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Hole conductivity in oxygen-excess BaTi1�xCaxO3�x+d

Pengrong Ren,ab Nahum Masób and Anthony R. Westb

BaTiO3 containing Ca substituted for Ti as an acceptor dopant, with oxygen vacancies for charge compensation

and processed in air, is a p-type semiconductor. The hole conductivity is attributed to uptake of a small

amount of oxygen which ionises by means of electron transfer from lattice oxide ions, generating O�

ions as the source of p-type semiconductivity. Samples heated in high pressure O2, up to 80 atm, absorb

up to twice the amount expected from the oxygen vacancy concentration. This is attributed to

incorporation of superoxide, O2
�, ions in oxygen vacancies associated with the Ca2+ dopant and is

supported by Raman spectroscopy results.

Introduction

Barium titanate, BaTiO3, is the base material for a wide range of
commercial electroceramic materials and devices. Depending on
the application, BaTiO3-based ceramics contain a wide variety of
dopants in order to modify or optimise properties such as high,
or low, resistivity and temperature of the ferroelectric Curie
transition. Consequently, a large number of studies on the defect
chemistry of BaTiO3 have been carried out, mainly by equilibrium
electrical conductivity (s) measurements vs. oxygen partial
pressure (PO2

) but also by thermogravimetry, Hall effect and
Seebeck coefficient measurements.1–10

A feature of the electrical conductivity of undoped BaTiO3 and
indeed, of many other electroceramic oxides is that, on decreasing
PO2

during equilibrium electrical conductivity measurements, the
electrical properties are dominated first by holes (p-type region)
with s p PO2

1/4, second by oxide ions (electrolytic region)
independent of oxygen partial pressure and third by electrons
(n-type region) with s p PO2

�1/n (n = 4 or 6).1–10 On doping
BaTiO3 with donor dopants, such as La3+ on the Ba sites and
Nb5+ on the Ti sites, the p-type and electrolytic regions are
suppressed whereas they are enhanced on doping with acceptor
dopants, such as Ca2+ on the Ti site.11,12

In acceptor-doped BaTiO3 conductivity may, however, be domi-
nated by protons if the materials can absorb water molecules
leading to hydroxyl groups (O�O þ V��O þH2O! 2OH�O) which are
the source of subsequent proton conduction. Hence, the electrical
properties of Ca-doped BaTiO3, e.g. BaTi0.98Ca0.02O2.98, are
remarkably complex since, depending on processing conditions

and atmosphere, three species may contribute to the conductivity:
protons, oxygen vacancies, holes.13 For oxide ion conduction to
predominate, it is necessary to work in dry atmospheres of low PO2

;

for proton conduction, wet atmospheres of low PO2
are necessary; in

dry atmospheres of high PO2
, hole conduction predominates.13

In the p-type region, where the conductivity is dominated by
the presence of extrinsic holes, the conductivity is dependent
upon oxygen partial pressure in the surrounding atmosphere
since, with increasing PO2

, oxygen molecules may be absorbed at
the sample surface and holes created by the idealised process:

1
2O2 - O2� + 2h� (1)

We have recently found that the hole concentration and
associated p-type conductivity can be increased similarly by
application of a small dc bias during conductivity measure-
ments and that, on removal of the bias, the conductivity reverts
to its original value.14–18 This effect is observed only with acceptor-
doped materials. Oxygen vacancies associated with the acceptor
dopants are necessary for O2 absorption to occur and a source of
electrons (leading to hole creation) is required in order for the
absorbed oxygen to form anionic species. The only possible source
of electrons in high purity BaTiO3 is lattice O2� ions which ionise.
The ionisation process:

O2� - O� + e� (2)

is favoured in situations where O2� ions are underbonded such
as when they are coordinated to acceptor dopants such as Ca��Ti .

The purpose of this work was to investigate further the
electrical properties in the p-type region of acceptor-doped
BaTiO3 in which the oxygen vacancy concentration is controlled
by the acceptor content. It was of interest to correlate the
electrical properties with the absorption of oxygen by treatment
in high oxygen pressures and study the subsequent desorption
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of oxygen by high sensitivity thermogravimetry. The system
chosen for study is BaTiO3 with Ca doped on the Ti site. Oxygen
absorption was achieved by high pressure oxidation, monitored
by thermogravimetry and gave the surprising result that the
amount of possible oxygen absorption can exceed, by up to a
factor of two, the oxygen vacancy concentration. This result
leads us to conclude that as well as O� ion formation, super-
oxide ions, O2

�, are created by O2 absorption at high pressures.

