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Abstract
(ZrO2)1 − x − y(Y2O3)x(CeO2)y (x = 0.08–0.10; y = 0.0–0.01) solid solution crystals were grown by skull melting technique. 
The effects of  CeO2 addition on the crystal structure and high-temperature conductivity of the crystals have been investigated. 
According to X-ray absorption near-edge structure spectroscopy, it was found that Ce cations in crystals are present mainly as 
 Ce4+ ions. The study of the grown crystals by X-ray diffraction, Raman spectroscopy, and transmission electron microscopy 
showed that all the grown crystals were single-phase and had either a tetragonal t`` or cubic structure, the latter having crystals 
containing 10 mol%  Y2O3 and doped with  CeO2. Doping of the crystals with  CeO2 was accompanied by a linear increase in the 
lattice parameter. This indicates the entry of  CeO2 into the crystal lattice with the formation of a solid solution. The study of 
the ionic conductivity of crystals by impedance spectroscopy in the temperature range 400–900 °C showed that the substitution 
of  Zr4+ ions with  Ce4+ ions manifests itself in different ways and can either increase or decrease the value of high-temperature 
conductivity depending on the content of stabilizing yttrium oxide. Possible reasons for this behavior are discussed.
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Introduction

Zirconia-based solid solution systems have long been a sub-
ject of comprehensive research due to the great variety of 
their potential practical applications. These materials are 

used in the manufacture of oxygen pumps [1], electrolytic 
gas sensors [2], and as construction materials for thermal 
barriers and protective coatings. Zirconia-based materials 
are well-known solid state electrolytes [3–5] and widely 
used as electrolytic membranes in solid oxide fuel cells [6, 
7]. The high oxygen-ionic conductivity of zirconia based 
solid solutions is attributed to the heterovalent substitution 
of zirconium cations by lower-valence cations, this process 
being accompanied by the formation of oxygen vacancies 
that are required for charge compensation. The concentration 
and type of the stabilizing oxide determines the structure 
of zirconia-based solid solutions and their physicochemi-
cal properties, e.g., electrophysical, thermophysical, and 
mechanical ones.

A large number of recent studies have dealt with the 
search for materials exhibiting chemical inertia and elevated 
ionic conductivity at medium temperatures (600–800 °C) 
[8]. Decreasing the operation temperatures of solid oxide 
fuel cells while retaining their high electrical conductiv-
ity is a critical task the solution of which will allow one to 
cut down the cost, increase the service life, raise the stabil-
ity and reliability of solid oxide fuel cell components, and 
broaden the choice of potentially cheaper materials.
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One of conventional materials used for the production 
of solid state electrolytes for electrochemical devices is 
yttria-stabilized zirconia (YSZ) exhibiting a good combi-
nation of promising mechanical, chemical, and electrolytic 
properties [9]. Since recently, the interest of researchers has 
been focused on zirconia-based solid solutions stabilized 
with several oxides that allow varying the physicochemi-
cal parameters of the target materials over a wide range. It 
has been shown that the use of several stabilizing oxides, 
for example, combined doping of zirconia with scandia and 
rare-earth elements, can increase the electrical conductivity 
and stability of the transport properties of zirconia-based 
solid solutions [10–12].

Along with zirconia, great attention is paid to the study 
of ceria-based solid state electrolytes. Rare-earth element 
doped ceria exhibits high electrical conductivity, as well as 
good thermodynamic stability [13] and catalytic activity 
[14]. Of great interest are also  ZrO2–CeO2 solid solution-
based materials additionally doped with rare-earth element 
oxides [8, 15–17].

