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Abstract

The water uptake in the new perovskite-like com-
pound BaTb0�6In0�4O2�8, further called BTI40, has
been measured in situ by thermal gravimetric analysis
(TGA) at di�erent temperatures and water vapour
pressures. For the standard enthalpy and entropy of
solution the following values were deduced:

�H0 � ÿ0�79� 0�02� � eV
and

�S0 � ÿ1�3� 0�1� �x10ÿ3 eV=K
The grain interior electrical conductivity, sgi, of a
BTI40 pellet has been measured in the dry state and
for proton concentrations of 2.3, 3.3 and 3.7% in the
wet state by impedance spectroscopy. In the range
from 100 to 450 �C, in which the proton concentration
is frozen in, sgi increases linearly with the proton
concentration, being about a factor of 50 larger than
that in the dry state. The activation energy of the
proton conduction is found to be (0.65�0.01) eV.
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Some oxides with the perovskite-like structure,
ABO3, are well known to become high-temperature
proton conductors (HTPC) upon acceptor-dop-
ing.1 Typical examples are BaCeO3 and SrCeO3

doped with trivalent Y- or Yb-ions at the Ce4+-
sites. In order to retain charge neutrality upon
doping, vacancies at the O-sites are introduced.
By subsequent annealing in a humid atmosphere
protons are incorporated by the dissociative
absorption of water according to the reaction:

H2O� �gas�VO
�� �Ox

O()2OH�O �1�

where VO
�� represents the double positively charged

vacancies on the O-sites and OH�O the positively
charged protonic, defects. Recently we have shown
that BaTbO3 can be acceptor-doped with large
amounts of indium (further called BTI).2 Up to
atomic ratios of x � In= In� Tb� � � 0:47 the In3�-
and Tb4�- ions occupy the B-sites of the perovskite
oxide at random and the total amount of VO

��

expected from the In-concentration is completely
®lled up by annealing in a humid Ar/O2 (80/20)
mixture with pH2O � 100 hPa, and slowly cooling in
about 16 h from T � 300 to 150 �C (1 hPa=102 Pa
=1mbar). Accordingly, for BTI40 (x � 0�40) the
chemical formula of the compound is given by
BaTb0�6In0.4O(2�8+y/2)Hy, in which y � 0 and
y � 0�4 represent the fully `dry' and fully `wet'
states, respectively. In view of the huge amount of
protons that can be incorporated, BTI was sug-
gested as a new possible candidate for a HTPC.2

In the present work we have studied the in-situ
proton incorporation and the equilibrium [OH.]-
concentrations in BTI40 by thermal gravimetric
analysis (TGA). The experiments were carried out
in a commercial thermobalance (Netzsch TG 439)
modi®ed for wet atmospheres, as described else-
where.3 The experiments were performed in the
isothermic mode and at each temperature (300�T
[�C]�800) a series of four partial water vapour
pressures pH2O � 5, 10, 20 and 40 hPa was applied.
In addition ®rst ac-impedance spectroscopy
experiments are presented.
The expression for the equilibrium constant K3

for the reaction in eqn (1) is given by:

K3 �
OH�O
� �2

pH2O=p
0� � Ox

O

� �
V��O
� � �2�

where kT1nK3 � T�S0 ÿ�H0; �H0 and �S0 are
the standard enthalpy and entropy of solution,
respectively; p0 represents the standard pressure of
105 Pa (1 bar). The concentrations in eqn (2) are
considered per Ba atom in the formula unit
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BaTbO3 (in which no defects are present); accord-
ingly in BaTb0�6In0�4O(2�8+y/2)Hy, it holds that
OH�O
� � � y.
From the condition of charge neutrality:

2 VO
��� � � OH�O

� �ÿ In0Tb

� �� In�Ba

� � � 0

and taking into account that in BTI the maximum
proton concentration OH�O

� �
max

equals the total
In-concentration, it follows that In�Ba

� � � 0, so
that:

2 VO
��� � � OH�O

� �
max
ÿ OH

��
O

h
�3�

From eqn (3) and the condition of site restriction,
given by:

Ox
O

� �� V��O
� �� OH�O

� � � 3

the following expression for Ox
O

� �
is obtained:

Ox
O

� � � 3ÿ 1

2
OH�O
� �

max

� �
ÿ 1

2
OH�O
� � �4�

In the cerates and zirconates usually this change of

Ox
O

� �
as a function of OH�O

� �
is neglected in view of

the low solubility of the OH�O
� �

-defects of only a

few per cent. However, in BTI40, Ox
O

� �
decreases

from 2.8 for y � OH�O
� � � 0 to 2.6 for y � OH�O

� �
� OH�O
� �

max
� 0�4, so that this variation of Ox

O

� �
as

a function of OH�O
� �

must be taken into account.

