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Complex diffusion behavior of oxygen in
nanocrystalline BaTiO3 ceramics†

Roger A. De Souza,*a Christophe Voisin,b Henning Schraknepper,a

Markus Teusner,a Markus Kessel,a Pascal Dufour,b Christophe Tenailleaub and
Sophie Guillemet-Fritschb

18O/16O exchange annealing and subsequent Time-of-Flight Secondary Ion Mass Spectrometry (ToF-SIMS)

analysis is used to investigate oxygen transport in dense, nanocrystalline (average grain size d E 300 nm)

ceramics of nominally un-doped BaTiO3. Isotope penetration profiles are obtained as a function of

temperature, 973 o T/K o 1173, at an oxygen activity aO2 = 0.20 and as a function of oxygen activity,

0.002 o aO2 o 0.20, at T = 1073 K. All isotope profiles show the same unusual shape: a flattened profile

over the first B102 nm, followed by a short, conventional diffusion profile. We demonstrate that the entire

isotope profile can be described quantitatively by a numerical solution to the diffusion equation based on

an increase in the local oxygen diffusion coefficient close to the surface. This position-dependent increase

is attributed to additional oxygen vacancies that are generated by diffusion of chlorine impurities out of

the ceramics. The presence of chlorine derives from the chemical route necessary to produce nanometric

powders: it thus indicates a new manner in which nanocrystalline ceramics may differ from their

microcrystalline counterparts.

1. Introduction

By virtue of its large relative dielectric permittivity (er Z 1000),
the perovskite oxide BaTiO3, barium titanate (BT), is the
standard dielectric medium in current Multi-Layer Ceramic
Capacitor (MLCC) technology. The continuing drive towards
ever smaller MLCC dimensions has focused interest in BT on
improving its er at small grain sizes: it has been known for some
time that BT’s er is a function of grain size d, the maximum
value of er = 5000 being found for d E 1 mm, with a strong
decrease for smaller grain sized ceramics.1,2 Surprisingly, er in
excess of 105, so called colossal dielectric permittivity, has been
observed recently for BT ceramics with d o 1 mm that had been
consolidated, not by conventional sintering, but by Spark
Plasma Sintering (SPS).3 Although the origin of colossal dielectric
permittivity in such nanocrystalline ceramics is unclear,3–13 the
behaviour of oxygen vacancies and the high density of grain
boundaries are thought to be critical.12,13

The aim of this study is to characterize the behaviour of
oxygen vacancies in dense, nanocrystalline BaTiO3 (n-BT) ceramics,
in order to elucidate their role in generating colossal dielectric

permittivity. To this end, we conducted isotope exchange
experiments with subsequent determination of isotope profiles
within the solid by means of Time-of-Flight Secondary Ion Mass
Spectrometry (ToF-SIMS).14,15 Such measurements provide an
indirect, though powerful, method for studying the behaviour
of oxygen vacancies in oxides. This stems from the simple
relationship between the measured tracer diffusion coefficient
(D�O) and the site fraction of vacancies (nV)

D�O ¼ f �DVnV; (1)

where DV is the vacancy diffusivity and f *, the tracer correlation
coefficient (a constant of order unity). Furthermore, the interaction
between oxygen vacancies and interfaces (grain boundaries/
surfaces) can be probed.14

Oxygen diffusion in BT/MLCC has been investigated
previously,16–21 but the emphasis in these studies has been on
characterizing and understanding the post-sintering re-oxidation of
BT, in order to improve the resistance degradation of MLCCs.

The electrical conductivity of nanocrystalline BaTiO3
22,23

(and also of the analogous system of nanocrystalline SrTiO3
24,25)

has already been examined at elevated temperatures. In both
cases (n-BT and n-ST) the experimental conductivity data can be
accounted for quantitatively by the presence of space-charge
layers at the grain boundaries.22–25 The formation of such layers
can be explained in terms of oxygen vacancies residing prefer-
entially within the grain-boundary cores, and thus being
depleted from the adjacent bulk regions.26–28 This redistribution
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of oxygen vacancies sets up an electrical potential distribution
that depletes electron holes within the space-charge zones, and
it is this diminished concentration of electronic charge carriers
that is observed in electrical conductivity measurements. The
conductivity of nanocrystalline titanate perovskites is thus
evidently governed by grain boundaries and, indirectly, by the
behaviour of oxygen vacancies. Oxygen diffusion experiments,
which specifically probe the behaviour of oxygen vacancies,
could also provide further confirmation of the presence of
space-charge layers at grain boundaries in n-BT ceramics.

