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Value of the wetting angle in case of virgin mem-
brane was equal to 110.7o.

Permeability of a membrane is an important
parameter responsible for the behaviour of a given
membrane as a semi-permeable barrier. Perme-
ability was determined by an indirect method. A
disc of the membrane (2.5 cm diameter) were placed
in a holder and then by decreasing air pressure
properly big volumes were registered vs. time. Re-
sults are given in Fig. for the virgin membrane and
three irradiated samples at different doses. Prac-
tically, there is no difference for all samples. Value
of permeability was equal to 5.2 L/min·cm2 at a
pressure difference of 1 bar.

Burst pressure is a parameter that characterizes
mechanical strength of membrane samples. A disc
of the membrane sample was placed in a special
holder between aluminium plates with rubber seals.
Air under pressure was introduced by a needle
valve and then burnt pressure was registered by
using a precise manometer. In case of the virgin
membrane, burnt pressure was equal to 2.5 bar.
After irradiation at a dose of 5 kGy burnt pressure

was 1.4 bar at doses 10 and 14 kGy – 1 bar and only
– 0.2 bar at the highest dose of 35 kGy.

Summarizing, we can conclude that radiation
treatment by swift electron beam (10 MeV energy)
at doses up to 35 kGy causes significant changes
in bulk and on the surface of PP Celgard® mem-
brane samples. Increasing hydrophilic property was
observed. For a dose of 14 kGy, the wettability
angle decreased by 17% and for a dose of 35 kGy
– by 21% (immediately after irradiation). After the
storage time of seven months, this property has
ceased in essential stage for bigger doses.

Radiation treatment does not change perme-
ability in case of air stream, but causes a decrease
of mechanical strength. Burst pressure for the
virgin membrane sample was equal to 2.5 bar and
at a dose of 5 kGy it decreased by 44% and at a
dose of 14 kGy – by 60%.

Practical conclusions concerning the applica-
tion of PP Celgard® membrane after irradiation
by swift electron beam as the barrier for electro-
chemical processes are the following: membrane
samples should be taken immediately for further
attempts or treatment (e.g. by plasma method) and
irradiation dose should not be higher than about
14 kGy (because of mechanical strength maintain-
ing).

This work has been made in cooperation with
the Central Laboratory of Batteries and Cells, Poz-
nań, Poland (research grant No. 3TO8E 052 27).
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Fig. Decreasing of air pressure in measuring volume vs.
time, for virgin sample of PP Celgard® membrane and
samples of such a membrane after irradiation by 10
MeV electron beam.

- produce spherical powders (diameters <100 µm)
by solvent extraction.

Results of thermal and X-ray-diffraction analyses
indicated that the temperatures required to form
the various compounds were lower than those
necessary to form the compounds by conventional
solid-state reactions and comparable to those re-
quired with use of organometallic based sol-gel
methods. Temperatures of formation could be
further reduced by addition of ascorbic acid (ASC)
to the sols.

Titanium oxide (TiO2) and titanates based on Ba,
Sr and Ca were prepared from commercial solu-
tions of TiCl4 and HNO3. The main preparation
steps for the sols consisted of elimination of Cl–

by distillation with HNO3 and addition of metal
hydroxides for the titanates. Resulting sols were
gelled and used to:
- prepare irregularly shaped powders by evapor-

ation;
- produce by a dipping technique thin films on

glass, Ag or Ti supports;

PREPARATION OF TITANIUM OXIDE AND METAL TITANATES
AS POWDERS, THIN FILMS, AND MICROSPHERES

BY COMPLEX SOL-GEL PROCESS
Andrzej Deptuła, Kenneth C. Goretta1/, Tadeusz Olczak, Wiesława Łada,

Andrzej G. Chmielewski, Urszula Jakubaszek, Bożena Sartowska, Carlo Alvani2/,
Sergio Casadio2/, Vittoria Contini2/

1/ Argonne National Laboratory, USA
2/ Italian Agency for the New Technologies, Energy and Environmental (ENEA), C.R.E. Casaccia,

