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Abstract. Small (2 mol%) additions of cobalt, iron and copper oxides into Cey §Gdy,0,_s considerably improve
sinterability of ceria-gadolinia (CGO) solid electrolyte, making it possible to obtain ceramics with 95-99% density
and sub-micron grain sizes at 1170-1370 K. The minor dopant additions have no essential effect on the total and
ionic conductivity, whilst the p-type conduction in the transition metal-containing materials at 900-1200 K is
8-30 times higher than that in pure CGO. The oxygen ion transference numbers of the Co-, Fe- and Cu-doped
ceramics, determined by the modified e.m.f. technique under oxygen/air gradient, are in the range 0.89—0.99. The
electron-hole contribution to the total conductivity increases with temperature, as the activation energy for ionic
conduction, 78 to 82 kJ/mol, is significantly lower than that for the p-type electronic transport (139-146 kJ/mol).
The results show that CGO sintered with such additions can still be used as solid electrolytes for intermediate-
temperature electrochemical applications, including solid oxide fuel cells (SOFCs) operating at 770-970 K, but that

increasing operation temperature is undesirable due to performance loss.
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1. Introduction

Solid electrolytes based on doped cerium dioxide,
Ce(R)O,_s (R: rare earth cations), are considered to
be one of the most promising alternatives to yttria-
stabilized zirconia (YSZ) ceramics for applications in
electrochemical devices operating at intermediate tem-
peratures (770-970 K), as the ionic conductivity of
ceria-based materials in this temperature range is 4 to
5 times higher [1-7]. At temperatures below 1000 K
electronic leakage due to reduction of Ce** to Ce’*
has been shown to be minimal and successful incorpo-
ration in devices such as solid oxide fuel cells (SOFCs)
has been demonstrated. The wide use of ceria-based
electrolytes is hindered, however, by poor mechanical
strength, a problem notably undesirable for electrolyte-
supported cells. The achievement of sufficient density
by conventional sintering methods requires high tem-
peratures (up to 1770-1870 K) resulting in the forma-
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tion of microstructures with grain sizes in the micron
range which subsequently offer poor mechanical stabil-
ity [7, 8]. Recently, Kleinlogel and Gauckler [6, 7] have
sintered dense Gd-substituted CeO, (CGO) with nano-
sized grains at temperatures as low as 1170 K by the
addition of small quantities (<5 mol%) of binary tran-
sition metal oxides such as cobalt or copper oxide. The
nanosized grain structure is likely to have greater me-
chanical stability than conventionally processed CGO
sintered at higher temperatures.

Doping with trace amounts of transition metal ox-
ides and fabrication of nanocrystalline CGO ceramics
may be advantageous since a greater oxygen exchange
rate can be achieved due to higher electronic conduc-
tivity at the electrolyte surface [4, 9—11]. For example,
incorporation of transition metal cations into the sur-
face layers of YSZ ceramics was shown to consider-
ably decrease the electrode polarization [12, 13]. A
similar effect was observed for 2% Pr-doped CGO,
where the variable-valence praseodymium cations
simultaneously increase electron-hole transport and act
as catalytically-active centres [14].
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Conversely, higher electronic conduction resulting
from both doping and nano-scale grain size may have
a negative effect on the electrochemical cell perfor-
mance. Though results on the total conductivity of
2%Co-doped CGO as a function of oxygen partial
pressure indicated that the both ionic conductivity and
electrolytic domain at low p(O,) are essentially unaf-
fected by the doping [7], total conductivity measure-
ments are usually insufficient for a definite conclusion
on the electronic contribution to the total conductiv-
ity, when predominantly ionic. Nanocrystalline ceria
is well known to exhibit a greater electronic transport
than that in the materials consisting of micron-scale
grains [4, 9]. In addition, comparison of results on
the conductivity of Cu- and Co-containing CGO [6, 7]
with data on solid electrolytes of stabilized ZrO, and
Bi,03, co-doped with rare-earth and transition metal
cations [10, 15], may suggest an increase in the p-type
conductivity of the doped ceria at temperatures below
970 K.