Theoretical study [18] showed that the anion migration 
energy depends on the size of the doping element cation, 
the host matrix structure, and the host material cation size, 
whereas the association energy depends on the doping cat-
ion size. The authors stressed the importance of taking into 
account the interaction between the defects, including the 
formation of agglomerates from doping cations and oxygen 
vacancies. This type of interaction can be quite strong, espe-
cially at low temperatures which can be of great importance 
for practical applications. Experimental data on zirconia-
based solid solutions stabilized with various rare-earth ele-
ment oxides confirmed the tendency of a decrease in the 
activation energy of oxygen-ionic conductivity as the ionic 
radius of the stabilizing oxide cation approaches the ionic 
radius of the host material cation [19]. It was reported [17] 
that when the  CeO2 concentration changes, the electrical 
conductivity of  ZrO2–CeO2–Y2O3 solid solutions is con-
trolled by two processes: (1) the formation of defect clusters 
which reduce the mobility of oxygen vacancies and (2) an 
increase in the bulk electrical conductivity due to an increase 
in the lattice parameter resulting in a broadening of channels 
for the free migration of oxygen vacancies. Solid oxide fuel 
cell components, e.g., electrodes and electrolytes, exhibit 
substantial deviations from the oxygen stoichiometric con-
centration depending on whether the working media is oxi-
dizing or reducing, as well as on the operation temperature 
and power consumption of the device. These parameters not 
only affect the electrical properties and phase stability of the 
material but also generate significant mechanical stresses 
due to changes in the lattice parameters caused by structural 
defects [20–22].

Earlier study of  (ZrO2)1 − x − y(Sc2O3)x(CeO2)y crystals 
showed that the introduction of even low concentrations of 

 CeO2 (0.5 – 1 mol.%) affects the structure and high-tempera-
ture electrical conductivity of  ZrO2–Sc2O3 solid solutions [23].

The aim of this work is to study the effect of ceria on 
the structure and electrical conductivity of  ZrO2–Y2O3 
solid solutions.

Materials and methods

(ZrO2)1  −  x  −  y(Y2O3)x(CeO2)y solid solution crystals 
(x = 0.08–0.10; y = 0.0–0.01) were grown by the directional 
melt crystallization technique in a cold crucible [24]. The 
melt was crystallized in a 100 mm diameter water-cooled 
copper crucible at a 10 mm/h cooling rate. The raw mate-
rials were zirconia, yttria, and ceria powders of at least 
99.99% purity. For this growth method, a thin sintered 
material layer formed between the melt and the crucible 
walls which prevented possible contact between the melt 
and the crucible metal and hence reduced the risk of melt 
contamination with extrinsic impurities. Random crystal-
lization occurred at the crucible bottom. The crystals grew 
as the crucible is moved toward the cold zone. The growing 
ingot consisted of discrete single crystals that could be eas-
ily mechanically separated.

In order to identify cerium charge state in the crystals, 
X-ray absorption experiments have been carried out on the 
BALDER beamline at 3.0 GeV storage ring of MAX IV 
Laboratory [25]. The XANES spectra were measured in 
fluorescence detection mode by a 7-element silicon drift 
detector. Continuous energy scanning was carried out at a 
rate ~ 5 s per XANES spectrum. For each sample, 25 repeats 
were examined for possible radiation damage and afterwards 
accumulated into a resulting spectrum. The reference signal 
of  Ce3+ has been measured in the same way in the cerium 
doped  Gd3(Ga,Al)5O12 single crystal. The reference  CeO2 
sample was measured in transmission mode in order to avoid 
self-absorption distortion in such a concentrated sample.

The phase composition of the crystals was studied using 
X-ray diffraction and Raman spectroscopy. For the phase 
composition study, wafers were cut from the middle section 
of the crystals perpendicular to the < 001 > direction. X-ray 
diffraction study was carried out on a Bruker D8 diffractom-
eter in CuKα radiation. For the Raman study, the excitation 
source was a 532 nm laser. The structure of the crystals 
was studied using transmission electron microscopy (TEM) 
under a JEM-2100 microscope at a 200 kV acceleration volt-
age. TEM specimens were prepared by ion beam thinning 
on a PIPS II plant. The initial wafers for thinning were cut 
from the crystals perpendicular to the < 110 > direction and 
processed to disks 3 mm in diameter and ~ 100 µm in thick-
ness. In the centers of the disks, cavities were mechanically 
produced that were Ar ion beam thinned at the final speci-
men preparation stage.
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The electrical conductivity of the zirconia-based crystals 
was studied in the 400–900 °C range with a Solartron SI 
1260 frequency analyzer in the 1 Hz–5 MHz region at a 
24 mV AC current signal. The specimens were in the form 
of 7 × 7 mm crystal wafers with a thickness of 0.5 mm. Elec-
trical contacts were produced at two opposite wafer sides 
by burning-in platinum paste at 950 °C for 1 h in air. The 
impedance spectra were processed with the ZView software 
(version 2.8). The specific electrical conductivity of the 
crystals was calculated from the data obtained by imped-
ance spectra processing with allowance for the dimensions 
of the specimens.

