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Abstract

Twenty percentage of Gd2O3-doped ceria solid solution has been prepared as an electrolyte for solid oxide fuel cells via the conventional
mixed-oxide method from high-purity commercial CeO2 and Gd2O3. The solubility of Gd2O3 in CeO2 in the temperature range of
1300–1700◦C has been examined based on the measurements of the lattice parameter. It is found that the dissolution of Gd2O3 in CeO2 is
completed at 1600◦C for 5 h. The addition of Gd2O3 increases sintering temperature, retards densification, and also depresses grain growth
as compared with undoped CeO2. The sample sintered at 1550◦C for 5 h has the highest grain boundary conductivity, while the highest
grain interior conductivity is achieved for the sample sintered at 1600◦C for 5 h. It is also observed that below 500◦C, the maximum total
conductivity is exhibited by the former sample, but above 500◦C, for the latter one.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Two major advantages of solid oxide fuel cell (SOFC) sys-
tems are high efficiency and very low emission of pollutants.
To date, yttria-stabilised zirconia (YSZ) has been mainly
used as the solid oxide electrolyte for such fuel cells because
of its nearly pure oxygen ionic conductivity in an oxidising
or a reducing atmosphere and its good mechanical proper-
ties. To maintain high oxygen ionic conductivity, however,
high operating temperatures of over 900◦C are required for
this electrolyte. This condition increases the fabrication cost
and accelerates degradation of the fuel-cell system.

Ceria-based solid solutions have been regarded as the
most promising electrolytes for intermediate temperature
(500–600◦C) SOFC (IT-SOFC) systems because their ionic
conductivity is higher than that of YSZ. The ionic conduc-
tivity of ceria has been extensively investigated with respect
to different dopants (e.g., Ca2+, Sr2+, Y3+, La3+, Gd3+, and
Sm3+) and dopant concentration[1–4]. It is generally ac-
cepted that Gd3+- or Sm3+-doped ceria exhibits the highest
conductivity due to the small association enthalpy between
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dopant cation and oxygen vacancy in the fluorite lattice
[5,6].

To develop electrolytes for SOFC applications, studies of
the sintering and microstructure of electrolytes are important
for obtaining dense materials with higher ionic conductiv-
ity. It is noted that the sintering and densification behaviour
of ceria-based electrolytes rely strongly on the characteris-
tics of the raw powders (e.g., particle size and particle-size
distribution) [7–11]. In this study, high-purity commercial
CeO2 and Gd2O3 have been used as starting materials to
form the oxide mixture (20% Gd2O3 + 80% CeO2). The
solubility of Gd2O3 in CeO2 has been carefully studied
through measurements of the lattice parameter, instead of
X-ray diffraction (XRD) reflection patterns. In addition, mi-
crostructural evolution, grain growth, and ionic conductivity
have been also examined in the sintering temperature range
of 1200–1700◦C.

2. Experimental procedure

High purity commercial CeO2 (>99.5%) and Gd2O3
(>99.9%) were used as starting materials. The SiO2 impuri-
ties are around 74 and 86 mass ppm for the CeO2 and Gd2O3
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Fig. 1. Particle-size distribution of commercial CeO2 and Gd2O3 powders.

powders, respectively. The particle-size distribution of the
powders measured by means of a laser particle-size anal-
yser (Analysette 22 Compact, Fritsch, Germany) are shown
in Fig. 1. Both powders consist of mainly submicron-sized
particles with mean diameters of∼0.55�m (CeO2) and
∼0.50�m (Gd2O3).

The Ce0.8Gd0.2O2−δ powder was prepared through a
mixed-oxide method from the above oxides. The mixture
was ground in ethanol by ball milling in polypropylene jars
with yttria-stabilised zirconia balls for over 24 h. After dry-
ing, the mixture was pressed at∼100 MPa into pellets using
a stainless-steel die with a diameter of 10 mm. The green
density was∼60% of theoretical density. To prevent con-
tamination during sintering, the pellets were supported with
thin platinum plates, and were sintered at 1200–1700◦C
for 5 h in air, at heating and cooling rates of 10◦C per
minute. Some sintering experiments were performed using
a dilatometer (Setsys 16/18, Setaram, France).

