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Abstract This review is focused on the analysis of
experimental results on oxygen ion-conducting ceramic
materials based on HfO,, CeO,, and ThO,, published in
the former Soviet Union. In particular, the physico-
chemical and transport properties of fluorite-related
oxides and the characteristics of electronic conduction in
these solid electrolytes are briefly reviewed. Emphasis is
given to electrocatalytic and electrochemical properties of
cerium-containing oxides, which are promising materials
for electrodes of electrochemical cells operating in
reducing atmospheres, and mixed-conducting mem-
branes. A comparative analysis of specific features of the
solid-electrolyte ceramics based on hafnia, zirconia, ceria,
and thoria is performed in order to reveal basic tendencies
of oxygen ionic transport in fluorite-type oxides, and to
identify the potential applicability of these materials in
various high-temperature electrochemical devices.

Key words Stabilized hafnia - Doped ceria - Thoria -
Solid electrolyte - Ionic conductivity

Introduction

Oxygen ion-conducting solid electrolytes find numerous
technological applications in solid oxide fuel cells
(SOFCs), sensors of various types, high-temperature
electrolyzers, and ceramic membranes for partial
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oxidation of hydrocarbons. Each of these applications
has specific requirements in terms of materials proper-
ties. In particular, the main requirement for solid elec-
trolytes used in SOFCs and sensors is maximum oxygen
ionic conductivity and minimum electronic conduction
under typical operating conditions. On the other hand,
the ability to optimize properties of ion-conducting
materials is relatively limited, and both construction and
performance of electrochemical cells are often deter-
mined by the properties of materials available. There-
fore, the development of materials with satisfactory
properties for high-temperature electrochemical appli-
cations is an important scientific task. At the same time,
numerous results in this field obtained in the former
Soviet Union, and published mainly in Russian, are
practically unknown to Western scientists.

This work focused on studies on oxygen ion-
conducting ceramic materials based on HfO,, CeO,, and
ThO,, performed in the former USSR. Among other
goals, the authors tried to analyze the results considered
of present interest for the state-of-the-art in the field of
high-temperature electrochemistry of oxygen. Particular
emphasis was also given to list briefly a number of
articles published in less-known issues and journals, in
order to assist people looking for information on these
themes. In this review, no attempt was made to compare
the results obtained in Soviet and Western scientific
centers. Such comparison would obviously show enor-
mous coherence between such results, as any reader
familiar to the subject might conclude from the present
paper. Lastly, references to papers published in inter-
national journals included in this work were only
selected to show relationships between selected sets of
experimental results.

Hf0,-based ceramic materials

Most of the phase relationships in the oxide systems
based on hafnium dioxide are close to those found in
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Table 1 Oxygen ion transfer-

ence numbers of HfO, in dif- Atmosphere lo Ref.

gfgf;“tﬁ;ﬂoﬁlp}leé‘?oi‘;g;néﬁd 973K 1023K 1073K 1123K 1173K 1223K 1273K

centration cells O, /air 031 026 023 016 014 011 009  [9]
0, /air 0.12 - 0.100 007 006 004 003 [§]
0,/CO + CO, (10% CO) 073 0.67  0.69 061 059 043 035  [8]
0,/CO + CO, (66% CO) 0.82 - 075 - 0.60 049 8]

zirconia-based oxides, discussed in the Part I of this
review [1]; the properties of these groups of oxides are
also alike, owing to the similar electronic configuration
of zirconium and hafnium cations. However, HfO,-
based ceramics have found fewer electrochemical
applications than zirconia owing to several important
differences in the transport properties and stability of
these materials. Firstly, the oxygen ionic conductivity of
the most-conducting solid electrolytes of stabilized haf-
nia, with the fluorite-type structure, is significantly lower
than that of zirconia-based oxides. Secondly, stabilized
fluorite-type phases of hafnium dioxide, having the
highest ionic conductivity, are less stable at low
temperatures than those based on stabilized zirconia.
Another significant difference is a considerably higher
chemical stability and mechanical strength of HfO,-
based ceramics with respect to stabilized ZrO,, which
could enhance the applicability domain of these mate-
rials, but also prevents the easy synthesis and processing
of hafnia-based ceramics.

When reviewing the literature on HfO,-containing
oxides, one should mention separately a monograph [2],
which presents a large amount of data on phase
diagrams, kinetics of solid-state synthesis and properties
of these materials.

Hafnium dioxide and the systems
HfO,-MO (M = Be, Mg, Ca, Sr, Ba)

As found for zirconium dioxide, HfO, has a monoclinic
structure at low temperature; increasing the temperature
results in a transition of the monoclinic (M) phase to
tetragonal (T) and then to a cubic fluorite-type (F) phase
[2, 3]. However, the temperatures for M — T and
T — F phase transitions for hafnia are higher than those
for zirconia: the M — T transformation for HfO, takes
place at approximately 2100-2270 K, depending on
impurity content, and the cubic phase of HfO, forms
only at temperatures close to the melting point
(~2970 K). Under high pressure (40—110 kbar) and at
temperatures up to 1970 K, an orthorhombic phase can
be obtained [4]. This phase, being metastable at ordinary
conditions, decomposes rapidly when heating, even at
temperatures as low as 770 K. Thermodynamic prop-
erties of hafnium dioxide and other oxides of the binary
Hf-O system have been reported [5-7].

In oxidizing conditions, monoclinic HfO, shows
mixed oxygen ionic and p-type electronic conductivity;
the oxygen ion transference numbers in air do not exceed

0.3 at 970-1270 K (Table 1). The total electrical con-
ductivity of monoclinic HfO, decreases with reducing
oxygen partial pressure owing to decreasing p-type
conductivity, which can be approximated by [8]:

15780
oy = 35.5pg/24exp<_—) (1)

1

T

with the pre-exponential term expressed in S cm™
atm™'"/% The activation energy for hole conduction in
undoped hafnia is higher than for ionic transport [8]. As
a result, the ion transference number of HfO, increases
with decreasing oxygen pressure and temperature.
Thermal expansion coefficients (TECs) of hafnium
dioxide, determined from dilatometric [10] and high-
temperature X-ray diffraction [11, 12] data, are given in
Table 2.

The HfO, F-phase, which is the most interesting as a
solid electrolyte in the hafnia-based oxide systems, can
be stabilized to temperatures lower than the pure haf-
nium dioxide T<>F transition temperature, by addition
of rare-earth or some alkaline-earth metal oxides.

Phase diagrams and selected phase relationships in
the binary systems HfO,-MO (M = Be, Mg, Ca, Sr, Ba)
have been reported [13, 15, 16, 18-39]. Numerous
research articles presented detailed ternary phase dia-
grams like HfO,-ZrO,-MgO [16], HfO,-ZrO,-CaO [18],
HfO,-Y,03-MgO [35, 36], HfO,-Y,05-CaO [25, 26, 31—
34, 38], or separate phase relationships in these systems.
Thermodynamic properties of different hafnia-based
oxide phases, stability, and kinetics of solid-state reac-
tions involved in their synthesis were studied under
various conditions [13, 23, 40-51]. When summarizing
these results and comparing them to data on zirconia-
based ceramics [1], one can select the following specific
features:

1. In the phase diagrams with hafnia, the domains of
formation of tetragonal and cubic fluorite-type solid
solutions are shifted to higher temperatures in com-
parison to those of zirconia (Fig. 1). For a given
temperature, the concentration range of the HfO,-
based fluorite phase is, as a rule, narrower than for
the corresponding zirconia phase, and the minimum
dopant concentration necessary to stabilize the
F-phase is higher for hafnia. This results in poor
stability of the hafnia-based fluorites at temperatures
below 1600 K, in comparison with the corresponding
zirconia phases.

2. In the systems HfO,-MO, there are no stable fluorite-
type phases to be used as solid electrolytes in the
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Composition Method Average TEC values Ref.
T (K) & x 100 (K™
HfO, D 293-1073 4.31 [9]
SrHfO; D 2981473 9.9 [12]
SerO_52Zr0_4803 D 298-1473 9.95 [12]
La,Hf,0, D 293-1173 7.85 [13]
Pr,Hf,0, D 293-1173 9.13 [13]
Nd,Hf,0, D 293-1173 9.27 [13]
Sm,Hf,0, D 293-1173 10.60 [13]
Eu,Hf,0, D 293-1173 10.82 [13]
Tb,Hf,0, D 293-1173 8.50 [13]
Dy,Hf,0, D 293-1173 9.75 [13]
Ho,Hf,0, D 293-1173 9.75 [13]
Er,Hf,0, D 293-1173 9.65 [13]
Yb,Hf,0, D 293-1173 10.40 [13]
Lu,Hf,0, D 293-1173 11.80 [13]
Y,Hf,0, D 293-1173 8.72 [13]
o, % 106 (K™ a, % 108 (K™ . x 10° (K71
HfO, XRD 293-473/473-673 4.3/4.9 2.6/2.2 13.8/13.9 [11]
673-873/873-1073 6.4/6.2 1.9/1.5 14.3/17.3
1073-1473 7.1 1.0 17.2
HfO, XRD 300-1370 8.67 0.58 13.62 [10]
Hf.7Zr( 30, XRD 300-1370 8.39 0.29 12.26 [10]
Hf()_g()Mg()_l()Ol_go XRD 293-1773 7.17 - - [15]
Hfy ssMgo 150185 XRD 293-1773 6.95 - - [15]
Hf.80Mg0.2001.80 XRD 293-1773 6.79 - - [15]
EryHf304, XRD 293-1573 5.57 - 5.7 [16]
Yb,Hf30,, XRD 293-1573 591 — 5.98 [16]
LuyHf30,, XRD 293-1573 6.10 - 5.83 [16]
ScyHf304, XRD 293-1573 4.58 - 5.48 [16]
BaHfO; XRD 293-1273 7.7 — — [14]
BaHf5Y(20;-5 XRD 293-1273 8.3 - - [14]

4D is the dilatometric method; XRD is the high-temperature X-ray diffraction technique; o, o, and «. are the TECs for the a-, b-, and

c-axis of the crystal lattice, respectively
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Fig. 1 Boundaries of the cubic fluorite phase formation domain:
1 HfO,-CaO system [18]; 2 HfO,-Y,05 system [72]; 3 HfO,-Y,0;

system [76]; 4 ZrO,-CaO system [18]; 5 ZrO,-Y,0; system [150]

5.

intermediate temperature range. For example, the
fluorite solid solution Hfjg;Cag 190 g1 is thermody-
namically unstable at temperatures below 1630 K
[43]. As found for the corresponding phase diagrams
with zirconia, cubic fluorite-type solid solutions gen-
erally do not form in the systems with M = Be, Sr, Ba.

. In contrast to the fluorite phases, the thermodynamic

stability of perovskite-type hafnates MHfO; (M =
Ca, Sr, Ba) is high with respect to the perovskite-like
zirconates. Increasing ionic radius of alkaline-earth
cations leads to increasing thermodynamic stability of
the perovskite hafnates, as expected from geometrical
constraints. Phase equilibria in the ternary oxide sys-
tems with hafnia and alkaline-earth metal oxides are
determined by the perovskite phases having the
highest thermodynamic stability in these systems.
Owing to thermodynamic reasons and the high
kinetic stability of hafnium dioxide, the rate of
formation of HfO,-based fluorite solid-solutions is, as
a rule, small with respect to the equivalent zirconia
phases. Formation of the fluorite phases in the
systems HfO,-MO (M = Mg, Ca) occurs via inter-
mediate perovskite phases.

As found for monoclinic zirconia, the solid solubility
of alkaline-earth cations in the monoclinic hafnium
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dioxide is very small. For instance, the concentration
limit for magnesium and calcium cations in mono-
clinic HfO,-based solid solutions does not exceed
1 mol% [16, 18].

