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The solid solution CepgSmp;0,_5 (20CSO) was synthesized by freeze-drying precursor procedure. Well-
crystallized powders with nanometric grain sizes were obtained after calcining the precursor at 375°C
for 4 h. The effect of SiO,-addition and sintering temperature on the properties of the bulk and grain
boundary processes were studied. For this purpose, 20CSO-SiO, samples were prepared by the addition
of 0.05 or 0.5mol% SiO, to CepgSmp20,_s, in the form of tetraethyl orthosilicate (TEOS). Also, 2 mol%
Co was added to some of the precalcined compositions with and without silica-addition. Cobalt free

Key.wordS: samples were sintered at 1400, 1500 and 1600°C and cobalt-added samples were sintered 1150°C, for
Ceria . . . .
silica 10 h to obtain dense pellets. The electrical behaviour of the bulk was revealed to be nearly independent

on sintering temperature and/or on the addition of impurities of SiO, and Co to the grain boundaries.
This was explained by the low solubility of impurities in the grain fluorite structure. However, the grain
boundary resistance showed important differences as function of sintering temperature and with the
presence of impurities. The analysis of grain boundary properties suggests that segregated impurities
affect the microstructure and also segregation of Sm at the space charge layer, thus changing both the
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specific grain boundary conductivity and microstructural parameters.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Ceria-based materials have been widely studied for many years
due to their potential application as solid electrolytes in sev-
eral electrochemical devices as solid oxide fuel cells [1-4]. Their
excellent conductivity compared to standard YSZ makes these elec-
trolytes very attractive for use in the range 500-700 °C. However,
ceria-based materials could be considerably affected by resistive
grain boundaries, spoiling the overall conductivity even at inter-
mediate temperature. This detrimental effect is more severe for
low to moderate contents of aliovalent lanthanide additives, when
the bulk conductivity is close to its maximum [5-7]. Some authors
have attributed the grain boundary blocking effect in ceria- and
zirconia-based materials to the presence of impurities [8-11],
mainly SiO,. Others explained its lower influence in samples with
higher contents of trivalent lanthanide to the scavenger effect
exerted by segregation of this additive [6]. Location of impurities
is revealed as a crucial key to understand effects on grain bound-
ary transport properties, pointing out to dependence on sintering
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temperature or other thermal treatments [10-12], and addition
of several oxides [13-16] as usual ways to relocate impurities
and/or produce scavenging reactions modifying specific proper-
ties of grain boundary conduction. However, highly resistive grain
boundaries were reported even in high purity samples [17-19]
suggesting prevailing space charge effects [18,20,21] on the intrin-
sic grain boundary properties. These evidences come out that,
although the impurities could deteriorate the grain boundary con-
ductivity, typical reduction in 2-3 orders of magnitude compared
to the bulk conductivity is likely caused by intrinsic effects. Nev-
ertheless, these effects could be easily tuned by the addition of
minor contents of metal oxides as cobalt oxide and sintering at
low temperature (~900-1150°C), probably because the preferen-
tial segregation of this additive at grain boundaries suppresses the
space-charge potential compared to samples fired at high tem-
peratures (e.g. 1600°C) without the sintering additive [22]. This
points out the possible influence of external impurities in the
solute segregation and thus in the space-charge layer and the
specific grain boundary conductivity of ceria-based fluorite com-
pounds.

In the present work the effect of external impurities and
sintering temperature on the electrical behaviour of bulk and
grain boundary properties of Sm-doped ceria were studied. The
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solid solution CeygSmg0,_5 was synthesized by freeze-drying.
Two batches of powders were prepared after the addition of 0.05
and 0.5mol% SiO, to CeypgSmg20,_s. Also 2 mol% Co was added
to some of the powders with and without SiO,-addition. The
effect of SiO,-addition was analyzed by impedance spectroscopy
in air, including the use of different sintering temperatures to
discriminate microstructural effects (constriction, grain size,
grain boundary thickness) and specific properties (conductivity
and permittivity) on the macroscopic behaviour (resistance and
capacitance). Sintering temperature and composition of grain
boundaries were revealed as important features in the modifica-
tion of grain boundary behaviour, not only at microstructural level
but also at specific level.

