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Abstract—The crystals of (ZrO,); _ (5¢,053),(Ce0,)q o; solid solutions (x = 0.08—0.10) were obtained by
directional crystallization. The crystals of the grown composites were semitransparent, opalescent, and with-
out cracks and had varying microstructure in the bulk. In the range of compositions under study, it was
impossible to obtain optically homogeneous, fully transparent crystals. The crystals grown at a growth rate of
10 mm/h had a nonuniform distribution of ceria along the length of the ingot. The introduction of ceria in an
amount of 1 mol % increased the conductivity of the crystals, but the increase in the specific electric conduc-
tivity depended on the Sc,0; content and the phase composition of the crystals. The highest conductivity was

inherent in the (Zr02)0_89(5C203)0_10(C602)0_01 Cl‘ystals.
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INTRODUCTION

The materials based on zirconia are widely used as
solid electrolytes for solid oxide fuel cells (SOFCs)
[1, 2]. One of the important applied problems is the
development of new materials with the highest ion
conductivity in order to lower the working tempera-
ture of solid electrolytes, which increases their service
life, makes the design easier, and lowers the cost of the
materials used in the production of SOFCs. From this
viewpoint, the Sc,0;—Ce0O,—Zr0O, system is one of
the most attractive systems with high ion conductivity
at temperatures of 900—700°C. Thus, the ceramic
material 10Sc,0;—90ZrO, co-doped with 1 mol %
CeO, has ion conductivity of 16.7 mS/cm at 600°C
[3]. The physicochemical and transport properties of
the materials of this system were studied by many
authors [4—9]. The ion conductivity of ceramic sam-
ples of the same chemical composition (10Sc1CeSZ)
depends largely on the phase composition, micro-
structure, density, and other parameters, which, in
turn, are determined by the method for the prepara-
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tion of the material [10—12]. In particular, the con-
ductivity along the grain boundaries has a great effect
on the total ion conductivity of ceramic materials.

The goal of this work was to synthesize the crystals
of the Sc,0;—Ce0,—Zr0O, system and study their
physicochemical and transport properties. As shown
earlier, the total conductivity of these crystalline mate-
rials is determined only by their bulk conductivity even
in the presence of a twin structure [13]. Therefore,
studies of these crystals will allow us to evaluate the
contribution of the bulk component of conductivity in
the solid electrolyte, excluding the contribution of
grain-boundary conductivity, which can significantly
simplify the analysis of the mechanisms of ion con-
ductivity.

EXPERIMENTAL

The crystals of (ZrO,); _ (5¢,05),(Ce0,), o solid
solutions (x = 0.08—0.10) were obtained by directional
crystallization of a melt in a cold container [14]. The
(Zr0,), _ (Sc,0;), crystals (x = 0.08—0.10) were also
obtained for the sake of comparison.

The chemical composition of the grown crystals
was determined on a JEOL 5910 LV scanning electron
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Table 1. Composition, density, and microhardness of grown crystals

Symbol Composition Density, g/cm? Microhardness, HV, kg/mm?
8Sc1CeSZ (Z102)0.91(5¢03)0.05(Ce02)o01 5.850 £ 0.003 1660 + 20
9Sc1CeSZ (Z10,)0.00(S¢203)0.05(Ce 0001 5.791 % 0.004 1680 + 20
10Sc1CeSZ (Zr0,)) 55(5¢05)0 10(Ce0) 01 5.757 £ 0.004 1720 £ 20
85¢SZ (Z105)0.55(5¢,05)0.08 5.862 + 0.004 1610 20
9S¢SZ (Z102)0.61(5¢,0)0.00 5.807 £ 0.001 1640 + 20
10ScSZ (Z105).55(5¢,05)0.10 5.763 + 0.002 1580 + 20

microscope with an INCA Energy energy dispersive
analyzer (Japan). In measurements of the crystal com-
position, fused zirconium, scandium, and cerium
oxides were used as standards. The XRD analysis was
performed on a Bruker D8 diffractometer (Germany)
using CuK,, radiation. The Raman spectroscopic study
was performed on a Renishaw inVia Raman microscope
spectrograph (Great Britain). A laser with a wavelength
of 532 nm was used as a source of excitation.

Fig. 1. View of (ZrO,); _ ,(5¢,03),(Ce0,) ¢ crystals:
(a) 8Scl1CeSZ, (b) 9Scl1CeSZ, and (c) 10Scl1CeSZ.
Inserts: optical images of microstructure obtained in trans-
mitted light.

RUSSIAN JOURNAL OF ELECTROCHEMISTRY  Vol. 54

The density was determined by hydrostatic weigh-
ing on a Sartorius hydrostatic balance (Switzerland).
The crystal microhardness was measured ona DM 8§ B
AUTO microhardness meter (Affri, Italy) at a load
of 50 g.

