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a b s t r a c t

Phase stability and transport characteristics of (ZrO2)1-x(Sc2O3)x(СeO2)y (x¼ 0.08e0.10; y¼ 0.005e0.015)
and (ZrO2)1-x-y-z(Sc2O3)x(СeO2)y(Y2O3)z (x¼ 0.08e0.10; y¼ 0.005e0.010; z¼ 0.005e0.020) melt-grown
crystals have been studied after air heat treatment at 1000 �C for 400 h.

Annealing of the (ZrO2)1-x(Sc2O3)x(СeO2)y crystals caused the formation of a rhombohedral phase and
reduced the electrical conductivity of the specimens in the entire test temperature range. Yttrium co-
doping of the (ZrO2)1-x(Sc2O3)x(СeO2)y crystals stabilized the cubic phase for some compositions. In
two-phase (ZrO2)1-x-y-z(Sc2O3)x(СeO2)y(Y2O3)z crystals containing a cubic and a tetragonal phases
exhibited conductivity degradation. Annealing of cubic crystals caused the formation of the t'` phase and
increased their conductivity.

© 2019 Elsevier B.V. All rights reserved.
1. Introduction

Scandia stabilized zirconia has the highest electrical conduc-
tivity among all the zirconia base solid solutions and is considered
to be a promising solid electrolyte for solid oxide fuel cells designed
for operation at moderate temperatures (700e900 �C) [1,2]. A sig-
nificant disadvantage of this material is its tendency to form a
rhombohedral phase at a Sc2O3 content of 10e12mol.% and a cubic-
rhombohedral phase transition at approx. 600 �C [3,4]. This tran-
sition is accompanied with a slight change in the volume of the
solid electrolyte which produces stresses capable of destroying the
electrolytic cell. Common practice is to stabilize the cubic phase by
introducing Y2O3 [5e7], Yb2O3 [8e10], Gd2O3 [11], Sm2O3 [11] and
CeO2 [12e14] oxides in the electrolyte. Ceramic materials con-
taining 10mol.% Sc2O3 and 1mol.% CeO2 (10Sc1CeSZ) exhibited a
ilovich).
stabilization of the cubic phase up to room temperature and high
oxygen/ionic conductivity. In our previous work we studied the
phase composition and transport characteristics of (ZrO2)1-x-
y(Sc2O3)x(СeO2)y (x¼ 0.08e0.10; y¼ 0.005e0.015) solid solution
crystals grown by directional melt crystallization [15]. We showed
that СeO2 introduction in the (ZrO2)1-x(Sc2O3)x crystals increases
their high-temperature conductivity. The highest conductivity was
observed at a СеO2 content of 0.5mol.% and a Sc2O3 concentration
of 8.5e10mol.%. The phase composition of the crystals depended
on the overall concentration of the stabilizing oxides, and a
rhombohedral phase existed in the crystals at an overall concen-
tration of the stabilizing oxides of above 10mol.%. Furthermore, we
could not obtain single-phase cubic crystals in the studied
composition range. However, we showed that additional yttria
doping of the (ZrO2)1-x(Sc2O3)x crystals stabilized the cubic phase
for some of the compositions. Therefore in this work we studied the
effect of additional yttria doping of the (ZrO2)1-x(Sc2O3)x(СeO2)y
crystals on the phase composition and transport characteristics of
these crystals.
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Stability of the operation and resource capabilities of SOFC de-
pends on many different factors: the processes of degradation of
SOFC materials, processes at the electrode-electrolyte and
electrode-interconnect interfaces, the electrochemical activity of
the electrodes when interacting with the gaseous environment, etc.
Saving high electrical conductivity of solid electrolytes during long-
term operation at high temperatures (high-temperature degrada-
tion) is one of the key factors determining the efficiency of the
SOFC. As a rule, studies of the degradation of solid electrolytes are
carried out by means of long-term annealing of the electrolyte at
temperatures close to the operating temperature of SOFC [12,17,18].
Conductivity degradation in ceramic solid electrolytes may be
associated with processes such as: phase transformations, complex
formation between oxygen vacancies and stabilizer's cations, for-
mation of long-range ordered phases, increase of the grain
Table 1
Compositions, brief notations and densities of as-grown and as-annealed crystals.

