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Abstract Developments of solid electrolytes and mixed
conductors based on stabilized zirconia in the former
Soviet Union are reviewed. Primary attention is given to
experimental data on high-conducting electrolytes,
mixed conductors obtained by doping zirconia with
transition metal oxides, oxygen exchange and oxygen
permeation processes, as well as properties of metal
electrodes in contact with the stabilized zirconia.
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Introduction

Oxide materials with oxygen ionic and mixed ionic-
electronic conductivity have a wide application in high-
temperature electrochemical devices such as solid oxide
fuel cells (SOFCs), oxygen separation membranes,
membrane reactors for hydrocarbon oxidation, and
sensors. Therefore the development of oxides having
satisfactory properties for electrochemical devices is very
important. However, numerous studies of materials and
electrochemical cells with oxygen ionic conductors per-
formed in the former Soviet Union are still unknown to
Western scientists. The present work is aimed at re-
viewing these developments in order to facilitate access
to the wealth of publication which have appeared in
Russian. Most attention is given to the results which
could be of interest at the present time from the view-
point of developing electrochemical devices. In addition
to the most interesting research projects, we made an
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attempt to briefly list articles published in less-known
journals to assist in searching for information useful for
researchers. The authors did not try to compare the re-
sults obtained in the Soviet Union and in Western sci-
entific centers or to draw any analogies.

This is the first part of a series of reviews. It is focused
on experimental data on solid electrolytes and mixed
conductors based on stabilized zirconia and the elec-
trochemical properties of such materials. Following
parts will be devoted to perovskites (part II), oxide
compounds based on bismuth oxide, ceria, thoria, and
hafnia (part I1I), pyrochlores and ion-conducting oxide
phases of other structural types (part IV), and finally on
applications of oxygen ionic conductors (part V).

Solid electrolytes based on Zr0,

The main requirements for solid oxide electrolyte ma-
terials determining their applicability are high ionic
conductivity with negligible electronic conduction and
thermodynamic stability under the conditions of the
application, and an absence of the degradation of the
transport property with time. In known oxide systems
based on zirconium dioxide, solid solutions with the
cubic fluorite-type structure satisfy these requirements to
a large extent [1-3]. Existence of such solid solutions at
temperatures below 1000 °C is characteristic of the bi-
nary oxide systems ZrO,-Me,O3 (where Me is a rare-
earth element) and Zr0O,-CaO [4, 5].

The binary oxide systems ZrO,-Me,O; (Me = La,
Nd-Lu, Y, Sc)

Phase relationships

Phase diagrams, selected relationships between chemical

and phase compositions, or the structure of separate
phases were studied for the systems ZrO;,-Sc,03 [6-11],
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Zr0,-Y,0;3 [12-17], ZrO,-La,0; [18-20], ZrO,-Ce, 03
(Ce0,) [21-24], ZrO,-PrO, [25-29], ZrO,-Nd,0; [18,
30-38], ZrO,-Sm,O; [33, 34], ZrO,-Eu,O; [34, 39],
7r0,-Gd, 03 [34, 40], ZrO,-Dy,05 [33, 34, 37, 38, 40],
Zr0,-Ho,03 [40], ZrO,-Er,O3 [40], ZrO,-Tm,05 [40],
ZrOy-Yby05 [7, 33, 34, 40], and ZrO,-Lu,05 [40].
Ranges of formation of the cubic fluorite solid solutions
(F-phase) were found for all these systems. There are
also fields of tetragonal (T) and monoclinic (M) phases
and co-existing phase mixtures in zirconia-rich parts of
the phase diagrams. For the ZrO,-Me,Oj3 systems with
a large radius of the rare-earth cation (Me = La-Gd), a
typical feature is the formation of the pyrochlore phase
Me,Zr,07 and solid solutions based on it [18-20, 27—
32, 35, 36, 41-43]. A decreasing radius of the dopant
cation is observed to decrease the pyrochlore phase
stability and to enlarge the temperature and concen-
tration limits of the existing F-phase. For example, the
fluorite-type solid solutions in the ZrO,-La,;O3 system
exist in a narrow composition range and are unstable at
temperatures below 1900°C. If the LaO;s content is
less than 50 mol% the ceramics of ZrO,-La,03 repre-
sents a mixture of the T-phase with the cubic pyroch-
lore LayZr,O;. At the same time, the range of
formation of the formation of the fluorite solid solution
the system ZrO,-Y,0j3 is up to 50-60 mol% YO, s at
1250°C and increases significantly with increasing
temperature.

One should note that numerous literature data on
phase composition of the oxides at temperatures below
1200-1400°C diverge considerably. This is caused by a
low rate of the solid-state synthesis and phase decom-
position process [41]. As a result, the phase composition
of the ceramics at medium temperatures represents a
function of the preparation conditions. For instance, the
fluorite-type cubic solid solutions ZrO,-Y,0O3; may be
obtained by a synthesis from organometallic compounds
at a yttria content up to 4.5 mol% at temperatures of
600-800°C [44, 45]. Analogously, preparing complex
oxides of the system ZrO,-Nd,Os by coprecipitation or
by thermal decomposition of nitrates leads to the for-
mation of metastable cubic solid solutions, the structure
of which changes continuously from fluorite through
pyrochlore to Mn,0;3 type (C-form of neodymia) [31,
32]. Increasing the temperature results, however, in a
decomposition of the metastable F-phase forming ther-
modynamically stable phases (Scheme 1) [32]:

Electrical conductivity of the fluorites

A large number of research projects showed that the
conductivity of the fluorite-type solutions has a maxi-
mum at 8-10 mol% MeO; s (Me = Nd-Lu, Y, Sc) and
decreases with further increases in dopant concentration
[7, 8, 14, 35, 37, 38, 40, 46-52]. Therefore a position of
the maximum in the conductivity versus composition
curves is close to a minimum dopant concentration
which provides stabilization of the F-phase at tempera-
tures below 1000°C (low limit of the stabilization) [40].
Notice that (1) the dopant content corresponding to the
conductivity maximum may be somewhat higher com-
pared to the low stabilization limit, and (2) both these
concentration values depend on the conditions of pro-
cessing the ceramics. Table 1 presents selected data on
electrical properties of the zirconia-based solid electro-
lytes having the highest conductivity prepared by dif-
ferent methods.

The results of systematic studies of the conductivity
of zirconia stabilized by Gd, Dy, Ho, Er, Tm, Yb, Lu, Y,
and Sc have been presented and analyzed [40]. All the
ceramic electrolytes were obtained using a uniform
method (co-precipitation of the hydroxides with subse-
quent sintering). The minimum dopant concentration to
stabilize the fluorite phase in the systems ZrO,-MeO 5
(ME = Gd, Dy, Ho, Er, Tm, Yb, Lu) was found to be
about 7.0-8.5 mol% of the stabilizing addition, being
essentially independent of temperature. The conductivity
maximum in all the systems closely coincides with the
existing F-phase limit. The conductivity increases
linearly with decreasing ionic radius of the dopant in
the sequence Nd < Gd < Dy<Ho=xY <Er<Yb<
Lu < Sc (Fig. 1). Analogously to the low stabilization
limit, the conductivity maximum in each of the systems
is observed to be independent of temperature.

Temperature dependences of the conductivity of the
Zry90Meg 100195 electrolytes can be approximated by
several linear segments in the Arrhenius diagrams,
whereas a curvature of these dependencies increases with
increasing conductivity [53]. The activation energy for
electrical conduction at temperatures above 1200 °C was
found to decrease with decreasing radii of the dopant
cations. At lower temperatures, the dependencies of
conductivity on composition are more complex. It was
shown experimentally that the breaks in the conductivity
versus reciprocal temperature curves for the ceramics

1100-1200 °C
Zr08:Ndg 1301 91(cub)

Zr975Nd 250187 + Z19.96Nd0 0401 .08

(cubic fluorite) (cubic fluorite)

1200-1300 °C

Ndo.9§Zr3.0207.51
(pyrochlore)

tetragonal
~950°C |~ 600 °C
monoclinic

Scheme 1
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Table 1 Electrical conductivity of stabilized zirconia ceramics prepared by different methods

Electrolyte Conditions of preparation Conductivity (S cm™) Activation energy (eV) Ref.
800 °C 1000 °C T <900°C T > 950 °C

71095 Y 00501 96 Co-precipitation and hot 2.5%x 1072 8.9 x 1072 0.84 0.46 [46]
Z10.90Y 0 1001.05 pressing (1300 °C) 42 %1072 1.4 % 107! 0.84 0.42

71097 Y0 0501 96 Co-precipitation and sintering 3.4 x 1072 1.4 % 107! 0.80 0.72 7
Z1090Y0.1001 05 2.4 x 1072 1.0 x 107} 0.80 0.72

Z1(.91S¢0.0901.96 Co-precipitation and 1.0 x 107! 2.2 % 107! 0.79 0.38 [46]
Z10905¢0 1001 o5 hot pressing (1300 °C) 8.9 x 1072 2.5% 107! 0.75 0.37

71091500901 96 Co-precipitation and sintering 1.1 x 107 3.2%x 107! 0.64 0.44 [7
710 905¢0 1001 95 1.0 x 107! 3.0 x 107! 0.64 0.46

71690501001 05 Hot pressing (1600 °C) 8.3 x 1072 2.8 x 107! [62]

710 915¢0 0901 96 Slip casting 1.1 x 107! 3.1x 107! [63]

Z10.50Y0.0sAl0.030104  Hot pressing (1300 °C) 1.9 x 1072 7.9 x 1072 [62]

Hot pressing (1600 °C) 54 %1072 1.6 x 107!

Z14.92Ybg 0301 06 Co-precipitation and sintering 7.9 x 107> 22x 107! 0.73 0.67 [7, 40]

Z10.90Ybo 1001 95 5.6 x 1072 1.9 x 107! 0.72 0.63

7Z1r0,-Sc, 05 correlate with the transitions of the dis-
torted fluorite phases characteristic of this system, and
with thermal effects found by differential thermal anal-
ysis (DTA) [54]. A number of different theoretical
models were suggested in order to explain the depen-
dencies of the activation energy on temperature and
dopant concentration (see, for instance [45, 53, 55]).

The solid electrolytes ZrO;-Y,0; and ZrO,-Sc,03,
having the highest conductivity in comparison with
other zirconia ceramics, were considered to be most
promising electrolyte materials [2]. These materials were
subjected to detailed investigations.

