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Abstract

The formation mechanisms of barium titanate particles from an amorphous TiO, gel during synthesis in aqueous solution at
temperatures between 20 and 80°C have been investigated. It was found that barium ions diffuse into the gel almost immediately,
with nanocrystalline BaTiO; particles being formed after heating to just 40°C. These particles grew to dimensions of about 100 nm
as the temperature was increased to 80°C, consuming the remaining TiO, gel. Some remnants of gel were found on particle surfaces
in a sample taken at this temperature but after holding the sol at 80°C for 2 or 4 h, the particle surfaces became “‘cleaner’”” and more
rounded. It is proposed on the basis of these observations that the BaTiOj3 particles were formed by an in-situ transformation of the
amorphous TiO, gel. The mechanism by which (i) the particles were then rounded off and (ii) the final gel fragments were incor-

porated into the main BaTiOj; particles was, however, less clear. © 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Barium titanate (BaTiOj;) is used widely in the elec-
tronics industry, especially in multilayer capacitors due
to its high dielectric constant. It is produced con-
ventionally by the solid-state reaction of BaCO; with
TiO, at temperatures above 900°C. This method, how-
ever, leads to the production of large BaTiO; particles
with uncontrolled and irregular morphologies, which
can limit the electrical properties of the resulting sin-
tered ceramics.

By contrast, hydrothermal synthesis has been shown
to be a viable route for the production of barium tita-
nate and can be used to produce fine (<1 um) or ultra-
fine (< 100 nm) particles with a controlled, rounded
morphology, a narrow size distribution, and of high
purity. Such particles are very well suited for use in
modern green fabrication techniques such as tape casting,
inkjet printing, etc. Furthermore, they sinter well at tem-
peratures lower than those used to sinter conventionally
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produced powders (up to 200°C lower in some cases).
This allows the grain size of the resulting ceramic to be
tailored to the optimum value for the desired electrical
properties by control of the sintering schedule and
hence degree of grain growth. For these reasons, the
hydrothermal production of barium titanate has been
commercialised in both the United States and Japan,
with the resultant powders finding niche applications.

There have been many investigations concerning the
hydrothermal synthesis of barium titanate (for example
Refs. 1-7), generally focussing on a variety of aspects,
such as: structural, microstructural, and chemical char-
acterisation; doping with other elements during the
hydrothermal synthesis process; and the sintering
behaviour of green bodies made from hydrothermally
produced barium titanate. It is only more recently,
however, that attempts have been made to understand
the mechanism(s) by which the barium titanate particles
are formed during hydrothermal processing.

Hertl® used the kinetic analysis of reaction rates in an
attempt to understand the reaction mechanisms leading
to the formation of barium titanate from TiO, powder
suspended in Ba(OH), solution. He assumed that the
barium titanate is formed on the surface of the TiO,
particles by an in-situ transformation of the TiO, as Ba
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ions diffuse into the structure. Chien et al.> investigated
the microstructural evolution of BaTiOj as it formed
from TiO, particles in Ba(OH), solution. It was shown
that small particles of BaTiO; form initially on the sur-
faces of the TiO, particles, with all the TiO, particles
being converted eventually to BaTiOj; particles having a
raspberry-like appearance, and that further hydro-
thermal treatment results in smoothing of the BaTiO;
particle surfaces to form rounded particles. Eckert et
al.” combined thermodynamic modelling, TEM micro-
structural characterisation, and the kinetic analysis of
reaction rates. Similar conclusions to Chien et al.> were
reached concerning the microstructural evolution of
BaTiO; particles. Reaction rate analysis seemed to
indicate that the early stages were dominated by a dis-
solution—precipitation mechanism in contrast to the
earlier work by Hertl,® in which it was claimed that an
in-situ transformation mechanism was responsible. The
mechanism operating in the later stages of the reaction
was, however, less clear. Kerchner et al.!? also used
reaction rate analysis and TEM characterisation of the
particles, reaching similar conclusions. It appears, how-
ever, from the TEM observations of Chien et al.> and
Eckert et al.,” that the BaTiO; particles form initially as
very small particles just a few nanometres in size, which
tend to cluster together. After continued hydrothermal
processing, these clustered particles appear to end up as
larger, single crystal BaTiO5 particles.

