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Abstract—The effects of the Y2O3 and Yb2O3 co-doping impurities on the transport characteristics and stabilization of the cubic phase in solid solutions based on ZrO2–Sc2O3 were compared. The crystals of the
(ZrO2)0.99 – x(Sc2O3)x(Yb2O3)0.01 and (ZrO2)0.99 – x(Sc2O3)x(Y2O3)0.01 (x = 0.08–0.10) solid solutions were
grown by directed crystallization of the melt in a cold container. The high-temperature cubic phase was stabilized at a total concentration of stabilizing oxides of 11 mol % for (ZrO2)0.99 – x(Sc2O3)x(Y2O3)0.01 crystals
and at 10 mol % for (ZrO2)0.99 – x(Sc2O3)x(Yb2O3)0.01 crystals. At (9–10) mol % scandium oxide, the hightemperature conductivity of the crystals co-doped with ytterbium oxide was higher than in the case of the
crystals co-doped with yttrium oxide. The (ZrO2)0.9(Sc2O3)0.09(Yb2O3)0.01 crystals have maximum conductivity over the whole temperature range.
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INTRODUCTION
The materials based on ZrO2–Sc2O3 solid solutions
used in solid oxide fuel cells (SOFCs) are of great
interest because they have the highest ion conductivity
among solid electrolytes based on zirconia [1–4]. The
use of these materials allows the working temperature
of the fuel cell to be reduced to 800°C, which is very
important for increasing the stability, service life, and
reliability of electrochemical devices. For composites
with the maximum conductivity ZrO2–(9–11) mol %
Sc2O3, however, there are some problems in their
application as materials for electrolytic membranes:
instability of transport characteristics at working temperatures and transition of rhombohedral to cubic
phase on heating. One possible way to solve these
problems is stabilization of the highly conductive
cubic phase by co-doping the ZrO2–Sc2O3 solid solutions with yttria or rare earth oxides [5–10]. The codoping impurity is chosen such that a stable singlephase cubic solid solution should be obtained in the
temperature range from room to working temperature
1 Published on the basis of materials of the 5th All-Russia Confer-

ence “Fuel Cells and Power Plants Based on Them” (with international participation), Suzdal, 2018.

(700–1000°C) and the high conductivity typical of the
ZrO2–Sc2O3 system should be maintained.
The effect of the ionic radius of rare-earth oxides
on oxygen-ion conductivity was studied in many
works [11–13]. It was shown that the activation energy,
which determines the conductivity, is the sum of
migration and association energies in the low-temperature range (below 600–700°C) and is determined
by migration energy in the high-temperature range.
These values depend on the radius of the dopant ion.
The goal of this study was to synthesize the crystals
of the ZrO2–Sc2O3 solid solutions co-doped with
yttrium or ytterbium oxides, examine their transport
characteristics, and compare the effects of the Y2O3
and Yb2O3 co-doping impurities on the transport
characteristics and stabilization of the cubic phase in
ZrO2–Sc2O3 solid solutions.
EXPERIMENTAL
The crystals of the (ZrO2)0.99 – x(Sc2O3)x(Yb2O3)0.01
and (ZrO2)0.99 – x(Sc2O3)x(Y2O3)0.01 solid solutions (x =
0.08–0.10) were grown by directed crystallization of
the melt in a cold container [14].
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Table 1. Phase composition, notation, and density of the grown crystals
Composite

Symbol

Phase composition*

Density, g/cm3

(ZrO2)0.91(Sc2O3)0.08(Yb2O3)0.01

8Sc1YbSZ

t-ZrO2

5.924 ± 0.001

(ZrO2)0.91(Sc2O3)0.08(Y2O3)0.01

8Sc1YSZ

t-ZrO2

5.824 ± 0.001

(ZrO2)0.90(Sc2O3)0.09(Yb2O3)0.01

9Sc1YbSZ

c-ZrO2

5.863 ± 0.001

(ZrO2)0.90(Sc2O3)0.09(Y2O3)0.01

9Sc1YSZ

t-ZrO2
c-ZrO2

5.769 ± 0.001

(ZrO2)0.89(Sc2O3)0.10(Yb2O3)0.01

10Sc1YbSZ

r-ZrO2
c-ZrO2

5.820 ± 0.001

(ZrO2)0.89(Sc2O3)0.10(Y2O3)0.01

10Sc1YSZ

c-ZrO2

5.744 ± 0.001

* t is the tetragonal modification of ZrO2, c is its cubic modification, and r is its rhombohedral modification.