Comparison of the transport properties of monoclinic
hafnia ceramics containing different amounts of mag-
nesia [8, 19, 52] shows that incorporation of magnesium
cations leads to a clear but still small increase in the ionic
conductivity. As a result, ion transference numbers of
monoclinic HfO, increase with magnesia additions. The
oxygen ionic conductivity of hafnia increases drastically
when the monoclinic phase transforms to tetragonal
[52]. The cubic solid solutions HfO,-MgO, metastable at
intermediate temperatures, exhibit predominant ionic
conductivity, which is approximately independent of
composition for magnesium concentrations higher than
15 mol% [19].

One should note that the segregation of beryllium
and magnesium oxide phases in ceramics of HfO,-MO
(M = Be, Mg) systems, where no perovskite-type haf-
nates form, has little effect on the total conductivity of
the ceramic materials [19]. At the same time, segregation
of the perovskite phases in the ceramics of HfO,-MO
(M = Ca, Sr, Ba) results in a sharp decrease of the total
conductivity [19], caused by the extremely high resis-
tivity of the MHfO; perovskites. The perovskite-type
hafnates exhibit mixed oxygen-ionic and p-type electronic
conduction in air [15, 19, 25]. The values of the total
conductivity of undoped hafnates are listed in Table 3.

Phase relationships in the HfO,-Me,O;
(Me = La—Lu, Y, Sc) and HfO,-ZrO, binary
oxide systems, and related ternary systems

Phase diagrams, selected phase relationships, and the
crystal structure of separate phases were reported for the

systems HfO,-Sc,05 [17, 56-63], HfO,-Y,03 [56, 64-80],
HfO,-La,03 [56, 75, 81-88], HfO,-Ce,O5 (CeO,) [89—
92], HfO,-PrO, [56, 75, 81, 93-97], HfO,-Nd,O5 [56, 75,
79, 81, 97-100], HfO,-Sm,O3 [56, 75, 86, 96, 97, 101,
102], HfO,-Eu,03 [75, 103-105], HfO,-Gd,03 [56, 80,
86, 101, 106, 107], HfO,-Tb,05 [56, 79, 85, 101], HfO,-
Dy,05 [56, 77,79, 85, 86, 101, 120], HfO,-Ho0,05 [64, 79,
85], HfO,-Er,03 [17, 56, 63, 64, 77, 79, 85, 86, 108, 109],
HfO,-Tm,05 [62-64, 79, 85], HfO,-Yb,03 [17, 56, 62—
64, 75, 77, 79, 80, 85, 110], HfO,-Lu,03 [17, 56, 62-64,
85, 96], HfO,-ZrO, [111, 112], HfO,-Zr0,-Al,05 [113,
114], Hf02-zr02-T102 [115], HfOz-ZI’Oz-SCzO_g [116],
HfO,-Zr0O,-Y,0; [117, 118], HfO,-Pr,03-Dy,05 [95],
HfOz-Y203-A1203 [74], and HfOz-YzO:;-anO:;
(Ln = La, Er) [119, 121]. In the binary system HfO,-
ZrO, [111, 112] there are three continuous series of
hafnia-zirconia solid solutions with monoclinic, tetrag-
onal, and cubic fluorite structures. The continuous solid
solubility is also typical for the isostructural zirconia-
and hafnia-based phases in the ternary systems
containing these components [113-118]. Here, the tem-
peratures of the M — T and T — F phase transitions
increase regularly with increasing hafnium concentra-
tion, being consistent with the properties of pure zirco-
nia and hafnia phases.

Generally, the phase diagrams of hafnia with rare-
earth element (REE) oxides are similar to the phase
diagrams based on zirconium dioxide. Main features
observed in the hafnia-rich parts of these diagrams may
be summarized as follows:

1. All the phase diagrams are characterized by narrow
fields of formation of solid solutions based on
monoclinic and tetragonal HfO,. The solid solubility
of rare-earth oxides in these phases increases with
increasing temperature and with increasing REE
cation radius. For instance, the concentration range

Table 3 Total electrical con-

ductivity of some HfO,-based Composition Total conductivity in air Activation energy for the Ref.
perovskites and pyrochlores total electrical conductivity
T (K) o (S/em) T (K) Ea (eV)
CaHfO, 1173 3.8 %1077 773-1073 1.65 [19]
1273 1.3x107°
SrHfO4 973 29 %1077 773-923 1.55 [19]
1173 7.4x107° 923-1273 1.1
1273 23%x107°
BaHfO4 973 1.6 x 107¢ 773-1073 1.44 [19]
1173 1.9 %107 10731273 1.0
1273 6.4 % 107>
La,Hf,0; 973 1.6 x 1077 970-1570 1.14 [53]
973 4.4 %1077 1173-1473 1.4 [83]
1073 9.0 x 1077
1473 26x107°
Pr,Hf,0, 1073 5.4x%x107° - - [54]
1473 53 %107
Nd,Hf,0, 973 2.7%107° 773-973 1.07 [55]
1073 82x107° 973-1273 0.87
973 44 %107 - - [98]
1073 1.5%x 1073
1473 3.7 %1074




for La,O5; and Pr,O; solid solutions in tetragonal
hafnia corresponds to approximately 5-6 mol% at
1970-2270 K [81, 82, 94]. For other REE oxides,
including neodimia, the maximum solid solubility in
the tetragonal phase does not exceed 2 mol% [81,
101]. The solid solubility of REE cations in mono-
clinic hafnia is lower than for the tetragonal phase, as
expected from geometrical characteristics of these
structures. Addition of REE oxides leads to
decreasing temperatures of the M - T and T —» F
phase transformations.

. With respect to the zirconia-based phases, the tem-
peratures of all phase transformations of the hafnia-
based oxides are, as a rule, higher. As a result, full
stabilization at intermediate temperatures of the
F-phase in hafnia-containing systems requires larger
additions of REE dopants (Fig. 1). Another conse-
quence is that the most-conductive fluorite-type solid
solutions, containing a minimum amount of stabi-
lizing dopants, are less stable at low temperatures in
the case of stabilized hafnia.

. Several phases with the fluorite-derived structure, due
to cation and/or anion ordering, form in the hafnia-
rich side of the binary HfO,-Me,O; oxide systems.
Among these phases, the most important are the
pyrochlores, Me,Hf,07, and the so-called o-phases,
Me4Hf301,. As found for the zirconia-based systems,
the stability of the hafnia-containing pyrochlores
decreases with decreasing REE cation radius,
whereas the behavior of the J-phases is the opposite.
. Formation of the Me,Hf,O; pyrochlore phases is
observed for Me = La—Tb. In contrast to the fluorite-
type phases, the pyrochlore hafnates (Me,Hf,O) are
more stable than the zirconates (Me,Zr,05). In par-
ticular, an incongruent melting is characteristic for
the samarium hafnate, Sm,Hf,O5 [101, 122], whilst
samarium zirconate shows an “order-disorder” phase
transition, and transforms to fluorite at temperatures
below the melting point [122]. Analogously,
formation of the terbium hafnate is observed at
temperatures below 2270 K [101], whereas the
pyrochlore-type terbium zirconate does not form. In
the system HfO,-Y,Oj3 there is no pyrochlore phase,
but the minimum conductivity, which is observed for
the composition 2HfO,-Y,03, typical of stoichio-
metric pyrochlore phases, suggests a partial cation
ordering in this system [65, 76, 78, 122]. As found for
the pyrochlore-type zirconates, all the HfO,-based
systems are characterized by relatively wide concen-
tration ranges of solid solutions with the pyrochlore
phases. These homogeneity ranges become narrower
with increasing temperature and decreasing REE
cation radius, when the stability of the pyrochlore
phases decreases.

. Formation of the Me4Hf50;, phases is observed for
Me = Er, Tm, Yb, Lu, Sc [17, 58, 60-63, 122]. The
hexagonal Me,Hf30,, (Me = Er-Lu) forms are due
to partial cation ordering and total ordering of
oxygen vacancies in the fluorite lattice. Sc;Hf30, is
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characterized by a disordered cation sublattice and
completely ordered oxygen sublattice [17]. Increasing
temperature results in increasing disorder and,
therefore, in the 0 — F phase transition. This tran-
sition temperature increases with decreasing radius of
REE cations, reaching a maximum at ~1940 K for
Sc4Hf30;, [60]. The concentration range of solid
solutions based on Me4Hf;0;, compounds is
negligible [17].

For REE-rich domains in HfO,-Me,O; (Me = Gd-Lu,
Sc) phase diagrams, other types of cation ordering are
observed, leading to formation of the MesHf,O;; 5 and
MegHfO,; hexagonal phases [108, 122]. Upon heating,
these phases transform to C-type rare-earth oxide solid
solutions. For the HfO,-Me->O3 systems rich in REE
oxides, at temperatures above 2000-2050 K, only solid
solutions based on various phase modifications of REE
oxides were found [56].

As found for the ZrO,-Sc,0Oj3 system, the phase dia-
gram of the binary system HfO,-Sc,O; is more complex
with respect to others with rare-earth and alkaline-earth
metal oxides. In the hafnia-rich part of the HfO,-Sc,05
system, the three ordered phases Sc,Hf;0.; (f),
ScoHf50,5 (), and Sc4Hf30,5 (9) exist in addition to the
monoclinic, tetragonal, and cubic fluorite solid solutions
[58, 60]. Increasing temperature leads to disorder; the
temperatures of the § — F and y — F phase transitions
were reported to be approximately 953 K and 1123 K,
respectively [60]. In the system HfO,-Y,0j3, detailed in-
vestigations [71] also showed the presence of phases
which are not characteristic of pure HfO,, at yttria
concentrations close to the lower stabilization limit of
the cubic fluorite phase. In particular, formation of the
so-called y; and 7y, phases having a monoclinically
distorted orthorhombic structure was reported at an
yttrium oxide concentration of 7 mol% [71].

Among other interesting results regarding hafnia-
based ordered phases, one should mention an attempt to
predict theoretically the role of oxygen vacancies on
phase relationships in the systems HfO,-Me,O3; (Me is
rare-earth element) [123].

The binary systems HfO,-CeO, and HfO,-PrO,,
which are of interest from the viewpoint of mixed ionic-
electronic conductivity, behave like the corresponding
zirconia-based systems [1]. Domains of solid solution
based on hafnia M- and T-phases, and cubic ceria-based
phases, with two-phase fields between them, were found
in the system HfO,-CeO, in oxidizing conditions [89,
90]. No pyrochlore phase is formed with tetravalent
cerium cations [89, 90]; the existence of a pyrochlore-
type cerium hafnate was found only at high tempera-
tures under vacuum [92]. In contrast to cerium cations,
trivalent praseodymium ions can be stabilized when
dissolving praseodymium oxide in the hafnia fluorite
phase, or forming pyrochlore-type Pro,Hf>,O; [93-95]. In
the system HfO,-PrO,, praseodymium cations were
found to be predominantly in the state Pr’" up to
concentrations of PrO, as high as 50 mol%, and only
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further increase in the praseodymia content leads to
formation of Pr*™ [93].

Finally, one should note that analogously to the
zirconia-based phase diagrams, no new ternary phases
form in the hafnia-rich part of the ternary oxide systems.
Cubic fluorite solid solutions were found only in ternary
systems where the F-phase forms in at least one binary
system; in comparison with the binary systems, no
enlargement of the fluorite phase stability domain can be
obtained by introducing a third metal oxide.

