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Preparation and Properties of New Oxygen Ion 
Conductors for Use at Low Temperatures 

K. KEIZER, M.J. VERKERK and A.J. BURGGRAAF 
Twente University of Technology, 7500 AE Enschede, The Netherlands 

TWO new systems, B&O,-Er203 and Zr&Y,O, tCaOI-Bi,OJ 
were investigated. The first system has a homogeneous 
cubic, fluorite phase between 17.5 and 45.5 mol % Er,Q 
and can be sintered to densities near 95% at 1200 K. 
At temperatures between 799 K and 1999 K the highest value 
of the a.c. oxygen ion conduction in this system is twice 
as much as the highest value found in the literature. In 
the second system concentrations of 1-3 mol % Bi200, act as 
an excellent sintering aid for Zr0,Y203 and ZrO&aO 
samples which can be sintered to densities higher than 
95% at temperatures of 1350 K. During this procedure a 
liquid ZrO,-B&O, phase exists from which Bi203 partly 
evaporates with increasing sintering time. The oxygen ion 
conduction is little affected by the Bi203-rich second phase. 
The influence of annealing procedures up to 1570K on the 
conduction in the ZrOrY,O1-B&O, system is small despite 
weight losses up to 4%. 

1 - INTRODUCTION 

Solid state electrolytes are promising materials to use 
in batteries, fuel cells oxygen probes and sensors, 
oxygen pumps etc. The stabilized zirconias and bismuth- 
sesquioxides are good materials for the last three 
applications because they can have a relatively high 
conductivity at low temperatures. 
The advantages and disadvantages in the properties and 
the preparation of both types of materials will be 
briefly discussed now. The stabilized zirconias have a 
very low dissociation pressure (< 1Oa Pa at 1000 K) 
and can be used upto high temperatures (> 1500 K). 
The conductivity is relatively low at temperature 
smaller than 900 K and the sintering temperature of 
pure stabilized zirconias is larger than 2000 K. Additives 
such as SiOz, Al201 and Ti(X are necessary to decrease 
the sintering temperature I-‘. In these cases the densifi- 
cation occurs by a liquid phase mechanism, but the 
sintering tf3?IperZitUrt? still is at least 1700 K. 
After sintering a second phase is present on the grain 
boundaries. This second phase has isolating properties 
and sometimes a relatively large electronic component 
in the conductivity is present. The isolating properties 
of the second phase decrease the total value of the 
conductivity of the specimens and an electronic com- 
ponent in the conductivity can have a negative effect on 
for instance the response time of oxygen sensors’. 
The stabilized bismuth sesquioxydes have a relatively 
high conductivity at low temperatures (< 900 K) and 
can be sintered at temperatures near 1300 K to den- 
sities larger than 90% I. However their oxygen disso- 
ciation pressure is IO-‘Pa at temperatures of about 
1000 K I’. Above this temperature these materials are 
corrosive and can react relatively fast with other ma- 
terials such as platinum. 
Our investigation for new oxygen ion conduction ma- 
terials was centered around two themes: 
1 to find a high oxygen ion conductor at low tempera- 

tures based on BhO,. This resulted in the system 
Biz0,-Er20, of which the preparation and properties 
mainly are presented elsewhere6 with a summary of 
some results given in this paper. 
2 to combine the advantages of stabilized bismuth 
sesquioxide Ihig conductivity and sintering at low tem- 
peratures) and stabilized zirconium dioxide [non-corro- 
sive, low dissociation pressure]. This resulted in the 
ternary systems ZrOrYzO1(CaO)-Bi201 of which prepa- 
ration and properties are presented and discussed in 
this paper. 

2 - EXPERIMENTAL 

For the preparation of the &OS-Era01 and ZrOz-Y~OJCaOI 
-Bi20J samples the raw materials ?? were thoroughly 
mixed and prefired at 1020-l 120 K for BiZOJ-Er~O~ and at 
1070-1320 K for Zr02-Y~OJ(Caol-Bi~0, during 16 hours 
(see Table II. The calcinated powders were ground in 
isopropanol and isostatically pressed at about 400 MPa. 
For samples with less than 6 at% Bi201 two firing and 
grinding procedures were carried out in order to 
achieve sufficient reactivity. 
The samples were sintered in air during 16-70 hours at 
1100 K for Bi20J-rich specimens and at 1350 K for 
Bi20J-poor specimens (see Table I). From the sintered 
samples discs and cylindrical rods were made which 
were annealed at 1100-1250 K during one hour and 
cooled down slowly. The total amount of AkOl and 
SiOl impurities in the samples varied between 0.03 and 
0.10 wt% depending on the details of the experimental 
procedures. 
The present phases in the samples were indentified 

TABLE I - Calcining and sintering temperatures (K) and times 
[Hrs) of various samples. 

