ISSN 1023-1935, Russian Journal of Electrochemistry, 2022, Vol. 58, No. 2, pp. 105—113. © Pleiades Publishing, Ltd., 2022.
Russian Text © The Author(s), 2022, published in Elektrokhimiya, 2022, Vol. 58, No. 2, pp. 66—75.

Structure and Transport Characteristics of Single-Crystal
and Ceramic ZrO,—Y,0; Solid Electrolytes'

E. E. Lomonova“, D. A. Agarkov* <, M. A. Borik’, G. M. Korableva?®, A. V. Kulebyakin“, 1. E. Kuritsyna?®,
M. N. Mayakova“, F. O. Milovich* 4, V. A. Myzina?, N. Yu. Tabachkova® % *, and E. I. Chernov*

¢ Prokhorov General Physics Institute, Russian Academy of Sciences, Moscow, Russia
b Institute of Solid-State Physics, Russian Academy of Sciences, Chernogolovka, Moscow oblast, Russia
¢ Moscow Physicotechnical Institute, Dolgoprudnyi, Moscow oblast, Russia
4 National Research Technological University M1SiS, Moscow, Russia
¢ Research and Production Enterprise EKON, Obninsk, Kaluzhskaya oblast, Russia
*e-mail: ntabachkova@gmail.com
Received November 20, 2020; revised August 21, 2021; accepted August 31, 2021

Abstract—Directionally solidified single crystals of (ZrO,); _ ,(Y,03), solid solutions (x = 0.08—0.12) are
grown. The effect of the concentration of the stabilizing yttrium oxide on the transport characteristics of the
ZrO,-based single-crystal solid solutions is studied. In the studied composition range, it is the
(Zr0y)( 91(Y>03)q o9 crystal that has the maximal electrical conductivity. This crystal was milled, the resulting
powder was used as a starting material for the manufacturing of ceramic samples by slip casting onto a moving
substrate. The grains of the ceramic samples are sized 10—30 wm; the material density is 5.86 g/cm?. A com-
parative analysis of the structure and electrophysical properties of ceramic and single-crystal samples of the
(Zr0,) 91(Y,03) g9 solid electrolytes is carried out. The described method of the ceramic sample preparation
is shown not leading to changes in their phase composition and crystal structure. The ionic conductivity of
the single crystals and ceramics in the 973—1173 K temperature range were close to each other; at a tempera-
ture of 1173 K, their conductivity values are 0.076 and 0.065 S/cm, respectively.
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INTRODUCTION

Zirconia-based materials are solid electrolytes;
they are widely used in oxygen sensors for different
media, oxygen pumps, and solid oxide fuel cells [1—-6].
The demands placed on the materials are: high ionic
conductivity and stability of characteristics at the
operational temperatures, in conjunction with chemi-
cal inertness both in oxidative and reductive atmo-
spheres. The manufacturing technology of the materi-
als must provide for the possibility of obtaining
mechanically strong and dense membranes of small
thickness and large surface area, as well as shaped
objects. Most commonly, such devices are based on
polycrystalline materials. The ceramic technology
practically is not constrained in the manufacturing of
differently shaped and sized objects. It is well known,
however, that the conductivity of the zirconia-based
ceramic solid electrolytes may differ significantly
depending on their manufacturing methods [7—24].

! Published based on the materials of the VII All-Russian Confer-
ence with International Participation “Fuel Cells and Power
Plants Based on Them”, Chernogolovka, 2020.
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The reason thereof may be difference in the material’s
microstructure, impurity content, and thermal pre-
history connected with the method of its preparation.

The microstructure dependence of the conductiv-
ity is caused by a difference in the properties of the
grain bulk and intergrain space (the intergrain bound-
aries) [7—14, 18—45], as well as their ratio in the mate-
rial’s structure. In addition, materials can contain
pores and impurity-dopants favoring their better sin-
tering. In Zr,4,Ca 60, g4, the conductivity increased
with the decreasing of the grain size at temperatures
below 800°C [16]. However, the transition of the
Zr0O,-based solid electrolytes to the nanosized grain
structure has not always increased the conductivity
unambiguously. For instance, ZrO,—Y,0;-samples
with grains sized ~40 nm did not demonstrate any
increase in their conductivity as compared with
microcrystalline samples of similar composition [44].
Studies of the conductivity of micro- and nanostruc-
tured ZrO,—Y,0; ceramics showed the conductivity of
the grain boundaries to be by 2—3 orders of magnitude
less than the conductivity of the crystal grain bulk
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[24—33, 38—40]. Correspondingly, the activation
energy of the grain-boundary conductivity is ~1.0—
1.2 eV, that is, higher than that of the grain conductiv-
ity (0.84—0.93 eV) [39, 40, 43].