Electrical transport in the fluorite-type
HfO,-based solid solutions

As found for cubic fluorite phases of zirconia stabilized
with REE oxides, hafnia-based fluorites exhibit
predominant oxygen ionic conductivity; the qualitative
dependencies of ionic transport on dopant concentration
in HfO,-based materials are analogous to those found
for ZrO,, considered in the first part of this review [1].
Firstly, the oxygen ionic conductivity in solid solutions
of Hf(Me)O, (with Me a rare-earth element) increases
with decreasing ionic radius of dopant cations (Fig. 2).
The maximum conductivity is observed for the cubic
hafnium dioxide stabilized with scandia, ytterbia, and
yttria [61, 65-67, 76-78, 80, 96, 124, 125]. Selected data
on conductivity of HfO,-based solid electrolytes are
given in Table 4. Secondly, the maximum conductivity is
characteristic of materials containing a minimum
amount of stabilizing dopant, when the composition is
close to the low stabilization limit of the fluorite phase
[61, 65, 66, 78, 106]. Further increase in REE dopant
content leads to decreasing conductivity and increasing
activation energy for ionic transport. At the same time,
it should be noted that references on exact compositions
with the highest conductivity show an important scatter
in values owing to different processing conditions, slow
kinetics of solid-state synthesis, the presence of impurity
phases, and the relatively high rate of degradation of the
hafnia-based fluorites with time. For instance, the
maximum conductivity in the HfO,-Y,03 system was
reported for Y,Os3; concentrations of 8 mol% [78],
10 mol% [65, 76], and 812 mol% [66].

When considering the most important differences
between solid electrolytes based on HfO, and ZrO,, one
should mention a lower ionic conductivity (see, for
example, [77, 126, 127]), higher electronic conduction
[67, 98, 128], and higher ageing rate [65, 77] as charac-
teristics of hafnia-based materials. The poor ionic
transport properties of hafnia-based materials, illus-
trated in Figs. 2 and 3, and faster degradation are
associated with specific features of the phase diagrams
discussed above. The thermodynamic stability at inter-
mediate temperatures of the stabilized HfO,-based
fluorite phases is lower than for stabilized zirconia, and
the tendency for partial decomposition and local
ordering in the oxygen sublattice of oxides containing
moderate amounts of stabilizing additions is more
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Fig. 2 Dependence of the total electrical conductivity of hafnia (/)
and zirconia (2) stabilized with 10 mol% rare-earth additions, on
radius of the REE cations at 1273 K (A) and 1073 K (B). Data from
[96, 151]

important in the case of hafnia. Also, for hafnia-based
fluorites, a complete f-shell and a small radius of Hf*"
result in small unit cell parameters if compared to those
of zirconia (Table 5). All these aspects lead to lower
ionic conductivity of Hf(Me)O, solid solutions with
respect to Zr(Me)O, with the same content of stabilizing
dopant (Fig. 2).

The ionic conductivity dependence on ageing of the
stabilized-hafnia electrolytes shows similarities to zirco-
nia, but HfO,-based ionic conductors are characterized
by significantly faster degradation with time [77, 129,
130]. Ageing of these materials leads to decreasing ox-
ygen conductivity and increasing activation energy for
ionic transport. All electrolytes possess a critical tem-
perature where intensive degradation starts (7yq); at
higher temperatures, the ionic conductivity is time-
independent. For fluorite-type oxides in the system
HfO,-Y,03, increasing the concentration of stabilizing
additions was found to result in higher Ty values [77];
this critical temperature increased from 1270 to 1510 K
when the content of Y,O; increased from 10 to
25 mol%. The fast ageing processes of the HfO,-based
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Table 4 Electrical conductivity of HfO,-based fluorite solid solutions

Composition Sample® Conductivity, S/cm Activation energy Ref.
Dopant Concentration 973 K 1173 K 1373 K T (K) Ex (eV)
(mol%)

HfO, (99.3%) C - 1.0x107* 5.6x 107 10501780 1.3 [76]
Y,0; 10 C 1.8x 1073 2.0%x 1072 4.5% 1072 - - [79]
Y,0; 10 SC 1.9% 1073 1.5% 1072 5.1 x 1072 800-1700 1.2 [124]
Y,0; 12.5 C 2.6x 1073 1.3 x 1072 - 773-1073 1.1 [66]
Y,0; 20 C 3.0x 107 3.8 x 1073 - 773-1223 1.3 [66]

5,03 20 sC 32x%x107* 43 %1073 1.9 x 1072 8001700 1.7 [124]
Nd,04 10 C 1.1x107* 1.0 x 1073 7.5%x 1073 - —~ [98]
Nd,O; 15 C 3.1x 107 2.1x1073 1.1 x 1072 - - [98]
Nd,O4 20 C 1.9x 107 14 %1073 4.0x 1073 - - [98]
Gd,04 9 C 40 x 107 41x1073 22 %1072 - — [106]
Gd,0; 13.2 C 24 %107 3.5%x 1073 1.9 x 1072 - - [106]
Gd,0, 19.5 C 1.1 x 107 1.7 % 1073 1.0 x 1072 - - [106]
Yb,05 10 C 54%107 4.4 %1072 0.14 10731473 1.5 [79]
Yb,0; 10 SC 1.9 x 1072 0.10 0.29 1073-1273 1.3 [124]
Dy,0; 10 C 2.1%x 1073 2.6 x 1072 9.8 x 1072 1073-1473 1.8 [79]
Ho,05 10 C 25% 1073 2.4 x 1072 9.0 x 1072 1073-1473 1.8 [79]
Tm,05 10 C 3.6x 1073 2.8 %1072 0.11 1073-1473 1.7 [79]
Lu,0; 10 C 41x%1073 3.6 x 1072 0.12 10731473 1.5 [79]
Sm,0; 10 C 8.7x 107 1.1 x 1072 4.1 %1072 10731473 2.0 [79]
Er,04 10 C 29 %1073 3.3 x 1072 0.11 1073-1473 1.6 [79]

4C corresponds to ceramics; SC is the single crystal

solid electrolytes may cause excessively large experi-
mental scatter in conductivity measurements at
temperatures below Ty [77].

In oxidizing conditions, the high p-type conductivity
of stabilized hafnia with respect to zirconia, estimated
from data on the total conductivity as a function of
oxygen partial pressure [78, 100], the e.m.f. of oxygen
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Fig. 3 Temperature dependence of the conductivity of hafnia (1, 3)
and zirconia (2) stabilized with 10 mol% yttria (/, 2) and ytterbia (3)
[96, 152]. Data on conductivity of the solid electrolytes Big75Y 2501 5
[153], CepsGdo2019 [154], and ThygsYo.1501925 [155] are also
presented for comparison (curves 4, 5, and 6, respectively)

concentration cells [61, 78, 100, 106], and ion-blocking
measurements [67, 98], was attributed to the f-shell in
hafnium cations and the higher stability of defects in the
HfO, crystal lattice [98]. Figure 4 shows the temperature
dependencies of the total and p-type electronic conduc-
tivity for two widely known solid electrolytes based on
zirconia and hafnia, illustrating this feature. Note that
phase decomposition of the hafnia-based solid solutions,
leading to formation of monoclinic hafnia with
predominant p-type conductivity, can also increase the
role of electronic transport on the total conductivity.
Among other Hf(Me)O, solid solutions, the highest
electron transference numbers are typical of ceramics
containing variable-valence rare-earth cations (Me = Pr,
Nd, Tb) [98, 100]. In all cases, however, the electronic
contribution does not exceed 25% of the total conduc-
tivity of the fluorite phases. Decomposition of the
metastable fluorite (HfO,)( g5(Pr,05)g15 at 1573 K, to
form solid solutions with monoclinic and pyrochlore
structures, was reported to cause a dramatic decrease of
the ionic conductivity, while the effect of the phase
composition on the electronic transport is much weaker
[98]. As a result, the electron transference numbers of
(HfO5)g §5(Pr,03)9.15 ceramics in high-purity helium
increased during decomposition up to 0.90-0.95 [98].

Electrical properties of Me,Hf,O, pyrochlores
and Me,4Hf30,, J-phases

Both pyrochlore and hexagonal d-phases, being the or-
dered derivatives of the fluorite structure, possess much
lower ionic conduction in comparison with the F-type
solid solutions. In the systems HfO,-Me,O; (Me is
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Table 5 Properties of single

crystals of yttria-stabilized Oxide Y2030 content Cubic lattice Densigy Microhardness
hafnia and zirconia [67] (mol%) parameter a (nm) (kg/m”) H (GPa)
HfO, 10 0.5129 9470 21.26
15 0.5139 9060 17.39
20 0.5156 8690 16.13
25 0.5172 8310 15.34
33 0.5196 7760 14.75
ZrO, 10.3 0.5141 5910 15.29
13.8 0.5156 5860 14.12
19.8 0.5162 5800 13.62
26.3 0.5190 5655 13.48
31.2 0.5206 5600 12.76
259 0.5220 5540 12.66

rare-earth element), formation of these phases is
accompanied by a sharp minimum in the composition
dependence of the conductivity [61, 65, 66, 76, 78, 82—84,
93, 98, 100, 106]. Correspondingly, disorder and transi-
tion to the fluorite phase with increasing temperature
causes a drastic increase in the total conductivity and ionic
transference numbers of the oxide materials. Thermal
expansion coefficients and values of the total electrical
conductivity of selected hafnates are listed in Tables 2 and
3. Thermodynamic properties of the REE pyrochlores
have been reported [131]. Results on the crystal structure
and physical properties of La,Hf>0-, including thermal
expansion, have also been presented [132].

In oxidizing conditions, the pyrochlore-type hafnates
exhibit a mixed oxygen ionic and p-type electronic
conductivity [84, 98, 100]. Their total conductivity
decreases with reducing oxygen pressure down to 107>~
1073 Pa, changing linearly with p(02)1/4. At oxygen
partial pressures close to that in air and temperatures
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Fig. 4 Temperature dependence of total (/, 3) and p-type electronic
(2, 4) conductivities of fluorite phases consisting of 10 mol% yttria
doped hafnia (curves / and 2) and zirconia (curves 3 and 4). Data
from [67, 156]. The electronic conductivity of the stabilized hafnia
electrolyte was measured by the ion-blocking technique, in vacuum
[67]. The electronic conductivity of zirconia was calculated from the
total conductivity and oxygen permeation data [156]

from 970 to 1770 K, the ion transference numbers of
Me,Hf,0O7 (Me = La, Pr, Nd) are less than 0.2 [84, 98,
100]. The total conductivity of La,Hf,O in the oxygen
pressure range from 107 to ca. 107'° Pa is predomi-
nantly ionic [84]; for Pr,Hf>O,, the p-type electronic
conduction was reported to be predominant even in
high-purity helium [98]. In the case of Gd,Hf,O5, ion
transference numbers as high as 0.4-0.6 in oxygen were
estimated by the e.m.f. method [106].

Analogously to the pyrochlore-type zirconates, in-
troduction of hyperstoichiometric amounts of rare-earth
cations into the pyrochlore lattice of hafnates, within the
homogeneity range, forming the solid solutions
Me,(Hf,Me),0O7_s5, leads to an increase in oxygen
vacancy concentration and, therefore, ionic conductivity
[84, 98, 100]. The electron hole conductivity also
increases with increasing rare-earth oxide content,
caused probably by incorporation of oxygen in the
formed oxygen vacancies; as a consequence, the trans-
ference numbers do not change significantly within the
limits of solid solutions with the pyrochlore structure
[84, 100, 106].