Experimental

Samples of BaTi1�xCaxO3�x (x = 0.005, 0.01, 0.015 and 0.02,
labelled as BTC005, BTC01, BTC015 and BTC02, respectively)
were prepared by solid state reaction using BaCO3 (Aldrich
99.98%), TiO2 (Aldrich 99.99%) and CaCO3 (Aldrich 99%),
which were dried prior to weighing at 180, 800 and 180 1C,
respectively. Samples totalling ca. 3 g were mixed with acetone
manually in a mortar and pestle, dried and fired in Pt crucibles,
initially to decarbonate at 1000 1C for 10 h, and then heated at
1250 and 1350 1C for 12 h to initiate reaction. At this stage,
pellets were prepared by uniaxial pressing and heated, together
with unpelleted powder, in air at 1425 B 1450 1C for 12 h and
cooled slowly inside the furnace. For electrical property mea-
surements, pellets were then coated with electrodes made from
Pt paste that was decomposed and hardened by heating to 900 1C
for 2 h. Further heat treatments were carried out on both powders
and pellets with Pt electrodes attached; these were either reheated
to 1300 1C for 1 h and cooled rapidly in liquid nitrogen, or heated
to 800 1C under high pressure oxygen, HOP using a Morris
furnace and slow-cooled under pressure. Three sets of powder
samples: slow-cooled, quenched and HOP were analysed by X-ray
powder diffraction, XRD and thermogravimetry, TG.

XRD used a Stoe Stadi P Diffractometer (Darmstadt, Germany),
CuKa1 radiation with linear position-sensitive detector; lattice para-
meters were determined by least-squares refinement for reflections
in the range 20 o 2y o 801, using the software WinXPow version
1.06, and an external Si standard.

TG analysis used a Setaram, SETSYS Evolution TGA with
a resolution of 0.002 mg. About 60 mg of sample were placed
in a Pt crucible and data recorded from room temperature to
1300 1C in N2 at 10 1C min�1. In addition, a baseline was
collected using the same experimental conditions as those for
the sample(s). The baseline was accordingly subtracted from
the sample data using the software CALISTO.

A Renishaw inVia micro-Raman spectrometer (London, UK) was
used to record Raman spectra over the range 100–2000 cm�1; the
spectral excitation was provided by an Ar+ laser, using the 514.5 nm
line. X-ray photoelectron spectroscopy (XPS) used a Perkin Elmer
PHI5400 (Waltham, USA) with Al Ka (1486.6 eV) radiation.

For electrical property measurements, slow-cooled pellets
(B0.3 g, B1.0 mm thick, B6.5 mm diameter, and B96.8% pellet
density) with electrodes attached were placed into a conductivity jig.
Dielectric permittivity as a function of temperature was mea-
sured by a LCR, HP 4284A instrument. Impedance data were
measured using a Solartron SI 1260 impedance analyzer over
the frequency range 0.01 Hz to 10 MHz with an ac measuring

voltage of 0.1 V; isothermal stepwise measurements were made
on cooling over the range 500 to 200 1C. Conductivities of
the HOP-treated samples were measured similarly; isothermal
stepwise measurements were made on heating over the range
200 to 400 1C. Impedance data were corrected for overall pellet
geometry and blank capacitance of the conductivity jig. Resistance
values were obtained from intercepts on the real, Z0 axis.
Conductivity and capacitance data are reported in units of Scm�1

and Fcm�1, respectively, that refer to correction for only the
overall sample geometry.

Measurements of electrical conductivity as a function of PO2

in the range 700–850 1C were carried out in a specially-designed
cell fitted with a built-in zirconia probe (MicroPoass by SETNAG),
which was fitted next to the sample, to measure PO2

. The desired
oxygen partial pressures were obtained from mixtures of Ar–O2.