Results and discussion

For a study of the effect of  CeO2 doping on the proper-
ties of the crystals, one can arbitrarily divide the crys-
tals in three series, i.e.,  (ZrO2)0.92 −  y(Y2O3)0.08(CeO2)y 
(series 1),  (ZrO2)0.91 − y(Y2O3)0.09(CeO2)y (series 2), and 
 (ZrO2)0.90 − y(Y2O3)0.10(CeO2)y (series 3) (y = 0; 0.005; 0.01). 
Hereinafter, the formula  (ZrO2)1 − x − y(Y2O3)x(CeO2)y will 
be replaced for a brief notation of the  100yCe100xYSZ form, 
i.e., the compositions of series 1 crystals will be denoted 
as 8YSZ, 0.5Ce8YSZ, and 1Ce8YSZ; the compositions of 
series 2 crystals will be denoted as 9YSZ, 0.5Ce9YSZ, and 
1Ce9YSZ; and the compositions of series 3 crystals will be 
denoted as 10YSZ, 0.5Ce10YSZ, and 1Ce10YSZ.

The as-grown crystals had columnar conical shapes with 
typical dimensions of 50 mm in height and 20 mm in the 
greatest cross-section. The crystals were homogeneous and 
transparent and had an orange-red hue the intensity of which 
increased with the  CeO2 content in the chemical composition 
of the crystal. The orange-red hue of the crystals originates 
from a wide absorption band in the 400 nm region which 
is attributed to the 4f → 5d transition of the  Ce3+ ions [26].

Figure 1 shows the Ce ion  (LIII-edge XANES) XANES 
spectrum for the 1Ce10YSZ crystal. The  Ce3+ ion spectrum 
for aluminum-gallium-gadolinium garnet crystal is shown 
by way of comparison [27].

As can be seen from the data presented in Fig. 1, the 
XANES spectrum consists of two clear absorption bands 
peaking at 5731 and 5737 eV, which correspond to the  Ce4+ 
ions [28]. Furthermore, the absorption band is broadened 
in the 5728 eV region which corresponds to the  Ce3+ ions 
(marked by an arrow in the figure), indicating the presence 
of  Ce3+ ions in the crystals. Thus, the as-grown crystals con-
tain Ce in the form of both  Ce4+ and  Ce3+ ions, with the  Ce4+ 
ions being noticeably more. This result, along with available 
literary data [29–31], allows accepting hereinafter that ceria 
in the crystals is mainly present in the form of  Ce4+ ions.

According to the X-ray diffraction data, all the as-grown 
crystals were single-phase and had a fluorite-type cubic 

structure. The diffraction pattern of the 1Ce10YSZ crystal 
is shown in Fig. 2. The pattern contains the second, fourth, 
and sixth order {001} plane reflections which are allowed 
for the Fm 3 m fluorite structure. This diffraction pattern 
is typical of all the as-grown crystals.

Figure 3 shows the lattice parameter of the material as 
a function of the  Y2O3 content for different  CeO2 concen-
trations in the crystals. It can be seen from Fig. 3 that an 
increase in the  Y2O3 concentration causes a linear increase 
in the lattice parameter of the material, the  CeO2 content 
being constant.  CeO2 addition also causes a monotonic 
increase in the lattice parameter. A similar change in the 
lattice parameters was also observed in [23, 32]. This 
lattice parameter vs. concentration relationship is quite 
expectable because doping with yttria and ceria leads to 
the incorporation into the cation sub-lattice of  Ce4+ and 
 Y3+ ions which are larger than the host matrix cations. 
Noteworthy, although the ionic radius of  Y3+ (1.019 Å) 
is larger than that of  Ce4+ (0.97 Å), ceria doping makes a 
greater contribution to the growth of the lattice parameter 
as compared with yttria doping. This can be accounted 
for by the fact that unlike isovalent substitution of  Zr4+ 
by  Ce4+, heterovalent substitution of  Zr4+ by  Y3+ causes 
the formation of oxygen vacancies in the anionic sub-lat-
tice which partially compensate the growth of the lattice 
parameter. Also, according to the XANES data, some of 
the Ce cations are in the  Ce3+ state.