Composition Notation Density, g/cm3

As-Grown [15] As-Annealed

(ZrO2)0.90(Sc2O3)0.085(CeO2)0.015 8.5Sc1.5CeSZ 5.787± 0.001 5.783± 0.001
(ZrO2)0.90(Sc2O3)0.09(CeO2)0.01 9Sc1CeSZ 5.791± 0.001 5.789± 0.001
(ZrO2)0.90(Sc2O3)0.095(CeO2)0.005 9.5Sc0.5CeSZ 5.778± 0.001 5.759± 0.001

Fig. 1. Appearance of (a) as-grown and (b) As-annealed 8.5Sc1.5CeSZ crystal. Insets
show optical microscopic images of crystal microstructure.

Table 2
Phase Composition and Lattice Parameters of ScCeSZ Crystals As-Grown and As-Anneale

As-Grown

Phase Weight Fraction, % Lattice Parameters

a, nm c, nm

8.5Sc1.5CeSZ t
c

80(2)
20(2)

0.3597(1)
0.5092(1)

0.511

9Sc1CeSZ t
c

85(2)
15(2)

0.3597(1)
0.5092(1)

0.511

9.5Sc0.5CeSZ t
c

80(2)
20(2)

0.3597(1)
0.5092(1)

0.510

c: cubic modification of ZrO2.
t: tetragonal modification of ZrO2.
r: rhombohedral modification of ZrO2.
boundary resistance, increasing impurity segregation at grain
boundaries [19e21]. The factors associated with the grain structure
of ceramic materials are absent in single crystals. The conductivity
of crystals, even in the presence of a twin structure, is determined
only by their bulk conductivity [22].

One of the main factors affecting on the conductivity degrada-
tion of single crystals is their phase stability during high-
temperature annealing.

In this work we studied the phase stability and transport char-
acteristics of melt-grown (ZrO2)1-x(Sc2O3)x(СeO2)y (x¼ 0.08e0.10;
y¼ 0.005e0.015) and (ZrO2)1-x-y-z(Sc2O3)x(СeO2)y(Y2O3)z
(x¼ 0.08e0.10; y¼ 0.005e0.010; z¼ 0.005e0.020) crystals after air
heat treatment at 1000 �C for 400 h.

2. Experimental

(ZrO2)1-x(Sc2O3)x(СeO2)y (x¼ 0.08e0.10; y¼ 0.005e0.015) and
(ZrO2)1-x-y-z(Sc2O3)x(СeO2)y(Y2O3)z (x¼ 0.08e0.10;
y¼ 0.005e0.010; z¼ 0,005e0020) solid solution crystals were
grown by directional melt crystallization in a cold crucible [23].

The crystals were then annealed in a Supertherm HT04/16 high-
temperature resistance furnace in air at 1000 �C for 400 h. This
temperature was chosen due to its proximity to the operation
temperatures of solid oxide fuel cells. For moderate temperature
solid oxide fuel cells (700e900 �C), the stability of these materials
must be higher due to the lower diffusion rate. The exposure time of
400 h was chosen because, according to the preliminary data of life
tests, significant conductivity degradation occurs at the operation
temperature in the first 200e400 h.

Phase analysis was carried out by X-ray diffraction on a Bruker
D8 diffractometer in СuKa radiation and using Raman scattering.
The excitation source was a 532 nm laser.

The density of the crystals was measured by hydrostatic
weighing on a Sartorius hydrostatic weighing instrument. The
microstructure of the crystals was examined by optical microscopy
under a Discovery V12 stereoscopic microscope.