Results

Single phase solid solutions of formula BaTi1�xCaxO3�x+d were
prepared by solid state reaction with a final firing at 1425 B
1450 1C for 12 h. Samples were phase-pure by XRD and were
indexed on the usual tetragonal unit cell for BaTiO3. Results
were obtained for samples given three sets of post-reaction
treatments: quenched from 1300 1C in air, slow-cooled in air
from 1450 1C and slow-cooled from 800 1C under high pressure
oxygen, HOP, as shown in Fig. 1. For each sample set, lattice
parameters and cell volume change linearly with x: a increases,
c decreases and cell volume increases. On comparing the three data
sets, the quenched samples have the largest lattice parameters and
cell volume whereas the samples slow-cooled in air at atmospheric
pressure have the smallest values.

Thermogravimetric results are shown in Fig. 2 for samples of
BTC02, x = 0.02 that were either quenched after heating in N2 at
1300 1C, or slow-cooled from 800 1C in the HOP furnace. The
HOP pressures refer to the pressure at 800 1C; during cooling to

Fig. 1 Lattice parameters against composition for three sets of samples.
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room temperature, this gradually reduced to B25% of its
pressure at 800 1C. For TG measurements, samples were heated
and cooled in N2. The quenched sample showed essentially no
weight change on either heating or cooling. For samples given
different HOP treatment, weight loss was observed on heating
and the amount of weight loss correlated approximately with
the maximum oxygen pressure in the HOP furnace prior to slow
cool to room temperature under pressure. For all cases, a rapid
weight loss occurred between B700 1C and 850 1C, followed by
a more gradual weight loss up to 1300 1C; small weight changes
were apparent on cooling in some cases but these may be
associated with base line drift. In each case, it is assumed that
the samples had no oxygen excess, i.e. d = 0 in the formula,
BaTi1�xCaxO3�x+d, at 1300 1C. The initial oxygen contents, d,
after HOP treatment and prior to TG were therefore calculated
from the weight losses; these are shown in Table 1. A maximum
d value of 0.02 would be expected if all the oxygen vacancies
were filled by monatomic oxide ions.

TG data are shown in Fig. 3 for four different compositions
subjected to a maximum HOP pressure of 80 bar. All samples
lost weight on heating in air; the total weight losses increased
approximately linearly with composition. The weight loss pro-
files are also composition-dependent. For compositions x = 0.005

and 0.01, weight loss commenced above B600 1C, increased
rapidly up to B750 1C and then more slowly up to a maximum
temperature of 1300 1C. With increasing x, 0.015 and 0.02, weight
loss commenced at increasingly lower temperatures although
the high temperature weight loss profile is similar to that of the
other compositions. The total weight loss at 1300 1C is converted
to values of d which are summarised in Table 2. In each case, the
observed total weight loss is approximately double that expected
if all oxygen vacancies are filled by monatomic oxygen species.

A selection of typical impedance data is shown in Fig. 4,
from which total sample conductivities were obtained. These
approximate to, but are slightly less than, the bulk conductivities
since there is evidence for a small grain boundary resistance whose
magnitude is a small fraction of the total resistance. This is seen by
the distortion at low frequency of the main, high frequency
impedance arc in (a) and the low frequency shoulder in the
Z00/log f spectrum (d) which does not show a corresponding
shoulder in the M00/log f spectrum (d). Data are shown for one
composition, x = 0.02, which was prepared without HOP treat-
ment but was simply slow-cooled to room temperature in air
after sintering at 1450 1C. Other samples showed a similar
impedance response.

Conductivity data for the same composition are shown at 800 1C
as a function of PO2

in Fig. 5. The conductivity increases with
PO2

which indicates an increasing transition from oxide ion
conductivity to hole conductivity. The data agree very well
with literature data,19 shown as a solid curve, especially since
our total conductivity values, Fig. 4, are slightly less than
bulk values.

Table 1 Oxygen content (2.98 + d) for composition x = 0.02 given different high
pressure heat treatments

Quench 5 bar 10 bar 30 bar 80 bar

d 0 0.027 0.037 0.045 0.046

Fig. 3 TG data in N2 for samples of different composition heated to 800 1C in
80 bar O2.

