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Pure TiO; and S-doped TiO, sol—gel nanopowders were prepared by controlled hydrolysis-condensation of titanium alkoxides. The
influence of different Ti-alkoxides (tetraethyl-, tetraisopropyl- and tetrabutyl-orthotitanate) used in obtaining TiO, porous materials
in similar conditions (water/alkoxide ratio, solvent/alkoxide ratio, pH and temperature of reaction) has been investigated. The rela-
tionship between the synthesis conditions and the properties of titania nanosized powders, such as thermal stability, phase composi-
tion, crystallinity, morphology and size of particles, BET surface area and the influence of dopant was investigated. The nature of
the alkyl group strongly influences the main characteristics of the obtained oxide powders, fact which is pointed out by thermal

analysis, X-ray diffraction, TEM and BET surface area measurements.
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Introduction

Sol—gel processing is one of the most common meth-
ods to produce nanoparticles with controlled size and
composition for a wide range of applications. Starting
from molecular precursors such as metal alkoxides,
an oxide network is obtained via inorganic polymer-
ization reactions [1]. Low temperature solution pro-
cessing with high purity, the facility of precise control
of complex chemical composition and physical struc-
ture, control of pore structure and pore-wall chemis-
try, ready preparation of thin films and coatings or
nanocrystalline powders, versatile inorganic/organic
composite preparation and availability of good opti-
cal quality materials are all valuable attributes for de-
velopment of new functional materials [2].

There is increasing interest in development of
chemically stable materials with porous texture in the
fields of separation and catalysts, owing to their high
specific areas and pore volumes, as well as their nar-
row pore size distributions. Titania has been widely
used as a catalyst in organic reactions such as selec-
tive oxidation and photocatalytic reactions such as al-
cohol dehydration, photo-Kolbe oxidation of organic
acids, oxidation of aromatic compounds, degradation
of paint pigments and nitrogen oxides reduction [3].

In order to obtain powders, sol—gel refers to pro-
cessing in a liquid medium to obtain a solid matter
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which does not precipitate. The first occurrence of
solid particles in solution (primary particles) can be
described as a succession of chemical reactions, from
an initial chemical compound of a cation (Ti), called
the precursor. In the presence of water, the precursor
undertakes the following succession of transforma-
tions: hydrolysis—polymerization—>nucleation—
growth [4]. When alkoxides are used, the precursor
concentration and the water concentration for hydro-
lysis can be controlled by dissolution in a solvent
which is often the parent alcohol of the precursor.

Hydrolysis of alkoxides is the most common
method of producing TiO, nanopowders. It is recog-
nized that process parameters have a major influence
on the properties of the sol—gel products. These fac-
tors include the alkoxy groups of alkoxides, the con-
centration of reactants, the pH of solution, the temper-
ature of hydrolysis, the nature of catalyst and the in-
fluence of dopants. In our previous papers [5-7] a
systematic study of the influence of the type of
Ti-alkoxide on the preparation and properties of TiO,
coatings for ceramic membranes or films with optical
properties has been presented.

Nevertheless, TiO, becomes active only under
ultraviolet (UV) light, of which energy is greater than
the band gap of TiO, (~3.0 eV) [8]. In order to im-
prove the photoreactivity of TiO, and to extend its ab-
sorption edge into the visible-light region, the new lit-
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erature data pointed out S-doped TiO, particles
[9-16].

There are many papers dealing with the sol-gel
preparation of TiO, anatase with tailored morphologi-
cal features and some of them review the thermal be-
haviour of the TiO, gels complemented by other in-
vestigations [17-20]. Only few literature data con-
cerning the thermal behaviour of S-doped TiO, can be
mentioned [21].

In the present work pure TiO, and S-doped TiO,
sol—gel nanopowders were prepared by controlled hy-
drolysis-condensation of titanium alkoxides. The in-
fluence of different Ti-alkoxides (tetraethyl-, tetra-
isopropyl- and tetrabutyl-orthotitanate) used in ob-
taining TiO, nanopowders in similar conditions (wa-
ter/alkoxide ratio, solvent/alkoxide ratio, pH and tem-
perature of reaction) has been investigated. The rela-
tionship between the synthesis conditions and the
properties of titania nanosized powders, such as ther-
mal stability, phase composition, crystallinity, mor-
phology and size of particles, BET surface area and
the influence of dopant were investigated.