The presence of impurities in the starting materials
also affects the solid electrolyte transport characteris-
tics. For example, the silica impurity decreased the
zirconia intergrain conductivity significantly [24, 38,
40—43]. The addition of as small as 0.2 wt % of silica
resulted in the decrease of the ZrO,—Y,0; intergrain
conductivity by a factor of 15 [43]. The addition of
small amount of Al,O; increased the ZrO,—Y,0;
intergrain conductivity, however, it can decrease the
grain bulk conductivity [45].

The high intergrain conductivity in the low-impu-
rity ceramics can be explained by the presence of space
charge and the lowering of the oxygen-vacancy and
defect concentration at the grain boundaries [4, 24,
39, 40, 46—50].

At higher temperatures, the intercrystalline-
boundary resistance differs but slightly from the grain
bulk resistance; however, in the low-temperature
region the difference becomes being significant.
Therefore, the effect of the grain boundaries on the
electrolyte ionic conductivity is of particular impor-
tance in the low-temperature applications.

Thus, the grain boundaries conductivity can be
affected by the presence of impurities, the difference
in the concentrations of the added impurities in grains
and grain boundaries, the second phase segregation,
the presence of space charge and microfissures, as well
as combination of all these factors.

The zirconia-based materials can be also prepared
by the melt crystallization in a cold crucible [17, 51,
52]. Unlike the ceramics, the single-crystal conductiv-
ity depends but on the melt initial composition and the
crystallization conditions. The advantages of the
method are: good processibility, rapid synthesis of
solid solutions in the melt from the initial oxides, and
the equipment allowing to obtain few hundred kilos of
single crystals in a single technological cycle for 24 h.
During the melting, a polycrystalline protective film is
formed at walls and bottom of a split water-cooling
tubular copper container. The film prevents the con-
tact of the melt with the tubes; its composition is the
same as that of the melt. Therefore, the single crystal
nucleation is heterogeneous and multicentric. The
design of the cold container does not provide for any
special tools restricting the number of the grooving
crystals (like those used in hot crucibles). The crystal-
lization process produced an ingot comprised of
columnar single crystals whose number and size
depend on numerous parameters (the initial melt
composition, the building and crystallization regime,
etc.). The melting high temperatures (~3000°C) favor
the melt purification from volatile impurities; the
presence of the protective film favors its high purity
because the melt is not contaminated by the material
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of the “crucible.” In addition, in the course of the
directional crystallization the crystals are purified
from impurities, such as oxides of silicon, aluminum,
titanium, tungsten, molybdenum, etc., which are
pushed toward the melt’s upper part [17, 51, 52]. How-
ever, the using of single-crystal materials as solid elec-
trolytes in electrochemical devices is limited by the
complicated forms of the sensors and large size of elec-
trolytical membranes. Although the problem can be
solved in principle, yet, nowadays the mechanical pro-
cessing of single crystals is rather expensive, and this
restricts their application significantly.

In this work, we aimed at the determining of the
effect of the stabilizing oxide (Y,0;) concentration on
the transport characteristics of the ZrO,-based single-
crystal solid solutions. Other goals are: the preparation
of ceramic solid electrolytes by using a powder
obtained from the molten material as a source mate-
rial; the comparative analysis of structure and electro-
physical properties of single-crystal and ceramic sam-
ples of the solid electrolytes.

