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bstract

considerable reduction (≥250 ◦C) in the sintering temperature, enhancement of the sintering density, and a slight improvement of the electrical
roperties, can be achieved by using bismuth oxide in the range of 0.2 to 2 wt.%, as a sintering aid for gadolinia-doped ceria (GDC) ceramic
lectrolytes. Dilatometric experiment (CHR) and SEM observations indicate that a liquid phase-assisting sintering mechanism contributes to the
mprovement in sintering density for bismuth oxide concentrations exceeding 0.5 wt.%. The addition of small amount of Bi2O3 ≤0.5 wt.% also
esults in the achievement of highly dense ceramic bodies (≥99% of theoretical density) after sintering at 1200 ◦C for 4 h, which indicates that the
ddition of Bi2O3 to gadolinia-doped ceria promoted the sintering process by a cooperating volume diffusion-liquid phase-assisting mechanism.
ased on the lattice constant data, the solid solubility limit of Bi2O3 in gadolinia-ceria is, probably, lower than 1.0 wt.%. Grain size also increased
ith increasing Bi2O3 content up to 0.5 wt.% and then it decreased with further addition of Bi2O3. The addition of the smaller amounts of

ismuth oxide, i.e., ≤1.0 wt.% Bi2O3 slightly enhanced the total ionic electrical conductivity of the gadolinia-doped ceria electrolyte. The sintering
emperature strongly influenced the electrical conductivity of the doped-GDC ceramics. The best sample was that containing 1.0 wt.% Bi2O3

intered at 1400 ◦C for 2 h which had an ionic electrical conductivity of 4 S m−1 at 700 ◦C, and an activation energy of 0.58 eV for the oxide-ion
onduction process in air.

2005 Elsevier Ltd. All rights reserved.
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. Introduction

CeO2-based materials have been widely studied as catalyst
upports and promoters for heterogeneous catalytic reactions.
n the other hand, they are an upcoming alternative solid elec-

rolyte to yttria-stabilized zirconia (YSZ) in solid oxide fuel
ell (SOFC) applications.1–3 They have higher ionic conductiv-
ty and lower interfacial losses than YSZ, and can also operate
t lower temperatures (500–700 ◦C). However, the preparation
f ultrafine powders to be used as precursors for the manufac-
uring of dense bulk ceramics has become necessary and, in

hat sense, many synthesis approaches using wet chemistry have
een used to improve the homogeneity and the sinterability of the
o-obtained powders. In spite of this, such powders were usually

∗ Corresponding author. Tel.: +34 91 735 58 40; fax: +34 91 735 58 43.
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red to only 95% dense at fairly high temperatures (≥1550 ◦C),
hich implies a high energy cost precluding, thus, the possibility
f cofiring this electrolyte with other SOFC components due to
he solid-state reaction and interdiffusion between them at those
intering temperatures. It seems that a competitive sintering tem-
erature should be ≤1400 ◦C for gadolinia-doped ceria, in which
he mobility of Ce4+ cations is reasonably low. Hence, meth-
ds to produce high-density gadolinia-doped ceria ceramics
t reduced sintering temperatures are needed to obtain high-
erformanced materials. Several procedures have been used
ncluding the use of a general method based on the oxalate copre-
ipitation route to produce Gd, Sm, Y-CeO2 sinterable powders,
hich sintered at temperatures as low as 1300–1350 ◦C with
97% dense materials.4–6 With these parameters at hand, the
hoice of electrode and interconnector materials would be much
asier and cheaper. At the operating conditions of the interme-
iate temperature SOFCs, a limit in both the temperature and
xygen-partial pressure still restricts its use. However, several



3 n Cer

e
i
o
g
c
t

e
b
t
a
a
i
a
d
a
p
o
t
r

2

(
F
s
i
i
t
t
i
s
c
A
i
s
2
o
i
0
b

t
w
m
w
m
A
m
a
s
i

a
O
b

m
w

d
i
o
w
v
I
y
o
t
(
c
r
w
a
m
q

3

3

0
f
p
w
p
s
t
w
c
were calculated from the higher angle lines in XRD patterns as
a function of the additive content, as shown in Fig. 2. As can
be seen, the lattice parameter increases linearly with increas-
ing Bi2O3 up to about 0.8 wt.%, remaining constant for higher
162 V. Gil et al. / Journal of the Europea

xperiments have shown that doped-ceria can work as an oxide-
on conductor electrolyte at temperatures well-below 700 ◦C and
xygen partial pressure ≥10−5 atm. Above those limits an oxy-
en loss can occur with the reduction of Ce4+ to Ce3+, and the
orresponding appearance of electronic conduction along with
he oxide-ion conduction.

