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Abstract

Characterisation by SEM, TEM and XPS of
BaTiO3 powders that have been exposed to water
provides an assessment of the extension of their
interaction with the suspending medium. Ba2+ ions
are released into the aqueous solution when powder
suspensions are prepared, as detected by atomic
absorption spectroscopy, but it appears that their
presence in the aqueous medium is due to dissolution
of BaCO3 present in the powders as an impurity. No
changes in morphology of the powders or composi-
tion of the surface were observed, a part from pre-
cipitation of BaCl2 on the surface of the particles
when the pH was lowered with HCl. However, a
�20 nm layer depleted in Ba2+ develops at the sur-
face of undoped sintered materials after exposure to
water, as a result of the partial hydrolysis of the
BaTiO3, which a�ect in less extent to Nb-doped sin-
tered material. # 1998 Elsevier Science Limited. All
rights reserved

1 Introduction

Organic solvents such as ethanol or trichloroethene
(or azeotropic mixtures of both) have been used for
many years as dispersing media for the preparation
of BaTiO3 tape-casting slurries. For safety, envir-
onmental and economic reasons, there is a need to
move away from the use of organic liquids towards
water. The ®rst step in the study of the aqueous
BaTiO3 dispersion is the evaluation of the interac-
tion of the powder with the suspending medium,
which has to meet critical requirements, such as
being a good solvent for the dispersants, binders
and plasticisers, and having minimal reaction with
the powder.1

Partial solution is potentially an important pro-
blem in the aqueous phase processing of BaTiO3

powders in particular, because of the changes
caused in the stoichiometry of the particle surface
and a redistribution of the components within the
®nal powder. The presence of a liquid phase on the
TiO2-rich side of the phase diagram at tempera-
tures in the region of 1300±1350�C2 will enhance
the tendency for the exaggerated grain growth.
This is an undesirable e�ect in electronic devices,
since it is well known that the dielectric constant of
barium titanate ceramics decreases with increasing
grain size.3,4 Exaggerated grain growth in BaTiO3

ceramics has been seen as a result of milling the
powder in water.5 High concentration of barium
ions are present in solution after milling of BaTiO3

powders water5 and polar organic media (for-
mamide and n-methyl formamide) with similar
properties to water such as high dielectric constant
and good ionic solvation capacity.6 These obser-
vations have been taken as evidence for the selec-
tive dissolution of BaO from BaTiO3.
On the other hand, titanates have generally

been regarded as insoluble in water: this has been
one of the reasons for their inclusion in the for-
mulation of synthetic rocks (`Synroc') for the sto-
rage of high activity nuclear waste materials. In
this context, the stability of titanate minerals with
the CaTiO3 perovskite structure has been studied
under high temperature and pressure7,8 (hydro-
thermal conditions).
The hydrolysis reaction can be regarded as

follows:

BaTiO3 s� � �H2O 1� � � Ba2�
aq� � � TiO2 rutile� � �OHÿaq� �

�1�

Moreover, in laboratory and industrial normal
environments the situation is in reality more com-
plicated because of the presence of dissolved car-
bon dioxide. A second equilibrium:
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BaTiO3 s� � � CO2 soln:� � � BaCO3 s� � � TiO2 rutile� �
�2�

has to be taken into account. This has the e�ect of
increasing BaTiO3 solubility through the solubility
of BaCO3 unless pCO2 (and thus the concentration
of CO2 in solution) is extremely low.

BaCO3 s� � �H2O 1� � � Ba2�
s� � �HCOÿ3 s� � �OHÿs� �

�3�

Lencka and Riman9 have proved the necessity for
thermodynamic modelling of the ceramic powder
system to identify the best conditions for the
synthesis, and the hydrothermal synthesis of
BaTiO3 was used as an example of this procedure,
together with other perovskites with electronic
applications such as PbTiO3 and SrTiO3.