Continuing our research on CeO;-based solid elec-
trolytes [14, 16—19], the present work is focused on the
study of minor electron-hole contributions to the total
conductivity of CGO ceramics with sub-micron grain
size, prepared using 2 mol% additions of the sintering
aids: Co, Cu and Fe oxides. Results are presented on
the shrinkage, microstructure, total conductivity and
oxygen-ion transference numbers of sintered materi-
als in oxidizing conditions. These data are compared
with the corresponding quantities for Ceg g0Gdg 2002
and Ce goGdg.18Prp 02025 ceramics, published earlier
[17].

2. Experimental

Commercial Ce g9Gdg 200,—s powder (Rhodia GmbH,
FRG) with average crystallite size of 20 nm and specific
surface area of about 26 m?/g was used as starting mate-
rial to which 2 mol% metal oxide was added in the form
of nitrate, Fe(NO3)3-9H,0, Co(NOj3),-6H,O (Merck
KGaA, FRG), or Cu(NOs3),-2.5H,0 (RdH GmbH,
FRG). For comparison, a series of CGO samples doped
with 2 mol% praseodymium oxide were prepared by a
similar technique using Pr(NO3)3-5H,0 (RdH GmbH).
Note that the starting Ceg g9Gdg 200,—s powder, used in
this work, is the same as that used by Kleinlogel and
Gauckler [6, 7], who also employed the nitrate method
to introduce transition metal dopants into the ceria solid
electrolyte.

Stoichiometric amount of an aqueous solution of
the dopant nitrate was added to the CGO powder and
well mixed. After drying, the powder was milled in
an agate mortar and dry pressed into pellets (diam-
eter of 20 mm, pressure of about 30 MPa) followed
by isostatic pressing at 200 MPa. Sintering behavior
was studied using a Linseis dilatometer on rectangular
green compacts (0.6 x 0.5 x 0.5 cm?) with a constant
heating rate of 5 K/min was used. A second batch of
samples were identically prepared and analyzed in the
dilatometer to follow sintering behavior with time. A
heating rate of 10 K/min was used to achieve the tem-
perature of maximum sintering rate specific for each
metal oxide dopant, as located by the first dilatomet-
ric experiment. Dwell time at this specific tempera-
ture was 12 hours. Further samples were made for
microstructural and electrical characterization by sin-
tering in air at temperatures corresponding to maxi-
mum shrinkage rate during 5 hours; the heating/cooling
rates were 10 K/min. The final density of sintered ce-
ramic materials was determined by the Archimedes
method.

Hereafter the compositions are designated as 2% M-
CGO, where M denotes the transition metal oxide.
Overall phase composition was determined by X-ray
diffraction (XRD) using a Rigaku Geigerflex diffrac-
tometer (Cu K, radiation); the unit cell parameters were
calculated with the program FULLPROF. No evidence
of secondary phases was discernible by XRD. Trans-
mission electron microscopy (TEM) coupled with en-
ergy dispersive analysis (EDS), performed using a
Hitachi H9000-NA instrument, was used to follow
microstructural and area-specific compositional varia-
tions. For TEM/EDS, samples were supported on either
copper or nickel formvar grids, dependant of compo-
sition, by immersion in suspensions of crushed sam-
ples in absolute ethanol. When possible, microstruc-
tural analysis was also performed by scanning electron
microscopy (SEM) on ceramic samples, polished and
then thermally etched for 30 min at temperatures 100 K
below that of the respective sintering temperature. Elec-
trical characterization was performed on dense pellets
using the 4- and 2-point a.c. impedance methods. Bulk
and grain boundary contributions to total conductivity
were separated by fitting using the Equivalent Circuit
program. Trace electron-hole conductivity was sepa-
rated from total electrical conductivity using the modi-
fied e.m.f. method first proposed by Gorelov [20]. This
modification of the classical e.m.f. technique, based on
determination of the open-circuit voltage of oxygen



concentration cells, increases measurement sensitiv-
ity and eliminates possible errors in the determina-
tion of ion transference numbers arising due to elec-
trode polarization, errors that are shown to be non-
negligible for electrolyte-type materials which pos-
sess relatively minor electronic conductivity [17, 21].
The experimental set-up, measurement procedure and
also comparison of this technique with the tradi-
tional approach are well documented in the literature
[17,21].