Table 2 Oxygen content, d, for samples heated at 800 1C and 80 bar

BTC005 BTC01 BTC015 BTC02

d 0.01 0.019 0.031 0.046

Fig. 4 A typical set of impedance data for one composition, x = 0.02, with data
shown at 300 and 500 1C: (a and b) impedance complex plane plot, (c) capacitance
spectroscopic plot and (d) Z00/M00 spectroscopic plots.

Fig. 2 TG data in N2 for samples of x = 0.02 given different heat treatments.
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Conductivity data are shown in Fig. 6 in Arrhenius format
for samples of the same composition, x = 0.02, that had been
given HOP treatment to various pressures prior to conductivity
measurements. The measurements were made in laboratory air
and therefore, no attempt was made to ensure that any excess
oxygen introduced during the HOP treatment was preserved
during the conductivity measurements, which were made at
temperatures in the range 200 to 400 1C. Nevertheless, the
Arrhenius plots are essentially linear and show a gradual
increase in conductivity with increasing HOP pressure which
indicates that most, if not all, of the excess oxygen introduced
during HOP treatment, together with an associated increase in
hole carrier concentration, was retained during the conductivity
measurements.

Permittivity data as a function of temperature for different
compositions are shown in Fig. 7. Data were recorded at a fixed
frequency of 10 kHz; the impedance data, Fig. 4, show that at
this frequency and these temperatures, permittivity data were
essentially independent of frequency and therefore represent
the sample bulk. Permittivities show the expected profile with a
maximum representing the Curie temperature, Tc, which
decreases rapidly with x, Fig. 7 inset, consistent with literature
data for B-site substitution of Ca into BaTiO3.16,20,21 This contrasts
with the effect of isovalent A-site doping, i.e. Ba1�xCaxTiO3, for
which Tc remains approximately constant with x;16,21,22 Ca is a
particularly unusual dopant of BaTiO3 since it is able to occupy
either Ba and/or Ti sites, but with very different effect on the

subsequent properties.11–13,16,19–22 Here, we deliberately targeted
T-site doping and this is confirmed by the Tc results.

For one composition, x = 0.02, permittivity data for samples
given different post-reaction heat treatments are shown in
Fig. 8. For samples that were measured immediately after their

Fig. 5 Conductivity as a function of PO2
at 800 1C for x = 0.02. Solid curve

represents literature data for the same composition.19

Fig. 6 Conductivity Arrhenius plots for samples of x = 0.02 after different high
pressure heat treatments.

Fig. 7 Fixed frequency permittivity data at 10 kHz as a function of temperature
for different compositions.

Fig. 8 (a) Fixed frequency permittivity of x = 0.02 after different heat treatment
conditions, (b) dielectric loss data for the same sample used in (a) and (c)
permittivity data after exposure of the sample to laboratory air for several days.
Data were recorded at a fixed frequency of 10 kHz.
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heat treatment, (a and b), two effects are seen. First, permittivity
data (a) show the same Tc value but the value of the permittivity
maximum is higher for the quenched sample than for the slow
cooled/HOP samples. Second, the dielectric loss, tan d, data show
essentially zero loss for the quenched sample over the range
25–180 1C but increasing loss for the slow cooled and especially,
HOP sample. For a quenched sample that was left exposed to
laboratory air for a few days, the permittivity profile was signifi-
cantly different on heating and cooling (c). This is attributed to H2O
molecules which were adsorbed on the surface of the quenched
sample which contains oxygen vacancies and were subsequently
desorbed prior to the cooling cycle measurements.

TG analysis of a quenched sample containing oxygen vacancies
is shown in Fig. 9(a). The TG was carried out immediately after the
sample was quenched. On heating by TG in air, a significant and
rapid increase in weight occurred, especially between B350 and
B450 1C, which was essentially retained on heating (1) the sample
to 1250 1C and subsequent cooling (1) to room temperature.
However, the weight gained was then lost on a second heating
(2) on changing the atmosphere to N2. This weight loss was not
recovered on cooling (2) in N2. We attribute these changes to
uptake/loss of O2 rather than H2O.