9,10 Sev-
eral stability diagrams were produced for BaTiO3

in aqueous environment, as a function of pH and
Ba2+ concentration. They showed that BaTiO3

was only thermodynamically stable in water at
high pH and high Ba2+ ion concentration. This
approach was later applied to the production of
BaTiO3 ®lms.11 Other phase diagrams for the Ba±
Ti±H2O system and Ba±Ti±CO2±H2O systems have
been reported12,13 for the ideal conditions (when
activities can be approximated to concentrations).
However, the method followed by Lencka and
Riman is more strict and includes the calculation
of activity coe�cients and a comparison of the
e�ects of di�erent sources of thermodynamic data.
It has to be noted, however, that for the reverse
process (dissolution of BaTiO3, not synthesis),
these equilibria may be in practice very slow to be
attained at room temperature and that the rate of
dissolution is likely to depend on solid state di�u-
sion processes occurring in the subsurface regions
of the barium titanate particle.
With the aim of evaluating the kinetic aspects of

BaTiO3 and other related titanates hydrolysis,
leaching rates for the partial dissolution at di�erent
temperatures, obtained with sintered discs on the
basis of ion concentration in solution, and aver-
aged over di�erent periods of time, have been
reported (Table 1).7,14 Leaching rates measured

with BaTiO3 powders might not be completely
reliable because of the possibility of contamination
by BaCO3

15: the solution rates measured could be
those of the more soluble carbonate. The rates for
SrTiO3 and BaTiO3 are very similar, and one to two
orders of magnitude higher than those for CaTiO3.
The values appear to be lower at higher tempera-
tures, because precipitation of the alkaline earth
oxides was observed under those conditions.14

The results reported for dissolution of CaTiO3

are relevant to this study, since both CaTiO3 and
BaTiO3 have the perovskite structure. By monitor-
ing the changes in chemical composition of the
species present at the surface after consecutive
bombardment with Ar+ ions, a layer depleted in
Ca was found for CaTiO3 discs after 19 days at
300�C.16 A depleted layer 200 nm thick was also
found after leaching BaTiO3 at 250

�C for 12 days.14

A�8 nm layer was identi®ed by TEM showing a
Ti±O amorphous layer on the edges of a perovskite
surface ion beam thinned specimen (1 day at 110�C
and 180 kPa in distilled water).17

Even at room temperature, it has been found
that CaTiO3 samples in contact with water devel-
oped a similar 10 nm amorphous layer within the
®rst 9 h.18 At 60�C the thickness of this layer
increased to 20 nm, and the rate for the release of
Ca2+ ions was higher. This surface layer was iden-
ti®ed only with single crystal particles in contact
with low concentrations of Ca2+ (<10ÿ5mol
dmÿ3) at pH 9.5. In the case of polycrystalline
materials, a similar layer was found only on the
fragments that had been removed from an attacked
and cut surface. The hydroxide species Ca(OH)+

or Ca(OH)2 were detected by surface analytical
techniques on the CaTiO3 surface.18 The low
binding energy hydroxide and carbonate were
detected by XPS.14 On this basis, a dissolution
mechanism for CaTiO3 single crystal was for-
mulated18 in which CaTiO3 is considered to be a
Ti±O lattice with Ca2+ ions occupying the octahe-
dral sites; the dissolution starts by an interchange
procedure between H+ ions in the H2O and Ca2+

at the surface, provided that the Ca2+ concentra-
tion in solution is less than 10ÿ5mol dmÿ3. This
mechanism appeared to be catalysed by OHÿ ions.
Dissolution progresses, developing a Ti±O
(Ti(OH)x) layer at the surface, until this layer is
thick enough to severely retard the outwards di�u-
sion and release of the more inner Ca2+ ions. This
hydroxyl layer can also incorporate species such as
Ca(OH)+ and Ca(OH)2.
The mechanism suggested for the dissolution of

these and similar titanates under hydrothermal
attack is very similar.14,16 The main di�erence
reported between hydrothermal and room tem-
perature attack is that recrystallised TiO2 phases

Table 1. Leaching rates for titanates at various temperatures
(�g mÿ2 sÿ1) over 7 days, (1) from Ref. 7; (2) from Ref. 14

25�C(1) 100�C(1) 200�C(1) 300�C(1) 300�C(2)

CaTiO3 <1.1 0.1 Ð 0.1 0.16
SrTiO3 2.3 3.7 0.70 0.5 Ð
BaTiO3 1.1 4.0 0.92 0.35 0.382



(brookite and rutile) are only found at temperatures
above 120�C.18

This study reports on the characterisation of
BaTiO3 powders (which have either been exposed
to water or acid-washed) through the use of scan-
ning and transmission electron microscopy (SEM
and TEM) and X-ray photoelectron spectroscopy
(XPS) for surface analysis. The concentration of
Ba2+ ions released was measured by atomic
absorption. Disc specimens were used for depth
pro®ling of a BaTiO3 surface exposed to water.
The data reported here provide the basis for
important conclusions relevant to the dispersion of
BaTiO3 powder in aqueous media and the pre-
paration of aqueous tape casting suspensions.