The conductivity of the zirconia base crystals was measured in
the 400e900 �C range using a Solartron SI 1260 frequency analyzer
in the 1 Hze5MHz range. The measurements were carried out on
crystal plates size of 7� 7 mm2 and thickness of 0.5mm with
symmetrically connected Pt electrodes. Platinum electrodes were
annealed in air at the temperature 950 �C for 1 h. The specific
conductivity of the crystals was calculated based on the data
retrieved from the impedance spectra taking into account the
specimen dimensions.
d in Air at 1000 �C for 400 h.

As-Annealed

Phase Weight Fraction, % Lattice Parameters

a, nm c, nm

2(1) t
c
r

80(2)
10(2)
10(2)

0.3598(1)
0.5093(1)
0.3559(2)

0.5115(1)
0.9005(2)

0(1) t
c
r

85(2)
10(2)
5(2)

0.3598(1)
0.5093(1)
0.3560(2)

0.5117(1)
0.9006(2)

9(1) t
c
r

80(2)
5(2)
15(2)

0.3597(1)
0.5093(1)
0.3559(2)

0.5116(1)
0.9005(2)



Fig. 2. Specific bulk conductivity of as-grown and as-annealed (a) 8.5Sc1.5CeSZ, (b)
9Sc1CeSZ and (c) 9.5Sc0.5CeSZ crystals as a function of temperature.

D.A. Agarkov et al. / Journal of Alloys and Compounds 791 (2019) 445e451 447
3. Results and discussion

3.1. Study of structure and transport characteristics of as-grown
and as-annealed (ZrO2)1-x(Sc2O3)x(СeO2) crystals

Table 1 summarizes the compositions, brief notations and
densities of the as-grown and as-annealed (ZrO2)1-x(Sc2O3)x(СeO2)y
crystals. We studied the effect of heat treatment on the phase
stability and transport characteristics of crystals with an overall
stabilizing oxide concentration of 10mol.% because it was shown
earlier [15] that a rhombohedral phase forms in the crystals if this
concentration is exceeded.

Fig. 1 shows the appearance of the as-grown and as-annealed
8.5Sc1.5CeSZ crystal. It can be seen that the as-annealed crystal is
colorless. This effect is due to the oxidation of the Се3þ ions to Се4þ.
The crystal microstructure presented in the insets clearly suggests
the formation of large inclusions which are typical of a rhombo-
hedral phase [24]. Similar changes occurred in the 9Sc1CeSZ and
9.5Sc0.5CeSZ crystals.

The phase composition of the crystals as-grown and as-
annealed at 1000 �C for 400 h was studied by X-ray diffraction.
The results are summarized in Table 2.

As can be seen from Table 2, the phase composition of the as-
grown crystals was a mixture of the tetragonal and the cubic
phases. Annealing changed the phase composition of the crystals
by causing the formation of a rhombohedral phase. The concen-
tration of the rhombohedral phase increases due to a decrease in
the concentration of the cubic phase, whereas the content of the
tetragonal phase changes but slightly. In the as-annealed state the
lattice parameter a of the tetragonal phase changes little if any,
whereas the parameter c increases, indicating a shift of the oxygen
atoms along the c axis. No significant changes in the lattice pa-
rameters of the cubic phase were observed. The observed change in
the phase composition of the specimens agrees with the density
data presented in Table 1. The lower density of the as-annealed
specimens is caused by the formation of the rhombohedral phase
which has a lower density compared with the cubic and the
tetragonal phases.

Fig. 2 shows the specific conductivity of the as-grown and as-
annealed test ScCeSZ crystals in Arrhenius coordinates. The tem-
perature functions of the specific volume conductivity of all the as-
annealed test crystals exhibit clear conductivity breakdowns in the
600e800 �C range testifying to the presence of a rhombohedral
phase in the specimens. It can also be seen that annealing reduces
the conductivity of the specimens in the entire test temperature
range. Our estimates show that the conductivity drops after
annealing by 10e20% for 1173 K.