Aksay et al.!! shed further light on the transformation
mechanism. They placed BaTiO; seed particles in a
suspension of TiO, particles in aqueous Ba(OH),, and
after a short hydrothermal treatment, collected particles
on a grid for HREM observation. It was found that
newly formed BaTiO; nuclei became attached to the
seed particles and that the small nuclei tended to rotate
into the same orientation as the larger seed particle. It
was inferred from this that the nuclei are produced by
homogeneous nucleation in solution at the high reactant
concentrations typically used in hydrothermal synthesis
which then tended to agglomerate due to van der Waals
and/or electrostatic attraction forces. This effect could
also result in the raspberry-like particle morphologies
observed by Chien et al.’> and Eckert et al.® These
observations appear to support the dissolution—pre-
cipitation model proposed by Eckert et al.® for the early
stages of particle formation.

Not all hydrothermally synthesised BaTiO; is, how-
ever, made from crystalline TiO». It is frequently pro-
duced from hydrous titanium oxide gels produced by
the hydrolysis of compounds such as TiCly or Ti alk-
oxides with water. It is commonly recognised that these
Ti-containing gels are more reactive than crystalline
TiO,, and hence, that the reaction rate for the formation
of BaTiO;3 is much faster than when TiO, is used.
Moreover, it is likely that the reaction mechanism dif-
fers from that for the formation of barium titanate from

crystalline TiO,. Kerchner et al.!! analysed the synthesis
of BaTiO; from hydrous TiO, gels, employing both
reaction rate analysis and TEM characterisation of the
particles. They concluded from the reaction rate analysis
that the reaction probably proceeds by “a phase boundary
controlled mechanism where the initial crystallisation is
controlled by an interfacial chemical reaction”. From
some of their TEM observations, however, they contra-
dicted this by stating that the homogeneous, uncored
structure of the small crystallites possibly implies a dis-
solution—precipitation type mechanism. They concluded
finally, that the reaction probably proceeds by Ba?™
ions infiltrating the hydrous TiO, gel and reacting at the
surfaces to form BaTiOs.

In this paper we report on an investigation of the
formation mechanisms of BaTiO; particles produced
from a hydrous TiO, gel. Conventional TEM with
Energy Dispersive X-ray analysis was used to determine
the general morphology of particles and the Ba/Ti ratio,
and HREM to investigate the structure of crystallites at
a much finer scale.

2. Experimental procedure

The raw materials used were barium acetate,
Ba(CH;COO), (Aldrich Chemical Co., Gillingham,
Dorset), titanium isopropoxide, Ti(OC>,H4CHj3)4, (Tilcom
TIPT), and the organic base, tetramethylammonium
hydroxide [(CH3)4NOH], (Aldrich Chemical Co., Gil-
lingham, Dorset). Alkaline conditions were used since
all previous work on the hydrothermal synthesis of
barium titanate has shown such conditions to be neces-
sary for the formation of the perovskite phase.

Quantities of precursors were chosen such that they
would produce a concentration of 0.25 mol 17! of
BaTiOs in suspension if the precursors reacted to com-
pletion. The amount of tetramethylammonium hydro-
xide was chosen such that it would give a ratio of OH~
to total metal ions of 2:1. In view of the fact that a small
amount of barium ions is often found to remain in
solution during the hydrothermal synthesis of barium
titanate, 2 mol% more barium acetate was used than
would be necessary to achieve stoichiometry. A sol was
made by dissolving the barium acetate in the appro-
priate quantity of water, adding the tetramethyl-
ammonium hydroxide solution while stirring, followed
by the titanium isopropoxide. The titanium isoprop-
oxide is hydrolysed on contact with the aqueous solu-
tion to form an amorphous polymeric titanium oxide
gel.'> After 5 min of stirring, the pH and temperature
were measured, and a small sample extracted by pipette.
The sol was then heated in an open topped PTFE-lined
autoclave (Berghof GmbH, Germany) to 80°C over a
period of about 30 min, during which time the pH was
measured and small samples taken at 40, 60, and 80°C.
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The sol was then kept at 80°C for 4 h, with the pH again
being measured and small samples extracted by pipette
after 2 h and finally after 4 h. Each of these samples was
transferred to a small specimen tube containing water to
dilute it and disperse the sol particles. A copper grid
with a supported thin carbon film was dipped into the
diluted sol, removed, and then allowed to dry on filter
paper, resulting in a dispersion of the small sol particles
on the carbon film.

