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A systematic kinetic investigation on the chemical synthesis of BaTiO3 particles from
aqueous solutions of BaCl2 and TiCl4 at T < 100 °C and at pH 14 has been performed.
Initially, a viscous suspension of a Ti-rich gel phase is obtained at room temperature. Later,
formation of BaTiO3 is induced by heating above 70 °C and the gel phase is gradually
converted to the crystalline perovskite. The isothermal formation kinetics of BaTiO3 and
the evolution of crystal size and particle size during the course of reaction are significantly
influenced by temperature, concentration, and barium-to-titanium ratio of the solution. The
early stages of reaction (yield < 1%) are dominated by primary nucleation, and slow formation
of single nanocrystals of BaTiO3 was observed by HRTEM. At a later stage, formation of
polycrystalline particles occurs by secondary nucleation of BaTiO3 on the surface of already
existing crystals. During this stage, the reaction rate increases by 1 order of magnitude.
When the yield exceeds 50%, nucleation becomes less important and the reaction is dominated
by growth. Final particles have a diameter in the range 0.3-1.6 µm, depending on the
processing parameters.

1. Introduction

Barium titanate, BaTiO3, is a ferroelectric ceramic
massively used in electric and electronic applications.
As a dielectric, it is utilized in multilayer ceramic
capacitors (MLCCs) and for embedded capacitance in
printed circuit boards. Recent developments in micro-
electronics and communication have led to the minia-
turization of MLCCs. To achieve this goal and to make
the next step forward, powders with improved quality
and small and uniform size (<300 nm) are required.1

Many chemical methods have been proposed for the
synthesis of high-quality BaTiO3 powders.2 Among
them, the hydrothermal route has some advantages
because it leads directly to fine, pure, crystalline
powders at relatively low temperatures without the
need of a further thermal treatment. The hydrothermal
process is generally carried out by suspending TiO2
particles or a TiO2 gel in an aqueous Ba(OH)2 solution
and then autoclaving at 150-300 °C. Thermodynamic
modeling of the Ti-Ba-H2O-CO2 system3 has been
used to assess the conditions corresponding to the

quantitative formation of BaTiO3. In the absence of CO2
and at pH >12, BaTiO3 is the stable phase over a wide
range of barium concentrations. The calculated stability
diagrams have also shown that quantitative formation
of BaTiO3 is possible even at temperatures <100 °C.
Therefore, synthesis of BaTiO3 using more conven-
tional chemical precipitation processes has also been
explored.4-8

The size distribution of the particles that grow from
solution depends, in general, on the rates of nuclei
formation and crystallite growth. Crystal agglomeration
can also contribute substantially the overall particle
growth process.9-10 The relative importance of nucle-
ation and growth is determined by the supersaturation
of the solution. In turn, supersaturation is very sensitive
to temperature, concentration, and mixing conditions.
Despite the large potential interest, there is scanty
information available on the influence of the above
parameters on the formation kinetics of BaTiO3 par-
ticles.11-14 The evolution of particle morphology during
hydrothermal synthesis was reported by several
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groups,13-24 but the observations were mainly qualita-
tive.

Analysis of the above-cited literature shows that
many fundamental aspects of the formation of BaTiO3
particles from solution are not yet well defined. In
general, the formation rate of BaTiO3 increases and the
particle size decreases with increasing barium concen-
tration, but these dependencies were never studied on
a systematic basis. The effect of temperature is uncer-
tain. The particles are often polycrystalline, but it is
unclear whether this is a consequence of secondary
nucleation or originates from colloidal aggregation of
smaller crystals. In any case, heterogeneous nucleation
is reported to be an important factor at the early stages
of reaction. Tendency to formation of dendritic particles
was also observed when the barium concentration is
decreased.

The study described here was aimed to gain a better
understanding of the formation of barium titanate
particles from dilute (e0.1 M) aqueous metal chloride
solutions at temperatures <100 °C. Synthesis of BaTiO3
particles was carried out according to the overall reac-
tion

where (aq) denotes a salt in an aqueous solution.

