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Abstract—The comparative analysis of electrotransport characteristics and structure of ceramic and single-
crystal solid electrolytes with the (ZrO2)0.89(Sc2O3)0.10(Y2O3)0.01 composition is carried out before and after
their life tests. It is shown that before the life tests, the specific conductivities of single-crystal and ceramic
materials virtually coincide. During the 3000 h life tests, the specific ionic conductivity decreases for both sin-
gle crystal and ceramic samples down to about 0.1 S cm–1 but the degradation of conductivity in single crystal
proceeds more slowly as compared with the ceramic material. The reason for degradation of electrotransport
characteristics in the single crystal is associated with the transition of its bulk structure from the t′′ phase to a
phase with the higher degree of tetragonality, whereas in the ceramic material, in addition to the latter pro-
cess, a rhombohedral phase appears presumably along grain boundaries.
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INTRODUCTION
Among zirconia-based ceramic materials codoped

with scandia and yttria, the highest ionic conductivity
is demonstrated by the solid electrolyte containing
10 mol % Sc2O3 and 1 mol % Y2O3 (10Sc1YSZ) [1, 2].
However, ceramic materials are characterized by a
wide scatter of conductivity determined by the ceram-
ics synthesis. The conductivity may depend on the
grain size, pores, the presence of additional (foreign)
impurities in initial materials. These factors affect
both the bulk and grain-boundary conductivity of
ceramics changing their ratio. The smaller the grain
size, the larger contribution is made by the grain-
boundary conductivity. Experimental and theoretical
studies of the diffusion of oxygen ions along grain
boundaries in a cubic solid solution based on zirconia
showed that the diffusion rate is different in the bulk
and surface regions [3–8]. Molecular dynamics simu-
lations have shown [3, 4] that in the system ZrO2–
8 mol % Y2O3, the grain boundary acts as the source of
resistance to the diffusion of oxygen ions. This effect
strengthens in the presence of dopant segregation in
the grain boundary region because the vacancies

required for the transfer of anions are localized in the
grain boundary region due to association with dopant
ions. However, it was noted that depending on the syn-
thetic conditions and composition of the solid electro-
lyte, the conductivity of boundaries may turn out to be
higher than the bulk conductivity as a result of their
different compositions. For instance, this situation is
observed when zirconia is codoped with scandia and
ceria [7, 8].

The drawbacks of solid electrolytes based on zirco-
nia include degradation of ionic conductivity during
the work of solid oxide fuel cells (SOFC). The degra-
dation of electrotransport properties of solid electro-
lytes is mainly studied on ceramic samples for which
the decrease in ionic conductivity may be associated
with the phase transformations occurring in the high
temperature region and/or the segregation of admix-
tures at grain boundaries and also with the changes in
the grain size (recrystallization). In contrast to ceram-
ics, synthesizing materials in the form of single crystals
makes it possible to eliminate the effect of certain fac-
tors, such as grain size, distribution of solid-solution
components in the volume and boundaries of grains,
and intergrain stresses, on the electrophysical charac-
teristics of the material and also on the changes in
these characteristics at high temperatures close to
those of SOFC operation. Thus, studying single crys-

1 Presented at the IV All-Russian Conference “Fuel Cells and
Fuel Cell based Power Plants” (with international participation)
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Fig. 1. Surface image of cross section of 10Sc1YSZ
ceramic sample.

2 μm
tals may allow one to assess the contribution of the
bulk component of solid electrolyte conductivity by
excluding the contribution of the grain-boundary con-
ductivity and assess the effect of conditions of fuel-cell
operation on the bulk characteristics of material.

The goal of this study is to compare the electro-
transport characteristics and structure of ceramic
and single-crystal materials of the 10Sc1YSZ com-
position in the course of life tests at SOFC working
temperatures.