2. Experimental

Ceria—samaria powders with composition CepgSmg;0,_s
(20CSO) were prepared by freeze-drying precursor route previ-
ously reported [23]. Stoichiometric amounts of Ce(NOs3)3-6H,0
(Aldrich, 99.99%) and Sm(NO3)3-6H,0 (Aldrich, 99.9%) were dis-
solved in distilled water, rapidly frozen by dropwise into liquid
nitrogen and dehydrated in a freeze drier (Heto lyolab 3000) for
3 days. The obtained precursor was analyzed by thermogravime-
try and differential thermal analysis (TG/DTA, PerkinElmer Pyris
Diamond), subsequently calcined at 375°C for 4 h and ground for
24h in a home-made-YSZ ball milling. SiO,-contaminated (0.05
or 0.5 mol% SiO;) samples (20CSO0-05Si0, or 20CS0O0-5Si0, ) were
prepared by the addition of tetraethyl orthosilicate (TEOS) on
pre-calcined 20CSO following a wet chemical method. For this pur-
pose stoichiometric amounts of 20CSO and TEOS were mixed with
distilled water, ethanol and hydrochloric acid to assure the pre-
cipitation of silica. The obtained paste was milled until dry in an
agate mortar under an infrared light, calcined at 375°C for 4h and
ball milled again. Cobalt-doped samples (2 mol% Co) were also pre-
pared for both pure- and SiO,-contaminated powders after adding
an alcohol solution of Co(NOs3),-6H,0 (Panreac, purissimum) and
milling until dry in a mortar. The resulting powders were then
calcined at 650°C for 1 h.

The as-prepared powders were studied by X-ray diffraction
(XRD, Philips X’pert) to assess the fluorite single phase purity.

Cylindrical sintered pellets (~7.5-8 mm in diameter and
~1-1.5mm in thickness) of samples without and with silica addi-
tions were prepared by uniaxially pressing the powders at 125 MPa
in a 10 mm-diameter-die and sintering at 1400, 1500 and 1600°C
(cobalt-free samples) and 1150 °C (cobalt-added samples) for 10 h.
Also some powders were heated at mentioned temperatures and
XRD measurements and Rietveld refinement were performed.
The values of apparent density of the samples were obtained
by their mass and geometric volume and they were compared
with the theoretical unit cell density values obtained by the crys-
tallographic parameter. Scanning electron microscopy (SEM) and
energy-dispersive X-ray spectroscopy (EDXS) were used to anal-
yse the microstructure and locate the silica on thermally etched
sintered bodies. The averaged grain sizes of the pellets were deter-
mined by lineal-interception method.

The bulk and grain boundary electrical properties of sintered
pellets with Pt electrodes of 5.50 mm-diameter were studied by
impedance spectroscopy in air by decreasing temperature from
1000 to 150°C in the frequency range of 0.1-10° Hz.

3. Results
3.1. Thermal analysis

The TG/DTA results obtained from freeze-dried precursor show
several steps of mass loss (Fig. 1). From room temperature to
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Fig. 1. TG/DTA measurements performed on freeze-dried precursor of
CepgSmo201.9.

~140°C the mass loss may be caused by dehydration. In this range
of temperature total loss is comprised by 3 steps of mass loss sug-
gesting different processes of dehydration. The first step shows a
peak in the DTA at 53°C and produces a mass loss of 3.4%; this
may be due to physisorbed water. Following water losses present
two peaks in the DTA curve, one located at 87 °C and another one
located at 135°C, corresponding to crystallization water with a
total mass loss of 14.3%. This sequential-dehydration-behaviour
for crystallization water was previously observed [24,25] and was
attributed to inequivalences in the water molecules around the
metal ions. The main important mass loss (~36%) takes place from
~250 to 400°C with an endothermic peak centered at 270°C,
which corresponds to the decomposition of nitrates [24,25]. Fur-
ther weight loss of ~2% is observed for temperatures higher
than 400 °C, possibly corresponding to decomposition of residual
nitrates.

