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Phase composition, structure and transport characteristics of
Zr0,—Sc,0; solid solution crystals additionally doped with Yb,0;
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The effect of the co-doped Yb,O3; on the transport characteristics and stabilization of the cubic phase in solid
solutions based on ZrO,—Sc,03 has been carried out. (ZrO;);—x—y(Sc203)x(Yb203)y solid solution crystals, where
(x =0.07—0.09; y = 0.01—-0.03), were grown by directional crystallization of the melt in a cold crucible. It is
shown that crystals with a cubic fluorite structure were obtained at a total concentration of stabilizing oxides Sc,O3
and Yb,O3; above 10mol%. At a fixed concentration of Sc,O3, crystals with a total concentration of stabilizing
oxides of 10mol.%, which have the structure of a pseudocubic t”-phase, have the maximum conductivity. It is
shown that an increase in the Yb,O3 concentration in the field of cubic solid solutions leads to a decrease in the
conductivity of the crystals. The (ZrO2)0.9(Sc203)0.09(Yb203)0.01 crystals have the maximum conductivity in the

entire temperature range.
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1. Introduction

Materials based on zirconium dioxide (zirconia) stabi-
lized with scandium oxide (scandia) feature high values
of ionic conductivity and have the potential to be used as
solid electrolytes in various electrochemical devices (e.g.,
solid oxide fuel cells [1-4], electrolysis units, and sensors
[5-6]). Membranes made from scandia-stabilized zirconia
provide an opportunity to reduce considerably the operating
temperature of solid oxide fuel cells and thus prolong their
service life.

Phase diagrams for the ZrO,—Sc,0O3 system were pre-
sented in [7-11], but the boundaries of phase existence
differ from one study to the other and were determined
only approximately. This is attributable to the existence
of metastable phases in this system and, consequently, to
the dependence of the phase composition on the synthesis
technique and conditions. The structure and transport
characteristics of ZrO;—(9—11mol.%) Sc,Os solid solu-
tions were investigated in [12-14]. It is shown that
long-term high-temperature annealing of solid solutions
based on ZrO, stabilized only by Sc,O3; can lead to
a change in the phase composition and degradation of
transport characteristics. Additional doping of solid so-
lution with rare-earth oxides is one of the ways toward
improving the properties of solid electrolytes based on
Zr0,;—Scy03. This technique allows one to obtain stable

cubic high-conductivity solid solutions. CeO, [15-17],
Y,0; [18,19], Gd;03 [17,20], and Sm,O; [17] are used
as co-doping oxides. Specific co-doping oxides are cho-
sen so as to obtain a single-phase cubic solid solution
stable at temperatures ranging from room temperature to
the operating one (700—1000°C) and preserve the high
conductivity values typical of ZrO,—Sc,03. Yby03 [17,20]
is also an efficient co-doping oxide that stabilizes the
high-conductivity cubic phase. The experimental data for
(Zr02)(),gg(SCQO3)<0.12,X)(Yb203)x (X = 0.0; 0.01; 0.03;
0.05) synthesized by spark plasma sintering revealed that
the composition with 1mol.% Yb,O3 features the highest
conductivity (8.3 mS/cm at 650°C) [21]. In [22], the highest
conductivity (0.30S/cm at 1000°C) was observed for
single—phase cubic (ZI‘OQ)()_gl(SCQO3)0_08(Yb203)0_01 sam-
ples produced by solid-state synthesis. The results of
studies into the properties of materials based on scandia-
stabilized zirconia co-doped with rare-earth oxides often
differ even if the compositions are the same [23-29].
These discrepancies are attributable to the fact that the
phase composition, the structure, and, consequently, the
transport characteristics of solid solutions depend strongly
on the synthesis technique and parameters. The use of
single crystals in studies into the ,composition—structure—
transport characteristics” interrelation alleviates the need
for examining the effect of microstructure (grain size and
relative density ), which is another factor crucial for ceramic

2062



XXI All-Russian School-Seminar on Problems of Condensed Matter Physics

2063

Table 1. Compositions of grown crystals, their symbols, and their density

Chemical composition Symbol Density, g/cm®
(Zr02)0<92(SC203)0.07 (Yb203)0 01 7Sc1YbSZ 5.926 + 0.001
(ZI'Oz)o_gl (SC203)0A07 (Y‘b203)0A02 7Sc2YbSZ 5.989 + 0.003
(Zr02)0_90(SC2O3)0A07 (Y‘b203)0A03 7Sc3YbSZ 6.049 £ 0.003
(Zr03)0.91(Sc203)0.08(Yb203)0.01 8Sc1YbSZ 5.925 +0.006
(Zr02)0<90(SC203)0.08 (Yb203)0 02 8Sc2YbSZ 5.969 4+ 0.002
(Zr03)0.89(Sc203)0.08(Yb203)0.03 8Sc3YbSZ 6.007 £ 0.002
(Zr02)0_90(SC2O3)0A09 (Yb203)0A01 9Sc1YbSZ 5.863 £+ 0.003
(Zr02)0_89(SC2O3)0A09 (Yb203)0 02 9Sc2YbSZ 5.918 +0.003
(ZI’Oz)o‘gg (SC203)0.09 (Yb203)0 03 9Sc3YbSZ 5.980 4+ 0.002

