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Ionic conduction in sintered oxides of the system Bi2Oa-SrO was investigated by measuring the 
conductivity and ion transference number under various conditions. The ion transference numbers 
were measured by an oxygen concentration cell employing the specimen as the electrolyte. 

It was found that the solid solution containing 20~ 40 mole~o SrO which had a rhombohedral 
structure was an almost pure oxide ion conductor under a relatively high partial pressure of oxygen, 
and that the conductivity was several times higher than that of stabilized zirconias at the same 
temperatures up to 800~ Oxide ion conduction was confirmed also by quantitative determination 
of generated 02 from the anode of the oxygen concentration cell during discharge. 

The sintered specimens of the systems Bi2Os-CaO and Bi203-LazO 3 were found also to be oxide 
ion conductors, and the ion transference numbers were greater than 0.9. 

Introduction 

A number of references on the electrical proper- 
ties of solid electrolytes are quoted in a recent 
review [1]. Highly conductive pure oxide ion 
conductors studied so far, however, are mainly 
the fluorite-type solid solutions based on the 
oxides of tetra-valent metals containing lower 
valent metallic oxides. In these materials, rela- 
tively large amounts of oxide ion vacancies are 
present in the crystal lattice so as to maintain 
the electrical neutrality of the crystal, and as a 
result, they show high oxide ion conduction at 
high temperature since the vacancies can make 
the migration of the oxide ions easier [2, 3]. How- 
ever, high oxide ion conductive materials are con- 
sidered not to be always limited to the fluorite- 
type oxide solid solutions of tetra-valent metals. 
In fact the present authors have found that when 
Ti in perovskite-type oxide CaTiO 3 was partially 
substituted by A1 or Mg, this oxide showed high 
oxide ion conductivity comparable to those of the 
stabilized zirconias [4, 5, 6]. From this result, it is 
likely that more excellent oxide ion conductors 
will be discovered if many more oxides of various 
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types are investigated with respect to their dee- 
trical properties. 

In the course of investigations with such an 
aim in mind, the authors observed that the sin- 
tered oxides which consisted of Bi203 and SrO 
had high oxide ion conductivity even at rela' 
tively low temperature. According to L. G. 
Sillrn [7], the Bi2Os-SrO system forms rhombo- 
hedral solid solutions in the composition range 
between 20 and 45 moleyo SrO which contains 
2.4 ~ 5.4 of oxide ion vacancies per 18 lattice sites 
of oxide ion in the unit ceil. However, the investi- 
gation on the electrical conduction in this material 
has not been carried out so far, except in the 
work by A. D. Neuimin et al. [8], in which 
(Bi2Oa)o.a (SrO)o.2 was reported to have oxide 
ion conduction accompanied by considerable 
electronic conduction at 400,-, 650~ According 
to our experiments, however, this material is 
predominantly an oxide ion conductor in ordin- 
ary atmospheres and the conductivity is higher 
than that reported by A. D. Neuimin. 

In this paper, the results of our experiments 
over the wide composition range and under 
various conditions on ionic conduction in the 
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Bi203-SrO system are described. In addition, 
the existence of ionic conduction in the Bi2Oa- 
CaO and Bi203-La203 systems which contain a 
phase of rhombohedral crystal structure, as in 
the case of the Bi203-SrO system, was studied 
in a preliminary way and the results are briefly 
described. 

Experimental 

Preparation of the specimens 

The starting materials were strontium nitrate 
(JIS special grade) and bismuth sesqui-oxide 
which was obtained by thermal decomposition 
of bismuth nitrate (JIS special grade) at 700~ 
for 2 hours. In place of strontiu m nitrate, cal- 
cium carbonate, lanthanum oxide or cadmium 
nitrate were also used. The mixture of these sub- 
stances was heated to decompose the nitrate or 
carbonate in order to obtain mixed oxide and 
calcined at 700~ 800~ for 10 hours in air. The 
calcined materials were finely powdered before 
pressure moulding into a column (0"6 ~ x 0-5,,~ 1.0 
cm) or tablet (1.2 e x 0" 1 ~ 0-3 cm) at 3 ~ 4 ton/cm 2 
and sintered in air for 10 hours. The sintering 
temperature was changed from 800~ to 1000~ 
according to the compositions. The greater the 
content of doped oxide, the higher the sintering 
temperature. 