The J-phases, MesHf50,, (Me = Sc, Er-Lu), were
reported to be dielectric at room temperature [62]. These
compounds, with Me = Er, Tm, and Yb, exhibit para-
magnetic properties at 78-293 K [17]. Increasing tem-
perature results in mixed ionic-electronic conduction,
whereas after the 6 — F transition the conductivity
increases by 10-100 times, and becomes predominantly
ionic [17, 62]. The é<>F phase transformation leads to a
broad hysteresis in the conductivity versus temperature
curves. Metastable fluorite-type solid solutions, which
can be obtained by quenching, have a significantly
higher ionic conduction in comparison to the d-phases
[62]. As found for MeyZr;0,; [1], the mixed conductivity
of the Me4Hf30, ceramics increases with increasing
radius of REE cations [17, 62], demonstrating thus an
opposite behavior with respect to the fluorite phases.
Seebeck coefficient studies [62] showed that the elec-
tronic conduction in the hafnia-based d-phases in air, at
temperatures below 900-1070 K, is n-type, in contrast to
the pyrochlores and fluorites. Further increase in tem-
perature leads to an increasing role of oxygen vacancy
migration in the electrical conductivity [62]. IR spectra
of MeyZr;0,, compounds have been studied [133].



Processing and reactivity of HfO,-based ceramics

Numerous research projects [2, 24, 80, 85, 99, 125, 134—
144] focused on solid-state synthesis mechanisms,
development and optimization of processing conditions,
and on the role of the preparation route on properties of
hafnia-containing materials. These materials were con-
sidered not only for possible electrochemical applica-
tions, but also as promising refractories and dielectrics.
Interaction of hafnia with other refractory metal oxides
such as TiO, [115, 143], Cr,05 [144], Al,O5 [74, 113, 114,
145], Ta,Os [146], and In,O3 [147], and corresponding
phase diagrams, were studied in detail. Generally, the
formation mechanisms of the hafnia-based cubic fluorite
phases are similar to those found for zirconia [85, 134].
In the HfO,-Me»Oj3 systems (Me is rare-carth element),
formation of the F-phases occurs via diffusion of rare-
earth metal cations with subsequent incorporation into
the hafnia crystal lattice [134, 139]. For HfO,-CaO, the
fluorite phase forms via the more stable CaHfO3 per-
ovskite phase [24], as found for the system ZrO,-CaO
[1]. At the same time, the solid-state synthesis of hafnia-
based solid electrolytes requires higher temperatures
with respect to zirconia, as can be expected from the
phase diagrams. The temperature required for solid-
state reactions involving hafnia can be reduced by
partial substitution of HfO, with ZrO, [80, 85]. For
instance, the minimum temperature necessary to obtain
a single fluorite phase stabilized by yttria, ytterbia, or
gadolinia was 1770 K for the 0.65HfO, + 0.35ZrO,
mixture. This is significantly lower than found for haf-
nium dioxide without zirconia additions [80]. The syn-
thesis temperatures can also be reduced decreasing the
size of particles in the starting mixtures for solid-state
reactions [136], or using techniques such as co-precipi-
tation or decomposition of organometallics [148, 149].
Among the most interesting results, one should mention
a significant enlargement of the apparent solid solubility
domains in the ceramics of HfO,-Me,O3 (Me = La-Lu,
Y) obtained by shock-wave synthesis [137].

Hafnia-based oxide materials exhibit significantly
better mechanical properties and chemical stability than
zirconia (see, for example, [2, 67, 125]). In particular, the
microhardness of single crystals of fluorite-type Hf(Y)O,
is 15-30% higher than that of Zr(Y)O, solid solutions
(Table 5). Testing of the thermal properties of yttria-
stabilized hafnia ceramics showed that the thermal-
shock resistance can be improved by additions of Al,O5
and MgAl,Oy4 [125]. The optimum stability was found
for addition of 1 mol% of the aluminum-magnesium
spinel [125]. Comparative tests of the corrosion of the
stabilized ZrO, and HfO, ceramics in vapors and melts
of alkaline metals [125] demonstrated the considerably
higher stability of hafnia (Table 6). These features may
be useful for possible applications of hafnia-based solid
electrolytes as electrochemical sensors for the measure-
ment of oxygen concentration in melted metals, at
relatively high temperatures, when the ionic conductivity
of stabilized HfO, is sufficient.
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Ceramic materials based on cerium dioxide

Tonic and mixed ionic-electronic conductors based on
doped CeO, attracted more interest for electrochemical
applications than those based on stabilized hafnia,
owing to their higher oxygen ionic conductivity (see, for
instance, Fig. 3). Doped CeO, materials can be consid-
ered as promising solid electrolytes for SOFCs operating
at temperatures below 970 K. At the same time, ceria-
based oxides possess some specific disadvantages. The
main disadvantages are dimensional instability and
mechanical decomposition at temperatures above 1000—
1050 K in reducing environments, where the reduction
of cerium dioxide and the transition CeO, — CeO; s
take place. Another specific feature of doped ceria is the
appearance of significant n-type electronic conductivity
at low oxygen partial pressures. While the electronic
conductivity can be suppressed by an appropriate choice
of operating conditions or dopants, the mechanical
decomposition of the solid electrolyte ceramics is an
irreversible process. This instability is often observed in
electrochemical cells using reducing gases. Providing
absolutely uniform distributions of temperature and
oxygen chemical potentials in large solid electrolyte cells
is a complex engineering task, and local overheating and
reduction of the solid electrolyte ceramics may often
take place. As a result, the applicability of doped CeO,
solid electrolytes in cells such as SOFCs and high-
temperature electrolyzers is limited [148].

As found for the solid electrolyte materials, the use of
mixed-conducting ceria-based ceramic membranes for
partial oxidation of hydrocarbons is also limited by the
possible mechanical decomposition in reducing envi-
ronments, at high temperature. In the case of mem-
branes, another limiting factor is a relatively low
electronic conductivity of ceria doped with variable-va-
lence metal oxides, which is associated with a low solid
solubility of such dopants in the fluorite-type cerium
dioxide lattice, analogously to zirconium dioxide
ceramics [1].

The advantages of ceria-based materials include a
high oxygen ionic conductivity, relatively low TECs, and
a very high catalytic activity with respect to oxidation
reactions. This feature caused a considerable interest for

Table 6 Stability of stabilized zirconia and hafnia ceramics with
respect to alkaline metals [125]

Composition Weight loss after Corrosion rate in

(mol%) testing in melted Na vapor at 773 K
alkaline metal at (mg em™2 h™")
873 K for 10 h (%)

85Zr0, + 15Ca0O 100 0.09

94Zr02 + 6Y203 100 -

90ZrO, + 10Y,03 100 -

8SHfO, + 15CaO 100 0.0275

90HfO, + 10Y,03 41 0.014

S0HfO, + 50Y,03 18 0.003
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electrocatalytic applications, including anodes for
SOFCs and activating additions to electrode materials
operating in reducing atmospheres [1, 148].

When reviewing the literature on CeO, published in
the former Soviet Union, one should mention an excel-
lent monograph by Leonov [157], where a detailed
analysis of the properties of cerium oxides and
compounds with other metal oxides was presented.
Properties of CeO;-based solid electrolytes were also
briefly analyzed in other monographs [148, 158].

Properties of cerium dioxide

In contrast to undoped zirconium and hafnium dioxides,
pure CeO, exhibits no phase transitions in oxidizing
conditions up to the melting point. The cubic fluorite
phase is the only stable phase in the system Ce—O at high
oxygen pressures [157]. At temperatures below 1700 K
in air, oxygen nonstoichiometry in ceria is relatively
small [157]. As a result, the concentration of defects
determining the transport properties of ceria depends
strongly on history and impurity content (Tables 7 and
8). Undoped CeO, is a mixed ionic and n-type electronic
conductor in air [159-166]. The electronic conductivity
occurs via a small polaron mechanism and increases
proportional to p(0,)""* at moderate oxygen pressures
[159, 160, 163, 165, 166]. Reducing the cerium dioxide
content leads to decreasing activation energy for elec-
tronic transport, which was explained in terms of
decreasing Coulombic interaction between the defects of
the fluorite lattice [167]. For instance, the activation
energies for total conductivity were reported to be
approximately 96 and 41 kJ/mol for CeO,,, and
CeO 99, respectively, whereas the conductivity of oxy-

Table 7 The total conductivity of cerium dioxide

gen-deficient CeO, 9 was reported to be higher than that
of stoichiometric ceria by several orders of magnitude
[160]. Owing to partial reduction, the conductivity of as-
prepared single crystals of cerium dioxide significantly
exceeds the corresponding values for samples annealed
in air (Table 7). A detailed analysis of the electronic
transport in CeO,_s as a function of oxygen pressure,
temperature, and impurity content has been performed
[165-167].

Ionic conduction in CeO,_s is determined mainly by
two factors: concentration of vacancies in the oxygen
sublattice and their association with impurity cations
[159, 164, 167]. Incorporation of moderate amounts of
impurity cations with oxidation state lower than 4+
leads to a sharp increase in oxygen conductivity and
activation energy for ionic transport. For example, the
oxygen diffusion coefficient in single crystals of cerium
dioxide containing 0.3 at% gadolinium oxide was found
to be higher than the oxygen diffusivity in “‘undoped”
crystals (gadolinia content of ~3 x 107> at%), by a
factor of 5-1000, at 1000—-1600 K [168]. The temperature
dependencies of the diffusion coefficients can be ap-
proximated by the equations

_ 0.94eV
Do = 9.55 x 1077 exp (— T ) (2)
3.17eV
Do = 5.34 x 10%exp (— T ) (3)

for the 0.3 at% gadolinia-doped and “undoped” sam-
ples, respectively, with Do expressed in cm?® s™'. As a
result of the drastic dependence of ionic conduction on
dopant content, decreasing sample purity leads to in-
creasing oxygen ion transference numbers (Table 8). The
effect of reducing oxygen partial pressure on ionic

Samples and Pre-history Conductivity (S/cm) Activation energy Ref.
purity®
523 K 1073 K 1323 K T (K) Ex (eV)
C (97.5%)  After sintering at 1823 K in air - 20x107° 1.7x 1072 1073-1423 1.0 (ionic) [159]
2.3 (electronic)

C (99.7%) After sintering at 1773 K in air 1.0 x 1077 80x 107 47x1072 - - [160]
C (99.7%)  After sintering at 1573 K in air 59 %1071 34x107% 50x107° 513-1573  2.68 [161]
SC (99.9%)  After preparation from salt melting 8.7x 1073 0.13 - 293-1273 0.24 [162]
SC (99.9%)  After annealing at 14731573 K in air 3.0x 107"  1.6x 10 1.1x107 293-1273  1.28 [162]
4C corresponds to ceramics; SC is the single crystal
Table 8 Oxygen ion transfer- -
ence numbers of ceria calcu- Purity Oxygen pressure lon transference numbers, fo Ref.
lated from data on the oxygen p(0y) (atm)
partial pressure dependence of 1073 K 1173 K 1273 K 1373 K
total ductivit
ot concuetivity 97.5% 1.0 1.00 0.95 0.89 0.68 [159]

0.21 1.00 0.94 0.87 0.61

1.0x 1072 1.00 0.89 0.74 0.44

99.5% 1.0 0.91 0.78 0.59 0.35 [163]

0.21 0.89 0.69 0.45 0.25

1.25x 1072 0.76 0.50 0.26 0.14

5% 107 0.66 0.31 0.14 0.06
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Fig. 5 Temperature dependence of the CeO,_s oxygen ion transfer-
ence number calculated from results of total conductivity as a function
of oxygen partial pressure [159]: 7, 1123 K, 2, 1423 K

transport is more complex, probably due to trapping of
oxygen vacancies. In particular, a decrease in ionic
conductivity with reduction has been mentioned in ceria
single crystals [164], while the oxygen diffusion coeffi-
cient estimated from the creep behavior of ceramic
samples was reported to increase with increasing
vacancy concentration [160]. The temperature depen-
dencies of oxygen ion transference numbers of nonstoi-
chiometric ceria (Fig. 5) are determined by the
activation energies for ionic and n-type -electronic
transport. When the oxygen deficiency is relatively
small, the activation energy for electronic conduction is
higher, and the values of 7o decrease with temperature
[159, 163], whereas the behavior in reducing conditions
is the opposite [163].