2. Experimental
2.1 Sample preparation and characterisation

Nanometric powder of nominally undoped BaTiO3 was synthesized
via an oxalate precipitation route, with stoichiometric amounts of
BaCl2�2H2O and TiOCl2, as described elsewhere.29 Most of the
powder was calcined at T = 1123 K for 4 h, a small part at T =
1493 K for 48 h, to give powders with two different starting particle
sizes. Consolidation of the powders to dense ceramics was achieved
by spark plasma sintering using a Dr Sinter 2080 apparatus
(Sumimoto Coal Mining, SPS Syntx Inc., Japan): ca. 0.9 g of powder
was placed in a 8 mm diameter graphite die and then sintered at
T = 1423 K with a dwell time of 3 minutes under an applied
pressure of 50 MPa and electric current of up to 350 A. Due to the
reducing atmosphere (vacuum) experienced by the samples
during the SPS process, a post annealing treatment (48 h at
1173 K in air) was performed in order to re-oxidize the ceramics.
All samples exhibited a relative density higher than 98%. FEG
SEM observations revealed an average grain size of ca. 300 nm
for the samples produced from the low-temperature calcined
powder and ca. 1 mm for ceramics from the high-temperature
calcined powder. High-temperature, in situ X-ray diffraction
analyses indicated that both samples are phase-pure, adopting
cubic perovskite symmetry at the temperatures of the isotope
anneals. After grinding and polishing, with a 1 mm diamond-
paste finish, a mean-square surface roughness of ca. 20 nm was
achieved (according to interference microscopy measurements
of an area of 738 mm � 480 mm).

XPS was carried out on the surface of ceramics using an
Axis Ultra spectrometer (Kratos Analytical, Manchester, UK).
ICP-OES (Jobin Yvon, JY 2000, Longjumeau, France) was per-
formed on the powders to determine the Ba : Ti ratio and the
impurity content.

2.2 Exchange annealing and ToF-SIMS analysis

The standard procedure for introducing an isotope penetration
profile into a solid from a large volume of gas was used.14,15,30 A
sample was first equilibrated for a time teq (teq > 8 tex) at
the temperature T and oxygen activity aO2 of interest in oxygen
of natural isotopic abundance, and then quenched to
room temperature. It was subsequently given an anneal for a
time tex, in highly enriched 18O2 gas (Isotec Inc., Miamisburg,
USA) at the same temperature and oxygen partial pressure. A
summary of the annealing times and temperatures is given in
Table 1.

The oxygen isotope profiles in the BaTiO3 ceramics were
measured by means of Time-of-Flight Secondary Ion Mass
Spectrometry (ToF-SIMS) on a ToF-SIMS IV machine (IONTOF
GmbH, Münster, Germany). The measurements were performed
with 25 keV Ga+ ions rastered over 80 mm � 80 mm for ToF
analysis (in burst mode, with a cycle time of 45 ms), 2 keV Cs+

ions rastered over 300 mm� 300 mm for sputtering etching of the
sample and o20 eV electrons for charge compensation. Negative
secondary ions were detected. The pressure in the main chamber
of the SIMS machine was below 10�9 mbar during analysis.
A detailed description of the analysis procedures, in particular
the method for correcting the 16O� and 18O� signals for the
dead-time of the detector, is given elsewhere.31 Crater depths
were determined post-analysis using an NT1100 interference
microscope (Veeco Instruments Inc., NY, USA).

3. Results

We stress, first, that the n-BT ceramics used in this study
exhibited >98% theoretical density and adopted cubic symme-
try at the temperatures of the isotope anneals.