3.2. Structural and microstructural characterization

XRD data of powders calcined at 375°C (for both pure and
SiO,-contaminated 20CSO samples) reveal the presence of fluorite
single phases with wide diffraction peaks due to the nano size of
crystallites. Also, the addition of cobalt after the synthesis of the flu-
orite does not produce the presence of any secondary phase in the
XRD patterns. Powders heated at high temperature (1150-1600°C)
were also analyzed by XRD and the Rietveld refinement (Fig. 2)
evidenced no appreciable changes in the unit cell parameter obtain-
ing values ranging from 0.54343 to 0.54351nm. This suggests
that the possible dissolution of cobalt into the crystal structure
is unappreciable when sintering temperature is low (1150°C) and
confirms the complete dissolution of Sm;03 in CeO, in the stud-
ied range of sintering temperature. In the freeze-drying precursor
route the diffusion of cations during the synthesis process takes
place at atomic range given that each nanometric grain of the pre-
cursor preserves the stoichiometry of CeggSmg,0,_s-compound.
This allows total incorporation of Sm3* into the CeO, structure
and high homogeneity at low temperature of synthesis (375°C). A
similar behaviour was observed for ceria-based materials prepared
from other precursor routes as carbonate coprecipitation [26]. On
the contrary, conventional solid state powder synthesis occurs at
micrometric range as imposed by the precursors, and the expected
Ce( gSmp 0, _s-composition may not reach homogeneity. The solid
state reaction takes place between grains of different precursors,
and complete dissolution of Ln3* cations in the fluorite structure
needs high heating temperatures [27]; this is also more likely to
yield poorer homogeneity.
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Fig. 2. XRD patterns and rietveld refinements of (a) 20CSO sample without additive
sintered at 1400°C and (b) 20CSO sample with 2 mol% Co sintered at 1150°C.

Table 1 shows that the addition of cobalt enhances the densi-
fication of 20CSO at low temperature, as it was previously found
for several compositions of ceria-based compounds [28-32], reach-
ing a value of ~96% after sintering at 1150°C, which is close to
values obtained for cobalt-free samples sintered at 1400-1500°C
(~96-99% of the theoretical density). A lower sinterability was
observed in 20CS00-5Si0, samples, which show lower densifica-
tion with ~86% after sintering at 1400 °C; this suggests the presence
of non-negligible SiO, layer distributed along the grain bound-
ary with negative impact on mass transport. Moreover, presence
of silica also affects the sinterability of cobalt-added samples, and
their densification remains in the order of ~90-92% after firing at
1150°C. SiO,-samples sintered at higher temperature (>1500°C)

Table 1

reach good densification without addition of cobalt (~95-99%).
Table 1 also shows that there is a sharp increase in grain size for
sintering temperatures higher than 1400°C. A previous study of
the densification behaviour of Ceg 9Gdg 101,95 as function of sinter-
ing temperature [33] revealed the presence of two regimes in the
entire sintering process. In the first stage, densification occurs with-
out important changes in grain size, whereas grain growth takes
place in the second stage. Current results indicate that 20CSO sam-
ples are in the grain growth regime for temperatures higher than
1400°C, i.e. at temperatures required to reach high densification.
On the other hand, the introduction of impurities of SiO, in 20CSO
samples affects densification and hinders grain growth at identical
temperatures, as shown in Table 1. This is probably due to pref-
erential segregation of silica at grain boundaries and its effect on
grain boundary motion, as suggested by the presence of silica rich
precipitates (marked with arrows in Fig. 3). The sharp edge shape
of silica rich grains suggest that precipitation took place during
thermal etching, preferentially at multiple grain contacts, and most
probably corresponding to the location of highest concentration of
this contaminant. The addition of cobalt retains the submicrometric
grain size for SiO,-loaded samples and for samples without SiO,-
addition after sintering at 1150 °C due to the slow diffusion at this
temperature.

3.3. Electrical properties

Fig. 4 shows impedance spectra obtained at 250°C for 20CSO
and 20CS00-5Si0, samples sintered at different temperatures. All
the spectra reveal the presence of three deconvoluted contribu-
tions due to differences in orders of magnitude of the relaxation
frequency of each process. The high-frequency arc, associated to
the bulk contribution, is mainly independent of sintering temper-
ature and/or of the addition of SiO, and Co after the synthesis
of the powders. Fig. 5 shows the Arrhenius representation of
the bulk conductivity for samples sintered at different tempera-
tures in the entire range of measuring temperature. The values of
bulk resistance at high temperature were estimated by the linear
extrapolation of the grain boundary resistance to the high tem-
perature regime and the experimental values of total resistance
[22]. The activation energy of the bulk process at low temper-
ature (150-400°C) is in the range 0.85-0.89eV (Table 1), with
no appreciable dependence on sintering conditions and additions
of SiO, and/or Co. At high temperatures the activation energy
decreases considerably to values of 0.51-0.62 eV, as defect asso-
ciation becomes weaker, with a considerably uncertainty due to
gradual transition between the low and high temperature regimes.
It is apparent from Fig. 5 that the composition of bulk and the asso-

Relative density (R.D.), average grain size (dg), activation energy of the bulk in the low temperature regime (E,g.r7), activation energy of the bulk in the high temperature
regime (E,p-pyr) and activation energy of the grain boundary (E.cg), for samples with and without SiO,-addition sintered at 1150-1600°C. Note that samples sintered at

1150°C were previously loaded with 2 mol% Co.

