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1. Introduction

Ceria-based materials have received an increasing at-
tention in recent years due to their potential (unfortu-
nately limited) of the applications as electrolyte and
electrodes in the high temperature electrochemical de-
vices, especially in the solid oxide fuel cells (SOFC)
(e.g. [1]). Moreover, doped ceria is a suitable material
for the fundamental studies, since it enables the low
dopant compositions to be studied in order to ascertain
the basic defects involved and their interactions (e.g.
[2]). The addition of substitutional heterovalent ions,
e.g. Y37, produces a large concentration of oxygen va-
cancies that is responsible for the ionic conductivity of
this material.

However, these materials are known to be reduced
and produce an electronic conductivity. In a fuel cell
ceria-based materials are exposed to a reducing envi-
ronment on the fuel side. This fact generates free elec-
trons in the material and can lower the efficiency of en-
ergy conversion (e.g. [3]). Moreover, the high melting
temperatures of ceria - based materials result in some
problems at their synthesis [4]. These problems can be
overcome using the skull melting technique. But the
high melting temperatures and the cooling rate at this
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method lead very often to the oxygen nonstoichiome-
try. Therefore the investigation of lattice defects related
to the stoichiometry changes in these materials is sci-
entifically and technologically interesting.

From this point of view, the heavily doped ceria by
yttria grown by the directional crystallization and ex-
hibiting ionic conduction due to the formation of oxy-
gen ion vacancies formed by doping, is the object of
investigation in the present paper.

2. Experimental

2.1. Preparation of samples

The investigated crystals of CeO; + y.Y,03 (y =
0, 13,15, 19,26 mol%) were prepared by the skull
technique. The temperature of melting was 2770-
3070 K. The growth rate of crystals was 10 mm/h. The
cooling rate of grown crystals was high:

— from the temperature of crystallization down to
1270-500 K/min and

— from 1270 K down to the room temperature
—40 K/min.

As—grown crystals were completely black, which
indicates the oxygen nonstoichiometry, with the
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exception of CeO, + 15 mol% Y,03; (metallic-silver
colouration) and partially also CeO, 4+ 13 mol% Y,Os.
The length and the diameter of grown crystals were
found to be 10-12 mm and 2-5 mm, respectively.

2.2. Lattice parameter

The unit cell parameters a of the cubic fluorite CeO,+
y.Y203 phases were determined by X-ray powder
diffractometry using an automatic URD-6 diffractome-
ter with the Bragg-Brentano semifocusing arrangement
and CuK,, (A = 0.154178 nm) radiation with the crys-
talline samples grind to powders. The lattice parameters
were calculated by means of (111), (200), (220), (311)
and (331) diffraction lines and the programme of M. S.
Nachmanson [5].

2.3. Thermoanalytical investigation

The differential thermal (DTA) and thermo-gravimetric
(TG) analyses have been performed by means of the
high-temperature analyzer of Setaram (DTA 2000 K)
in the temperature range of 290-1270 K in air under
the following conditions: the heating and cooling rates
5 K/min, the platinum crucible, the reference material
quenched Al,O3; powder, samples weight 100 mg.

2.4. Electrical conductivity

ac conductivity measurements were performed by an
impedance technique in air. A Solartron SI 1260
impedance/gain phase analyzer interfaced to a com-
puter and run through a Lab-view program was used.
The impedance measurements were made in the fre-
quency range 10 Hz — 1 MHz and at temperatures
~450-820 K. The results of measurement were anal-
ysed according to the method of electrical equivalent
circuit.

2.5. Vickers microhardness

Measurements were performed in air at room temper-
ature by means of Hanneman (Vickers) microhardness
tester along with a Zeiss-Neophot 32 microscope. Sam-
ple indentations were made with three loads —0.65,
0.87 and 1.1 N. The heating of samples was performed
in air from the room temperature up to 670 K.

3. Results and discussion
3.1. Structural characterization
The undoped stoichiometric CeO; has the cubic fluorite
(CaF;) structure with the space group Fm3m over the
whole temperature range from room temperature up
to the melting point. The determined lattice parameter
a = 0.54105 £+ 0.00005 nm is in a good agreement
with the reported value, a = 0.541134 nm, e.g. [6].
The ceria structure is known to tolerate a considerable
reduction without any phase change, especially at the
elevated temperatures. Such CeO,_y is black coloured
when is nonstoichiometric.