Phase composition, conductivity, and other proper-
ties of the Zr0O,-Y,03 ceramics containing 8—12 mol%
of YO, s have been reported [14]. The minimum yttria
concentration to stabilize the cubic fluorite phase was
established to be 10 mol% . Although X-ray diffraction
(XRD) of the Zry9:Y.0801.96 ceramics did not show the
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Fig. 1 Dependence of the electrical conductivity of Zrg9R.1001.95
ceramics (R is a rare earth element) on radii of the cations R*" at
1000 °C (1) and 800 °C (2). All ceramics have been prepared by
coprecipitation of hydroxides with subsequent sintering. Published
data on conductivity [7, 40] have been used in this figure

presence of phase impurities, phase heterogeneity of the
material was demonstrated by optical methods. The
solid solution Zry99Y.1001.95, which was synthesized
before ceramic sintering, exhibited the maximum con-
ductivity [14]. Thermal expansion coefficients (TECs) of
the materials are in the range of (9.7-10.0) x 107¢ K~!
(Table 2). For ZrO;-Y,03; samples prepared by hot
pressing, the cubic fluorite phase stabilization was ob-
served at a yttria content more than 6 mol% , but the
conductivity maximum was found to correspond to 10
mol% of yttria [46]. At the same time, the conductivity
maximum of the solid electrolytes ZrO,-Y,03; produced
by thermal decomposition of organometallic compounds
[45] and by hydroxide co-precipitation [7] was about 7—
7.5 mol% of the stabilizing addition.

Phase diagrams of the ZrO;,-Sc,O3 system are more
complex than those of ZrO,-Y,0j; [5]. In the zirconia-
rich part of the ZrO,-Sc, 03 system at low temperatures,
there are rhombohedral - and y-phases (Sc,Zr;0;7 and
ScyZrs013). When heated, these phases transform re-
versibly to the F-phase. According to the conductivity
and XRD results, the reverse F — f transition proceeds
according to a diffusion mechanism and the transition

Table 2 Thermal expansion coefficients (TECs) of zirconia-based
ceramics

Composition Average TEC values Ref.
Temperature ax10° (K™
range (°C)
Z10.92Y0.0801.96 20-850 9.8 [14]
Zr0.90Y0.1001.95 20-850 10.0 [14]
Zro.83Y0.1201.04 20-850 9.9 [14]
Zr0.35Y0.1501.03 0-1200 10.2 [24]
Zr0.50Y 0.5001.75 20-1000 9.4 [17]
Zrog3La0.1701.92 0-1200 9.0 [24]
Zr0_85Ceo,]502_5 0-1200 11.5 [24]
Zr0.75Ce0.2502-5 0-1200 11.2 [24]
Zr0.875¢0.1301.94 20-650 8.2 [54]
650-900 12.7
900-1200 10.0
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temperatures is a function of the electrolyte processing
conditions [2, 56, 57]. Such phase changes represent one
of the reasons for the contradictions between data on
composition dependencies of the conductivity obtained
by different research groups. For instance, the maximum
conductivity in the ZrO,-Sc,03 system was published to
correspond to the following scandia contents (mol% ): 9
[50], 9-9.5 [7], 10 [46, 47], 9—12 [48], 10-12 [51]. Fast
degradation processes, analyzed below, are another im-
portant reason for the poor reproducibility of the con-
ductivity of the ZrO,-Sc,0O3 ceramics.

Pyrochlores Me;Zr,O; (Me = La-Gd) and J-phases
MeyZr;01, (Me = Sc, Y, Ho-Lu)

The pyrochlore phases Me,Zr,O7; (Me = La, Nd, Sm,
Gd) are characterized by existing homogeneity fields
where solid solutions are formed based on them [19, 36,
43]. As an example, the solid solutions with the
pyrochlore structure in the system ZrO,-Nd,O; at
1200 °C were found to exist within the range of 41 to 52—
55 mol% of NdOy 5 [31]. The concentration range of the
pyrochlore solid solution formation narrows with de-
creasing rare-earth cation radius [14].

The pyrochlore phases possess a mixed ionic and
electron hole conductivity [18, 19, 36]. The p-type con-
ductivity was established by the EMF method and by
studying oxygen partial pressure dependence of the total
conductivity (the conductivity is proportional to Péé 4).
The solid solubility of rare earth cations in the zirconium
sublattice associated with the formation of the solid
solution Me;(Zr,Me),07_;5 leads to increasing oxygen
vacancy concentration and to a definite increase in both
ion and electron-hole conductivity [18, 19, 36]. When the
temperature increases, a transition into the fluorite
phase accompanied by a sharp increase in the oxygen
ionic conductivity is typical for the pyrochlores [43].

The Ce,Zr,07 phase was found to exist only in re-
ducing atmospheres [21]. At the same time, solid solu-
tions based on the Pr,Zr,O; pyrochlore, where
praseodymium ions are predominantly in the trivalent
state, are stable in air [27-29].

Physicochemical properties of the MeyZr;04, (Me =
Sc, Y, Ho-Lu) compounds have been reported [58—61].
No existence of solid solutions based on these com-
pounds (d-phases) was observed. When heated, the -
phases transform to the fluorite-type solid solutions. The
0 — F transition temperature was shown to be 1370—
1650°C and to decrease with increasing rare-earth cat-
ion radius. TECs of the MesZr;0, ceramics are in the
range (6.5-12.2) x 107 K~!. The J-phase structure
represents a fluorite-based superstructure formed as a
result of ordering of a part of the cation and of all the
anion vacancies. Here, the anion vacancies are associ-
ated in pairs and do not take part in oxygen ion con-
duction. In the ordered phases, the oxygen ion
transference numbers were determined to be about 0.1,
whereas the transition into the disordered fluorite phase

results in a dramatic increase in the ionic conductivity.
The conductivity of the d-phases increases regularly with
increasing radius of the rare-earth cation.

The binary oxide systems ZrO,-MO (M = Be, Mg,
Ca, Sr, Ba)

There are no solid solutions with the fluorite structure in
the ZrO,-MO systems (M = Be, Sr, Ba) at temperatures
below 1500°C [64, 65]. The conductivity of multiphase
ceramics of these systems, which contain monoclinic or
tetragonal phases based on zirconia, is considerably low
[64].

The ZrO,-MgO phase diagram has been presented
[66]. This system is characterized by narrow (up to 1
mol% of magnesia) range of solid solutions with
monoclinic () and tetragonal (f) structure. An eutectoid
point that corresponds to the low temperature limit of
existence of the cubic fluorite was found at approxi-
mately 1300°C and ~19 mol% MgO. The compound
Mg,Zr;01;, having a rhombohedral structure, was ob-
served to form at 1750-2000 °C.

Metastable solid solutions of ZrO,-MgO with a cubic
structure were obtained and studied in numerous works
(see, for example, [64, 66—68]). This system has attracted
considerable attention, as the low radius of the magne-
sium cations gives high ionic conductivity for the ma-
terials obtained by introducing a second dopant into the
Zr0,-MgO ceramics [69]. Reducing the temperature was
ascertained to lead to a decomposition of all metastable
solid solutions of ZrO,-MgO [66, 68, 70-72]. The most
intensive destablization of the cubic phase was observed
at 1400 °C, while the decomposition rate increases with
increasing magnesia content [66, 68]. It has been also
established that the ZrO,-MgO solid solutions decom-
pose completely under an argon atmosphere at temper-
ature above 2000°C owing to evaporation of the
magnesia [66].

The ZrO,-CaO solid solutions are the most stable
compared to other ZrO,-MO oxide systems and were
subjected to detailed investigation. The zirconia-rich
part of the ZrO,-CaO phase diagram has been presented
[73], and the thermodynamic properties of these oxide
has been studied [74]. The results of EMF measurements
of galvanic cells with CaF; as the electrolyte showed that
Zr0,-Ca0 cubic solid solution range extends to
17 mol% of calcia at 12001400 °C [74]. At temperatures
below 850 °C, the saturated solid solution is thermody-
namically unstable and tends to decompose to CaZrO;
and ZrO,. This is in agreement with direct experimental
data, as decomposition of the ZrO,-CaO cubic phase
has also been shown [72, 73, 75-77]. The highest rate of
decomposition was observed at 1200-1400°C [66, 76].
Monoclinic zirconia and perovskite phase CaZrO; were
found to be the decomposition products [72, 75]. The
Zr0,-CaO electrolytes containing 15 mol% and more
calcium oxide are stable in atmospheric air and argon
atmospheres at temperatures above 1000 °C [66, 76].



The crystal structure and conductivity of the ZrO,-
CaO (CSZ) solid electrolytes have been reported [64, 69,
77-80]. The ceramics at 13-15 mol% of the dopant
possess maximum conductivity in the system. When the
calcia content is higher than 15 mol%, an ordering of
the oxygen ion sublattice results in decreasing conduc-
tivity [80]. The conductivity of the ZrO,-CaO ceramics
at temperatures above 1150 °C in the composition range
from 12 to 35 mol% was observed to be essentially in-
dependent of time [77]. At lower temperatures, only the
71y 30Cap00;1g0 ceramics exhibit time-independent
conductivity (the ZrsCaOgy phase is stable at medium
temperatures). The resistance of the other oxide mate-
rials of the system increases with the time and is pro-
portional to t5/3, which is caused by the cubic fluorite
phase decomposition.

Thus, both the stability and conductivity of CSZ is
lower compared to the ZrO,-Me,O; (Me = Y, Sc) solid
electrolytes. Owing to this, much of the attention of this
work is concentrated on the properties of zirconia sta-
bilized by yttria (YSZ) or by scandia (SSZ).

Solid-state synthesis and processing
of the electrolyte ceramics

As both phase composition and conductivity of zirconia-
based ceramics are functions of the processing condi-
tions, numerous research projects have focused on de-
veloping technologies for the synthesis and sintering as
well as on studying the kinetics of the solid-state pro-
cesses [41, 81-92]. It has been stated, in particular, that it
is necessary to use certain methods to prepare reactive
powders in order to obtain high-quality zirconia ce-
ramics. Methods of co-precipitation and decomposing
of organometallics are among the most promising
technologies [41, 44, 45, 93, 94]. Other methods were
aimed at developing hot-pressing techniques [46, 56, 62,
84, 95— 98]. A brief review of the methods of processing
solid electrolyte ceramics was presented by Perfilyev et al.
[12].

The effect of the microstructure of the ceramic
and of impurities on the properties
of stabilized zirconia

As a general rule for the stabilized zirconia electrolytes,
the activation energy of conductivity of the bulk of the
ceramic grain is less than that of the grain boundaries
[99, 100]. This results in a decreasing contribution of the
grain boundaries to the total resistance with increasing
temperature. When the grain size increases, the total
conductivity of the polycrystalline electrolytes increases
regularly owing to a decreasing boundary area [45, 100].
Therefore the grain bulk conductivity may depend on or
be independent of the electrolyte processing conditions.
Using hot-pressing technology allows reduction of the
resistance of both the grain bulk and the boundaries [56,
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101, 102]. A decrease in the boundary resistance can be
also achieved by increasing the temperature of the ce-
ramic sintering [101, 102].