Experimental

Three different types of titanium alkoxides have been
used in order to obtain TiO, based oxide materials:

* tetraethylorthotitanate (Merck), Ti(OC,Hs)4 for the
sample 1-TiOy;

+ tetraisopropylorthotitanate (Merck), Ti(O-iCs3Hy)4
for the sample 2-TiO»;

* tetrabutylorthotitanate (Fluka), Ti(O-C4Hy), for the
sample 3-TiO,.

As solvents and media of reaction the correspond-
ing parent alcohols were used: absolute ethanol (Riedel
de Haén) for the sample 1-TiO,, 2-propanol (Fluka) for
the sample 2-TiO, and normal butanol (J. T. Baker) for
the sample 3-TiO,. The hydrolysis of titanium
alkoxides took place with a water excess in uncata-
lysed reaction mixture. In order to point out exclu-
sively the role of alkoxide type on the structural, tex-
tural and morphological properties of TiO, powders,
all the other reaction parameters were similar: e.g a wa-
ter/alkoxide molar ratio of 5, a solvent/alkoxide molar
ratio of 85, a pH of 4 and a temperature of reaction of
25°C. The reaction time varied between 1-6 h, depend-
ing on the type of alkoxide precursor.

The samples 4-S-TiO,, 5-S-Ti0O,, 6-S-TiO, are
obtained in similar conditions with the first ones, but
were doped with S-5% mass related to TiO, content.
As sulfur source, thiourea Alfa Aesar (H,NCSNH,),
dissolved in the corresponding alcohol, was used. The
obtained sols were concentrated and dried at 80°C
and the powders resulted were subjected to thermal
analysis measurements in order to establish the ther-
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mal schedule for further investigations. Thus, for
structural and morphological studies, the powders
were thermally treated up to 300°C with a heating rate
of 1°C min" and kept for 1 h at this temperature, in
order to remove the organic matter. To study the in-
fluence of the crystallization process on the shape and
size of particles, the samples were also annealed at
400°C, with the same heating rate and plateau.

The TiO, and S-TiO, nanopowders were charac-
terized by:

¢ Thermal analysis, on dried samples performed us-
ing a STA 409 PC Luxx simultaneous DSC and
TG/DTG equipment (Netzsch), up to 700°C in
static air atmosphere, with a heating rate of
10 K min'. 14-16 mg of powders were analysed
using a 85 puL alumina crucible.

» X-ray diffraction, using a computer controlled
DRON DART UM-2 diffractometer equipped with
a CuK, source and a graphite monochromator in
the diffracted beam (scanning technique was ap-
plied with a step width of 0.05° and an acquisition
time on each step of 2 s, ranging from 20=15-60°).
The mean crystallite sizes were determined from
the corrected FWHM (full width at half maximum)
applying the Debye—Scherrer formula.

« BET surface area  measurements
Quantachrome Instruments-Nova 1000;

« TEM with Jeol 200CX and HRTEM with
Topcon 002B equipments.

with

Results and discussion

Thermal analysis

Thermal behaviour of the un-doped samples
(1-3-Ti0,) is presented in Figs 1a—c. All DSC curves
of the mentioned samples show a broad endothermic
effect at ~100°C due to adsorbed water and alcohol
removal and an exothermic effect at ~250°C, more
pronounced for the sample 2 and even more for the
sample 3. This effect is associated with mass losses on
TG curves (5.61 and 6.12%) and DTG maxima at
221.6 and 248.5°C for samples 2 and 3, respectively,
which are attributed to the thermooxidative degrada-
tion of the organic matter. Only DSC curves of the
samples 1 and 2-TiO, present very sharp crystalliza-
tion effects of TiO,-anatase at 403.5 and 412.4°C, re-
spectively. For the sample 3 one can observe a less
sharp exothermic effect at around 500°C, correlated
with a mass loss on the TG curve (5.63%), probably
due to the burning out of the organic residues. This
fact is correlated with the length of the alkyl chain of
the Ti alkoxide precursor.

DSC/TG/DTG curves of S-doped samples
(4-6-Ti0,), presenting complex thermal effects due
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Fig 1 Thermal behaviour in static air atmosphere of the un-doped samples: a — 1-TiO,; b — 2- TiOy; ¢ — 3- TiO,

DTG DTG
100 PPN IN AL N 20 4
[©]
=
96 1.5 m
"ep
2 10 g
> 92 =
2
S g
= 05 £
88 g
00 S
S
84 \ o]
7 -0.5
100 200 300 400 500 600 100 200 300 400 500 600
Temperature/°C Temperature/°C
1004
3.5 l
9514 30 &
901 2.5 T;°=_°
32
> 851 20
é 15 &
804 =
10 %
751 05 =
3
701N\ 00 =
. . . ; . . -0.5
100 200 300 400 500 600
Temperature/°C

Fig. 2 Thermal behaviour in static air atmosphere of the S-doped samples: a — 4-S-TiO,; b — 5-S-TiO,; ¢ — 6-S-TiO,

to the influence of the thiourea (S-source), are shown
in Figs 2a—c. Thermal decomposition of the com-
pounds containing thiourea is usually quite complex
[22, 23].