EXPERIMENTAL

The (ZrO,), _ (Y,05), (x = 0.08—0.12) solid-solu-
tion single crystals were synthesized by directional
crystallization of a melt in cold container. The parent
stock were ultra-high purity grade oxides (assay no less
than 99.96 wt %). The initial zirconium and yttrium
oxides were mixed mechanically, charged into water-
cooled tubular container, and melted by using direct
microwave heating. The power generator frequency
was 5.28 MHz; the power, 60 kW. Zirconium metal
was used in the starting melting. The melt crystalliza-
tion in the cold container produced an ingot compris-
ing separate single crystals.

Some part of the crystals was crushed, the obtained
powder was used as a parent stock in the manufactur-
ing of ceramic samples. The crushing was carried out
in a barrel lined with stabilized zirconia; the grinding
bodies were made of the same material. To prepare the
ceramics, we used the powder of particles sized 40 um
with specific surface area about 8000 cm?/g. The
ceramic samples were obtained by slip casting onto a
moving substrate, by using an original setup manufac-
tured at the EKON Enterprise. From the obtained
film, raw parts of preset dimensions were cut off. The
raw parts were annealed in air at a temperature of
1680°C for 2 h.

The ceramic and single-crystal sample phase com-
position was analyzed by X-ray diffraction analysis at
a Bruker D8 diffractometer with CuK,-radiation, as
well as Raman spectroscopy, by using a laser with the
wavelength of 633 nm as an excitation source. The
density was determined by hydrostatic weighing using
a Sartorius instrument. The samples’ microstructure
was studied with a JEOL 5910 LV scanning electron

No.2 2022



STRUCTURE AND TRANSPORT CHARACTERISTICS OF SINGLE-CRYSTAL

107

Table 1. Phase composition and crystal structure parameters of ZrO,—Y,0; crystals

Phase composition*
Sample Space group of symmetry Lattice parameters, A
crystals powders

8YSZ c c Fm3m a=5.138 £ 0.001
t PAa,/nmce a=3.633%+0.002

¢ =15.143 £ 0.002

9YSZ c c Fm3m a=15.141 £ 0.001
10YSZ c c Fm3m a=15.144 + 0.001
11YSZ C c Fm3m a=5.147 £ 0.001
12YSZ c c Fm3m a=15.149 = 0.001

* ¢ means the cubic modification of ZrO,; t, the tetragonal modification of ZrO,.

microscope equipped with an INCA-Energy energy-
dispersive adapter.

The ceramic and single-crystal samples’ conduc-
tivity was measured over a 300—900°C temperature
range by using a Solartron SI 1260 frequency analyzer
over a 1 Hz—5 MHz frequency range, applying an ac
signal with amplitude of 24 mV. In the measurements,
plane plate electrodes sized 7 X 7 mm? with a thickness
of 0.5 mm were used. To make current contacts, plat-
inum paste was applied to the crystals’ opposing sides;
it was burned-in in air at a temperature of 950°C for
1 h. The impedance spectra were processed using a
ZView program (ver. 2.8). The crystals’ conductivity
was calculated from the results of the processing the
impedance spectra, with taking into consideration the
samples’ geometrical dimensions.

RESULTS AND DISCUSSION

In what follows, the ZrO, single crystals grown by
the directional crystallization in cold container and
stabilized with 8, 9, 10, 11, and 12 mol % Y,0; are
denoted as 8YSZ, 9YSZ, 10YSZ, 11YSZ, and 12YSZ,
respectively. All crystals were transparent; they were
columnar, what is characteristic of zirconia crystals
obtained by the above-described method.

The crystals’ phase composition is given in Table 1.
To evaluate the crystals’ phase resistance against
mechanical action, the phase composition analysis
was carried out both at the crystals and powders pre-
pared therefrom.

All studied single crystals of the ZrO,—Y,0; solid
solutions had fluorite-type cubic structure. The
studying of the phase composition of the powders pre-
pared from the crystals showed that upon the grinding
ofthe crystals their phase composition did not change,
the sample 8YSZ being an exclusion. The powder pre-
pared from the 8YSZ crystals comprised a mixture of
the ZrO, cubic and tetragonal modifications. Thus,
the ZrO, doping with 8§ mol % Y,0; allowed stabilizing
the high-temperature cubic structure in the solid solu-
tion; however, the cubic modification in the crystals is
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nonstable and can exert a cubic-to-tetragonal phase
transition upon the mechanical action.