It generally holds that introducing impurities into the
ceramics of the completely stabilized zirconia phase
leads to increasing resistance of both the grain bulk and
the boundaries [101, 103]. Here, total resistance values
are determined by a distribution of the impurity between
the bulk and the boundaries of the ceramic grains. The
effect of very soluble impurities on conductivity is less
compared to poorly soluble impurities which aggregate
at the grain boundary and block them. For example,
small additions of manganese or iron oxides, having a
high solubility in the solid cubic zirconia phase, were
demonstrated to contribute to the sinterability of the
ceramics and not significantly to affect the conductivity
[62, 103, 104].

In some cases, one can expect a definite decrease of
the grain boundary resistance with introducing dopants.
An example is the uncompleted solid-state synthesis of
Z10,-Sc, O3 solid electrolytes when the monoclinic
phase is concentrated on the grain boundaries, which
results in a relatively high resistance of the boundaries
[10, 47]. In this case, a positive effect of small amounts of
Fe,03, Al;O3, Cr,03, or MnyO; could be expected.
These oxide additions lead to an accelerating of the
solid-state reactions leading to the cubic phase forma-
tion, to decreasing the synthesis temperature, and to
improving the sinterability [62, 104]. One should note
also that the iron and chromium oxide additions even at
concentrations of 1-2 mol% may suppress the phase
transition of disordered ZrO,-Sc,O3 solid solutions to
rhombohedral Zr;Sc,047 [104]. A moderate doping by
chromium oxide (up to 2 mol% ) permits improvement
of the mechanical strength and microhardness of
710.90S¢0.1001.95 [105], whereas iron oxide additions re-
sult in decreasing strength [62, 106].

Table 3 presents selected results of studying the re-
sistance of grain bulk and boundaries of the zirconia
polycrystalline electrolytes with different additions.
Notice that different authors attained probably different
impurity distributions between the grain bulk and
boundaries, which is a reason for the discrepancies in the
literature data.

Moderate amounts of TiO; (up to 0.3 mol% ) were
shown to dissolve uniformly in the bulk of the grain of
Z1r0,-Y,03 and Zr0O;,-Sc,03, which leads to increasing
density and mechanical strength of the ceramics [63].
Additions up to 3 mol% Al,Os distribute into both the
grain bulk and the grain boundaries of the zirconia
materials and provides an increase in thermal shock
resistance. At the same time, both doping types lead to
an increase in the electrical resistance of the electrolytes.

The sinterability of stabilized zirconia was found to
be enhanced on introduction of bismuth oxide into the
ceramic [62, 107, 108]. Moreover, bismuth oxide addi-
tions do not significant alter the electrical resistance. The
solid solubility of bismuth oxide in zirconia is very low,
but most of the bismuth oxide evaporates during the
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Table 3 Effect of additions on

the electrical properties of sta- Electrolyte Measurement  Addition pp (Qcm)  pg, (Qcm)  p/py, (%) Ref.
bilized zirconia® temperature (mol%)
O
Zr0.91Y0.0901.96 500 - 1010 70 107 [101]
1.0 FeO,5s 1610 320 120
1.0 MgO 1370 380 128
1.0 TiO, 1120 130 112
1.0 AlO; s 1250 150 112
Z10.91Y0.0901.96 450 - 2340 140 106 [101]
0.5 MgO 4180 280 107
1.0 MgO 4880 8000 116
5.0 MgO 9620 3540 137
3.0 SiO, 4810 1400 129
Zr9915¢0.090196 500 - 456 32 107 [63]
0.1 TiO, 477 52 111
0.1 AlO; 5 483 41 108
0.1 AlO, 5 742 38 105
3.0 AlO, 5 854 57 107
ZrO.glsCO.()gollgé 450 - 1330 260 120 [103]
0.1 FeO,s 1290 240 119
1.0 FeO; 5 1570 250 116

* pb, Pev, and p are the resistance of the grain bulk, of the grain boundary, and the total resistance of

the ceramics, respectively

sintering [107]. As a result, the mixtures of zirconia and
bismuth oxide were a single phase after sintering [107].
However, hot processing of the solid electrolytes
71089 0.08Al.0301.94 and Zrg99Sco.1001.95 with additions
of bismuth oxide was observed to result in the formation
of metallic bismuth-embedded particles [62].

Additions of Ta,0s;, Nb,Os, V,05, and WO; were
observed to lead to a destabilizing of the cubic zirconia
phase and to dramatically decrease the conductivity
[104, 108]. This is caused by the formation of com-
pounds of these oxides with rare-earth oxide dopants
[108—110]. In particular, the formation of rare-earth el-
ement tantalates and an acceleration of the decomposi-
tion of the cubic phase were noted when Ta,Os was
added to the electrolytes of the ZrO,-Me,0O3 systems
(Me = Nd, Sm, Dy, Y) [109]. Analogously, introducing
Ta,0s into either the Zrgg0Sco.100195 electrolyte syn-
thesized earlier, or into the starting mixture of zirconia
and yttria, has led to a destabilizing of the cubic fluorite
structure with formation of tetragonal zirconia [110],
which is caused by the formation of YTaO4. The con-
ductivity of the Zr99Sc.1001.95-Ta,Os ceramics de-
creases sharply with an increasing content of tantalum
oxide, but it is predominantly ionic at additions up to 15
mol% of tantalum oxide. The results of incorporation of
Nb,05 and V,0Os into the electrolyte Zry99Scy.1001.95 are
analogous: decomposition of the cubic phase and de-
creasing conductivity, while the ionic character of the
conductivity is maintained [108, 110].

Adding LiF and AIF5 fluorides allowed reduction of
the temperature of hot pressing of the solid electrolytes
Zr089Y0.08Al.0300.194 and ZrygpSco.100195 as well as
resulting in increasing ceramic density [62]. However,
these additions decrease the conductivity and destabilize
the cubic zirconia phase. Doping with GeO, and B,0O;3
may improve the sinterability [86], but one can expect an

increasing resistance of the ceramic grain boundaries in
this case.

Time degradation of conductivity

The decreasing conductivity of zirconia solid electrolytes
with time is determined by the following factors: (1)
decomposition of a metastable solid solution at reduced
temperatures; (2) local ordering of the oxygen sublattice
of completely stabilized electrolytes with formation of
microdomains; (3) changing resistance of the ceramic
gain boundaries; (4) interaction between electrochemical
cell materials [2, 111].

The decomposition of metastable cubic phases is
characteristic of the electrolytes ZrO,-Y,03; and ZrO,-
Sc,03 containing less than 9 mol% of MeO; 5 [66, 111,
112] as well as of ZrO,-CaO ceramics [16, 66, 76, 77].
The degradation of such electrolytes is accompanied by
two process: the increasing concentration of new centers
of phase formation and their growth [111, 112]. For a
sufficiently long time of annealing, the first process
comes to an end. Under the assumption that the con-
ductivity of the starting phase is significantly higher than
that of the product phase, the following equations were
proposed in order to describe the degradation kinetics
[111, 112]:

0. = ao(l — A - 1) for long periods

(1)
(2)

where g and o, are the specific electrical conductivities at
the start and at the time 7, respectively; 4 and B are con-
stants. The time dependence of the conductivity of the
metastable electrolytes YSZ, SSZ, and CSZ can be de-
scribed adequately by Eq. 2 for periods up to 400 [77, 112].

o. = ao(1 — B - %) for short periods



The decomposition of the metastable solid solutions is
characterized by an increasing activation energy for
electrical conductivity with time and by a decreasing
maximum degradation degree (so called degradation
depth) with increasing temperature [111]. At higher
temperatures, when the cubic phase is thermodynami-
cally stable, there is no degradation in the behavior of
such materials [111].

The formation of microdomains with the ordered
oxygen sublattice, which causes a decrease in conduc-
tivity with time, occurs for the single-phase solid elec-
trolytes at low temperatures [111, 113, 114]. The
decrease in conductivity was demonstrated to be re-
versible, not to depend on a degradation process, and to
take place at temperature below a well-defined charac-
teristic temperature [114]. For the ZrO,-Y,0; electro-
lytes the characteristic temperature of the start of the
degradation is 1030-1200 °C, whereas this temperature
for single crystals of Zryg9Y¢.1001.95 is about 1000 °C
[111, 114]. The activation energy for electrical conduc-
tivity increases with the degradation [113]. Composition
dependences of the degradation depth exhibit a maxi-
mum. In the ZrO,-Y,0j3 system, such a maximum was
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observed to be at 15-25 mol% of yttria and it is shifted
to lower yttria concentrations with decreasing tempera-
ture [114]. Therefore the degradation rate is a function
of temperature and stabilizing dopant content.

The grain boundary resistance may provide either a
positive or negative contribution to the conductivity
degradation process [101, 114, 115]. As a particular case,
introducing magnesia into YSZ leads to an increasing
resistance of the grain boundary with time [115].

One should note that the time degradation is a reason
for numerous disagreements between literature data on
the conductivity of the electrolytes, as well as for some
anomalies in their behavior such as a dramatic increase
in conductivity of the ZrO,;-Y,0O; ceramics with in-
creasing temperature [111, 116].

Selected data on the time degradation of the zirconia
electrolytes are given in Table 4. The degradation rate of
the ZrO,-Sc,03 and Zr0O,-CaO ceramics is significantly
higher than that of YSZ [111, 115, 117]. With regard to
this, of interest are results concerning the solid electro-
lytes of ZrO,-Sc,03-Y, 03 [45]. These materials exhibit a
higher conductivity than with YSZ and a much
lower rate of degradation than SSZ. So, if the conduc-

Table 4 Time degradation of the conductivity of stabilized zirconia ceramics®

Electrolyte Measurement Time and conditions Aplp Apy/py Apgp/Pgb Ref.
temperature of annealing (%) (%) (%)
°C)
Z10.99Y0.1001.95 1000 2600 h, 1000 °C, -5 - - [117]
air/H, gradient
1000 2600 h, 1000 °C, H, 10 - -
1000 4300 h, 1000 °C, air -17 - -
1100 4700 h, 1100 °C, air 8 — -
Z10.93Y 0.0701.97 500 430 h, 1100 °C, air 88 84 30 [111]
Zr0_90Y0_1001_95 500 430 h7 1100 OC, air 4 1 18 [1 1 1]
Z109:Y0.0301 .96 450 320 h, 830 °C, O, 18 15 90 [101]
500 20 19 31
Z1933Y0.1201.04 450 320 h, 830 °C, O, 8 8 12 [101]
500 13 14 4
Zr0_90Y0_1001_95 1000 100 h7 1000 OC., air 1 — — [113]
Z10.867Y0.13301.933 4 - -
Zr0.85Y0.1501.02 10 - -
Zr0_90Y0_1001_95 880 1000 h, 880 OC, air 5 — — [1 ]3]
(single crystal)
725 1000 h, 725 °C, air 24 - -
Zr991Y0.0901.96 + 0.5% 450 100 h, 830 °C, O, + 10 5 24 [115]
MgO
710.915¢0.0901 .96 450 120 h, 830 °C, CO 52 59 12 [115]
ZrolglsC().OgO]'gG 900 300 h, 900 OC, air 40 - - [45]
Zr()_g()SSC()_09501_952 500 430 h, 1100 OC, air 41 46 17 [111]
Z10.905¢0.1001 .95 500 430 h, 1100 °C, air 55 95 -67 [111]
Z10.905¢0.1001 .95 1000 2500 h, 1000 °C, air 50 - - [117]
1100 4700 h, 1100 °C, air 41 - -
Zr0.90Y0‘04Sc0'0601<95 900 300 h, 900 OC, air 0 — — [45]
Z10.90Y 0.035¢0.0701.95 3 - -
Z10.92Y 0.055¢0.0301.96 2 - -
Zr0.90Y0A04Sc0'0601<95 500 430 h, 1100 OC, air -2 -0.5 -10 [111]
Zro_g7cao_1301_g7 1000 2500 h, 1000 OC, air 82 — — [l 17]
1100 4700 h, 1100 °C, air 80 - -
Zr()_ggca()_lzol_gg 1200 100 h, 1200 OC, air 64 - - [77]
Zry85Cag.1501.85 1200 30 _ _