Oxygen isotope profiles in a solid oxide are described by the
appropriate solution to the diffusion equation

@n�

@t
¼ @

@x
D�O

@n�

@x

� �
(2)

for the initial and boundary conditions defined by the experiment.
For the case of isotope exchange between a large volume of gas
and a semi-infinite medium characterized by a bulk tracer
diffusion coefficient of oxygen, D�O, and an oxygen surface exchange

Table 1 Summary of annealing temperatures T; annealing oxygen activities aO2; pre-annealing teq and exchange annealing tex times; bulk tracer oxygen
diffusion coefficient D�Oð1Þ; oxygen surface exchange coefficient k�O; and the extent (a) and the degree (g) of the local increase in D�OðxÞ close to the
surface

T/K aO2 teq/s tex/s D�Oð1Þ/cm2 s�1 k�O/cm s�1 a/nm g

900 0.2 6.45 � 104 1.04 � 103 1.4 � 10�13 8.6 � 10�8 120 8
850 0.2 1.77 � 104 1.30 � 103 1.2 � 10�13 3.8 � 10�8 100 10
800 0.2 1.55 � 104 1.81 � 103 5.0 � 10�14 2.1 � 10�8 90 10
750 0.2 3.93 � 105 3.67 � 103 2.0 � 10�14 4.2 � 10�9 80 9
700 0.2 1.13 � 105 9.05 � 103 9.5 � 10�15 3.8 � 10�9 70 6
800 0.02 2.03 � 104 1.84 � 103 1.1 � 10�13 5.7 � 10�9 120 15
800 0.002 2.86 � 104 1.88 � 103 1.2 � 10�13 1.5 � 10�9 75 10



coefficient, k�O, the solution is a modified complementary error
function32 (with tex being the duration of the isotope anneal)

n�r ¼ erfc
x

2
ffiffiffiffiffiffiffiffiffiffiffiffi
D�Otex

p
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D�O
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D�O
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 !
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(3)

The corrected isotope fraction, n�r , is given by

n�r ¼ n� � n�bg

� �.
n�g � n�bg

� �
, that is, it is the isotope fraction

in the solid, n*, corrected for the isotope fraction in the gas
phase, n�g, and for the background isotope fraction, n�bg.

3.1 Unusual form of the isotope diffusion profile

In Fig. 1(a) we compare an isotope diffusion profile obtained by
ToF-SIMS depth profiling of a dense n-BT ceramic with the best
fit of eqn (3). Although the latter part of the profile is described

well, there is a large deviation between the experimental data and
the fitted curve over the first 100 nm or so. We discount SIMS
artefacts, arising from preferential sputtering or rapidly changing
concentrations, being responsible for this initial flattened region of
the experimental diffusion profile, because we utilize (chemically
identical) isotopes and quasi-simultaneous detection of both
isotopes with ToF-SIMS.31,33 The deviation, therefore, is not from
the analysis method, but from the sample. All isotope profiles
measured in this study, for various temperatures and oxygen
activities, exhibited this unusual shape.

The initial flattening of the diffusion profile suggests that
the tracer diffusion coefficient is not constant over the first
B102 nm. Specifically, it suggests an increase in tracer diffu-
sion coefficient D�OðxÞ, relative to D�Oð1Þ, the constant value in
the bulk, far away from the surface. Indeed, assuming a spatial
variation of the form

D�O xð Þ ¼ D�Oð1Þ 1þ g erfc
x

a

� �h i
; (4)

where g and a are variables describing the degree (g) and the
extent (a) of the increase, we can describe the entire profile with
a single solution of the diffusion equation, as shown in
Fig. 1(b). As no analytical solution to eqn (2) is available for
the case of D�OðxÞ given by eqn (4), numerical solutions were
obtained with the finite element package Comsol (COMSOL AB,
Stockholm, Sweden). The curve shown in Fig. 1(b) was found by
visual comparison of the numerical solution with the experi-
mental data. As will be shown below, all isotope profiles
measured for these n-BT ceramics could be described in this
manner, with g and a [and, of course, D�Oð1Þ and k�O] varying
according to annealing times, temperatures and oxygen activities
(see Table 1).

A small deviation between the theoretical curve and the
experimental data is also evident in Fig. 1(b) at larger depths,
x > 400 nm. Such deviations are generally,34 but not necessarily,30

evidence of accelerated diffusion along grain boundaries. The
origin of this deviation is unclear, as grain boundaries in BT have
been demonstrated unambiguously to hinder oxygen transport.16,21

We leave this topic for future study.