2 Experimental

2.1 Materials
The BaTiO3 powders used in this study are listed in
Table 1. More detail about the characteristics of
these powders can be found in Ref. 15. A1 and
A2 were two di�erent supplies of the same batch of
a Nb-doped powder. Powder B had an average
particle size of �0.5�m, and A1, A2 and
C�1.5�m. A1, A2 and C were made by solid state
route reaction between BaCO3 and TiO2; B was an
undoped powder, made by an oxalate route. The
range of estimated BaCO3 contamination in these
powders15 is shown also in Table 2.

2.2 Methods of examination

2.2.1 Atomic absorption (AA)
One gram of powder was allowed to stand during
48 h in 30 cmÿ3 of deionised H2O at di�erent pHs
(adjusted with HCl or KOH) in a normal atmo-
sphere. The suspensions were then centrifuged and
the liquid supernatant collected for atomic
absorption analysis, (Varian SpectrAA-10) of bar-
ium and titanium calibrated with standard solu-
tions. One set of dispersions of powder A1 were
prepared in freshly boiled water and kept under N2

¯owing atmosphere, in order to observe any possi-
ble di�erence between the CO2 free and the normal
atmosphere conditions.

2.2.2 TEM examination
For the TEM study a Philips EM 430 HVEM
operating at an accelerating voltage of 300KV ®t-
ted with a Line ISIS EDS-system was used. A small
amount of powder A1 was dispersed by ultrasonic
probing in isopropanol (the reference powder), and
in water at pH 9 (the end point) and 4 (maintained
with HCl additions), and allowed to stand for
2 days. After sedimentation, a few drops of the

supernatant were taken and deposited on a copper
grid coated with a carbon ®lm. Additional samples
were prepared leaving some powder unstirred in a
hydrochloric acid solution at pH 4 for 12 h. The
aqueous suspensions were then centrifuged and
decanted. The powder was washed with iso-
propanol twice, which was evaporated at low tem-
perature, and redispersed in the same solvent for
TEM examination.
For selected area di�raction patterns (SADP) the

selected aperture was 500�m. The EDS beam
probe size was 30±50 nm.

2.2.3 SEM study
A CamScan series 4 SEM (Cambridge Instruments,
Cambridge, UK) was used, ®tted with a EDS sys-
tem (Link 860 system analyser). As for the TEM
study, the powder examined was dispersed in iso-
propanol, and in water at pH 9 and 4. A few drops
of the suspension in every case were taken, and
allowed to dry on an aluminium stub covered with
a thin polished glass cover slip. The powder ®lm
was then gold coated.

2.2.4 Surface analysis XPS
Powder specimens were prepared using an alumi-
nium stub with commercial double sided adhesive
tape on which the powder sample adhered. Two
sets of samples were prepared with powders A1
and B: as received, and powder left unstirred in
aqueous hydrochloric acid solution for 12 h,
washed later in isopropanol and dried, as described
in Section 2.2.2.
In order to assess quantitatively the extent of

interactions between BaTiO3 materials and water
with depth, 3 disks 1 cm diameter were made with
powders A1 and B by die pressing and sintering in
air at 1360�C for 2 h to a density of �94% of the-
oretical. They were then polished with diamond
paste to 3�m. This procedure is very similar to the
one reported earlier.19,20 Since interaction with
water was being assessed, all contact with water
was carefully avoided during the initial preparation
and polishing steps. One disc was immersed in
deionised water (pH�6) for 24 h, a second was
immersed in pH 3 for 24 h, and a third disc was left
untreated, as a reference. The surfaces were rinsed
with methanol and allowed to dry.
XPS spectra were recorded with a Kratos XSAM

800 spectrometer using Mg K� (1253.6 eV) excita-
tion. Ion etching was performed by 2.5KeV Ar+

ions (Kratos MacroBeam ion gun) with 3.4�10ÿ6
A cmÿ2 current density. The sputter rate was
�1 nm/min. Data acquisition and processing,
including quanti®cation, were performed with the
Kratos Vision 2000 software. Only the most sensi-
tive peaks for each surface element were analysed