Sample Ts RD. dg Eapir Eap-ut Eace

(0 (%) (pom) (eV) (eV) (eV)
20CSO +2%Co 1150 96 0.84 0.88 0.62 0.98
20CSO 1400 96 1.03 0.89 0.57 0.98
20CSO 1500 99 2.57 0.88 0.62 0.97
20CSO +0.05%Si0, +2%Co 1150 92 0.6 0.85 0.51 1.00
20CSO +0.05%Si0, 1400 96 1.1 0.86 0.54 1.00
20CSO +0.05%Si0, 1500 98 29 0.86 0.56 1.00
20CSO +0.05%Si0, 1600 99 49 0.86 0.57 0.98
20CSO +0.5%Si0, +2%Co 1150 90 0.40 0.86 0.52 1.00
20CSO +0.5%Si0, 1400 86 0.65 0.87 0.54 0.99
20CSO +0.5%Si0, 1500 95 2.0 0.86 0.61 0.98
20CSO +0.5%Si0, 1600 98 4.0 0.86 0.57 0.99
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Fig. 3. SEM images of 20CSO sample sintered at 1400°C (a) and 0.5%Si0,-contaminated-20CSO sintered at 1400°C (b) and 1600°C (c) and (d).
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Fig. 4. Impedance spectra obtained at 250°C for samples sintered at different
temperatures, (a) 20CSO samples without SiO,-addition and (b) 0.5% SiO,-loaded
samples. Cobalt addition was carried out in both pure and SiO,-contaminated sam-
ples sintered at 1150°C.

ciation of defects are independent on the sintering conditions in the
studied range of temperature. Also, it suggests that the dissolution
of Si0, and/or Co in the lattice is invaluable as it was argued in the
previous analysis of the XRD data.

On the other hand, major differences were observed in the
intermediate-frequency arc, associated with the grain boundary
process (Fig. 4). In a previous work we found that 20CSO sample
sintered at 1600 °C possessed a large grain boundary arc, which
was clearly decreased with the addition of cobalt and sintering at
1150°C[22]. However, current results show that the arc associated
to grain boundaries in the cobalt-added sample is still higher than
for samples without cobalt addition sintered at 1400 and 1500°C.
This can be related to the expected dependence of grain boundary
properties on average grain size. Following the classical brick layer
model [18,34,35] the grain boundary resistance (Rgp,) and capaci-
tance (Cgp,) could be expressed as:

Rgb = pgb (%) (%) (1)
Cgb = €0&rgb (%) (%) (2)

where pg;, and &y, are the resistivity and permittivity of the grain
boundary process; &g is the permittiviy of free space; L is the thick-
ness of the sample; A is the area of the electrodes, and dgp, and dg
are the average values of grain boundary thickness and grain size,
respectively. According to Eq. (1), samples with higher grain sizes
should possess lower grain boundary contribution to the total resis-
tance due to the decrease in the number of effective interfaces. This
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Fig. 5. Arrhenius representation of the bulk conductivity of samples sintered at
different temperatures for (a) 20CSO and (b) 20CSO +0.5%SiO, (note that 2%Co was
added to the precalcined powders before sintering at 1150 °C).
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Fig. 6. Geometrically normalized grain boundary conductance (closed symbols) and
average grain size (open symbols) as function of sintering temperature for samples
without silica-addition and for silica-added-samples. Samples sintered at 1150°C
were previously doped with 2 mol%Co. Triangles are for samples without silica-
addition, diamonds for 0.05% SiO,-added, and squares are for 0.5% SiO,-added.

trend is nearly observed for 20CSO samples sintered between 1150
and 1500 °C (Fig. 6).

Contamination with silica produces a large increase in the inter-
mediate frequency arc of the impedance spectra at each sintering
temperature (Fig. 4(b)), compared to 20CSO, which corresponds to
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Fig. 7. Geometrically normalized grain boundary capacitance as function of mea-
suring temperature for samples sintered at 1600 (squares), 1500 (circles), 1400
(triangles) and 1150°C (crosses) for (a) 20CSO and (b) 20CSO +0.05%Si0, (points
joined with lines) and 20CSO +0.5%Si0;, (single points). Samples sintered at 1150°C
were previously doped with 2 mol%Co.

apparent decrease of the geometrically normalized grain boundary
conductance (LA~'Rg, 1) (Fig. 6).