The chemical composition of the grown crystals
was determined using a JEOL 5910 LV scanning electron microscope with an INCA Energy energy dispersive attachment. When measuring the crystal composition, fused zirconium, scandium, yttrium, and ytterbium oxides were used as standards. The crystals were
analyzed by X-ray diffractometry on a Bruker D8 diffractometer (CuKα radiation) and Raman spectroscopy. A laser with a wavelength of 532 nm was used as
an excitation source. The unit for studying the Raman
spectra of the crystals in an air atmosphere at room
temperature and working temperatures of up to 1000°С
was described in detail in previous works [15–17].
The density was determined by hydrostatic weighing on a Sartorius device for hydrostatic weighing.
The conductivity of the crystals based on zirconia
was studied in the temperature range 400–900°C
using a Solartron SI 1260 frequency response analyzer
in the frequency range 1 Hz–5 MHz with an AC signal
amplitude of 24 mV. Plates with an area of 7 × 7 mm2
and a thickness of 0.5 mm were used for measurements. To form current contacts, a platinum paste was
applied to opposite sides of the crystals and burnt in at
950°C for 1 h in air. The measurements were performed in a heating mode at a step of 50°C and exposure at this temperature until thermal equilibrium was
reached. The impedance spectra were processed using
the ZView program (ver. 2.8). The specific conductivity of the crystals was calculated from the data
obtained by processing the impedance spectra, taking
into account the dimensions of the samples.
RESULTS AND DISCUSSION
Table 1 shows the compositions of the solid solutions, notation used below, phase composition, and
crystal density. The grown crystals had a shape and
size similar to those of the zirconia crystals stabilized
with scandium and/or yttrium oxide obtained in a cold
crucible [18, 19].
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The 8Sc1YbSZ and 8Sc1YSZ crystals were homogeneous and turbid and had no visible defects. When
the Sc2O3 concentration in the solid solutions
increased to 9 and 1 mol % Y2O3 was added, transparent regions appeared in the crystals. The transparent
regions were in the lower part of the 9Sc1YSZ crystal,
which corresponded to the start of crystallization, and
semitransparent (cloudy) regions were located in the
upper part of the crystal (the end of crystallization). In
some 9Sc1YSZ crystals, alternating transparent and
cloudy regions could be seen in the central part of the
crystallized melt ingot. Transparent single crystals
having no visible defects and additionally doped with
1 mol % Y2O3 were obtained only at a concentration of
10 mol % Sc2O3 in the solid solution.
The doping of the ZrO2–(9 mol %) Sc2O3 solid
solution with 1 mol % Yb2O3 led to the formation of
transparent homogeneous single crystals unlike the
situation with the 9Sc1YSZ crystals. When the Sc2O3
concentration increased to 10 mol % in the solid solutions doped with 1 mol % Yb2O3, opalescent crystals
with microcracks in the ingots were obtained.
The phase composition of the crystals additionally
doped with 1 mol % Y2O3 changed from tetragonal to
cubic at increased Sc2O3 concentration. Thus, the
8Sc1YSZ crystals contained only the tetragonal modification of ZrO2. The images of the microstructure
obtained in transmitted light showed twins on the polished thin plates, which formed during the cubic-totetragonal transition when the single crystal was
cooled in accordance with the phase diagram of
ZrO2–Sc2O3. Due to the presence of light-scattering
twins, the tetragonal crystals of 8Sc1YSZ were cloudy
and opaque. According to the XRD data, the
9Sc1YSZ crystals were two-phase and contained
regions with a tetragonal and cubic structure. The
10Sc1YSZ crystals were single-phase with a cubic fluorite structure.
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Fig. 1. Raman spectra of the (ZrO2)0.99 ‒ x(Sc2O3)x(Y2O3)0.1
and (ZrO2)0.99 – x(Sc2O3)x(Yb2O3)0.1 crystals: (1) 8Sc1YSZ,
(2) 8Sc1YbSZ, (3) 9Sc1YSZ, (4) 9Sc1YbSZ, (5) 10Sc1YSZ,
and (6) 10Sc1YbSZ.