#Ap/p is the ratio between the increase of total resistance after annealing and the starting value of the resistance; Apy/p, and Ap,p/pep are
the same quantities for the resistance of the grain bulk and grain boundary, respectively
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tivity at temperatures of 650-1000°C before degrada-
tion was observed to decrease in the sequence
Z10.9055¢0.09501.9520 > Z10.90 Y 0.045¢0.0601.95 > Zr0.93Y0.07-
O1.97 > Zr9.99Y0.1001.95, the conductivity after annealing
at 1020 °C for 650 h follows the relation ZrooYo.04-
Sco.0601.95 > Zrg.9055€0.09501.952 > ZrgooYo.10 Or.95 >
71093Y 0070197 [111]. However, a definite degradation in
conductivity with time is typical for the ZrggoY.04-
Scp.0601.95 electrolyte also [111].

The authors [117] demonstrated that diffusion of
nickel and cobalt into the bulk of stabilized zirconia at
900-1100°C for 10 000 h did not result in a degradation
of the electrolytes. It was also shown that a direct
current through a solid electrolyte may lead to redistri-
bution of the stabilizing dopant in the bulk of the
electrolyte [118].

Electrolytes of ternary oxide systems

Studies of ternary oxide systems on based on zirconia
were often associated with attempts to improve the
properties of the electrolytes of binary systems, such as
to increase the conductivity, to suppress the degrada-
tion, or to reduce costs. One of the most success-
ful attempts [45] concerned the solid solutions of
Z1r0,-S¢,03-Y,03. Materials containing 3-7 mol% of
YO;5 and up to 6 mol% ScO;s were ascertained to
combine the best properties of the systems ZrO,-Sc,0Os
and ZrO,-Y,03, which exhibit high conductivity and
negligible degradation [45]. Construction of ‘property
versus composition’ diagrams using the simplex method
[119] confirmed afterwards the initial conclusions [45]
concerning the most promising compositions of the
system Zr0;,-Sc;03-Y,03. High-conductivity electro-
lytes were also found in the system ZrO,-Yb,03-Y,0;
[120].

Common typical features of known zirconia-based
ternary systems are as follows.

1. There are no new ternary phases in the zirconia-rich
part. The cubic fluorite phase stabilization is ob-
served only in such ternary systems where the F-
phase exists in binary system.

2. Limited solid solubility of the third component in
binary oxide compounds typically takes place. The
solid solubility of oxides which do not stabilize the F-
phase in the binary oxide systems is extremely low.

3. The features of the composition dependences of the
conductivity in ternary systems coincide with those
typical for the binary systems. Therefore conductivity
values of the ternary cubic solid solutions are inter-
mediate between the values of the binary solid solu-
tions. In particular, the conductivity is at a maximum
when the dopant concentration is close to low stabi-
lization limit, and decreases with further additions of
the dopants.

The discussed features are typical, for instance, for
the systems Zr0O,-Sc,03;-CaO [121], Zr0O;,-Y,0;3-CaO

[122, 123], ZrO,-Y,05-MgO [124], ZrO,-Y,05-Al,04
[108], ZrO,-CaO-MgO [69, 125], and ZrO;-Ca0O-Al,O;
[126-128]. As an example, the formation of a ternary
solid solution was not observed in the ZrO,-SrO-CaO,
system and substituting calcium by strontium oxide re-
sults in destabilizing the cubic phase [129]. One can also
refer to published phase diagrams and data on selected
phase relationships for the systems ZrO,-Al,03;-MgO
[130], ZrO;-Al,05-SrO [131], ZrO,-Al,03-BaO [132,
133], and ZrO;-Al,03-Nd,O; [134].

A segment of the ZrO,-Y,03-Al,03 phase diagram
has been studied [108]. The solid solubility of aluminium
oxide in the ZrO,;-Y,0; cubic phase was found to be
approximately 4 mol%. The maximum conductivity
observed in the ZrO,-Y,03-Al,05 system did not exceed
the conductivity of the binary solid solutions of ZrO,-
Y,03 containing 8-10 mol% of yttria. The aluminia
additions contribute to the sinterability of zirconia ce-
ramics as well as improving the mechanical strength.

A subsolidus phase diagram of ZrO,-HfO,-CaO has
been presented [135]. It was established that zirconium
cations in the cubic fluorite-type solid solutions of
(Zr; _ Hf,0;,)-CaO can be substituted by hafnium cat-
ions within the entire concentration range (0 <x < 1).
The cubic unit cell parameter decreases with increasing
hafnia content [135]. Analogous results were obtained
for the (Zrg70Hf(300,)-CaO cross-section [136].

Finally, one may also refer to research on conduc-
tivity, phase conductivity, and stability of the solid
solutions of Zr0O,-Y,03-MgO-CaO [137]. Zryg7Cagp2-
Mgoo7Y0.0401.89 was suggested to exhibit the most
favourable properties in this system.

Mixed conductors of zirconia stabilized
by rare earth oxides

The presence of significant electronic conductivity is
characteristic for materials of the binary and ternary
oxide systems based on zirconia containing ceria or
praseodimia. As a rule, electron transference numbers of
the fluorite solid solutions of this type do not exceed 0.1.

In the Zr0O,-CeO, system, the F-phase was found to
form at temperatures above 1500 °C in the range 15-25
mol% of ceria [24]. At 1200 °C, decomposition of these
solid solutions leads to formation of ceria and zirconia
mixtures [24]. Incorporation of a second rare-earth oxide
dopant permits stabilization of the F-phase at low
temperatures. There is information on the solid solu-
tions of Zr0,-Y,03-CeO, having significant electronic
conductivity with predominant ionic conductivity [138].
Analogously to the solid solutions of binary systems, the
Zr)35Cep.12Y0.0302_s power prepared by co-operation
was a single phase after annealing even at 400 °C [139].

Moderate electronic conductivity was mentioned for
the ZrO,-Y,03-Nd,Oj3 ceramics [138]. In this system the
electronic conductivity is essentially smaller than that of
Z1r0,-Y,03-CeO; and it is proportional to the concen-
tration of neodymium oxide.



In the case of cubic solid solutions of ZrO,-PrsOy;,
the electronic conductivity increases with praseodymia
additions, but the oxygen ion transference numbers
measured were higher than 0.9 [27, 28, 29]. Poor ce-
ramic properties for materials of this system were
noted.

Mixed conductors of stabilized Zr0,
doped with transition metal oxides

The results of studying mixed conductors based on zir-
conia doped with transition metal oxides have been
published [105, 107, 108, 110, 140-148]. For these ma-
terials, common typical features may be defined as fol-
lows.

1. No new phases with mixed conductivity in the zir-
conia-rich parts of the binary and ternary systems
including zirconia, a transition metal oxide, and a
stabilizing oxide dopant were observed.

2. The solid solubility of the transition metal oxides in
the fluorite lattice is typically low.

3. As a general rule, introducing small additions of the
transition metal oxides within the solid solubility
limits results in decreasing total conductivity and
maintenance of its ionic nature. Further doping leads
to a separation of a transition metal oxide phase and

69

is accompanied with a further decrease in ionic con-
ductivity and an increase in electronic conductivity,
especially at low temperatures.

4. Increasing solid solubility of the transition metal
cations with increasing temperature is characteristic
of most studied ternary systems. This is the reason for
the reporting of different data on the phase compo-
sition, which was usually studied at room tempera-
ture.

5. The phase separation of a transition metal oxide
starts at the ceramic grain boundaries. Later, the
second phase forms grains and cross-linked struc-
tures, and the conductivity approaches that of the
pure transition metal oxide.

6. When the concentration of the stabilizing dopant is
changed, variations in the ionic conductivity of the
ceramics are analogous to those of the binary systems
without the addition of transition metals.

Table 5 presents data on phase composition, electrical
conductivity, and oxygen ion transference numbers of
some mixed conductors based on stabilized zirconia.
The phase composition was determined by both XRD
and petrographic methods. The ion transference num-
bers were measured by the EMF method using electro-
chemical cells where the oxygen partial pressure at the
electrodes was kept at 1.0 and 0.21 bar. The oxygen ion
transference numbers (¢)) were estimated by the rela-
tionship

Table 5 Electrical properties of zirconia ceramics doped by transition metal oxides®

