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Abstract

Crystalline scandia-doped ceria powders, with Ceg9,Sc080>_5 and Ceg g>Sco 180, _5 compositions have been prepared by three different
procedures: (a) mechanochemical route from the starting oxides; (b) co-precipitation of hydroxides from an aqueous solution; (c) solid state
reaction between oxides. Nanopowders were only obtained from the two first routes. Isothermal sintering was carried out between 1200 and
1500 °C. Apparent density as high as 99% Dy, was achieved by sintering at 1300 °C for 2 h from co-precipitated powders. Temperature was further
reduced, and 99% Dy, was also obtained by SPS at 950 °C of Ceq g>Sco.130,_s mechanically activated powders. Sc,05 was observed as a secondary
phase for all the samples containing 18 at% Sc, whereas only traces were pointed out in the 8 at% Sc samples. Total conductivity attains lower
values than those measured in other ceria solid solutions, at difference of that observed in cubic Sc-stabilized zirconia.
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1. Introduction

Rare earth doped ceria is a well known candidate for uses as
electrolyte material for low temperature (500-700 °C) solid
oxide fuel cell (LT-SOFC) applications due to their oxygen ion
conductivity, which is higher than that of the yttria-stabilized
zirconia [1-5] at lower temperatures. Although the conductivity
of RE-doped ceria is, in average, higher than that corresponding
to RE-doped zirconia, differences of conductivity exist due to
the RE cation nature. Thus, Sm-doped ceria has proved to have
higher conductivity than Y-doped ceria [6,7]. According to M.
Yashima et al. [6] there is not a monotone correlation between
the ionic radius of the RE cation and the ionic conductivity (o).
Thus, Y-doped ceria shows better values of ¢ than the Nd- and
La-doped ceria. Improvement of ionic conductivity has also
been attained by co-doping with two RE cations [8]. On the
other hand, Sc-doped ZrO, has proved to be the best ionic
conductor in the group of RE,03-doped ZrO, solid electrolytes
for uses in SOFC technology [9]. Use of scandium oxide as an
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additive to CeO, to modify the ionic conductivity is scarcely
documented. Solid solutions with relatively high scandium
oxide content have shown that the solid solution limit is low
[10], and two-phase materials are formed above 8-10 at%
Sc,03. The main reason for this behaviour is associated to the
strong difference between the ionic radii of both host lattice
cation Ce** and Sc**, 0.97 A and 0.87 A in 8-fold co-
ordination, respectively. In the present work, the structural,
microstructural and ionic conduction behaviour of 8 at% and
18 at% of Sc-doped CeO, limit compositions are studied. The
18 at% composition was chosen to make a comparison with
similar Ce( g,RE( 1380,_s compositions [11], while the 8 at%
was chosen because this amount seems to be the upper limit
reported to incorporate Sc to fluorite CeO, forming a solid
solution [10]. To overcome the difficulty to prepare the Sc-
CeO, solid solution, mechanochemical and chemical co-
precipitation synthesis routes were used to obtain good quality
powders, such as have been proved in other systems [12].
Solid-state reaction was used as the reference procedure. These
routes were employed with the aim of increasing the solubility
of Sc in ceria, and to study the influence in the possible
improvement of the properties with compositions not
previously reported.
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2. Experimental methods