Measurement of ionic conduction 

The ionic conduction in the specimens was ex- 
amined under various conditions by measuring 
the electrical conductivity and the emf of the 
oxygen concentration cell using the specimen 
tablet as the electrolyte. The emf measurement 
was employed to determine ion transference 
numbers. 

The measurement of conductivity was made 
by means of an A. C. bridge incorporating a 
capacity compensator. The column-shaped speci- 
men was used in this case and silver or platinum 
paste was applied to the electrode. The value of 
conductivity varied with the frequency of the 
current passed, but as it became almost constant 
in the frequency ranges higher than 5 kHz, 5 
kHz was used in this experiment. 

The relative contributions of ions and electrons 

to the total conductivity were measured by the 
concentration cell method. The following cell 
was constructed using the specimen tablet as the 
electrolyte. 

O2(Po~,o), Agl specimen tablet lAg, O2(Po,,a) (1) 

Po2,c >Po2,~ 

If  the conduction in the specimen is purely ionic, 
the emf of the cell Eo is given by 

RT Po2 
Eo = ~-ff In ' (2) 

Po2,a 

where Po~,C and Po2,a represent the oxygen 
partial pressures at the cathode and anode re- 
spectively, and R, T and F have their ordinary 
meanings. In the mixed conductor where the con- 
duction is partially ionic and partially electronic, 
the emf is lowered since the cell is discharged by 
the electronic conduction. Then the ratio of ionic 
conductivity to the total conductivity a = cr i + 
ae (where ae is electronic conductivity), that is, 
the ion transference number t, can be determined 
as a ratio of the measured emf E to the theoretical 
value E0 [9] 

o i E 
t = o ' i  + o" e E0 (3) 

when the electrode reaction is reversible. 
In the present experiment, pure oxygen at 1 

atm. was used as cathode gas. As anode gas, air 
free from H20 and CO2 was usually applied and 
the mixture of oxygen and nitrogen or CO and 
CO2 was occasionally used to provide for a cer- 
tain partial pressure of oxygen. Fig. 1 shows the 
construction of the cell. 

Ionic conduction was also ascertained by de- 
termining the anodically produced oxygen during 
the discharge of the concentration cell. 

Results and discussion 

The prepared specimens 

As the specimens were well sintered, the porosities 
were 5,,,8~o and open pores which allow the 
penetration of gases were not detected. The por- 
osity was determined by measuring the apparent 
density of the sintered material and the picno- 
metric density of the corresponding powder. The 
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Fig. 1. Construction of the oxygen concentration cell. 
1. Pt wire from cathode. 2. Ceramic tube supporter. 3. 
O-ring packing. 4. Ceramic tube (internal dia. 4 ram). 
5. Ceramic tube (internal dia. 9 ram). 6. Ceramic tube 
internal dia. 23 ram). 7. Pt packing. 8. Electrolyte. 9. 
Electrode. 10. Hinged electricfurnace. 11. Thermocouple. 
12. Pt wire from anode. 

colour of the sintered specimens changed from 
yellow to brown as the content of the oxides 
added to Bi203 increased. 

Fig. 2. represents the X-ray diffraction patterns 
of the Bi2Os-SrO system. These patterns were 
obtained by the powder method at room tem- 
perature using CuKe radiation. Pure Bi203 
exhibits a monoclinic pattern of the e-type, while 
the specimens containing 20~40 moleYo SrO 
evidence the formation of solid solutions having 
a rhombohedral structure in accordance with the 
results obtained by L. G. Sill6n [7]. In the speci- 
mens containing SrO at concentrations greater 
than 50 mole~ the measured diffraction patterns 
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Fig. 2, X-ray diffraction patterns of (Bi2Oa)l_x(SrO)x. 

were rather simple although their crystal struc- 
tures could not be identified. 