Chemical composition Phase Total electrical Ton transference number Ref.
composition conductivity (S cm™)
1000 °C 700 °C 1000 °C 700 °C
Zr()_855Y0,100Ti()_o4502,5 F 4.6 X 1072 52 % 1073 0.96 0.97 [140]
Zro.51Y0.10Ti0.0002-s F 3.0x 1072 2.6x 1073 0.98 0.97 [140]
Zr0.72Y0A10Ti0}1802_5 F 8.3 x 1073 5.5 % 1074 0.60 0.93 [140]
Z10.90¢0.08CT0.0202_s F 12x 107! 1.1x1072 0.99 0.97 [142]
Zr0.90Y 0.08Cr0.0202_s F 1.3x 107! 1.1x 1072 0.99 0.98 [142]
Zr0.90Y 0.0sMng 0205_s F 8.1 x 1072 51%x107° 1.00 0.96 [144]
(Zr0.90Y0.1001.95)0.96(MnO1 33)0.04 F 7.0x 107 2.0 x 1073 1.00 0.97 [143]
(Zro‘goYOO1001'95)0.901(Mn01.33)0.099 F + Mn 1.1 x 1071 1.5 x 1072 0.63 — [143]
(Z10.90Y0.1001.95)0.95(F¢O1 5)0.05 F 3.9x 107 29%107° 0.99 0.88 [143]
(Z10.90Y0.1001.95)0.90(FeO1 5)o.10 F 3.6 x 1072 6.6 x 1073 0.53 0.04 [143]
(Z19.90Y 0.1001.95)0.55(FeO1 5)o.15 F + Fe 3.4x1072 12x1072 0.22 0.01 [143]
Zr()_92SC()_()()FC()_()202,(§ F 1.6 x 10_1 1.4 x 10_2 1.00 0.99 [145]
Zr0.905¢0.08F€0.0202—s F’ 2.0x 107! 2.0x 1072 0.98 0.99 [145]
Z10.90S¢0.07F€0.0302-5 F’ 2.0x 107! 1.9 x 1072 0.99 0.98 [145]
Z10.90SC0.0sF€0.0502—s F + M + Fe 2.8 x 1072 1.8% 1073 0.97 0.97 [145]
Z10.555¢0.10F€0.0502—s F 29x 107! 8.9x 107" 1.00 0.99 [145]
Z10.855¢0.0sF€0.0702-s F + Fe 3.2x 107! 1.1x 1072 1.00 1.00 [145]
(Zro 35Cag.1501 55)0.942(FeO1 5)0.055 F 1.9 x 1072 7.4 %107 1.00 0.93 [146]
(Zrg.55Ca0.1501 85)0.905(F€O1 5)0.095 F 28 x 1072 21x107° 0.72 0.15 [146]
(Zro.85Cag.1501 55)0.70(Ni0)g 30 F + Ni 9.9x 1073 25%x107* 1.00 0.99 [146]
(Zr0‘85Ca0.1501,85)0,50(Ni0)o.50 F + Nl 9.8 x 1073 6.3 x 1074 0.42 0.08 [146]
(Zr0.90Y0.1001.95)0.90(CuO)g 10 F + Cu - 3.6x107° - 0.42 [107]
(Z10.90Y0.1001.95)0.85(CuO)o 15 F + Cu - 2.4 %1073 — <0.05 [107]

4F is the fluorite-type cubic phase; F’ is the fluorite-type phase with rhombohedral distortions; M is the monoclinic phase of zirconia; Mn
corresponds to the manganese oxide phase MnQO, 33; Fe corresponds to the iron oxide phase FeO; s; Ni corresponds to the nickel oxide

phase NiO; Cu corresponds to the copper oxide phase CuO
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E E 3)
~ (RT/4F) -Inpy/p1]

where E and Ey.or are the values of measured and the-
oretical EMF, respectively, and p; and p, are the partial
oxygen pressures at the electrodes. Notice that Gorelov
[149] later showed a possible underestimation of the
transference numbers determined by this method, caused
by the polarization resistance of the electrodes.

14

E theor

The ternary systems ZrO,-Me,03-M'O,(Me=Y
of Sc; M’ = Ti, Cr, or Mn)

Titania is the transition metal oxide having the highest
solid-solubility in the stabilized zirconia lattice. So the
concentration range forming solid solutions of
Zr_— Y, Ti,05_5 (x = 0.10-0.20) corresponds to y val-
ues from 0 to about 0.18 [140]. Further increase in the
titania content leads to the formation of the compounds
Y,Ti,O7 and ZrTiO4 along with the fluorite phase.
The electrical conductivity of the solid solutions was
observed to decrease with y while the yttria content is
constant, and the electronic conductivity increases with
titania additions [140]. In the Zrggs—,Mgoi5Ti,O0r-5
(y = 0-0.85) system, single-phase fluorites were not
found, and the conductivity of the ternary oxides
is relatively low and of mixed ionic-electronic nature
[140].

According to the results of studying the phase dia-
gram of Zr0O,-Cr,0; [148], there are no compounds in
this system. In the system, only solid solutions of zir-
conia in chromium oxide were established [148]. The
solid solubility of chromia in the electrolytes ZrO;-Y,0Os
and Zr0;-Sc, 03 is relatively low (2-3 mol% ) [141]. The
addition of even 1 mol% of chromium oxide was noted
to result in a transition of the rhombohedrally distorted
fluorite-like phase of Zr(.99Scy.1001.95 into a cubic one. A
significant increase of the solid solubility of chromia in
the system ZrO,-Y,03 with increasing temperature was
mentioned. Within the solubility limits (up to 3 mol% of
chromia) the conductivity decreases and is predomi-
nantly ionic [142]. Further doping with chromia leads to
increasing electronic conductivity. Therefore the chro-
mium oxide phase distributes firstly at the grain
boundaries of the zirconia ceramics [142].

The solid solubility limit of manganese oxide in the
fluorite phase Zr99Y0.1001.95 is about 5-6 mol% [143].
Doping with manganese oxide was demonstrated to lead
to a decrease in the ionic conductivity, whereas signifi-
cant electronic conductivity can be detected only at a
MnOj 33 content higher than 10 mol% . The activation
energy for electronic conductivity is essentially lower
than that for ionic conductivity. As a result, oxygen ion
transference numbers increase with temperature.

It was reported [108] that incorporation of small
amounts of manganese or iron oxides into the near-
cathode layers of stabilized zirconia electrolytes may
reduce the polarization of SOFC cathodes.

Iron-doped stabilized zirconia

In the system ZrO,-Fe,O; at iron oxide concentrations
up to 50 mol% , co-existing phases of monoclinic zir-
conia and iron oxide were detected [108, 143]. There is
weak solid solubility of iron oxide in the monoclinic
zirconia phase. The stabilization of the cubic fluorite
phase by a second dopant results in a sharp increase of
the solid solubility of iron oxide [143].

As a consequence of the temperature dependence of
the solid solubility of iron oxide in the fluorite lattice,
literature data are contradictory on the concentration
range for the formation of an iron-containing cubic solid
solution. The maximum solubility of iron oxide was
found to be 10-15 mol% for the electrolyte Zrggo-
Yo0.100195 [108, 143], 5-6 mol% for the system
Z1r0,-Sc,03-Fe, O3 [145], and 8-10 mol% for Zrggs
Cag.15-Fe O3 [146]. For all these systems the iron cations
incorporate into zirconium lattice sites and doping by
iron leads to decreasing ionic conductivity. Kotlyar et al.
[108, 143] attributed the decrease of the ionic conduc-
tivity to the formation of defect associates between ox-
ygen ion vacancies and iron cations. The conductivity of
the ceramics containing up to 5 mol% of iron oxide is
predominantly ionic. When the iron oxide content is
higher than 5-6 mol% , an increase of the electronic
conductivity is detected. Therefore the contribution of
the electronic component to the total conductivity in-
creases with decreasing temperature owing to a lower
activation energy for electronic conduction in compari-
son to the ionic one. Decreasing yttria additions to the
solid solutions of ZrO,-Y,03-Fe,O3 leads to a regular
increase in ionic conductivity [108].

Studies of the mixed conductors ZrO;-Y,03-Fe, 03
by thermogravimetric analysis (TGA) and -electron
paramagnetic resonance (EPR) showed that iron cations
predominantly exist in the stabilized zirconia in bivalent
and trivalent states [108]. The electronic transport occurs
electron hopping between iron cations.

The incorporation of iron oxide into zirconia-based
ceramics was found to improve the sinterability, to in-
crease the solid-state reaction rate, and to decrease the
temperature necessary for the stabilization of zirconia
synthesized by the standard ceramic technology [83,
145].

Doping zirconia by cobalt, nickel, and copper oxides

A low solid solubility in stabilized zirconia is charac-
teristic of the oxides of cobalt, nickel, and copper. Thus,
the solubility limit of cobalt oxide in YSZ was found not
to exceed 3 mol% of CoOj 33 [143]. Studies by the XRD
and petrographic methods did not detect the cobalt
oxide phase when additions of CoOj 33 into Zrg 99 Yo.10-
0195 were less than 8 mol% and the solubility limit was
estimated from independence of the fluorite unit cell
parameter on the cobalt oxide content [143]. The con-
ductivity of YSZ decreases upon doping with moderate



cobalt oxide amounts (up to 10 mol% ) and it is pre-
dominantly ionic within this concentration range. Fur-
ther doping leads to a considerable increase of the
electronic conductivity of the ceramic materials.

The solid solubility of nickel oxide in the
Z1090Y0.1001.95 and ZrygsCag 150135 electrolytes is ex-
tremely low (less than 2 mol% of NiO) [67, 143, 146].
The electrical conductivity of the ceramics decreases
monotonically with doping by nickel oxide and is pre-
dominantly ionic up to 30 mol% of NiO in the tem-
perature range 600-1100°C. In the case that the nickel
oxide content exceeds 30 mol%, the electronic conduc-
tivity increases with further addition.

The maximum solubility of copper oxide in the
fluorite phase Zrpg9Y.1001.95 was less than 5 mol%
[107]. Introducing larger quantities of copper oxide re-
sults in formation of CuO (Cu,0) as a separate phase,
which distributes predominantly at the ceramic grain
boundaries and forms continuous electron-conducting
bridges at high concentrations. Both the fluorite unit cell
parameter and the conductivity decrease upon incorpo-
ration of copper cations into the crystal lattice of the
solid solution of Zry99Y.1001.95- CuO. The phase seg-
regation of copper oxide exhibits no effect on the resis-
tance of the ceramics at high temperatures but increases
the electronic conductivity at temperatures below
600 °C. The conductivity of the two-phase ceramic ma-
terials containing more than 10 mol% of CuO is mixed
ionic-electronic. For such materials, oxygen ion trans-
ference numbers were found not to exceed 0.5.

Oxygen permeability of stabilized zirconia ceramics

The electrolytic domain where electronic conductivity
and oxygen permeability are negligible is one of the key
features of oxygen-conducting solid electrolytes deter-
mining their applicability [1-3]. In contrast, develop-
ment of oxygen-separation membranes requires
maximum values of both the ionic and electronic partial
conductivities. Therefore, publications concerning the
electronic transport in zirconia-based ceramics are of
special interest.

Theoretical questions of oxygen permeation through
stabilized zirconia solid electrolytes were analysed in
detail by Vecher et al. [150-154]. It was shown, in par-
ticular, that one has to take into consideration the
electronic conductivity of the electrolytes when applying
them for thermodynamic studies and for the analysis of
media with low oxygen partial pressures. A number of
empirical and theoretical methods to estimate electronic
transport parameters in zirconia-based materials were
proposed [150].