3. Results and Discussion
3.1. Sintering

Figure 1 shows the sintering behavior of CGO doped
with 2% cobalt, copper, iron and praseodymium oxides;
the linear shrinkage rate [d(AL/Ly)/dT] is plotted as
a function of temperature. As previously reported by
Kleinlogel and Gauckler [6, 7], transition metal oxide
additions are highly efficient as sintering aids for ceria-
based materials, promoting an increase in the maxi-
mum shrinkage rate and also shifting the specific tem-
peratures of maximum shrinkage rate with respect to
that of the undoped material. In the 2%Co-CGO and
2%Cu-CGO cases these shifts are towards lower tem-
perature whilst for 2%Fe-CGO a shift to higher temper-
ature is observed (Fig. 1 and Table 1). The width of the
shrinkage temperature range also decreases and for Co-
, Cu- and Fe-containing materials is significantly nar-
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Fig. 1. Temperature dependence of the linear shrinkage rate for (1)
2%Pr-CGO, (3) pure CGO (Ce 3§Gdy202-5), (3) 2%Fe-CGO, (4)
2%Cu-CGO, and (5) 2%Ce-CGO.
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Fig. 2. Linear shrinkage as a function of time and temperature for
2%Co, Cu and Fe-doped CGO green compact in air. Ramp rate is
10 K/min, until dwell at 1173 K.

rower, characteristic of a liquid phase-assisted sintering
[22]. The addition of praseodymium oxide shifts the
temperature of maximum shrinkage rate to lower tem-
perature, but does not assist sintering behavior in the
same way as do the transition metal oxides, instead a
lower shrinkage rate than that of the undoped material
is observed.

Figure 2 presents the shrinkage as a function of sin-
tering time for Co-, Cu- and Fe-doped compositions
at the sintering temperature of 1173 K, which corre-
sponds to the experimentally determined temperature
of maximum shrinkage rate for the cobalt- and copper-
containing materials. The sintering processes are com-
pleted very rapidly, finishing within the initial minutes
of the dwell for 2%Cu-CGO and 2%Co-CGO. In the
case of 2%Fe-CGO, the sintering rate is found to be
lower, a reflection of the higher temperature of maxi-
mum shrinkage rate required for this composition. The
density values of ceramics, sintered in different con-
ditions, are listed in Table 1. For 2%Co-CGO a de-
crease in the density is observed at sintering tempera-
tures higher than 1373 K; this phenomenon is thought
to possibly correspond to oxygen loss due to the re-
duction of Co cations at elevated temperatures and to
a change in the sintering mechanism [7]. Such an as-
sumption is supported by cobalt segregation with grain
growth [23].

3.2. Microstructure

Representative examples of SEM and TEM micro-
graphs of 2%Co-CGO, 2%Cu-CGO and 2%Fe-CGO
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Table 1. Grain size and relative density of CeO,-based ceramics sintered in various conditions.

Sintering Sintering Relative Grain size Temperature of maximum
Material temperature (K) time (h) density (%) (um) shrinkage rate (K)
2%Co-CGO 1173 0.3 88.7+04 0.1-0.2 1143

1173 2 95.6 £0.5 0.1-0.2

1173 5 94.8 £ 0.6 0.1-0.2

1173 12 94.6 £ 0.5 0.1-0.2

1273 5 99.5+0.2

1373 5 99.4 + 0.3 0.3-0.5

1573 5 95.0 £ 0.6

1773 5 83.4£0.7 4-10
2%Cu-CGO 1173 5 99.4 £ 04 0.3-04 1163

1173 12 99.7+0.3 0.3-0.4

1273 5 99.8 £0.3

1373 5 94.0 £ 0.6
2%Fe-CGO 1173 5 72.5+ 0.6 1288

1173 12 745+ 0.5

1273 5 98.8 +£0.3 0.07-0.15

1373 5 99.3+0.3 0.15-0.25
CGO 1873 6 96.4 £ 0.5 1-8
Ce.80Gdo.18Prp.0202—5 1873 6 95.1 £0.8 2-10