Rome, Italy



87
RADIOCHEMISTRY, STABLE ISOTOPES,
NUCLEAR ANALYTICAL METHODS, GENERAL CHEMISTRY

Titanium oxide, for many years an important
pigment, has recently been applied widely as a pho-
tocatalyst or as supports for metallic catalysts,
gas sensors, photovoltaic solar cells, and water and
air purification devices. Titanates are being studied
as materials for advanced technologies such as tri-
tium breeders for fusion reactors [1-3], cathodes
for Li-based batteries [4], and pH sensors [1-10].
BaTiO3 and its alloys are widely used in a variety of
electronic applications and interest is growing for
other ferroelectric titanates such as CaTiO3 [11]
and SrTiO3 [10,12,13], and for alkali titanates as
photocatalysts, reinforcements in composites, and
ion exchange materials [10-15].

All of the above compounds were first fabricated
by solid-state reaction of oxides and/or metallic
salts. Wet processing, advantages of which derive
from precise compositional control and homoge-
neity on a molecular scale, has been applied suc-
cessfully to synthesis of many titanates. Following
the pioneering work of Mazdyiasni et al. [16] on
synthesis of BaTiO3, many papers have described
sol-gel processes to produce TiO2 and titanates
[17-21]. Because of homogeneity on a nanometer
scale, sol-gel-derived powders generally allow for
decreased processing temperatures. Problems as-
sociated with sol-gel methods include deleterious
formation of BaCO3 during thermal conversion of
gels [22-24] and high costs of substrates and pre-
cursor chemicals [20]. A key question in processing
titanates well and inexpensively is the source of
Ti. Our work reported here focuses on use of inex-
pensive commercial TiCl4 (its cost is approximately
10% or less than those of competing sol-gel sources
for Ti) and on methods to reduce processing tem-
peratures and minimize BaCO3 formation. These
advances can allow to produce very high quality
materials at substantially reduced cost.

The primary goals of this work were to use con-
centrated Ti-O nitrate sols to produce irregularly
shaped and spherical particles of TiO2 and various
titanates and to produce films on commercial sub-
strates. We applied a strong complexing agent,
ASC, to stabilize the sols. This proprietary proce-
dure (IChTJ) has been patented [25] and success-
fully applied to the synthesis of materials, such as
high-temperature superconductors and various
Li-based electronic ceramics [1-3,25-28]. We syn-
thesized by sol-gel processing highly pure powders
and other forms of TiO2, Li2TiO3, Li4Ti5O12,
BaTiO3, SrTiO3, CaTiO3, Na2TiO3, and K2TiO3. In
this paper, we shall discuss only TiO2, BaTiO3,
SrTiO3, and CaTiO3.

For all compositions, anhydrous TiCl4 was com-
bined to concentrated HNO3, in contrast to our
previous work based on HCl solutions [1]. Excess
of HCl was exhausted, resulting in a solution of high
Ti concentration (ca. 4 M). The main processing
steps consisted of chloride elimination by distilla-
tion with HNO3 (Rotavapor equipment, Büchi,
Switzerland), and for the titanates addition of
metal hydroxides or carbonates, evaporation of sols
to dry powders, comminution, and thermal treat-
ment [1-3]. To obviate a sol concentration step,
we carried out distillation after adding every por-

tion of HNO3. We found that complete removal
of the Cl– from each TiCl4 solution was required
only five distillation steps.

 Spherical gelled particles with diameters of
<100 µm were produced by our IChTJ variant of
the sol-gel process [2,3,26]. They were synthesized
by extraction of H2O from inorganic hydroxyl sol
emulsion drops in ethylhexanol, followed by ther-
mal treatment. During this process, the Me:Ti
molar ratios decreased markedly because of ex-
traction of metal nitrates. To prepare stoichiomet-
ric gels, required quantities of MeOH solutions
were introduced into the gel microspheres that
were placed into the Rotavapor.

The coatings were prepared by a technique
[27,28] that employed a motor-driven dip-coating
unit, with an immersion time of 20 s and a with-
drawal rate of 2 cm/s. Covered substrates were
stored for 24 h, then soaked for 48 h at 200oC, and
finally fired for 1 h at 500oC. All thermal treat-
ments were performed in air in a programmable
furnace.