The DSC curves of the S-doped TiO, samples, as
well as those of the un-doped TiO, ones, show a broad
endothermic effect at about 100°C due to adsorbed
water and alcohol removal, correlated with mass
losses on TG curves. Further mass losses associated

J. Therm. Anal. Cal., 88, 2007

with DTG maxima, more pronounced for the samples
5-S-TiO, and 6-S-TiO, were noticed at 179 and
189°C, respectively. These ones are probably due to
the decomposition of residues from thiourea that may
be expected at around the melting point of pure
thiourea, which melts at 180°C with decomposition
[24]. Exothermic effects at ~264, 235 and 263°C, re-
spectively, much more pronounced for 5-S-TiO, and
6-S-Ti0, samples are present on DSC curves, attrib-
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uted to the thermooxidative degradation of the or-
ganic matter. With the temperature increase, only the
DSC curve of the sample 4 presents a very sharp crys-
tallization effect of TiO,-anatase at ~398°C. One can
mention, for the samples 5 and 6, the presence on the
DSC curve, at 401 and 447.5°C, respectively, of a
supplementary endothermic effect, which is not asso-
ciated with mass loss on TG curve. For the sample 5, a
pronounced exothermic effect is noticed at 455°C, re-
lated to the anatase crystallization. For the sample 6,
at 535°C, like for the sample 3, at 500°C, a less sharp
but quite intense exothermic effect, associated with a
mass loss on the TG curve, can be observed (8.18%
for sample 6 and 5.63% for sample 3).

As a conclusion of the thermal behaviour study,
the influence of the Ti-alkoxide type on the crystalliza-
tion temperature of TiO, anatase was evidenced. The in-
crease of the alkyl chain length of the Ti-alkoxide leads
to the increase of the crystallization temperature of TiO,
anatase phase. To get a better understanding of the grad-
ual decomposition processes leading to anatase forma-
tion, an additional evolved gas analytical study is also
planned on the samples prepared.

X-ray diffraction and BET measurements

Phase composition established by XRD measure-
ments and the BET surface area results are presented
in Tables 1 and 2.

TiO, powders have a pronounced crystallization
tendency with temperature, especially in the case of
sample 1, prepared starting with titanium ethoxide
precursor. As a consequence, the BET surface area
decreases with the temperature increase vs. the crys-
talline phase formed at different temperatures.

In order to establish the manner in which S influ-
ences the structural properties of the powders, the
samples were thermally treated at the same tempera-
ture, 400°C/1 h. A single phase, anatase, has been de-
tected. Sulfur decreases the degree of crystallinity and
inhibits the rate of growing of TiO, nanocrystals.
XRD patterns of the un-doped and S-doped samples,
thermally treated at 400°C/1 h, are presented in Fig. 3.

TEM analysis

The statistical processing of the TEM images evi-
denced the presence in all the samples of spheroidal
TiO, nanocrystallites, joined in aggregates with sizes
between 300 and 800 nm. For the samples 1-TiO, and
4-S-TiO,, prepared starting with titanium ethoxide pre-
cursor, these aggregates have spherical morphology.

HRTEM images for sample 1-TiO, dried
(Fig. 4a) and thermally treated at 400°C/1 h (Fig. 4b)
and for sample 2-TiO, thermally treated at 400°C/1 h
(Fig. 5) are representative.

Table 1 Structural and textural properties of the un-doped samples vs. thermal processing

Sample Temperature/ Phase Degree of Dioy/ BET surface area/
°C composition crystallinity/%* A m’ g
1-TiO, 80 amorphous 251
300 anatase weak crystallized 130
400 anatase 100 168 94
1000 rutile 1
2-Ti0, 80 amorphous 344
300 anatase weak crystallized 141
400 anatase 97 133 115
1000 rutile 1
3-TiO, 80 amorphous 188
300 amorphous 111
400 anatase 65 172 80
1000 rutile 1

“the degree of crystallinity was estimated using sample 1 as internal reference sample from the sum of integrated intensities (area
under deconvoluted peaks) of the (101), (103), (004), (112), (200), (105) and (211) reflections