The particles on the supported carbon films were then
examined using: a JEOL 200CX HR-TEM to investi-
gate their morphology and crystalline structure; a JEOL
4000FX TEM equipped with a LINK AN10000 EDX
system with a Si(Li) detector (nominal resolution 162
keV at Mn K,) to do conventional bright field imaging
and to analyse the chemical composition of the parti-
cles; and a Philips CM20 TEM to do conventional
bright field imaging. All the microscopes were equipped
with LaBg electron sources.

The JEOL 200CX was equipped with a top-entry
stage and had a point-to-point resolution of about 2.4 A.
Since no specimen height adjustment is provided, the
exact position in the objective lens varies slightly from one
specimen to another giving slightly different magnifications
than the quoted magnification. Nevertheless, for a typical
specimen, the magnification should be within +10% of
the quoted value, and thus the nm scale markers on the
micrographs should be accurate to within £10%.

EDX quantification of Ba:Ti ratios is problematic
because of the overlap between the K, and Ky peaks for
Ti at 4.508 and 4.931 keV, respectively, and the largest
two L peaks for Ba (Lo and Lf;), at 4.465 and 4.827
keV, respectively. Whilst problematic, it is not impos-
sible because Ba has other less intense L peaks for which
Ti has no counterpart including the LB, peak at 5.156
keV and the L,; and L, peaks at slightly higher ener-
gies. The quantification was performed using the RTS-
2/FLS software on the LINK ANI10000 system using
the theoretical k-factors provided, and experimentally
acquired profiles for Ba and Ti.

In view of these quantification difficulties, it is
thought that the accuracy of quantification is unlikely
to be as good as for systems where the peaks are well
separated; therefore, the absolute accuracy would cer-
tainly not be better than +5 at%. Having said this, the
reproducibility of results on a particular type of particle
was usually very good (usually better than +£3 at%)
suggesting that quantification is reliable. The errors
quoted on averages of several quantified EDX results
merely represent the standard deviation of the different
results (i.e. the reproducibility) and do not include any
estimate of the deviation from absolute accuracy, i.e.
the precision rather than the accuracy of the experi-
mental results is given. All quantified EDX results are
quoted in atomic % of Ba and Ti; oxygen was not
quantified since it was difficult to obtain reliable results.

3. Results

As stated above, samples were taken at various stages
during hydrothermal processing so that the develop-
ment of the BaTiOs particles could be monitored. The
temperature and pH values of the sol at each sampling
point are recorded in Table 1 below. It can be seen that
the pH stayed above 12 for the entire duration of the
reaction. It may have been expected that the pH would
have been reduced as the reaction proceeded to com-
pletion, due to neutralisation of the organic base by the
acetate ions formed as a by-product of the reaction that
forms barium titanate:

Ba(CH;COO), (aq) + TiO2.xH,0 (s) + 2(CH3),NOH (aq)
= BaTiOs (s) + 2(CH3),N*CH;COO" (aq) + (1 + x)H,0 (1)
)]

Instead of this, the readings show an increase in pH
with increasing reaction temperature. This apparent
increase in pH with increasing reaction temperature
could, however, be a result of insufficient temperature
compensation on the pH meter used to take these read-
ings (since the pH meter employed did have a tempera-
ture compensation feature). It may be, however, that
part of the pH rise was real, perhaps as a result of
increased dissociation of the organic base, TMAH, at
the higher temperatures.

All samples contained barium-rich needle shaped
particles. These were believed to be barium acetate
powder particles that had not fully dissolved, or had re-
formed on drying of the diluted sol on the copper grid.
All the samples contained some BaCOj; particles, prob-
ably formed by the dissolution of atmospheric CO, in
the alkaline solution, followed by the precipitation of
insoluble BaCO;. The production of BaCO5 impurities
is normal in the hydrothermal synthesis of BaTiOj;
unless great care is taken to ensure that the precursors
and the reaction environment are CO»-free. These bar-
ium acetate and barium carbonate particles are not,
however, considered further in this text, as they were
thought not to affect the growth mechanisms of the
BaTiO; particles.