Ionic conduction in the BizOs-SrO system 

The conductivities of the sintered Bi2Oa-SrO 
system measured in air are shown in Fig. 3 in the 
form of Arrhenius plots. It is apparent from this 
result that the maximum value of conductivity 
appears in the range of 20,-~40 mole~ SrO, 
where the change of conductivity with composi- 
tion is not so marked as in other content ranges. 
This composition range corresponds to the solid 
solution having a rhombohedral structure as 
shown in Fig. 2. The conductivities of (Bi2Os)o.8 
(SrO)o.2 in air are 6x10 -3 ohm -I cm -1 at 
500~ 2.5x 10 -2 ohm - t  cm -1 at 600~ and 
2.2 x 10- t ohm- ~ cm- ~ at 700~ which are about 
4--5 times higher than those reported by previous 
investigators [8]. The difference maybe due to the 
method of preparation of specimens. Neuimin 
et aL [8] sintered the mixed powder of bismuth 
oxide and strontium oxide directly at relatively 
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Fig. 3. Electrical conductivities of (Bi2Oa)l_=(SrO)= in 
air 

No. x No. x 

0 0 4 0.4 
1 0.1 5 0.5 
2 0.2 6 0.6 
3 0.3 

low temperatures of 720 ~ 750~ and it was con- 
firmed in our experiment that such a preparation 
method made the conductivity decrease con- 
siderably. 

The rapid change in conductivity of pure 
Bi20 a at about 730~ corresponds to the trans- 
formation from a monoclinic to cubic crystal 
structure as pointed out by C. N. R. Rao et  aL 

[10]. Though a somewhat remarkable change in 
conductivity was observed also in the rhombo- 
hedral solid solution specimen at 620,-, 670~ no 
transformation of crystal structure could be 
recognized by high-temperature X-ray diffrac- 
tions which were examined at 400~ and 750~ 
The differential thermal analysis indicated, how- 
ever, a small endothermic peak at 620-,, 670~ 
during the heating process. Thermal hysteresis 
of the conductivity was not observed in this tem- 
perature range and the reproducibility during the 
heating and cooling processes was good within 
the experimental error. Furthermore, even after 
the specimens containing 20 and 40 m o l e ~  SrO 
were kept for 24 hours at 650~ where the de- 

pendence of  conductivity on temperature was 
most remarkable, their values of conductivity 
were observed not to vary from the initial values. 
It may be considered from these facts that these 
phenomena may be attributed to a reversible 
order-disorder transition in the crystal. The de- 
tails are now under investigation. 

In the specimens containing more than 50 
m o l e ~  SrO, the conductivities decreased with 
increasing content of SrO, and in the specimen 
containing 60 moleyo SrO the conductivity versus 
temperature plot indicated an abnormal be- 
haviour showing a minimum value at about 
650~ 

Fig. 4 represents the ratio of measured emf to 
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Fig. 4. The ratios of the measured emf E to the theoretical 
value Eo of the following cell 
02 (0.21 arm.), Agl(Bi2Os)x_=(SrO),lAg, 02 (1 atm.) 

No. x No. x 
0 0.0 4 0.4 
1 0.I 5 0.5 
2 0.2 6 0.6 
3 0.3 7 0.7 

the theoretical value of the oxygen concentration 
cell, the electrolyte of  which is the sintered tablet 
of the BizOs-SrO system under the conditions 
of Po2,,  = 0-21 atm and Po2,c = 1 atm. In the 
specimens containing 10,-,50 m o l e ~  SrO, the 
ratio of E to E o is higher than 0.9 over a wide 
range of temperatures. This means that the con- 
duction is mainly ionic which differs from the 
result of the previous work [8], in which the ion 
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transference number of  (Bi2Oa)0.s (SrO)o.2 was 
determined as 0.50,-~0.68 at 500,-,600~ under 
the same conditions as the present measurements. 
From the present results, the conductivities shown 
in Fig. 3 may be concluded to represent the ionic 
conduction within the SrO content ranges of  
I0 ~, 50 mole~. 