Ce0.9Gd0.1O1.95 dense ceramic membranes are needed for
lectrolytes but it is well known, as mentioned before, that ceria-
ased materials are very difficult to densify below 1500 ◦C by
he conventional ceramic techniques when using mixed oxides
s raw materials. Then the use of non-conventional methods or,
s another alternative, using sintering aids to reduce the sinter-
ng temperature become necessaries. In this paper we report,
t our best knowledge for the first time, the preparation of
ense (≥98% of theoretical density) Ce0.9Gd0.1O1.95 materials
t 1200 ◦C for 4 h, starting from a commercial submicronized
owders by using bismuth oxide as a sintering aid. The effect
f Bi2O3 additions on the grain-growth process as well as on
he electrical conductivity of these dense ceramics will also be
eported.

. Experimental procedure

Commercial gadolinia-doped ceria CeO2–Gd2O3 powders
denoted Cerium-Gadolinium oxide 90–10 LSA, Rhodia GmbH,
RG) with an average crystallite size of 0.38 �m and specific
urface of 12.4 m2 g−1, were used as starting raw material. This
s referred to as GDC powder hereafter. The total amount of
mpurities (mainly silica) was, according to the suppliers, less
han 13 ppm. The dopant, in the 0.2–2.0 wt.% Bi2O3 concen-
ration range, as bismuth nitrate (Bi (NO3)3·5H2O) dissolved
n ethanol, was added to a GDC powder/ethanol suspension by
tirring. After drying at 120 ◦C for 2 h, the powders were cal-
ined at 700 ◦C for 2 h, granulated and isopressed at 200 MPa.
fter compaction, the green density of powder compacts was

n the order of 50% of the theoretical density. Non-isothermal
intering was performed at a constant heating rate (CHR) of
◦C/min up to 1600 ◦C in a dilatometer Netzsch (model 407/E
f Geratebau, Selb.Bayern, Germany). The samples were also
sothermally sintered at 1400 ◦C which was held for times from
to 8 h. The density of the samples after sintering was measured
y the Archimedes method.

In order to study the possible influence of the Bi2O3 addi-
ive on the crystalline structure of the prepared samples, these
ere heat-treated at 1200–1400 ◦C for 2 h, milled in an agate
ortar, and then characterized by X-ray diffraction (XRD)
ith a diffractometer Siemens (model D-5000, Erlangen, Ger-
any) using nickel-filtered Cu K� radiation (λ = 0.15405 nm).
n internal alumina standard was used for the lattice parameter
easurements. Besides this, a powder mixture containing GDC

nd Bi2O3 50/50 in wt.% was homogeneized and heat-treated for
everal hours at 850–1000 ◦C for 2 h. The new-formed phases,
f any, were also investigated by XRD.
The microstructure of the sintered samples was examined in
Zeiss (SEM) scanning electron microscope (model DSM 950,
berkochem, Germany). The average grain size was measured
y the line intercept method on the surface of polished and ther-
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ally etched sintered samples. The size of at least 300 grains
as taken into account.
The electrical conductivity of the dense undoped and Bi2O3-

oped GDC-sintered samples was measured by using a.c.
mpedance spectroscopy. Silver paint was backed onto each side
f the sintered samples at 750 ◦C for 1 h, to ensure good contact
ith the samples. Platinum wires attached to the electrode pro-
ided current contacts to each electrode on the sintered samples.
mpedance spectra were obtained using an LF Impedance Anal-
ser (model 4192A, Hewlett-Packard) over the frequency range
f 10 Hz–10 MHz. Measurements were made in the tempera-
ure range 150–500 ◦C in air. Grain interior (GI), grain boundary
GB), and electrode polarization contributions to the total electri-
al conductivity can be clearly identified within that temperature
ange, and the quantitative change in GI and GB conductivities
ere measured by fitting these impedance plots using the Equiv-

lent Circuit Program. The total electrical conductivity was also
easured in the temperature range of 150–700 ◦C at a fixed fre-

uency of 10 kHz.

. Experimental results

.1. X-ray diffraction study

X-ray diffraction patterns of GDC powders without and with
.2–2.0 wt.% Bi2O3 added after heat-treatment at 1200–1400 ◦C
or 2 h (not shown here), revealed no free Bi2O3 or secondary
eaks phase. If some secondary phase was formed the amount
as too small to be detected by X-ray diffraction. The XRD
eaks due to the fluorite solid solution of the GDC sample were
lightly shifted to smaller angles with increasing Bi2O3 con-
ent, as shown in Fig. 1. The shifts were shown to increase
ith increasing Bi2O3 content up to 1 wt.% and then remained

onstant for higher additive concentration. The lattice constants
ig. 1. High-angle X-ray diffraction patterns of doped-GDC samples sintered
t 1400 ◦C for 2 h with different Bi2O3 contents.
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sification of the undoped-sample takes place in a two-stage
ig. 2. Lattice parameters of the doped-GDC samples as a function of the Bi2O3

ontent.

i2O3 concentrations. Such an increase will be probably due
o the substitution of larger Bi3+ ions (r = 0.117 nm) for Ce4+

ons (r = 0.097 nm) in the cubic lattice of the GDC structure.7

ence, the solubility limit of Bi2O3 in gadolinia-doped ceria
as estimated to be ≤0.8 wt.%. According to our experimental

esults, the Bi2O3 solubility does not change significantly over
he 1200–1400 ◦C temperature range.

