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Oxygen ionic conduction in Y,0;-stabilized
Bi,O; and ZrO, composites

M. MIYAYAMA, T. NISHI,* H. YANAGIDA
Department of Industrial Chemistry, Faculty of Engineering, University of Tokyo, 7-3-1 Hongo,

Bunkyo-ku, Tokyo 113, Japan

Oxygen-ion conductivity was measured in two-phase mixed composites in the system fcc
Bi,O; (BY)-fcc ZrO, (ZY) stabilized with Y,0;5 (Y = 20at%). The composites appeared in the
range 0.02 < x < 0.90 for BY,ZY,_, (mole fraction). Conductivity decreased with increasing
ZY concentration. The composition dependence of conductivity could be explained by using
an effective-medium approximation, although the conductivity was slightly higher than the
calculated value in specimens containing ZY above 50 vol %.

1. Introduction

Among oxygen ion conductors, face-centred cubic
Bi,0, stabilized by doping of yitria or rare-earth
oxides is known to show the highest conductivity. In
a certain composition range, the conductivities of
those stabilized Bi,O; exceed 10~' at 700°C and
1072 ohm ™' cm ™" at 500° C [1-4]. Those values are one
or two orders of magnitude higher than that of sta-
bilized zirconia at corresponding temperatures.

The stabilized Bi,O, has a deficient-fluorite struc-
ture, which has two vacant oxygen sites in a unit cell
in pure fcc Bi,O; [5]. The high ionic conductivity is
attributed to the migration of oxygen ions through the
vacancies [1].

In stabilized zirconia, oxygen ionic conduction is
predominant (ionic transport number > 0.99) over a
wide range of oxygen partial pressure (P(0O,)) down to
about 10" Pa at 1000°C [6]. In contrast, stabilized
Bi,0; is easily reduced under low P(0O,) and decom-
posed into bismuth metal at P(O,) of about 10~ *Pa at
600° C [7]. Accordingly, stabilized Bi,O- is not suit-
able for practical use under very low P(O,) at high
temperatures, such as in fuel cells. In addition, the
mechanical strength of sintered specimens of Bi,O;-
based materials is not high enough to fabricate
complicated-shape devices.

The system of stabilized fcc Bi,O; and fcc ZrO, is
of interest in view of improvements in the above elec-
trical and mechanical properties. Keizer et al. have
investigated the phase diagram and electrical conduc-
tivity in the ZrO,—-Bi,0;-Y,0; system [8-10]. How-
ever, because the melting points are markedly different
for Bi,O; (825°C) and ZrO, (~2700°C), simulta-
neous sintering of the three components often gives
inhomogeneous distribution of composition and, as a
result, monoclinic ZrO, and tetragonal Bi,O, are
observed as second phases in most of the fcc phase.

In preliminary experiments, it was found that solid
solutions and composites, consisting of fcc phases of
Bi,0; and ZrO,, are obtained by using powders of fcc

Bi,0, and ZrO,, both doped with Y,0,, as starting
materials [11].

In the present paper, microstructure and electrical
conductivity of the composites were investigated, and
the observed conductivity was compared with values
calculated using various mixing rules.

2. Experimental details

In the present system, yttrium concentration was kept
constant at ~20.0%, i.e. (Bi,05),5(Y,0;),, (denoted
as BY) and (ZrO,)s50(Y,04)0111 (ZY), respectively.
Bi,0, and Y,0, were thoroughly mixed with ethanol
and calcined in a platinum crucible. Two calcining
(800, 870°C for 5h), quenching and grinding pro-
cedures were carried out in order to prevent meta-
stable second phases from forming. ZrO, and Y,0,
were mixed in PSZ ball mills, calcined in a platinum
crucible at 1500° C for 5h, and ground in PSZ ball
mills for 6h. Purities of starting materials were all
99.99%. Particle size distributions of the resulting
powders were measured with a centrifugal particle size
analyser.

Two kinds of powders were mixed in a desired ratio
with ethanol, pressed into rectangular bars (Smm x
Smm x 15mm) at 170 MPa, and sintered at 930°C
for 12h in air. For ZY-rich (> 50mol % ZY) speci-
mens with low sinterability, hot-pressing was per-
formed at 900°C under 10MPa for 6h in air on
pre-sintered (800° C) specimens.