EXPERIMENTAL

10Sc1YSZ single crystals were grown by targeted
crystallization of the melt in a cool container. The
crystals were grown on the setup Kristall-407 (Russia)
in a cool container with the diameter of 130 mm at the
growth rate of 10 mm/h. For the load, we used pow-
ders of zirconia, scandia, and yttria with the main sub-
stance content of no less than 99.99%. Ceramic sam-
ples 10Sc1YSZ were obtained by uniaxial pressing of
commercial powder (Daiichi Kigenso Kagaku Kogyo,
Japan). After this, the samples were sintered in air
atmosphere at 1520°С for 7 h.

The microstructure of samples was studied on a
scanning electron microscope of high resolution
SUPRA 50VP (Carl Zeiss, Germany) with microanal-
ysis system INCA Energy+ (Oxford). The analysis of
distribution of scandia and yttria along the crystal
length was determined by energy-dispersive analysis.
The phase composition of samples was controlled by
X-ray diffraction method on Bruker D8 diffractometer
(Germany) in СuKα radiation and also by Raman
spectroscopy on microscope-spectrograph Renishaw
inVia (UK).

For studying ionic conductivity, the plates measur-
ing 7 × 7 mm with the thickness of 500 μm were cut
out from 10Sc1YSZ samples. On both sides of these
RUSSIAN JOURNA
plates, platinum paste was placed and cosintered at
950°С for 1 h.

The bulk conductivity was calculated from imped-
ance data. These measurements were carried out on
the analyzer of frequency characteristics Solartron SI
1260 (Solartron Analytical, UK) in the frequency
range from 100 mHz to 3 MHz with the amplitude of
applied alternating signal of 24 mV in the temperature
interval of 350–900°С in air. The life tests of ceramic
and single-crystal 10Sc1YSZ samples were carried out
at 850°С for 3000 h in air medium. The impedance
spectra were processed with the use of ZView software
(ver. 2.8). The bulk resistance of crystals (Rb) was cal-
culated in terms of the following equivalent circuit:
(Rb – CPEb)(Relectrode – CPEelectrode) at low tempera-
tures of 350–500°С. For polycrystals, the bulk resis-
tance was calculated in terms of the following equiva-
lent circuits: (Rb – CPEb)(Rgb – CPEgb)(Relectrode –
CPEelectrode) and LRb(Relectrode – CPEelectrode), where
Relectrode is the resistance of the electrode/electrolyte
interface, CPEelectrode is the constant phase element
characterizing the processes at the electrode interface,
Rgb is the grain boundary resistance, CPEgb is the con-
stant phase element characterizing the processes at
grain boundaries, L is the inductance of current leads.

RESULTS AND DISCUSSION
10Sc1YSZ single crystals were optically uniform,

transparent, without visible defects. No light scatter-
ing was observed, which suggests that neither second
phase nor twin structure were present in the crystal
volume. 10Sc1YSZ ceramic samples were well sin-
tered and had no open pores. The grain size was from
1 to 5 μm. Figure 1 shows an image of a section of
10Sc1YSZ ceramic sample. The presence of fine
closed pores in the volume of individual grains
deserves mention.

The analysis of scandia and yttria distribution
along the single-crystal length shows that the crystal
composition was uniform and the concentration of
scandia and yttria virtually corresponded to their con-
tent in the original load (Fig. 2).