As is well known, the solubility range for dopants such as
lkaline earth oxide or rare earth oxide in CeO2 is very large.8

owever, given that the ionic radius of Bi3+ is larger than that
f Ce4+, its dissolution in a gagolinia-doped ceria system will
e limited.9 Although a few reports are available on the solid
olubility of sintering additives in solid electrolytes, mainly per-
ormed on the dissolution of Al2O3 and Fe2O3 in zirconia,10 it
s not the case of ceria-based electrolytes on which recently it
as been the objective of several papers.11–13 For example, the
nfluence of some additives as Cu, Co, Ni, and Fe oxides on the
intering and electrical performances of both pure and doped-
eria have been carried out. But in no case was studied the effect
f Bi2O3 as an additive for the sintering and electrical properties
f ceria-based materials.

In order to better know the true effect of the Bi2O3 additions
n the sintering behavior and electrical properties of GDC sam-
les, a powder mixture GDC + Bi2O3 containing 50/50 in wt.%
nd heat-treated at 850–1000 ◦C for 2 h was studied. Fig. 3 shows
he XRD patterns of the samples after the heat treatments. The
bjective of this specific task was to know more clearly the inter-
ction, if any, between the bismuth oxide additive and the GDC
lectrolyte. As can be seen, the bismuth oxide reacts with the
DC electrolyte to give a cubic �-Bi O –Gd O phase yield-
2 3 2 3

ng a GDC sample with a Gd2O3 concentration lower than in
he original GDC ceramic. It allowed us to assume that the lat-
ice constant of the new GDC sample will also be a little lower

p
n
a

ig. 3. XRD patterns of the GDC/Bi2O3 50/50 wt.% powder mixture as a func-
ion of the temperature.

han that of the initial GDC raw material composition. Therefore,
rom the results of the XRD study and lattice parameter measure-
ents, we can suggest that at low temperature, i.e., <1000 ◦C the

mall amounts of the added Bi2O3 firstly reacts with the Gd2O3
f the GDC sample to give the corresponding amount of a binary
i2O3–Gd2O3 cubic solid solution with the structure of the �-
hase stabilized, probably, with a small amount of CeO2. At
emperatures higher than about 1000 ◦C such a binary solid solu-
ion is not more stable and decomposes, a part of the Bi2O3 enter
nto the GDC structure forming a ternary CeO2–Gd2O3–Bi2O3
olid solution. The part of Bi2O3 exceeding 0.8 wt.% will assist
he sintering process as a liquid phase at higher temperatures
r, on the other hand, it can slowly evaporate thoroughly the
intering process.

.2. Sintering behavior

Dilatometric measurements up to 1600 ◦C were made to
tudy the sintering behavior of the undoped and Bi2O3-doped
DC samples. The results are shown in Fig. 4a and b. The

hrinkage rate spectra of samples with several concentrations
f Bi2O3 are shown in Fig. 4a. For comparison, the spectrum
orresponding to that of the undoped-GDC samples is also
ncluded. The sintering process of the undoped-GDC samples
akes place with the appearance of two shrinkage rate max-
ma, a small one at about 1250 ◦C, and the second one with
he higher shrinkage rate at about 1520 ◦C. Between them an
nflexion point at approximately 1400 ◦C occurred, i.e., the den-
rocess. When the Bi2O3 content is >0.5 wt.% only one pro-
ounced peak appeared while the samples containing lower
mounts of Bi2O3 ≤0.5 wt.% are somewhat broader, indicat-
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Fig. 4. (a) Linear shrinkage rate vs. sintering temperature (©) undoped-GDC,
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Fig. 5. (a) Relative density and weight loss as a function of the sintering tem-
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and 1350 ◦C for 0.2, 0.5, and 1.0 wt.% Bi O , respectively. The
�) +0.5 wt.% Bi2O3, (�) +1.0 wt.%, and (�) +2.0 wt.%. (b) Relative density
s. temperature for undoped and doped-GDC samples.

ng a more gradual densification. For Bi2O3 contents >0.5 wt.%
he temperature of the shrinkage rate maximum decreased up
o 1250 ◦C with Bi2O3 increasing to 2.0 wt.%. From that fig-
re it is clear that Bi2O3 additions does change the sintering
echanism of GDC samples. On the other hand, it can also be

een that the maximum shrinkage rate of doped-GDC samples
re increased by a factor of 2–5 compared to undoped-GDC
nes. Fig. 4b shows the linear shrinkage of the 0.2 and 2.0 wt.%
i2O3-GDC samples as a function of the temperature compara-

ively with that of the undoped-GDC sample. It can be observed
hat the undoped-GDC sample do not reached its final shrink-
ge below 1600 ◦C with a shrinkage of about 18%, while the
amples containing 0.2 wt.% Bi2O3 reached its final shrinkage
t about 1450 ◦C and a shrinkage of 21%. From that figure it
s also clear that the Ts, i.e., the temperature at which the rel-
tive density of the sintered sample attains 95% of theoretical

ensity, decrease from about 1580 ◦C for the undoped-samples
o 1370 ◦C, i.e., more than 200 ◦C with the only addition of
.2 wt.% Bi2O3. It must be mentioned that all samples reached

d
t
t

erature for 2 h and (b) relative density as function of the sintering time at
400 ◦C.