By contrast, TG data for a sample of x = 0.02, which had been
slow cooled in air from 1450 1C, Fig. 9(b), show a gradual
weight loss on the TG heating cycle in N2 over the range 25 to
B400 1C and a second weight loss between 700 and 800 1C,
neither of which were recovered during the cooling cycle of TG
in N2 (not shown). We attribute the initial weight loss to loss of
water and the second to loss of O2.

The Raman spectra of BTC02 after different heat treatments
are shown in Fig. 10. All spectra show sharp bands at B172 and

309 cm�1 and asymmetric broader bands at B255, 518, 720 and
830 cm�1 in agreement with the literature values.23 In addition,
the HOP sample shows an extra peak at B1125 cm�1 (inset
Fig. 10), but which is largely absent from the quenched sample.
The Raman spectrum of KO2, RbO2 and CsO2 shows a peak in
the range 1132–1146 cm�1 which is attributed to a fundamental
peak of the superoxide, O2

�.24,25 Recently, lithium superoxide-
like species in the discharge product of a Li–O2 battery have
been identified by the presence of a peak at B1125 cm�1 in the
Raman spectra and supported by DFT calculations;26 the O–O
stretching frequency in the LiO2 bulk phase is calculated to
be B1103 cm�1 by DFT.27 These results, taken together,
demonstrate conclusively that the peak at B1125 cm�1 in the
HOP sample is associated with superoxide ions.

The XPS spectra of BTC02, Fig. 11, show peaks at B528.6
and 531.1 eV, which correspond to the standard O1s peaks and
a rather weak shoulder at B534.5 eV in the HOP sample which
is not seen in the slow cooled and quenched samples. Strongin
et al.28 studied by XPS the presence of oxygen species in Li
deposited on solid O2 and assigned the peak at 534.5 eV to the
presence of superoxide ions, O2

�.

Discussion

A range of compositions has been prepared whose properties,
in particular lattice parameters and Curie temperatures, vary
with Ca content. The Tc data are fully consistent with literature
reports16,20,21 indicating that for these samples, Ca substitutes
for Ti on the B sites of the perovskite structure with creation of
oxygen vacancies for charge compensation. When, alternatively,

Fig. 9 TG data for a sample of x = 0.02: (a) quenched from 1300 in air (TG was
done first in air and then in N2 for heating and cooling process); (b) slow cooled in
air from 1450 1C (TG was done in N2).

Fig. 10 Room temperature Raman spectra for x = 0.02 after different heat
treatment conditions. Peak positions, in wavenumbers, are shown.

Fig. 11 XPS spectra of the O1s core level for x = 0.02 after different heat
treatment conditions. Peak positions, in eV, are shown.
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Ca substitutes for Ba, Tc shows very little change with Ca
content;16,21,22 permittivity data and the permittivity profiles
therefore provide a very sensitive indicator of the doping
mechanism. For samples processed under standard conditions
involving firing and subsequent cooling in air, the expectation
is that the oxygen content in the formula BaTi1�xCaxO3�x would
be controlled directly by the calcium content, x.

Stoichiometric BaTiO3 loses a small amount of oxygen on
firing in air above B1350 1C;29 the amount of oxygen loss is too
small to detect, even by sensitive thermogravimetry, but does
have a significant effect on the electrical properties leading
to n-type semiconductivity. Our samples with 0.005 r x
r 0.02 show no evidence of n-type semiconductivity but
instead, are p-type and show an increase in conductivity with
increasing PO2

We see no evidence of n-type semiconductivity
since additional oxygen loss would be required, above
that associated with the doping mechanism, in order for the
samples to be n-type.

The dependence of conductivity on PO2
, Fig. 5, is consistent

with a gradual change from oxide ion conductivity to p-type
conductivity with increasing oxygen partial pressure, in agree-
ment also with literature results.19 In order for p-type conduc-
tivity to occur, holes must be created and the question arises as
to the location of the holes. Frequently in the literature, holes
are assigned to the presence of unavoidable acceptor impurities
such as Fe5–7 but there are also cases, in both high purity and
doped BaTiO3, where such an explanation is not consistent
with the results. The holes are clearly localised rather than in a
conduction band since the materials are low-level hopping
semiconductors with high activation energy.