According to our observations, reaction 1 is rather fast
at T g 80 °C and cation concentration >0.1 mol dm-3,
and formation of a white BaTiO3 precipitate can be
readily observed. However, at lower concentration, the
reaction proceeds in two steps: (i) initial, rapid forma-
tion of an amorphous Ti-rich gel phase and (ii) slower
reaction between the gel phase and the Ba2+ ions left
in solution with formation of crystalline BaTiO3 par-
ticles. While step (i) is very fast at any temperature,
step (ii) is hindered below ≈70 °C. The isothermal
crystallization kinetics and the evolution of morphology,
crystallite size, and particle size were determined as a
function of concentration at two different temperatures.
The influence of the barium-to-titanium ratio was
investigated for a given combination of temperature and
Ti concentration.

2. Experimental Section

2.1. Synthesis of BaTiO3. To obtain reproducible results
corresponding to a well-defined condition, precipitation experi-
ments were carried out by premixing the reactant solutions
at room temperature, where formation of BaTiO3 is kinetically
inhibited, and then heating the resulting gel suspension to the
reaction temperature. Several precipitation experiments (see
Table 1) were performed in a 500 mL vessel using ≈250 mL
of an aqueous solution of TiCl4 (Acros, 99.9%) and BaCl2·2H2O
(Aldrich, 99.9%). The chloride solution was quickly mixed (20
s) with the same volume of a NaOH solution with immediate
formation of a highly viscous, gelatinous suspension of a Ti-
rich gel phase. The concentration of the NaOH solution was
that required to have [OH-] ) 1 mol dm-3 after quantitative
precipitation of BaTiO3, according to reaction 1. The experi-
ments were conducted at two different temperatures, 82 and
92 °C, and the barium concentration in the reactor (i.e. the
concentration referred to the total volume after mixing of the
reactant solutions) was varied from 0.02 to 0.12 mol dm-3.
Unless otherwise stated, the [Ba]/[Ti] molar ratio, R, in the
solution was 1.11. The vessel was then closed, heated, and kept
at constant temperature with stirring. The closed environment
avoids formation of BaCO3. The temperature inside the reactor
was measured by means of a Pt100 sensor. Progressive
formation of crystalline BaTiO3 occurs during aging. The
transformation was visually indicated by the transition from
a translucent viscous medium to a white and opaque suspen-
sion. The head of the reactor was equipped with 12 plastic
(PEEK) tubes and valves. Each tube was connected to a
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Table 1. Summary of Precipitation Experiments and Properties of Final Powdersa

expt
[Ba]

(mol dm-3)
[Ba]/[Ti]
gel phase

duration
(min)

final yield
(%)

t1/2
b

(min)
final d50

(µm) (d90 - d10)/d50

final dBET
(µm)

final dXRD
(µm)

82 °C
1 0.035 0.63 1320 92 185 2.2c 1.0 >0.3
2 0.044 0.63 150 100 47.5 0.86 0.75 0.29 0.26
3 0.052 0.66 66 100 13.4 0.55 0.51 0.25 0.22
4 0.070 0.64 48 100 2.6 0.36 0.49 0.20 0.22
5 0.121 30 100 <1 0.28 0.56 0.16 0.10
6 0.045 0.63 37 100 8.5 0.51 0.47 0.24 0.21
7 0.047 0.64 41 100 4.5 0.49 0.49 0.25 0.27

92 °C
8 0.023 0.57 270 91 62 1.57 0.96 >0.3
9 0.029 0.56 65 93 6.9 0.77 0.61 0.22 0.14

10 0.035 0.53 34 100 6.1 0.57 0.58 0.21 0.21
11 0.0405 0.53 14.5 100 3.8 0.47 0.69 0.19 0.12
12 0.059 30 100 <1 0.36 0.46 0.18 0.10
a For expts 1-5 and 8-12, R ) 1.11. For expt 6, R ) 1.155. For expt 7, R ) 1.2. R is the [Ba]/[Ti] ratio in the reactor. b Half-transformation

time for formation of BaTiO3. c d50 is 1.38 µm after 270 min.

BaCl2(aq) + TiCl4(aq) + 6NaOH(aq) f

BaTiO3(s) + 6NaCl(aq) + 3H2O(l) (1)
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syringe on one side and immersed in the suspension on the
other side. At given times (time zero corresponds to the instant
the temperature reaches the reaction temperature) 20 mL of
suspension was collected, cooled, and sealed in small bottles.
Each syringe was used only once. The aliquot collected at time
zero was used to determine the Ba/Ti ratio in the gel phase.
After quantitative precipitation of BaTiO3 (or when conversion
attains a constant value), the suspension remaining in the
reactor was centrifuged, and the powder was washed and
finally freeze-dried.