(i.e. C 1s, O 1s, Ti 2p 3/2 and Ba 3d 5/2) using
powders and sintered discs. The assignation of
chemical states was made when possible with lit-
erature binding energy values.21,22

3 Results

3.1 Atomic absorption analysis
Ba2+ ions were released from all the powders when
they were stirred with water at room temperature
under normal laboratory air environment and also
under CO2 free atmosphere. The initial release of
Ba2+ was reported to be very fast in an earlier
study, and appeared to reach a plateau (equili-
brium) after approximately 6 h.23 The steady state
Ba2+ concentration in solution was measured after
24 h, as a function of pH (Fig. 1). A maximum
value of �200mg dmÿ3 was reached with powders
A1 and A2 at pH 2, �450mg dmÿ3 with powder B
and �800mg dmÿ3 with powder C at pH 3. The
Ba2+ released increased most markedly for pH
values below 7. Titanium ions could not be detec-
ted by atomic absorption, and the Ti concentration
must therefore have been <1mg dmÿ3 (the limit of
detection of the instrument used).
The key question was now the extent to which

these ions were released by dissolution of the
BaTiO3 particle surface according to reaction (1)
or from solution of the free BaCO3 previously
identi®ed15 [Reaction (3)]. This was addressed using
the following range of experimental techniques.

3.2 Electron microscopy
Powder dispersed in water at pH 4 and 9 was
examined by TEM to try to detect any change in
structure which might have taken place at the par-
ticle surfaces. Several EDS-X ray microanalysis
and selected area di�raction patterns (SADP) were
recorded for the powder in the reference condition
(as received and dispersed in IPA), and showed
that the powder was tetragonal BaTiO3 (Fig. 2),

and the samples prepared this way were therefore
representative of the batch, which was found to
correspond to tetragonal BaTiO3.

15 Only tetra-
gonal BaTiO3 was identi®ed with conventional
transmission microscopy techniques, in the sample
suspended at pH 9 (Fig. 3). Since most of the
particles appeared relatively thick under the electron
beam of the TEM, lattice imaging was not carried
out. When the powder which had been suspended
at pH 4 was examined, Cl (in addition to Ba, Ti
and O) was identi®ed by EDS-X-ray microanalysis
on the majority of the examined particles (Fig. 4).
Morphological studies using bright ®eld micro-
graphs in Fig. 4 showed the presence of deposition
products on the BaTiO3 particles, altering the
smooth surface appearance of the particles (compare
with Fig. 3), to the mottled e�ects observed in Fig. 4.
Selected area di�raction pattern (SADP) analysis
revealed that this surface product was cubic BaCl2

Fig. 1. Ba2+ concentration measured in solution after 48 h.

Fig. 2. (a) Bright ®eld TEM micrograph of a BaTiO3 particle
(powder A1) suspended in IPA; (b) bright ®eld TEM micro-
graph of the same particle at higher magni®cation; (c) SADP
of the particle in (a) and (b); (d) indexing of the SADP; (e)
EDS-D-ray spot microanalysis spectrum of the particle in (a).



[Fig. 4(c)]. No other surface ®lm or product was
identi®ed on the BaTiO3 particles. A study of
powder that had been washed at pH 4 and redis-
persed in IPA did not show the presence of any
amorphous layer on the surface.
Shape and morphology of the powders did not

change as observed by SEM after exposure to
water and acid wash.

3.3 XPS analysis of the powder particle surface
and polycrystalline discs of BaTiO3

The surface of both powders was analysed as-
received and after an acid wash. Four elements
were found in both powders: C, O, Ba and Ti. The
transitions analysed were the most sensitive ones
for each element, i.e. C 1s, O 1s, Ba 3d5/2, and Ti
2p3/2. These results are shown in Tables 2±4. A
correction for the C, identi®ed as hydrocarbon
contamination from the ultra high vacuum cham-
ber has been made, in order to better compare the
stoichiometry of the other components of the sur-
face. Atomic concentrations were converted to
atom ratio with the same purpose.

Table 5 shows that the Ti/Ba ratios found on the
surface of the powders by XPS is higher than the
Ti/Ba ratio found by the XRF analysis of the
powders, and that these ratio increase after the acid
wash.
The same chemical elements were found on the

surface of all the sintered disks (treated and
untreated) of powder A1 and B analysed. The only
di�erences as compared with the analysis of the
particles surface are that, in this case, more than
one chemical state for carbon was clearly identi®ed

Fig. 3. (a) Bright ®eld TEM micrograph of a tetragonal
BaTiO3 particle (powder A1) suspended in H2O at pH 9; (b)

SADP of the particle in (a); (c) indexing of the SADP.