The identification of specific transport properties and the
microstructural effects are essential to obtain a correct interpre-
tation of the macroscopic values of grain boundary resistance
and capacitance. Figs. 4 and 6 show that the introduction of SiO,
spoils the grain boundary properties but its nature should be care-
fully analyzed. Furthermore, the grain boundary capacitance also
depends on processing, as shown in Fig. 7, for geometrically nor-
malized grain boundary capacitance (Cgblf\*1 ). These results can be
correlated mostly to the increase in grain size (Table 1), with corre-
sponding increase in capacitance of the samples, according to the
mentioned brick layer model (Eq. (2)). However, this is insufficient
to explain important differences of grain boundary capacitance
results for samples with and without SiO,-addition, which are still
reflected in a decrease of ~50% of the values of capacitance at each
sintering temperature after the addition of 0.5% SiO,.

One will proceed with a simple modification of the brick layer
model to take into account combinations of changes in specific
grain boundary properties, changes in average grain sizes, and
possibly also other less obvious changes at grain boundary level,
resulting in local constrictions [36]; this is described on assuming a
constriction factor (feons < 1) to account for effective changes in area
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to thickness ratio for electrical conduction across grain boundaries,
that is:

(1), =0 -feon) 3)

Note that the effective geometric factor (A/L)ess equals the mea-
sured A/L in the case of samples without constriction (fcons =0), i.e.,
the so-called constriction factor fcons is @ measure of how severe is
the constriction effects on grain boundary properties. The mecha-
nism of conduction of the proposed model could be described by
two parallel paths for conduction at grain boundaries through clean
grain to grain contacts and through the silica-rich. This revised
model allows one to obtain general expressions for grain boundary
resistance and capacitance according to:

L _ Ugb](l — feons) n Ugbzfcons

RgpAdg 81 52
_ Ogb1(1 — feons) 1 Ogh2feonsd1 (4)
B 81 Ugb](l — feons )82

Conl (1 — feons) &rafconsd

gb cons r2JconsO1
aq. - 5
Ad cofrt 51 |: ‘9rl(‘1 —fcons)82 ( )

where og,1 and oy, are the specific grain boundary conductivity
corresponding to transport along clean grain contacts and through
the silica-rich layer, respectively; &, and &, are the correspond-
ing relative permittivities, §;7 and §, their thicknesses. Given that
the resistivity of the silica-rich layer is much higher than that of
the clean-grain contacts, the diffusion of ions nearly reduces to the
path of clean contacts [35]. On the other hand, the expected lower
values of permittivity of silica-based phases, higher thickness rel-
ative to silica-clean space charge regions (i.e. 6 >81) and possibly
also moderate levels of constriction also allows one to assume that
the grain boundary capacitance is only affected by the permittiv-
ity of clean interfaces. These assumptions simplify considerably the
expressions describing resistance and capacitance as follows:

L 0gb1(1 — feons)

RgpAdg 5 ®)
Capl (1 — feons)
gb ~ cons
Ad; €061 5 (7)

Under these circumstances, the angular relaxation frequency
should still remain nearly independent of the constriction factor,
except for cases when specific properties also change, i.e.:

Ogb1
€0ér1

Weh = (CgbRgbrl ~ (8)

Fig. 8 shows an alternative Arrhenius representation of the
normalized grain boundary resistance after the introduction of
the average grain size of the samples (RgpAdg/L), according to Eq.
(6). Fig. 8(a) shows that differences in grain boundary behaviour
for samples without SiO, addition sintered between 1150 and
1500°C can be ascribed mainly to differences in grain size. On the
other hand, the study performed on SiO,-loaded samples (with
0.5% Si0;,) shows clearly different behaviour in which the factor
RgpAdg/L increases systematically with the increase in sintering
temperature. This may be ascribed to either decreasing specific
grain boundary conductivity, or increasing role played by con-
strictions, because increase in average grain size corresponds to
decrease in grain boundary interfaces and, thus, increasing concen-
tration of impurities. One also sees negative effects for 0.05% SiO,
(Fig. 8(b)), including effects on samples obtained at 1150°C with
cobalt addition. However, results obtained for samples sintered at
1400-1500°C converge in a nearly common Arrhenius line, which
suggests that constrictions are unlikely to play a significant effect
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Fig. 8. Arrhenius representation of the normalized grain boundary resistance of
samples sintered at different temperatures after correction for differences in average
grain size. Open symbols are for samples without silica-addition, and corresponding
closed symbols are for 0.5% SiO, (a) or 0.05% SiO, (b). Samples sintered at 1150°C
were previously doped with 2 mol%Co.