The X-ray diffraction (XRD) study of industrial
powder, ceramic samples, and crystals with the
10Sc1YSZ composition showed that all of them were
monophase with the cubic structure of f luorite. The
phase composition was also controlled by the Raman
method. Figure 3 shows Raman spectra for single-
crystal and ceramic 10Sc1YSZ samples. The spectra of
ceramic and single-crystal 10Sc1YSZ samples contain
a peak in the vicinity of 480 cm–1 which corresponds to
the t′′ phase. The latter has the degree of tetragonality
с/а = 1 [9] but belongs to the symmetry space group
P42/nmc due to a small shift of oxygen atoms in the
anionic sublattice along the С axis [2, 10]. Thus, the
comparison of XRD and Raman data on the phase
composition showed that both 10Sc1YSZ single crys-
L OF ELECTROCHEMISTRY  Vol. 54  No. 6  2018
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Fig. 2. Distribution of oxides along the length of
10Sc1YSZ single crystal: (1) ZrO2, (2) Sc2O3, (3) Y2O3.
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Fig. 3. Raman spectra of original 10Sc1YSZ samples:
(1) single crystal, (2) polycrystal.
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Fig. 4. Temperature dependences of specific conductivity
of 10Sc1YSZ samples: (1) single crystal, (2) polycrystal.
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Fig. 5. Impedance spectra of 10Sc1YSZ samples measured
at 350°С in air: (1) single crystal, (2) polycrystal.
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tals and ceramic samples which were identified by
XDR studies as cubic had in fact the tetragonal struc-
ture of the t′′ phase. In contrast to tetragonal phases t
and t ′, the t′′ phase structure is characterized by the
absence of twins. This is clearly seen for the grown sin-
gle crystals which do not differ from cubic crystals in
their appearance but their Raman spectrum is close to
that of tetragonal crystals.

Figure 4 shows the temperature dependences of the
specific bulk conductivity of single crystal and ceramic
10Sc1YSZ samples. These dependences are linear. It
deserves mention that the ionic conductivities of sam-
ples virtually coincide (the scatter fits the error limits).
Such behavior is clearly demonstrated by the form of
impedance spectra for sample studied (Fig. 5). The
hodograph of a polycrystalline sample contains an
additional arc which corresponds to the grain-bound-
ary resistance; as the temperature increases, the grain-
boundary resistance of the polycrystalline sample
RUSSIAN JOURNAL OF ELECTROCHEMISTRY  Vol. 5
decreases so that the arc part corresponding to grain
boundary transport becomes invisible.

For 10Sc1YSZ samples, the life tests were carried
out at 850°С. They demonstrated that during 3000 h,
the specific ionic conductivity decreased for both single
crystal and ceramic samples down to ca. 0.1 S cm–1

(Fig. 6). For 3000 h life tests, the ceramic and single
crystal materials underwent degradation but at differ-
ent rates. For the ceramic material, the conductivity
decreased sharply down to 0.1 S cm–1 during 150–200 h
and remained virtually constant in the rest period. The
conductivity of the single crystal sample decayed to ca.
0.1 S cm–1 during 1500–2000 h. The data obtained
showed that the changes causing the degradation of
conductivity occurred in the single crystal much more
slowly than in the ceramic sample. The different rate
of conductivity degradation for single crystal and
polycrystalline 10Sc1YSZ samples is probably associ-
ated with the fact that, in addition to the effect of
4  No. 6  2018
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Fig. 6. Time dependences of the specific bulk conductivity
of 10Sc1YSZ membranes exposed at 850°С for 3000 h in
air: (1) single crystal, (2) polycrystal.
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Fig. 7. Raman spectra of 10Sc1YSZ samples after life tests:
(1) single crystal, (2) polycrystal.
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changes in the bulk conductivity, the degradation of
ceramic material is determined also by the changes in
the grain boundary component of conductivity, i.e., by
the processes at grain boundaries.