Rare earth oxides are high soluble in ceria, about
40% or more [7]. In general, the solubilities of rare
earth oxides as well as the change in the lattice pa-
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TABLE I Lattice parameter a of CeO; crystals doped with high con-
centrations of Y203 (y = 0 — 26 mol%)

y (mol% Y,03) a(nm)

0 0.54105 £ 0.00005
13 0.54036 £ 0.00006
15 0.54121 £ 0.00006
19 0.54295 £+ 0.00006
26 0.54234 £+ 0.00006

rameter can be qualitatively explained by the size of
cations. The ionic radii of Ce** and Y3+ are reported
as rcea+ = 0.0970 nm, rcez+ = 0.1143 nm and
rys+ = 0.1019 nm, respectively [8]. Additives with
the ionic radii close to that of cerium cation, in our case
Y3+, are very soluble. A large solubility results in a
great number of oxygen vacancies in the fluorite lattice.
The cubic fluorite structure of the yttria-doped ceria is
maintained with the slight changes in the lattice param-
eters depending on the composition. In agreement with
the atomistic simulation calculations based on the en-
ergy minimization techniques [9], Y,O3—doped CeO,
shows a negligible change in the lattice parameter also
at the high defect concentrations as it can be seen in
Table I.

3.2. Oxygen nonstoichiometry and related
lattice defects

The high temperature of melting and the high cooling
rate cause the quenching of a high-temperature state.
The degree of this quenching depends on the relation-
ship between the cooling rate and the oxygen diffusion
rate (e.g. [4]). The exchange of oxygen with the at-
mosphere during the cooling from the temperature of
crystallization is interrupted sooner than the tempera-
ture reaches its room value. This results in the oxygen
nonstoichiometry, the black colour of as-grown crys-
tals and the related lattice defects. The heating of as -
grown black crystals in air, according to the thermo-
analysis data, results in the oxidation process in the
crystals. When the oxygen mobility (or maybe the de-
gree of metastability) is very high, the oxidation pro-
cess begins from the surface of crystal already during
the process of cooling of the crystallized melt. As an
example, the thermal effects taking place during the
heating and registered on DTA, TG and DTG curves
for undoped ceria are shown in Fig. 1. The oxida-
tion process causes the exothermal peak at the coincid-
ing temperature simultaneously on the DTA and DTG
curves as well as the increase of weight on the TG
curve. Such peaks were absent at the heating in an in-
ert gas medium, therefore these peaks can be attributed
to the oxidation process. The temperature and the rate
of heating as well as the volume of the crystalline sam-
ples were chosen in such way that the oxidation process
will be complete. The control of this completion was
performed by the repeated heating of the same sam-
ple. When the above mentioned peak on the DTA curve
was now absent and the weight of sample was main-
tained, it is possible to say that the oxidation process
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Figure 1 Thermal analysis for undoped CeO,_y.

was complete and the sample reached its equilibrium
state. The calculation according to the TG data allows
us to estimate the degree of oxygen nonstoichiometry
of the as—grown crystals (i.e. x in the CeO,_x — Y03
formulas). The oxidation peaks were found to be ex-
tremely broad, with the width depending on the heat-
ing rate of crystal. The starting oxidation temperature
was the same, 370400 K, for all investigated crys-
tals. The colour was changed to a metallic-silver one
upon the oxidation at higher temperatures and the crys-
tals were not transparent. CeO,_x —15 mol% Y,03
crystals are oxidized (Ax = 0) already at room tem-
perature during the cooling of the crystallized melt
and its decomposition into the separate single crystals.
The similar behaviour was possible to observe also at
CeOy_x —13 mol% Y,03 (Ax = 0.02) crystals. The
oxidation process in the crystal doped with 15 mol%
Y,03 is activated by its decomposition, accompanied
with the whitening (metallic-silver colouration) of crys-
tals and their warming up to the temperatures of 330—
350 K. The results obtained using the thermal anal-

yses for all investigated crystals are shown in the
Table II.

The oxygen nonstoichiometry is connected with the
oxygen deficiency, which can appear at high temper-
atures or at low oxygen partial pressures poz. In gen-
eral, the oxygen deficiency in the crystal grown in air is
small. The removal of oxygen Og creates the electrons
e’ as well as the oxygen vacancies V; in the lattice via
equilibrium according to the well-known Kroger-Vink
notation:

1
0 < 302(8) + V5 +2¢ (1)

It means that the oxygen is exchanged with the envi-
ronment and thus the oxygen must be able to diffuse
through the lattice from the bulk toward the surface
and vice versa.