In the cell using pure Bi20 3 as the electrolyte, 
the emfwas not observed up to 730~ At 730~ 
the emf appeared and increased suddenly to the 
theoretical value. This temperature is in accor- 
dance with the temperature where the jump in 
conductivity appears and, therefore, it corre- 
sponds to the monoclinic-cubic transformation 
temperature. During cooling process E/Eo 
remains at a higher value than 0"9 down to 
640~ where it decreases rapidly. This tempera- 
ture corresponds to the transition point from 
the cubic to the metastable tetragonal structure. 

These results mean that pure Bi2Oa in the 
monoclinic phase is an electronic conductor and 
the stable ionic conduction appears after the 
transition to the cubic phase occurs at 730~ as 
suggested by the previous investigators [11, 12], 
whereas it is evident that the SrO doped solid 
solutions having a rhombohedral structure are 
almost completely ionic conductors even at 
500~ and their conductivities are about one or 
two orders of magnitude higher than those of 
pure Bi20 3 at temperatures lower than 700~ 

The contribution of ionic conduction to the 
total conductivity in the solid solution decreased 
with decreasing partial pressure of oxygen of the 
surroundings. Fig. 5 shows the dependence of  
E/E o on the partial pressure of oxygen (Po2,~) 
at the anode of  the concentration cell, keeping 
the oxygen pressure at the cathode at 1 atm. The 
value E/Eo was decreased rapidly from 0.97 at 
Po2,a = 10-2 atm to 0-5 at Po2,a = 10-6 atm. 
This phenomenon is considered to be due to the 
reduction of  the host crystal under low partial 
pressure of  oxygen, as a result, the excess elec- 
trons produced contribute to the electronic con- 
duction. 

O = (lattice) --* [] + 2e + �89 02 (4) 

[] : oxide ion vacancy 

In fact, under hydrogen atmosphere, all speci- 
mens investigated were reduced to lower oxides 
or metals and melted even at 600~ 
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Fig. 5. The dependence of E/Eo on the oxygen partial 
pressure of the anode gas in the following cell at 700~ 
Oz (Po,. ,), Agl(Bi2Oa)o.7 (SrO)o.3}Ag, 02 (1 atm.). 

A high current could be drawn from the con- 
centration cell using the BizOa-SrO solid solu- 
tion as the electrolyte. Two examples of the rela- 
tion between the terminal voltage and current 
density are represented in Fig. 6. The curves 
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Fig. 6. The discharge curves of the following cell at 700~ 
02 (Po~, a), Agl(Bi203)o.v(SrO)o'3 lAg, 02 (1 atm.). 

were reproducible even after the cell had been 
short-circuited for a long time. These results 
indicate that the ion which contributes to con- 
duction is the oxide ion. For, if the cations were 
charge carriers, a marked polarization should 
appear and a high current density could not be 
drawn in a stable manner from the cell. 
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In order to elucidate the oxide ion conduction 
and oxide ion transference number more directly, 
the concentration cell was discharged and the 
oxygen gas generated at the anode was deter- 
mined quantitatively by measuring the emf of an 
oxygen-meter which was an oxygen concentra- 
tion cell using stabilized zirconia as the electro- 
lyte. As schematically illustrated in Fig. 7, the 
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Fig. 7. Schematic illustration of the discharge experiment. 