Table 9 Thermal expansion coefficients of CeO,-based oxides*
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Along with the transport properties [157, 159-16§],
numerous research projects have focused on thermody-
namic [169-173] and catalytic [174—177] properties of
phases in the Ce-O system as well as an their EPR
spectra [178, 179]. The oxygen exchange of cerium
dioxide with the gas phase is considered below. When
reviewing other results interesting for high-temperature
electrochemical applications, one should consider the
formation of superstructures in the cerium dioxide lat-
tice when oxygen deficiency increases [173]. Reduction
of CeO,_s into Ce,O3 occurs via formation of a series of
discrete phases, which can be represented as [173]:

CeO; — CeO, 37 — CeOj 75 — CeOp 4 — CeO15  (4)

Thermodynamic characteristics of Ce-O phases were
studied in detail [172]. Thermal expansion coeflicients of
cerium dioxide and selected ceria-based oxide
compounds are listed in Table 9.

Phase relationships in the systems CeO,-MO
and Ce0O,-Me,0O5

Since ionic transport properties of ceria are determined
by the concentration of oxygen vacancies which can be
created by incorporation of lower-valence cations into
the crystal lattice, the CeO,-MO (M is alkaline-earth
element) and CeO,-Me,O3; (Me is rare-earth element)
oxide systems have attracted considerable interest as
potential solid electrolyte materials.

Selected phase relationships and crystal structures of
separate oxide phases were studied in the systems CeO,-
BeO [183-185], CeO,-MgO [180, 183-186], CeO,-CaO
[180, 183—185, 187-189], CeO,-SrO [180, 183-185, 188,
190-192], and CeO,-BaO [183, 185, 188, 193]. In the
binary CeO,-MO (M = Be, Sr, Ba) systems, the fluorite-
type solid solution concentration ranges are very nar-
row. In particular, the solid solubility of barium cations
in ceria, at 1270-1770 K, does not exceed 2 mol% of
BaO [193]. However, the solid solubility in these three
systems cannot be considered as irrelevant. In fact, small

Composition Method Average TEC values Ref.
T (K) & x 100 (K™
CeO, XRD 293-1073 6.25 [180]
Ce.0Gdg.1002-5 D 300-1100 8.2 [181]
Ceo_88C00'02Gd0‘1002_5 D 300-1100 11.17 [181]
Ceo_g()CO().]()GdO.]OOz_(s D 300-1100 11.9 []8]]
(Ce04)0.91(SrO)g.00 XRD 293-1213 11.80 [180]
o, X 108 (K™ o, % 106 (K™ o, x 10% (K71
SrCeO; 298-1773 11.2 9.2 7.6 [182]
Sr(Ceg.75Z1925)03 X-ray 298-1773 10.7 8.6 8.4 [182]
Sr(Ceg.50Z10.5)O03 298-1773 9.8 8.2 9.5 [182]

4D is the dilatometric method; XRD is the high-temperature X-ray diffraction technique; «,, o, and «. are the TECs for the a-, b-, and

c-axis of the crystal lattice, respectively
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additions of barium, magnesium, and beryllium oxides
result in considerably high conductivities of two-phase
ceramics containing the ceria-based cubic fluorite phase
and BeO, MgO, or BaCeO; with respect to undoped
ceria, owing to formation of oxygen vacancies with such
additions [183, 185]. The concentration range of the
single fluorite phase in the systems CeO,-CaO and
Ce0,-SrO is wider and reaches up to 15-20 mol% at
1870-2070 K. Decreasing temperature leads to a drastic
decrease in the solubility of calcium and strontium ox-
ides [186, 194]. For instance, the maximum concentra-
tion of SrO in the Ce(Sr)O,_s solid solutions was
8 mol% at 1200-1400 K [190]. Notice that the decom-
position process of Ce(M)O,_; solid solutions, which are
metastable at low temperature, is relatively slow. This
causes some disagreement in the literature with regard to
the concentration ranges of solid solution formation.

In the systems CeO,-SrO and Ce0O,-BaO, MCeO;
perovskite-like cerate phases are formed [180, 183-185,
188, 190—194]. The thermodynamic stability of cerates is
significantly smaller than for perovskite-type hafnates
and zirconates [193]. Formation of calcium cerate is
generally unfavorable from thermodynamic and struc-
tural viewpoints [187]. Barium and strontium cerates
are, however, more stable in the CeO,-MO systems than
the Ce(M)O,_s fluorites [190, 193]. As a result, in the
course of solid-state synthesis, formation of fluorite-type
Ce(Sr)O,_s occurs via intermediate formation of the
SrCeOj; perovskite [192], as found for the systems of
zirconium and hafnium dioxides with alkaline-earth
metal oxides.

The solid solubility of rare-earth cations in the cerium
dioxide fluorite-type lattice is considerably higher if
compared to the alkaline-earth metals [180, 194-196].
For example, the maximum concentrations of LaO; s,
NdO; 5, and YO, 5 in Ce(Me)O,_s solid solutions, syn-
thesized by solid-state reaction in air at 1820 K, were
reported to be 40-45, 60, and 35 mol%, respectively
[180]. No phase decomposition takes place at low tem-
perature. The higher solid solubility of REE cations in
ceria as well as a significantly better thermodynamic
stability of the Ce(Me)O,_s fluorites makes the CeO,-
Me,O; oxide systems much more promising for electro-
chemical applications than CeO,-MO solid solutions.

The sinterability and solid-state synthesis of ceria-
based ceramic materials were also studied in detail [192,
197, 198].

Electrical conduction in the CeO,-based
fluorite phases

All the fluorite-type phases based on cerium dioxide have
predominant oxygen ionic conductivity in oxidizing
conditions [167, 183, 185, 195, 196]. The electronic con-
tribution to the total conductivity in air may be both
n- or p-type, depending on concentration of dopants. In
particular, an increase in p-type electronic conduction
with increasing neodymia content was found in the

Ce0,-Nd,O5; ceramics with high concentrations of
Nd,O5 [196]. Moderate addition of both rare-earth and
alkaline-earth metal oxides results in increasing ran-
domly distributed oxygen vacancies and, corresponding-
ly, oxygen ionic conductivity. For the REE-doped ceria,
the maximum ionic conduction in the Ce;_.Me O,_s
solid solutions corresponds to values of x from 0.15 to
0.20 [148, 167, 195]. Further addition of rare-carth do-
pants leads to decreasing ionic transport and increasing
activation energy for oxygen conductivity owing to an
increasing role of defect association (oxygen vacancies
and impurity cations). In the case of alkaline-earth metal
oxide additions, the maximum ionic transport is
observed for ceramics containing 10-15 mol% dopant
[183, 185]. Here, decrease in conductivity with increasing
dopant content is caused not only by defect association,
but also by decomposition of Ce(M)O,_; solid solutions,
metastable at low temperatures. As found for oxide
systems with zirconia and hafnia, segregation of the
MCeOj; perovskite-type cerate phases, having low mixed
p-type electronic and ionic conductivity in air [15, 185,
200, 201], leads to a sharp decrease in the conductivity of
the CeO,-MO ceramics [183, 185, 191].

Selected data on the conductivity of CeO,-based ce-
ramics in air and ionic transference numbers, estimated
from oxygen concentration cell e.m.f. measurements and
conductivity dependence on oxygen partial pressure, are
listed in Table 10. Note that the values of the transfer-
ence numbers may be underestimated with respect to
their true values owing to non-negligible electrode po-
larization [199], porosity of the ceramics [196], other
experimental constraints of the e.m.f. method [158, 199],
and dependence of ionic conductivity of ceria on oxygen
pressure.

Analogously to undoped CeO,_s, the n-type con-
ductivity and activation energy for electronic transport
in ceria-based solid solutions increases drastically with
reducing oxygen chemical potential in the gas phase.
Such behavior was studied in detail using ceramics of
Ce_.La,O,_s5 (x = 0-0.62) as a model system [167]. It
was found that both electronic conductivity and reduc-
ibility, expressed by the concentration of trivalent
cerium cations, correlates with the dopant content in the
Ce(La)O,_s solid solutions, having a maximum at 15—
20 mol% of lanthanum oxide (Figs. 6 and 7). Taking
into account that the maximum ionic conductivity is also
characteristic of this range of x [195], one can conclude
that both ionic conduction and reducibility of ceria-
based oxides are determined by the fluorite lattice
chemical bonding characteristics.

The oxide system CeO,-ZrO,

The binary CeO,-ZrO, [204, 205] and ternary CeO,-
Zr0,-Ca0 [202, 206] systems were considered as possible
alternative solutions to improve the properties of both
zirconia and ceria solid electrolytes, namely to increase
the ionic conductivity of stabilized ZrO, and to suppress
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Table 10 Total conductivity

and oxygen ion transference Composition a (S/em) Ref. lo Ref.

numbers of CeO,-based cera- 1273 K

mics in air 873 K 1273 K
(0.75Ce05 - 0.25Zr05)0.92(Ca0)g o5 — 47 %1073 [202] 0.699 [202]
(0.75Ce0, - 0.25Z1r0,)o.575(Ca0)g.125 — 1.5% 1072 [202] 0.899 [202]
(0.75Ce0, - 0.25Zr05)0.51(Ca0)g 19 — 23 %1072 [202] 0.960 [202]
(0.75Ce0, - 0.25Zr05)0.60(Ca0)g a0 — 3.4x 1072 [202] 0.991 [202]
(Ce05)0.05(Ca0)y o5 22x 1074 6.0 x 1073 [183] -
(Ce05)0.90(Ca0)y 10 4.7 x 107 1.5%x 1072 [183] -
(Ce0,)g.55(Ca0)y 15 83 x 107 2.4 x 1072 [183] 0.988 [185]
(Ce05)0.50(Ca0)g 20 6.9 %1074 1.6 x 1072 [183] -
(Ce04)0.95(Sr0)g. 05 8.5% 107° 9.3 %1073 [183] 0.995 [185]
(CCOQ)()_Q()(STO)O_]O 1.0 x 10_3 2.2 % 10_2 [183] -
(Ce05)0.55(Sr0)o 15 5.0x 1073 6.4 x 1072 [183] 0.993 [185]
(Ce0,)0.50(Sr0)g.20 44 %1073 5.8 x 1072 [183] -
SrCeO; 3.8 %1077 1.4 x107° [183] 0.940 [183]
(Ce04)0.95(Ba0)g o5 1.3 %107 3.7%x 1073 [183] -
(Ce05)0.90(Ba0)g 10 32%x 107 55%107° [183] —
(Ce0,)g.55(Ba0)g. 15 3.0x 107 43 %1073 [183] 0.721 [185]
BaCeO; 3.9 x 1077 48 %107 [183] —
(Ce05)0.905(La0] 5)0.005 45% 1073 5.6 x 1072 [195] 0.992 [196]
(Ce05)0.739(La0] 5)0.261 3.1x 1073 8.0 x 1072 [195] 0.990 [196]
(Ce02)0.60(LaO 5)9.40 1.8x 1073 8.7 x 1072 [195] 0.903 [196]
(Ce02)0.739(NdO 5)0.261 48 %1073 7.8 x 1072 [195] 0.927 [196]
(Ce05)0.60(NdO )0 40 1.8 x 10*2 0.10 [195] 0.883 [196]
(Ce05)0.739(YO1.5)0.261 17x 107 5.7 x 10‘3 [195] 0.921 [196]
(Ce02)0.60(YO1 5)0.40 3.7 % 10” 3.7% 1072 [195] 0.898 [196]
Cey.83Gd0.10C00.0202-5 - 0.48 [181] -
CGO.g()GdO'l()COQ‘]()Oz_o‘ 4.2 % ]0_3 0.13 [1 8]] -
Ceg.75Gdp 20Mng,0507.5 - 53 %1072 [203] -
Ceo.70Gdg20Mng 10055 1.2x 1072 0.23 [203] —

the reducibility of CeO,_s. However, doping cerium di- the crystal lattice of CeO,_; is significant only at high
oxide with zirconia is ineffective in terms of the target temperatures, achieving up to 76 mol% of ZrO, at
properties. The solid solubility of zirconium cations in  2200-2300 K [207]. This range dramatically narrows