3.2 Effect of temperature, oxygen activity and grain size on the
isotope profile

Oxygen isotope profiles obtained as a function of temperature
are shown, together with the fitted curves, in Fig. 2(a). The
variation in D�OðxÞ required at each temperature to reproduce
the theoretical profile is plotted in Fig. 2(b). Although the
annealing times were not identical, the general trend is towards
the extent of the increase in D�OðxÞ becoming more pronounced
the higher the temperature: a increases monotonically from
70 nm at T = 973 K to 120 nm at T = 1173 K. g is apparently
independent of temperature, displaying values of the order of
g B 101.

Fig. 3(a) and (b) show the corresponding data for the
variation of oxygen activity at constant temperature. As the
annealing times are approximately constant, one can say that
decreasing the oxygen activity decreases the amount of isotope

Fig. 1 An exemplary oxygen isotope diffusion profile obtained by ToF-
SIMS depth profiling of a nanocrystalline BaTiO3 ceramic (every 5th
experimental data point plotted for clarity): (a) experimental profile com-
pared with the fitted curve for a spatially invariant oxygen diffusion
coefficient; (b) experimental profile compared with fitted curve for a
spatially varying oxygen diffusion coefficient. Exchange anneal at T =
1073 K and aO2 = 0.2 for tex = 1.81 � 103 s.



incorporated into the material. This translates into k�O decreasing
with decreasing oxygen activity, as D�Oð1Þ [and a and g] remain
essentially constant.

In Fig. 4 we compare isotope diffusion profiles of two BT
ceramics with different average grain sizes (d = 300 nm and d =
1000 nm), annealed for the same time at the same temperature
and oxygen activity. The isotope diffusion front clearly pene-
trates further into the sample with the larger average grain size;
the detailed analysis yields that D�Oð1Þ is a factor of two higher.
No significant changes are observed for k�O, a or g.

4. Discussion
4.1 Origin of the unusual profile shape

Isotope profiles of similar shape have been reported for donor-doped
perovskite oxides, such as La-doped SrTiO3,35 La-doped BaTiO3,36

and Nd-doped Pb(Zr,Ti)O3.37 In all three cases flattened isotope
profiles were observed after isotope annealing under conditions, as it
turned out, that did not correspond to thermodynamic equilibrium.

Indeed, the samples were undergoing a slow transition under
charge neutrality conditions from cation donors being com-
pensated by electrons to cation donors being compensated by
cation vacancies. The introduction of cation vacancies into the
lattice from the surface causes the oxygen vacancy concen-
tration to increase locally.35–39 In our case, n-BT ceramics,
though nominally undoped, were found by chemical analysis
to contain calcium and iron, common acceptor-like impurities
in alkaline earth titanates,40–44 at a level of [Acc0] B 1025 m�3,
but no donor-like impurities, such as La or Nb. Furthermore,
minor deviations from unity in the Ba : Ti ratio, which are
unavoidable, lead to cation vacancies on one or other of the
cation sublattices, and these defects, too, act as acceptors.
Although chemical analysis yielded Ba : Ti = 1.00 � 0.01, a
deviation of 0.01 is sufficient to yield an upper limit for the
acceptor concentration of the order of [Acc0] B 1026 m�3. On
this basis, we conclude that our samples are acceptor-doped,
and hence the explanation in the literature,35–39 which requires
the material to be donor doped, cannot apply here; below we
propose an alternative explanation.

Fig. 2 (a) Experimental isotope diffusion profiles in nanocrystalline BaTiO3

ceramics (every 5th experimental data point plotted for clarity) for various
temperatures at aO2 = 0.2 together with fitted curves. (b) Spatial variation
in the oxygen tracer diffusion coefficient employed to obtain fitted curves
shown in (a).

Fig. 3 (a) Experimental isotope diffusion profiles in nanocrystalline BaTiO3

ceramics (every 5th experimental data point plotted for clarity) for three
oxygen activities at T = 1073 K together with fitted curves. (b) Spatial
variation in the oxygen tracer diffusion coefficient employed to obtain
fitted curves shown in (a).