X-ray diffraction analysis was performed with a Rigaku
(Dmax-2200, Tokyo, Japan) diffractometer that used Cu K�
radiation. A software package was used to determine the
lattice parameters. The densities of the sintered pellets were
measured by means of the Archimedes method in water bath.
The microstructures were examined with scanning electron
microscopy (SEM; JSM-5410, Oxford, UK). The grain size
was determined using a linear intercept method by counting
more than 250 grains in SEM micrographs. After polishing
with fine emery papers, silver wires served as electrodes
and silver paste was used to fix silver wires on to both
sides of the pellets at 850◦C. The ionic conductivities of
the sintered pellets were measured from 250 to 850◦C in
air by two-probe impedance spectroscopy (Solartron, 1260,
UK) from 1 to 107 Hz. A software package was used to
separate the contributions of the grain interior (GI) and the
grain boundary (GB) to the total conductivity.
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Fig. 2. Lattice parameter vs. sintering temperature for 5 h of 20%
Gd2O3-doped CeO2.

3. Results and discussion

3.1. X-ray diffraction analysis

The lattice parameter is shown inFig. 2 as a function of
the sintering temperature for 20% Gd2O3-doped ceria ce-
ramics. Beginning with the mixture of CeO2 and Gd2O3, the
lattice constant increases with increasing sintering tempera-
ture and reaches a maximum at 1600◦C. It remains almost
unchanged at higher temperatures. The increase in the lattice
constant with sintering temperature below 1600◦C is due to
the dissolution of Gd2O3 in CeO2 since Gd3+ ions have a
larger radius (1.05 Å) than Ce4+ ions (0.97 Å). A maximum
lattice constant at 1600◦C actually implies completion of
the dissolution of Gd2O3 in CeO2. This also suggests that a
sintering temperature of 1600◦C is sufficiently high to en-
sure the dissolution of Gd2O3 into CeO2 to form ceria-based
solid solutions.

It should be pointed out that the development of the C-type
structure of Gd2O3 in CeO2 cannot be clearly observed from
the XRD patterns since the reflections overlap heavily due to
the close relationship between the C-type and fluorite struc-
tures. In the present work, the phase of Gd2O3 cannot be
identified from the mixture (20% Gd2O3 + 80% CeO2) sin-
tered above 1300◦C. The results inFig. 2, however, clearly
show that the dissolution of Gd2O3 in CeO2 below 1600◦C
is far from completion. Therefore, it is not reliable to judge
the formation of ceria-based solid solutions from XRD re-
flection patterns alone.

3.2. Sintering behaviour and microstructure

The linear shrinkage rate as a function of temperature for
undoped and 20% Gd-doped samples is given inFig. 3. The
temperature of the maximum shrinkage rate (TMax) increases
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Fig. 3. Effect of sintering temperature (at a heating rate of 10◦C per
minute) on shrinkage rate for: (a) undoped and (b) 20% Gd2O3-doped
CeO2 ceramics.

from ∼1425◦C for undoped CeO2 to ∼1520◦C for 20%
Gd-doped CeO2. This suggests that Gd doping increases the
sintering temperature and retards the densification of ceria
ceramic.

The microstructural evolution of 20% Gd-doped sam-
ples in the temperature range of 1300–1700◦C is shown
in Fig. 4. The sample sintered at 1300◦C for 5 h is very
porous (with only∼73% relative density), seeFig. 4(a). The
pores are found to be continuous and open, and there is no
significant grain growth. With increase in sintering temper-
ature, the sintered density increases. A relative density of
about 92% is achieved at 1500◦C; the pores in the sam-
ple (Fig. 4(c)) are closed and isolated, but the grain growth
is still less pronounced. Large grains are present in some
regions (Fig. 4(d)), which demonstrates the inhomogene-
ity of Gd distribution. This is because gadolinia has a ten-
dency to suppress the grain growth of CeO2 [4]. The large
grains, which usually contain a relatively small amount of
gadolinia, disappear as the temperature is increased further.
After sintering at 1600–1700◦C, the samples (Fig. 4(e) and
(f)) display a uniform grain-size distribution. Moreover, at
all the temperatures used, no intra-granular pores are ob-
served. Only one type of pore close to the larger grains is
identified, and is located at the grain boundaries or at the
triple points. These closed pores can be readily eliminated
from the sintered samples at high sintering temperatures as
can be clearly seen inFig. 4(e) and (f).