SAMPLE * 

BilaEro,O, 1150 16 1200 70 
12. 13 1320 16 1350 70 
8. 16 1320 16 1350 70 
10, 11 1320 16 1350 16 
7, 5 1270 16 1320 16 
9, 6 1270 16 1320 16 
3, 1 1220 16 1270 70 
2 1150 16 1200 70 
4. 5 1070 16 1100 16 

CALCINATION SINTERING 
T[KI t[hrsI T(K) t(hrs1 

* Sample compositions can be found in Fig. 2. 

* B&O1 (Merck, very pure, Germany), Y,O, and ErzO, [Serva. 99.9%. 
Germany). ZrO, [Kochlight. England) and CaCO, (BDH, England). 
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lilips PW 1370 X-ray diffractometer with CuK- 
the lattice constants were calculated using 
Pb(NO& as internal standards. 
ic structures were investigated on polished 
aI etched samples with the scanning electron 
s (SEMI type JEOL JSM U3 an EDAX-unit 
lemical analysis of the present phases. The 
ept method was used to determine an ave- 
I size which was corrected according to 
I0 

ical conductivity was measured at IO kHz 
Jayne-Kerr Universal Bridge 8221 of samples 
vith sputtered platinum electrodes of about 
ickness. The ion transference number was 
oy measuring the e.m.f. of an oxygen concen- 
I using air at one electrode and pure oxygen 
?r electrode. The construction of the concen- 
I is given in (Ref. 61. 

TS AND DISCUSSION 

tures of Bi203-Er201 specimens 

ties of the specimens after sintering are 
% of the theoretical density and the average 
of all samples is about 30 urn. The ceramic 

If Bi201-ErzOJ is shown in Fig. 1. 

The ceramic microstructure of 0.8 Bip,-0.2 Erz03 
* 1150x). 

lotograps one can see that considerable grain 
curs in this system even at temperatures of 
e grain boundaries are moving so fast that 
are isolated within the grains and do not 

he grain boundaries. This implies that higher 
are difficult to obtain unless grain boundary 
s decreased. 
es containing 17.5-45.5 mol% En02 a mono- 
:c structure was observed with a lattice 
decreasing from 0.550 nm to 0.540 nm with 

Er201-content. Below 17.5 mol% Erz03 and 
i mol% Ert03 polyphasic regions appear. 

es in the system Zr(X-Y&Bi& 

vestigation of the sintering behaviounr of the 
ZaOI-BbO, system it was attempted to make 

monophasic cubic powder composed of a solid solution 
of ZrOl, Y20s and Bi20J. As a leading idea it was assu- 
med that during sintering a part of the Bi201 separate 
from the homogeneous phase for instance as a BbO, 
-YIOj solid solution. 
This second phase act as a wetting agent of the grain 
boundaries of the main, cubic phase. The thin, liquid, 
BbO,-rich film served as a diffusion path for the sinte- 
ring procedure and also evaporates slowly. During 
sintering new BhOJ-rich material on the grain boun- 
daries is delivered from the main phase. After sinte- 
ring the BLOS-rich film left on the grain boundaries 
is not an isolating layer but, on the contrary, has a high 
oxygen ion conductivity. 
To obtain some data about phase relations a small 
study of possible phases and compositions in the 
system Zr02-Y~O~-Bi~01 was started. Various samples 
were prepared with compositions as are shown in 
Fig. 2. In all these samples only four different phases 
could be detected; a monoclinic, ZrOl-rich phase M, a 
fluorite-type, cubic, ZrO-rich phase F, a fluorite-type, 
cubic, Bi201-rich phase 6 * and a fluorite type, tetragonal- 
distorted, BhOj phase 6 ??. Samples 3 to 7 and 9’ consist 
of two phases with the F and 6 ?? structure in sample 3 
and the F aand 6 ’ structure in the other samples. 
Samples 6 was suitable to analyze the compositions 
of both phases with the EDAX-unit of the SEM because 
the phase separation was large enough to determine 
the compositions of the distinct phases. The analyzed 
compositions resulted in the samples 14 and 15. 
Several monophasic regions were constructed as shown 
in Fig. 2 using the literature ‘, ‘, ’ and our own results. 
The positions of the boundaries are indicated only 
and are not measured after equilibration at a distinct 
temperature but after annealing only. 
Large kinetic problems can occur at this low tempe- 
ratures if only little BitOl is present. For instance the 
composition 14 in Fig. 2 is a homogeneous second 
phase in a sample with a composition 6, but it was 
not possible to realize completely homogeneous sam- 
ples with a composition 14. Very little is known in 
the literature about phase relations in this ternary 
system especially in the ZrOrBi201 region. Therefore 
in this diagram no phases in the ZrOz-Bi201 region and 
no two-phase and three-phase regions are given. 