Table 1

Temperature and pH of the sol at the taking of each sample

Sample number Temperature (°C) pH

1 25 12.05
2 40 12.23
3 60 12.37
4 80 12.8
5 80 for 2 h 13.0
6 80 for 4 h 12.8
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3.1. Sample 1 (25°C)

This sample consisted mainly of amorphous gel. Fig.
la shows a conventional bright field TEM micrograph
of a typical region of gel with a SAD pattern inset. As in
the case of the gel used by Kerchner et al.,'? it is highly
porous, containing many small channels which would
give it a very high surface area in contact with the
hydrothermal solution. EDX analysis of the gel shows
that it is strongly Ti-rich but it does contain some Ba
ions as well: an average of several analyses gives a
composition of 83+3 at% Ti, 17+3 at% Ba.

Fig. 1b shows an HREM image of an area of gel
adjacent to a small hole, this clearly shows the amor-
phous structure of both the gel and the carbon film
support (lower left). No evidence of any crystallinity
was found in the gel from this sample.

3.2. Sample 2 (40°C)

This sample comprises mainly the hydrous TiO, gel
and Fig. 2a shows a micrograph of a typical arca with a
SAD pattern inset. This diffraction pattern shows only
faint diffuse rings indicative of amorphous material;
although some other SAD patterns from this sample also
show faint, diffuse diffraction spots, suggesting that there
may be incipient crystallisation of the gel. These faint
spots appear at positions that could be consistent with
plane spacings for BaTiO3;. EDX analysis of a number of
areas yielded an average composition of 77+ 3 at% Ti,
23+3 at% Ba. A number of areas had some particles
with sizes > 10 nm that were noticeably more crystalline.

Fig. 2b is an HREM image of one area of gel which
appeared amorphous from lower magnification TEM

(a)

and SAD. This image shows many very small crystal-
lites with dimensions of only a few nanometres forming
in the gel; some of these crystallites are indicated with
arrows. Such nanometre scale crystallites were found in
many apparently non-crystalline regions of gel. The
fringe spacings are consistent with those that would be
expected for cubic BaTiOs;. This confirms that these
particles are small crystalline nuclei of BaTiOs.

3.3. Sample 3 (60°C)

Fig. 3a shows a bright ficld image of a typical gel area
in this sample with a SAD pattern inset. It may be noted
that a number of discrete crystalline particles with sizes
of up to 100 nm have formed in the amorphous gel.
SAD patterns from such regions show discrete diffrac-
tion spots originating from these particles, as well as
amorphous rings originating from the gel; the d-spa-
cings for the spots are consistent with the perovskite
BaTiO;5 structure. EDX analyses of the gel showed
results which varied widely from one position to
another; an average of five analyses gave a composition
of 73+7% Ti, 27+7% Ba. The barium titanate parti-
cles in the gel had near-stoichiometric compositions of
49+3 at% Ti, 51 +£3 at% Ba.

Fig. 3b shows an HREM image of the edge of one of
these BaTiOj; particles growing in the gel. It may be seen
that the particle, whilst having continuous fringes
(implying that it is a single crystal), seems to have
formed through the coalescence of several smaller par-
ticles. Some crystallites with different orientations are
observed at the edges (indicated with arrows). It is
likely, therefore, that several small crystallites like those
in Fig. 2b have merged to form one larger single crystal

Fig. 1. Micrographs of TiO, gel from sample 1 (extracted at 25°C): (a) bright field TEM image with SAD pattern inset; (b) HREM image of an area

adjacent to a small hole.
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(a)

Fig. 2. Micrographs of TiO; gel from sample 2 (extracted at 40°C): (a) bright field TEM image with SAD pattern inset; (b) HREM image showing

the formation of small crystallites (arrowed).

(a)

(b)

Fig. 3. Micrographs of TiO, gel containing BaTiOj; particles from sample 3 (extracted at 60°C): (a) bright field TEM image with SAD pattern inset;
(b) HREM image showing the edge of one BaTiOj; crystal embedded in gel, two nanosized crystallites are arrowed.

particle but others were still separate from the main
large BaTiO; particle at the time of sampling.

3.4. Sample 4 (80°C)

The particles in this sample were quite different from
those in previous samples, with very little gel being visi-
ble. Fig. 4a is a TEM micrograph of some typical par-
ticles in this sample, with a SAD pattern of these
particles inset. Most particles are rounded single crystal
particles with dimensions in the range 80—120 nm. Some

particles consist of several crystals separated by grain
boundaries; the three particles indicated by arrows con-
sist of at least three crystals each. The SAD pattern is
clearly consistent with these being BaTiO; particles,
while EDX analyses of several particles gave an average
composition of 47+3 at% Ti, 53+3 at% Ba, which is
close to stoichiometry. The particle size is variable,
however, and the particles are somewhat “knobbly”
around the edges.