The crystal phase composition was also analyzed
by the Raman spectroscopy. In Fig. 1 we show the
Raman spectra of the crystals.

In the Raman spectra of the 11YSZ and 12YSZ
crystals we have lines characteristic of the cubic struc-
ture only. In the Raman spectra of the 8YSZ, 9YSZ,
and 10YSZ crystals, in addition to the cubic-phase
lines, a line at ~480 cm™!' is present, which is charac-
teristic of the tetragonal t"-phase [53—57]. This phase
has the tetragonality degree ¢/V2a = 1, yet, it is classi-
fied as the P42/nmc space group of symmetry because
of the oxygen ion shift in the anion sublattice [54].
Thus, the 8YSZ, 9YSZ, and 10YSZ crystals are
pseudocubic, they have the t"-phase structure.

In Fig. 2 we show temperature dependences of the
conductivity for the ZrO,—Y,0; crystals and
the dependence of the solid solution conductivity on
the Y,0; concentration at 1173 K.

Of'the entire set of studied compositions, the 9YSZ
crystals had the maximal conductivity over the entire
temperature range. It follows from the data given in

Intensity, a.u.

100 200 300 400 500 600 700
Wavenumber, cm™!

Fig. 1. Raman spectra of 8YSZ (1), 9YSZ (2), 10YSZ (3),
11YSZ (4), and 12YSZ (5) crystals.
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Fig. 2. Temperature dependence of conductivity (a) of 8YSZ (1), 9YSZ (2), 10YSZ (3), 11YSZ (4), and 12YSZ crystals (5) and
dependence of the solid solutions’ conductivity on the Y,03 concentration at 1173 K (b).

Fig. 2b that with the increasing of the Y,0; concentra-
tion the conductivity change is non-monotonic. With
the increasing of the Y,0; concentration from 8 to
9 mol % the conductivity increased, and a weakly pro-
nounced conductivity maximum is observed for the
9YSZ crystal. Further increasing of the Y,0; concen-
tration up to 10 mol % influenced the conductivity but
insignificantly. However, at further increase in the
Y,0; concentration the solid solution conductivity
decreased.

In the preparation of ceramic samples, we chose of
the entire set of studied compositions the crystals con-
taining 9 mol % Y,0; as the source material, because
they had the maximal conductivity.

In Fig. 3 we present microstructure of a 9YSZ
ceramic sample obtained by the slip casting onto a
moving substrate.
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Fig. 3. The microstructure of the ceramic sample 9YSZ.
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The density of the 9YSZ ceramic samples was
~5.86 g/cm?. This value equals 98% of the density of
poreless single crystals of the same composition
(~5.98 g/cm?). The grain size in the samples varied
from 10 to 30 um. The energy-dispersive analysis
detected alumina in the bulk and at grain boundaries.
In Fig. 4 we present a microphotograph-image of sep-
arate grains in the 9YSZ sample, as well as the energy-
dispersive analysis spectra in the grain bulk and at
grain boundary. While in the grain bulk the Al,O; con-
centration did not exceed 0.5 mol %, in the grain
boundaries the Al,O; concentration was significantly
larger; at some spots, it was as large as 3 mol %.

The presence of the alumina in the ceramic sam-
ples is likely to be connected with the thermal treating
of the raw parts after their slip casting, which was per-
formed in closed alumina crucibles.

The alumina effect on the transport characteristics
of the ceramic solid electrolytes was studied in works
[58—62]. Al,O; was shown to mainly accumulate at the
grain boundaries because the Al,O; solubility in ZrO,
is very low.

According to the phase analysis, the manufacturing
of the 9YSZ ceramic samples from crystals did not
change the phase composition. In Fig. 5 we give
Raman spectra of the single-crystal and polycrystal-
line 9YSZ sample. The Raman spectrum of the
ceramic sample is close to that of the single-crystal
one for the same composition. In the spectrum, the
~480 cm~! line is present, which is characteristic of the
pseudocubic structure of the t"-phase. According to
the X-ray diffraction analysis data, the lattice parame-
ter of the ceramic 9YSZ sample is less than that of the
single crystal. This fact may be connected with the
alumina building-in to the ZrO,—Y,0; solid solution.
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Fig. 4. Microphotograph of separate grains in the ceramic sample 9YSZ and the energy-dispersive analysis spectra taken in the

grain bulk and at grain boundary.