In view of D�OðxÞ evidently following an erfc form and the
annealing times and temperatures evidently being relevant
variables, we deduce that a diffusion process is responsible for
the increased local diffusivity. But which species are diffusing?
Significant cation mobility at these temperatures seems to be
unlikely.45 Rather, inspection of the ToF-SIMS mass spectra
indicates unambiguously the presence of a small amount of
chlorine (both stable isotopes were detected, 35Cl and 37Cl, in the
correct natural abundance ratio of ca. 3 : 1) in all n-BT ceramics. In
Fig. 5 we plot, exemplarily for the data shown in Fig. 1, the
normalized chlorine signal, I norm

Cl = I35Cl
/(I16O

+ I18O
), extracted from

the original ToF-SIMS depth profile, together with the spatial
variation in D�OðxÞ used to describe the isotope penetration profile.
D�OðxÞ is seen to rise over exactly the same distance as Inorm

Cl falls.
This suggests that the charge neutrality condition is

Acc0½ � ¼ Cl
�
O

	 

þ 2 V

��
O

	 

: (5)

The loss of Cl� from the lattice thus causes an increase in
oxygen vacancy concentration; and this increase in vacancy

concentration results directly in an increase in the local tracer
diffusion coefficient [see eqn (1), D�OðxÞ / nVðxÞ]. The unusual
profile originates, therefore, from donor-species, Cl�O, diffusing
out of acceptor-doped BT.

Presumably chlorine diffuses out of the n-BT ceramics when
the material is subjected to a high-temperature anneal in an
atmosphere of low chlorine activity, i.e., in the gaseous oxygen
of the equilibration and exchange anneals. Its concentration
profile is expected, therefore, to follow an error function (erf)
form, and it does. Consequently, the profiles of nV(x), and
hence of D�OðxÞ, should take an erfc form: that this is precisely
the empirical ansatz of eqn (4) provides further support for our
hypothesis. Accordingly, the variable a refers to the characteristic
diffusion length of chlorine during the treatment in oxygen,

a ¼ 2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Dd

Cl teq þ tex
� �q

; (6)

with the corresponding transport parameter being the chemical
diffusion coefficient of Cl in n-BT, Dd

Cl.
kdCl and Dd

Cl can of course be obtained by fitting eqn (3) to the
I norm

Cl profile, corrected for the initial and background inten-
sities. As the Cl intensity profile is noisier, however, than the
oxygen isotope profile (compare Fig. 5 with Fig. 1), the transport
parameters obtained in this manner have larger errors. In other
words, the indirect method of determining Dd

Cl, via the oxygen
isotope profile, provides superior results to the direct fitting of the
Cl intensity profile. It should also be noted, as kdCl/D

d
Cl > 105 cm�1,

that Cl transport is limited by bulk diffusion and not surface
kinetics and hence the Cl profile is adequately described by a
simple, as opposed to a modified, erf form; and also, that the
values of kdCl obtained thus represent lower limits.

Incidentally, the presence of a surface space-charge layer as
the cause of the spatially variant diffusion coefficient can be
excluded for two reasons. First, the concentration profiles
obtained experimentally for Cl

�
O and V

��
O are complementary

(see Fig. 5): Cl�O is depleted; V��O is accumulated. If a space-charge
layer was present, both species, on account of their positive
charge, would have to display the same trend (both enhanced or

Fig. 4 Effect of grain size on experimental isotope profiles in nanocrystalline
BaTiO3 ceramics (every 10th experimental data point plotted for clarity). Both
samples were isotope exchanged at T = 1073 K and aO2 = 0.2 for tex = 1.04 �
104 s. (a) Experimental isotope profiles. (b) Spatial variation in the oxygen tracer
diffusion coefficient employed to obtain fitted curves shown in (a).

Fig. 5 Normalized Cl intensity profile, Inorm
Cl , and spatial variation in local

tracer diffusion coefficient, D�OðxÞ, for the exemplary isotope profile shown
in Fig. 1.



both depleted). Second, surface space-charge layers in acceptor-
doped titanate perovskites [BaTiO3,46 SrTiO3

32,33,47 and
Pb(Zr,Ti)O3

48] are characterised by depletion of V��O close to the
surface; the evidence gathered in this study indicates accumulation
of oxygen vacancies close to the surface (see Fig. 2 and 3).

4.2 Chlorine in BaTiO3: origin and concentration

The obvious source of Cl is the preparation route: the BT powders
were prepared from chlorides of barium and titanium. Avoiding the
presence of chemical components, such as chlorine, in the final
powders is difficult in this case: in order to prepare dense ceramics
with an average grain size in the nanometer range, one has to start
with a powder with a correspondingly small particle size. This is
best achieved (i) via a precipitation route (rather than via a solid-
state reaction route) and (ii) by eschewing calcination at high
temperatures that would lead to unwanted grain growth, but would
drive most, if not all, of the chlorine out. In this sense, other
starting reagents, such as nitrates or alkoxides, are preferable to
chlorides, as they do not provide an unwanted anion that is easily
incorporated into the perovskite lattice.