for silica additions up to about 0.05 mol%. In this case, changes in
specific properties may be related to space charge effects exerted
by different combinations of segregated species (i.e., silica, cobalt
oxide or both).

The grain boundary capacitance provides additional informa-
tion after accounting for geometric changes and also changes in
grain size. For this purpose the factor Cg,L/(Adg) is represented as
function of measuring temperature in Fig. 9. Contrary to results for
grain-size normalized conductance presented in Fig. 8, the results
of grain size-normalized capacitance (Fig. 9) lay in a much narrower
range for samples sintered at different temperatures. Note that
higher scattering is observed for samples without addition of sil-
ica, probably because de-convolution of impedance spectra yields
poorer fitting, due to partial overlapping of the grain boundary and
electrode arcs (see Fig. 4(a)). Nevertheless, the grain size normal-
ized results obtained for samples heavily contaminated with silica
still show important dependence on sintering conditions, and are
clearly lower than for clean samples.

Eq. (8) also allows one to determine the specific grain boundary
conductivity (og,) by means of the angular relaxation frequency
of the process, under the usual assumption that the permittivity



D. Pérez-Coll et al. / Journal of Power Sources 196 (2011) 8383-8390 8389

20CSsO
03} I Jat N /
» \ p o
—_ 4 goxg “
i . N\
£ M
= o2 ‘/‘\““—H—A—H\‘_‘_‘_ﬁ
= > o0 »-*
3| riresrteiwaia
< e® 000000000000
3
2 01F e 1600°C \
o ---m--- 1500°C
| — —— —1400°C 0.5% SIOZ
—4a—1150°C
0 1 1 1
400 500 600 700 800
T (K)
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out silica-addition and closed symbols for 0.5% SiO,-added samples.

of the bulk equals that of the grain boundary (&g ~ &4 ~ &r) [20],
according to [37]:

Ogh = Wgp - €0 * Er (9)

Though permittivity should be determined from the capaci-
tance of the bulk (&; ~ CgL/(Agg)), the actual value of capacitance
of ceria based samples with commonly used pellet configuration
is of the same order of magnitude of stray effects imposed by the
experimental equipment used for impedance spectroscopy mea-
surements; this hinders the determination of an accurate value of
permittivity. Different experimental procedures, as the use of an
external auxiliary resistance [38] or the analysis of the variation of
the capacitance as function of A/L [22], could be used to estimate
the value of the stray capacitance introduced by the equipment. In
previous works [33,38,39] we have obtained values of permittiv-
ity in the range &, ~ 28-36 for samaria- and gadolinia-doped ceria,
which are in good agreement with previously reported values for
cerias with very high values of A/L [40]. Due to the observed low
dependence of permittivity of ceria- and zirconia-based materi-
als on compositional changes [35], we have assumed a constant
value of ¢;=30 in the estimation of the specific grain boundary
conductivity.

Fig. 10 also suggests that results obtained for uncontaminated
20CSO converge to nearly common trends, for sintering temper-
atures in the range 1150-1500 °C, whereas heavily contaminated
samples show poorer results and important changes with sintering
temperature. Results reported in literature suggest that specific
grain boundary conductivity often becomes poorer with increase in
average grain size, originated by corresponding increase in sinter-
ing temperature [18,40-42], and such effects are usually ascribed
to increase in space charge potential [35,41,42]. However, the most
pronounced decrease in specific grain boundary conductivity often
occurs for samples with submicrometer grain sizes. In addition,
differences between results obtained for ceria-based samples
sintered at relatively low and high sintering temperatures could
also be dependent on segregation of cobalt used as sintering aid
[22,43].In a very recent work [39] one also showed that the specific
grain boundary conductivity obtained for Ceg9Gdg 10795 samples
prepared by “Spark Plasma Sintering” with an average grain size of
~120nm were similar to those obtained for a ceramic sample with
average grain size of ~2.2 wm, sintered at 1500 °C by conventional
method. Moreover, CeggGdy 10195 samples sintered with the
conventional procedure between 1225 and 1500°C, presented
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Fig. 10. Arrhenius representation of the specific grain boundary conductivity for
samples without addition of silica (open symbols) and for samples with 0.5% SiO5-
addition (closed symbols).
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Fig. 11. Dependence of specific grain boundary conductivity on grain size, for sam-
ples without addition of silica (triangles), for 0.05% SiO, (diamonds) and for 0.5%
SiO, (squares), at 250°C and 400 °C. The open symbols indicate samples sintered at
1150°C with addition of cobalt.