To determine the bulk, grain-boundary, and full
conductivities, we used the data derived from the
processing of the impedance spectra. The crystals’
bulk resistance (R,) was calculated in terms of the
following model equivalent electrical circuit: (R, —
CPEb)(Relectrode - CPEelectrode) at lower temperatures
(300—450°C); for the polycrystals, the bulk resistance
was calculated in terms of the following equivalent elec-
trical circuits: (R, — CPEy)(Ry, — CPEy)(Rejectroge —
CP Eelectrode) and LRb(Relectrode - CP Eelectrode) at hlgher
temperatures (450—900°C) for the crystals and poly-
crystals, where R, ..0qe 1S the resistance of the elec-
trode/electrolyte interface, CPE, . oq4e iS the constant
phase element characterizing processes at the elec-
trode interface, Ry, is the resistance of grain boundar-
ies, CPEy, is the constant phase element characteriz-
ing processes at the grain boundaries, L is the induc-
tivity of the current leads.
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Fig. 5. Raman spectra of (/) single-crystal and (2) ceramic
9YSZ samples.
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In Fig. 6 we show typical impedance spectra
obtained at a temperature of 691 K for the 9YSZ sin-
gle-crystal and ceramic samples.

The impedance spectra for the ceramic samples
consist of three parts, well-separated at lower tem-
peratures: the first high-frequency circumference
presents the bulk resistance of the zirconia ceramics,
the second circumference at moderate frequencies is
connected with the resistance of the grains’ inner
boundaries, and the loop in the low-frequency region
describes the electrode polarization resistance. In the
impedance spectra for the polycrystals we see only two
parts: a circumference in the high-frequency part of
the spectrum, which describes the crystal bulk resis-
tance, and the loop in the low-frequency region which
describes the electrode polarization resistance.

The bulk conductivity (c,,) was determined by for-
mula (1), the full conductivity (G,y,) of ceramic sam-

—15

|
_
[\

7", kQ cm

Fig. 6. Impedance spectra for (/) single-crystal and (2)
ceramic samples of 9YSZ crystal at a temperature of 691 K.
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Fig. 7. Temperature dependences of conductivity of single-crystal (/) and ceramic (2) samples (a). Temperature dependences of
the bulk (7), full (2), and grain-boundary (3) conductivities for the 9YSZ ceramic sample (b).

ples was calculated with the taking into consideration
of the full resistance that is the sum of the bulk and
grain-boundary resistances [10]:

__L
RA’
where / is the sample thickness, A4 is its surface area.

The grain-boundary conductivity (Gy) for the

ceramics was calculated by the following equation
[10]:

(1

Gy

_G 1
Cgb RgbA
where C, and Cg, is the bulk and grain-boundary
capacitances, respectively; at that, we assumed that
the grains and grain boundaries have similar dielectric

constants [59]. To calculate the G, and Cy, parameters,
for each circuit we used the following formula [61]:

(2

gb

1
C = (R™°Q), 3)

where Q is the proportionality factor, o is the exponent
denoting the phase deviation.

In Fig. 7 we give temperature dependences for the
bulk conductivity of the single-crystal and ceramic
samples and those of the bulk, grain-boundary, and
full conductivities for the ceramic sample, plotted in
the Arrhenius coordinates.

For all studied ceramic samples, the grain conduc-
tivity was much larger (by a factor of ~10%) than that of
grain boundaries at temperatures from 575 to 690 K,
which is in compliance with the difference between
the conductivities of grains and grain boundaries in
the 8YSZ ceramics reported in work [10].