Since it is highly unlikely that the holes could be located on
any of the cations, Ba, Ti or Ca, the unavoidable conclusion is
that they are located on oxygen as O� ions. With increasing PO2

,
the gradual transition from oxide ion conductivity to p-type
conductivity is therefore attributed to the absorption of O2 by
the sample, which becomes fully or partially ionised; the source
of electrons must be oxide ions in the crystal lattice. It has been
argued16 that oxide ions in the immediate vicinity of the
acceptor dopant, Ca, are more susceptible to ionisation since
they are significantly underbonded: in the gas phase, the O2�

ion is unstable and is preserved in the crystal lattice only by the
additional lattice energy associated with formation of O2� ions;
oxide ions in the vicinity of acceptor dopants do not experience
the same degree of lattice energy stabilisation as those that are
fully inside the bulk, undoped lattice and therefore, may be
ionised more readily.

On the assumption that monatomic oxygen species can
enter the oxygen vacancies in the doped crystal lattice, the
maximum oxygen uptake that is achievable with increasing
PO2

should correspond to d = x in the general formula,
BaTi1�xCaxO3�x+d. TG data show clearly that this limit is
exceeded, Tables 1 and 2, and that at the highest oxygen
pressures, the value of d is approximately twice the maximum
expected value. The interpretation of this result is that the
additional oxygen species are not fully dissociated O� ions but
instead, are singly charged, superoxide molecule ions, O2

�.

The question then arises as to whether the oxygen vacancies
in the crystal lattice are large enough to accommodate a
diatomic anion. Our explanation is that the Ca2+ acceptor
dopant is much larger than the Ti4+ ion that it replaces in the
BaTiO3 lattice, giving rise to a highly distorted local environ-
ment in which the size of the oxygen vacancy associated with
Ca2+ is significantly enhanced. Ca2+ usually shows coordination
numbers of 8 or higher in the perovskite structure whereas in
the present materials without any oxygen excess, its coordina-
tion number is, on average, reduced to 5.

The occurrence of molecule anions on a single anion site in
a crystal structure finds precedence in the alkali halide colour
centres for which, from spectroscopic evidence, the H� centre
has been proposed in which the chlorine molecule ion, Cl2

�, is
able to occupy a regular anion lattice site. From surface spectro-
scopic studies on oxide systems there is also evidence that
partially ionised oxygen species such as O2

� exist.30

For each superoxide ion that enters the structure, it is
necessary also to create one O� ion, giving rise to the general
formula:

BaTi1�xCaxO3�x�d
2�Od

�(O2
�)d, 0 r d r x (3)

From the TG results on the HOP samples, there is, therefore,
very strong evidence that incorporation of superoxide ions is
responsible for the observed weight changes. Within errors, the
maximum observed weight changes agree with what is expected
for complete lattice incorporation of O2

� ions in the available
oxygen vacancies rather than for selective adsorption at e.g. sample
surfaces and grain boundaries.

Conclusively evidence for the incorporation of superoxide
ions into the lattice is provided by Raman spectra which
showed a clear signal of the O2

� ion in the HOP sample that
is largely absent from the quenched sample. Supporting
evidence is obtained from XPS spectra which show the presence
of a weak shoulder peak in the HOP sample.

The lattice parameter data as a function of x and d, Fig. 1,
show that for all samples, the slow-cooled materials have
smaller lattice parameters and cell volumes than either the
quenched or HOP samples. We speculate that the slow-cooled
samples absorb oxygen but mainly as O� ions whereas super-
oxide ions are incorporated only after high pressure treatment.
It is frequently observed that oxidation of oxygen-deficient
samples of various transition metal-containing compounds
leads to a contraction in unit cell volume since the associated
increase in oxidation state of the transition metal species
present leads to stronger and shorter metal–oxygen bonds. In
the present case, the initial oxidation is not associated with
metal cations but with oxidation of some lattice O2� ions to O�

ions; these are smaller than O2� ions and so, a lattice contrac-
tion occurs. We therefore attribute the lattice contraction in
slow-cooled samples to the absorption of O2 and the formation
of some O� ions. The subsequent increase in lattice parameters
and cell volume after HOP treatment is attributed to the
incorporation of superoxide ions which are significantly larger
than the O� ions.
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The thermal stability of oxygen-excess samples appears to be
very sensitive to both composition and atmosphere. With
increasing Ca content, HOP-treated samples appear to lose
mass at increasingly lower temperatures on heating in the TG
instrument, Fig. 3.