similar values of specific grain boundary conductivity in spite of
possessing large differences in grain size, ~0.17-1.87 wm, and rel-
ative density ~76-99% [33]. Thus, the results in Fig. 10 still suggest
significantly stronger effects of sintering temperature on specific
grain boundary properties for samples contaminated with silica.

This may also be ascribed to the corresponding dependence on
grain size, as shown in Fig. 11. Indeed, this does not exclude sig-
nificant constriction effects for heavily contaminated samples, as
emphasized by corresponding changes in grain boundary capaci-
tance normalized for changes in average grain size (Fig. 9). Fig. 11
also shows clear evidence that cobalt additions (open symbols)
partially opposes the negative impact of silica on specific grain
boundary conductivity.

Fig. 11 also shows greater dependence on grain size for heavily
contaminated samples (with 0.5% SiO; ), and negligible dependence
for samples with 0.05% SiO,, except for simultaneous addition of
cobalt. In this case, one cannot exclude possible indirect constric-



8390 D. Pérez-Coll et al. / Journal of Power Sources 196 (2011) 8383-8390

tion effects on specific properties, as predicted on combining Eqs.

(4) and (5), without further assumptions; this yields:

@ = Ogb1 1 — feons + feons((0gb281)/(0gp162)) (10)
& &r1€0 1 — feons + feons((€r281)/(61162))

Since grain growth corresponds to decreasing area of grain
boundaries (Agp o 1/dg), redistribution of silica should yield the
following dependence of constriction factor on silica content and
average grain size:

Jeons o< %Si0; - dg (11)

This may still explain the greater dependence on average grain
size for high silica contents, shown in Fig. 11.

It is also noticeable that the values of grain boundary acti-
vation energy are in the range 0.98-1.00eV without apparent
modification with the sintering temperature, and also that these
values fit very well with the values obtained for samples with-
out addition of SiO, (Table 1). Similar values of activation energy
suggest similar conduction process of ions through the grain
boundaries, even though the composition, nature, viscosity and
location of impurities are highly dependent on sintering conditions
[9,35,44-46]. This is consistent with most of evidences reported
by other researchers [35,40,46,47] suggesting that the transport
of ions at grain boundaries in SiO,-contaminated fluorites takes
place in direct contacts between clean grains, i.e., grain bound-
aries are only partially wetted by silica, decreasing the contact area
between grains, without changing the nature of conduction. Note
thatif the impurity-phase were continuous, the activation energy of
grain boundary contribution should be different from that obtained
for clean grain boundaries [35,46], and dependent on the nature
of conduction in the glassy phase, thus being affected by sinter-
ing temperature. Thus, increase of grain boundary resistance of
heavily contaminated samples (Fig. 6) may be mainly due to the
fact that a significant fraction of internal interfaces is blocked by
the poorly conducting SiO,-rich phase, thus hindering oxygen ion
migration.

4. Conclusions

The grain boundary behaviour of ceria-samaria materials
is clearly affected by silica, even for moderate contamination
(0.05 mol%), without significant effects on intragrain (bulk) prop-
erties. These effects are clearly dependent on sintering conditions,
mainly due to effects on average grain size, level of contamination,
and also presence of cobalt added as sintering aid. For moderate
contamination by silica one expects prevailing effects on specific
grain boundary properties rather than constriction effects. Specific
grain boundary properties are still strongly affected by moderate
contamination by silica. Simultaneous addition of cobalt as sinter-
ing aid plays a positive role, probably by interacting with silica. For
heavily contaminated samples (with 0.5% SiO; ) one found evidence
of coexisting effects on specific grain boundary properties and con-
striction effects, especially for the highest sintering temperatures.
Dependence of constriction effects can be ascribed to increase in
average grain size and corresponding redistribution of the silica in
the shrinking grain boundary area.
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