The transfer of oxygen between the crystal and the
atmosphere can be described by the quasi-chemical re-
actions [10]:

« « 1 _[ux] L12
O} < Vi + Eoz(g) Ky =[Vy]ph
Vi <> Vg + & Ky = [Vollel/ [vs] @
Vo <— Vg +¢é K5 =|V§lle’l/ [V

where O is the oxygen atom in the anion site. These
reactions can be used for the estimation of defect con-
centrations (e.g. [11]). The direct information about the
density of electronic carriers and whether it is indepen-
dent on the temperature for the constant degree of non-
stoichiometry is possible to obtain by the simultaneous
measurements of Seebeck coefficient and the electrical
conductivity in the high temperature region [12].

In the case of ceria, the oxygen nonstoichiometry
can be still influenced by the known property of Ce to
reduce its valency state Ce*t — Ce’* according to the
reactions [13, 14]:

1
2Cece + 0% — 2Cec, + V5 +5028) ()
or
1
Cece + 0% = Cege + Vo + 502(8). ()

where V(, is a F-center (the electron generated by re-
duction and trapped at the oxygen vacancy).

TABLE II Thermoanalysis data of undoped ceria and yttria-doped ceria marerials

Heating in air

DTA, TG
Colour of

Concentration of Y,03 Colour of Start Ce0,-Y,03
in Ce03-Y,03 Ce02-Y,03 oxidation CeOy- Y203 crystal after
crystal mol% as-grown crystal Temperature (K) temperature (K) (TG) heating in air

0 black 1270 330 CeOy 82 metallic-silver
13 black 1270 370 CeOj.08-Y,03 metallic-silver
15 metallic-silver 1270
19 black 1270 400 CeO1.90-Y203 metallic -silver
26 black 1270 400 CeO; 83-Y,03 metallic-silver
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Figure 2 Arrhenius plots of electrical conductivity o for reduced ceria
single crystals doped with various amounts of Y,O3. As-grown crystals:
(M) 0mol%, (A) 13 mol%, (e) 15 mol%, (¥) 19 mol% and (#) 26 mol%;
thermal-treated crystals: ((J) 0 mol%, (A) 13 mol%, (0) 15 mol%, (V)
19 mol% and (¢) 26 mol% measured in air.

3.3. Oxygen nonstoichiometry and charge
transport

The electrical conductivity of undoped ceria has a
mixed, n-type and oxygen ion, character [15]. The in-
vestigation of total electrical conductivity of undoped
reduced ceria CeO,_ carried out on the single crystals
is presented in Fig. 2. The charge carriers in CeO,_
are proposed and in general accepted (e.g. [12, 16])
to be small polarons formed by localization of elec-
trons at cerium sites and the charge transport is pro-
posed to occur by hopping mechanism. Whereas the
ionic conductivity is always much lower than the elec-
tronic one in undoped reduced ceria, the situation is
quite different in ceria doped with the oxides of two- or
three-valent metals due to the introduction of oxygen
vacancies.

As it is known, the doped ceria behaves as a predom-
inantly ionic conductor under the oxidizing/low tem-
perature conditions. The conductivity takes place by
the motion of oxygen ions in the anionic sublattice. Its
value is fixed by the concentration of oxygen vacancies
which are created in the material when the aliovalent
Y3+ jons are added into the CeO, matrix. This reaction
can be written according to the Kroger-Vink notation:

Y205 % 2Y,, 430} + V§ )

The concentration of oxygen vacancies V{j is then
dependent only on the dopant oxide content.

The conductivity behaviour for trivalent doping, in
our case Y>*, is attributed to the presence of (YVo)'
pair and isolated Y’[2] in the low concentration range
and (Y, V() defects with a Y-Y pair in the (100) con-
figuration at high dopant concentration [17].

The structure of conductivity Arrhenius plots of non-
stoichiometric ceria heavily doped with yttria (13, 15,
19 and 26 mol%) strongly depends on the deviation
from stoichiometry, as it is possible to see in Fig. 2.
The samples with the small deviation (Ax = 0, 0.02)
(Table I) don’t exhibit a significant change of slope
over the whole investigated temperature range. On
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Figure 3 Microhardness H as a function of Y,03 concentration y for
reduced CeO,_, (e) and stoichiometric (o) crystals.

the contrary, the samples with the larger deviation
(Ax = 0.10,0.07), show a strong jog in the slope
at the intermediate temperatures. The temperature of
this jog varies with the composition. The thermal treat-
ment of samples during the conductivity measurements
removes these jogs (Fig. 2) probably due to the or-
dering of vacancies after the attainment of stoichiom-
etry and then, the role played by the dislocations in
the crystalline growth and the corresponding stress
relaxation phenomena are well known (e. g. [18]).
The low-temperature phase is a complex phase formed
by the vacancy ordering, while the high-temperature
phase is a fluorite structure with the disordered vacan-
cies. The activation energy E, ~ 1.1 eV for the crys-
tals doped with two highest used yttria concentrations
and having the higher deviations from the stoichiom-
etry seems to be independent on the deviation from
stoichiometry [19], whereas the crystals oxidized al-
ready at room temperature (Ax = 0, 15 mol%) and/or
with the lower deviation from stoichiometry (Ax =
0.02, 13 mol%) have a lower activation energy, E, =
0.82 —1.02 eV.