Raman data on the phase composition of the crystals 
are shown in Fig. 4. The spectra of the crystals containing 
8 mol.%  Y2O3 (Fig. 3a) contain bands that are typical of 
the tetragonal t`` phase [33]. This phase has a tetragonality 
degree of 1, and the oxygen ions in its lattice are shifted to 
the positions that are typical of a tetragonal structure [34, 

Fig. 1  Cerium LIII-edge XANES spectrum of 1Ce10YSZ sin-
gle crystal (red line). The reference  Ce3+ signal in cerium doped 
 Gd3(Ga,Al)5O12 is shown by black line [27], while the spectrum of 
the  CeO2 sample is given as a reference for Ce.4+ centers (blue line)
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35].  CeO2 addition to the 8YSZ crystals reduces the intensity 
of the 244  cm−1 band, suggesting a decrease in the Zr-O 
bond length, and shifts the ~ 478  cm−1 band to greater wave-
lengths. Thus, the observed evolution of the Raman spectra 

for the  (ZrO2)0.92 − y(Y2O3)0.08(CeO2)y series of crystals with 
an increase in the  CeO2 content indicates that the structure 
of the t`` phase approaches that of a high-symmetry cubic 
phase. However, even at y = 0.01, these crystals retain a 

Fig. 2  Diffraction pattern 
of specimen cut from the 
1Ce10YSZ crystal perpendicu-
lar to the < 001 > axis

Fig. 3  Lattice parameters of the 
 (ZrO2)1 − x − y(Y2O3)x(CeO2)y 
crystals
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tetragonal symmetry for the t`` phase. A similar tendency 
is observed for the  (ZrO2)0.91 − y(Y2O3)0.09(CeO2)y series of 
crystals. The spectra of all the crystals of this series also 
contain a weak but wide band at ~ 480  cm−1 that is typical 
of the t`` phase. For the third series of solid solutions, i.e., 
 (ZrO2)0.90 − y(Y2O3)0.10(CeO2)y, the band at ~ 480  cm−1 is 
only present in the spectra of the crystals not containing 
 CeO2 (10YSZ). Introduction of even 0.5 mol.%  CeO2 leads 
to a transformation of the spectrum corresponding to the 
pure cubic phase. Thus, the Raman data suggest that a high-
symmetry fluorite-type phase forms in the 0.5Ce10YSZ and 
1Ce10YSZ crystals only.

TEM studies of the structure and phase composition of 
the crystals confirmed the results obtained by Raman spec-
troscopy. The structures of the crystals pertaining to all 
the three series contained no visible defects such as inclu-
sions, dislocations, and twins. The TEM images of the 
 (ZrO2)1 − x − y(Y2O3)x(CeO2)y were typical of low-defect 
single crystals. Bright-field images of the crystals mainly 
exhibited extinction contours originating from variations 
in the thickness of the test specimens. Electron diffraction 
patterns taken along the [110] zone axis of the first and 
second series crystals, i.e.,  (ZrO2)0.92 − y(Y2O3)0.08(CeO2)y 
and  (ZrO2)0.91  −  y(Y2O3)0.09(CeO2)y, contained weak 
001 and 110 type reflections. These reflections are not 
allowed for the Fm 3 m structure but are allowed for the 
P42/mnc one. The presence of the weak 001 and 110 

type reflections may indicate a shift of the oxygen ions 
from their positions that are typical of a high-symme-
try cubic phase, leading to a decrease in the symmetry 
of the crystals. For the crystals of the third series, i.e., 
 (ZrO2)0.90 − y(Y2O3)0.10(CeO2)y, additional 001 and 110 
type reflections were only observed in the electron dif-
fraction patterns of the 10YSZ specimens. The electron 
diffraction patterns of the 0.5Ce10YSZ and 1Ce10YSZ 
crystals corresponded to the structure of a high-symme-
try cubic phase. By way of example, Fig. 5 shows the 
electron diffraction patterns and structural images of the 
1Ce8YSZ, 1Ce9YSZ, and 1Ce10YSZ crystals.