0.20
0.18
0.16 0.0 -
0.14
0.12
-1.0 +
> 0.10

0.08

log o, (S-cm'])

0.06

0.04

0.02

0.00 | | L | 1 | 1 | 1 i L |
0.0 0.1 0.2 0.3 0.4 0.5 0.6 L : - : . : : : J

103/T, K!
Fig. 6 Dependence of the reducibility of Ce;_La,O5_g s+ solid
solutions, expressed as fraction of Ce®" cations in the cerium Fig. 7 Temperature dependence of n-type electronic conductivity of
sublattice (y), on the lanthanum content, in a CO (66 vol%) + CO, solid solutions Ce;_La,O,_s(x+y) [167] in a CO (66 vol%) + CO,
(34 vol%) gas mixture: 7 873 K; 2 1073 K; 3 1273 K; 4 1373 K. Data (34 vol%) gas mixture. Concentrations of LaO;s: I 1.50 mol%; 2
from [167] 3.92 mol%; 3 18.18 mol%; 4 40.0 mol%; 5 62.07 mol%
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with decreasing temperature and becomes less than
10 mol% at 1270 K. Addition of monoclinic zirconia up
to 12 mol% to the ceria cubic phase was found to
increase the total conductivity, in the temperature range
770-1520 K [204]. The conductivity of these ceramics is
predominantly electronic, as found for undoped ceria
and zirconia dioxides. The ionic transference numbers of
such materials are less than 0.01 [204]. Analogously to
the binary Ce0,-CaO and ZrO,-CaO systems [1], the
ternary CeO,-Zr0O,-CaO solid solutions are metastable
at low temperatures. Introduction of calcium into the
zirconia-ceria ceramics increases the ionic conductivity
(Table 10) but, because of instability, these oxides
cannot operate at temperatures below 1500 K.

Phase relationships in Ce,Os-based oxide systems

As mentioned above, one of the most promising appli-
cations of cerium-containing oxides refers to anode
materials for SOFCs and high-temperature gas electro-
lyzers, owing to the high catalytic and electrocatalytic
activity of cerium cations. Under typical anode condi-
tions, cerium ions are expected to be partly reduced to
the trivalent state. Thus, this review includes a short list
of references on properties of Ce’*-containing oxide
phases, providing information which might be useful for
the development of anode materials.

Phase diagrams, separated phase relationships, crys-
tal structures, and properties of selected oxides were
reported for the systems Ce,O3-MgO [208, 209], Ce,Os-
AlL,O; [210], CeyO;3-CaO [208, 211], Ce,O3-SrO [208,
212], Ce,05-BaO [208, 213], Ce,O5 (Ce0,)-TiO, [214-
219], Ce,05-FeO [220], Ce,03-Zr0O; [221, 222], Ce,05-
Ta,Os5 [223], Ce,03-WO;5 [224], Ce,03-EuO [225], and
Ce,05-TiO,-Nb,Os [226]. The monographs [157, 227]
were devoted to a detailed analysis of some of these
oxides, including Ce,O; and perovskite-related com-
pounds containing Ce®". As a general rule, the phase
relationships in oxide systems containing Ce,O5; are
similar to those in systems with other rare-earth ele-
ments having an ionic radius close to Ce*". In particu-
lar, formation of the pyrochlore Ce,Zr,0;, which may
take place under typical SOFC anode conditions, is
observed in the system Ce,O3-ZrO, [221, 222]. This
phase exists only in reducing conditions and is less stable
if compared to other trivalent cerium compounds such
as Ce,Ti130g 4, CesSi,07, CeCrOs, or CeAlO; [221]. In-
creasing oxygen pressure results in a rapid decomposi-
tion of Ce,Zr,05 into two solid solutions based on ZrO,
and CeO,. For anode materials for high-temperature
electrochemical cells, the perovskite-type CeTiO5 . s and
Cey/3+ 1105 4 5 phases [215-217, 227] may be of con-
siderable interest. These perovskites possess a high
n-type electronic conductivity in reducing environments.
For example, the conductivity of CeTiO; . s in hydrogen
was observed to be temperature-independent at
300-1170 K and to have an order of magnitude of
~10% S/em [227], whereas the presence of the Ce’"/

Ce*" redox pair may suggest interesting electrochemical
properties for the perovskite-type cerium titanate.

Fluorite-type oxides based on ThO,

When reviewing data on ThO,-based solid electrolytes
published in the former Soviet Union, one should
mention that the total number of open publications in
this field is drastically smaller than for research articles
regarding other oxygen ionic conductors. This is due to
the significant radioactivity of ThO,-containing oxides.
In fact, most research projects concerning radioactive
materials in the former USSR were confidential. For
instance, the only available publications on phase rela-
tionships in ThO»-containing systems and on crystal
structure of selected phases, found by the authors, refer
to the ThO,-MO systems (M = Be, Mg, Ca, Sr, Ba)
[180, 228-230], ThO,~M’'O;3 oxide phases (M’ =W,
Mo), and their compounds with yttria or alkaline metal
oxides [231-234], ThO,—NdOF [235], and ThO,—CaCl,
[236]; brief data on Th(Me)O, s (Me =Y, La), prepared
by the standard ceramic synthesis route, have also been
published [237, 238]. Comparison of this small number
of publications on ThO, with more than 500 articles
concerning ZrO, and HfO, shows that the set of results
on thorium dioxide-based materials is incomplete and
uncoordinated. Hence, this part of the review only lists
data which may still be of interest for oxygen electro-
chemistry. A brief analysis of the properties of
ThO,-based solid electrolytes and, in particular, their
applicability for thermodynamic research is available
[158, 239-241].

Generally, while properties of hafnia are close to
those of zirconia, the phase relationships and properties
of materials in ThO,-based systems are similar to their
equivalents based on CeO,, owing to the similar elec-
tronic structure of thorium and cerium cations. As
found for CeO,, thorium dioxide possesses a cubic
fluorite-type structure up to the melting temperature.
Data on the solid solubility of alkaline-earth cations in
the lattice of ThO, [180, 228, 230] are similar to the
results on CeO,, discussed above. For example, the flu-
orite solid solution concentration ranges in ThO,-MO
systems (M = Be, Mg, Ba) were reported to be quite
narrow but not negligible [228]. Calcium and strontium
oxides exhibit a higher solid solubility in the thoria
fluorite phase, which, however, strongly depends on
temperature and preparation conditions [180, 228-230].
Most of the aspects typical of oxygen ionic conduction
in ThO»,-based ceramics [158, 228, 237-241] are similar
to those observed with cerium dioxide-based materials.
The values of total conductivity of some thoria-based
ceramics are listed in Table 11.

The main differences in transport properties between
thoria and ceria solid electrolytes are similar to the
differences between hafnia and zirconia ceramics, men-
tioned above. Namely, thoria-based electrolytes have



Table 11 Total conductivity of ThO,-based ceramics in air

Composition Conductivity (S/cm) Ref.
973 K 1273 K
(ThO5)9.00(Mg0)o 10 8.0x 107° 58x 107 [228]
(ThO»)0.90(Ca0)y 10 1.5% 1072 6.8 x 107 [229]
(ThO»)o.55(Ca0)o.15 1.5%x 1073 5.6 x 107 [229]
(ThO5)9.90(STO0)0.10 1.2%x 107 14 %1073 [228]
(ThO4)0 55(STO)0 15 1.3 %107 1.6 x 1073 [228]
(ThO4)9.90(BaO)g.10 2.1%x 107 3.0 x 1073 [228]
(ThO,)9 35(Ba0)g.15 43x107* 43 %1073 [228]
Th()_gSYO_1501_925 1.8 x 10_3 2.5 % 10_2 [237]

significantly lower ionic conductivity than ceria, whereas
the p-type conductivity of thoria in oxidizing conditions
is higher. One can conclude, therefore, that the
increasing atomic number of metal cations forming
fluorite-type oxides leads to a decrease in anionic con-
duction and increasing electronic transport. For thoria,
this general rule is illustrated using published data [237,
238, 242] which can be compared to the results on CeO,-
based solid solutions, considered above.

For applications in thermodynamic measurements,
detailed investigations on electronic transport in
Th,_Me,O,_s Me =Y and La, x = 0.08-0.20) solid
electrolytes were performed [237-240, 242-245]. Ac-
cording to these results, the electrolytic domain where
ThO»-based ionic conductors can be used as solid elec-
trolytes is displaced towards reducing oxygen pressures
with respect to zirconia. Table 12 presents the reported
regression parameters of the temperature dependence of
the characteristic oxygen pressure P, (atm), for some
thoria-based solid solutions. P. represents the oxygen
partial pressure corresponding to equal ionic and n-type
electronic conductivities, when

to=t=0.5

(5)

The temperature dependence of P, can be approximated
by

(6)

where A and B are regression parameters. Figure 8
shows the values of P, determined by different authors.

Experimental data [237, 238, 244] show a clear
enlargement of the electrolytic domain of the
Th(Y)O,_s solid electrolytes with increasing yttria con-
tent, caused by both increasing ionic conductivity and

B
logP, =4 ——
og T
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Fig. 8 Temperature dependence of the parameter P. for the solid
electrolytes ThogsY 1501925 (curves 1, 2 [237] and 4 [242]) and
Thy9:Y0.0801.96 (curve 3) [244]. Data [237] obtained using the cells
W.Li,Li,O|Th(Y)O,_s|Fe,Feg 9sO,Pt (curve 1) and W,Pb|Th(Y)O,_g
Fe,Fe( 95O,Pt (curve 2). Curve 4 was calculated theoretically [242]. For
comparison, similar results from refs. [273] (curve 5), [274] (6), and
[275] (7) are also presented

displacement of the equilibrium concentrations of elec-
tronic species.

Notice also that the P, values from [242], calculated
theoretically from the dissociation pressure of thorium
dioxide, are close to experimentally measured values
(Fig. 5). This shows that the ratio between the dissoci-
ation oxygen partial pressure and P, should be
approximately the same for fluorite-type oxides such as
thoria and zirconia, and that electron mobility is also
similar in the fluorites [239, 242].

Generally, results on ThO,-based oxides demonstrate
that such materials can be used in potentiometric cells to
determine oxygen pressures at oxygen chemical poten-
tials lower than those accessed with zirconia. However,
the presence of significant p-type conductivity in oxi-
dizing conditions prevents the use of air as a reference
electrode [242]. Instead, various metal/metal oxide
mixtures such as Fe/FeOg9 can be used. Examples of
thoria solid electrolytes used for thermodynamic
measurements have been published [6, 246, 247].

