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The electrical conduction in various phases of the system Bi,O3;—BaO was investigated by measure-
ment of a—¢ conductivity and the EMF of oxygen gas concentration cell and observation of X-ray
diffraction patterns. High oxide-ion conduction was observed in the rhombohedral phase present in
20-25-mol% BaO and hole conduction was observed in the perovskite-type phase based on
2BaO-Bi,0s. The oxide-ion conductivity of the 20-mol%, BaO specimen was 1.1 x 10~2 mho/cm at
500°C and the contribution of electronic conductivity to total conductivity was negligibly small in
air. In the remaining range of composition, where the monoclinic and rhombohedral mixed phase
was found for less than 20-mol%, BaO and the rhombohedral and perovskite-type structure mixed
phase was observed for more than 28-mol%, BaO, the conduction was attributed to oxide ion and
electron hole. High oxide-ion conduction in the rhombohedral phase was considered to be due to an
appreciable amount of oxide-ion vacancies in this phase.

1. Introduction

Some solid solutions having oxide ion
vacancies are known as oxide-ion conductors
(1-4). In these materials, the sintered oxides
based on tetravalent and trivalent metallic
oxides are included. In the former, calcia- or
yttria-stabilized zirconia, yttria-doped thoria,
and the like have been well investigated,
because they have some thermodynamic and
electrochemical properties suitable for high-
temperature applications. The sintered oxides
based on Y,0; or Sm,0; belong to the latter.
In order to obtain these sintered oxides in a
dense sintered state, they must be fired at high
temperature and their oxide-ion conduc-
tivity is not always high enough for lower
temperature applications. From the stand-
point mentioned above, it is desirable to find
materials having high oxide-ion conductivity
at lower temperatures, if possible.

As previously reported by the present
authors, some solid solutions based on tri-
valent metallic oxide, that is, Bi,O, were found
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to be high oxide ion conductors (5-8).
Though pure Bi,O; shows high oxide-ion
conductivity in the temperature range 730-
825°C (mp), the charge carriers change from
oxide ions to electron holes at 730°C by the
phase transformation from face-centered cubic
0-Bi,O; (high-temperature form) to mono-
clinic a-Bi,O; (low-temperature form) (9-12).
The high oxide-ion conductivity of Bi,Oj
observed above 730°C could not be retained at
lower temperature by quenching of the
sample. Moreover, the J-a phase transfor-
mation is accompanied by a large volume
change, which makes the specimen collapse.
Therefore, Bi,O; is unable to be used practi-
cally as an oxide-ion conductor. The present
authors found that the high oxide-ion con-
ductivity was retained over a wide range of
temperature, when the fcc phase correspond-
ing to the high-temperature form of Bi,O,
was stabilized by adding Y,0,, Gd,0,, and
WO, to Bi,O,;. For example, the sample
containing 25-molY%, Y,0; exhibits the fcc
form, which shows 8.3 x 1072 mho/cm at
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600°C (5). This conductivity is about one
order of magnitude higher than that of well-
known stabilized zirconias at the corres-
ponding temperature. Similar results were
obtained in the system Bi,0;~WO; (6). In the
system Bi,0,—Gd,0;, high oxide-ion con-
duction was found not only in the fcc phase
but also in the thombohedral phase (7).

As to oxide-ion conduction in the rhombo-
hedral phase, the authors also found that the
rhombohedral phase in the system Bi,0;—CaO
and Bi,0;-SrO showed high oxide-ion con-
duction (8). Levin and Roth reported the
presence of the rhombohedral phase in the
systems Bi,0;-Ca0, Bi,0;-SrO, and Bi,O;—
BaO (13). The present authors observed that
the rhombohedral phase containing SrO,
the cationic radius of which is larger than that
of Ca0, showed somewhat higher oxide-ion
conductivity than that containing CaO (8).
As Ba?* has a larger cationic radius than
Sr2*, the rhombohedral phase in the system
Bi,0,-BaO was expected to have higher
oxide-ion conductivity than that in the system
Bi,0,-SrO. From this point of view, the
oxide-ion conduction in this material was
investigated. Furthermore, as the phase
diagram by Levin et al. is limited in a narrow
range of composition (~ 22-mol%, Ba0), the
authors also investigated the relationship
between the electrical conduction and the
phase in the system Bi,O;-BaO over a wide
range of composition.

2. Experimental

2.1. Preparation of Samples

The starting materials used were bismuth
sesquioxide and barium nitrate. Bismuth
sesquioxide was obtained by thermal decom-
position of Bi(NO,),-5H,O (JIS special
grade) at 700°C and barium nitrate was
refined twice by recrystallization.