6–99% of theoretical density at the end of the non-isothermal
intering process.

Fig. 5a and b shows the effect of Bi2O3 additions on the
ensification of GDC samples heat-treated at 1100–1600 ◦C for
h. The beneficial effect of the Bi2O3 additions on the sintering
f the GDC samples is such that while the undoped-GDC ones
eached sufficient density, i.e., 95% of theoretical, after they are
intered at a temperature as high as 1400–1500 ◦C for 2 h, the
ddition of only 0.2 wt.% Bi2O3 strongly enhances the densi-
cation rate such that the samples attained a density as high as
9.3% of theoretical after sintering at only 1100–1200 ◦C for 2 h,
nd still 97.5% dense for the composition containing 1.0 wt.%
i2O3 at the same temperature. A dedensification phenomenon,

.e., a decrease in density with increasing temperature seems to
ake place in the doped-GDC samples for temperatures higher
han 1200 ◦C, and such a decrease is a maximum at 1295, 1300,
2 3
ensity of these samples increase again with further increasing
emperature. In the same Fig. 5a the weight loss as a function of
he temperature has also been represented and, as can be seen,



n Cer

t
i
1
t
h
o
i
a
d
d
d
c
G
r

t
e
s
u
i
a
d
s
t

V. Gil et al. / Journal of the Europea

he maximum in dedensification coincides with the maximum
n the weight loss curves, i.e., in the temperature range of
300–1350 ◦C for the doped-GDC samples. As can be observed,
he weight loss in all the doped-GDC samples was always
igher than that corresponding to the Bi2O3 content. In the case
f the undoped-GDC samples the density increases monoton-
cally with increasing temperature up to 1400 ◦C, above which
lso a dedensification phenomenon is present with a density
ecreasing between 1400 and 1450 ◦C, and further increase in
ensity again as the temperature was increased. As with the

oped-GDC samples, the maximum in the density decrease
oincided with the maximum in the weight loss of the undoped-
DC sample, which occurred within the same temperature

ange.

o
b
s
a

Fig. 6. Microstructures of the undoped-GDC (a) and 0.2–2 wt.% Bi2O3-d
amic Society 26 (2006) 3161–3171 3165

The effect of the Bi2O3 additions in enhancing the densifica-
ion of GDC electrolytes was also evidenced by studying the
volution of the density of the samples as a function of the
intering time. As it is shown in Fig. 5b, the density of the
ndoped-GDC samples monotonically increases with increas-
ng sintering time, reaching a density of 97.6% after sintering
t 1400 ◦C for 8 h. However, the doped-GDC samples attain a
ensity as high as 97.9 and 99.7% of theoretical density for
horter sintering time at the same sintering temperature. From
hese results we can suggest that the addition of small amounts

f Bi2O3 to GDC electrolytes strongly enhances the sintering
ehavior of these ceramics, but its density decreased when the
intering temperatures are relatively high (≥ 1350–1400 ◦C)
nd/or the sintering time is too long (≥ 2–3 h).

oped GDC samples (b–f) sintered at 1600 ◦C without holding time.
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.3. Microstructural development

The influence of Bi2O3 additions on grain growth during sin-
ering of GDC electrolyte is an important factor, besides a high
ensity, to define its performances when this is used in a SOFC
evice. Fig. 6 shows the scanning electron micrographs of the
olished and thermally etched surfaces for (a) the undoped-GDC
amples, and (b–f) for Bi2O3-doped GDC samples after sintering
t 1600 ◦C without holding time. From that figure it can be iden-
ified three well-defined regions for the average grain size as a
unction of the Bi2O3 concentration. A first region up to 0.5 wt.%
i2O3, in which the average grain size slightly increases from
.85 �m in the undoped-GDC sample Fig. 6a to 3.40 �m for
he GDC sample containing 0.5 wt.% Bi2O3, Fig. 6c; a second
egion for samples containing between 1.0 and about 2.0 wt.%
i2O3 in which the average grain size slightly decreases up to
.85 �m with increasing Bi2O3 content, Fig. 6d–f. Above that
i2O3 concentration, not shown here, a third region in which the