Thus, unlike the X-ray diffraction data, the Raman 
spectroscopy and transmission electron microscopy 
methods proved that the crystals of the first and the 
second series, i.e.,  (ZrO2)0.92 − y(Y2O3)0.08(CeO2)y and 
 (ZrO2)0.91  −  y(Y2O3)0.09(CeO2)y, as well as the 10YSZ 
crystal, are not cubic but have the structure of the pseudo-
cubic t`` phase in which the oxygen ions are slightly 
shifted along the C axis of the crystals. Of all the crystals 
studied herein, only the 0.5Ce10YSZ and 1Ce10YSZ have 
a fluorite-type cubic structure.

Data on the electrical conductivity of the crystals of all 
the three test series as a function of temperature are shown 
in Fig. 6 and in Table 1. It can be seen from Fig. 6 that the 
conductivity vs. temperature functions of the crystals of 
all the series are linear in Arrhenius coordinates and do not 

Fig. 4  Raman spectra of different crystal series: (a)  (ZrO2)0.92 − y(Y2O3)0.08(CeO2)y, (b)—(ZrO2)0.91 − y(Y2O3)0.09(CeO2)y, and (c)—(ZrO2)0.90 − y 
(Y2O3)0.10(CeO2)y

Fig. 5  Electron diffraction pat-
terns of the (a) 1Ce8YSZ, (b) 
1Ce9YSZ, and (c) 1Ce10YSZ 
crystals. Insets show bright-field 
TEM images of the crystals
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intersect with one another. This indicates that the electrical 
conductivity of the crystals of each series changes mono-
tonically in the entire experimental temperature range.

Figure 7 shows the 1173 K electrical conductivity of the crys-
tals as a function of  CeO2 content for a constant yttria content.

It can be seen from Fig. 7 that  CeO2 doping of the crystals 
containing 8.0 and 9.0 mol.%  Y2O3 (series 1 and 2) increased 
the high-temperature electrical conductivity of the crystals. 
On the contrary,  CeO2 doping of the crystals containing 
10.0 mol.%  Y2O3 (series 3) reduced their high-temperature 
electrical conductivity, i.e., the effect of  Zr4+ ions substitution 
by  Ce4+ ones varied depending on the content of stabilizing 
yttria. The growth of the electrical conductivity for the two 
former series of crystals can be attributed to the fact that 
the ionic radius of  Ce4+ (0.97 Å) is greater than that of  Zr4+ 
(0.84 Å) and closer to that of  Y3+ (1.019 Å). According 
to numerous studies, the electrical conductivity of solid 
solutions based on zirconium dioxide depends on the position 
of oxygen vacancies relative to  Zr4+ ions and cations of the 
stabilizing oxide [36–38]. The local structure is also affected 
by the difference in the sizes of the stabilizing oxide cation 
and the zirconium cation and the resulting lattice stresses. 

Thus, when yttrium ions are introduced into a solid solution 
based on zirconium dioxide, the resulting oxygen vacancy  
is predominantly located in the first coordination sphere of 
the zirconium cation [39]. The value of the potential barrier  
for the movement of an oxygen ion to the position of a 
vacancy upon interaction with cations that are surrounded 
by oxygen or an oxygen vacancy is given in [40]. The 
activation energy during oxygen migration through the edges 
of the  Zr4+ –  Zr4+,  Y3+ –  Zr4+, and  Y3+ –  Y3+ tetrahedra 
is 0.30, 0.85, 2.04 eV, respectively. This produces smaller 
lattice deformation, increases the lattice parameter, and 
provides for oxygen ion migration over oxygen vacancies 
[41]. Furthermore, for a smaller lattice deformation, the 
probability of oxygen vacancy localization in the vicinity 
of the trivalent  Y3+ ions is lower while the probability of 
oxygen vacancy localization in the first coordination shell 
of  Ce4+ is higher [42–44]. It is believed that this may reduce 
the probability of Coulomb interaction between the oxygen 
vacancies and the trivalent stabilizing oxide ions [45]. The 
above line of reasoning is probably also true for the third 

Fig. 6  Electrical conductivity as a function of temperature for crystals of different series: (a)  (ZrO2)0.92  −  y(Y2O3)0.08(CeO2)y, (b) 
 (ZrO2)0.91 − y(Y2O3)0.09(CeO2)y, and (c)  (ZrO2)0.90 − y(Y2O3)0.10(CeO2)y