The XRD studies of the phase composition of sin-
gle crystal and ceramic 10Sc1YSZ samples subjected
to life tests have shown that the phase composition of
samples remains unchanged and both materials retain
the cubic structure of f luorite. But the Raman
method, being more sensitive with respect to phase
composition variations, in particular, to the changes in
the oxygen position in the structure of materials,
revealed that the structure of single crystal and
ceramic samples changed differently during the life
tests. Figure 7 shows the Raman spectra for single
crystal and ceramic 10Sc1YSZ materials after life tests.
In the single crystal, the Raman spectrum approaches
the spectrum of a tetragonal single crystal [10], which
is indicated by the shift of the 616 cm–1 band to
626 cm–1 and the increase in intensity of band at
252 cm–1, which suggests that oxygen atoms in the
anionic sublattice shift further along the C axis. The
structure of the t′′ phase shifts towards the higher
degree of tetragonality. For the ceramic materials, the
changes in the Raman spectrum after the life tests can
be attributed to the appearance of a rhombohedral
phase in addition to the original cubic phase. Thus,
after the life tests, in the Raman spectrum of the
ceramic material, the band at 616 cm–1 shifted slightly
to 612 cm–1; moreover, the broadening of this band in
the region of 520–590 cm–1 occurred. In addition, a
band at 312 cm–1 appeared which is typical of the
rhombohedral phase [11] and was absent in the initial
Raman spectrum of the ceramic sample before life
tests.

Thus, it can be assumed that in the ceramic
10Sc1YSZ material, various structural changes occur
in the material bulk and along grain boundaries. In
RUSSIAN JOURNA
grain’s bulk, the changes that occur during life tests are
similar to those observed in the structure of the
10Sc1YSZ single crystal. Namely, as a result of order-
ing of vacancies and the changes in the environment of
cations of zirconium, scandium, and yttrium, the shift
of oxygen atoms within anionic sublattice along C axis
occurs which correlates with the ionic radii of these
cations. Apparently, at grain boundaries, the concen-
tration of stabilizing oxides is observed to increase
both after the synthesis because of the nonuniform
distribution of solid solution components and at ele-
vated temperatures of life tests as a result of diffusion
of cations of stabilizing oxides. The increase in the
overall concentration of stabilizing oxides may result
in a partial transition of the original t′′ phase to the
rhombohendral phase [2, 9–11].

By comparing the information on how the electro-
transport characteristics of single-crystal and ceramic
10Sc1YSZ materials change during the life tests with
the data on the changes in the phase composition of
these samples before and after the tests it is possible to
associate the degradation of electrotransport charac-
teristics with the transition of the material bulk struc-
ture from t′′ phase to the more tetragonal phase as a
result of the shift of oxygen atoms along the c axis. In
the ceramic material, this is also associated with the
appearance of a rhombohedral phase presumably
along grain boundaries.

The different rates of conductivity degradation in
single-crystal and ceramic samples may be associated
with the fact that the transition of the material bulk
structure from t′′ phase to a phase with the higher
degree of tetragonality is a long-term process as com-
pared with the changes that occur at grain boundaries.
Thus, in the first stage of degradation, the key role is
played by the processes at grain boundaries caused by
nonuniformity of distribution of solid solution com-
ponents or, probably, due to the presence of foreign
admixtures.
L OF ELECTROCHEMISTRY  Vol. 54  No. 6  2018
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CONCLUSIONS
The structure and electrophysical characteristics of

the 10Sc1YSZ solid solution that exhibits the highest
oxygen-ion conductivity among materials based on
zirconia codoped with scandia and yttria are com-
pared for single-crystal and ceramic samples. It is
shown that before life tests, the specific conductivity
of single-crystal and ceramic 10Sc1YSZ samples is
virtually the same. During 300 h life tests, the specific
ionic conductivity decreases for both single crystal and
ceramic samples down to ca. 0.1 S cm–1, but the deg-
radation rates of these materials are different. The
conductivity of single crystal degrades much more
slowly as compared with ceramic material. It is shown
that during long-term thermal treatment, the oxygen
atoms in the anionic sublattice shift along the C axis.
This transforms the original t′′-phase structure to the
more tetragonal structure. In addition, in the ceramic
material after life tests, the rhombohedral phase
appears presumably along grain boundaries. The dif-
ferent rates of conductivity degradation in single crys-
tal and ceramic samples may be associated with the
fact that the transition of the t′′ phase structure to a
phase with the higher degree of tetragonality is the
slower process than the changes that occur along grain
boundaries and are associated with the rhombohedral
phase appearance.
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