Gilderman et al. [104, 155-157] have studied the ox-
ygen permeability of the solid electrolytes Zrg-
Y0.1001.95, Zrog9Yo0.08 Alp.03O1.95, ZrogsCag 150185, and
710.90S¢0.1001.95 in the temperature range 900— 1240°C
at oxygen partial pressures of 0.01-1 atm. Under such
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conditions, the oxygen transport through zirconia ce-
ramics was demonstrated to be limited by p-type elec-
tronic conductivity. Within the studied range of
temperature and oxygen pressure, the flux density of
oxygen permeation j,, (cm® cm~2 s7!) can be described
by the following equations:
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where d (cm) is the thickness of the cermics, and p; and
p> (atm) are the values of the oxygen partial pressure at
the membrane permeate side and feed side, respectively.
The oxygen permeability of the ceramics decreases in the
sequence ZrggsCag 150195 > ZrogoYo.0s Alg03Oo.195 >
Zr0,90Y0,1001,95 > ZI'()_g()SC(),l()Ol,% (Fig. 2). The electron-
hole transference numbers decrease in an analogous way
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Fig.2 Temperature dependence of the flux density of oxygen
permeation through solid electrolyte ceramics: 1 ZrgoYo.1001.95
[155], 2 ZrogoYoosAlp03O1905 [157], 3 ZrogsCag15O0185 [157], 4
Z10.905¢0.1001.95 [157], 5 ZrogsCag 150185 [158] at an oxygen partial
pressure gradient of 0.21 atm/1.3x 10~* atm. The thickness of the
electrolyte membranes is 1 mm
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(Zryg5Cag.1501.85). The characteristic oxygen pressures
P, (atm), corresponding to equal p-type electronic and
ionic conductivities, were calculated from the data on
oxygen permeation to be

P = 512 % 1074 T exp | 220 keal mol kc;‘leOll-

for Zr0.90500.1001.9_5 _ (8)
PV =125 %1073 T exp 229 keal mol” - kjsleOl_l_

for Zr0,90Y0.1001.95_ _ )
P/* =161 x 1073 T exp %;m(’ll

for ZF0.89Y0.08A10.0_301495 _ (10)
P 1,00 x 1072 T exp | 0-2Keal mol - kc};‘leOll_

for Zro.sscao.lsolés _ (11)

The oxygen permeation flux through ZrjgsCag 150, g5
ceramics at the constant oxygen pressure gradient of
0.21 atm/2.1 x 1073 atm may be approximated in the
temperature range 1000-1400°C by [158]:

Jo,d (mols™'em™) = (202 x 1079 T
_56.4 =+ 3.5kcal mol™'
RT

X exp

(12)

Samokhval et al. [158] showed also that the relationship
between oxygen permeability and electron hole con-
ductivity of oxygen solid electrolytes a constant quantity
which is a function of temperature and material prop-
erties only.

Gilderman et al. [159] have studied oxygen perme-
ation through the solid electrolyte ZrggsCag 150185
caused by n-type electronic conductivity, at air/(H, +
H,0) gradients. The values of the specific oxygen partial
pressure P, (atm), at which the electronic conductivity is
equal to the ionic conductivity, was found to be as fol-
lows:

60.8 + 3.6 kcal mol™!
p RT

Adding small amounts (0.1-0.2 wt%) of Bi,03, Cr,03,
Fe,03, or CuO did not result in significant changes of
the oxygen permeability of ZrgoyY.100195 at 1000—
1500°C [160]. The doping with Mn,O; and TiO, was
observed to increase the permeability at temperatures
below 1300°C, whereas the effect of manganese oxide
additions is much higher than that due to titania. Va-
nadium oxide additions lead to an increase in oxygen
permeation fluxes at temperatures above 1400 °C.

PV =42 %1077 T ex

(13)

Oxygen exchange between stabilized zirconia
and gas phase

Exchange in atmosphere containing molecular oxygen

Studies by Kurumchin et al. [161-169] by the isotopic
method showed that the oxygen exchange (OE) between
zirconia-based solid electrolytes and a gas phase pre-
dominantly involves two oxygen ions of the oxide sur-
face layer lattice. Contribution to the mechanism via
interaction of one lattice ion with an adsorbed oxygen
molecule increases with decreasing temperature and in-
creasing oxygen partial pressure. The factor determining
the OE rate was demonstrated to be electronic conduc-
tivity of the electrolyte surface [161, 162]. Thus, the OE
rate of stabilized zirconia is much lower than that of
CeO,- and Bi,03- based electrolytes (Fig. 3). There is a
correlation between oxygen permeability caused by p-
type electronic conduction and the exchange rate of the
solid electrolytes (compare Figs. 2 and 3). In particular,
oxygen permeation fluxes and the OE rate of ZrO,-
Sc,03 ceramics are significantly lower than those of
Zr0,-Ca0. For the zirconia electrolytes, surface loca-
tions active in the exchange reaction were found to be
associated with stabilizing the cation sites [161].
Depositing electrode layers of electronic or mixed
conductors (Pt, Ag, Laj;Sry3Co0;3_5, PrO,) onto sta-
bilized zirconia surfaces leads to a sharp increase of the
exchange currents [161]. For the ceramics with Pt layers,
a significant increase in the OE rate is observed at an
increasing density of the layers up to approximately
2 mg cm~2, and further deposition of platinum does not
result in increasing exchange currents. In this case the
reaction mechanism is dissociative adsorption of oxygen
on the metal surface with subsequent diffusion of oxygen
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Fig. 3 Temperature dependence of the interphase oxygen exchange
rate of solid electrolytes at an oxygen partial pressures of 1.3x 1072
atm [171, 172]: 1 Zr.9065€0.094O01.953, 2 Zros5Cao.1501.85, 3 Zro.90-
Y0.1001.95, 4 BiggErg2015, 5 CepssLag.i502-5, 6 Zro9oY0.1001.95
with an applied Pt layer (about 0.5 mg cm™2), 7 BiggErg,0; 5 with an
applied Pt layer, 8 Zr(.906Sc0.00401.953 With an applied Pt layer



atoms to the three-phase boundary [161, 164, 167]. For
the silver layers, this mechanism is combined with dis-
solving oxygen in silver and diffusion through the silver
layer. In the case of the Lag7Srg3CoOs3_s perovskite
layers deposited onto a YSZ surface, the exchange re-
action was found to be localized at the cobaltite surface,
and exchange properties of the electrode system coincide
very closely with those of the lanthanum-strontium co-
baltite specimens.

The exchange currents, calculated from the polar-
ization resistance of platinum electrodes applied onto
YSZ ceramics, were demonstrated to agree within ex-
perimental error limits with the OE rates of the same
specimens measured by isotopic exchange [166, 168].

OE between stabilized zirconia and carbon oxides

OE rates of the stabilized zirconia electrolytes with CO,
and CO are essentially higher than those with molecular
oxygen [161, 170, 171]. This is especially pronounced
for CO;, which exchanges oxygen with YSZ 100 times
faster than molecular oxygen under the same condi-
tions. The interaction of zirconia with CO, and CO
occurs via formation of carbonate complexes on the
oxide surface and their subsequent decomposition.
Studies by the isotopic carbon exchange method
showed that the redox reaction in the CO,-CO mixtures
(the CO,; < CO conversion) on the YSZ surface is
much slower than OE between zirconia and carbon
oxides, i.e. the presence of one of the carbon oxides in
the atmosphere does not affect the OE rate of another
carbon oxide [170].

Analogously to molecular oxygen-containing atmo-
sphere, a deposition of platinum or silver onto a stabi-
lized zirconia surface was observed to lead to an increase
of the OE rate between zirconia and carbon oxides [161,
179]. However, this effect is fairly weak in the case of
CO,-containing atmospheres. For instance, applying a
platinum layer with a density of about 2 mg cm™2 re-
sulted in an increase of the OE rate between O, and
Z1090Y0.100195 at 1176 K by factor of approximately
3 x 102, between CO and Zry.99Y0.1001.95 by a factor of
1 x 10?2, and between CO, and ZrpoYo.100195 by a
factor of 3 [161]. The redox reaction rate in the CO-CO,
mixtures also increases considerably after platinum layer
deposition [170].

Electrodes in contact with stabilized zirconia

This part of the review is primarily devoted to metal and
cermet electrodes in contact with stabilized zirconia ce-
ramics. Properties of the perovskite electrodes will be
considered in part II. A detailed analysis of the experi-
mental and theoretical data of different electrode sys-
tems has been presented [1-3, 172].
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Low-temperature limit of electrode reversibility

The technique proposed by Perfilyev et al. [173-175] to
determine the reversibility of electrodes at lower tem-
peratures is based on measuring the thermo EMF of the
cells with two electrodes which are deposited onto elec-
trolyte ceramic specimens and subjected to a tempera-
ture gradient in the same atmosphere. The temperature
of the reference electrode (RE) is higher than that of the
working electrode (WE) by ~150°C in order to provide
reversibility of the RE, while the WE may be irrevers-
ible. The cell should be gradually cooled, starting from
high temperatures when both electrodes are reversible.
The electrode potential at a given temperature can be
represented as follows

@ = Qo, + Pox (14)

where @, is the standard potential of oxygen electrode
at the oxygen partial pressure of 1 atm, and ¢, is its
redox potential. The Seebeck coefficient of the cell (®) is
given by the formula

do,y
dr

where @, is the Seebeck coeflicient at the standard po,
value. ®¢, can be described by [1]

[VI.} SR Q*
o] T 8F InT+

8F
where A4 is a constant independent of temperature, [V*°]
is the mobile oxygen ion vacancy concentration, [O*] is
the oxygen ion concentration in the electrolyte, and O* is
the heat of transport. If the oxygen ion vacancy con-
centration decreases with reducing temperature owing to
the formation of defect associates, one can assume

® =0, + (15)

R
®0, =4+ In

(16)

v
V=V exp (- o) 17
V™) = [Vl exp(— o (17)
where [V*°]; is the concentration of anion vacancies
caused by stabilizing addition, and v is the dissociation
energy for the defect associates. One can obtain the
equation for an arbitrary atmosphere

O —v
2FT

V=l , SR |
o Tar T

8F
Here, v is equal to zero if the oxygen vacancy concen-
tration is independent of temperature. The values of
do.,/dT can be separately determined [176]. Integrating
Eq. 18 with respect to temperature gives the expression
for the theoretical thermo-EMF, Et:

do,y
dT

R
O=4+—1In

2F +

(18)

o dq’ox Th
ET—(CZ-Fy)(Th Tc)—i-blnTc

SR
+8—F(Th InT, — T In Tc)
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(20)

)

where a and b are constants independent of temperature,
and T, and T; are the temperatures of the RE and the
WE, respectively. In order to analyze experimental val-
ues of the thermo-EMF E,, the following rearrange-
ment is required:

(21)

Eep SR TylnTy—T.InT, dg,,
_ SR 2
YT T RF T T, —T. ar (22)
1 T
w2000 T (23)
- T

In the case that the temperatures of both electrodes are
sufficiently high and that there is equilibrium at both
electrodes (Ecxp = ET), y is a linear function of x:

b
1000

In the course of the experiment [173], the working
electrode state was considered to be irreversible if the
deviation of the thermo-EMF of the cell from the linear
model described by Eq. 24 is more than 1 mV. Typical
temperature dependences of the thermo-EMF related to
the y versus x coordinates are shown in Fig. 4.