ceramics, sintered at the respective temperatures of
maximum shrinkage rate, are given in Fig. 3. For
2%Co-CGO ceramics sintered at 1173 K, the aver-
age grain size is in the range of 100-200 nm, with
no significant change in microstructure with increased
sintering time. Under the same conditions the grains
of 2%Cu-CGO are larger (300-400 nm), whilst for
2%Fe-CGO sintered at 1273 K this range is 70-
150 nm. The average grain size at the respective tem-
peratures of maximum shrinkage rate, therefore, de-
creases in the sequence Cu > Co > Fe, which cor-
relates with the observed decrease in the maximum
rate of shrinkage (Fig. 1). When sintering temper-
ature of transition metal-containing CGO increases,
the grains grow up to 4-10 um (Table 1), similar to
that in Ceg30Gdp2002—s and CeggoGdg.18Pro.0202—5
sintered at 1873 K [17]. Thus, dense CGO ceramics
with sub-micron grain size can be obtained at 1140-
1290 K.

It should be mentioned that the results on sinter-
ing and microstructure of ceria-based ceramics, doped
with 2% transition metal oxides, both agree with and
expand upon the observations presented by Kleinlogel
and Gaukler [6, 7], as expected from the similar start-
ing materials and preparation route. This uniformity
ensures that the observed enhancement of the p-type
electronic conductivity for 2%M-CGO ceramics, dis-
cussed below, is common for the nanocrystalline CGO
obtained using these additions.

To assess compositional variations between bulk
and grain boundary regions, TEM/EDS studies were
performed. For the ceramics with sub-micron grains,
accurate determination of grain boundary composition
by EDS is beyond the instrumental resolution as typ-
ical boundary thicknesses are in the order of a few
nanometers. To assist analysis, therefore, triple point
regions were investigated, although the results can still
only yield composition averaged over an area, which in-
cludes the triple point, some bulk material and perhaps
also underlying grains. However, consistent variation
between the average composition measured across a
triple point and that measured for the grain for multiple
analyses still yield useful information. Typical results
are presented in Fig. 4 for the 2%Cu-CGO ceramics sin-
tered at the respective temperature of maximum shrink-
age rate. The concentration of the transition metal at
the triple point regions is observed to be clearly higher
than that in the bulk. Similar results were obtained
for the nanocrystalline 2%Co-CGO samples. This sug-
gests that in the boundary layers of CGO grains the con-
centration of the transition element is greater and that
complete incorporation of the transition metal additive
into the bulk has not occurred.

3.3.  Total Conductivity

Figure 5 shows a typical impedance spectrum mea-
sured at low temperature. Three distinct contributions
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Fig. 3. SEM (A and B) and TEM (C, D and E) micrographs of 2%Co-CGO sintered at 1173 K for 20 min (A), 2%Co-CGO sintered at 1173 K
for 2 h (B), 2%Co-CGO sintered at 1173 K for 5 h (C), 2%Cu-CGO sintered at 1173 K for 5 h (D), and 2%Fe-CGO sintered at 1273 K for 5 h

(B).

can be observed with capacitance values characteristic
of bulk, grain boundary and electrode processes. For
the low temperature range, Fig. 6 shows the high fre-
quency bulk and intermediate frequency grain bound-
ary contributions to total conductivity for 2%Co-CGO
sintered for different time periods at 1173 K. Due to the
similar grain sizes of the samples, comparison of the
grain boundary conductivity is performed using the to-
tal sample geometry. The bulk conductivity is essen-

tially independent of sintering time, whilst the interme-
diate frequency grain boundary component is observed
to be lower for the short sintering time of 20 minutes.
This result may be considered to contradict the data
of Kleinlogel and Gaukler [7], who suggested from
low temperature total conductivity measurements, that
higher grain boundary conductivities would be ex-
pected in compositions sintered for short time periods
due to an amorphous grain-boundary layer of cobalt
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Fig. 4. TEM/EDS spectra of 2%Cu-CGO ceramics sintered at
1173 K for 5 h. The peak marked as “Ni-grid” is due to sample
support.
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Fig. 5. Typical AC impedance spectrum of 2%Co-CGO ceramics
sintered at 1173 K, measured at 573 K.
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Fig. 6. Temperature dependence of bulk and grain boundary con-
tributions to total conductivity in air, separated by a.c. impedance
spectroscopy, for 2%Co-CGO sintered at 1173 K for different time
periods and rapidly cooled.

