocatalytic activity of the stabilised S20 material was
nvestigated using methylene blue (MB) in water as a model
rganic substance for photocatalytic degradation.49 The pho-
ocatalytic activity for S20 on corundum was determined by
V–vis spectroscopy for different firing temperatures between
00 ◦C and 1200 ◦C. Fig. 8 shows the normalised degra-
ation curves (C/C0) up to 120 min, which were linearized
ia ln(C0/C) log transformation according to the first-order
angmuir-Hinshelwood kinetic equation.49–52 Control experi-
ents in the absence of titania coatings showed that MB was

artially degraded by photolysis. As a result Fig. 8 shows a sim-
lar photocatalytic activity for coatings prepared on corundum
etween 800 ◦C and 1100 ◦C. For coatings on corundum fired at
200 ◦C a reduced photocatalytic activity was found due to the
–R phase transformation that occurred between 1100 ◦C and
200 ◦C. Hence the firing temperature is an important parameter
hat affects the photocatalytic activity of the material, especially
onsidering that the firing temperature controls both the titania

orphology and the A–R transition rate, respectively.17 There-

ore 1100 ◦C is the highest possible firing temperature for titania
n corundum substrates to prevent the A–R phase transforma-

fi
m
r

eference photolysis activity without titania (×). SEM (b) and EDS (c) analysis
f S20 on glaze 3 fired at 1100 ◦C.

ion and conserve the anatase structure and a high photocatalytic
ctivity.

The photocatalytic activity was also investigated on the three
ifferent glazed substrates (Fig. 9a). Each glaze was applied on
he substrate, fired, then the stabilised anatase S20 was applied
y dip-coating in a separate step. After drying the coating was

red at 1080 ◦C for 1, 2, 3 and 5 min. The firing time at the
elting point of the glaze is an important factor for incorpo-

ating and fixing the titania coating within the glaze to obtain
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brasion-resistant surfaces. SEM analysis (Fig. 9b) shows the
ncorporation of the S20 titania within the coating after fir-
ng, however titania was found on the surface by EDS mapping
Fig. 9c). The photocatalytic activity of the coatings on glazes
–3 were compared to the activity on corundum and to two
ommercially available titania coatings on glass and on ceramic
iles. On corundum and on glaze 2 a higher photocatalytic activ-
ty was found compared to all other samples. Based on this
esult one can deduce that the substrate composition not only
ffects the anatase phase stability (Fig. 5), but also the general
hotocatalytic activity of the stabilised anatase S20 material.
t high temperature the corundum substrates are more inert

han the glazed substrates because no diffusion of cations at
he substrate–titania interface is possible. The glazes however
ontain a variety of cations which are more mobile (e.g. Na+,
+) and which can penetrate the silica–alumina–titania struc-

ure at high temperature and reduce the photocatalytic activity.
his dependency of the photocatalytic activity on the chemi-
al composition of the substrate was also seen by Yao et al.53

hen comparing glass, glazed ceramic, ceramic and metals, and
ernández et al.54 who found different photocatalytic activities
n quartz, steel and glass. It is assumed that cations present in
he substrate penetrate the titania structure and reduce the pho-
ocatalytic activity by recombination of the electrons (e−) and
he electron holes (h+).53–56 Nevertheless, the titania surfaces
eveloped in this work showed a higher photocatalytic activity
ompared to commercially available glasses and ceramic tiles
Fig. 9).