Substituting eqn (3) and eqn (4) into eqn (2), it

follows that the value of K3 only depends on

pH2O; OH�O
� �

and OH�O
� �

max
. Accordingly, when

the value of OH�O
� �

max
is known, K3 is readily cal-

culated for each OH�O
� �

content. A fully charged

BTI40 sample, dried in the present TGA-appara-

tus, showed that OH�O
� �

max
� 0�41. This suggests

that the indium concentration x � 0�41 in the pre-
sent material, in agreement with the lower NeÂ el
temperature of TN � 13�5 K instead of 16K
observed for BTI40 in Ref.2.

In Fig. 1, we present the proton content OH�O
� �

as a function of water vapour pressure for various
temperatures. The highest equilibrium concentra-
tion of OH�O

� � � 0�183 obtained at the lowest
temperature of T � 300 �C and highest pressure of
40 hPa is still far away from the maximum con-
centration of 0.41 obtained by using a pressure of
100 hPa and slowly cooling from T � 300 to 150 �C.
In Fig. 2 we have plotted the corresponding K3

values as a function of the reciprocal temperature
for the four water vapour pressures. In view of the
scattering of the data observed at 800 �C, probably
due to the low OH�O

� �
-solubility at this tempera-

ture, we have skipped the latter data in the evalua-

tion. For the other temperatures the data sets at
the four di�erent vapour pressures show excellent
agreement. From the slope of each data set the
same enthalpy of solution �H0 � ÿ0�79� 0�02� �
eV is deduced, while for the entropy of solution an
average value �S0 � ÿ1�3� 0�1� � � 10ÿ3 eV=K is
obtained. These values are comparable to those
observed in BaSn0�5In0�5O2�754 and BaCa1�18Nb1�82
O2�91 (BCN18).3 On the other hand, in BaCe(1ÿx)
YxO(3ÿx/2), �H0 was recently found to vary from
ÿ1.2 to ÿ1.8 eV in the range from x � 0:02 to 0.2,
suggesting that the solubility in the latter material
is much higher.5

Now we will discuss the ac impedance spectro-
scopy of a BTI40 pellet with 0.91 cm diameter and
0.16 cm thickness. The measurements were per-
formed at rising temperatures between 50 and
600 �C in an environment of a ¯owing dry Ar/O2

(80/20) mixture. After sintering at 1500 �C, both
sides of the pellet were polished and covered with

Fig. 1. Equilibrium OH�o
� �

-concentration=y in BaTb0.6In0.4
O(2�8+y/2)Hy as a function of water vapour pressure for various
temperatures (1 hPa=102 Pa=1mbar). Because of clearness of
the data presentation, a logarithmic scale has been chosen.

Fig. 2. Equilibrium constant K3 for the OH�o
� �

-solubility in
BTI40 versus reciprocal temperature, as obtained from four

di�erent water vapour pressures (1 hPa=1mbar).
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porous Pt paint (ESL type 5542) electrodes which
were ®xed by heating at 980 �C. Two di�erent
methods were applied to obtain a `dry' pellet for
the impedance spectroscopy: in one case the pellet
was annealed in vacuum (10ÿ4 Pa) at 530 �C; in the
other a ¯owing dry Ar/O2 (80/20) mixture at
700 �C was used. After the impedance measure-
ment the pellet was charged for about 60 h at
various temperatures between 600 and 450 �C in a
wet 80 Ar/20 O2 mixture with pH2O � 100 hPa.
Since the weight of the pellet was found to be
unchanged before and after the impedance mea-
surements, it follows that the amount of protons
incorporated are frozen in during the conductivity
measurements. The impedance spectra were recor-
ded at frequencies, f, between 100mHz and 2MHz,
using a Solartron SI1260 impedance analyzer.
Usually impedance spectra of ceramic samples