Thus, we have found that long-term high-temperature anneal-
ing of ScCeSZ crystals with an overall stabilizing oxide concentra-
tion of 10mol.% leads to the appearance of the rhombohedral phase
and causes conductivity degradation.

3.2. Study of structure and transport characteristics of as-grown
and as-annealed (ZrO2)1-x-y-z(Sc2O3)x(СeO2)y(Y2O3)z crystals

The data presented in the previous section show that the
introduction of ceria in (ZrO2)1-x(Sc2O3)x crystals in the studied
concentration range did not produce single-phase cubic crystals. It
has been reported, however, that additional yttria doping of
(ZrO2)1-x(Sc2O3)x crystals stabilized the cubic phase for some
compositions in ceramic and crystalline specimens [5e7,16]. We
therefore synthesized a range of (ZrO2)1-x(Sc2O3)x(СeO2)y solid
solutions co-doped with Y2O3. The compositions were chosen
taking into account earlier data [15] which showed that the
maximum conductivity occurs in (ZrO2)1-x(Sc2O3)x(СeO2)y crystals
containing 0.5mol.% СeO2.
Table 3 summarizes the compositions, brief notations and

densities of the as-grown and as-annealed (ZrO2)1-x-y-
z(Sc2O3)x(СeO2)y(Y2O3)z crystals.

Fig. 3 shows the appearance of as-grown ScCeYSZ crystals. The
8Sc0.5Ce1.5YSZ crystals (Fig. 3a) were opaque which indirectly



Table 3
Compositions, brief notations and densities of as-grown and as-annealed crystals.

Composition Notation Density, g/cm3

As-Grown As-Annealed

(ZrO2)0.91(Sc2O3)0.08(CeO2)0.005(Y2O3)0.005 8Sc0.5Ce0.5YSZ 5.829± 0.001 5.799± 0.001
(ZrO2)0.90(Sc2O3)0.08(CeO2)0.005(Y2O3)0.015 8Sc0.5Ce1.5YSZ 5.841± 0.004 5.775± 0.001
(ZrO2)0.895(Sc2O3)0.08(CeO2)0.005(Y2O3)0.02 8Sc0.5Ce2YSZ 5.829± 0.001 5.807± 0.001
(ZrO2)0.90(Sc2O3)0.09(CeO2)0.005(Y2O3)0.005 9Sc0.5Ce0.5YSZ 5.785± 0.002 5.756± 0.001
(ZrO2)0.885(Sc2O3)0.009(CeO2)0.005(Y2O3)0.02 9Sc0.5Ce2YSZ 5.755± 0.003 5.759± 0.001
(ZrO2)0.895(Sc2O3)0.095(CeO2)0.005(Y2O3)0.005 9.5Sc0.5Ce0.5YSZ 5.767± 0.001 5.756± 0.001
(ZrO2)0.89(Sc2O3)0.1(CeO2)0.005(Y2O3)0.005 10Sc0.5Ce0.5YSZ 5.755± 0.001 5.720± 0.001

Fig. 3. Appearance of as-grown (a) 8Sc0.5Ce1.5YSZ, (b) 8Sc0.5Ce2YSZ and (c) 10Sc0.5Ce0.5YSZ crystals.
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suggests the presence of a second phase. The 8Sc0.5Ce1.5YSZ,
9Sc0.5Ce0.5YSZ and 9.5Sc0.5Ce0.5YSZ crystals had a similar
appearance. The 8Sc0.5Ce2YSZ (Fig. 3b) and 9Sc0.5Ce2YSZ crystals
were transparent. The 10Sc0.5Ce0.5YSZ crystals were inhomoge-
neous, with opaque bottom parts and transparent top parts
(Fig. 3c). Annealing of the ScCeYSZ crystals made them colorless, by
analogy with the ScCeSZ ones. No notable changes in their micro-
structure were observed.

Table 4 summarizes X-ray diffraction data for the as-grown and
as-annealed ScCeYSZ crystals.