. Conclusions

Pre-formed titania nanoparticle dispersions can be made
hermally stable up to 1200 ◦C by the addition of amorphous
ilica and boehmite nanoparticles. The thermal stabilisation is
mproved by partially replacing the silica with a source of alu-

ina. The thermal stability of the stabilised anatase dip-coated
nto substrates was generally lower than the stabilised bulk
owder, and the extent of stability reduction depended on the
hemical composition of the substrate material. Glazed surfaces
ontained the even distribution of titania particles and the pho-
ocatalytic activity on such surfaces depended on the chemical
omposition of the glazes. Therefore, in addition to the elements
sed to directly stabilise the titania, the chemical composition
f the substrate plays a key role in developing thermally sta-
le and photocatalytically active ceramic tiles at temperatures
bove 1000 ◦C. In light of (a) the absence of crystalline silica
een in the XRD analysis, (b) the absence of Ti–O–Si interac-
ions seen in FT-IR and UV–vis spectroscopy which showed
nly a slight modification of the electronic structure, and (c)
he minor amounts of titania on the surface seen in XPS mea-
urements, we propose a model similar to that of Okada et al.38

here the titania particles become surrounded by a network of

ilica and the boehmite nanoparticles. At higher temperatures
ensification encases the titania particles with an amorphous
nd porous silica and alumina shell, which enables photocat-
lytic activity but prevents direct contact and grain growth
Ceramic Society 31 (2011) 2887–2896 2895

f the titania particles and hence the anatase to rutile phase
ransition.
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47. Tobaldi DM, Tucci A, Škapin AS, Esposito L. Effects of SiO2 addition
on TiO2 crystal structure and photocatalytic activity. J Eur Ceram Soc
2010;30:2481–90.

48. Jean J, Lin S. Kinetics and mechanism of anatase-to-rutile phase transfor-
mation in the presence of borosilicate glass. J Mater Res 1999;14:2922–8.

49. Houas A, Lachheb H, Ksibi M, Elaloui E, Guillard C, Herrmann JM. Pho-
tocatalytic degradation pathway of methylene blue in water. Appl Catal B
2001;31:145–57.

50. Fox MA, Dulay MT. Heterogenous photocatalysis. Chem Rev
1993;93:341–57.

51. McMurray TA, Byrne JA, Dunlop PSM, Winkelmann JGM, Eggins BR,
McAdams ET. Intrinsic kinetics of photocatalytic oxidation of formic
and oxalic acid on immobilized TiO2 films. Appl Catal A 2004;262:
105–10.

52. Konstantinou IK, Albanis TA. TiO2-assisted photocatalytic degradation of
azo dyes in aqueous solution: kinetic and mechanistic investigations: a
review. Appl Catal B 2004;49:1–14.

53. Yao M, Chen J, Zhao C, Chen Y. Photocatalytic activities of Ion doped
TiO2 thin films when prepared on different substrates. Thin Solid Films
2009;517:5994–9.

54. Fernández A, Lassaletta G, Jiménez VM, Justo A, González-Elipe AR,
Herrmann JM, et al. Preparation and characterization of TiO2 photocata-
lysts supported on various rigid supports (glass, quartz and stainless steel).
Comparative studies of photocatalytic activity in water purification. Appl
Catal B 1995;7:49–63.

55. Tomaszewski H, Eufinger K, Poelman H, Poelman D, De Gryse R, Smet
PF, et al. Effect of substrate sodium content on crystallization and photo-
catalytic activity of TiO2 films prepared by DC magnetron sputtering. Int
J Photoenergy 2007.
56. Eufinger K, Janssen EN, Poelman H, Poelman D, De Gryse R, Marin GB.
The effect of argon pressure on the structural and photocatalytic character-
istics of TiO2 thin films deposited by d.c. magnetron sputtering. Thin Solid
Films 2006;515:425–9.


	Thermally stable and photocatalytically active titania for ceramic surfaces
	1 Introduction
	2 Experimental
	2.1 Stabilised titania powder preparation
	2.2 Substrate and titania coating preparation
	2.3 Characterisation methods
	2.4 Determination of photocatalytic activity

	3 Results and discussion
	3.1 Thermal stability of the powders
	3.2 FT-IR and UV-vis spectroscopy
	3.3 Thermal stability as coatings
	3.4 X-ray photoelectron spectroscopy
	3.5 EDS elemental mapping
	3.6 Photocatalytic activity of the coatings

	4 Conclusions
	Acknowledgements
	References