Fig. 4b is an HREM micrograph of the edge of one
BaTiO; particle. The {110} lattice fringes of the BaTiO3
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Fig. 4. Micrographs of BaTiOj; particles from sample 4 (extracted at 80°C): (a) bright field TEM image with SAD pattern inset, three particles each
consisting of at least three crystallites are arrowed; (b) HREM image showing the edge of a BaTiOj; crystal, some nanoscale crystallites at the edge of

the particle are indicated with arrows.

are clearly visible but around the edge of the particle
there is a mostly amorphous region which is approxi-
mately 5 nm thick. There are also crystalline regions in
this outer layer, displaying lattice fringes as indicated by
arrows. Such an observation has been made on a number
of particles from this sample. It seems that while most of
the particles in this sample had become separated from
the amorphous TiO, gel, many still had some remnants
of this gel as a thin layer around the edges.

3.5. Sample 5 (80°C/)2 h)

The particles of this sample were fairly similar to
those of the previous sample. Fig. 5a is a TEM image of
one group of particles in this powder with a SAD pat-
tern inset. As before, the SAD pattern is consistent with
the particles being of the BaTiO; phase. The average
composition of several groups of particles was 48 £3
at% Ti, 52+3 at% Ba; which is close to that for the
previous sample.

Fig. 5b is an HREM image of the edge of one particle
from this powder. The {111} lattice fringes for BaTiO3
are clearly visible but there is a clear difference from
Fig. 4b in that the edge of the particle is much “clea-
ner”. In general, very few particles were found to have
traces of remnant gel on their edges.

3.6. Sample 6 (80°C/4 )

The particles of this sample were again fairly similar
in size and morphology to those of the previous two
samples. A typical group of such particles is shown in
Fig. 6a with a SAD pattern inset. It may be observed
that the edges of particles are in general more rounded

and less “lumpy” or angular than those in samples 4
and 5. The SAD pattern is once again consistent with
the BaTiOj; structure. The average composition for sev-
eral groups of particles is 47 +2 at% Ti, 53+2 at% Ba,
which is near-stoichiometric and similar to that for the
previous two particles.

An HREM image of the edge of one particle is shown
in Fig. 6b. This particle is oriented close to the (001)
axis with the fringes for the two perpendicular sets of
{100} planes showing clearly. Again, it may be seen that
the edge is clean and free of any remnant gel. No parti-
cles were found which showed any remnants of gel on
the edges.

4. Discussion and proposed particle formation mechanism

Although small crystallites of BaTiO; formed in TiO,
gels have previously been observed in the early stages of
hydrothermal synthesis,!® no EDX analyses of the gels
were conducted and no definite conclusion was drawn
as to whether they were formed by an in-situ transfor-
mation mechanism or by a dissolution—precipitation
mechanism. Thus, the EDX results from this study shed
further light on the particle formation mechanism(s).

It appears that, prior to the crystallisation of BaTiOs,
Ba?" ions had diffused into the gel to a significant
degree (at least 15-20 at% at 25°C); although, it may be
that these were mainly adsorbed onto external surfaces
at first, as suggested by Hennings et al.> The first
nanoscale crystallites then appeared at a temperature of
just 40°C, when the gel had a composition of about 20—
25 at% Ba. Thus, it seems clear that an in-situ trans-
formation of the gel was occurring, probably starting at
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(a)

(b)

Fig. 5. Micrographs of BaTiO; particles from sample 5 (extracted after 2 h treatment at 80°C): (a) bright field TEM image with SAD pattern inset;

(b) HREM image showing the edge of a BaTiOjs crystal.

(a)

(b)

Fig. 6. Micrographs of BaTiOj; particles from sample 6 (extracted after 4 h treatment at 80°C): (a) bright field TEM image with SAD pattern inset;

(b) HREM image showing the edge of a BaTiOj3 crystal.

the surfaces, as finally considered by Kerchner et al.,'”
resulting in the formation of these nanoscale crystallites.
It is interesting to note that previously the first nuclea-
tion of BaTiO5 had been noted by other workers only at
higher temperatures > 70°C. These nanoscale crystal-
lites grew further into the gel and started to grow into
one another as the temperature was increased to 60°C.
In the majority of cases, it appeared that the nanoscale
crystallites had coalesced into larger single crystals with
any grain boundaries being eliminated, although the
mechanism by which the boundaries are eliminated is
not at all clear. It seems unlikely that it could happen by

crystallite rotation since most crystallites are con-
strained by the surrounding gel, a more likely mechan-
ism being boundary migration. These crystalline
particles were found to have compositions close to that
for stoichiometric BaTiOs.