Table 12 Regression para-
meters of the temperature de-
pendence of the oxygen partial
pressure P, for ThO,-based so-

lid electrolytes

Electrolyte T (K) log P. (atm) = A4 — B/T Ref.
A B
Tho.92Y0.0801.96 1000-1400 13.36 56250 [244]
hos5Y0.1501.925 940-1140 10.71 57300 [237]
800-940 21.46 70240 [237]
Th()_35Me()_1501_925 (Me = La, Y) ~1000 195 67000 [242, 243]
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Electrochemical properties of ionic conductors
based on Hf0,, Ce0,, and ThO,

The specific properties of each group of oxides, consid-
ered above, determine their applicability in various
electrochemical cells. The lower oxygen ionic conductiv-
ity of HfO,- and ThO,-based fluorite solid solutions with
respect to stabilized zirconia limits possible applications
of thoria and hafnia to devices operating at relatively high
temperatures and reduced oxygen pressures (potentio-
metric sensors, thermodynamic measurements, protec-
tive coatings of electrochemical cells). As a result, the
literature on electrochemical properties of hafnia- and
thoria-based ionic conductors contains mainly the results
of estimates for electrolytic domains [100, 158, 237, 239,
242-244], necessary for applications as measuring
devices. In the framework of such studies, the theoretical
aspects of oxygen permeation through fluorite-type
ceramics were analyzed in detail (see [239, 248] and
references herein), and a number of empirical methods to
estimate the electrolytic domains was proposed [239]. In
contrast to thoria- and hafnia- based solid electrolytes,
ceria-containing oxides obtained more attention owing to
their specific electrocatalytic properties, briefly consid-
ered below. Detailed analyses of the electrode processes
in electrochemical cells with various oxide electrolytes
were published in monographs [148, 158].

Electrochemical behavior of metal electrodes
in contact with stabilized hafnia

Studies on the behavior of Pt and Ni electrodes in
contact with Hf(Y)O, solid electrolytes [249, 250] were
performed within research projects supervised by Perfi-
lyev and Kuzin, and focused on fundamental aspects of
electrochemical processes in cells with oxygen ion con-
ductors (see [1, 148, 158] and references therein). The
general comment is that the qualitative trends observed
in the systems “‘metal/Hf(Y)O,” [249, 250] are identical
to those typical of electrochemical cells based on stabi-
lized zirconia electrolytes [1, 148].

The cathodic polarization resistance of Ni electrodes
in contact with hafnia stabilized with 12.5 mol% yttrium
oxide increases with increasing hydrogen partial pres-
sure in Hy/H,O atmospheres [249], as found for nickel
electrode layers applied onto Zr(Y)O, solid electrolyte
substrates. Increasing water vapor pressure leads to in-
creasing electrochemical activity and to a change in the
shape of cathodic polarization curves. While the po-
tential-current dependencies at high hydrogen pressures
are Tafel-type, with high water vapor concentrations in
the gas phase the polarization curves exhibit a tendency
for limiting currents and a transition to Tafel behavior
with further increase in current density. The potential
for this transition is independent of the solid electrolyte
material, having the same values for zirconia and hafnia
electrolytes [148, 249]. Current treatment was found to

lead to a significant change of the polarization resistance
of nickel electrodes in contact with stabilized hafnia
[249]. In particular, when the equilibrium potential of
nickel electrodes is higher than the transition potential,
treatment with anodic current results in increasing
electrochemical activity, whereas the effect of cathodic
current is the opposite. Possible mechanisms for such
behavior were discussed in detail [148].

Comparative studies of platinum electrodes in
contact with single crystals of Hf(Y)O, and Zr(Y)O,
[250] also demonstrated qualitative resemblance for
electrochemical processes involving these electrolytes. In
particular, no influence of the crystallographic faces of
the single crystals on electrode impedance was found.
The dependence of impedance on the stabilizing dopant
concentration showed maximum and minimum values
along with a non-monotonous behavior, which was
explained in terms of the interrelations between elec-
tronic conduction in the hafnia solid electrolytes and the
electrode process mechanism [250].

Oxygen permeability of ceria-based mixed conductors

Oxygen permeation through La-doped cerium dioxide
ceramics were found to increase with La,Os; content
from 0 to 10 mol% [251], indicating an increase in both
ionic and electronic conductivities of ceria. Therefore,
increasing lanthanum concentration results in a change
in the type of dominant electronic charge carriers from
n-type, characteristic of undoped CeO,, to electron
holes. The p-type carriers form owing to incorporation
of oxygen into vacancies created to balance the lantha-
num additions [251]. Comparison of results on oxygen
permeation [251] with data on n-type electronic con-
ductivity [167] suggests a determining effect of trivalent
dopant content on the electron band structure and, thus,
on the chemical potential of oxygen ions in ceria. For
applications of cerium oxide as a component of elec-
trode materials, one can expect a better performance of
REE-doped CeO, having both higher ionic and
electronic conductivities than the undoped oxide [251].
Ce(Gd)O,_s solid solutions doped with cobalt and
manganese have been studied [181, 203, 252]. The solid
solubility of Co and Mn in gadolinia-doped ceria (CGO)
depends strongly on temperature, as found for the sys-
tems with stabilized zirconia doped with transition metals
[1]. At temperatures of about 1270 K, the concentration
limit for the fluorite solid solution formation corresponds
to approximately 10 mol% for cobalt and 5 mol% for
manganese. Quenching of the samples after annealing at
higher temperature yields single-phase ceramics with a
higher content of transition metal oxides [181, 203, 252].
Analogously to doped zirconia [1], incorporation of co-
balt and manganese into the crystal lattice of CGO leads
to decreasing ionic conductivity and increasing p-type
electronic transport. Oxygen permeability at 1000—
1300 K increases with increasing dopant concentration
within the solid solution formation range, whereas seg-



regation of cobalt and manganese oxide phases results in
decreasing permeation fluxes and increasing total con-
ductivity of the ceramics [181, 203, 252]. The permeation
process through Co- and Mn-doped CGO is limited by
conjugate bulk transport of oxygen ions and electron
charge carriers. Deposition of porous platinum layers
onto the membranes decreases the oxygen permeability
owing to partial blocking at the surface.

Electrochemical properties of electrode systems
with ceria-based electrolytes

A series of research articles by Perfilyev and Palguev
[253-256] was focused on studying of platinum elec-
trodes in contact with ceria solid electrolytes in air at
temperatures of 923-1173 K. In the works [253, 254],
dense platinum electrode layers were formed on the
0.85Ce0,-0.15Ca0 ceramics by annealing Pt powder at
1770-1800 K. Electrochemical properties of such elec-
trodes were studied in the mode of pulse DC polarization
as well as reversing the current. Analysis of the pro-
cesses, observed at jump changes of the current density
through the cell, allowed them to make a conclusion
regarding the concentration nature of the polarization
processes in these systems [253, 254]. The limiting stages
of the anodic electrochemical reaction were determined
to be oxygen diffusion through the solid electrolyte and
through the electrode [253, 254]. Therewith, the diffusion
fluxes through the electrode are significantly less than the
fluxes through electrolyte. Increasing current density up
to 1 A/cm? leads to decreasing polarization resistance of
the dense electrodes, caused by distension of the anode
interface layer of ceria electrolyte owing to evolution of
molecular oxygen in pores of ceria, thus increasing the
electrochemically active area. At higher current densities
the anode layers were observed to exfoliate, which results
in increasing polarization. Cathodic polarization resis-
tance of the electrodes decreases moderately with in-
creasing current density owing to partial reduction of the
electrolyte surface layers with subsequent mechanical
decomposition of ceria ceramics. As a general feature,
electrochemical behavior of dense platinum electrodes
was found to depend strongly on the pre-history of the
cell [253, 254].

Detailed studies of porous platinum electrodes in
contact with Ceo'85ca().1501'85 and Zrovg5cao'150]'g5
electrolytes [255] indicated a chemical interaction of
platinum with oxygen under the conditions of anodic
polarization. No considerable differences in the electro-
chemical behavior of porous Pt electrodes applied on
ceria- and zirconia-based electrolytes was found.

Polarization curves of platinum electrodes, deposited
on the solid electrolyte ceramics 0.85Ce0,-0.15CaO,
0.85Ce05-0.15SrO, and 0.85Ce0,-0.15La,0s, can be
described by a Tafel equation when the overpotential is
higher than 50 mV [256]. For the anodic processes, there
was observed an Arrhenius-type dependence of the ex-
change currents (iy) on temperature:
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. E,
i) = Bexp( RT> (7)
where B and FE, are the pre-exponential factor and
activation energy, respectively. This suggests a single
limiting stage for the electrochemical reaction. The ac-
tivation energy calculated using Eq. 7 was 41, 32, and
15 kcal/mol for the electrolytes 0.85Ce0,-0.15CaO,
0.85Ce0,-0.15S5rO, and 0.85Ce0,-0.15La,05, respec-
tively. These values were noted to correlate with the
activation energy for the ionic conductivity of the
ceria-based solid solutions [256].

The results of impedance spectroscopy of the elec-
trochemical cell

0O, (air), Pt|0.85Ce0,-0.15CaO|Pt, O, (air) (8)

at 973-1073 K did not allow unambiguous separation of
the limiting stage of the reaction, but indicated that the
limiting stage is probably not electrochemical [257]. The
capacity of the electrical double layer was in the range
6.8-8.8 uF/cm? at zero polarization. Anodic polariza-
tion leads to a sharp increase in the capacity, which was
as high as 9200 uF/cm? at 1073 K and 170 mV; the
effect of cathodic polarization on the capacity was
insignificant [257].
Testing the single SOFC-type cell

0, (air), Pt|0.85Ce0,-0.15CaO|Pt, CO 9)

at 1273 K showed that the anodic polarization curves
exhibit limiting currents [258]. Comparison of these
experimental data and theoretical models proposed by
Chebotin et al. [258] suggests that the limiting stage in
this case refers to the reaction

0’ +CO — COy + ¢~ (10)

which takes place at the solid electrolyte surface. This
reaction is promoted by electronic conductivity charac-
teristic of ceria in reducing atmospheres. One should
note the relatively high current densities (up to 1 A/cm?)
obtained using the cell (9), in spite of electronic
conduction in the electrolyte.

On the basis of the results on the cells with ceria-
based electrolytes (in particular, [258]), the conception of
enlargement of the electrochemical reaction zone using
mixed-conductive electrodes was formulated [148, 158].
At a later time, ceria was used as an activating addition
to the anode layers.

Electrochemical activity of ceria-containing electrodes

Numerous experimental results [148, 259-265] show that
incorporation of cerium oxides into metal and cermet
electrodes, operating in reducing atmospheres under
cathodic or anodic regimes, results in a great increase of
the electrode layer’s electrochemical activity. For ex-
ample, incorporation of ceria into cermet electrodes
consisting of a mixture of Pt and Zrg9;Sc) 0901 955
electrolyte leads to 4-5 times lower polarization
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resistance in the case of a H,/H,O atmosphere, and 3-4
times lower for CO/CO, mixtures [262]. For copper-
based cermet electrodes, the drop in polarization resis-
tance after addition of ceria was observed to be as high
as 1000 times [259]. Introduction of ceria into the elec-
trode material changes also the electrochemical reaction
mechanism. Before activation with ceria the polarization
curves for cermet cathodes comprising metals such as Pt,
Pd, Ag, Ni, or Cu can be described by the Tafel equa-
tion. The activation results in linear overpotential-
current dependencies up to overpotentials of
200-300 mV [259].