A mixture of finely ground starting materials
was calcined in air at about 600°C for a few
hours, in order to decompose Ba(NO,), into
BaO, and kept at 700-740°C for 10 hr. The
pre-fired specimens were powdered and
molded under a pressure of 3 ton/cm? into the
shape of cylinder (46 mm¢ x 8-12 mm) or
disk (12 mmé¢ x 2-3 mm). The molded
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samples were sintered again in air at 700-
740°C for 10 hr. To obtain dense samples, the
sintering temperature was raised as the con-
tent of BaO increased.

Samples thus prepared were well sintered
and the porosity, calculated from the ratio
of the density of the sintered sample to that
of the powdered one, was less than 7%, which
was corrected for in the various electrical
measurements. The color of specimens was
yellowish for 10-30 mol 9, BaO, changed to
brown with increasing BaO content, and
became black for more than 50-mol?%, BaO
specimens.

The crystal structure of specimens was
identified by X-ray diffraction patterns using
CuKe« radiation with a nickel filter. The lattice
parameters were calculated from the diffrac-
tion angles of each peak obtained by slow
scanning speed (1°/4 min~') using Pb(NO,),
as internal standard. The densities of several
samples were measured at 25°C by the stan-
dard pycnometric method using #-butanol.

2.2. Measurement of Ionic Conduction

The ionic conduction in the specimens was
examined by measuring the electrical con-
ductivity and the EMF of the oxygen gas
concentration cells using the specimen disks
as electrolytes.

Electrical conductivity was measured in the
temperature range 300-700°C under various
partial pressures of oxygen using a two-probe
a-¢ method. The frequency used was 10 kHz.
Cylindrical specimens were silvered on their
faces and held between two alumina sample
holders which were placed in an electric
furnace. The temperature was controlled with
an accuracy of +4°C during the experiments.
Contact resistance and surface conduction of
the samples could be neglected in these
conductivity measurements, because cylin-
drical samples of different sizes gave equal
specific conductivities within experimental
errors.

To determine the ionic transference number,
the EMF of the following oxygen concentra-
tion cell was measured,

0, (Po,, ), Aglspecimen disk|Ag, O,(Po,,¢)
¢y}
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where Py ,a = 0.21 atm and Py, ¢ = 1.00 atm.
The design of the cell, as well as the general
procedure and the theory for EMF measure-
ment, has been described in detail elsewhere
(14).

3. Results and Discussion

3.1. X-Ray Diffraction

Figure 1 shows the X-ray diffraction
patterns of specimens that were cooled slowly
from firing temperature. The specimens
containing less than 20-mol %, BaO indicated
the mixed patterns of monoclinic and rhombo-
hedral phase, and the single rhombohedral
phase was observed for 20-25-mol %, BaO.
A new phase appeared in addition to the
rhombohedral phase for more than 28-mol9;
BaO. This phase was based on the compound
2BaO- Bi,0,, which crystallized in the perov-
skite crystal structure.

x = 0.0

.|l| doal wdibi
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||Il | A ||--|. iullh N

20 ( CuKd )

Fic. 1. X-ray diffraction patterns of (Bi,O3);_»
(Ba0),.
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3.2. Ionic Conductivity

The variation of conductivity with temper-
ature measured in air for polycrystalline
specimens having BaO concentration between
10 and 67-mol % is represented in Fig. 2.
The temperature dependence of the conduc-
tivity of pure Bi,O; is shown in the same
figure by the dashed line, which shows an
abrupt conductivity change at 730°C, indi-
cating that Bi,O; is transformed from
monoclinic into fcc at the corresponding
temperature.

The specimens containing BaO showed
conductivity behavior somewhat similar to
that of pure Bi,O;. However, the degree of
jump in the conductivity was small compared
with pure Bi,O; and the jumping temperature
was about 150°C lower than that of pure
Bi,O,. As described in the next section,
these conductivity jumps were considered
to be due to the transition into the high-
temperature phase. The 33-mol §, BaO speci-
men showed little break in conductivity,
which might be caused by partial freezing of
the high-temperature phase. Therefore, the
conductivity of this sample at lower temper-
atures (dotted line) may represent the value
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F1G. 2. Conductivity versus reciprocal of absolute
temperature curves for (Biy0;3);-_,(BaO),in air.
1, x=0.0; 2, x=0.10; 3, x=0.20; 4, x=0.25;
5, x=0.33;6,x=0.50; 7, x=0.67.
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in the metastable state and will decrease
considerably after infinite time. Arrhenius
plots of 50- and 67-mol%, BaO specimens
showed alomst linear variation over the wide
range of temperature measured. The activation
energy for conduction in the rhombohedral
single phase was 0.92 eV below 580°C and
0.48 eV above 580°C, and that in the perov-
skite single phase was 0.50 eV over the whole
range of temperature measured.