Ceria powders containing 18 or § mol% Sc cations were
prepared by different ways: co-precipitation of hydroxides
from an aqueous solution of the Ce and Sc nitrates,
(Ce(NO3)3)-6H,O (99.5%, Alfa Aesar) and Sc(NOs3),-4H,0
(99.0%, Alfa Aesar) (18Chem hereafter) and mechanical
activation from oxides mixture (18MEC hereafter) for 18 mol%
ScO; 5. The 8 mol% composition was prepared by conventional
solid state reaction of a mixture of oxides (8SSR hereafter) and
mechanical activation from the same mixture of oxides (SMEC
hereafter). The 18Chem powder was obtained by a previously
described route [11]. 18MEC and S8MEC powders were
obtained after 24 h of high-energy milling. The stoichiometric
quantities of CeO, and Sc,03, necessary to obtain 10 g of the
ceramic precursors were placed in a Tungsten carbide (WC) pot
with seven also WC balls, 2 cm diameter, 35 g each. The
mechanical treatment was carried out in a Pulverisette 6 model
Fritsch planetary mill operating at 300 rpm. More details for
this way on CeO,-based solid solutions are given by A. Moure
et al. [13]. The solid solution formation was studied by powder
X-ray diffraction (XRD) analysis. The 8SSR powder was
obtained by calcinations at 1000 °C during 2h of a
stoichiometric mixture of both oxides, after homogenization
by attrition milling.

For the co-precipitation method, TG/ATD analysis was only
performed on the dried precipitate. The calcined powder was
attrition milled with isopropanol as liquid medium. All the
powders were controlled by XRD diffraction, with a Bruker
AXS D8 Advance diffractometer, Madison, WI. Crystallite size
was determined by line-broadening analysis of the XRD
patterns. For MEC powder, the modification of the particle size
as a function of the milling time was calculated by XRD using
the Debye—Scherrer formulae

0.9
d =— 1
XRD ™ 8 c0s 6’ M
ﬂz = lggample - ﬂiznst’ (2

where B, corresponds to the equipment broadening, taken
from well-crystallized Si pattern and Bgampic is the broadening
of the corresponding diffraction peaks at 26. BET characteri-
zation was carried out with by using a Quantachrome MS-16
model, Syosset, NY.

18Chem, 8MEC and 8SSR powders were isostatically
pressed at 150 MPa. 18MEC powder was densified by Spark
Plasma Sintering, in a SPS 2080 Sumitomo apparatus, (Osaka,
Japan) at 950 °C for 1 min, and 120 MPa. Constant heating rate
(CHR) essays were performed on a Dilatometer (Netzsch 402E
of Geratebau, Bayern, Germany), from room temperature up to
1600 °C at a constant heating rate of 5 °C/min. Isothermal
sintering of 18Chem, 8MEC and 8SSR powders was conducted
at several temperatures between 1200 °C and 1500 °C and
times ranging from 1 to 16 h, with heating and cooling rates of
3 °C/min. Apparent density was measured by Archimedes
method. XRD analysis was carried out to determine the
complete solid solution formation and the crystallization of the

ceramic bodies. Lattice parameters of the solid solution
members (0.5413 £+ 0.0001 nm and 0.5408 4 0.0001 nm for
Cen.925¢0.0802_s and CeggrSco 180, s, respectively) were
determined from the XRD data obtained with a scanning of
1/8 26/min between 20° and 60° 26, and using Si as internal
standard. Microstructure was observed by scanning electron
microscope of polished and thermally etched surfaces, in a FE-
SEM, model Hitachi S-4700, Tokyo, Japan.

Complex impedance spectroscopy (CIS) was employed to
determine the bulk, grain boundary (G.B.) and total ionic
conductivity at a temperature range between 200 °C and
600 °C, and 100-10® Hz frequency range, by using a HP 4294A
impedance meter (Agilent, Palo Alto, CA). Ag paste was
applied on the surface of sintered discs. Electrodes were fired at
750 °C 1 h. Surface resistance values lower than 0.1 ) were
attained on the fired electrodes. Bauerle model of equivalent
RC parallel circuits has been taken to separate bulk and G.B.
contributions [14]. Conductivity values from the spectroscopic
diagrams have been calculated by impedance data taken on the
bulk and G.B. arcs by the formula o = (1/Z)x(I/S), being [ and S
thickness and surface, respectively, measured on the disc
samples. The value o = (1/Zg) % (I/S) has been taken as an
average G.B. value for the sake of comparison between
different samples and as representative of the electrical G.B.
behaviour of the ceramic electrolyte.