Gels and final products were characterized by
thermogravimetric analysis (TGA) and differential
thermal analysis (DTA) in a Hungarian MOM De-
rivatograph (sample weight – 200 mg, heating rate
– 10°C/min), X-ray diffraction (XRD) by Cu Kα radi-
ation in a Philips Diffraction System, and scanning
electron microscopy (SEM) in a Zeiss DSM 942.

During the initial processing, in which the dis-
tillation temperature was 70oC, a white milky so-
lution formed; it tended to agglomerate and form
sediments. We surmised that formation of stable
colloidal titanic acid induced repulsion of Cl– from
the colloidal particles. Based on our experience
[1], we added ASC before the dechlorination step
to prevent precipitation. The resulting sols were
transparent, pale yellow, and stable. During the
dechlorination steps, we observed decomposition
and vigorous evolution of gas due to oxidation of
the ASC by the nitrates. The stable Ti sol was used
to produce various compositions and forms.
TiO2

TG traces revealed systematic escape of volatiles
without defined thermic effects. Weight loss was
slightly lower for ASC-containing gel, presumably

Fig.1. Diffracted intensity (I) in arbitrary units for ASC-con-
taining TiO2 sols heated for 2 h at the temperatures
shown.
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because of lower content of nitrates, many of which
decomposed during an earlier, low-temperature
preparation step:

TiO(OH)a-3.5NO3-H2O + ASC →
TiO(OH)a+x-(3.5-y)NO3-H2O-CO2

Figure 1 shows XRD patterns of titania gels
calcined for 2 h at various temperatures. Forma-
tion of crystalline phases of titania and transfor-
mation anatase to rutile phases took place at lower
temperatures when ASC was added. Temperatures
to complete reaction were similar to those report-
ed when organometallic precursors have been
used [16-20]. SEM of the TiO2 films (1-5 µm thick)
coated onto glass substrates revealed that the
ASC-containing sols produced better morphologies
and improved adhesion (Fig.2a,b). There was no
significant difference in spherical powders pre-
pared from both types of sol, but it seemed that
ASC-based spheres (Fig.2c) were slightly finer and
more regular. All products exhibited excellent phase
purity.
BaTiO3

For preparation of BaTiO3, a key was to main-
tain sols without precipitation of Ba nitrates. Ther-
mal analysis of two gels prepared with addition of
Ba(NO3)2 and Ba(OH)2 are shown in Fig.3a. For
all gels, the dominant endotherm, observed at ca.
600oC, could be attributed to melting; smaller en-
dotherms were attributed to decomposition of Ba
nitrates. Addition of ASC induced melting at lower
temperature. XRD analyses of powders treated to
various temperatures indicated that addition of
ASC promoted formation of the desired crystal-
line phase. Nitrates were present from 500 to 570oC;
at 600oC, all nitrates decomposed over a 2 h period
and formation of crystalline BaTiO3 began. The
temperature of formation and crystallization tem-
peratures (Fig.3b) were comparable to what has
been reported when organometallic reagents have
been used [23].

BiTiO3 films were prepared on glass and Ag
substrates by a dip-coating technique. XRD con-
firmed good phase purities. SEM revealed various
morphologies. The films were generally smooth,
but examinations at magnifications of 5000x or
above indicated microscopic irregularities. As was
found with the TiO2 films on glass substrates, ad-
dition of ACS resulted in minimization of cracks.
One presumes lower shrinkage upon firing to be
the cause of the improvement.

Following our success with production of me-
dium-sized Li2TiO3 spherical particles [1-3], we
prepared particles by a similar method from the

Fig.3. (a) DTA traces of BaTiO3 sols with (dashed line) and
without (solid line) ASC; (b) XRD patterns after 2 h
at various temperatures for ASC-derived BaTiO3.