2.2. Particle Characterization and Measurement of
Particle Size Distribution. A 5-10 mL portion of suspension
was washed and filtered on a filter paper. The X-ray diffraction
(XRD) pattern of the precipitate was collected directly from
the surface of the filter after drying with a Philips PW1710
diffractometer (Co KR radiation). The powder patterns, includ-
ing (110) and (111) reflections, were recorded in the range 35-
50° 2θ using a 2θ step of 0.03° and a sampling time (for each
step) up to 60 s for samples containing a small amount of
crystalline phase. The crystallite size (dXRD) of BaTiO3 was
estimated from the broadening of the (111) XRD peak by
means of the Scherrer equation, after correction for instru-
mental broadening, assuming negligible microstrain broaden-
ing. The (hhh) reflections are not subjected to splitting during
the cubic to tetragonal distortion of the BaTiO3 unit cell. The
drawback of using the (111) reflection is its low relative
intensity, only 30%. Therefore, for yield values <10%, mean-
ingful crystal size measurements could not be carried out
because the signal-to-noise ratio was too low. Since the
broadening effect for particles >150 nm is rather small, size
measurements of the coarser crystallites may be affected by a
large uncertainty. Above 300 nm, broadening is negligible and
size measurements are no longer possible. Because of the
limitations described above, the crystallite size data should
be considered as semiquantitative values.

The number particle size distribution (PSD) was obtained
from the measurement of the diameter of ≈1000 particles by
a Philips 515 scanning electron microscope (SEM). For this
purpose, 5 mL of suspension was centrifuged, and the pre-
cipitate was washed and finally treated with a 5% HNO3

solution to dissolve the gel phase, leaving the BaTiO3 particles.
SEM observation before and after the treatment has shown
no appreciable variation of particle morphology. Three param-
eters, d10, d50, and d90, were obtained from the PSD. In general,
dp is the diameter corresponding to the percentage p of
particles in the cumulative particle size distribution. The
average particle size was defined as the number median
diameter (d50) of the PSD.

The powder obtained after completion of reaction was also
characterized. The density, F, was measured by helium pic-
nometry (model Accupyc 1330, Micromeritics, Norcross, GA).
The specific surface area, SBET, was determined by nitrogen
physisorption (BET method, model ASAP 2010, Micromeritics,
Norcross, GA). The equivalent BET diameter, dBET, was
calculated with the formula dBET ) 6/FSBET.

2.3. Determination of the Reaction Kinetics. Method
1. A 10 mL portion of suspension was centrifuged and the
barium concentration in the supernatant was determined by
gravimetric titration as BaSO4. Use of conductometric titration
gave equivalent results. The progress of reaction was calcu-
lated by the equation

where [Ba] is the barium concentration in the supernatant,
[Ba]T the total barium concentration, and Rg the Ba/Ti ratio
in the gel phase (measured on the suspension withdrawn at
time zero), assumed to be constant during the course of
reaction. This hypothesis was verified by determining the
precipitation kinetics at a barium concentration of 0.035 mol
dm-3 by a second independent method.

Method 2. The suspension was centrifuged, the precipitate
washed, and finally the gel phase was removed by the same

treatment adopted for PSD measurement. The BaTiO3 pre-
cipitate was finally dissolved using a 3:1 mixture of concen-
trated HCl and HNO3, and the amount of barium was
determined by gravimetric titration. Although SEM observa-
tions showed that the treatment for removal of the gel phase
has not an appreciable influence on particle morphology,
leaching of barium ions from the surface of BaTiO3 could not
be completely avoided and a small correction of the raw kinetic
data was required for method 2. This correction was deter-
mined from the amount of barium dissolved from a reference
BaTiO3 powder prepared with the same methodology and
subjected to the same treatment. As shown in Figure 1, the
kinetic data obtained by the two methods result to be nearly
coincident. However, method 1 was preferred because it is
faster and more reliable.