are analyzed within the framework of the `brick
layer' model.6 This model leads to an equivalent
circuit in which the grain interior is characterized
by a resistance Rgi and the geometrical capacitance
CV, and the grain boundaries by Rgb and Cgb,
respectively. The corresponding impedance spec-
trum (ÿZ0 versus Z0) consists of two semi-arcs, in
which the ®rst one at lower resistance values
(higher frequencies) is ascribed to the grain interior
and the other one to the grain boundaries. Figure 3
shows a typical ÿZ00 versus Z0 spectrum of BTI40
in the `dry' state at 300 �C (open circles). Only one
half circle is observed, which is ascribed to the
grain interior in the following. From the condition
2�fRC � 1 at the maximum of the semi-arc, the
capacitance is calculated to be C � 47 pF, a value
typical of the grain interior. By comparing the
known geometrical capacitance and the value
measured for the bulk, a value of "r � 140 for the
relative static permittivity of BT140 is derived.
The insert of Fig. 3 shows the high-frequency

part of the impedance spectrum on an enlarged
scale. It is seen that the resistance of the `dry'
sample at 300 �C is strongly reduced by the incor-
poration of the 3.7% protons (full triangles). As
for the dry sample, from the values of f and Z0 at
the maximum of ÿZ00, the capacitance of the wet
sample is calculated to be C � 40 pF, comparable
with the value obtained before for the dry sample.
Thus also the semi-arc obtained for the humid
sample must be ascribed to the grain interior and
the relative static permittivities in the two di�erent
states are roughly the same. The values of Rgi at
300 �C are obtained from the diameter of the
half-circles ®tted to the data of Fig. 3. From this,
the conductivity is calculated from the relation
�gi � d=ARgi, where A denotes the electrode area
and d the sample thickness. In Fig. 4, �gi is plotted
versus the reciprocal temperature for various

OH�O
� �

-contents. The dry sample shows a curva-
ture in the �giT versus 1/T plot. This result does
not depend on whether the sample has been dried
in vacuum or in a dry Ar/O2 (80/20) mixture before
the experiment. Taking into account that also the
conductivity is obtained in the latter atmosphere,
we believe that this increase of the activation
enthalpy at high temperatures is not caused by an
exchange of the oxygen in the sample with the gas
phase at su�ciently high temperatures of measure-
ment but is an intrinsic e�ect of BTI40 in the dry
state. From the high- and low-temperature slopes
of the �giT versus 1=T curve, activation enthalpies
Ea � 1�1 eV and Ea � 0�48 eV, respectively, are
obtained. This suggests that two di�erent mechan-
isms are involved in the conductivity of the `dry'
BTI40 sample.

Fig. 4. Temperature dependence of the grain interior con-
ductivity of BTI40 in the dry and wet states. The samples were
measured at rising temperatures in a dry Ar/O2 (80/20) envir-
onment. The proton concentrations indicated are obtained
from the weight increase of the sample and remain unchanged

during the experiment.

Fig. 3. Impedance spectra of BTI40 at 300 �C in the dry and
wet states, showing the strong reduction of the resistance Rgi

due to the 3.7% protons. The insert shows the high-frequency
part of the spectra on an expanded scale. The frequency
values, f, at the maximum ÿZ00-values and the low frequency

sides of the semi-arcs are indicated.
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Figure 4 also presents the temperature depen-
dence of the conductivity for the three proton
concentrations up to 450 �C. As mentioned above,
up to this temperature the amount of protons
incorporated by the charging treatment remains
frozen in during the conductivity measurements.
The conductivity of BT140 in the wet state is seen
to be increased by a factor of 20 to 60 in the range
from 450 to 250 �C compared with that in the dry
state. The three wet samples show identical slopes
with Ea � 0�65� 0�01� � eV. The �OH�O�-concentra-
tion dependence of the conductivity becomes better
visible from a linear scale for �gi, as follows from
Fig. 5. This ®gure shows the conductivity of BTI40
as a function of the OH�O

� �
-concentration in the

range from 300 to 450 �C. While the values of �gi in

the dry state appear around the origin, �gi of the
three samples in the wet state is seen to increase
linearly with the proton concentration frozen in.
This suggests that it is the proton conduction
which is responsible for the increase of the total
conductivity measured.
Investigations of the in¯uence of the indium

concentration on the proton solubility and con-
duction in BTI are in progress.
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