intered GDC samples showed a bimodal microstructure which
onsisted of relatively large grains (≥ 3.5 �m) accompanied by
ther smaller grains (≤0.5 �m) within or in the boundary of the
arger grains. Fig. 7 shows the variation of the average grain size
f the doped-GDC samples with the Bi2O3 content at 1600 ◦C in
he non-isothermal sintering conditions, and at 1400 and 1200 ◦C
or 2 h, respectively. At 1600 ◦C, i.e., in the final-stage of sinter-
ng, it seems to be that the smaller Bi2O3 additions substantially
romote the grain growth kinetics of the GDC samples, whereas
urther addition of Bi2O3 do not make it, i.e., the GDC grain
ize is dependent on the Bi2O3 content to about 0.5 wt.%, and
his dependence decreases with further additions of Bi2O3 to
.0 wt.%. At the intermediate-stage of sintering, i.e., at 1400 ◦C,
he Bi2O3 additions does not appear to significantly affect the
rain size of the doped-GDC samples, rather it inhibited the
rain growth kinetics and the grain size remained almost con-

tant or slightly decreased. At the earlier sintering stages, i.e., at
r below 1200 ◦C, the grain size is not or hardly dependent on
he Bi2O3 added.

ig. 7. Grain size as a function of the Bi2O3 content of doped-GDC samples at
ifferent sintering temperatures.
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.4. Electrical properties

Firstly, to better know the real effect of the Bi2O3 additions on
he electrical response of the doped-GDC samples, the electrical

easurements were carried out on those sintered at 1400 ◦C for
h, i.e., with a sufficiently high relative density (≥95% of theo-

etical) and with a well-developed microstructure. Fig. 8a shows,
s a representative example, the impedance plots for the Bi2O3-
oped GDC samples containing 1.0 wt.% Bi2O3 measured at
ifferent temperatures in the range of 150–500 ◦C. Given that
he doped-GDC samples containing 1.5 and 2.0 wt.% Bi2O3 also
ave a quite similar impedance characteristics, the impedance
pectra of those samples have not been included in Fig. 8a
or clarity. Two well-separated arcs and portions of a third at
he lower frequencies were observed for all samples. Similar
esults were found and both the grain interior (GI) and the grain
oundary (GB) contributions well established before for yttria-
tabilized zirconia.14 The grain-interior or bulk conductivity,
GI, is then calculated taken into account the bulk resistance
according to the relation, σGI = (1/R) × (L/S), where L and S

re the geometrical dimensions of the sample. In the same way
he grain-boundary conductivity, σGB, can also be calculated.
ig. 8b shows the evolution of the impedance arcs as a function
f the Bi2O3 concentration at a fixed temperature compared to
hat of the undoped-GDC samples. As it could be expected from
hat figure, the arc corresponding to the grain-interior contri-
ution, for a given temperature, should remain nearly identical
or all samples and this did not occur in the present case, i.e.,
t surprisingly vary from sample to sample, showing a mono-
onically impedance decrease up to 1.0 wt.% Bi2O3 and then
gain increased. Such slight GI impedance decrease can be
trongly related with the dissolution of some Bi2O3 into the
ubic lattice of the GDC structure. However, the arc corre-
ponding to the grain-boundary, i.e., at the lower frequencies,
s expected, clearly change for each sample. It is found that
he GB impedance also decreases as the Bi2O3 increases from
.2 to 1.0 wt.% for which the GB impedance is quite similar
o that of the undoped-GDC samples. Beyond such a Bi2O3
oncentration, both the GI and the GB contribution seem to
ffect negatively to the total conductivity of the doped-GDC
amples. Such a particular behavior of the doped-GDC sam-
les will be explained later on. The best electrical conductivity
σt = 1.25 × 10−1 S/m at 340 ◦C) was found for the doped-GDC
amples containing 1 wt.% Bi2O3, which is slightly higher than
hat of the undoped-GDC samples (σt = 8.5 × 10−2 S/m) mea-
ured at the same temperature. In the same way, the σGI and σGB
onductivities were a factor of 1.5 higher than that for undoped-
DC samples. However, the total conductivity of both kind of

amples measured at a fixed frequency of 10 kHz in the tem-
erature range of 200–700 ◦C was very similar, i.e., 4.1 against
.0 S/m for undoped and 1.0 wt.% Bi2O3-doped GDC samples,
espectively. This result indicates that the grain boundary con-
uctivity dominates the conduction process.
Secondly, since the physical and chemical nature of the Bi2O3
dditive is different along the sintering process, electrical mea-
urements also were carried out on the undoped and 1.0 wt.%
i2O3-doped GDC samples sintered at 1200 ◦C for 2 h. It is
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ig. 8. Impedance spectra of GDC samples doped with 1 wt.% Bi2O3 as a func
he Bi2O3 content at 315 ◦C.

oticeable that the addition of 1.0 wt.% Bi2O3 lead to a slight
ecrease in σGI, σGB, and σt conductivities, and these were a
actor of about 1.5 lower than that of undoped-GDC samples in
GI and σt, but the σGB decreased about 3.2 times that of the
ndoped-GDC samples. From all the above, it can be suggested
hat the electrical properties of doped-GDC samples are strongly
nfluenced by the sintering temperature.