Table 6 presents data on the low-temperature limit of
reversibility of different metal electrodes as well as

X—a (24)

y:

y, mV*K

X, K—1

Fig. 4 Schematic drawing of the typical x-y dependences used to
determine the low-temperature reversibility limit (see text)

electrodes with mixed conductor additions. The mea-
surements were performed using the solid electrolyte
71093Y00701.925. Electrodes with a density of
20 mg cm~? were made from a mixture of metal pow-
ders prepared by chemical precipitation and 15 wt% of
the solid electrolyte powder. In the atmospheres con-
taining free oxygen, praseodymia was used as the mixed
conductor, and ceria was added to the electrode com-
position under a blanket of CO-CO, and H,-H,O.

For the platinum electrodes, the deviation of the
electrode potential from the equilibrium value was ex-
plained by a slow attainment of electron hole equilibri-
um in the electrolyte [173]. For the silver and palladium
electrodes, the factors determining the irreversibility
were assumed to be decelerated equilibrium of oxygen
dissolved in silver and a process of palladium oxidation,
respectively. In the case of the addition of the mixed
conductor, the OE between the mixed conductor and the
gas phase is the process which determines electrode re-
versibility. The additions of praseodymia or ceria permit
a considerable reduction of the low-temperature limit. A
study of the behavior of an electrochemical sensor [177]
confirmed the conclusions given [173] concerning the
reversibility of porous platinum electrodes.

Electrode behavior of silver, palladium,
and their alloys

Silver electrodes

Electrochemical properties of electrodes of silver and
Ag-Pd alloys in contact with the ceramics
Z10.915¢0.0901.955 and Zrg9>Y0.0301.96 and single crystals
of Zrp90Y0.1001.95 in atmospheres containing free oxy-
gen were reported in research papers by Perfilyev and
Lobovikova [178-183]. The specific behavior of the sil-
ver electrodes is determined by the high pressure of
dissociation of silver oxide at 300-500°C, by the high
solubility of oxygen in metal silver at 400-900 °C, and
by a decreasing melting point of the Ag-O; solid solu-
tions with increasing oxygen content [178, 183]. As a

Table 6 Low-temperature limit of the electrode reversibility (°C) determined by the thermo-EMF method [173]*

Electrode Inert gas-O, (%0,) CO-CO, (%CO»)

H2-H20 (0/0 HZO)

100 21 1 0.1 0.01 95 80 50 20 5 95 80 50 20 5 1

Pt 470 500 560 570 570 I I I 1 I 370 360 350 340 350 380
Au 530 510 I I 1 610 610 600 600 590 470 380 320 310 350 410
Ag 510 530 600 670 730 I I I I I 380 360 340 360 350 300
Pd 590 600 620 620 600 I I I 1 I 490 470 470 500 510 490
Ni n/a n/a n/a n/a n/a 570 590 610 650 690 n/a n/a n/a n/a n/a n/a
Electrode with mixed conductor

Pt 380 430 500 520 520 630 620 610 610 600 360 350 340 340 290 290
Au 390 420 480 540 600 520 500 490 480 480 480 430 400 370 330 280
Ag 350 430 570 600 590 520 520 550 600 660 400 380 370 360 300 n/a
Pd 360 460 570 570 490 670 650 630 600 530 340 360 380 370 330 n/a
Ni n/a n/a n/a n/a n/a 660 660 640 600 590 n/a n/a n/a n/a n/a n/a

4T indicates electrodes which are irreversible at temperatures below 800 °C. n/a means that the measurement was not performed



result, silver electrodes being polarized for a longer time
were demonstrated to segregate into two layers, caused
by the formation and decomposition of gaseous silver
oxide [184]. The first layer, which is relatively thin and
dense, is situated adjacent to the electrolyte surface,
whereas the second layer exhibits high porosity, friabil-
ity, and weak adhesion with the electrolyte. The thick-
ness of the dense layer increases with the increasing
temperature of the experiment. Along with this, no
formation of the dense layers was observed in atmo-
spheres with reduced oxygen partial pressures. The rate
of evaporation of the silver electrode was found to de-
crease drastically within the first 400600 h of polar-
ization at 850°C and then to stabilize at (3-5) x
1076 g cm=2 h~! [184].

The high solubility and diffusion mobility of oxygen
in silver allow the assumption that oxygen diffusion
through the silver layer is the limiting rate factor of the
silver electrode [178, 183—185]. For the diffusion-limited
kinetics of silver electrodes, the following equation was
proposed to describe the dependence of the current on
the overpotential [178, 179]:

SD 2F
— A50 X Cor\/PO, X (exp {R—Tn] - 1)

where S is the electrode area, ¢ is the effective thickness
of the diffusion layer, 4 is the electrochemical equiva-
lent, D, is the diffusion coefficient of oxygen in silver,
and C, is the solubility coefficient of oxygen in silver at a
given temperature.

In a case of porous silver electrodes, limiting cathodic
currents were observed, which indicated that oxygen
diffusion is the limiting stage of the electrochemical
process [178]. The dependences of In(iim) = f(1/7T),
where iy, is the limiting cathodic current, are linear and
give an activation energy of 107 + 8 kJ mol~'. Although
the slope of In(i;im) = f(In(p,,)) is linear, and, as a rule,
close to 1/2, Eq. 25 did not adequately describe the ex-
perimental tests [178]. There indicated that there is,
along with the oxygen diffusion, another limiting stage
for the cathode process. The cathodic polarization re-
sistance of the porous silver layers was calculated to be
in the range of 1-15 cm~2. Additions of bismuth oxide
to the silver electrodes were shown to reduce the ca-
thodic polarization at temperatures below 750 °C [185].
An increasing temperature results in decreasing the ef-
fect of bismuth oxide owing to its evaporation.

Numerous studies of anodic polarization of porous
silver electrodes demonstrated a melting of the silver,
which was observed by optical microscopy in situ as well
as after cooling of the electrochemical cell [178-180].
The polarization curves had a typical S-shape (Fig. 5),
and could be characterized by the electrode potentials ¢,
and ¢, which correspond to discontinuities of the cur-
rent [178]. At potentials ¢ < ¢;, the limiting stage of the
anode process is oxygen diffusion through silver. In
the range ¢; < ¢ < ¢,, oxidation of silver takes place in
the near-electrolyte domain. This is accompanied by
partial melting of the silver layers as well as exfoliating

I
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Fig. 5 Characteristic S-type polarization curves of silver electrodes
(see text)

of the electrodes. A slow attainment of a steady and
current pulsations may be observed. For electrode po-
tentials higher than ¢,, improved contact between the
electrode was explained to be a result of partial ioniza-
tion of oxygen adsorbed at the silver surface [178].

Studies of silver migration at the electrode surface
that Ag* ions are the mobile species present [185]. The
formation of these ions is associated with intermediate
formation of Ag,O-like silver oxides. This explanation is
confirmed by an absence of silver migration in a hy-
drogen atmosphere and in a vacuum [185].

Electrodes of Ag-Pd alloys

Owing to the oxidation of palladium, which leads to
destruction of the electrode, palladium electrodes are of
negligible interest for practical applications [2, 178].
Impedance spectroscopy of Pd electrodes deposited onto
single crystals of Zry99Y0.1001.95 at 960 and 1100°C in
air has demonstrated that oxygen adsorption and dif-
fusion at the electrode are the limiting stages of the
electrode reaction [186].

Analogously to palladium metal, the Ag-Pd alloys are
oxidized in oxygen-containing atmospheres at tempera-
ture below a specific temperature T, [178, 183]. Studies
of the oxidation temperature using the cell

PdO,Ag-Pd, (Pt)|Zr(.91S¢.0001.96|(Pt), air

showed a break of the composition dependence of Ty, at
approximately 40 at% palladium. At temperatures
above T,x and in an oxidizing atmosphere, the polar-
ization resistance (p,) of the Ag-Pd electrodes is inde-
pendent of time and the dependence In(p,) = f(1/T) is
linear. Here, the electrode processes are limited by oxy-
gen adsorption on palladium with subsequent diffusion
to the three-phase boundary. At 7 < T, oxidation of
the electrodes accompanied by an increase of the polar-
ization resistance by a factor of 10-100 with time was
observed [178]. Cathodic polarization of the electrodes
results in a reduction of the electrode material at po-
tentials corresponding to the Pd/PdO electrode potential.

For silver-rich alloys, the dependences of the over-
potential versus current density are close to those of
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silver electrodes, but the extreme on the polarization
curves at ¢, is associated with the formation of PdO as a
separate phase [178]. Then, the electrode properties are
determined by the palladium-depleted alloy. The palla-
dium oxide formation promotes an exfoliation of the
electrodes. The stability of Ag-Pd electrodes can be im-
proved by addition of solid electrolyte powder and
praseodymia to the electrode composition [178].

Kinetics of the platinum electrode
in oxygen-containing atmospheres.

At high oxygen pressures, platinum electrodes in con-
tact with zirconia electrolytes exhibit, as a rule, Tafel-
type dependences of overpotential on current density
(see, for instance, [1, 2]). The oxygen partial pressure
dependences on the exchange currents possess a tem-
perature-dependent maximum which is associated with a
decreasing electrochemical activity of oxygen at the ox-
idizing surface of platinum [187—190]. The authors of the
first publications proposed an assumption concerning
surface oxidation [191-196]. They detected that the
properties of porous platinum electrodes show poor re-
producibility and vary in the course of the experiment.
This observation is in excellent agreement with the re-
sults of studying the interaction of oxygen with a plati-
num surface [197].

According to the data concerning the polarization of
a platinum electrode and oxygen adsorption on plati-
num obtained by the coulometric titration method, that
are two states of adsorbed oxygen which differ in
bonding energy [187, 189, 190]. The first state, having
weak bonds with the surface, refers to an absorbed layer,
and can be described by Langmuir’s adsorption iso-
therm. The second state with strong bonds may be un-
derstood as oxygen dissolved in the surface layer of
platinum, or as a surface oxide. Calculations of surface
coverage with an adsorbed layer obtained from elec-
trochemical data give results close to those calculated
from the coulometric titration provided that the surface
coverage O is smaller than 0.1. An increasing coverage
leads to complex relationships between the data ob-
tained by different methods. For relatively low oxygen
partial pressures, dependences of the polarization resis-
tance of the platinum electrodes on po, can be described

[190]

Ry =Ry + Ryp = Kipg® + Kopp)! (26)
where the term (R,1, K1) corresponds to a pure electro-
chemical process, the second term (R,, K») characterizes
the flux of molecular oxygen in the pores of the elec-
trode, and K| and K, are constants. A decreasing oxygen
pressure results in an increasing contribution of the
second process, which becomes significant at po, < 1077
atm. The activation energy for the electrochemical re-
action was determined to be about 140-150 kJ mol~!
[189, 190]. Limiting stages of the electrode reaction are

either the diffusion of oxygen at the platinum surface or
OE at the reaction centers in the immediate vicinity of
the three-phase boundary [190]. The OE between the gas
phase and the zirconia electrolyte was assumed to occur
via reaction centers at the (100) crystallographic plane of
platinum.