Yttria co-doping of the as-grown crystals caused the following
Table 4
Phase Composition and Lattice Parameters of ScCeYSZ Crystals As-Grown and As-
Annealed in Air at 1000 �C for 400 h.

Sample Phase Before annealing After annealing

Lattice parameters Lattice parameters

a, nm c, nm a, nm c, nm

8Sc0.5Ce0.5YSZ t
c

0.3599(1)
0.5094(1)

0.5115(1) 0.3598(1)
0.5094(1)

0.5125(1)

8Sc0.5Ce1.5YSZ t
c

0.3604(1)
0.5098(1)

0.5114(1) 0.3604(1)
0.5098(1)

0.5115(1)

8Sc0.5Ce2YSZ c 0.5102(1) 0.5101(1)
9Sc0.5Ce0.5YSZ t

c
0.3600(1)
0.5093(1)

0.5106(1) 0.3601(1)
0.5092(1)

0.5107(1)

9Sc0.5Ce2YSZ c 0.5101(1) 0.5101(1)
9.5Sc0.5Ce0.5YSZ t

c
0.3600(1)
0.5093(1)

0.5107(1) 0.3601(1)
0.5093(1)

0.5107(1)

10Sc0.5Ce0.5YSZ r
c

0.3560(2)
0.5092(1)

0.9007(2) 0.3560(2)
0.5093(1)

0.9007(2)
changes. Addition of 0.5mol.% Y2O3 to any of the synthesized
crystals did not produce single-phase cubic crystals. In the crystals
containing 8mol.% Sc2O3 stabilization of the cubic phase is
observed only with additional doping with 2mol.% Y2O3. Increase
of Y2O3 content in the crystals of this series (8Sc0.5CeхYSZ) leads a
monotonous increase of the lattice parameter of the cubic phase.

Fig. 4 shows TEM images of crystals of different phase compo-
sition. The regions of the tetragonal phase contained twins in two-
phase (c þ t) crystals. As an example, Fig. 4 (a) shows an image of
twins of the tetragonal phase in an 8Sc0.5Ce0.5YSZ crystal. Fig. 4 (b)
shows an image characteristic of the structure of a cubic crystal.
Large twins inherent of the rhombohedral phase are observed in a
10Sc0.5Ce0.5YSZ crystal (Fig. 4 (c)).

Annealing of the crystals did not cause any fundamental
changes in their phase composition. Except for the 8Sc0.5Ce0.5YSZ
crystal, the lattice parameters of the crystalline structure remained
almost the same after annealing in all the other crystals.

In the 8Sc0.5Ce0.5YSZ specimenwhich had an overall stabilizing
oxide concentration of 9mol.%, annealing increased the lattice
parameter c of the tetragonal phase and reduced the lattice
parameter a. The increase in the tetragonality observed after
annealing can be accounted for by a decrease in the size of the
cerium ions as a result of the Се3þ/Се4þ transition and a decrease
in the number of vacancies caused by the fact that the replacement
of the Zr4þ ion in the lattice for Ce4þ one in the lattice does not
require charge compensation. In all the other crystals with a higher
overall concentration of stabilizing oxides the lattice parameters
remained almost the same after annealing.

We also studied the phase composition of the crystals using



Fig. 4. TEM images of the tetragonal phase twins in the 8Sc0.5Ce0.5YSZ crystal (a), of the 8Sc0.5Ce2YSZ cubic crystal (b), and twins of a rhombohedral phase in a 10Sc0.5Ce0.5YSZ
crystal (c). The insets show electron diffraction patterns of the corresponding crystal regions.
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Raman scattering. Fig. 5 shows the Raman spectra of some ScCeYSZ
specimens.