The phase composition of the crystals additionally
doped with 1 mol % Yb2O3 also changed depending on
the Sc2O3 concentration. The 8Sc1YbSZ crystals were
tetragonal, 9Sc1YbSZ were cubic, and 10Sc1YbSZ
contained the cubic and rhombohedral modifications
of zirconia.
The crystal density depends on both the type and
concentration of the stabilizing oxide and on the phase
composition of the crystal. At the same Sc2O3 concentration in crystals, the density of the crystals co-doped
with Yb2O3 is higher than that of the crystals additionally doped with Y2O3 because the mass-to-volume
ratio of Yb3+ ions is higher than that of Y3+ ions. The
crystal density decreases when the Sc2O3 concentration in the crystals doped with 1 mol % Yb2O3
increases. The highest density was inherent in the
crystals containing the tetragonal 8Sc1YbSZ phase.
The density of the cubic crystals is lower than that of
the tetragonal ones. For these crystals, it is lower than
for the 9Sc1YbSZ single-phase cubic single crystals
because of the presence of the rhombohedral phase
regions in 10Sc1YbSZ.
In the crystals additionally doped with 1 mol %
Y2O3, the crystal density also decreases with increasing Sc2O3 concentration, which is associated with a
change in the phase composition in these crystals from
tetragonal (8Sc1YSZ) to cubic (10Sc1YSZ) solid solution based on zirconia.
Thus, the high-temperature cubic phase is stabilized at a total concentration of stabilizing oxides of
11 mol % for the ScYSZ crystals and 10 mol % for the
Sc1YbSZ crystals. Despite the smaller ionic radius of

Yb3+ compared to that of Y3+, stabilization of the cubic
phase in the crystals co-doped with Yb2O3 occurs at
lower Sc2O3 concentrations in solid solution than in
the crystals co-doped with Y2O3.
In the ZrO2–R2O3 binary systems, the decrease in
the ionic radius lowers the temperature of the transition from the high-temperature cubic phase to the
low-temperature tetragonal phase, which leads to the
conservation of the high-temperature cubic phase at
room temperature at lower concentrations of the stabilizing oxide. This regularity is possibly also valid for
the ternary systems under study.
The phase composition was also studied by Raman
scattering. Figure 1 shows the Raman spectra of the
crystals under study.
The Raman spectra of the 8Sc1YSZ and Sc1YbSZ
crystals contain the peaks characteristic of the tetragonal phase [20, 21]. In the Raman spectra of the
9Sc1YSZ crystals, the lines are substantially broadened due to the presence of the cubic and tetragonal
phases in these crystals. The Raman spectra of the
10Sc1YbSZ crystals contain the lines corresponding to
the rhombohedral phase [21], which are also substantially broadened possibly because of the presence of
the cubic phase in these crystals.
The spectra of the 9Sc1YbSZ and 10Sc1YSZ crystals are similar and contain the 480 cm–1 band in addition to the lines of the cubic phase, which was
attributed to the tetragonal t" phase in [22–24]. The
degree of tetragonality of this phase is c 2a = 1, but
the phase belongs to the symmetry group P42/nmc
because of the displacement of oxygen ions in the
anion sublattice [23]. The Raman spectra characteristic of the t-ZrO2, t"-ZrO2, and c-ZrO2 phases were
given in [25].
Thus, the crystal structure, which was identified by
XRD analysis as a cubic structure, is a tetragonal
t" phase according to the Raman data.
Figure 2 presents the temperature dependences of
specific conductivity for all the crystals under study in
Arrhenius coordinates. Figure 3 shows the impedance
spectra for the 10Sc1YSZ and 10Sc1YbSZ crystals as
an example.
The temperature dependence of specific conductivity for the 10Sc1YbSZ crystals in the temperature
range 450–550°С shows an inflection that is due to
the phase transition of the rhombohedral phase into
the cubic phase. The highest conductivity is inherent
in the 9Sc1YbSZ crystals and the lowest in the
8Sc1YbSZ crystals over the whole temperature range.
Figure 4 shows the dependence of the conductivity
of the Sc1YbSZ and Sc1YSZ crystals on the Sc2O3
content. According to Fig. 4, an increase in the Sc2O3
content in the crystals co-doped with yttrium or ytterbium oxides leads to an increase in their conductivity.
For the crystals doped with Yb2O3, the concentration
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Fig. 2. Temperature dependences of the bulk conductivity of the (ZrO2)0.99–x(Sc2O3)x(Y2O3)0.1 and
crystals:
(ZrO2)0.99 – x(Sc2O3)x(Yb2O3)0.1
(1) 8Sc1YbSZ, (2) 9Sc1YbSZ, (3) 10Sc1YbSZ,
(4) 8Sc1YSZ, (5) 9Sc1YSZ, and (6) 10Sc1YSZ.