The charge carriers in these conductors
were investigated by measuring the EMF
of the oxygen gas concentration cell using the
specimen disks as the electrolytes. Figure 3
represents the ratio of measured EMF to the
theoretical one. Anode gas was air (1 atm)
and cathode gas was pure oxygen (1 atm).
The values of E/E, for the rhombohedral
single phase (20-25 mol9, BaO) are above
0.95 for the whole range of temperature
examined, indicating that ionic conduction
is predominant, while E/E, is near zero for
pure Bi,O; (<730°C) and 67-molY, BaO
specimen, indicating that the a-phase and
perovskite-type compound are electronic-
predominant conductors, As shown for
15-, 33-, and 40-mol%, BaO in the same
figure, E/E, for the mixed phase is smaller
than unity because of the co-presence of ionic
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Fig. 3. Ratio of the measured EMF (E) to the
theoretical value (Eo) of the following cell: O, (0.21
atm), Ag|(Biz03);--(Ba0),|Ag, O: (1.0 atm).
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and electronic conduction, However, E/E, is
near unity above 600°C in the rhombohedral-
rich phase, for example, 15- and 33-mol¥;
BaO, indicating that the high conductivity
phase above 580°C is predominantly an ionic
conductor,

Steady current could be drawn from
these oxygen concentration cells, The d-c
conductivity calculated from the i~V relation
of the cell was almost comparable to the value
measured by a-c bridge This result denotes
that both electrodes act as oxygen-gas elec-
trode reversibly and that the conductive
species of the specimens are oxide ions,
Therefore, the 20- and 25-mol %, BaO speci-
mens in Fig 2 represent oxide-ion con-
ductivity,

In the composition ranges indicating
E/E, <09 in Fig, 3, a correct ionic transfer-
ence number cannot always be determined
from EJE,, since the electronic conduction
sometimes causes electrode polarization,
Therefore, E/E, in these cases was compared
with the value obtained by the following
method (15).

When a gas concentration cell shows a
lower EMF than the theoretical value (E,),
E, is applied to the cell from an outer source
in charging polarity, In this condition, no
ionic current passes through the specimen
and the observed current (i,) is ascribed to
electron. It is obvious, then, that the polariz-
ation effect of the oxygen electrode reaction
need not be considered. The electronic con-
ductivity (,) in this case can be given as

Oe= ie/ E,. (2)

The transference number of ions (¢,) is defined
as

t;=1-(o./0), €)

where ¢ is the total conductivity of specimen
disk. Using Eq. (2), Eq. (3) can be rewritten as

t,=1—(i./oE,). )

As ¢ can be measured by an a-c bridge with
sufficiently high frequency, one can obtain the
t, from i,. For example, ¢, =0.72 was calcu-
lated for the 40-mol %, BaO sample at 680°C,
which was somewhat larger than the value
obtained directly from EMF measurement
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(E/Ey = 0.67). For the specimen which shows
higher E/E, value than 0.9, the value ofz,
thus calculated coincided with E/E, within
experimental errors. These results indicated
that the electrode reaction of oxygen gas
proceeded reversibly.

Figure 4 shows the conductivity of the
specimens measured in various oxygen atmos-
pheres of air-argon mixture. When the con-
centration of movable ions is sufficiently
high, ionic conductivity is independent of
oxygen partial pressure, whereas the con-
ductivity of electron holes or excess electrons
shows the pressure dependence. This is
generally expressed as

0= Oion+ A P5)" + B-P5,",  (5)
where 4 and B are constants and m and n
are positive integers (/6). The conductivity
of the 25-mol 9, BaO sample does not show
the pressure dependence above and below
the temperature at which the conductivity
changes abruptly. This means that the ionic
conduction is predominant in the rhombo-
hedral phase. The 10- and 40-mol%, BaO
samples show the contribution of hole
conduction at 500°C, while the 10-mol%]
BaO sample exhibits the predominant ionic
conduction at 600°C. These results correspond
to the relation obtained from E/E,,.
The relation between the electrical conduc-
tion and the composition can be summarized
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as follows: (1) The specimens having BaO
content less than 20 mol %, show the monoclinic
and rhombohedral mixed phase. Charge
carriers are electron holes in the monoclinic
phase, and oxide ions in the rhombohedral
phase. The conductivity increases with in-
creasing BaO contents. (2) The specimens
having 20-25 mol%, BaO form the rhombo-
hedral solid solution, in which oxide-ion
conduction predominates. The oxide-ion con-
ductivity of the 20-mol% BaO sample at
500°C is 1.1 x 1072 mho/cm, which is about
one order of magnitude higher than that of
stabilized zirconias. In the rhombohedral
single phase, the oxide-ion conductivity
decreases with increasing content of BaQ,
that is, the lower the content of added oxide,
the higher the oxide-ion conductivity. This is
the same tendency that was observed in the
other solid solution based on Bi,O; (5-7).
(3) The specimens having more than 28-mol %
BaO show the rhombohedral and perovskite-
type structure mixed phase. Electrical con-
duction is ascribed to the oxide ions in the
rhombohedral phase and the electron holes
in the perovskite-type phase. The hole
conductivity of the perovskite-type compound
2BaO-Bi,0; is noticeably higher than the
ionic conductivity of the rhombohedral phase.