The phases present in the samples were identified by
X-ray diffraction measurements using CuKo radia-
tion. Lattice constants were calculated from more
than six peak positions above 90° (28) by the least-
square method using silicon as an internal standard.

The microstructure of the sintered samples was
examined with the scanning electron microscope
(SEM) and electron probe microanalysis (EPMA).

Alternating-current conductivity was measured in
air at 350 to 800° C at frequencies of SHz to 13 MHz
using an r.f. impedance analyser. Platinum electrodes
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Figure | X-ray diffraction patterns of BY,,ZY,,, BY, ;ZY,; and
ZY.

were applied by sputtering. For some samples, the
dependence of conductivity on P(O,) was measured
using Ar-O, mixed gas as a carrier gas and stabilized
zirconia cells for reducing and monitoring the P(O,).

3. Results and discussion
More than 60% of powder particles before final sin-

tering were 1 to 7 ym in size for BY and 1 to 5 um for
ZY, and average particle sizes were estimated to be,
3.3 um for BY and 2.2 um for ZY, respectively.

Fig. 1 shows the X-ray diffraction patterns of the
sintered specimens of BY,ZY,, BY4sZ2Y, s (mole
fraction), and ZY. Diffraction peaks of fcc BY and
fcc ZY monophases were observed in the composition
range x = 0.90and x < 0.02for BY,ZY, _,, respect-
ively. In the range of 0.02 < x < 0.90, both BY and
ZY peaks were observed as shown in Fig. 1, and there
were no peaks of second phases other than the fcc
phases.

In the monophasic region, the lattice constant of
fcc BY decreased with increasing ZY concentration
from 0.5506 nm (0 mol % ZY) to 0.5496 nm (10 mol %
Z7Y), as reported elsewhere [11]. The lattice constant of
fcc ZY increased on adding of BY from 0.5142nm
(0mol % BY) to 0.5154 nm (2 mol % BY). In the two-
phase region, the lattice constants of BY and ZY were
almost constant. As a result, specimens BY,ZY,_,
in the composition range 0.02 < x < 0.90 can be
regarded as composites consisting of two fcc¢ phases
of BY5ZY,, (BY,,) and BY(,ZY g5 (ZY ).

Porosities were 6 to 13% in normal-sintered
specimens with x > 0.6 and 1 to 6% in hot-
pressed specimens. Normal-sintering at high tem-
peratures > 1100°C also gave dense specimens even

Figure 2 Scanning electron micrographs of
polished surfaces of (a) BY,,ZY,,, (b)
BY(,ZYos and (c) BY(45ZY,s5, and (d)
relative X-ray intensities of bismuth and
zirconium on the line indicated in (c).
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Figure 3 Typical impedance plots for BY,ZY,; and BY,ZY,,
measured at 400°C; — and — indicate impedances at 1 and
100 kHz, respectively.

at x > 0.5, but tetragonal f-Bi,O; appeared as a
second phase.

Fig. 2 shows a polished surface of BY,,ZY,; and
BY,,ZY,;, and relative X-ray intensities of bismuth
and zirconium. The dark particles are found to corre-
spond to ZY . The ZY particles, 1 to 3 um in size,
were observed to be dispersed in BY matrix. In
monophasic specimens as BY,ZY,,, bismuth, zir-
conium and yttrium atoms were distributed homoge-
neously.

As reported previously, the a.c. impedance of a
polycrystalline ionic conductor such as stabilized zir-
conia contains contributions from the grains, the
grain boundaries and the electrolyte/electrode impe-
dance, and can be represented by three semicircles in
the complex impedance plot [12, [3]. Fig. 3 shows
typical impedance plots for BY;,ZY,;and BY;,Z2Y;
at 400°C. The low-frequency region (below 1kHz)
can be explained by the electrolyte/electrode impe-
dance. Most of the impedance plots consisted of two
sections of semicircles (grain and electrode impe-
dance), as BY,,ZY ;. A small semicircle in the middle
frequency region, which is assumed to be associated
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Figure 4 Temperature dependence of conductivity in BY ZY, _ .
Numbers indicate x.
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with a grain boundary, appeared only in the plots
for specimens containing more than 40mol% ZY
below 500°C, as BY,,ZY,, in Fig. 3. As the grain-
boundary impedance can hardly be detected in Bi,O;-
based materials, the second semicircle is assumed to be
due to ZY/ZY grain boundaries. However, details are
still unclear. Because the contribution of the grain-
boundary impedance did not exceed 4% of the total
impedance, the end-point of the first semicircle was
taken as the resistance to calculate conductivity in the
present study.