dependence has a maximum at 9 mol % Sc2O3. In the
case of co-doping with Y2O3, the conductivity appreciably increased only at 10 mol % Sc2O3. The observed
concentration dependences of conductivity can be
explained if we take into account the data on the phase
composition of the samples. Thus, for the 8Sc1YbSZ

and 8Sc1YSZ single-phase tetragonal crystals, as well
as for the 9Sc1YSZ two-phase crystal, which is a mixture of the tetragonal and cubic phases, the conductivity is ~0.1 S/cm. Similar conductivity values were
obtained for the undoped 8ScSZ and 9ScSZ tetragonal crystals [26]. The 9Sc1YbSZ crystals are singlephase pseudocubic (t" phase) and have the maximum
conductivity. When the Sc2O3 content increases to
10 mol % (10Sc1YbSZ crystal), regions of rhombohedral phases appear in the crystals, and their conductivity decreases. The 10Sc1YSZ crystals are also singlephase pseudocubic (t" phase), but their conductivity is
lower than that of the 9Sc1YbSZ crystals, which have
a similar crystal structure. This difference in conductivity can be due to the large ionic radius of Y3+ compared to that of Yb3+. The introduction of a larger ion
during heterovalent substitution leads to an increase in
stresses in the lattice, which decrease the conductivity.
In addition, the 10Sc1YSZ and 9Sc1YbSZ crystals differ in the total concentration of stabilizing oxides
(11 and 10 mol %, respectively). An increase in the
total concentration of stabilizing oxides above a certain threshold value, which depends on the type of the
stabilizing impurity, leads to a decrease in the conductivity due to the formation of clusters of oxygen vacancies and dopant cations [11].
Note that the conductivity of the 9Sc1YbSZ crystals at 900°С (0.214 S/cm) is comparable to that of the
10ScSZ crystals (0.197 S/cm) [26]. Unlike the 10ScSZ
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crystal containing the rhombohedral phase, however,
the 9Sc1YbSZ sample is single-phase pseudocubic.
CONCLUSIONS
A comparative study of the phase composition and
transport characteristics of the crystals of the
(ZrO2)0.99 ‒ x(Sc2O3)x(Yb2O3)0.1
and
(ZrO2)0.99 ‒ x(Sc2O3)x(Y2O3)0.1 solid solutions (x =
0.08–0.10) obtained by directed crystallization of the
melt in a cold container was performed.
It was shown that the pseudocubic (t" phase) was
stabilized at a total concentration of stabilizing oxides
of 11 mol % for the ScYSZ crystals and 10 mol % for
the Sc1YbSZ crystals.
It was found that the crystal conductivity increased
with the Sc2O3 concentration for all the compositions
under study. For the crystals co-doped with yttrium
and ytterbium oxide, the maximum conductivity was
observed at different Sc2O3 contents (10 and 9 mol %,
respectively). At 9–10 mol % Sc2O3, the high-temperature conductivity of the crystals co-doped with
Yb2O was higher than in the case of the crystals doped
with Y2O3. The maximum conductivity was inherent
in the 9Sc1YbSZ crystals over the whole temperature
range.
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