2.4. TEM Observation. The growth of BaTiO3 nanocrystals
during the early reaction stages (yield < 2 mol %) could be
observed by conventional and high-resolution transmission
electron microscopy (TEM and HRTEM) with a JEOL J2010
microscope operated at 200 kV. A precipitation experiment was

yield )
R([Ba] - [Ba]T) + Rg[Ba]T

(Rg - 1)[Ba]T

Figure 1. Formation kinetics of crystalline BaTiO3 from
aqueous solutions of BaCl2 and TiCl4. The legend of (a) and
(b) indicates the barium concentration. (a) At 82 °C and [Ba]/
[Ti] ) 1.11. (b) At 92 °C and [Ba]/[Ti] ) 1.11. (c) At 82 °C and
[Ti] ) 0.039 mol dm-3 for different values of [Ba]/[Ti]. Open
symbols represent kinetic data obtained by titration of super-
natant. Full symbols represent kinetic data obtained by
titration of the BaTiO3 precipitate after removal of the Ti-rich
gel phase.
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performed at 82 °C at a barium concentration of 0.044 mol
dm-3. Aliquots of the suspension were collected at different
times. The samples were transferred in small bottles and
sealed. Immediately before observation, a drop of the suspen-
sion was deposited onto a carbon-coated copper grid and dried.
Identification of BaTiO3 crystals was carried out using an
energy-dispersive electron microprobe and electron diffraction
(ED).

3. Results

3.1. Reaction Kinetics. The synthesis conditions are
given in Table 1. The Ba/Ti molar ratio in the gel phase
at the beginning of reaction (time zero) is practically
independent of concentration and equal to 0.64 at 82
°C and 0.55 at 92 °C. The formation kinetics of BaTiO3
is shown in Figure 1. All the curves have a sigmoidal
shape and the reaction rate is strongly dependent on
concentration. At 82 °C (Figure 1a), as the barium
concentration is increased by a factor 2 (from 0.035 to
0.07 mol dm-3), the half-transformation time, t1/2,
decreases by a factor 70 (from 185 to 2.6 min). At 92 °C
(Figure 1b), the reaction is ≈20 times faster at [Ba] )
0.041 mol dm-3 than at [Ba] ) 0.023 mol dm-3. The
effect of temperature can be illustrated by comparing
the two experiments (1 and 10) performed at a barium
concentration of 0.035 mol dm-3. As the temperature is
lowered from 92 to 82 °C, t1/2 increases by a factor 30
(from 6 to 185 min). The strong slowing down of the
crystallization kinetics induced by a 10 °C decrease of
temperature explains why formation of BaTiO3 is not
observed near room temperature. At low concentration,
the precipitation of BaTiO3 is not quantitative, even
after times much longer than the half-transformation
time (see Table 1, expts 1, 8, 9). At the highest
concentration for both temperatures (expts 5 and 12),
formation of BaTiO3 is rather fast and the reaction has
already started before the temperature attained the
preset value. The corresponding kinetic data were thus
discarded. The influence of the [Ba]/[Ti] ratio on the
crystallization of BaTiO3 at 82 °C is shown in Figure
1c. The experiments were conducted at a constant Ti
concentration of 0.039 mol dm-3. It can be observed that
upon increasing R from 1.11 to 1.2, t1/2 decreases from
47.5 to 4.5 min. This is a significant effect considering
that the barium concentration only changes by 7%.

3.2. Characterization of Final Particles: Mor-
phology, PSD, and Crystallite Size. Mean particle
size, size distribution, crystallite size, and equivalent
BET diameter of powders vary with temperature,
concentration, and Ba/Ti ratio. Figure 2 shows the
influence of concentration on the morphology of particles
obtained at 82 °C. When [Ba] > 0.04 mol dm-3,
spheroidal and reasonably uniform particles are formed.
The particle size gradually decreases from 0.86 to 0.36
µm with increasing concentration. It is also evident from
Figure 2b-d that the precipitates of BaTiO3 consist of
nanosized subunits. In particular, at a barium concen-
tration of 0.044 mol dm-3, the subunits show a pro-
nounced development of facets. At the lowest investi-
gated concentration (0.035 mol dm-3, Figure 2a), in
addition to a pronounced faceting, the particles show
the tendency to develop a dendritic-like morphology,
even if they remain essentially equiaxed. The existence
of a substructure is confirmed by the comparison (Table
1) between the average particle size measured by SEM