Table 2 Structural properties of the S-doped samples, thermally treated at 400°C/1 h

Sample Temperature/°C Phase composition Degree of crystallinity/% Dio/A
4-S-TiO, 400 anatase 98 147
5-S-TiO, 400 anatase 73 113
6-S-TiO, 400 anatase 56 158
174 J. Therm. Anal. Cal., 88, 2007
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Fig. 3 XRD patterns of the un-doped and S-doped samples,
thermally treated at 400°C/1 h

Fig. 4 HRTEM images of the sample 1-TiO,: a — dried; b —
thermally treated at 400°C/1 h

Fig. 5 HRTEM images of the sample 2-TiO, thermally treated
at 400°C/1 h
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Fig. 6 TEM images of the samples a — 3-TiO, and
b — 6-S-Ti0O,, both thermally treated at 400°C/1 h

Conventional TEM images for samples 3-TiO,
and 6-S-TiO,, presented in Fig. 6, show the difference
in size for the un-doped and S-doped samples. Corre-
sponding measured size distributions are exposed in
Fig. 7. The mean size decreases from 12.7 to 8.9 nm
in the presence of sulfur.

For the samples 5-S-TiO, and 6-S-TiO,, the
amorphous phase vanishes, leading to more compact
aggregates. The role of sulfur is to reduce the
nanocrystallite size and also to densify the nanocrys-
tallite aggregates.

Differences in reactivity related to differences in
structure of the molecular precursors have been ob-
served for titanium alkoxides [25], so that especially,
the morphology of TiO, powders strongly depends on
the nature of the alkoxy group. Titanium alkoxides
with primary alkoxy groups are trimeric species with
a pentacoordinated metal atom while those with sec-
ondary or tertiary alkoxy groups are monomers with
titanium in a tetrahedral environment. These different
structures lead to different behaviour towards hydro-
lysis and condensation and have a great influence on
the morphology of TiO, powders. The fourfold coor-
dinated monomeric species of Ti(O-iC;H;),4 are more
reactive. Hydrolysis and condensation proceed simul-
taneously leading to shapeless nanoparticles with an
average diameter of 11.4 nm joined in aggregates
with sizes of 200 to 400 nm, in agreement with litera-
ture data [25, 26]. Hydrolysis of Ti(OC,Hs)4 in the

6-S-TiO,

10 H H
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Fig. 7 Size distributions from the statistical processing of the TEM images for the a — samples 3-TiO, and b — 6-S-TiO,
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same conditions leads to monodispersed TiO, parti-
cles, with a narrow size distribution and an average
diameter of 11.7 nm. In this case the nanocrystallite
aggregates are generally spherical with sizes of 300 to
800 nm.

Also, hydrolysis of titanium n-alkoxides be-
comes slower when the size of the alkyl group in-
creases [1]. The positive partial charge of Ti de-
creases with the length of the alkyl chain
[6(Ti)=+0.63 for R=C,Hs and +0.61 for R=n-C4Hy]
[1], which determines the decrease of the sensitivity
of the butoxide towards hydrolysis. Experimental re-
sults are often explained in terms of steric hindrance
as well. It has been shown that, for isomeric titanium
butoxides, the hydrolysis rate decreases in the order
tertiary>secondary>normal. Thus, the powder ob-
tained from Ti-butoxide has the greatest size of parti-
cle (mean size diameter=12.7 nm for sample 3-TiO,),
which correlates with the smallest values of the sur-
face area (Table 1).

Conclusions

Pure TiO, and S-doped TiO, sol-gel nanopowders
were prepared by controlled hydrolysis-condensation
of titanium alkoxides. The influence of different
Ti-alkoxides (tetracthyl-, tetraisopropyl- and tetra-
butyl-orthotitanate) used in obtaining of TiO,-based
nanopowders in similar conditions (water/alkoxide
ratio, solvent/alkoxide ratio, pH and temperature of
reaction) has been investigated.

The main characteristics of oxide powders (par-
ticle size, surface area, morphology and crystalline
phases) obtained by hydrolysis and condensation of
titanium alkoxides depend in a great extent on the na-
ture of the alkyl group. Thermal analysis, X-ray dif-
fraction, TEM and BET surface area measurements
pointed out this fact. The increase of the alkyl chain
length of the Ti-alkoxide leads to the increase of the
crystallization temperature of TiO, anatase phase.

Sulfur decreases the degree of crystallinity and
inhibits the rate of growing of TiO, nanocrystals,
leading to more compact nanocrystallite aggregates.
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