Samples quenched from high temperature appear to be
oxygen-stoichiometric with d = 0 and show no evidence of
additional oxygen loss that could give rise to n-type semi-
conductivity. On heating quenched samples in air in the TG
instrument, however, a small but rapid uptake of O2 occurs on
heating which is retained in air to the highest temperature
studied, 1250 1C, Fig. 9. This uptake of O2 was reversed on
reheating in N2. It is likely, therefore, that samples heat-treated
in air and subjected to a standard cool will absorb a small
amount of extra oxygen giving enhanced p-type conductivity
associated with O� ion formation. This is the first stage of
oxygen uptake. In the second stage, the oxygen uptake is greatly
increased by HOP treatment in which the absorbed O� ions are
effectively converted to O2

� ions.
The increased dielectric loss of slow-cooled and HOP sam-

ples compared with quenched samples, Fig. 8(b), can be
explained by the increase in hole concentration with increasing
PO2

and therefore, increase in p-type conductivity. This leads to
an increase in dielectric loss which is shown most clearly for
the HOP sample, Fig. 8(b); it illustrates that the loss data reflect
electronic conductivity rather than oxide ion conductivity,
which is the main conduction mechanism in the quenched
sample, Fig. 5.

Previous work has shown that depending on sample treatment,
three species contribute to the conductivity in Ca (acceptor)-
doped BaTiO3: holes, oxide ions and protons.13 Although the
conditions used here have largely excluded the possibility of
proton conduction, there is evidence for H2O absorption and
subsequent loss on TG of samples left exposed to the atmo-
sphere for a few days. This water adsorption also seems to have
an effect on the permittivity profile, Fig. 8(c).

Conclusions

With increasing oxygen partial pressure, BaTiO3 containing
Ca2+ ions acceptor-doped onto the B site, with oxygen vacancies
for charge compensation, shows increasing p-type conductivity.
This is attributed to absorption of oxygen by the samples
leading to an increase in hole concentration by ionisation of
lattice O2� ions to O� ions.

Thermogravimetric analysis shows that the amount of oxygen
uptake using high pressure treatment in the range 5–80 bar, is
greater than can be accounted for by single atom occupancy of
the available oxygen vacancies. The maximum oxygen uptake is
essentially twice that expected and it is proposed that the
superoxide, O2

� ion is responsible. Creation of the superoxide
ion avoids the necessity of providing sufficient energy to
dissociate the O2 molecules and the electron affinity to form
these superoxide ions may be sufficiently negative that they are
subsequently stabilised, at least at low temperatures, within the
perovskite crystal lattice.

Commencing with quenched samples whose oxygen content
is given by the formula BaTi1�xCaxO3�x, two stages in oxygen
absorption are envisaged and can be summarised ideally as:

For both of these processes, d is variable, depending on
conditions, over the range 0 r d r x.

In stage 1, oxygen vacancies are filled by dissociated oxygen
anions; it is assumed that these are O� ions and for each, one
lattice O2� ion ionises to produce a second O� ion. In stage 2,
oxygen vacancies are filled by superoxide ions, each of which
requires ionisation of a lattice O2� ion to create an O� ion. We
have not tested the conditions under which the products of stage
1 can be converted to those of stage 2 by HOP treatment, stage 3.

Extra space is required for the large superoxide to enter the
crystal lattice; this is provided by the immediate coordination
environment of the Ca2+ ion, which locally, causes lattice expan-
sion and has an anion coordination reduced to five, which is much
less than usually expected for the large Ca2+ ion.
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14 M. Prades, N. Masó, H. Beltrán, E. Cordoncillo and
A. R. West, Field enhanced bulk conductivity of BaTiO3:Mg
ceramics, J. Mater. Chem., 2010, 20(25), 5335–5344.

15 H. Beltrán, M. Prades, N. Masó, E. Cordoncillo and A. R. West,
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