and the XRD crystallite size: d50 is 2-4 times larger
than dXRD. In turn, the values of dXRD are roughly
comparable with the equivalent BET diameters (Table
1), indicating that a significant fraction of the crystallite
surface is still accessible to the nitrogen molecules. This
can be explained by assuming the existence of a limited
number of contact points at the interface between two
crystallites, even when the crystallite is part of a
polycrystalline assembly. Powders produced at 92 °C
show a similar morphology evolution with concentration
and the same kind of nanosized substructure. Even at
92 °C, formation of particles with dendritic-like mor-
phology is observed at the lowest concentration inves-
tigated (0.023 mol dm-3). For a given barium concen-
tration, the powder obtained at 92 °C is finer (by a factor
1.5-2) than the powder produced at 82 °C (Table 1).
The same trend is also exhibited by dXRD and dBET; i.e.
the crystallite size decreases with increasing tempera-
ture.

3.3. TEM Observation of Early Crystallization
Stages. Samples taken after 1, 4, 8, 11, and 15 min
during a synthesis carried out at 82 °C and [Ba] ) 0.044
mol dm-3 were examined. According to Figure 1a, the
degree of conversion is <2 mol %, even for the sample
reacted for 15 min. Observation of the gel phase did not
show distinct particles but rather a continuous matrix
without peculiar morphological features. ED and high-
resolution observation revealed no evidence of crystal-
linity. The gel is highly porous with pores and channels
which give a very high surface area in contact with the
solution. Crystalline BaTiO3 particles were detected
only in samples taken at times g4 min, as shown in
Figure 3. The morphology of the perovskite precipitates
in the 4 min sample corresponds to nanosized (5-30 nm)
spherical single crystals embedded in the gel phase
(Figure 3a). The number of these nanocrystals was quite
small, meaning that the extent of conversion is far below
1 mol %. Nanocrystals of 5-30 nm with the same
morphology of Figure 3a were observed in all samples,
meaning that nucleation continues over a rather long
time period. The progressive growth of the primary

Figure 2. SEM images of BaTiO3 particles obtained at 82
°C: (a) [Ba] ) 0.035 mol dm-3, (b) [Ba] ) 0.044 mol dm-3, (c)
[Ba] ) 0.052 mol dm-3, and (d) [Ba] ) 0.070 mol dm-3. Bar:
0.5 µm.
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BaTiO3 nanocrystals is evident in the samples taken
after 8-15 min (Figure 3b,c). For the 8 min sample,
particles have grown up to 60-70 nm. Observation in
the high-resolution mode has shown that the majority
of particles are single crystals, but some are made of
two or three crystallites. Further growth of the primary
crystals occurred in the sample reacted for 15 min
(Figure 3c), where particles of 100-200 nm with smooth
surface can be seen. The 15 min sample displays also a
different kind of morphology, corresponding to larger
particles, up to 500-600 nm, with a rough surface
(“raspberry”-like particles, Figure 3d). ED from one of
these particles shows reflections 110, 111, 220, and 222
(see inset of Figure 3d). Unlike the ED patterns recorded
on smaller particles (Figure 3a), the spots are rather
diffuse, and those corresponding to 220 and 222 reflec-
tions are split in two. This suggests that the electron
beam interacted with multiple BaTiO3 crystals of simi-
lar but not identical orientation. However, a detailed
investigation on the relative orientation of the crystal-
lites inside the polycrystalline aggregates was not
performed.

3.4. Evolution of Crystallite Size and Particle
Size. The results of the crystallite size measurements
against time for syntheses carried out at 82 °C are
presented in Figure 4. A non-negligible growth can be
noticed even when transformation is complete. The
variation of the mean particle size with time is shown
in Figure 5. At a given concentration, the growth rate
decreases with time, and for [Ba] g 0.044 mol dm-3, the
size only slightly increases once the maximum yield has
been attained. Only at the lowest concentration, 0.035
mol dm-3, does particle growth continue after reaction
completion. Similar trends were observed at 92 °C. The
average number of crystallites per particle, nc, can be
approximately calculated by assuming spherical par-
ticles without internal porosity. It turns out that nc
decreases rapidly with increasing concentration. At 82
°C and yield ≈90%, nc decreases from ≈100 to ≈10 as
the concentration increases from 0.035 to 0.070 mol
dm-3. The cumulative PSDs of particles collected at
various yield values are shown in Figure 6 for two
different experimental conditions. The fraction of par-
ticles with diameter comparable to the average crystal-