Fig. 4. (a) Bright ®eld TEM micrograph of a BaTiO3 particle
(powder A1) suspended in H2O at pH 4; (b) higher magni®-
cation TEM micrograph of the same particle; (c) SADP of the
particle in (a); (d) EDS-X-ray spectrum of the centre of the

particle in (a); (e) indexing of the SADP.

Table 2. BaTiO3 powders used in this study

Powders Producers Characteristics Estimated
BaCO3 content

(wt%)15

A1 Lot 219-3 Nb-doped 0.6
Transelco Ferro
New York, USA

A2 Lot 219-3 Nb-doped 0.9
Transelco Ferro
New York, USA

B HPB-MBB lot 10 Undoped 1.8
Tam Ceramics

Niagara Falls, USA

C Lot 427 Undoped 3.5
Cookson Ceramics,

Wallsend, UK



for both discs at 286.1 and at 288.4 eV, and a third
component in the O1s envelope at 532.9 eV has
also been found. The lower BE component of Ba
3d5/2 (at 779.0 eV) and the higher BE components
of O1s together with C at 288.4 eV, disappear after
the ®rst 2min of Ar+ bombardment (2 nm). By
comparison with the BE values reported for
BaCO3, this can be interpreted as the presence of a
BaCO3 layer, 2 nm thick at the surface of the disks.
Only the Ba component at 780.1 and O1s at
529.3 eV (assigned to BaTiO3) remain with depth.
The only changes in BE after the removal of the

®rst 2 nm of surface was the development of
shoulders on the Ti envelope at BE values
�458 eV. This is the result of the reduction of Ti4+

to Ti3+, a well-established phenomenon in tita-
nates.24±26 After the loss of the ®rst �2 nm of
material, no preferential sputtering of Ba or O
from the sintered discs was detected, as indicated
by the constant O/Ba and Ba/Ti ratios with
sputtering time, shown in Fig. 5. After washing in

water at pH 3 the sintered Nd-doped powder A1
showed a weak release of Ba2+, most of which
took place from the ®rst 20 nm (Fig. 6). Within
experimental error of the measurements, there was
no di�erence in behaviour between an untreated
surface and a surface washed in water at pH 6. In
contrast the sintered undoped powder B released
Ba to a depth of �30 nm after 24 h exposure to
acidic conditions, with a marked loss over the ®rst
10 nm. In this case there was no clear di�erence for
pH 3 and pH 6 (Fig. 7).

4 Discussion

The primary objective of this examination of
BaTiO3 powders was to assess the extent to which
surface reactions occurred on exposure to water. A
recognised complication with this system was the
presence of �1 to �3% BaCO3 as a second phase
contaminant. There were thus two potential origins
of the Ba2+ released to the aqueous phase: the
BaTiO3 surface, and the BaCO3, most probably
present as a second particulate phase, rather than a
particle coating.15 The release of Ba2+ from the
BaCO3 was moreover potentially able to in¯uence
equilibrium relationships at the BaTiO3 surfaces.
In order to assess semiquantitatively the possible
leaching of ions from the BaTiO3 it was necessary
to use sintered discs, because of the di�culties of
interpretation of the depth pro®les obtained on
powder samples.

4.1 Powders
Ba2+ ions are released into solution from both
BaTiO3 powder suspensions. The equilibrium con-
centration increased from �0 at pH 12 to �200mg
dmÿ3 for A1 and A2, 450 for B, and �800mg dmÿ3

for powder C (Fig. 1). In this experiment, powders

Table 3. XPS results for A1

A1 as received A1 after acid wash

Element Centre
(eV)

Atomic
Conc.
(%)

Atomic
ratio

(Corrected
for C

vac. cont.)

Atomic
Conc.
(%)

Atomic
ratio

(Corrected
for C

vac. cont.)

C ls 284.6 23.0 Ð 7.4 Ð
Ti 2p3/2 458.2 15.5 1.0 21.1 1.0
1 O 1s 529.5 40.5 2.6 48.5 2.3
2 O ls 531.4 13.2 0.8 14.3 0.7
1 Ba 3d5/2 778.9 5.7 0.4 6.1 0.3
2 Ba 3d5/2 780.6 2.1 0.2 2.7 0.1

Table 4. XPS results for powder B

B as received B after acid wash

Element Centre
(eV)

Atomic
Conc.
(%)

Atomic
ratio

(Corrected
for C

vac. cont.)