The conductivity of zirconia-based crystals was
measured in the temperature range 400—900°C using
a Solartron SI 1260 frequency analyzer (Solartron
Analytical, United Kingdom) in the frequency range
1 Hz—5 MHz with an AC signal amplitude of 24 mV.
Plates with an area of 7 X 7 mm? and a thickness of
0.5 mm were used for measurements. To form current
contacts, platinum paste was applied to the opposite
sides of the crystals and burnt in at 950°C for 1 h in air.
The impedance spectra were processed using the
ZView program (version 2.8). The specific conductiv-
ity 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 gives the compositions of the grown crystals
and the notation used below. The grown crystals were
translucent, opalescent, and without cracks and had a
shape and dimensions similar to those of zirconia
crystals stabilized with scandium and/or yttrium
oxides [14, 15]. Figure 1 shows the appearance of the
crystals. The inserts show the optical images of micro-
structure obtained in transmitted light on polished
plates 1 mm thick (magnification X25). The coloring
of the crystals co-doped with cerium oxide was non-
uniform and varied from colorless to dark orange. The
color variation is associated with both the change in
the valence state of the cerium ion during the cooling
of the crystal after growth and variations in the con-
centration of the cerium oxide impurity during crys-
tallization. In the first case, the variation manifests
itself as a decrease in the color intensity with colorless
areas appearing on the surface, which is most typical
for crystals growing closer to the periphery of the crys-
tallized melt ingot. This change in color suggests a
decrease in the concentration of the trivalent cerium
cation, which has absorption bands in the visible
region and gives the crystals an orange color [16].
During the cooling of the ingot, a Ce*" — Ce*" transi-
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Table 2. Phase composition and lattice parameters of the crystals according to the XRD data before and after annealing in

air at 1200°C

Lattice parameters
Sample Phase composition before annealing after annealing
a, nm ¢, nm c/x/ia a, nm ¢, nm c/x/ia
8Sc1CeSZ t 0.3599 0.5114 1.005 0.3597 0.5123 1.007
9Sc1CeSZ t 0.3597 0.5110 1.005 0.3597 0.5111 1.005
10Sc1CeSZ c 0.5093 0.5093
8ScSZ t 0.3596 0.5123 1.007 0.3596 0.5123 1.007
9ScSZ t 0.3595 0.5122 1.007 0.3595 0.5122 1.007
c 0.5091 0.5091
10ScSZ
r 0.3562 0.9010 0.3562 0.9010

c¢—Cubic modification of ZrO,; r—tetragonal modification of ZrO,; r—rhombohedral modification of ZrO,.

tion occurs as oxygen diffuses from the periphery of
the ingot. Annealing of the crystals in air at 400—
1200°C makes it possible to eliminate the color non-
uniformity and leads to the formation of colorless
crystals. Annealing in vacuum at temperatures of the
order of 1200—1400°C leads to a Ce** — Ce?" transi-
tion and, accordingly, to a homogeneous coloring of
the crystals in different shades from orange to dark red
depending on the composition [16]. If the varying
color is related to variations in the ceria concentration
during crystallization, then regions or bands with dif-
ferent intensities arise in crystal due to the displace-
ment of the cerium impurity along the height of the
ingot during crystallization, the effective distribution
coefficient of the impurity being less than unity [16].
In these cases, the local increase in the ceria concen-
tration is caused by abnormal crystallization because
of the concentration overcooling at the crystallization
front, which leads to rapid crystallization of the region
enriched with the displaced impurity. Thus, it was
impossible to obtain optically uniform, transparent
crystals of (ZrO,), _ (5¢,05),(Ce0,), o; in the range of
the compositions under study, in contrast to the case
of crystals co-doped with scandium and yttrium
oxides [17].

The distribution of scandium and cerium oxides
along the length of the crystals was studied by energy-
dispersive X-ray spectroscopy, which showed inho-
mogeneous distribution of the ceria concentration
along the length of the crystal. The displacement of
the dopant along the height of the ingot during crystal-
lization led to an almost twofold difference in the ceria
concentrations at the beginning and end of the ingot.
Therefore, to study the structure and measure the
transport characteristics, the samples were cut from
the middle of ingots, where the concentration of
cerium and scandium oxides corresponded to their
content in the initial batch.
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An analysis of the density and microhardness of the
crystals (Table 1) shows that co-doping with ceria
leads to a decrease in their density and an increase in
microhardness compared with those in the crystals
stabilized only by scandium oxide. At a fixed ceria
concentration in crystals, their density decreases, and
the microhardness increases with the concentration of
scandium oxide.

The X-ray diffraction (XRD) analysis showed that
the 8Sc1CeSZ and 9Sc1CeSZ crystals are tetragonal,
while the 10Sc1CeSZ crystal has a cubic structure.
Table 2 shows the lattice parameters of the xSc1CeSZ
crystals under study and, for comparison, the crystals
of the xScSZ series. It can be seen that co-doping with
ceria leads to an increase in the a lattice parameter,
while the ¢ parameter decreases as compared to that in
the crystals stabilized only by scandium oxide.