Figure 3. TEM images of the BaTiO3 particles obtained at 82 °C and [Ba] ) 0.044 mol dm-3. The precipitate was collected after
(a) 4 min, (b) 8 min, and (c,d) 15 min. The continuous phase around the particles is the Ti-rich gel. The inset of parts a and d
shows the ED pattern.
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lite size (Table 1) is quite small, even for low yield
values. The dispersion of particle diameter is ap-
preciably broader for the powders obtained at the end
of reaction. Accordingly, the difference d90 - d10 in-
creases from 0.45 to 0.65 µm in Figure 6a and from 0.30
to 0.47 in Figure 6b. It is also worth noting that the
span of the PSD, given as (d90 - d10)/d50, strongly
increases with decreasing concentration, as shown in
Table 1. Combining the kinetic data of Figure 1 with
the PSD measurements, the number density of particles
was computed, and the results are shown in Figure 7.
At the lower concentrations for both temperatures, the
number density reaches a maximum or a plateau before
precipitation has come to completion. On the contrary,
at higher concentration, the curves reach the plateau
when the yield of reaction is close to 100%.

4. Discussion

4.1. General Considerations on Crystallization
Mechanism. The first stage of the synthesis is the
formation of the amorphous Ti-rich gel phase (in the
following denoted as BaTi-gel) at room temperature. It
is well-known that aqueous solutions of Ti salts, by
hydrolysis and condensation reactions, lead to the
formation of gels composed of entangled networks of
polymeric chains of Ti hydroxides.15,25 The skeleton of

the polymer corresponds to Ti atoms linked by bridging
O atoms. Since Ba ions do not belong to gel-forming ions,
mixed BaTi-gels consist of the skeleton of polymer with

Figure 4. Mean crystallite size (from 111 X-ray line broaden-
ing) of BaTiO3 precipitates obtained at 82 °C. The barium
concentration is shown in the legend. The number near some
data points indicates the yield of the reaction (mol %). The
arrows define the time corresponding to completion of precipi-
tation.

Figure 5. Mean particle size (median diameter of the number
particle size distribution) of BaTiO3 precipitates obtained at
82 °C. The barium concentration is shown in the legend. The
number near each data point indicates the yield of the reaction
(mol %). The arrows define the time corresponding to comple-
tion of precipitation.

Figure 6. Evolution of the PSD of BaTiO3 particles obtained
at (a) 82 °C and [Ba] ) 0.044 mol dm-3 and (b) 92 °C and [Ba]
) 0.029 mol dm-3. The particles were collected at different
yield values, as indicated in the legend.

Figure 7. Number density of BaTiO3 particles obtained at
(a) 82 °C and (b) 92 °C. The barium concentration is shown in
the legend. The number near each data point indicates the
yield of the reaction (mol %). The arrows define the time
corresponding to completion of precipitation.
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Ba2+ ions adsorbed at the surface.15 The lack of distinct
particles and of crystalline features, as shown by
HRTEM observation, suggests that the viscous gelati-
nous suspension initially obtained has a similar struc-
ture. The second stage of synthesis is the crystallization
of BaTiO3 induced by heating. At room temperature,
formation of BaTiO3, although possible from the ther-
modynamic point of view,3 is not observed, even after
very long times, in agreement with ref 24. The results
presented in the previous section strongly indicate that
formation of BaTiO3 is dominated by a nucleation and
growth mechanism. Therefore, the crystallization proc-
ess can be represented by the reaction

where Basol and Tisol denote the aqueous species in-
volved in the formation of critical nuclei and successive
growth. Since an excess of barium was always used and
the BaTi-gel is enriched in Ti in comparison to the 1:1
stoichiometry, barium is readily available as aqueous
species. The predominant barium species in solution are
Ba2+ and BaOH+.3 On the contrary, the titanium
aqueous species implicated in reaction 2 must be
provided by dissolution of the BaTi-gel phase:

Reaction 3 can occur, for example, by the nucleophilic
attack of the hydroxyl ion (which acts as a catalyst) on
the terminal Ti atom of the polymeric chains.25 The
solubility of rutile TiO2 in alkaline conditions is very
low. According to the thermodynamic calculations of
Lencka and Riman, the predominant titanium aqueous
species in equilibrium with rutile at pH > 4 is Ti(OH)4,
and its predicted concentration at 25-90 °C is on the
order of 10-8 mol dm-3.3,13 The ion HTiO3

- could also
become important under the severe alkaline conditions
adopted in the present work. It is expected that the
solubility of the gel is higher than that of TiO2, but in
any case probably less than 10-6 mol dm-3, as ICP
spectroscopy did not reveal an appreciable solubility at
room temperature. The lack of an appreciable solubility
of TiO2 in a 1 M solution of Ba(OH)2 at 90 °C has been
also reported by Eckert et al.13 The driving force for
reaction 2 is provided by the supersaturation. The
supersaturation can be defined as the ratio between the
product of the current concentration of the relevant
aqueous species and the solubility product of BaTiO3.
Basically, this latter equilibrium quantity can be com-
puted from the available thermodynamic data.3 On the
contrary, the concentration of the aqueous titanium
species is related to the solubility of the BaTi-gel. Being
this latter unknown, the calculation of supersaturation
is precluded. Nevertheless, the concentration of the
titanium aqueous species, at least at the beginning of
reaction, will be nearly constant, because of the presence
of the BaTi-gel phase. Since the pH is also approxi-
mately constant, the initial variation of supersaturation
will be mainly related to the variation of barium
concentration in solution, as suggested by Figure 1c.

4.2. Primary and Secondary Nucleation. The
initial, low crystallization rate is likely to be controlled
by the rate of primary nucleation. For primary nucle-
ation we intend nucleation in the absence of preexisting
crystalline matter. As often occurs, it is impossible to
decide whether initial nucleation is predominantly
homogeneous or heterogeneous. TEM observation of
early (yield < 1%) crystallization stages (Figure 3) has
shown that the formation of an appreciable number of
primary nanocrystals in the range 5-30 nm requires a
non-negligible time in comparison to the half-transfor-
mation time. This provides evidence that primary
nucleation is quite slow. Observation of the particle
morphology (Figures 2) and comparison among crystal-
lite size (Figure 4, Table 1), BET equivalent diameter
(Table 1), and average particle size (Figure 5, Table 1)
clearly indicates that the BaTiO3 precipitates obtained
under the different experimental conditions are com-
posed of polycrystalline particles. The polycrystalline
morphology is already observed for yield values on the
order of a few percent and then retained until reaction
completion. Basically, polycrystalline particles can be
originated by two different mechanisms: secondary
nucleation at (or in the vicinity of) the surface of already
existing crystals or colloidal aggregation of smaller
units.9-10,25 However, the colloidal aggregation process
has no influence on the overall degree of conversion.
Consequently, the upward curvature and the dramatic
increase of the reaction rate (typically 1 order of
magnitude moving from ≈0 to 20% yield) can be hardly
explained by considering only primary nucleation,
growth, and aggregation of primary particles. On the
contrary, secondary nucleation can easily account for
the acceleration of the reaction kinetics. At the very
beginning, primary nucleation leads to formation of
supercritical nuclei that grow further. Since the rate of
secondary nucleation is proportional to the total surface
of available particles, it will increase very rapidly after
an initial period of time, like in a self-catalytic process.
Obviously, at a later time, the lowering of supersatu-
ration will induce a decrease of secondary nucleation
rate and growth will become predominant. As a result,
each single nanocrystal of BaTiO3 generated at the
beginning of reaction by primary nucleation can lead
to a distinct final polycrystalline particle by a succession
of secondary nucleation events and growth of the
resulting crystallites.

Secondary nucleation at (or in the vicinity of) the
surface of particles already present in solution is rather
common and can have a large influence on crystalliza-
tion,26 although relatively few examples have been
described in the recent literature. Hydrothermal syn-
thesis of polycrystalline, faceted PbTiO3 particles com-
posed of multiple crystallites with slightly different
orientation by a process of secondary nucleation and
growth has been described by Peterson and Slamovich.27

Significant changes in size and morphology of port-
landite (calcium hydroxide) crystals upon aging of
aqueous suspensions have been attributed to a similar
process.28 Secondary nucleation has been also invoked

(25) Brinker, C. J.; Scherer, G.W. Sol-Gel Science. The Physics and
Chemistry of Sol-Gel Processing; Academic Press: San Diego, CA,
1990.