anode gas at relatively low partial pressure of 
oxygen is passed through the anode compartment 
of a test cell at a constant flow rate. When the 
cell is discharged, the generated oxygen gas is 
mixed with the anode gas and it is led to the 
anode compartment of the oxygen-meter. If the 
examined electrolyte is an oxide ion conductor, 
the emf of the oxygen-meter depends upon the 
discharge current of the test cell. The relation 
between the emf of the oxygen-meter E' and the 
discharge current i of the test cell is given by the 
following equation, 

E' RT Pc 
= ~-~ In ~-~-(,) 

= RTIn vPc (5) 
4F vPa( ~ = o)+(Vt/4F)i 

where t is the oxide ion transference number, Pc 
the oxygen partial pressure at the cathode of 
both ceils, P,(i) the oxygen partial pressure at the 
anode of the test cell which depends on discharge 
current, v the flow rate of the anode gas and V 
the molar volume of 02. From Equation (5), the 

ion transference number can be obtained if the 
values of E' and i are measured. 

This experiment was tried using the sintered 
tablet containing 30 moleyo SrO as the electro- 
lyte of the test cell. A mixture of oxygen and nitro- 
gen gas was used as the initial anode gas, its 
partial pressure of oxygen being 1.51 • 10 -4 arm 
and its flow rate being 2.1 ml/sec. The result is 
represented in Fig. 8, in which the measured 
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Fig. 8. The plots of the emf of the oxygen meter against 
the discharge current of the tested cell. Solid lines indicate 
the theoretical plots for t = 1.00 and t = 0.775. 

values are shown with open circles and the solid 
lines indicate the theoretical curves of Equation 
(5) for t = 1 and t = 0"775 respectively. The 
measured points coincide well with the calcula- 
ted curve assuming that the oxide ion trans- 
ference number is 0.775. This value of transfer- 
enee number agrees with that obtained by the 
concentration cell method already shown in Fig. 
5 under the same atmosphere as this experiment. 
As a result, it is evident that the ionic conduction 
in the specimen is due to the oxide ion conduc- 
tion and that the oxide ion transference numbers 
measured by the concentration cell method give 
almost the correct values. 

In this experiment, when the current was 
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passed in the opposite direction, so as to remove 
oxygen f rom the anode gas, the measured points 
shifted markedly f rom the calculated curve, as 
shown in Fig. 8 with the dosed circles. This fact 
indicates that electrolysis of  the specimen occurs. 
The decomposition voltage was estimated to be 
about  500 mV under this condition. 

I t  can be concluded from our experiments, 
that the solid solution (Bi203)1_ x (SrO)~ 
(x = 0.2~0.4)  is an oxide ion conductor at 
relatively high partial pressures of  oxygen. In  
Fig. 9, known conductivities of  oxide ion con- 

Temperature (~ 
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F i g .  9 .  C o m p a r i s o n  o f  the electrical conductivities of the 
oxide ion conductors of various types 
1. 03i2Oa)o.8(SrO) 0.2 
2. (ZrO2)o.92 (Yb2Os)o.os Reference [13] 
3. (CeO2)o.s (LaO1.s)o.2 Reference [14] 

(Zr02)o.91 (Y20a)o.o9 Reference [13] 
4. CaTi o.7~ A1 o.2s Oa-x Reference [4]. 

ductors are shown in comparison with that of  
(Bi2Oa)o.s (SrO)0.2. This material has the highest 
conductivity among them in the whole range of  
temperature below 800~ 

Ionic conduction in sintered Bi203 containing 
other oxides 

Fig. 10 shows the conductivities of  some other 
systems containing Bi20 a as host material. The 
measurements were carried out in air. Table 1 is 
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F i g .  10. Electrical conductivities of the sintered Bi203 
containing various kinds of other oxides in air 
1. (Bi2Oa)o.9 (La2Oa)o.t 
2. (BizOa)o.7 (La2Oa)o.z 
3. (BizOs)o.8 (CaO)o.2 
4. (Bi2Oao.6 (CaO)o.4 
5. (Bi2Oz)o.6 (CdO)o.4. 