Comparison of the Raman spectra of the as-grown and as-
annealed crystals shows that the spectrum of the as-annealed
9Sc0.5Ce0.5YSZ crystal becomes closer to the tetragonal phase
spectrum. Similar changes were observed in two-phase crystals
containing the cubic and the tetragonal phases (8Sc0.5Ce0.5YSZ,
8Sc0.5Ce1.5YSZ and 9.5Sc0.5Ce0.5YSZ). The Raman spectra of the
as-grown 9Sc0.5Ce2YSZ and 8Sc0.5Ce2YSZ crystals exhibit peaks
typical of cubic crystals. The Raman spectra of the as-annealed
9Sc0.5Ce2YSZ and 8Sc0.5Ce2YSZ crystals contain an additional
peak in the vicinity of 470 cm�1 which is attributed to the t'` phase
[25]. The tetragonality of this phase is 1, but its space group is P42/
nmc due to a shift of the oxygen ions in the anion sublattice [26].
Noteworthy, the as-annealed 8Sc0.5Ce2YSZ and 9Sc0.5Ce2YSZ
crystals remain homogeneous and transparent. The Raman spectra
of the bottom part of the 10Sc0.5Ce0.5YSZ crystals, whether as-
grown or as-annealed, are typical of crystals containing the
rhombohedral phase, but in the as-annealed crystals the spectral
lines become narrower andmore explicit. The Raman spectra of the
top part of the as-grown 10Sc0.5Ce0.5YSZ crystal exhibit peaks
typical of cubic crystals. In the as-annealed crystals the Raman
Fig. 5. Raman Spectra of ScCeYSZ Crystals As-Grown and As-Annealed in Air at
1000 �C for 400 h (*top of the crystal,** bottom of the crystal).
spectra of the top part of the 10Sc0.5Ce0.5YSZ crystal exhibit an
additional peak in the vicinity of 470 cm�1 corresponding to the t'`
phase, by analogy with the single-phase cubic 9Sc0.5Ce2YSZ and
8Sc0.5Ce2YSZ crystals.

Noteworthy, Raman spectroscopy allows identifying minor
changes in local structures resulting from long-term annealing.

Fig. 6 shows the specific conductivity of the as-grown test
ScCeYSZ crystals in Arrhenius coordinates. These data show that
the breakdown in the conductivity curve that is typical of the
rhombohedral phase is only observed in the curves for the bottom
part of the 10Sc0.5Ce0.5YSZ crystal, which is in agreement with the
phase composition data. The high-temperature conductivity is
almost the same for different parts of the 10Sc0.5Ce0.5YSZ crystal.

Fig. 7 shows the conductivity of the (ZrO2)0,99-
x(Sc2O3)x(СeO2)0.005(Y2O3)0.005 crystals as a function of Sc2O3 con-
tent for different temperatures. The conductivity of the crystals
increases with Sc2O3 concentration and has a weak maximum at a
Sc2O3 content of 9.5mol.%. Comparison of these data with earlier
results for (ZrO2)1-x(Sc2O3)x(СeO2)0.005 crystals [15] shows that
even the introduction of as little as 0.5mol.% Y2O3 reduces the
conductivity of the crystals. The conductivities of single-phase cu-
bic 8Sc0.5Ce2YSZ and 9Sc0.5Ce2YSZ crystals at 1173 K were 0.144
and 0.154 Sm/cm, respectively.

The conductivity of the as-annealed crystals changed in
Fig. 6. Specific Bulk Conductivity of As-Grown ScCeYSZ Crystals as a Function of
Temperature. (*top of the crystal,** bottom of the crystal).



Fig. 7. Conductivity of (ZrO2)0.99-x(Sc2O3)x(СeO2)0.005(Y2O3)0.005 crystals as a function
of Sc2O3 content for different temperatures.
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different manners (Fig. 8) for the inhomogeneous 10Sc0.5Ce0.5YSZ
crystal. We only measured its conductivity for specimens cut out of
the top part of the crystal.