3.3. Abrupt Change of Conductivity

Some specimens showed an abrupt change
of conductivity at about 580°C (Fig. 2).
Though this change was found to correspond
to an endothermic change by DTA, an obvious
difference in the high-temperature X-ray
diffraction patterns was not observed over a
measuring temperature range up to 700°C.
If a liquid phase intervenes in a solid phase,
a similar result may be obtained. However,
the finely powdered specimen showed neither
sintering nor crystal growing even after
firing at 650°C, which suggests no partial
melting. Careful investigation of X-ray pat-
terns of annealed and quenched samples
showed that (222), (333), (444), and (555)
peaks of annealed rhombohedral phase grew
strong. Accordingly, it is rational to consider
that the abrupt change of conductivity in
Fig. 1 is ascribed to some configurational
change of atoms in the rhombohedral phase.
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3.4. Oxygen-Deficient Lattice in the Rhombo-
hedral Phase

In general, oxide-ion conduction is con-
sidered to be caused by the migration of
oxygenions via oxygen vacancies presentin the
crystal (I7). As an appreciable amount of
oxide-ion vacancies was expected to be present
in the high conductive phase of the system
Bi,0,-Ba0, the oxygen-deficient lattice in the
rhombohedral phase of 2025 mol%, BaO
was investigated.

The lattice parameters (Table I) obtained
from X-ray diffraction were used for calcu-
lation of the theoretical densities. The valen-
cies of cations (Bi** and Ba®*) were considered
not to change during the formation of the
rhombohedral phase, because no change in
mass was observed by thermogravimetry.
Using the same procedure as that reported on
the system Bi,0,-SrO by Sillén and Auri-
villius (/8), the authors calculated X-ray
densities, in which a defect structure having
oxygen vacant sites was assumed. The X-ray
densities were 8.50 +0.05 g/cm*® for the
10-mol %, BaO sample and 8.39 + 0.05 g/cm?
for the 25-mol %, BaO sample, in agreement
with the pycnometric densities 8.37 £ 0.10
and 8.25 + 0.10 g/cm3, respectively, within
experimental errors. As a result, the rhombo-
hedral phase was taken to have an appreciable
amount of oxygen vacancies, and conse-
quently the high oxide-ion conduction in this
phase was attributed to the migration of
oxygen vacancies as observed in other oxide-
ion conductors.

3.5. Formation of Perovskite-Type Cubic
Structure

The specimen 2BaO-Bi,O; showed an
X-ray diffraction pattern corresponding to

TABLE I

Unrr CELL PARAMETERS OF THE RHOMBOHEDRAL PHASE
IN THE SYSTEM Bi,0;-BaO

BaO

(mol%,) cosa

ad) V(A%

20 9.774£0.005 0.9165 £0.0005 131.2+0.9
25 9.779 +£ 0.004 0.9165 + 0.0007 131.5+0.9
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the perovskite structure, which is generally
represented as ABO; where A is a divalent or
trivalent metal and B is a tetravalent or tri-
valent metal. If Bi is trivalent and Ba is dival-
ent, the unit cell of the above perovskite-type
compound should be BaBiO, 5[, 5. Although
these oxygen vacant sites were reported
to be filled by oxygen on firing in oxygen atmos-
phere (19, 20), the sample sintered in air or in
lower oxygen pressure was considered to have
some parts of oxygen vacant sites. And
the crystal structure was considered to change
from triclinic perovskite BaBiO; to cubic
perovskite BaBiO5_,. The relation between
defect structure and oxide-ion conduction is
not under investigation.

4. Conclusion

In the system Bi,0,-Ba0Q, there exist
rhombohedral solid solution for 20-25-mol %
BaO and perovskite-type compound BaBiO;_.
The rhombohedral single phase is a high
oxide-ion conductor under ordinary oxygen
pressure. Especially the specimen containing
20-mol%, BaO shows high oxide-ion con-
ductivity of 1.1 x 1072 mho/cm at 500°C and
negligibly low electronic conductivity in air.
The conductivity of this system rises abruptly
at about 580°C during heating. This pheno-
menon is considered to be due to some con-
figurational change of atoms in the rhombo-
hedral phase. Perovskite-type compound
BaBiO;_, shows hole conductivity that is
higher than the oxide-ion conductivity of the
rhombohedral single phase. In the other
range of composition, mixed phases are
present, in which mixed ionic and hole
conduction is observed.

High oxide-ion conduction in the thombo-
hedral phase is considered to be attributed
to the migration of oxide ions via oxide ion
vacancies as in the case of oxide-ion conduction
reported previously.
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