3. Results and discussion

Fig. 1 shows the results obtained by DTA/TG analysis of the
precipitated 18Chem powder after washing. It shows that the
weight loss ends at 600 °C, although this end is practically
achieved at 500 °C. This is the temperature chosen for the
calcinations of the precipitate. Fig. 2 shows the XRD pattern of
this powder heated at 500 °C for 2 h. The pattern apparently
corresponds to a fluorite structure (Ce;_,Sc,0,_s), in which
traces of Sc,03 can be also appreciated. This secondary phase
seems to disappear when the sintering temperature of the
18Chem precursors increases, as it is shown in Fig. 2, at least at
the limit of the XRD technique.

Fig. 3a displays the XRD patterns of the 18MEC mixture
evolution as a function of the milling time. In the initial
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Fig. 1. DTA-TG curves of 18Chem dried powders.
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Fig. 2. XRD pattern of 18Chem sample fired at 500 °C and ceramics sintered
from that powder at different temperatures (*peaks corresponding to Sc,03).
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Fig. 3. XRD patterns of 18MEC sample: (a) the evolution of powder with
milling time (6, 17, 24 h) and the evolution of milled powder against tempera-
ture; (b) XRD patterns of the ceramics processed by SPS at 950 °C from the
milled 18MEC powder (c: peaks corresponding to CeO,; *Sc,03).

mixture, the peaks corresponding to the CeO, and Sc,05 are
shown. When the milling time increases the peaks correspond-
ing to Sc,05 disappear from the patterns. This mechanical
treatment seems to favour the formation of the solid solution
with relatively high amounts of Sc,05 incorporated to the
structure. Fig. 3a also shows the XRD patterns of the powder
mechanosynthesized during 24 h after thermal treatments at
1000 and 1100 °C. A compacted disc was treated at different
temperatures, for 1 h at each temperature, thus the same sample
was used for all the treatments. At 1100 °C it can be observed

that traces of Sc,0O3 seem to be ex-solved from the former solid
solution. To assure the processing of a dense and crystalline
ceramic with the highest amount of Sc incorporated to the
structure, SPS of 18MEC precursors at 950 °C was tested.
Fig. 3b shows the XRD pattern of the sample prepared by such
method. It seems that the solid solution is complete and peaks
corresponding to Sc,O5 are difficult to be observed, within the
limits of the technique. That is, secondary Sc,03 oxide could be
present in the ceramic in small quantities or even in a nearly
amorphous state.

Fig. 4 shows the evolution with milling time of the
Ce.925¢0.0301.96 composition prepared by mechanochemical
route (SMEC). The powder obtained after 24 h of milling
process shows a nanometric size. The crystallite size decreases
as milling time increases, according to that measured by XRD
broadening, from 91 nm for the initial mixture to 13 nm,
approximately, after milling during 24 h. The XRD patterns
corresponding to the ceramics sintered at different temperatures
from the SMEC powders milled during 24 h are shown in Fig. 4.
The peaks corresponding to Sc,O3 are more difficult to be
distinguished in the whole range of sintering temperature,
mainly at temperatures higher than 1200 °C. It reflects that
ceramics with 8 at% Sc can be obtained by a single thermal step
from mechanosynthesized precursors.

Fig. 5a and b shows the shrinkage and shrinkage rate
behaviour, respectively, of the powders obtained by the
different methods. The processes at low temperatures
correspond to the release of some organic rests in the case
of the 18Chem sample. In the case of the milled materials, they
can be attributed to the loss of H,O and CO, trapped from the
atmosphere in the mixture during milling, as it has been
observed in other mechanosynthesized powders [15]. Only the
18Chem powder attains a state of final shrinkage below
1500 °C, while the other samples do not finish their shrinkage at
that temperature. The 18MEC powders show two maxima in the
shrinkage rate curves at 1280 and 1360 °C, close to the highest
temperature corresponding to 18Chem powder (at 1220 °C).