materials, on the electrophysical properties. In ceramic
materials, these factors exert a considerable influence on
the ratio between the conductivity of the grain bulk and the
grain-boundary conductivity [30-35]. In the present study,
materials were synthesized by directional crystallization of
the melt in a cold crucible [36]. This method was used
earlier to synthesize crystals of a wide range of solid
electrolytes [37-40].

The aim of the study is to examine the effect of
additional doping with Yb,O3 on the phase composition, the
structure, and the transport characteristics of ZrO,—Sc,03
solid solution crystals.

2. Experimental part

Single crystals of solid solutions were grown by direc-
tional crystallization of the melt in a cold container 130 mm
in diameter with direct high-frequency heating (5.28 MHz,
Kristall-407 setup). The crystal growth rate was 10 mm/h.

The density of single crystals was determined by hydro-
static weighing.

A JEOL 5910 LV scanning election microscope fitted
with an INCA energy dispersive spectroscopy module
was used to examine the distribution of scandium and
ytterbium oxides throughout the length of crystals. Point-
by-point measurements were performed along the crystal
growth axis.

The phase composition of the grown crystals was studied
by X-ray diffractometry (with a Bruker D8 diffractometer)
and by Raman spectroscopy. A laser with a wavelength of
532nm served as the excitation source for Raman studies
of the phase composition.

The structure of crystals was examined by transmission
electron microscopy (TEM) with the use of a JEM-2100
microscope at an accelerating voltage of 200 kV.

The transport characteristics of crystals were studied
by impedance spectroscopy in a temperature interval of
450—900°C at frequencies ranging from 1 Hz to 5 MHz.
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3. Results and discussion

Crystals  of  (ZrO;)1—x—y(Sc203)x(Yb203)y (X =
=0.07-0.09; y = 0.01-0.03) solid solutions were grown
by directional crystallization of the melt in a cold crucible.
The crystals were columnar, which is typical of this growth
technique.  Their length and cross-section dimensions
were ~ 30—40mm and 10—20mm, respectively. The
compositions of crystals, their symbols, and their density
are listed in Table 1. At a fixed concentration of Sc,O3,
the density of crystals increases with the concentration of
Yb,03 in the solid solution.

Only the 7Sc1YbSZ, 7Sc2YbSZ, and 8SclYbSZ crystals
were opaque with strong light scattering throughout their
entire volume. Other compositions from the studied
range produced homogeneous transparent crystals. This is

Figure 1. Appearance of the 8Sc1YbSZ (a) and 9Sc1YbSZ (b)
crystals.
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90 X with Yb,O3 varied with the Yb,O3; concentration. The
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Figure 2. Distribution of zirconium (/), scandium (2), and =
ytterbium (3) oxides throughout the length of the 7Sc3YbSZ
crystal. " i
g B
. . . =h 7Sc3YbSZ
illustrated by Fig. 1, which presents the appearance of the :ﬁ i
8Sc1YbSZ and 9Scl1YbSZ crystals.

Thus, homogeneous transparent single crystals were u 78¢2YbSZ
obtained when the overall concentration of stabilizing oxides B 7Sc1YbSZ
Sc203 and YbyO3 was > 10 mol.%. . , . , . , . , . ,

Analysis of the distribution of scandium and ytterbium 200 400 600 800 1000
oxides throughout the length of crystals revealed that all the Raman shift, cm™!
examined samples are homogeneous in composition and - b
that the concentration of Sc,O3 and Yb,Os is almost the =
same as their concentration in the initial charge. Sc3t and B
Yb3* were introduced into the composition of crystals uni-
formly throughout their entire length without any significant 2z L
variations in the process of growth. Fig. 2 presents the ST 8Sc3YbSZ
distribution of scandium, ytterbium, and zirconium oxides S i
in the 7Sc3YbSZ crystal. = 8Sc2YbSZ

The results of phase analysis based on X-ray diffrac- [
tometry (XRD) data demonstrated that the 7Sc1YbSZ,
7Sc2YbSZ, and 8SclYbSZ crystals contained only tetra- i 8Sc1YbSZ
gonal ZrO,. The other crystals were single-phase with a F . ) . ) . ) . ) )
cubic fluorite structure. The phase composition and lattice 200 400 600 800 1000
parameters of the studied crystals are presented in Table 2. Raman shift, cm™!