In the two-phase crystals (8Sc0.5Ce0.5YSZ, 9Sc0.5Ce0.5YSZ,
9.5Sc0.5Ce0.5YSZ and 8Sc0.5Ce1.5YSZ) containing the cubic and
the tetragonal phases, the conductivity degraded, with the degra-
dation being the smallest (7%) for the 8Sc0.5Ce1.5YSZ with the
highest Y2O3 content. However, the maximum conductivity of the
as-annealed crystals of this series was observed for the
9.5Sc0.5Ce0.5YSZ composition.

The conductivity of the single-phase as-annealed cubic
8Sc0.5Ce2YSZ and 9Sc0.5Ce2YSZ crystals increased by 20 and 30%,
respectively. The conductivity also increased in the specimens cut
out of the top part of the 10Sc0.5Ce0.5YSZ crystal which had a cubic
structure in the as-grown state. A slight increase in the conductivity
was also observed earlier [27] in as-annealed at 1000 �C ceramic
12ScSZ and 2Yb10ScSZ specimens but they had a rhombohedral
phase unlike the crystals studied here. This behavior of conduc-
tivity can be attributed to the formation of the t'` phase during
annealing of the crystals, as supported by the Raman data. As
shown earlier [16], ZrO2 -Y2O3 solid solution crystals containing the
t'` phase had the highest conductivity. This effect can be
Fig. 8. Conductivity of ScCeYSZ Crystals As-Gro
alternatively accounted for by the insufficiently long annealing
forming a thermodynamically metastable structure which may
transform to a more stable tetragonal phase during further
annealing. More detailed study of this effect will require more
thorough conductivity measurements after longer annealing.
4. Conclusion

(ZrO2)1-x(Sc2O3)x(СeO2)y (x¼ 0.08e0.10; y¼ 0.005e0.015) and
(ZrO2)1-x-y-z(Sc2O3)x(СeO2)y(Y2O3)z (x¼ 0.08e0.10;
y¼ 0.005e0.010; z¼ 0,005e0020) solid solution crystals were
grown by directional crystallization in a cold crucible.

X-ray diffraction and Raman studies of the phase composition of
the crystals have shown that a rhombohedral phase in as-annealed
(ZrO2)1-x(Sc2O3)x(СeO2)y crystals forms due to a decrease in the
concentration of the cubic phase, whereas the content of the
tetragonal phase changes but slightly. Annealing reduces the con-
ductivity of the specimens over the entire test temperature range.
Our estimates show that the conductivity drops by 10e20% as a
result of annealing at 1173 K.

Yttria co-doping of the (ZrO2)1-x(Sc2O3)x(СeO2)y crystals leads to
stabilization of the cubic phase only when the content of Y2O3 not
less than 2mol.%. Annealing of single-phase cubic 8Sc0.5Ce2YSZ
and 9Sc0.5Ce2YSZ crystals caused the formation of the t'` phase as
shown by the Raman data. The conductivity of the (ZrO2)0,99-
x(Sc2O3)x(СeO2)0.005(Y2O3)0.005 crystals increases with Sc2O3 con-
centration and has a weak maximum at a Sc2O3 content of
9.5mol.%.

Conductivity degradation was observed in two-phase (ZrO2)1-x-
y-z(Sc2O3)x(СeO2)y(Y2O3)z crystals containing the cubic and the
tetragonal phases. The conductivity of as-annealed single-phase
cubic 8Sc0.5Ce2YSZ and 9Sc0.5Ce2YSZ crystals increased by 20 and
30%, respectively. This behavior can be accounted for by the for-
mation of the t'` phase during annealing.

The (ZrO2)1-x-y-z(Sc2O3)x(СeO2)y(Y2O3)z crystals, which have a
cubic structure and do not show a tendency to degradation of
conductivity, seem to be the most promising for use as solid elec-
trolytes for SOFC. However, the obtained results do not allow us to
uniquely identify the most promising compositions, since it is
necessary to further study the nature of the change in conductivity
during longer annealing.
wn and As-Annealed at 1000 �C for 400 h.
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