oxide, a layer observed by TEM analysis to have had a
width of approximately 2 nm. No cooling profile was
stated in [7] but it is possible that those samples were
quenched from the sintering temperature. In our experi-

ment the samples were rapidly cooled but not quenched
and in TEM analysis the presence of such amorphous
grain boundary layers could not be observed. The most
likely hypothesis is that, despite a short sintering time of
20 minutes in our experiments, enough time has elapsed
on cooling that incorporation of the cobalt oxide in the
surface layers of CGO grains is already complete. The
apparent lower grain boundary conductivity observed,
therefore, only results from the differing densities of
these samples, (Table 1). The lower density of the sam-
ple sintered for 20 minutes leads to a non-resolvable in-
termediate frequency contribution which is in addition
to that of the true grain boundary contribution. Such an
assumption is in agreement with the observation that all
grain boundary conductivities exhibit similar activation
energies suggesting similar conduction mechanisms
(Fig. 6).

Figure 7 compares the values of the total (bulk +
grain boundary) conductivity of Co- Fe- and Cu-
containing materials with that of undoped CGO ce-
ramics, measured at temperatures above 900 K when
the bulk and grain boundary contributions are indis-
tinguishable. No significant difference in the conduc-
tivity is observed for the Co-, Cu- or Fe-doped sam-
ples sintered at 1173-1273 K with respect to pure
CGO.
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Fig. 7. Comparison of the total bulk conductivity of CGO ceramics
doped with 2 mol% of the transition metal oxides, sintered for 5 hours
at different temperatures, in air.



Table 2. Oxygen ion transference numbers of CGO ceramics doped
with 2% of transition metal oxides, sintered at different temperatures
for 5 hours.

T,K
Sintering
Dopant temperature (K) 923 973 1023 1073 1123 1173

Co 1173 098 0.97 095 093 0.90 0.89
Cu 1173 098 097 096 094 092 0.89
Fe 1273 099 098 097 096 0.94 0.92

3.4. Electron-Hole Conduction

Selected results on the oxygen ion transference num-
bers (f,), averaged in the p(O,) range from 21 to
101 kPa, are presented in Table 2. Decreasing tempera-
ture results in a smaller electron-hole contribution to the
total conductivity, clearly indicating that the activation
energy for the p-type conduction is higher than that for
ionic transport. Combining transference numbers with
the total conductivity (o) values obtained by impedance
spectroscopy at corresponding temperatures, Fig. 7, al-
lows p-type electronic conductivities to be estimated as

o, = (1 —1,)o (1)

In oxidizing conditions the n-type contribution is
extremely small [1, 16, 18] and was thus neglected.
The activation energy (E,) for the partial ionic
and p-type electronic conductivities, Table 3, was
calculated by the standard Arrhenius equation

Ao E, o
= —exp| ——
O= 7P TRy

where A, is the pre-exponential factor.
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Fig. 8. Temperature dependence of the p-type electronic conductiv-
ity of CeO,-based ceramics. All materials were sintered for 5 hours;
the sintering temperature was 1173 K for the Co- and Cu-containing
compositions and 1273 K for the Fe-doped material.

Figure 8 shows the p-type conductivity values of
2%M-CGO (M = Pr, Cu, Co, Fe) ceramics compared to
that of the undoped CGO sintered at 1873 K. The pres-
ence of trace amounts of variable-valence dopants leads
to an elevated p-type electronic transport in every case.
For 2%Co-CGO sintered at 1173 K an enhancement of
over 25 times is exhibited with respect to that of the pure
gadolinia-doped ceria. Similar enhancements are ob-
served for the Fe- and Cu-containing compositions. The
electron-hole conductivity in Cey goGdg.18Pro.0202—s,

Table 3. Regression parameters of the Arrhenius model for the partial ionic and p-type electronic conductivities of CeO;-based ceramics in air.