c

Table 2. Phase composition and lattice parameters of crystals

Phase Lattice parameters v [
Sample . =

composition® a,nm c,nm =g
7Sc1YbSZ t 03598(1) | 0.5119(1) = 9Sc3YbSZ
7Sc2YbSZ t/ 03602(1) | 0.5116(1) ~F
7Sc3YbSZ c 0.5102(1) i 9Sc2YbSZ,
8Sc1YbSZ t' 03598(1) | 0.5113(1)
8Sc2YbSZ c 0.5099(1) _ 9Sc1YbSZ
8Sc3YbSZ c 0.5098(1) e ——
9Sc1YbSZ c 0.5094(1) 200 400 600 800 1000
9Sc2YbSZ c 0.5096(1) Raman shift, cm™!
9Sc3YbSZ c 0.5097(1)

Note. *t/, ¢ — denote tetragonal and cubic ZrO,, respectively.

Figure 3. Raman spectra of the 7ScxYbSZ (a), 8ScxYbSZ (b),
and 9ScxYbSZ (c) crystals.
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Figure 4. Images of the structure of the 7Sc1YbSZ (a), 7Sc2YbSZ (b), 8Sc1YbSZ (c), and 8Sc2YbSZ (d) crystals. Electron diffraction

patterns corresponding to these regions are shown in the insets.

the cubic phase stabilizes throughout the entire crystal
volume.

Of all the crystals doped with 8§ mol.% of Sc,O3, only
the ones doped additionally with 1mol.% of Yb,O3 were
tetragonal (tetragonality c/+/2a = 1.005). The 8Sc2YbSZ
and 8Sc3YDSZ crystals were single-phase cubic.

When the concentration of Sc, O3 in solid solutions was
9 mol.%, all the crystals in the studied range of compositions
were cubic. The lattice parameter in the cubic region of
compositions increased with the Yb,O3 concentration.

Thus, in the studied range of compositions, crystals with
a cubic fluorite structure were synthesized when the overall
concentration of stabilizing oxides Sc;O3; and Yb,Os was
> 10 mol.%.

3 Physics of the Solid State, 2022, Vol. 64, No. 13

The phase composition of crystals was also examined
by Raman spectroscopy (Fig. 3). Raman spectra of the
7Sc1YbSZ, 7Sc2YbSZ, and 8SclYbSZ crystals are typical
of tetragonal ZrO, [41]. Raman spectra of other crystals
are typical of either the cubic structure of zirconia [42]
or tetragonal t”-phase [43]. t”-phase has tetragonality
c/v/2a =1, but belongs to space group of symmetry
P4,/nmc due to a slight displacement of oxygen atoms in
the anion sublattice. It follows from the analysis of the
Raman spectra that the 8Sc3YbSZ, 9Sc2YbSZ, 9Sc3YbSZ
crystals have a cubic structure, while the 7Sc3YbSZ,
8Sc2YbSZ, 9Sc1YbSZ crystals have a t”-phase structure,
which is the boundary between the tetragonal and cubic
phases.
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Thus, the results of Raman spectroscopy confirm the
XRD data, while also providing an opportunity to distin-
guish single-phase crystals with a cubic structure from the
ones with the closely similar t”-phase structure.

TEM studies of the structure of crystals based on ZrO,
solid solutions stabilized with Sc,O3 and Yb,O3; oxides
revealed that the 7SclYbSZ, 7Sc2YbSZ, and 8SclYbSZ
crystals contained twins (Fig. 4). Twinning is associated
with the release of elastic stresses accumulated in the
phase transition of the cubic phase into the tetragonal
one occurring when crystals are cooled in the process of
growth.

The electron diffraction patterns of the 7SclYbSZ,
7Sc2YbSZ, and 8SclYbSZ crystals demonstrated that they
contained tetragonal zirconia. Twin-free regions were not
found in these crystals. Twins in 7Sc2YbSZ were larger
than the ones in the 7Sc1YbSZ and 8Sc1YbSZ crystals.

TEM data reveal no visible defects (dislocations, dis-
location loops, twins, etc.) in the 8Sc2YbSZ crystals
(Fig. 4,d). The obtained images corresponded to the
structure typical of cubic low-defect single crystals. At
the same time, diffraction patterns contained reflections
that are forbidden for a cubic lattice and allowed for a
tetragonal structure. The presence of (110) and (100)
reflections is indicative of ordered displacement of oxygen
atoms and, by extension, violation of the symmetry typical
of space group Fm3m. The structure and features of elec-
tron diffraction patterns for the 7Sc3YbSZ and 9Sc1YbSZ
crystals were similar to the structure of 8Sc2YbSZ. Thus, it
follows from the comparison of XRD, Raman, and TEM
data on the phase composition that homogeneous and
transparent 7Sc3YbSZ, 8Sc2YbSZ, and 9SclYbSZ single
crystals have the t”-phase structure. The electron diffrac-
tion patterns for 8Sc3YbSZ, 9Sc2YbSZ, and 9Sc3YbSZ
demonstrated that these crystals belong to the cubic ZrO,
phase.