Fig. 9 shows the Arrhenius plots of the grain interior, the

rain-boundary, and total conductivities of the doped-GDC sam-
les containing 1.0 wt.% Bi2O3. The activation energies were
alculated from the log σ versus 1/T plots in the temperature
ange of 150–500 ◦C and these are shown in Table 1. When the

B
r
p
m

f the temperature (a), and impedance spectra of GDC samples as a function of

rrhenius plots for the data of the total conductivity obtained
n the temperature range of 200–700 ◦C at a constant frequency
ere represented, not shown here, it was found that the activation

nergy hardly varied in all the Bi2O3 concentration range, being
his of 0.57 eV for the undoped-GDC samples and of 0.56 eV
or that containing 2.0 wt.% Bi2O3. As the more important
act, Fig. 10 shows, comparatively, the Arrhenius plots for the
ndoped-GDC and doped-GDC samples containing 1.0 wt.%

i2O3 sintered at 1200 and 1400 ◦C for 2 h, respectively. These

esults evidenced again the strong influence of the sintering tem-
erature on the electrical properties of the GDC ceramics. As
entioned above, Table 1 summarizes the main characteristics



3168 V. Gil et al. / Journal of the European Cer

Fig. 9. Arrhenius plots of σGI, σGB, and σt electrical conductivities in air for
GDC samples with 1 wt.% Bi2O3.

Fig. 10. Arrhenius plots of the σt for undoped and 1 wt.% Bi2O3-doped GDC
samples sintered at 1200 and 1400 ◦C for 2 h.
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Table 1
Main characteristics of undoped and 1 wt.% Bi2O3-doped GDC ceramics

Composition Ts (◦C) Density
(%)

Grain size
(�m)

σGB (340◦C)

(S/m)
σGI (3

(S/m

Undoped-
GDC + 1 wt.%
Bi2O3

1200 (2 h) 93.5 0.36 8.5 × 10−2 1.60
97.7 0.33 2.46 × 10−2 7.21

Undoped-
GDC + 1 wt.%
Bi2O3

1400 (2 h) 95.6 1.26 2.15 × 10−1 1.25
97.5 1.10 2.35 × 10−1 2.66

0.5 at.%
Fe-GDC32,a

1450 (5 h) 98 >10 5.91 × 10−2 3.93

30 ppm
SiO2-GDC27

1600 (5 h) 96.5 2.3 2.0 × 10−1 4.14

a The data of σT for the references 27 and 32 were measured at 600 and 750 ◦C, re
amic Society 26 (2006) 3161–3171

or both the undoped and 1.0 wt.% Bi2O3-doped GDC-sintered
amples.

. Discussion

From the above experimental results in Figs. 4 and 5, it
an be suggested that the addition of small amounts of Bi2O3
0.2–2.0 wt.%) completely changes the sintering mechanism,
nhancing the densification rate and reducing the sintering tem-
erature of gadolinia-doped ceria ceramics. Several factors have
o be considered to reasonably well explain such a sintering
ehavior. The global non-isothermal sintering process of the
oped-GDC samples, depending on both the Bi2O3 content and
he temperature, can be divided in three main regions,

(i) A first region up to 1200 ◦C (≈83% of relative density,
i.e., with still open and interconnected porosity) in which
the main features on the densification process seems to
take place. For the lower Bi2O3 concentration (0.2 and
0.5 wt.%) and, if it is assumed that for undoped-GDC sin-
tering is dominated by solid-state diffusion,15,16 then we
can also assume that at this region an insufficient amount
of liquid phase to wet all the grain boundaries occurred and,
therefore, it can be stated that a transition between volume
diffusion and viscous flow mechanisms take place. In such
a way, a cooperative contribution of both with a rapid rear-
rangement of the solid GDC particles in the formed liquid
phase diminishing the inter-particle friction and enhanc-
ing so the densification rate, as shown in Fig. 4a, can
be assumed to dominate the densification process within
this Bi2O3 concentration range. A similar argument for
the sintering mechanism in the case of the pure CeO2
containing an amount of Fe2O3 lower than 0.5 wt.% was
reported.12,17 For Bi2O3 contents ≥ 1.0 wt.% the densifi-
cation rate is extremely increased in such a way that the

temperature necessary to achieve the same density level,
for example 95% of theoretical, is about 1300 ◦C in the
GDC samples containing 2.0 wt.% Bi2O3, while that is
of 1520 ◦C in the case of the undoped-GDC samples, i.e.,

40◦C)

)
σT (340◦C)

(S/m)
σT (700◦C)