Atomic
Conc.
(%)

Atomic
ratio

(Corrected
for C

vac. cont.)

C ls 284.6 25.7 Ð 27.6 Ð
Ti 2p3/2 458.2 11.7 1.0 12.0 1.0
1 O 1s 529.5 36.0 3.1 32.1 2.7
2 O ls 531.4 19.0 1.6 22.2 1.8
1 Ba 3d5/2 778.9 5.4 0.5 4.4 0.4
2 Ba 3d5/2 780.6 2.1 0.2 1.8 0.2

Table 5. Ti/Ba ratio of the BaTiO3 powders. Comparison
between surface analysis by XPS and bulk analysis by XRF

Powder Ti/Ba ratio
by XRF

Ti/Ba ratio by XPS
before acid wash

Ti/Ba ratio by XPS
after acid wash

A1 1.06 1.7 2.5
B 1.06 1.4 1.7 Fig. 5. E�ect of Ar+ bombardment on the Ba/Ti and Ba/O

ratios at the surface of untreated sintered discs of BaTiO3.



were allowed to remain unstirred in the suspension.
A similar relationship between concentration and
pH has been determined for BaTiO3 powders mil-
led in water,5 in this instance a much higher range
of concentrations was measured (1000±6000mg
dmÿ3), and this is likely to be related to the readier
release of barium ions from freshly fractured and
higher energy BaTiO3 surfaces. However, there is
no evidence that the source of these Ba2+ ions is
the BaTiO3 itself.

When the experiment was carried out under
¯owing N2 (CO2 free atmosphere), the concentra-
tions of Ba2+ measured were slightly higher. Solu-
bility of BaTiO3 should be lower under this
conditions, and the only explanation for this ®nd-
ing is that bubbling N2 through the dispersion had
the e�ect to better disperse the powder and facil-
itate this way the dissolution of the BaCO3 present.
If BaTiO3 particles undergo dissolution, an

amorphous layer at the surface, in which the Ba2+

concentration is depleted could be expected. How-
ever, no amorphous layer was observed by TEM
on the surface of the particles, neither the mor-
phology of the particles changed after an acid
wash, as observed under SEM. It is possible that
the amorphous layer observed in Ref. 18 at the
surface of particles collected after cutting CaTiO3

specimens and immersed in water is due to accel-
eration of the hydrolysis reaction by the high tem-
peratures and pressures reached during the cutting
process.
Two di�erent chemical states were found for

Ba and O on the surface of the powders (Tables 3
and 4), in agreement with previous reported
results.15,27,28 This appears to be a common feature
of the BaTiO3 particle surface, related to crystalline
distortions. Further experiments are necessary to
con®rm this hypothesis, but what is important at
this stage is that there is not evidence for a BaCO3

®lm, since there is no a high BE component (at
�288.5 eV) for C. This point has been discussed in
detail in Ref. 15. The only C state identi®ed was
the unavoidable contamination with hydrocarbon
in the ultra high vacuum chamber. The most rele-
vant conclusion from this XPS analysis in this
study is that none of the Ba components
decreased signi®cantly after an acid wash, as it
would have been expected if dissolution occurred
(Tables 3 and 4).
BaCO3 is normally considered to be partly solu-

ble in water (the solubility in water at 25�C is
reported to be �23mg dmÿ3) and totally soluble in
acidic pH.29 With adjustment of the pH to lower
values by the addition of small amounts of
(hydrochloric) acid, BaCO3 becomes completely
soluble:

CO2ÿ
3 aq� � � 2H� aq� �2 � CO2 g� � �H2O �4�

The Ba2+ concentrations found in solution at
acidic pH (2±4) correspond to the levels of BaCO3

contaminant present in the BaTiO3 powders
(Table 1), con®rming that they are originated by
dissolution of the BaCO3, and not BaTiO3. The
Ba2+ (aq) ions will recombine on drying to rede-
posit thin ®lms of barium chloride (after loss of

Fig. 6. E�ect of the aqueous treatment (24 h in deionised
water at pH 6 and 3) on the Ba/Ti ratio at the surface of a

sintered disc of powder B.