Accordingly, the degree of tetragonality (c/ x/Ea) of the

crystals decreases, and the crystal structure parame-
ters of 8Sc1CeSZ and 9Scl1CeSZ become closer to
those of a cubic structure than the parameters of
8Sc¢SZ and 9ScSZ. Because of the larger ionic radius
of Ce** compared to that of Zr**, the lattice parameter
of the cubic phase in the 10Sc1CeSZ crystal is larger
than in 10ScSZ. Table 2 also shows the lattice param-
eters of the crystals after annealing at 1200°C because
the annealing of xXSc1CeSZ crystals in air leads to the
Ce’" — Ce*" transition and can affect the parameters
of their structure. According to the data of Table 2, the
decrease in the concentration of trivalent cerium cat-
ions after annealing affected the structure parameters
only in the 8Sc1CeSZ crystal. The degree of tetrago-
nality of the 8SclCeSZ crystal after annealing
increased, which is associated with a decrease in the
size of cerium ions during the Ce?" — Ce*" transition
and a decrease in the number of vacancies because the
replacement of the Zr** ion by Ce*" in the lattice does
not require charge compensation. In the 9Scl1CeSZ
and 10Sc1CeSZ crystals with high contents of scan-
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dium oxide, the structure parameters did not change
after annealing.

The phase composition of xSc1CeSZ crystals was
also studied by Raman spectroscopy (Fig. 2). The
spectrum of the 8Sc1CeSZ and 9Sc1CeSZ crystals
corresponds to the spectrum of the tetragonal crystals,
which agrees with the XRD data. For the 10Sc1CeSZ
crystal, however, regions with a rhombohedral struc-
ture were detected by Raman spectroscopy in addition
to the cubic phase. Figure 2 shows two Raman spectra
for the 10Sc1CeSZ sample obtained from different
regions of the crystal; the spectra of the cubic and
rhombohedral phases differ substantially [18]. The
presence of the rhombohedral phase in the 10Sc1CeSZ
crystal was found predominantly in its upper part,
which may be due to the increased concentration of
cerium oxide at the end of the ingot due to the displace-
ment of the impurity during crystallization.

Figure 3 shows the temperature dependences of the
specific conductivity of the 8Sc1CeSZ, 9Sc1CeSZ,
and 10Sc1CeSZ crystals under study in the Arrhenius
coordinates and, for comparison, the similar depen-
dences of 85¢SZ, 9ScSZ, and 10ScSZ. A comparison
of the conductivities of the 8Sc1CeSZ and 9Sc1CeSZ
crystals with those of 8ScSZ and 9ScSZ shows that co-
doping with cerium oxide increases the conductivity;
for crystals with 9 mol % Sc,0;, the increase is more
significant than for crystals with 8§ mol % Sc,0,
(Fig. 4). The increase in conductivity may be associ-
ated with the structure of the 8SclCeSZ and
9Sc1CeSZ crystals, namely, with a lower degree of
tetragonality than in 8ScSZ and 9ScSZ crystals. The
heating of the crystals in air at 950°C while burning-in
the platinum paste to deposit the electrodes will lead to
a change in the degree of tetragonality of 8Sc1CeSZ,
in contrast to the structure of the 9Sc1CeSZ crystals,
so the difference in the conductivity of the 8S¢SZ and
8Sc1CeSZ crystals is much smaller than for the 9ScSZ
and 9Sc1CeSZ crystals. The introduction of 1 mol %
CeQ, in the crystals stabilized with 10 mol % Sc,0,
removes the jump on the temperature dependence of
the specific bulk conductivity related to the transition
from rhombohedral to cubic phase at ~550°C. The
conductivity of the 10Sc1CeSZ crystals is higher than
that of 10ScSZ over the whole temperature range.

Thus, the co-doping of crystals with ceria increases
the conductivity in the range of compositions under
study, but an increase in their specific electric conduc-
tivity depends on the Sc,0; content in the initial com-
position and is determined by the phase composition
of the crystals.

CONCLUSIONS

The crystals of (ZrO,), _ ,(Sc,05)(Ce0,)p o (x =
0.08—0.10) solid solutions were obtained by direc-
tional crystallization. It was shown that the crystals of
the grown compositions were translucent, opalescent,
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without cracks, and with different microstructures in
the bulk. It was impossible to obtain optically homo-
geneous, fully transparent crystals in the range of com-
positions under study. At a crystallization rate of
10 mm/h, there is nonuniform distribution of ceria
along the length of the ingot.

According to the XRD analysis, the co-doping of
crystals with cerium oxide increases the stability of the
tetragonal phases and decreases the tendency toward
the formation of the low-symmetric rhombohedral
phase compared with the crystals stabilized only by
scandium oxide.

It was shown that the introduction of cerium oxide
in an amount of 1 mol % increases the conductivity of
the crystals, but the increase in their electric conduc-
tivity depends on the Sc,0; content in the initial com-
position and is determined by the phase composition
of the crystals. The 10Sc1CeSZ crystals containing a
cubic phase have the highest conductivity.
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