To determine from the SIMS data the exact amount of Cl in the
n-BT ceramics, that is, to convert the measured Cl secondary ion
intensity into a concentration, one requires a suitable SIMS stan-
dard, namely a known small amount of Cl in a BaTiO3 matrix. Such
a standard was, unfortunately, not available. We pursued therefore
direct determination of the Cl concentration by means of X-ray
Photoelectron Spectroscopy (XPS), but failed to find any Cl, down to
a detection limit of 0.1%. This is consistent with the SIMS analysis,
in the sense that SIMS is far more sensitive (i.e. has far lower
detection limits) than XPS. It is also consistent with eqn (5), since
both Acc0½ � and Cl

�
O

	 

are at most B1026 m�3 (and, in all like-

lihood, much lower), and eqn (5) requires Cl
�
O� 	 Acc0½ �

	
.

Although we have no exact numbers for the concentration of
the dominant defects (acceptors, chlorine donors, and oxygen
vacancies), we can place limits on their relative amounts. Since
the Cl intensity at the surface decreases by a factor of 4–6, and
the increase in vacancy concentration (g) is of the order of 101,
it follows that Cl

�
O

	 

and V��O

	 

are of a similar order of magni-

tude. If Acc0½ � 
 Cl
�
O

	 

� 2 V

��
O

	 

, g would be much larger than

101. If, on the other hand, Acc0½ � 
 2 V��O
	 


� Cl
�
O

	 

, the effect

of Cl out-diffusion would not be apparent in D�OðxÞ. In
this sense (cf. donor-doped perovskite oxides35–39), the n-BT
samples are also not in equilibrium during the isotope anneals,
but they do not undergo a marked transition under charge
neutrality conditions.

4.3 Diffusion coefficients

Fig. 6 is an Arrhenius plot of D�Oð1Þ and Dd
Cl obtained for the

n-BT ceramics, together with D�Oð1Þ data obtained for single
crystal BaTiO3 (sc-BT).46 We consider, first, the two sets of
oxygen tracer diffusion coefficients.

Values of D�Oð1Þ for n-BT are seen to be a factor of ca. 103

lower than those for sc-BT. This difference may be due [see
eqn (1)] to DV and/or to nV being lower in the nanocrystalline
system. As the migration of oxygen vacancies takes place, in

both n-BT and sc-BT, in a weakly doped, cubic BaTiO3 matrix, it
seems to be reasonable to discount a significant variation in DV:
it is nV, then, that differs between the two systems. Conceivably,
a difference in nV may arise from the dissimilar microstructures
(single crystal vs. high density of grain boundaries), from the
dissimilar compositions (specifically, the type and amount of
aliovalent impurities), or from some combination thereof.
According to the arguments presented in the previous sections,
however, the effective concentration of acceptors in n-BT
(¼ Acc0½ � � Cl

�
O

	 

), though not known, is certainly not 103 lower

than that in sc-BT ([Acc0] E 4 � 1024 m�3).46 Consequently
we conclude that grain boundaries, or to be more precise,
space-charge layers at grain boundaries, are responsible
for the severe decrease in oxygen-vacancy concentration in
the n-BT ceramics. Charge-carrier concentrations in space-
charge layers can be easily enhanced or depressed by orders
of magnitude, relative to their bulk values.26–28,52 The high
activation enthalpy of oxygen diffusion obtained for n-BT,
DHðD�OÞ ¼ ð1:42� 0:13Þ eV, is a convolution of the vacancy
migration enthalpy and the space-charge potential. [The value
for sc-BT46 is DHðD�OÞ ¼ ð0:68� 0:06Þ eV].

We refrain from further analysis, partly because defect
concentrations are not known with any certainty, but primarily
because the diffusion front of oxygen in the n-BT samples takes

in but a few grains (d �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
D�Oð1Þtex

p
), rather than many grains

(d 

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
D�Oð1Þtex

p
) or a fraction of one grain (d �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
D�Oð1Þtex

p
).