Ce0.92800.0801.96
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Fig. 4. XRD patterns of SMEC sample, showing evolution of milling powder
with time and those corresponding to the ceramics sintered from the powder
obtained by milling during 24 h (*peaks corresponding to Sc,03).
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Fig. 5. (a) Shrinkage curves; (b) shrinkage rate curves of green pellets of the
ceramic powders processed by the different routes and compositions.

The 8SSR powder shows a maximum at higher temperature
(1400 °C), although, on the contrary to the other powders, the
shrinkage rate curve is enough homogeneous, with a unique
maximum peak. It indicates a more homogeneous pore
distribution (not represented here) than the rest of ceramic
precursors. According to the results obtained by CHR essays,
isothermal sintering has been carried out at different conditions.
Table 1 summarizes the values of the relative density as a
function of the sintering temperature for each type of sample

Table 1
Apparent density of different samples as a function of sintering temperature
(time 2 h, 1 min for SPS).

Temperature (°C) % Dy,

Sample Sample Sample Sample

18MEC 18Chem 8MEC 8SSR

950 SPS 99.0 - - -

1250 - 99.1 - -
1300 - 99.5 96.0 -
1350 - 99.2 99.0 -
1400 - 98.0 99.7 95.7
1450 - 97.4 99.0 98.9
1500 - 99.0 98.8 96.1
1550 - - - 95.8

precursor. Theoretical densities have been calculated from the
structural data obtained by XRD of the solid solution, being
6.42 and 6.97 gcm > for 18 and 8at% Sc, respectively.
However, it must be pointed out that the measured value can be
affected by the presence of small quantities of free Sc,03
secondary phase.

Fig. 6 shows the microstructure of the samples correspond-
ing to ceramics processed from the different synthesized
powders. The samples sintered from 18Chem powders show a
sub-micrometric grain size (Fig. 6a), in which small inclusions
of pure Sc,05 are dispersed indicating that the whole amount of
Sc has not entirely incorporated in the ceria structure, or it has
been ex-solved during sintering at high temperature. The MEC
powders led to quite dense ceramics (Fig. 6b) with a nanometric
grain size when they are prepared by SPS at 950 °C. Grains of
pure Sc,05 are not easily distinguished in these microstruc-
tures. If they are present, it may be possible that their small size
makes more difficult its microscopic visualization.

Micrographs of 8MEC ceramics sintered at 1400 °C
(Fig. 6¢) show a microstructure according to the nano-particle
nature of the powder. Hence, densification is high, as it is
observed in the corresponding microstructure, and secondary
phases of pure scandia are not appreciated, in good
correspondence with the XRD results. The 8SSR powder led
to a microstructure with larger grains (Fig. 6d), and a bimodal
distribution. This different behaviour is associated to the high
temperatures at which the sintering has been carried out and the
larger initial particle size after calcinations at 1000 °C, in the
order of 0.7 um as it is calculated from the specific surface
measured by BET method. The average grain size is in the
micrometric range and at 1450 °C a bimodal distribution of the
grain size is more visible. This is associated with the presence
of a secondary phase that can be distinguished by EDS, which
corresponds to a small amount of free Sc,0O3 (not detected by
XRD) at difference of that observed in the image of 18MEC.
Microstructures are, as expected, in good agreement with the
high values of apparent density measured in the sintered
samples shown in Table 1.

Fig. 7 shows the impedance arcs corresponding to ceramics
sintered from the different powders. They are represented at the
temperatures where both bulk and grain boundary arcs are best
defined. The Arrhenius plots of the bulk, grain boundary and
total conductivity, obtained from the corresponding arcs at
different temperatures, are shown in Fig. 8.

The electrical behaviour strongly differs from one another
composition. With regard to the ones containing an excess of
Scy03, i.e. 18Chem and 18MEC samples, ionic conductivity is
much lower than that with 8 at% (Fig. 8). As it is shown in
Fig. 8, the bulk, G.B. and total conductivity of 18 at%
compositions are quite lower than those of 8 at% compositions.