(S/m)
EGB

(eV)
EGI

(eV)
ET

(eV)
ET (700◦C)

(eV)

× 10−1 4.03 × 10−2 2.7 0.80 0.70 0.76 0.59
× 10−2 2.07 × 10−2 1.8 0.84 0.66 0.80 0.68

× 10−1 0.87 × 10−1 4.1 0.83 0.67 0.78 0.57
× 10−1 1.25 × 10−1 4.0 0.82 0.71 0.77 0.58

× 10−2 – 6.17 1.01 0.88 0.89 –

× 10−2 – 1.65 0.92 0.768 0.826 –

spectively.
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more than 200 ◦C lower, see Fig. 4b. Also at a concentra-
tion of Bi2O3 ≥1.0 wt.%, the sudden increase in shrinkage
rate as observed for Bi2O3 = 2 wt.% in Fig. 4a, i.e., in the
presence of a sufficient amount of liquid phase, the den-
sification process can be considered as taking place by a
liquid phase-assisted mechanism.9,10 Furthermore, at this
first region which we can consider as to be associated to the
early-stage sintering,17 the grain size is hardly affected by
the presence of the additive, see Fig. 7. To support such a
suggestion, it can also be assumed that at or below 1200 ◦C,
the viscosity and surface tension of the formed liquid are too
high impeding, thus, the diffusion of some material. Being
this so, then our suggestions would be in close agreement
with the suggestions of Cameron et al.18 and Nadaud et
al.19 who reported that the grain size remained unchanged
for relative density values lower than about 90%, i.e., when
the porosity changed from being open and interconnected
to closed. It must also be noted that all the above sugges-
tions for this first region are based on the assumption that
the Bi2O3 amount present in the doped-GDC samples is
close or near to the nominal composition, i.e., the weight
loss due to a partial evaporation of Bi2O3, as shown in
Fig. 5a, is very small or practically null.20

(ii) A second region, above 1000–1200 ◦C and up to about
1350–1400 ◦C (≈95% of relative density, i.e., with closed
porosity), in which the densification rate in doped-GDC
samples is controlled by the presence of a transient
bismuth-rich liquid phase, the release of oxygen gas (from
some reduction of CeO2 to Ce2O3), and the volatilization
of Bi2O3 with increasing temperature. This suggestion is
in close agreement with that reported in the literature,21 in
which a temperature above 1100 ◦C is considered as rea-
sonable for the beginning of the Bi2O3 evaporation. On
the other hand, it must be taken into account that, as men-
tioned before, the weight loss always was higher than that
corresponding to the Bi2O3 content, which supported the
idea that some oxygen gas is also lost along with Bi2O3.
At that temperature interval, porosity is generated mainly
as consequence of the Bi2O3 volatilization and the evolu-
tion of the density, as is shown in Fig. 5a, is controlled
by the amount of Bi2O3 evaporated. The density slightly
decreases and reached a minimum at 1350 ◦C in which we
have considered that the majority of the Bi2O3, but not all,
has been eliminated from the doped-GDC samples, i.e.,
at this temperature range the viscosity and surface tension
will be much lower than that at 1200 ◦C, but the generated
new porosity has a pinning effect on the grain boundaries
mobility and very little grain growth took place at or below
1400 ◦C, see Fig. 7. This second region, with a slow grain
growth but with a homogeneous grain size, in which the
doped-GDC samples are sufficiently dense (≥95% theo-
retical) and microstructurally tougher than those samples
processed within the first region, we associates with the

intermediate-stage sintering. In this way, it can be consid-
ered 1350–1400 ◦C as a competitive temperature for the
preparation of these doped-GDC ceramics and its applica-
tion in a co-sintering process.

i
s
σ

h
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iii) Above 1400 ◦C, a third region seems to exist in which a
similar dedensification phenomenon in the undoped-GDC
samples occurred. The density of these samples rapidly
decreased to a minimum (below 93% of theoretical) at
a temperature of 1450 ◦C. We remember here that such
a temperature coincides with that of the inflection point
mentioned in the shrinkage rate curve of these samples,
see Fig. 4a. The cause for such a dedensification can be
attributed to a weight loss as a consequence of the reduction
of Ce4+ to Ce3+ with the production of oxygen gas. Such
a suggestion is in close agreement with that reported on
the sintering at high temperature (>1300 ◦C) of nanosized
CeO2 powders,22 and by those of Boutz et al.23 and The-
unissen et al.24 who found that the reduction of Ce4+ to Ce3+

in ceria during sintering in air takes place at 1150–1400 ◦C
in yttria-ceria-stabilized tetragonal zirconia polycrystals. A
similar phenomenon also was reported for the sintering of
LaFeO3 perovskite.25 Such a third region, dominated by
the closure of the pores along with a rapid grain growth by
the solid-state reaction mechanism correspond, according
to the suggestions of Kingery et al.,26 to the well known as
final-stage sintering. In the case of the doped-GDC sam-
ples, it seem to be that a kinetic competition between the
closure rate of pores and the weight loss due to both the
volatilization of some residual Bi2O3 still remaining in the
samples and the evolution of oxygen gas, is to be present
at this last-stage sintering.