The diffusion kinetics thus fall between regimes (Harrison type
A and Harrison type B)53 for which analytical equations are
available.34 This constitutes another complexity in the diffusion
behavior of oxygen in these n-BT samples.

Fig. 6 Tracer diffusion coefficient of oxygen and chemical diffusion
coefficient of chlorine in nanocrystalline BaTiO3 (n-BT) as a function of
inverse temperature. Also shown for comparison is the oxygen diffusion
coefficient in single crystal BaTiO3 (sc-BT).46



Nevertheless, it is clear that the increase in oxygen diffusion
coefficient on going from the n-BT ceramic with d = 300 nm to
that with d = 1000 nm could, similarly, be microstructural
(fewer grain boundaries) or compositional (less chlorine) in
origin. Indeed SIMS analysis indicated a lower level of chlorine
in the sample with the larger grain size: this is to be expected in
view of the starting powder being calcined at a much higher
temperature for a longer time. In previous cases,22–25 differ-
ences in the transport behavior of nano- and microcrystalline
ceramics were ascribed to the density of grain boundaries. The
possible presence of volatile anion substituents was ignored.

The appearance of colossal dielectric permittivity in n-BT
ceramics produced by SPS has various possible origins.12,13,49–51

In these particular samples it has been suggested12,13 to be
linked to the behaviour of oxygen vacancies and grain bound-
aries. Oxygen vacancies certainly show rather complex behaviour
in n-BT, but partly because of the presence of chlorine. In how
far Cl�O (by influencing V��O ) is indirectly responsible for colossal
dielectric permittivity remains to be seen.

We turn now to the Dd
Cl data. These show considerable

scatter, most likely because the surface roughness (ca. 20 nm)
is an appreciable fraction of the characteristic diffusion length
of Cl (a = 70–130 nm). This is reflected in the large error
determined for the activation enthalpy of Cl diffusion, DH(Dd

O) =
(1.55 � 0.85) eV. Nevertheless, Dd

Cl is consistently lower than
D�Oð1Þ, by ca. two orders of magnitude, at all temperatures
examined.

Chemical diffusion of chlorine out of BaTiO3 refers to the
removal of Cl as a neutral chemical component from the lattice.
It therefore requires, because Cl

�
O is charged, the coupled

transport of another charged defect (ambipolar diffusion). This
is most probably an electron hole, since acceptor-doped BT is a
p-type conductor at the temperatures and oxygen activities of
the isotope anneals.40–44 Consequently, as sp c sO csCl, one
may assume that the chemical diffusion of Cl is governed by the
diffusion of Cl�O.

Although the large error in the activation enthalpy prevents
a more detailed analysis, we suggest that the migration
enthalpy of Cl� is likely to be higher than that of O2�. The
former has a much larger ionic radius in six-fold co-ordination

ðrVICl� ¼ 1:81 ÅÞ than the latter ðrVI
O2� ¼ 1:40 ÅÞ.54 Anion migra-

tion in ABO3 perovskite-type oxides occurs by the migrating ion
jumping along h110i directions, through a narrow aperture
defined by two A cations and one B cation:55–58 the larger the
migrating ion, the more the lattice has to be perturbed by the
migrating ion, and consequently the higher the migration
barrier.

Lastly we note that the surface reaction coefficients for Cl
loss, kdCl, are intriguingly close to those for oxygen surface
exchange in n-BT and sc-BT (see Fig. 7), especially if one bears
in mind that the kdCl data represent lower limits. Investigating the
kinetics of anion substituent exchange in oxides may provide a
new avenue for studying the oxygen reduction reaction.

5. Conclusions

Through our investigations on dense, nanocrystalline ceramics
of BaTiO3 we conclude that in our samples:

(1) Oxygen diffusion is complex, with the complexity arising
not only from the microstructure (grain boundaries; diffusion
length relative to grain size) but also from the composition
(anion impurity: chlorine).

(2) The presence of Cl, at a very low level, comes from the
preparation procedure that was used to produce the nano-
metric starting powder.

(3) The diffusion of chlorine in BaTiO3 occurs far more
slowly than the diffusion of oxygen.

(4) The presence and diffusion kinetics of Cl open an
additional avenue by which the behaviour of point defects in
nanocrystalline ceramics may differ from that in their micro-
crystalline counterparts.
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