_ at.% 8101.~ 

FIGURE 2 - Compositions and phases in the system ZrG~-Y,03-Bi~03 
( v Zr02-CaO-Bi20J. 

?? Sample numbers are equal to composition number in Fig. 2. 
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3.3 - The sintering behaviour of the system Zr&Yz01 
(CaO) -BLOa 

Two calcining steps did not result in single phase 
powders 10 to 14, 16 (Fig. 21 but a main F-phase 
and a M-phase were present. Powder 8 mainly consists 
of two F-phases with lattice constants of 0.514 nm 
and 0.529 nm respectively. After sintering a second 
phase was still present but the amount of this second 
phase was diminished and in the ZrOZ-Y203-Bi203 system 
the structure was different for calcined and sintered 
specimens. This is shown in Table 2 together with 
other results of the sintering procedure. Except sample 
8 all the materials sinter to densities near 95% at 
1350 K. The ceramic microstructure of samples 12 and 
13 are shown in Fig. 3 and Fig. 4 and are typical 
examples for these types of materials. 

TABLE II - Some sintering data and lattice constants of the 
samples with 5 at % BiO, 5. 

12 5.69 (95%) 3.2 F-phase with a = 0.5149(3Inm + 
some second phase (<5wt%I 

13 5.72 (97%) 3.8 F-phase with a = 0.5175(3)nm + 
10 wt% second phase 

8 3.66 (66%) - Several F-phases with a varying 
a between 0.517 and 0.530 nm 

16 5.44 (97%) N 1 F-phase with a = 0.5153(2)nm + 
20 wt% M-phase 

a ZrO*-CaO-B&O1 sample: b Measured on sintered discs. 

The main phase shown in Fig. 3 has an average grain 
size of 3.2 pm. The second phase is located on the 
grain boundaries of the matrix phase. For sample 13 
an average grain size of 3.8clm is measured however 
with a relatively large standard deviation. A further 
analysis suggests that in this case we have a binodal 
grain size distribution with the smaller grains on the 
grain boundaries of the larger grains. The large and 
the small grains have the same composition and are 
not to be identified as two distinct phases. The overall 
BLOl-content, determined after sintering with X-ray 
fluorescence and EDAX-analyses. appeared to be 3 + 1 
at% in the samples 8. 12, 13 and 16. 
The second phase on the grain boundaries as shown in 
Fig. 3 contains twice as much BLO,, an equal amount of 
Zr02 and about half as much YIOJ as the grains 
themselves, resulting in a composition of about 0.8 
Zr02-0.1 Y01.5-0.1 BiOl 5. These figures are limiting values 
because the second phase regions have a size of I cLm 
or smaller while the X-ray analyses originates from an 
area with a diameter of 1 to 2 pm. So the real value of 
the BLO,-content is somewhat larger and the real 
value of the ZrOz and Y20, contents are somewhat 
smaller in the second phase. However these analyses 
give a clear indication that the second phase mainly is 
a ZrOI-BizOj solid solution. Although it was more diffi- 
cult to analyze the second phase in other samples, 
these second phases are BizOl-rich with a relatively 
high ZrOrcontent. 
The sintering mechanism is somewhat different from 
that which was proposed before. In our opinion the 
results suggest, that a mainly monoclinic ZrOz-BLOa 
phase becomes liquid at the sintering temperature. 
This liquid phase is a good wetting agent for the 
F-phase and during sintering diffusion can take place 

FIGURE 3 - The ceramic microstructure of eample 12 (megniflcetion 
11,500x). 

FIGURE 4 - The ceramic microstructure of sample 13 (magnifica- 
tion 11,500 x). 

via the liquid phase. In the course of the sintering 
process a part of the second phase evaporates 
(Bi,O,) and solutes in the F-phase with increasing 
sintering time. 
This proposal is consistent with the observations of 
weight losses during sintering (l-3 wt %I and a decrea- 
sing amount of the second phase during sintering. 
Perhaps the smaller grains in Fig. 4 are crystallized 
from the second phase in the initial stages of the 
sintering process. 
The densification of sample 8 is bad probably because 
the second F-phase does not become liquid at the 
sintering temperature. 
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samples (sample numbers see Fig. 2 ad Table 2; 
Rnealed at 1750 K). 