Table 1  The values of the electrical conductivity of crystals at tem-
peratures of 973 K, 1073 K, and 1123 K

Sample Specific conductivity, S/cm

973К 1073 K 1123 K

8YSZ 0.0127 0.0324 0.0467
0.5Ce8YSZ 0.0128 0.0331 0.0488
1Ce8YSZ 0.0158 0.0400 0.0580
9YSZ 0.0158 0.0383 0.0550
0.5Ce9YSZ 0.0159 0.0412 0.0588
1Ce9YSZ 0.0172 0.0419 0.0603
10YSZ 0.0155 0.0391 0.0570
0.5Ce10YSZ 0.0146 0.0375 0.0541
1Ce10YSZ 0.0127 0.0350 0.0506 Fig. 7  1173 K electrical conductivity of the  (ZrO2)1 − x − y(Y2O3)x(CeO2)y 

crystals as a function of  CeO2 content
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series of crystals, i.e.,  (ZrO2)0.90  −  y(Y2O3)0.10(CeO2)y. 
However, in that case, the substitution of  Zr4+ ions by  Ce4+ 
ones entail a decrease in the high-temperature electrical 
conductivity of the material. There are other parameters 
that determine the electrical conductivity of a material, 
such as the crystal structure. Indeed, according to Raman 
spectroscopy and transmission electron microscopy data, 
only the 0.5Ce10YSZ and 1Ce10YSZ crystals have a fluorite-
type cubic structure, whereas all the other crystals have a 
pseudo-cubic t`` phase structure. Furthermore, an increase in 
the CeO2 concentration entails an increase in the electrical 
conductivity activation energy. For example, the electrical 
conductivity activation energies of the 10YSZ, 0.5Ce10YSZ, 
and 1Ce10YSZ crystals as calculated for the 923–1173 K 
range were 0.90, 0.93, and 0.96 eV, respectively. In our 
opinion, the observed changes in the electrical conductivity 
can be caused by the structural transformation (t`` → c) in the 
crystals. A decrease in the electrical conductivity with similar 
changes in the structure of  ZrO2–Y2O3 system crystals was 
observed earlier [46].

Conclusions

(ZrO2)1  −  x  −  y(Y2O3)x(CeO2)y solid solution crystals 
(x = 0.08–0.10; y = 0.0–0.01) were grown by the directional 
melt crystallization technique in a cold crucible. The as-
grown crystals were transparent and had an orange-red 
hue caused by the presence of  Ce3+ ions. An X-ray absorp-
tion near edge structure (XANES) study showed that the 
as-grown crystals contain ceria both in the form of  Ce4+ 
and  Ce3+ ions, with the  Ce4+ ions being noticeably more. 
According to X-ray diffraction analysis, all the crystals 
were single-phase and had a fluorite-type cubic structure. 
A linear increase in the lattice parameter of the crystals 
was observed with an increase in the  Y2O3 concentration 
and an increase in the  CeO2 concentration. This indicates 
that  CeO2 is incorporated into the lattice to form a solid 
solution. Raman spectroscopy and transmission electron 
microscopy studies of the crystalline structure of the solid 
solutions showed that only two crystals, i.e., 0.5Ce10YSZ 
and 1Ce10YSZ, had a fluorite-type cubic structure. The 
other crystals had the tetragonal t`` phase structure. We also 
showed that an increase in the  CeO2 content reduces the 
tetragonal distortion of the anion sub-lattice of the crystals 
and renders the structure of the t`` phase closer to that of a 
high-symmetry cubic phase. The study of the ionic conduc-
tivity of the crystals showed that the substitution of  Zr4+ ions 
by  Ce4+ ones exerts different effects on the material depend-
ing on the content of stabilizing ceria. For example,  CeO2 
addition to the crystals containing 8.0 and 9.0 mol.%  Y2O3 
increases the high-temperature electrical conductivity of the 
crystals, whereas  CeO2 addition to the crystals containing 

10.0 mol.%  Y2O3 reduces their electrical conductivity. For 
the doping concentration range studied, the crystals doped 
with 1 mol.%  CeO2 and containing 8 and 9 mol.%  Y2O3, i.e., 
the crystals having the t`` phase structure, had the highest 
electrical conductivity.
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