Data of different works [10, 23, 24, 39, 40] show the
grain-boundary resistivity often being few orders of
magnitude larger than the bulk resistivity. The grain
boundaries in ZrO, demonstrate blocking effect with
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respect to ionic transport therethrough. The charge
carrier transfer through the grain boundaries occurs
only through intergrain contacts whose properties are
determined by the space charge layer. The blocking
effect is an inner phenomenon in itself; it occurs only
in high-purity materials. A model was suggested [40]
for defect structure of the grain boundaries in doped
Zr0,, in which a depletion in oxygen vacancies and
enrichment with dopant in the space charge layer has
been assumed. For the high-purity ZrO,-based mate-
rials, the grain-boundary resistivity was shown being
by 2—3 orders of magnitude larger than the grain bulk
resistivity because of the blocking effect of the space-
charge layer depleted in the oxygen vacancies. The
activation energy of the grain-boundary resistivity is
determined by the properties of the space-charge
layer. The blocking effect is better pronounced at
lower temperatures.

In the 9YSZ ceramic samples, the material’s full
conductivity decreased because of the increasing grain
boundary resistivity. The ceramics’ full conductivity
over the 600—700 K temperature range (1 x 1075 — 1 x
10~*S/cm) is by a factor of 1.5 lower than that of single
crystals (1.5 x 10°—1.4 x 10~* S/cm). With the
increasing of temperature, the difference in the con-
ductivity of crystals and ceramics made of molten
material decreased because of decrease in the influ-
ence of the grain boundaries on the material’s conduc-
tivity [24]. It is to be noted that in the 973—1173 K tem-
perature range the ionic conductivities in single crys-
tals and the ceramics made of molten material
approach each other. In particular, at a temperature of
1173 K the single crystal conductivity is 0.086 S/cm,
that of the ceramics is somewhat lower: 0.065 S/cm.
The decrease in the grain bulk conductivity as com-
pared with that of single crystals can be caused by the
entry of small amount of alumina into the solid solu-
tion composition. The entry of alumina was reported
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[53] to always lower the zirconia-based solid solution
conductivity. This is due to the increase in the number
of complexes of the AI** three-valent cations with oxy-
gen vacancies and decrease in the concentration of
free oxygen vacancies that are the charge carriers in
the ionic conductance. The defect-complex formation
upon the adding of Al,Oj; results in the decrease of the
bulk-conductivity activation energy. In particular, the
activation energy of the crystal and ceramics’ conduc-
tivity was practically the same over the 973—1173 K
temperature range: 0.87 eV. Over the 600—750 K tem-
perature range, the activation energy of the single
crystal conductivity was 1.07 eV; for the grain-bound-
ary conductivity, 1.24 eV.

CONCLUSIONS

Single crystals of the (ZrO,), _ (Y,0;), (x = 0.08—
0.12) solid-solutions were synthesized by directional
crystallization of a melt. The effect of the Y,0; stabi-
lizing oxide concentration on the transport character-
istics and phase composition of the ZrO,-based sin-
gle-crystal solid solutions is studied. In the studied
composition diapason, at the stabilizing oxide (Y,05)
concentration <10 mol % the crystals were shown to
have a pseudocubic t”-phase structure. At the Y,0;
concentration >10 mol %, the crystals have a cubic
fluorite-like structure. According to X-ray diffraction
analysis, the (Z10O,), 9,(Y,03) o5 crystals have unstable
phase composition; upon the mechanical action,
tetragonal phase is formed in the materials.

The (Zr0,)(¢,(Y,05)009 crystals were shown to
have the maximal conductivity. The crystals of this
composition were crushed, the obtained powder was
used as the parent stock in the manufacturing of
ceramic samples by slip casting onto a moving sub-
strate. The density of the (ZrO,);.,(Y,03)¢ 99 c€ramic
samples was 98% of the density of single crystals. The
grain size in the prepared samples varied from 10 to
30 wm. The energy-dispersive method detected the pres-
ence of alumina in the bulk and at grain boundaries.

A comparative analysis of structure and electro-
physical properties of ceramic and single-crystal sam-
ples of the (Z10O,), ¢;(Y,03).99 solid electrolytes is car-
ried out. The described method of the ceramic sam-
ples’ preparation is shown not lead to changes in the
phase composition and crystal structure of the ceram-
ics. The ionic conductivity of the single crystals and
ceramics prepared from molten material in the 973—
1173 K temperature range approached each other; at a
temperature of 1173 K, their conductivity values are
0.076 and 0.065 S/cm, respectively.
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