The temperature dependence of conductivity, g, in
typical specimens in the BY-ZY system is shown in
Fig. 4. The conductivity of ZY was of a specimen
sintered at 1500°C for 5h. A bend in the Arrhenius
plot (a change in activation energy) at about 550°C
was observed in all specimens except for ZY solid
solutions. This change in activation energy is generally
observed in fcc Bi,O, solid solutions with Y,0; or
Ln;O; (Ln = Gd to Er) at low substituent concen-
trations, and is interpreted as a short-range order—
disorder transformation in the oxygen sublattice [14].
The appearance of this change in activation energy
indicates that there is no marked change of conduc-
tion mechanism in BY solid solutions and in indi-
vidual BY particles of the composites.

Fig. 5 shows the composition dependence of con-
ductivity in the BY-ZY system. Both in the solid sol-
ution and the composite region, conductivity decreased
as the ZY concentration increased.

The activation energy, E, and the pre-exponential
term, ¢,, in the high (> 550°C) and low (< 550°C)
temperature regions were calculated from

o = gyexp (—E/kT) N

where k& and T have their usual meanings, and are
presented in Fig. 6. In the solid solutions at x > 0.9
in BY, ZY, _,, values of E and ¢, in both temperature
regions were almost in an agreement with reported
data on fcc (Biy0;)05(Ln,05)y,, and their com-
position dependences are also similar [3]. In the
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Figure 5 Composition dependence of conductivity in BY ,ZY, _,
measured for (O) normal-sintered and () hot-pressed specimens.
Dashed lines indicate solubility limits.
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Figure 6 Activation energy, E, and preexponential term, o, in
BY,ZY,_, in high (> 550°C) and low (<550°C) temperature
regions.

composites, £ and g, did not change very much with
composition at x > 0.3 except for E at high tempera-
tures. However, at x < 0.3, they rapidly approached
the values of ZY with increasing ZY concentration.

The dependence of conductivity on P(O,) for
BY,.ZY,_, with x = 0,0.1 and 0.4 at 800° C is shown
in Fig. 7. The conductivities were kept constant under
P(0,) between 10° and about 10 7Pa, indicating
oxygen conduction to be dominant. The conductiv-
ities decreased at P(0O,) below 10~ 7Pa. Specimens
annealed at low P(O,) contained f-Bi,0,(ss), and
bismuth metal was precipitated on the surface of the
specimens. For the macroscopically homogeneous
composites, as in the present study, the applicable
P(0O,) range for a solid electrolyte was confirmed to be
determined by the dissociation P(O,) of the BY , com-
ponent.

Numerous equations have been derived in an
attempt to calculate the effective conductivity of
heterogeneous materials, in general, for the two-phase
system. Maxwell derived an expression for the effec-
tive conductivity of a solid consisting of spherical
particles of one phase dispersed in a continuous
matrix phase
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Figure 7 P(0O,) dependence of conductivity in BY . ZY, _,. Numbers

where subscript 1 refers to the matrix, subscript 2 to
the dispersed phase, and ¥ is the volume fraction [15].
Subsequently, this equation has extended to the more
general case of ellipsoidal particles [16]. In these
equations, it is generally assumed that the perturba-
tion of the electric field around one particle does not
influence the field around the other particles. This
requires that the particles are well separated, and as
a result the equations are applicable only up to a
particle volume fraction V¥, < 0.15. This equation is
often used for the porosity-correction of conductivity.