The 18MEC sample processed by SPS shows a very fine-
grained microstructure, as shown in Fig. 6b. Only bulk arcs
have been distinguished on these samples (Fig. 7b), because the
G.B. arcs are not well developed at the range of measurement
temperature due to the high grain boundary resistivity, and
therefore total conductivity at this processing condition cannot
be established. This is the reason why it is not represented in
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Fig. 6. SEM micrographs of samples corresponding to ceramics processed at: (a) 18CHEM, 1300 °C (fracture); (b) SPS 18MEC, 950 °C; (c) SMEC, 1400 °C; (d)

8SSR 1450 °C.

Fig. 8. The electrical parameter corresponding to the bulk
conductivity is practically one order of magnitude lower than
that of the 18Chem ceramic (Fig. 8), although the activation
energy is also lower. Both conductivities are rather lower than
the corresponding to the same composition in the Sc-ZrO,
system with 18 at% Sc [16].

As it can be seen, the 8SSR samples with higher grain sizes
show a better G.B. conductivity (Fig. 8), and lower activation
energy (1.16 eV) than the 18Chem ones (1.46 eV) and similar
to SMEC samples (1.19 eV) at the same sintering temperatures.
In these ceramics, well-defined arcs from the different
contributions to the resistivity are visible (Fig. 7). Bulk and
G.B. conductivities are comparable between them, and the total
conductivity is controlled by both mechanisms.

4. Discussion

The results shown in Fig. 2 prove that coprecipitation route
is a good method to increase the amount of Sc that can be
introduced in the ceria fluorite structure, with respect to the
classical method [10]. The high degree of homogenization
occurring during the coprecipitation of the oxides together with
the relatively high sintering temperatures used seems to be the
key factors for this behaviour.

In the same way, mechanosynthesis is also proved to be a
useful technique to prepare nano-powders of scandia-modified
ceria, in which the solid solution limits can have high values

such as 18 at% Sc, well above to that found and reported in the
literature. The high homogenization degree and the high
mechanical energy introduced by the prolonged milling [12]
help the small Sc cations to be accommodated within the ceria
structure. Nevertheless, these powders are unstable against
thermal treatments above 1000 °C, giving as final phases Sc-
modified ceria, with lower Sc amount than the nominal one, and
free cubic Sc,03, similarly to what was shown by Grover et al.
[10]. To process ceramics with high density maintaining that
high content of Sc,0O; in solid solution with ceria, SPS
technique, i.e. sintering at high pressures and low times process,
has to be used. SPS technique allows the small volume of the
lattice associated to the small ionic radius of Sc** to be
maintained, without any decomposition of the solid solution.
The conductivity values corresponding to the S8MEC
samples are the highest of all the samples measured here.
They are 2-3 magnitude order lower than that of the Gd-doped
ceria with the same doping extent [17] and also slightly lower
than Sc-doped ZrO; solid solutions [9,18]. Two contributions to
the conductivity, one coming for the changes in the structure by
Sc-doping and another coming from the differences observed in
the microstructure of the ceramics, explain this behaviour.
The dependence of the conductivity with the incorporation
of Sc in the structure must be studied by analysing the
behaviour of the bulk conductivity, which is not affected by
microstructural features. It differs less than one order of
magnitude between both 8 at%-doped samples, and is much
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Fig. 7. Impedance arcs measured at different temperatures of: (a) ISCHEM ceramics; (b) SPS 18MEC; (c) 8SSR ceramic treated at 1450 °C; (d) 8MEC ceramic

treated at different temperatures.