Fig. 7. E�ect of the aqueous treatment (24 h in deionised
water at pH6 and 3) on the Ba/Ti ratio at the surface of a

sintered disc of powder A1.

Table 6. XPS results for the analysis of the surface of sintered
discs of BaTiO3 powder (A1: Nb-doped; B: undoped)

Element Centre (eV) Untreated A1
Atomic conc (%)

Untreated B
Atomic conc (%)

1C 1s 285.0 32.2 36.9
2C 1s 286.2 7.5 5.0
3C 1s 288.7 2.9 3.7
Ti 2p 3/2 458.2 9.8 9.3
1O 1s 529.8 24.4 22.0
2O 2s 531.5 11.9 12.2
3O 3s 532.9 3.4 3.5
1 Ba 3d 5/2 779.2 4.2 4.0
2 Ba 3d 5/2 780.5 3.7 3.3



CO2) on the particles surfaces, as observed by
TEM (Fig. 4). This suggests that these low pH
values should be better avoided during the pre-
paration of aqueous suspensions for tape casting.
The hydrolysis of BaCO3 might suppress any dis-
solution of the BaTiO3, because the concentration
of Ba2+ in solution is already high.

4.2 Dissolution from sintered polycrystalline
BaTiO3

Sintered discs were used for compositional pro®les
because of the necessity for a ¯at surface. Care is,
however, needed in extrapolating data obtained on
polycrystalline material to powder particle surfaces
because of possible e�ects related to the presence
of the grain boundaries. Within the boundaries the
energies and therefore mobilities of ions are likely
to be di�erent from those of ions in the bulk of the
crystal lattice. Equally, the energies and mobilities
of ions in bulk single crystal are likely to be di�er-
ent from those in very small particles, because of
surface energy compression of the lattice.
Surface analyses on the sintered material and

ground surfaces showed three chemical states for
C1s. The peak at 284.6 eV is associated with the
normal hydrocarbon contamination; the other two
peaks are associated with forms of C±O bonding.
The weak peak at 286.2 eV is considered to be that
of the simple C±O group; this could correspond to
residual methanol used to rinse the surface. The
peak at 288.7 eV has been identi®ed with the car-
bonate CO2ÿ

3 environment (chemisorbed CO2). Of
the three oxygen peaks, that at 531 eV is also asso-
ciated with a simple C±O bond, and that at
531.5 eV with the carbonate group. So there is clear
and strong evidence for the presence at the disc
surfaces of barium carbonate.
A single state for Ti was identi®ed, at the BE

corresponding to BaTiO3 (458.2 eV). Three states
for O, that at 532.8 eV related to the C±O bond,
that at 531.4 eV related to the carbonate group,
and that at 529.6 eV to BaTiO3. The same states
for Ba were found on the surface of the discs and
the surface of particles, at 779.0 and 780.5, sepa-
rated by the same BE (1.5 eV). On the basis of the
existence of C as carbonate and the literature
values for Ba in BaCO3, we can assume that the
higher BE component at 780.5 eV is associated to
BaCO3 in this case. There were no signi®cant dif-
ferences in peak position or relative intensity,
between the discs prepared from the A1 and B
powders.
The detection of adsorbed CO2 on the surfaces

of the sintered material, and which was not seen on
the surfaces of particles of the corresponding pow-
ders, may be explained in terms of the CO2±
BaTiO3 domain dipole±dipole interaction.30 This

interaction, providing a driving force for the strong
adsorption of CO2 at a BaTiO3 surface, is available
for the polycrystalline BaTiO3, but not for the
�1�m BaTiO3 powder used here, for which the
ferroelectricity would be very weak. The existence
of the second (carbonate) carbon is in consequence
readily explicable in terms of the tendency for
physisorbed CO2 in the titanate surface O2ÿ ions,
to rearrange and convert to chemisorption and the
development of CO2ÿ

3 groups.31,32 The 779.0 eV
(non-perovskite) Ba(1) peak disappears after the
®rst few minutes of argon ion bombardment,
indicating that it is in the ®rst monolayers of the
surface. It is also assigned therefore to the chemi-
sorbed CO2 layer.
The conclusion drawn from these examinations

of the untreated and treated ground surfaces is that
the outer layer to a depth of around 2 nm contains
a high concentration of the CO2ÿ