In order to expand the applicable region of volume
fraction, the effective-medium theory was proposed
originally by Bruggeman [17] and by Landauer [18] in
a more formal manner. The effective-medium theory
assumed that each additional particle is dispersed in a
medium of some effective conductivity determined by
the amount of dispersed phase already present.
Landauer derived an equation in the case where there
is no correlation between the positions of the two
types of particle, as

{6V = Do + 3V, — Do,
+ {3V = Doy + 3V, — ) ay}* + 80,05]'}
®)

where subscripts 1 and 2 are the two types of phase.

Another method, percolation theory, can be used in
the system consisting of conducting particles and
insulating particles. An electrical current can flow
through the system only when there is a completed
path of adjacent conducting particles crossing the
system. Kirkpatrick [19] and Pike ez al. [20] calculated
the effective conductivity of such random resistive
networks statistically using Monte Carlo techniques.
The conductivity is expressed as the following equation

aV) = AV - K 4)

g =

where V' is the volume fraction of the conductive phase
and V, is the critical volume fraction able to make a
completed conduction path and 4 and ¢ are constants
(r = 1.5 to 1.6).

Because of a practical dependence on the geo-
metry and distribution of the individual components,
attempts have been made to set upper and lower
bounds on the properties of composite materials with
arbitrary geometry. For the case of a macroscopi-
cally homogeneous and isotropic two-phase material,
Hashin and Shtrikman [21] derived expressions for the
upper and lower bounds of the effective conductivity,
g, and o, as

v
%= Ot e Z ol ¥ ey O
o = on+ L ©

[1/(og — o))l + (Va/304)

where ¢, < oy. Although derived in an entirely inde-
pendent manner, Equations 5 and 6 are the same with
the Maxwell’s Equation 2 for the two cases of com-
ponent A dispersed in B (¢,) and B in A (g)).

Fig. 8 shows conductivities at 500° C in the com-
posite region (0.02 < x < 0.9) plotted against the
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Figure 8 Conductivity in composites at 500° C plotted against vol-
ume fraction of ZY; (O, ®) measured for normal-sintered and
hot-pressed specimens, respectively, and (M) porosity-corrected.
Lines UB and LB are calculated upper and lower bounds, EM by
effective-medium theory, and P by percolation theory.

volume fraction of ZY (V,y). The volume fractions
were calculated from the composition and unit-cell
volumes of BY and ZY,. In order to eliminate the
porosity effect, a porosity correction was made on
conductivity in normal-sintered specimens, using
Maxwell’s equation with ¢ = 0 for pores. In Fig. 8,
calculated conductivities using Equations 2 to 6 are
also presented for comparison.

The measured conductivities were situated between
the upper and lower bounds calculated by Equations
5 and 6, and approximately agreed with the values of
the effective-medium theory, suggesting that a correla-
tion between the positions of the two kinds of particle
is small. However, the measured values were a little
higher than the calculated values in specimens with
Y > 50vol%.

According to the percolation theory, log ¢ and
log (V — V) should follow a linear relationship when
the volume fraction, V, of conductive BY phase is
above a critical value V.. Fig. 9 shows the log
o-log (Vgy — V) plot for the case V, = 0.1. The plot
gives a linear relation with a slosl}e\of 1.51. This sug-
gests that the percolation theory can hold for the
present system. The calculated conductivity, P, in
Fig. 8 was that obtained by applying the tentative
values ¥, = 0.1, ¢ = 1.51 and 4 = 3.6 x 1077 into
Equation 4.

The value of V, (the minimum volume fraction for
a completed conduction path) is reported to be depen-
dent on the arrangement of particles, and has been
calculated statistically to be 0.3 for single cubic and
0.2 for face-centred cubic lattice arrangements [19].
The value of ¥, of 0.1 obtained in the present system
is smaller than theoretical vatues. This suggests that
conductive BY particles are better-connected to form
conduction paths than in the case of random distribu-
tion. On SEM observation (Fig. 2b), BY  appears to
be better-connected than ZY particles. Probably, the
preferential arrangement of BY  is the cause of a little

2628

3x1072L

1x1072 1

3x10731

log o ({rlem 1)

11073k

I 1 1
0.03 0.1 0.3 1.0
log (V-1 )

Figure 9 log o-log (Vgy —
case of ¥V, = 0.1.
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higher conductivity than that of effective-medium
approximation. However, it is not clear whether this
preferential arrangement is due to a low melting point
of BY or to hot-pressing.
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