Fig. 5 shows the dependence of the conductivity of
crystals on the Yb,O3 content. The conductivity of crystals
containing 7mol.% Sc,Oj3 increases with the concentration
of Yb,03 in the solid solution. The conductivity of the
7Sc3YbSZ crystals is the highest. The conductivity of crys-
tals containing 8 mol.% Sc,O3 varies nonmonotonically with
the concentration of Yb,O3 and features a well-pronounced
maximum corresponding to 8Sc2YbSZ. The conductivity
of crystals containing 9mol.% Sc,O3; decreases as the
concentration of Yb,Os grows. Thus, at a fixed concen-
tration of Sc,03, the crystals with an overall concentration
of stabilizing oxides of 10mol.% (specifically, 7Sc3YbSZ,
8Sc2YbSZ, and 9Sc1YbSZ) have the highest conductivity.
Aside from that, the conductivity of crystals increases with
the Sc,O3; content: the 9Sc1YbSZ crystals have higher
conductivity values than 8Sc2YbSZ and 7Sc3YbSZ.

The observed concentration dependences of conductivity
are easy to interpret if one takes into account the data on
the phase composition of samples and the crystal structure.
When the Yb,O3 content increases from 1 to 3mol.% in
crystals with 7mol.% Sc,0Os3, their tetragonality decreases

0.22 9ScxYbSZ

020 L —o— 8ScxYbSZ

L —a— 7ScxYbSZ
— 0.18 |
g L
016
IC} L
5 0.14 _-
0.12
0.10

1 L 1 L 1 L 1 L 1

1.0 1.5 2.0 2.5 3.0

Yb203, mol%

Figure 5. Variation of the ionic conductivity of crystals at a
temperature of 900°C with the Yb,0O3 content.

and the phase composition changes from tetragonal t’ to
the t”-phase. At the same time, twins were observed in
the 7Sc1YbSZ and 7Sc2YbSZ crystals containing t’-phase.
The size of twins increased with the Yb,O3 concentration.
No visible defects were found in the 7Sc3YbSZ crystals
containing t”-phase. Thus, the additional introduction of
Yb,03 into crystals containing 7 mol.% Sc,O; leads to a
change in the phase composition, a decrease in the number
of defects, and an increase in the conductivity of the crystals.
The 7Sc3YbSZ single crystals containing t”’-phase had the
maximum conductivity.

The conductivity of the 8Sc2YbSZ crystals with a struc-
ture of the pseudo-cubic t”-phase is higher than that of
the tetragonal 8Sc1YbSZ crystals containing twins. When
the concentration of Yb,Oj3 increases to 3 mol.%, the cubic
phase stabilizes and the conductivity of the 8Sc3YbSZ
crystals decreases.

The 9Sc1YbSZ crystals with the t”-phase structure have
the highest conductivity in the group of solid solutions
containing 9 mol.% Sc,03. An increase in the concentration
of Yb,O3 results in stabilization of the cubic phase in the
9Sc2YbSZ and 9Sc3YbSZ crystals and causes a reduction
in the conductivity values.

Thus, single crystals with the structure of pseudo-
cubic t” phase (with oxygen atoms displaced from high-
symmetry positions typical of the cubic phase) and an
overall concentration of stabilizing Sc,0O3; and Yb,O3 oxides
of 10 mol.% have the highest conductivity within the studied
range of compositions.

4. Conclusion

The phase composition and the transport characteristics
of (ZrO;)1-x—y(Sc203)x(Yb,03)y solid solutions crystals
(x =0.07-0.09; y =0.01-0.03) grown by directional
crystallization of the melt in a cold container were studied.

Physics of the Solid State, 2022, Vol. 64, No. 13
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It was demonstrated that the pseudo-cubic t”-phase
stabilizes at an overall concentration of stabilizing Sc;O3
and Yb,O3; oxides of 10mol.%. In contrast to tetragonal
crystals containing t’-phase, single crystals with the structure
of pseudo-cubic t”-phase contain no twins.

At a fixed concentration of Sc,Os, the crystals with
an overall concentration of stabilizing oxides of 10mol.%
(specifically, 7Sc3YbSZ, 8Sc2YbSZ, and 9Sc1YbSZ, which
have the structure of pseudo-cubic t”-phase) have the
highest conductivity. It was demonstrated that the con-
ductivity of crystals decreases when the concentration of
Yb,0s3 increases in the region of cubic solid solutions. The
9Sc1YbSZ crystals have the highest conductivity of all the
studied compositions.
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