Fig.2. SEM photomicrographs of TiO2 films on glass derived from (a) ASC-containing sol and (b) conventional sol; (c)
spherical powder from ASC-containing sol.
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Ba-Ti/OH-NO3 sol. We initially obtained Ba-Ti gel
spheres of diameter 1-80 µm, but with Ba loss and
a final molar ratio of Ba:Ti=0.2. Per previous suc-
cesses [1-3], we therefore impregnated the gels with
Ba(OH)2 in a hot solution (90oC, 25 g Ba/l), followed
by vacuum drying, and final thermal treatment. With
impregnation, we obtained medium-sized spheri-
cal powders (most spheres were 15-30 µm). We
have not been able to identify BaTiO3 spheres of
such size in the literature: although fine (diameter
<1 µm [20,29] and <10 µm [30]) BaTiO3 particles
have been obtained previously. Our larger spheres,
which should be free-flowing, should be useful in,
for example, plasma-spraying techniques.
SrTiO3 and CaTiO3

We have to date completed less work on the
perovskites SrTiO3 and CaTiO3 than we have on
TiO2 or BaTiO3, but the results have been quite en-
couraging. Use of the simple, TiCl4-based sol-gel
method has produced powders of good phase pu-
rity. Gels have been fired to various temperatures.
With firing at 800oC, XRD patterns for SrTiO3 in-
dicated presence of a cubic phase; the cell param-
eter, calculated with the program Unitcell, was that
found in the literature (a=3.90 Å) [31]. A small
amount (1-2%) of anatase was present in the best
sample (Fig.4a).

The XRD patterns of the CaTiO3 indicated a
monoclinic phase and 7-8% of anatase (Fig.4b).
The cell parameters calculated with the Unitcell
program were a=7.64 Å, b=7.60 Å, c=7.54 Å,
which is in good agreement with those of litera-
ture [31]. For both SrTiO3 and CaTiO3, phase pu-
rity was independent of use of ASC, but use of ASC
tended to the lower reaction temperatures (Table).

Powders, films, and spheres were produced
from TiO2 and BaTiO3 sols, and powders were pro-
duced from SrTiO3, and CaTiO3 sols. All sols were
based on use of inexpensive TiCl4 as the Ti source.
Formation of stable, concentrated Ti-nitrate sols
(>170 g of Ti/cm3) was favored by presence of ASC.
Gels prepared from stable, transparent Ti-nitrate

sols, in which ASC was incorporated, formed crys-
talline titanate phases at lower temperatures than
did gels without this additive. ASC promoted higher
quality in the dip-coated films: minimal cracking

and good adhesion. Formation crystalline phases
occurred at lower temperatures than required for
solid-state processes and at temperatures compar-
able to those of other sol-gel techniques, in which
more-expensive organometallic precursors are used.

 Stoichiometry was maintained during prepara-
tion of irregularly shaped powders of the various
titanates. Correction of Me:Ti molar ratios during
preparation of medium-sized spherical particles by
an emulsion-extraction process could be effected
by impregnation with metal hydroxides. No forma-
tion of metal carbonates was observed because of
the very high acidity of the parent sols.
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to get a bigger range of the data. The complex me-
thod of SAXS data processing was applied, to find
structural parameters of the gelator in gel, such as:
the mass fractal, dm, and surface fractal, ds, dimen-
sions, radius of gyration, Rg , distance distribution
function, p(r), and dummy atom models [3-5].

The results (Table and Figs.1 and 2) of all me-
thods make it possible to assume that two types of
aggregates exist in the gel. The differences between
them are: the first type (for 3% gel) – the aggregate
is smaller, compact, of well-defined smooth surface
and a rod-like shape, and the second type (for 0.1%
gel) – aggregate is bigger, looser, of rough surface
and a disk-like shape. The aggregate change at in-

The glucofuranose-based gels were synthesized by
the method described in [1]. The gelator of chemi-
cal formula: 1,2-O-(1-ethylpropylidene)-α-D-gluco-
furanose is built of furanose ring and contains three
unprotected -OH groups. Its concentrations of 3,
1, 0.5 and 0.1% in toluene were chosen. The mea-
surements were carried out with a ULTRA-SAXS
BW-4 wiggler beamline of the HASYLAB synchro-
tron. The obtained data were subjected to pie in-
tegration and, after normalization, to subtraction
of the background which was the SAXS curve of
the solvent. For each sample, two measurements
with sample-detector distances of  4 and 12 m were
performed and joined using OTOKO program [2]
Table. Structural parameters vs. gelator concentration.
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