Composition and

sintering temperature Conductivity T, K E, (kJ/mol) In Ag (S * K/cm)
2%Co-CGO (1173 K) Ionic 630-1090 79+ 1 13.6 £0.2
p-type electronic 920-1180 146 + 3 184 £04
2%Cu-CGO (1173 K) Ionic 540-1180 82.0+£09 13.9+£0.1
p-type electronic 920-1170 139+ 5 175 £05
2%Fe-CGO (1273 K) Ionic 620-1180 78+ 1 13.5+£02
p-type electronic 920-1170 145+ 3 17.8 £0.2
Ce.8Gdp202—5 Ionic 720-1270 729 +£0.8 12.7 £ 0.1
(1873 K) p-type electronic 1070-1270 145 £8 148 +0.8
CC(){g()Gd()JgPl‘().()zOz,g Tonic 720-1270 74.0 £ 0.8 12.8 £ 0.1
(1873 K) p-type electronic 870-1230 125+6 14.6 £ 0.7
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which is likely to be significantly contributed by Pr-
enriched grain boundaries [14], has intermediate values
between the undoped and transition metal-containing
ceria ceramics.

All materials with sub-micron grains, sintered at
1173-1273 K, show similar o, values, slightly de-
creasing in the sequence Co > Cu > Fe (Fig. 8). Ac-
tivation energies for the p-type electronic transport
are comparable both to each other and to that of pure
CGO, varying in the narrow range 139 to 146 kJ/mol,
which suggests a similar hole conduction mechanism.
As no correlation between this behavior and the trans-
port properties of binary transition-metal oxides [24]
can be found, the enhanced p-type conductivity of
doped CGO cannot be attributed to binary-oxide films
at the grain boundaries. Furthermore, TEM/EDS anal-
ysis showed that, whilst the content of the transition
metal additives in the grain bulk is dilute, their concen-
tration in the grain boundary is considerably higher.
Therefore, the relatively high electronic conductivity
in CGO ceramics with sub-micron grains is thought
to be due to the boundary layers of ceria grains, en-
riched with the variable-valence cations diffused in the
course of sintering. Further significant contribution due
to injection of p-type electronic charge carriers into the
ceria grains may be expected [25].

In summary, although the oxygen ion transference
numbers of Co-, Cu- and Fe-containing CGO ceram-
ics are as low as 0.89-0.92 at 1173 K, the electron-
hole contribution to the total conductivity decreases
with reducing temperature. At 923 K the values of ¢,
are sufficiently high, varying in the range 0.97-0.99
(Table 2). Therefore, under the operation conditions
of intermediate-temperature SOFCs (770-970 K) these
materials can still be used as solid electrolytes, in agree-
ment with the conclusions [6, 7]; further heating is
undesirable due to larger performance losses.

4. Conclusions

The addition of 2 mol% transition metal oxides into
Ce3Gdy,0,_5 ceramics considerably improves the
sinterability of gadolinia-doped ceria. The maximum
sintering rate is observed at 1120-1170 K for the Co-
and Cu-doped materials, and around 1270 K for the
Fe-containing composition. Annealing of such mate-
rials at 1170-1370 K allows nanocrystalline ceramics
with 95-99% density to be obtained. Average grain size
decreases in the sequence Cu > Co > Fe, analogous

to the decrease in the maximum shrinkage rate. Fur-
ther increase in sintering temperature results in grain
growth up to the micron-scale level. If compared to pure
CGO ceramics sintered at 1870 K having micron-sized
grains, nanocrystalline CGO materials containing trace
amounts of the transition metal oxides exhibit simi-
lar total conductivity values, but considerably higher
p-type electronic transport. The oxygen ion transfer-
ence numbers of the transition metal-containing ma-
terials sintered at 923—1273 K vary in the range from
0.89 to 0.99, decreasing when temperature increases.
The observed behavior suggests that such materials can
still be used as solid electrolytes for the intermediate-
temperature SOFCs, but that the operation temperature
should not exceed 1000 K.
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