In order to investigate the properties of platinum
electrodes in detail, studies of model systems using
electrodes in the form of plates [189], a foil [198, 199],
and a net [188] were performed. Studies of a platinum
foil cathode in contact with the solid electrolyte
Z1990Y 0100195 allowed determination of the electron
and the electron hole conductivities of the oxide as well
as the position of the p-n transition as a function of the
chemical potential of oxygen [198]. Using a foil cathode,
it was also found that the presence of water vapour at
constant oxygen pressure leads to a decreasing polari-
sation which can be explained by depolarizing effect of
electron hole and proton conductivities of the electrolyte
[199].

Impedance spectroscopy of the cell with two dense
platinum plates sandwiching a thin layer of
Z10.90Y0.1001.95 powder demonstrated that the most ad-
equate equivalent circuit for the platinum electrode
comprises an impedance Zyw with a constant phase angle
(CPA) and an active resistance R, connected in parallel
[189]. Zw is caused by non-stationary process such as
changes of the surface charge or variation of the elec-
trolyte surface non- stoichiometry. The R, values suggest
that the electrochemical reaction zone is very narrow
and does not exceed several tens of angstroms from the
three-phase boundary [189].

Shkerin [188] studied electrochemical model systems
with platinum net electrodes and single-crystal electro-
lytes by impedance spectroscopy. The electrode im-
pedance spectra were found to consist of a
characteristic low-frequency and a high-frequency
range. The high- frequency component (Y,) described
by a CPA clement is characteristic for the Faradaic
process. The temperature-dependent low-frequency
component is observed at frequencies below 150 Hz
and refers to an inductive resistance (Rp). For
the Zrp90Y0.1001.95 and HfygsY.1501.925 single-crystal
electrolytes, no effect of the crystallographic faces on the
electrochemical processes was observed [188]. The
dependence Y ~ pgj/ * indicates the formation of an
electrolyte surface band owing to charge carrier injec-
tion by the electrode. Shkerin has proposed the mech-
anism of oxygen transport through the gas/electrolyte
boundary to be as follows: applying an external electric
field results in the injection of charge carriers into the
solid electrolyte which provides for OE between the gas
phase and the oxide. Here, the electrochemical process
is localized predominantly near the three-phase boun-
dary. An increasing electrical field was assumed to lead
to an increasing activity of the electrolyte and an en-
larged surface area of the electrolyte which takes part
in the OE process. A further increase of the electrical
field results in a decreasing conductivity of the system



owing to platinum oxidation, eventually leading to an
irreversible degradation of the electrode.

Kuzin et al. [200, 201] described the behavior of the
CPA element of porous platinum electrodes deposited
onto single crystals of Zry.99Y.045¢0.0601.95 studied by
impedance spectroscopy. The CPA element was sug-
gested to be a result of a non-uniform current distribu-
tion at the electrode surface.

Electrode processes in fuel gas atmospheres

In general, the overpotential-current dependences of
metal electrodes in reducing atmospheres follow the
Tafel equation at both anodic and cathodic polarization.
An exception is the electrolysis of water vapour, which
exhibits a discontinuity in the polarization curves [202—
204]. For nickel electrodes in contract with stabilized
zirconia, the bonding potential was established to cor-
respond to the potential of zero charge and, hence, to
the minimum of the electrode capacity [202, 203]. As a
general rule, the electrochemical activity of the elec-
trodes in H, + H,O gas mixtures is considerably higher
than in CO+ CO; mixtures [205, 206]. The polarization
resistance in CO + CO, mixtures is typically by a factor
of 4-5 higher than in case of H, + H,O. For nickel cer-
met electrodes, the activation energy for the anodic
polarization resistance was calculated to be 155-160 kJ
mol™' in mixtures of H,+H,O and H,+H,O+
CO+CO,, whereas it reached 190 kJ mol~! in
CO+ CO; atmospheres [206]. The electrochemical ac-
tivity of the electrodes increases regularly with increas-
ing porosity [2, 207-211].

The dependence of the polarization resistance on the
gas phase composition is complex and depends on the
limiting stages of the electrode process, involving
chemical reactions, diffusion, charge transfer, and ad-
sorption [202, 205-207, 212, 213]. Thus, platinum elec-
trodes exhibit minimum polarization resistance at
concentrations of 50-60% of the reduced forms (CO,
H,) in the gas phase, whereas the polarization resistance
of nickel cermet electrodes increases monotonically with
increasing partial pressure of hydrogen or carbon
monoxide [206, 214, 215]. For the H, + H,O + CO + CO,
mixtures with a high hydrogen content, the rate of the
electrochemical process is determined by the reaction
0% + H, — H,0 + 2e~ [206]. At constant potential the
rate of anodic processes increases, as a rule, with in-
creasing pressure of the oxidizable component [2, 207,
208, 212, 213].

Additions of a mixed conductor (cerium oxide) to
metal electrodes permit a drastic reduction of the elec-
trode polarization [205, 216]. Thus, the polarization re-
sistance of cermet electrodes containing platinum and
Z1.91S¢).0901.955 was shown to decrease by the incor-
poration of ceria by a factor of 3—4 in the atmospheres
of 50% CO-50% CO, and by a factor of 4-5 in mixtures
of 50% H,+50% H,O [205]. The application of the
mixed conductor reduces the polarization caused by the
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chemical reactions, but may result in increasing the
diffusion limitations.

Somov and Perfilyev [216] have studied the polar-
ization characteristics of cathodes of Pi, Pd, Ni, Ag, and
Cu with additions of zirconia solid electrolyte and ceria.
Introducing the mixed-conducting oxide into electrodes
was shown to result in a considerable decrease of the
polarization resistance (by a factor of 103 for the copper
electrodes). Such doping also leads to levelling of the
polarization resistances of different metals. Thus, if the
difference between the polarization resistance of differ-
ent metals reaches 100 (nickel and copper), the maxi-
mum difference between the doped electrodes does not
exceed 2. The polarization mechanism was also changed
with the addition of ceria. The ceria-doped electrodes
were shown to exhibit linear dependences of the over-
potential on the current density within a wide current
range, while the Tafel-type dependences are typical for
the electrodes without additions [216]. As increasing
ionic conductivity of the mixed conductor leads to a
further decrease of the polarization, the limiting stage of
the doped electrodes was assumed to be the oxygen
transport through the mixed conductor to the electrolyte.

The electrochemical activity of both platinum and
nickel electrodes is a function of their pre-history, which
determines their oxidation state [202, 217]. As a rule,
annealing electrodes in a reducing atmosphere results in
decreasing polarization resistance, whereas the effect of
oxidizing gas mixtures is the opposite. One can oxidize
or reduce the electrode by anodic or cathodic currents,
respectively [202, 218, 219]. An important role in elec-
trode behavior is the formation of graphite as a product
of the electrochemical reduction of carbon oxides [209,
214, 220, 221].

When reducing CO + CO,, mixtures using solid-
electrolyte cells, the overpotential of carbon reduction
on platinum electrodes is higher than on palladium [222,
223]. This is caused by the relatively high solubility of
carbon in palladium. At potentials close to equilibrium,
the carbon reduction rate was demonstrated to be pro-
portional to the overpotential.

Perfilyev [217] has proposed the use of fuel electrodes
with enlarged surface areas, which comprise a porous
underlayer of the high-conducting electrolytes ZrO,-
Ca0, Zr0O;-Y,03,Zr0,-Yb,03, or ZrO,-Sc,O3 depos-
ited and sintered onto the surface of the ceramics of
Z10.90Y0.1001.95. Mixtures of metals (Pt, Pd, Ag, Ni, Cu)
and electrolyte powder of the same composition as used
to form the underlayer were deposited onto the surface
of the underlayer. The polarization resistance was found
to be independent of the electrolyte composition within
the limits of reproducibility. The activation energy of the
polarization resistance at temperature above 800 °C de-
creases in the sequence Cu > Pd > Ag > Ni > Pt.

Interestingly, the electrochemical activity of cobalt-
containing electrodes is essentially higher than that of
nickel electrodes [117]. Both cobalt and nickel cermet
anodes exhibit sufficient stability, being tested at 900-
1300°C in a hydrogen atmosphere in experiments lasting
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Fig. 6 Overpotential of different of SOFC deposited onto
Z19.90Y0.1001.95 electrolyte in flowing hydrogen at 1000 °C and at a
current density of 100 mA cm~? as a function of time, according to the
data of Zhuravlev et al. [117]: I cobalt anode at 1000 °C, 2 nickel
anode at 1000 °C, 3 nickel anode at 1100 °C

for 10000 h. Decreasing polarization of the electrodes
with time (Fig.6) was found to be caused by growing of
the pore size from 2-5 to 5-10um.

Oxidative conversion of methane in SOFC
with zirconia electrolyte

Studies of methane oxidation on metal electrode cata-
lysts of Ag, Au and Ag-1 wt% Ni deposited onto
Z1990Y0.1001.95 electrolyte demonstrated the potential
ability of simultaneous methane conversion and power
generation using SOFC-type reactors [224-230]. The C,
hydrocarbon formation selectivity may be as high as
90% . For silver and gold electrodes under conditions
where oxygen is transported into the reaction zone only
through the electrolyte, an increasing current was shown
to lead to an increasing oxidation rate and decreasing
selectivity of the oxidative dimerization. In contrast,
maximum dimerization selectivity can be achieved on
the nickel-containing electrodes with periodical inter-
ruptions of the circuit [224]. The interruptions allow
reduction of the nickel oxides which have been formed
under anodic polarization. The higher rate and selec-
tivity of the formation of C, hydrocarbons by the elec-
trocatalytic methane oxidation in comparison to the
catalytic oxidation were shown to be due to the existence
of active oxygen species at the electrode surface.

An additional oxygen supply through the solid elec-
trolyte into the mixture of oxygen and methane did not
result in a considerable change of the methane oxidation
rate [224, 227-229]. At the same time, pumping of the
oxygen from the mixture leads to a sharp increase of the
conversion rate, exhibiting the effect of non-Faradaic
electrochemical modification of catalytic (NEMCA).
This effect was most pronounced for the oxidation of
carbon monoxide [229].

By the oxygen isotopic exchange method it was
shown that the bond strength of oxygen adsorbed on the
platinum electrode is not changed when current is

flowing through the cell [230]. This indicates that the
changing catalytic properties with respect to the oxida-
tion reactions are not a direct consequence of the po-
larization [224, 230]. The idea that the electrochemical
reduction of oxygen at metal electrodes initiates chain
oxidation reactions of methane and CO was proposed to
explain the NEMCA effect [224].
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