luctivity in the systems B&OS-Er203 and 
Y201(Ca0) -BLOl 

md Fig. 6 the a.c. conductivity as a function 
ature is shown. The numbers of the samples 
le composition as shown in Fig. 2 and Table 2. 
! some data concerning the conductivity as 
of the values is given. If the conductivity in 

5s is compared with the highest values given 
rature then it appears the BilOJ-Er203 system 
lighest oxygen ion conductivity known. Fur- 
the conductivity in the ZrOl samples contai- 
is about half a decade lower (Fig. 51 than 

st values given in the literature for the 
and ZrOXaO systems at the maximum in 
uctivity-composition curves at the same tem- 
The reason for this difference is firstly that 
2O3 ratio of our samples deviates from that 
mples with a optimal conductivity. Secondly it 
n which composition has the highest value of 
:tivity in this ternary system. It was not the 
#f this investigation to study that problem. 
lowering of the conduction is possible be- 
monoclinic second phase possess insulating 
One sample (I 1, see Fig. 2) has no second 

:r sintering and indeed has the highest ionic 
ty. An electronic component in the total con- 
5 small because all ion transference numbers 
n Table 2, are within the standard deviation 
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FIGURE 6 - The a.c. conducttvity es a function of temperature 
for various samples [sample numbers see Fig. 2 md Table 21. 

TABLE III _ Activation energy E, u, values and transference 
numbers t, of the conductivity of various samples. 

nr.* 
E(kJ/mol) u, x IO” (am) -I Transference 

number ti 

3 127 - 

8 123 0.3 

12 102 1.0 

13 128 6 

16 120 0.6 

17 115 1300 
A 106 190 
B 92 1.3 
C 136 11 

- 
- 

0.97 (800-1000 K1 
0.97 (800-1000 KI 
0.99 (800-1000 K) 
0.98 (770-1070 K) 
0.98 (750-1050 KI 
1 .oo 
1 .oo 

a 17: 0.80 B&O,-0.2 ErzO, 
A: 0.75 B&O,-0.25 YzOJ 

I 
B: 0.91 Z&O.09 Y,O, 

I C: 0.?5 ZrO,-0.15 CaO. 

for this method (3-5%) equal to One. 
Annealing procedures were carried out at 1220 K and 
1576 K during 100-500 hours., The effect of this proce- 
dure on the value of the conductivity in the Zr&Y& 
Bi,O, system is smaller than 10°/oi relative although 
weigth losses up to 4% (2 at % BiO,.,) occur at the 
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highest temperature. The effect of the value of the 
conductivity in the Zr02-CaO-BhO, system was larger. At 
1220 K the conduction decreases 20% after 300 hours 
annealing but there were no weight losses. At 1570 K 
an annealing of 100 hours causes a weight loss of 2.3% 
and a collapse in the conductivity especially at higher 
temperatures (see Fig. 5, curve 16). It is not clear 
which mechanism causes this strong decrease in 
conductivity in this case. 

ACKNOWLEDGEMENT 

The authors wold like to express their appreciation to 
Mr. M.A. de Jongh for performing the SEM and EDAX 
experiments. One of the authors (M.J. Verkerk) acknowl- 
edges the financial assistance from Philips N.V. [El- 
coma]. 

4 - CONCLUSIONS 

Samples in the system Bi20J-Erz03 and Zr(x-Y0 ICaOI- 
Bi201 were prepared at temperatures of 1100-1350 K 
with densities near 95% or higher and grains of about 
30um in the Biz01-Er20, system and of I-4lrm in the 
ZrOl-YzOI(Cao)-Bi203 system. In the samples with nomi- 
nal 5 at% BiOI.s of this last system a second phase 
with a monoclinic or a cubic structure appeared after 
pre-heating the powders at 1320 K. After sintering at 
1350 K the second phase mainly consists of a Zra-BLOS 
solid solution which forms a liquid at the sintering 
temperature. It acts as a wetting agent and therefore 
as a reactive sinter aid but during sintering it partly 
evaporates. 
The values of the a.c. oxygen ion conduction in B&O1 
ErzOl (1 am at 720 K) are two times larger than in 
BizOl-YzOJ (51, which is one of the best oxygen ion 
conductors known in the literature. In the ternary 
systems the oxygen ion conduction is somewhat smal- 
ler than the highest values found in the literature for 
the corresponding systems but no attempt was made 
to find the optimal compositions for the conduction in 
this system. Furthermore annealing procedures at 
1220 K and 1570 K did not alter the conduction in the 
ZrO1-Y203 system. In the ZrOA3aO system an annealing 
temperature of 1570 K decreases the conduction at 
higher temperatures but a mechanism for this effect 
is not known. 
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