Table 1. The ratios of the measured emf E to the theoretical 
value Eo of the following cell. 

02, (0"21 atm.) Ag [ Specimen tAg, 02 (1 atm.) 

Specimen 

E/Eo 

550~ 600~ 700~ 750oC 

(Bi2Oz)o.9 (La2Oa)o.1 0"92 0"91 0"95 0"95 
(Bi203)o.7 (La2Oa)o.s 0"97 0"95 0"93 0"95 
(Bi2Oz)o.a (CaO)o.2 0.99 0-97 0.95 
(Bi2Oa)o-6 (CaO)o.4 0.92 0-93  0.93 0.95 

(Bi2Oa)o.6 (CdO)o., 0"0 (500~ 

the E/Eo value measured by the concentration 
cell under the condition of  Po2,a = 0.21 atm. 
and Po2 c = 1.0 atm. The specimens containing 
CaO or La203 show a value higher than 0.9 over 
a wide temperature range. In these cases, the ion 
which contributed to conduction was proved to 
be oxide ion by the same method as described 
above. 

The conductivity versus temperature plots o f  
the Bi203-CaO system seem to have a similar 
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shape to those of  the Bi2Oa-SrO solid solution, 
though below 700~ their values are somewhat 
low compared with those of the Bi203-SrO 
system and rapid jumps in conductivity at about 
700~ are more marked. In the case of (Bi203)o. s 
(CaO)o.2, this temperature corresponds to that 
of  the phase transition from rhombohedral solid 
solution (s.s)+monoclinic s.s. to rhombohedral 
s.s. + cubic s.s. according to the phase diagram 
proposed by E. M. Levin [15]. Thermal hysteresis 
was observed in this case, as illustrated by the 
dotted line in Fig. 10, while this phenomenon 
was not observed in the specimen containing CaO 
higher than 30 mole%. 

In the specimens containing La2Oa the con- 
ductivities at high temperature are not so high. 
In the case of (Bi2Oa)o. 9 (La2Oa)0.D however, 
the values at relatively low temperatures are 
somewhat higher than those of the other kinds 
of oxide ion conductors. This specimen also has 
a mixed phase of monoclinic s.s. and rhombo- 
hedral s.s. according to the phase diagram [15]. 

Although the addition of  a relatively large 
amount of La2Oa to CeO2, which is a fluorite- 
type oxide, prevents the partial reduction of  
CeO2 as previously reported [14], this effect could 
not be observed in the case of Bi20 a. Bi20 a in the 
specimen was reduced even under a nitrogen 
atmosphere at 800~ and the colour changed 
from yellow to black. 

For  the sake of comparison, a cadmium-doped 
specimen which was reported by K. Hauffe et aL 
to be an electronic conductor [16] was also exam- 
ined; the results are illustrated in Fig. 10 and 
Table 1. The colour of this material was black 
and the conductivities were fairly high at 
relatively low temperatures. The emf of  the 
oxygen concentration cell using this specimen as 
the electrolyte was observed to be zero, indicat- 
ing that the conduction in this substance was 
completely electronic as previously pointed out 
[161. 

Conclusion 

I t  can be concluded from the present experiments 

that the sintered oxides of the system Bi2Oa-SrO 
are high oxide ion conductors in the composition 
of 20~40  m o l e ~  SrO, where the rhombohedral 
solid solution is formed. Furthermore, the sin- 
tered specimens of the system Bi203-CaO and 
Bi2Oa-La2Oa were also found to be oxide ion 
conductors, the ion transference numbers of  
which were greater than 0.9. 

These materials are characterized by their high 
oxide ion conduction, the values of which are 
several times higher than those of the well-known 
stabilized zirconias at the same temperatures up 
to 800~ Their disadvantage is that they are 
apt to be reduced and to have electronic con- 
duction under relatively low partial pressures of 
oxygen. 
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