The decrease of electrical conductivity at the high-
est used dopant concentration (26 mol% Y,03) in the
high-temperature range (Fig. 2) can be attributed to the
formation of associations between the dopants and the
oxygen vacancies and/or ordering of oxygen vacancies.
The increase of electrical conductivity after the thermal
treatment during the conductivity measurement in the
case of samples with the smaller deviations from the
stoichiometry (Ax = 0, 0.02) is not clear at the present.

As it was possible to see in this paper, the behaviour
of reduced heavily doped ceria samples is influenced by
the simultaneous effect of several factors. First of all,
it strongly depends on the amount of nonstoichiom-
etry. The deviation from stoichiometry in doped ceria
arises from the formation of vacancies and possibly also
from the simultaneous reduction of part of cerium ions
into the trivalent state. Moreover, each of these sam-
ples has the different deviation from the stoichiometry.
And then, the investigated samples contain the differ-
ent concentrations of yttria. Therefore it is difficult to
make any unambiguous conclusion about the influence
of the separate factors.



3.4. Oxygen nonstoichiometry
and microhardness

The influence of oxygen nonstoichiometry on the Vick-
ers microhardness H was studied for the “as-grown”
crystals as well as for the crystals thermally treated by
the similar way as it was done during the conductivity
measurements. The results obtained show that the mi-
crohardness H as a function of yttria amount increases
in both investigated cases. This is in agreement with the
increase of resistance against the dislocation motion in
the glide plane due to the elastic interactions between
the moving dislocations and the tetragonal stress field
around the vacancy —Y3* ion complexes of various de-
grees or aggregates. The magnitude of this resistance
depends on the kind of used impurity and on the ther-
mal treatment of crystals [20]. It was very difficult to
measure the microhardness H of investigated samples
(especially the sample with 13 mol% Y,03) due to the
impossibility to prepare a better quality of their sur-
face area. However, in any case, the microhardness H
of reduced crystals was found to be higher compared to
that of the stoichiometric ones (Fig. 3). Possible expla-
nation of this supplementary hardness of nonstoichio-
metric crystalline samples might be the deformation
of crystal lattice due to the removal of oxygen atoms
during the melting process. The similar qualitative be-
haviour of microhardness H between the reduced and
the stoichiometric samples was found to be also for the
reduced YSZ [21].

4. Summary

The main results obtained in the investigation of the
oxygen nonstoichiometry and the related lattice defects
in the reduced ceria crystals doped with the high con-
centration of yttria and grown by the directional crys-
tallization are as follows:

— the fluorite structure is maintained with slight
changes in the lattice parameters.

— the deviation from stoichiometry Ax, the black
colour of as-grown crystals and the related lattice de-
fects arises as a consequence of the relationship be-
tween the cooling rate and the oxygen diffusion rate
at the exchange of oxygen with atmosphere during the
cooling from the temperature of crystallization. Heating
of such reduced crystals in air results in the oxidation
process in the crystals. The oxygen nonstoichiometry
x in CeO,_x was estimated by the thermogravimetric
(TG) analysis.

— the structure of Arrhenius conductivity plots is
influenced by the simultaneous effect of several fac-
tors. First of all, the strong influence of oxygen nonsto-
ichiometry can be observed. On the contrary to the crys-
tals with the small nonstoichiometry (Ax = 0.02), the
crystals with the larger nonstoichiometry (Ax = 0.07,
0.10) exhibit a strong jog on their conductivity plots.
The thermal treatment of reduced crystals during the
conductivity measurements removes these jogs due to
the ordering of vacancies after the attainment of stoi-
chiometry. The investigated ceria crystals contain the
different values of yttria concentration and moreover,

each of crystals has different deviation from the sto-
ichiometry. Therefore, it is difficult to make any un-
ambiguous conclusion about the influence of separate
factors.

— The microhardness H as a function of yttria
amount in ceria in both the as-grown (reduced) crys-
tals as well as in the thermal-treated (stoichiometric)
ones, increases. However, the microhardness H of the
reduced crystals is increased in comparison with that
of the stoichiometric crystals, probably due to the de-
formation of crystal lattice after the removal of oxygen
atoms during the melting process.
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