3 group, corre-
sponding to the presence, in e�ect of a `barium
carbonate' surface ®lm, which formation has been
reported to be time dependent.33

There are contradictory reports about the pre-
ferential sputtering of titanates under argon ion
bombardment. It has been reported that titanates
decompose loosing preferentially O and Ba;34±36

however, this e�ect was not detected during depth
pro®ling examination of BaTiO3 single crystal by
Auger electron spectrometry.37 Preferential sput-
tering would clearly have been a signi®cant block
to the detection of any changes in Ba/Ti ratio with
depth, resulting from a selective release of Ba2+

into the aqueous phase. The present XPS exam-
inations appear to have con®rmed the absence of
preferential sputtering (Fig. 5).
Exposure to water at pH 3 results in changes to

the surface layer in both types of material, but the
changes are much more pronounced and penetrate
to a greater depth (�25 nm) for material prepared
from the undoped BaTiO3 (B) powder. The Nb-
doped material (A1) is, within experimental error
of the measurements, una�ected by exposure to
water at pH 6: the undoped material B in contrast
shows the same marked Ba-depleted zone at pH 6
as pH 3. There is thus no doubt that BaTiO3, in
common with other perovskites,18 tends to release
its A site (alkaline earth) cations into an aqueous
medium. Under hydrothermal conditions, the
depleted layer found was deeper.14 The reason for
the di�erences in behaviour between the two types
of material is not immediately obvious, but seems
likely to be related to the (�0.5%) Nb-dopant in
material A1. The Nb2O5 is incorporated into
BaTiO3 powders as a grain-growth inhibitor.38,39

At the grain boundaries, replacement of Ba2+ by
Nb5+ results in the formation of barium ion
vacancies:40



Nb2O5 � 2Nb3�
Ba � 5OO � V2ÿ

ba �5�

If Ba2+ is released preferentially from the grain
boundaries (as might be expected), then a higher
V2ÿ

Ba concentration in the boundaries might tend to
operate against the release mechanism by lowering
the Ba2+ activity gradient. More work is needed
on polycrystalline BaTiO3 of di�erent grain sizes to
establish the bases for these di�erences.
The reason for the solubility of the sintered

BaTiO3 materials, as evidenced by the Ba2+ depth
pro®le, and the absence of any changes in surface
stoichiometry for the BaTiO3 powders, is ascribed
to the high (200±800mg dmÿ3) background Ba2+

concentration provided by the dissolving, and
more readily soluble BaCO3. The solubility of the
BaTiO3 phase through the reaction (1) is likely to
be suppressed.
It is also possible that the mechanism of hydro-

lysis of BaTiO3 sintered disks is initiated by the
hydrolysis of the BaCO3 layer present, releasing
the activation energy necessary for hydrolysis of
BaTiO3. This mechanism would not be available to
�1�m powders, because such a BaCO3 layer was
not identi®ed at their surface.

5 Conclusions

BaTiO3 aqueous suspensions released signi®cant
concentration of barium ions, the concentration of
which increases as pH decreases. There was no
change in particle morphology that was detectable
by SEM neither was there any change at the sur-
face detected by TEM, a part from the crystal-
lisation of BaCl2 on the dried particles surface
previously treated at pH 4 (using HCl).
From the surface analysis on the particles by

XPS, there was no evidence for dissolution of the
powders, or for any di�erent behaviour between
Nd-doped and undoped powders. However, a
20 nm layer depleted in Ba with respect to the
nominal stoichiometry was found on sintered
material after exposure to water. This e�ect is not
important with powders probably because of
suppression of the hydrolysis by the high con-
centration of Ba2+ released from carbonate con-
tamination. The extent of the hydrolysis seen
appears to be lower with the Nb-doped material. A
similar 20 nm layer slightly depleted in Ba2+ could
only be observed after 12 h exposure to pH 3. This
di�erent behaviour as compared with the undoped
material might depend on grain boundary related
phenomena, such as the depletion of Ba2+ ions at
the grain boundaries. From the point of view of
developing aqueous systems for tape-casting, it is

important to note that the main source of Ba2+

ions in the aqueous suspension is the dissolution of
BaCO3 impurity present and not the dissolution of
BaTiO3. Since the surface analysis showed that the
two powders studied have very similar surfaces, it
is expected that the subsequent behaviour of their
colloidal dispersions will not be in¯uenced by their
nature (doped or undoped) or their preparation
route.
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