This important effect of cerium oxide additions may
not be explained only by the mixed conductivity of
CeO,_s, as in [148]. For instance, the most significant
reduction of the electrode polarization resistance can be
achieved when ceria particles are uniformly distributed
both on the surface and in the volume of the electrode
porous matrix [148, 259, 263-265]. Such a distribution
can be obtained after firing the metal or cermet electrode
layer, in particular by impregnation with a solution of
cerium salts such as nitrate or chloride, with subsequent
annealing [264]. The CeO,_s powders prepared by
thermal decomposition of cerium hydroxide or chloride,
without additional thermal treatment, show maximum
oxygen surface exchange rates with both molecular oxy-
gen and CO,, at temperatures above 570 K [266, 267].
Further thermal treatments, irrespective of the atmo-
sphere, lead to passivation and decreasing surface ex-
change [266, 267]. Analogously, impregnation of SOFC
anode cermets (already containing cerium dioxide before
activation) with a solution of cerium nitrate was shown
to result in a significant increase in the SOFC perfor-
mance [264]. Therefore, the activating effect is caused by
the specific electrocatalytic properties of highly dispersed
ceria particles distributed on the electrode surface which
participate in the electrochemical reaction and provide a
high surface exchange rate. A similar role in the elec-

trochemical process under oxidizing conditions may be
played by PrO, [148, 265, 268-272]. Practical recom-
mendations, which follow from data on oxygen
exchange, are considered below.

Oxygen exchange between cerium oxide
and the gas phase

The results of oxygen exchange (OE) between ceria and
the gas phase were reported by Kurumchin et al. [266,
267, 276-278], Sazonov et al. [176, 177], and Bak-
umenko et al. [174]. Comparative studies of oxygen
desorption and oxygen exchange of rare-earth oxides
[174, 176, 177, 279-282] showed that the properties of
surface oxygen in CeO,_s, with a composition close to
stoichiometry are close to those found for other oxides
such as La,O3; and Nd,O;. Significantly different
behavior of the surface oxygen was observed for the
praseodymium and terbium oxides, exhibiting a series of
nonstoichiometric phases under the same conditions
[174, 282]. CeO, also forms such a series of phases [173]
but at lower oxygen pressures. Hence, one can expect an
increase in the surface exchange rate of cerium oxide at
reduced concentrations of oxygen in the gas phase, when
highly oxygen-deficient CeO, phases are formed. This is
confirmed by the appearance of an extremely high but
unstable activity of cerium oxide powder quenched after
annealing in vacuum at 970 K [176]. On the other hand,
surface exchange properties of cerium oxide depend
strongly on the history of samples [266, 267]. Maximum
activity and minimum activation energy for the OE
process are typical of freshly prepared powders starting
from cerium metal salts (Table 13, Fig. 9). Prolonged
annealing in either reducing or oxidizing conditions
leads to passivation and decrease in the surface exchange
rates. Therefore, the effect of annealing atmosphere on
OE limiting stages is relatively small: after treatment in

Table 13 Effect of history on the parameters® of isotopic oxygen exchange between CeO,_s and gas phase [266]

Impurity Preparation  Treatment Egr (kJ/mol) n R [mol/(s cm?)]
content method®
800 K 870 K
<0.1% DH As-prepared 63 + 2 0.2 7.9 x 107! 1.5% 10710
<0.1% vacuum, 1233 K, 4 h 158 £ 6 - - 9.0 x 10712
<0.1% CO + CO, (12 vol% CO), 1173 K, 337 h 175 + 5 - 6.9 x 10712 53x 1071
<0.1% CO + CO,, 1173 K, 337 h and then vacuum, 167 £ 6 0.6 - 5.9 % 107"
1233K, 4 h
<0.1% DC as-prepared 135 + 5 0.2 2.9 x 107! -
<0.1% vacuum, 1233 K, 4 h 183 + 6 - 3.1%x 10712 -
<0.1% H, +H,0 (90% H>), 1173 K, 400 h 188 + 6 0.1 - 8.0 x 107!
<0.1% H,+H,0 (90% H,), 1173 K, 400 h; and 167 + 5 0.1 8.1x 10712 5.4 x 1071
then vacuum, 1233 K, 4 h
<0.1% H,+H,0 (10% H»), 1173 K, 400 h 188 + 6 0.4 6.3 x 10712 4.8 x 107!
<0.1% H,+H,0 (10% H,), 1173 K, 400 h; and 175 £ 5 - - 3.0 x 1071
then vacuum, 1233 K, 4 h
<0.005% S vacuum, 1233 K, 4 h 189 + 6 - 9.0 x 10713 8.3 x 10712

4R is the rate of oxygen isotopic heteroexchange; Ey is the acti-
vation energy for the exchange rate; n is the exchange reaction
order

°DH and DC correspond to thermal decomposition of cerium
hydroxide and cerium chloride at 1123 K in air, respectively. S
means sintering in air at 1373 K for 4 h



vacuum, hydrogen, carbon monoxide, and atmospheric
air, CeO, powders exhibit similar values of activation
energy for the oxygen hetero-exchange, which varies
from 158 to 188 kJ/mol [266]. Analogously to stabilized
zirconia and rare-earth metal oxides, the OE reaction
between CeO, and the gas phase involves predominantly
two oxygen atoms of the oxide lattice surface layer (so-
called exchange type III) [174, 177, 266], but the con-
tribution of the OE type II, with one participating atom
from the lattice, is also significant [266].

The OE rate between CeO, and the gas phase con-
taining molecular oxygen increases regularly with
increasing oxygen pressure (Fig. 10). The OE reaction
order was reported to vary from 0.1 to 1.0 [176, 266],
indicating a complex mechanism for the OE reaction. In
particular, the reaction order values close to 0.2, which
are typical for CeO,_s; powders prepared in air
(Table 13), permit assumption of the participation of
fluorite lattice defects such as electron holes and oxygen
vacancies in the exchange process.

Testing heterophase oxygen exchange between CeO,
and CO, [267] demonstrated significantly higher
exchange rates and lower activation energies with
respect to the OE reaction between cerium oxide and
molecular oxygen (Fig. 9). This may be associated with
formation of carbonate ions (CO%‘) at the oxide surface,
at some intermediate stage of the OE reaction [267, 276].

When discussing the OE process under moderate
oxygen chemical potentials [266, 267, 276-278], one
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Fig. 9 Temperature dependence of the CeO,_ s oxygen isotopic
exchange rate: I as-prepared powder obtained by thermal decompo-
sition of cerium hydroxide at 1123 K in air; 2, as-prepared powder
obtained by thermal decomposition of cerium chloride in air; 3, oxide
powder annealed at 1373 K for 4 h in air; 4 ceramics sintered in air at
2100 K. Curves 1-3 correspond to exchange with molecular oxygen
[266]. Curve 4 presents data on oxygen exchange with carbon dioxide
[267]
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should note the great effect of the oxygen vacancy
concentration and electronic conduction on the elec-
trocatalytic activity of cerium oxide. First of all, in-
creasing impurity or dopant content leads to higher OE
rates due to probably higher concentrations of oxygen
vacancies and electronic conductivity, as discussed
above. From the viewpoint of influence of the elec-
tronic conduction on oxygen exchange, doped ceria
exhibits an intermediate behavior between stabilized
zirconia and stabilized bismuth oxide [276-278]. In the
case of zirconia, the OE reaction is limited by the
electronic transport at the electrolyte surface and in-
creases with deposition of electron-conducting layers
onto the surface. For stabilized Bi,Os, the OE process
is delocalized at the electrolyte surface, and electrodes
play mainly the role of current collectors. For La-
doped Ce(Gd)O,_s, the oxygen exchange rates are close
to those of bismuth oxide electrolytes. However, the
exchange process between the gas phase and the ceria
solid electrolyte with deposited Pt layers was found to
occur on both metal and oxide surfaces [276, 277]. As a
result, deposition of porous platinum onto ceria surface
may increase OE currents.

The analysis of experimental data on oxygen ex-
change [176, 177, 266, 267, 276-278] suggests the fol-
lowing conclusions:

1. A maximum effect of cerium oxide additions on the
performance of electrodes operating in reducing
conditions can be expected in the case of low oper-
ating temperatures, when the rate of passivation of
ceria electrocatalysts is moderate. However, low
operating temperatures also limit the reversibility of
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Fig. 10 Oxygen partial pressure dependence of / oxygen isotopic
exchange rate at 688 K and 2 oxygen homomolecular exchange rate at
763 K on CeO,_;s [176]
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electrodes, as well as oxygen substoichiometry and
electronic conduction in cerium oxide. An optimum
working temperature might be compatible for
electrochemical cells with solid electrolytes based on
LaGaO; and Ce(Gd)O,_s.

2. As the surface of doped ceria ionic conductors plays
an important role in the OE process, an increase in
the exchange currents and hence a decrease in po-
larization resistance of the electrode systems can be
achieved by increasing the specific surface area of the
Ce(Me)O,_; solid electrolyte ceramics.

3. Since the electrocatalytic activity of cerium oxide in-
creases with reducing conditions and increasing
electronic conduction, which is not acceptable for
solid electrolytes, a positive effect can be obtained
using multi-layer cells where the composition of the
outer anode layer is designed from a viewpoint of
optimized catalytic properties.

Electrochemical properties of perovskite-type cerates

Other promising ion-conducting materials are the
MCeO;_; perovskite-type cerates which possess a mixed
oxygen ionic and p-type electronic conduction at high
oxygen pressures, but have predominant protonic con-
ductivity in hydrogen-containing atmospheres [200, 201,
283, 284]. Partial substitution of cerium cations with
trivalent rare-earth ions leads to increasing oxygen ion
vacancy concentration and, therefore, ionic conduction.
The optimum dopant concentration in MCe;_, Me, O3_;
varies in the range of x from 0.06 to 0.15 [200, 201]. In
the case of strontium cerate, the maximum protonic
conduction is observed when incorporating Gd, Dy, or
YD into the cerium sublattice [200], whereas the best
ionic transport properties of BaCeOs_s-based ceramics
can be achieved using Nd, Eu, Gd, Dy, Ho, or Lu [201].
Testing of single SOFCs with a BaCeg 9oNdg.10O3_5 solid
electrolyte, one Ni cermet, and LaggSry,MnO;_s elec-
trodes demonstrated sufficient cell stability [283]. A high
electrochemical activity of the cermet and manganite
electrode layers in contact with doped barium cerate was
ascertained from detailed investigations of their polar-
ization characteristics [283]. At the same time, the pro-
ton-conducting cerates exhibit specific thermal
expansion features, hampering their practical use [284].
In particular, anomalies in thermal expansion of the
BaCe;_Me,O;_s (Me = Er, Nd) solid solutions, asso-
ciated with change in the atmospheric humidity and
history of the electrolytes, were found while testing the
materials in atmospheres with variable water vapor
concentration [284].

Final remarks

While the driving force for this review was the dissemi-
nation of information published in the former Soviet

Union, on high-temperature oxygen electrochemistry,
the obvious conclusion of this work is that new materials
with improved properties, for high technology applica-
tions of solid electrolytes, were studied for many years in
all advanced research centers, irrespective of well-known
constraints. Knowledge and technological development
had to face the same challenges everywhere. If dissemi-
nation of information could be limited by specific con-
straints including language problems, outstanding
contributions to the field were always recognized
worldwide. This explains to a reasonable extent the al-
ready mentioned coherence but also parallelism between
research results now presented and those more familiar
to readers of scientific journals commonly edited in
English. Most pioneering contributions quickly spread
and became part of common knowledge.

In fact, in 1970, Etsell and Flengas [285] already
wrote a rather complete review on oxygen ionic con-
ductors, covering almost 700 references, with an enor-
mous variety of data sources and authors. This is still an
invaluable reference to newcomers. The present contri-
bution, besides other objectives already presented, can
be understood also as an attempt to complement and
update this pioneering work. New ideas and materials
were developed in the last 30 years, and experimental
techniques provide nowadays a deeper knowledge and
understanding of relevant phenomena in the field.
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