(26) Mullin, J. W. Crystallisation; Butterworths: London, 1972.
(27) Peterson, C. R.; Slamovich, E. B. J. Am. Ceram. Soc. 1999,

82, 1702.
(28) Rodriquez-Navarro, C.; Hansen, E.; Ginell, W. S. J. Am. Ceram.

Soc. 1998, 81, 3032.

Basol + Tisol + nOH-(aq) f BaTiO3(s) + mH2O(l)
(2)

BaTi-gel + H2O f uTisol + vBasol (3)
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to explain the development of polycrystalline particles
with unusual morphologies or complex structures.29-31

4.3. Growth. The number density of particles re-
mains almost constant or even decreases once the
degree of transformation exceeds 50% (see Figure 7).
This is an indication that the second stage of reaction
is dominated by the growth of the crystallites nucleated
(and grown to some extent) during the first stage.
Likely, the crystals at the surface of the aggregates grow
much faster than those in the interior, because they
have surfaces directly exposed to solvent. However, the
results of BET measurements (Table 1) suggest that the
solvent and the aqueous species involved in growth can
have access to a fraction of the inner surfaces of the
aggregate, and therefore, a solvent-mediated recrystal-
lization process of the whole aggregate cannot be
excluded. It is well-known that a variation of super-
saturation can induce a modification of crystal habit,
because the growth rate of different surfaces can be
differently influenced by concentration.9 Previous stud-
ies on the synthesis of BaTiO3 from Ba(OH)2 solutions
at 90 °C reported a variation of particle morphology
from spherical or cubic to octahedral with decreasing
concentration.20,22 Thus, the tendency to develop den-
dritic-like morphologies at low concentration (Figure 2)
can be possibly ascribed to preferential growth along
some directions or preferred secondary nucleation on
specific faces.

All the experiments are well-represented by a single
master straight line if the logarithm of particle size at
the end of reaction is plotted against the logarithm of
the maximum reaction rate (i.e. the maximum slope of
the kinetic curves of Figure 1), as illustrated in Figure
8. The maximum reaction rate is always located close
to 50% conversion. As discussed in the foregoing para-
graph, the reaction rate at this stage is mainly related
to the growth process. The location of the different data
points reveals that higher reaction rates and smaller
particles correspond to higher values of temperature,
concentration, and Ba/Ti ratio. This suggests that an
increase of the above factors produces a rise of super-
saturation, which leads to an increase of the nucleation
rate during the initial reaction stage.

The observed rapid decrease of the number of crys-
tallites per particle and the concomitant increase of the
number density of particles strongly indicates that the
primary nucleation rate increases faster than the
secondary nucleation rate with increasing supersatu-

ration. This corresponds to a larger number of smaller
particles (see Figure 7) and faster transformation when
the stage of predominant growth is reached. For ex-
ample, at 82 °C, as the concentration increases from
0.035 to 0.070 mol dm-3, the number density of particles
increases ≈2 orders of magnitude and the total surface
of the particles increases ≈1 order of magnitude.

The growth of both the crystallites (Figure 4) and the
particles (Figure 5) is not completely arrested, even
when the transformation is complete, indicating an
Ostwald-like ripening process related to dissolution of
the smallest crystallites and coarsening of the largest.
At high concentration, recrystallization is mainly con-
fined within the particles. At lower concentration (0.035
mol dm-3 at 82 °C and 0.023 mol dm-3 at 92 °C), a
significant decrease of the number density of particles
can be noticed (Figure 7). In these cases, the ripening
process leads to the disappearance of entire classes of
particles on the left-hand side (lower dimension) of the
PSD and appearance of new classes on the right-hand
side. As a result, the width of the distribution increases.
For the synthesis carried out at 82 °C and at barium
concentration of 0.035 mol dm-3, the difference d90 -
d10 increases from 1.6 after 4.5 h aging to 2.2 after 22
h aging, while the yield remains constant (92%). This
notable effect is, at least in part, related to the very long
aging time adopted.
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Figure 8. Diameter of BaTiO3 particles against the maximum
reaction rate obtained from Figure 1. The number near each
data point indicates the barium concentration (mol dm-3).
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