lower for the 18 at%-doped samples. According to Yashima and
Takizawa [6] the conductivity of doped fluorite-type crystalline
compound, ZrO, and CeO, reaches its maximum when the
ionic radius value of doping cation is close to the host lattice
forming one. Taking into account the difference between the
ionic radius of Sc>* and Ce** (Y™ = 0.87 and ;Y = 0.97 A,
respectively), the Sc cation is rather smaller than Ce one. The
low solid-solution limit and the decrease of the conductivity
value with regard to the other ceria solid solutions, such as Sm-
doped and Gd-doped CeO,, can be attributed to this mismatch
between ionic radii of doping and host cations. Some authors
have reported [19] that there are more contributions that
produce the differences in conductivity beside the strain caused
by the difference of ionic radii. However, being Sc** much
smaller than Ce*", the huge decrease of conductivity can be
only attributed to the crystalline structure deformation. The
lower bulk conductivity of the 18 at%-doped ceramics can be
also influenced by the presence in these samples of a non-
conductive Sc,05 phase and a higher resistivity. Taking into
account that the conductivity parameter, o, has been calculated
from the formula o = S X I/A in which / and A are measured on
the overall sample, the inclusion of non-conductive phases in a
fixed geometry must lead to a decrease of o because there are
lower amounts of a more conductive phases. Slight differences

in the bulk conductivity of S8MEC and 8SSR sample, shown in
Fig. 8 can be attributed to a slightly different amount of Sc
incorporated to the structure. The arcs corresponding to bulk
conduction seem to be slightly depressed for SMEC and 8SSR
ceramics. It suggests that some secondary phases could be
contributing to the conductivity of both ceramics in a frequency
range similar to that one of bulk CeO,.

Values of conductivity measured on these Sc-doped ceria
samples are lower than the corresponding to other solid
solutions in which a small RE cation has also been employed,
like Y (r;"™=1.019 A), or Yb ("™ =0.985 A) [11,20]. The
size of the lattice cell measured for 8 mol% Sc>* substitutions
in ceria is very small, so the oxygen mobility decreases to
values close to those corresponding to the RE-doped zirconia,
which show conductivity values in the range of the ones
measured in this work at similar temperatures. The ionic
conductivity has been correlated with the atomic displacement
parameters [6]. Thus, lower atomic displacement leads to
higher ionic conductivity. In the same way, higher RE ionic
radii allow the conductivity to be increased [21]. Due to its very
small ionic radius, the Sc>* cation should lead to an atomic
displacement higher than the Yb** cation. Beside, the amount
of oxygen vacancies is also an important factor to determine the
conductivity parameter. The limit established for solid solution
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conductivity of ceramics sintered from the different routes and compositions.

formation with Sc doping makes difficult attaining the high
conductivity values measured on other Ce ggRE( 200,_s solid
solutions.

As itis shown in Fig. 8, the values of the total conductivity of
8SSR and 8MEC ceramics are limited by the reduction of the
G.B. conductivity with respect to the bulk one. Fig. 7 shows that
the arcs corresponding to the grain boundary contribution seem
to be depressed. Although it is not detectable by XRD, it is
possible that small amounts of secondary phases are segregated
to the grain boundary, making the G.B. conductivity to be
lower. This fact has also been observed in other SOFC
electrolytes candidate materials [11]. Slight differences in the
composition and/or distribution of these phases should lead to
changes in the conduction behaviour of the corresponding
ceramics. The conductivity values here obtained limit the use of
these solid solution materials as electrolytes for SOFC to high
temperatures.

5. Conclusions

The use of coprecipitation and mechanochemical method has
allowed to obtain the doped ceria solid solution metastable
powders with percentages as high as 18 at% Sc, which are
impossible to attain by standard methods such as solid state
reaction and other soft chemical routes. Applying SPS technique
to the Sc-rich powder allows dense ceramic bodies to be obtained,
in which solid solution seems to be maintained, although the grain
boundary and thus the total resistivity of this sample are quite
high. Ionic conductivity is lower than that of other ceria doped
electrolytes, being closer to the doped zirconia. Ionic con-
ductivity increases when Sc amount decreases. A lower constrain
of the lattice cell favoured by low Sc contents could explain this
ionic conductivity behaviour. Single phase ceramics with higher
final grain sizes show better values for ionic conductivity.
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