It is widely accepted that the electrical behavior of a zirconia-
ased electrolyte is mainly determined by the grain-boundary
lectrical contribution which, at least in those contaminated with
relatively high level of SiO2, dominates the total electrical

onductivity.27,28 Therefore, it is crucial to control the grain
oundary nature and how to act on the same to enhance the
nal electrical performances of the electrolyte during service.
n the case of the ceria-based electrolyte only a few papers have
ontributed to better know their electrical performances when
nstalled in a SOFC device.29,30 In this sense, we suggest that the
ddition of small amounts of Bi2O3 (≤1.0 wt.%) can improve
he σGB, σGI, and σt conductivities in such a way that, as shown
n Table 1 for samples sintered at 1400 ◦C, the total conductivity
s increased in a factor of almost two when the addition was of
.0 wt.% Bi2O3. Although the influence of this additive is not
ery remarkable on the improvement of the GB conductivity, but
he GI conductivity is significantly enhanced. Our microstruc-
ural studies revealed that when the amount of liquid phase is
ufficient, i.e., for Bi2O3 concentrations ≥1.0 wt.%, the addi-
ive beneficially acts to remove mainly Si, also other impurities,
rom the grains during sintering maintaining them as such in the
hree-grain junctions, i.e., the additive can be playing a role of
cavenger in the doped-GDC ceramics. The no evidence for a
ontinuous thin liquid film at grain boundaries, at least by SEM
bservations, favored the oxygen ion mobility through both the

nterior of the grain and the grain-to-grain contacts. As it can be
een in Table 1, the effect of 1.0 wt.% Bi2O3 in enhancing σGB,
GI, and total conductivities was almost one order of magnitude
igher than that achieved with the Fe2O3 addition.
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As it has been experimentally established (see Figs. 9 and 10),
he total electrical conductivity for the doped-GDC samples sin-
ered at 1200 ◦C was much lower than that of the undoped-GDC
amples. Such a behavior suggested us some comments: for
xample, as we have to assume that no phase transformation
s to be present in ceria-based electrolytes then, in agreement to
he results of Fig. 3, we must also expect that at this tempera-
ure Bi2O3 firstly reacts with the equivalent amount of Gd2O3
nd CeO2 to form the stabilized Bi2O3–Gd2O3 cubic �-phase31

hich, on increasing temperature, melts and/or decomposes
bove 900 ◦C to give a complex liquid phase located at grain
oundaries, and the specific resistivity of such a liquid phase
as to be sufficiently high as to dominate the conduction pro-
ess. The much lower grain boundary conductivity, σGB, mea-
ured at this temperature on the 1.0 wt.% Bi2O3-doped GDC
amples (see Table 1) supported such a suggestion. To bet-
er know the electrical behavior of Bi2O3-doped GDC ceram-
cs a deeper study of some parameters such as the optimum
intering temperature, microstructure, grain size and samples
nnealing become necessary. Such a research work is now in
rogress.

. Conclusions

Additions of 0.2–2.0 wt.% Bi2O3 onto commercial GDC pro-
oted densification rate, and theoretically dense bodies in the

ase of the doped-GDC containing 1.0 wt.% Bi2O3 after sinter-
ng at 1400 ◦C for 4 h, i.e., such a Bi2O3-doping reduces sinter-
ng temperatures over 200 ◦C. Further addition of Bi2O3 above
wt.% deteriorated density. The strongly enhanced densification

ate in GDC samples was attributed to a fullness liquid phase-
ssisted sintering mechanism. The solubility limit of Bi2O3 in
e0.9Gd0.1O1.95 ceramics was estimated to be about 0.8 wt.% in

amples sintered at 1200–1400 ◦C. Gadolinia-doped ceria sam-
les with 1.0 wt.% Bi2O3 added sintered at 1400 ◦C had the same
r smaller grain size of undoped-GDC, suggesting that Bi2O3
dditions retarded or at least do not promotes grain growth up
o or below 1400 ◦C.

Sintering temperature strongly affected the electrical behav-
or of the Bi2O3-doped GDC ceramics, and it was attributed
o a scavenging effect of Bi2O3 giving rise to cleaner grain-to-
rain contacts favoring the oxygen-vacancies mobility. At the
emperature range of 200–700 ◦C, the total conductivity was as
igh as 4.0 S/m which is similar to that of the undoped-GDC
amples (4.1 S/m). The slightly higher activation energy calcu-
ated for the oxide-ion conduction process in the doped-GDC
amples, 0.58 eV, against 0.57 eV for the undoped-GDC ones
upport the suggestion of a higher grain boundary density in
he doped-GDC ceramics, which detrimentally affect the total
onductivity.
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