As the gel was consumed and transformed into
BaTiO; crystals on increasing the temperature to 80°C,
the resulting crystals became separated from the gel,
and were usually found as small clusters, probably held
together by van der Waals and/or electrostatic attrac-
tion forces. After initially heating to 80°C, some rem-
nants of the gel were still found on the edges of particles
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in the form of amorphous material and nanoscale
BaTiOs crystallites. After prolonged treatment at 80°C,
however, the particles were found to have “cleaner”
edges and had become more rounded, although the
particle size was not changed significantly. This suggests
that any remaining gel remnants were incorporated into
the BaTiOj crystallites, possibly by rotation or by
boundary migration of any small crystallites, along with
crystallisation of the remaining amorphous gel. The
mechanism by which protrusions, bumps and sharp
edges are rounded is uncertain. It could well be that this
occurs by dissolution—precipitation, since such features
would display higher local solubility than other areas of
particle surfaces due to the high degree of surface cur-
vature, resulting in preferential dissolution of such fea-
tures and re-precipitation on other less curved areas of
particles. Regardless of whether this is the case or not, it
is clear that this process proceeds by a totally different
mechanism to the initial particle formation, since the
nature of the particles changed markedly from that
during the early phases of synthesis, and because the
subsequent reaction rate was much slower than that
during the initial particle formation stage.

All the work in this study was carried out at < 80°C
in an open system under atmospheric pressure, and so it
could be argued that the reaction mechanisms that
operate during hydrothermal synthesis in a closed pres-
sure vessel at higher temperatures and pressures would
be somewhat different from this. The initial nucleation
and growth of BaTiO; particles from within the gel
were, however, found to occur at very low temperatures
of less than 60°C. Table 2 shows the vapour pressures
for water at the sampling temperatures used in this
study.!? It can be seen clearly that the vapour pressure
only starts to increase appreciably at 60°C and above;
thus, the autogeneous pressure in a sealed vessel is not
likely to differ greatly from atmospheric pressure until
temperatures above 60°C are achieved. Even then, the
vapour pressure at 80°C is still less than 0.5 bar and
such a small pressure difference is unlikely to make a
significant difference to the chemical processes occurring
in solution. It may also be noted that some of the early
work on the “hydrothermal” synthesis of BaTiOz was
carried out in an open beaker at 90-100°C.'4

In contrast to this, the mechanism by which the sur-
faces of the BaTiOj; particles are smoothed and rounded
may vary with hydrothermal processing temperature

Table 2
Vapour pressure of water at various temperatures (after Weast!'?)

Temperature (°C) Vapour pressure (bar)

25 0.371
40 0.073
60 0.197
80 0.467

and pressure, and it is almost certain that the reaction
rate for this process will be strongly dependent upon
temperature.

5. Summary

The mechanisms for the formation of BaTiO; parti-
cles have been investigated for the synthesis of BaTiO;
from a hydrous TiO, gel formed from the in-situ
hydrolysation of titanium isopropoxide in a solution of
barium acetate and the strong organic base, tetra-
methylammonium hydroxide in an open system under
atmospheric pressure.

It was found that Ba ions diffused into the gel at
25°C, resulting in the formation of nanoscale crystallites
of BaTiO; in the gel after heating the reaction mixture
to 40°C. These crystallites grew within and into the gel
on continued heating to 60°C, forming larger crystals
with dimensions of about 50-100 nm. Further heating
to 80°C resulted in the consumption of most of the
remaining gel, leaving clusters of BaTiO; particles
which had slightly bumpy surfaces and dimensions of
the order of 100 nm. Many of these particles still
retained some remnants of the gel as a surface layer
which was a few nanometres thick. Further treatment at
80°C for 2 and 4 h resulted in the elimination of this
layer and the rounding of particle surfaces.

It is proposed on the basis of these observations that
the initial nucleation and growth of the particles pro-
ceeded by in-situ transformation, while the mechanism
for the rounding of particles is less clear but is most
likely a dissolution—precipitation type mechanism.
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