The effect of sintering temperature on the density and
grain size of the undoped and doped samples sintered at
1200–1700◦C for 5 h is presented inFig. 5. It is noted
that under the same sintering conditions, the undoped CeO2
has a higher sintered density than the doped sample, which
agrees well with the dilatometry measurements (Fig. 2). It

is also found that the grain growth of pure CeO2 is more
rapid than that of Gd-doped samples, especially in the higher
temperature range (e.g., >1600◦C). For example, at 1670◦C,
the mean grain size of pure CeO2 is ∼30�m, but is only
∼10.5�m at 1700◦C for Gd-doped CeO2. This indicates
that Gd addition also depresses the grain growth of CeO2.

3.3. Electrical properties

The ionic conductivity of Ce0.8Gd0.2O2−δ ceramics was
measured by means of two-probe impedance spectroscopy.
The interpretation of impedance data for polycrystalline ma-
terials, such as yttria-stabilised zirconia, has been well doc-
umented[12,13]. The ac impedance of an ionic conduc-
tor measured via a two-probe method contains contribu-
tions from the grain interior, the grain boundaries and the
electrode–electrolyte interfaces. These can be represented in
a complex plane by three successive arcs. In a practical case,
however, not all these three arcs are observed, as dictated by
the nature of the sample and the measurement conditions.
In the present case, the three arcs can be identified clearly at
a lower temperature (usually≤400◦C), as shown inFig. 6.
Ionic conductivities (i.e., grain interior (σgi), grain bound-
ary (σgb), and total (σt) conductivities) of Ce0.8Gd0.2O2−δ

can be obtained by fitting the impedance data by means of
a software package.

The effect of sintering temperature on the GI, GB and
total conductivites of Ce0.8Gd0.2O2−δ ceramics is pre-
sented inFig. 7. The GB conductivity reaches a maximum
at ∼1550◦C, but the GI has a maximum conductivity at
∼1600◦C. It is widely accepted that SiO2 impurity is a
major factor responsible for the GB behaviour, and that
the SiO2 originates mainly from precursor chemicals and
ceramic processing. A thin Si-rich film is formed during
sintering, and this blocks the movement of oxygen va-
cancies across the grain boundaries. In the present study,
however, the lower GB conductivity below 1550◦C should
not be attributed solely to an intergranular siliceous phase.
Rather, inhomogeneous distribution of gadolinium, which
also blocks the movement of oxygen vacancies, may play
a major rule in the deteriorated GB behaviour of the sam-
ple. From the lattice measurement shown inFig. 2, it is
evident that a certain amount of gadolinium is still outside
the lattice of ceria in samples sintered below 1550◦C, and
is most probably located at the grain boundaries. The max-
imum GB conductivity at 1550◦C should be attributed to
small grain size as well as to a more homogeneous distri-
bution of gadolinium as compared with samples sintered
below 1550◦C. The sample sintered at 1550◦C also has
the lowest activation energy for GB conduction, as listed
in Table 1. Although the segregation of gadolinium at the
grain boundaries becomes less important as the sintering
temperature is taken above 1550◦C, a higher sintering
temperature leads to rapid grain growth. Moreover, a high
temperature is also helpful in promoting further propaga-
tion of SiO2 along grain boundaries. As a result, above
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Fig. 4. Electron micrographs of 20% Gd2O3-doped CeO2 sintered in air for 5 h at (a) 1300◦C, (b) 1400◦C, (c) 1500◦C, (d) 1550◦C, (e) 1600◦C and
(f) 1700◦C.

1550◦C, the GB conductivity decreases as the temperature
increases.

From the data inFig. 2, it is easy to understand why the
GI conductivity reaches a maximum at 1600◦C since the

Table 1
Sintering temperature, ionic conductivity and activation energy of Ce0.8Gd0.2O2−δ ceramics

Sintering temperature (◦C) σt(750) (�m)−1 σt(350) (�m)−1 σgi(350) (�m)−1 σgb(350) (�m)−1 Ea (eV) Egi (eV) Egb (eV)

1700 4.68 3.45× 10−2 2.60 × 10−2 8.54 × 10−3 0.998 0.909 1.047
1650 5.79 4.43× 10−2 2.82 × 10−2 1.61 × 10−2 0.964 0.907 1.037
1600 6.14 6.62× 10−2 3.95 × 10−2 2.67 × 10−2 0.915 0.883 1.018
1550 4.96 6.72× 10−2 2.56 × 10−2 4.16 × 10−2 0.920 0.970 1.012
1500 2.5 1.64× 10−2 5.92 × 10−3 1.05 × 10−2 0.986 0.978 1.028
1450 1.19 1.105

GB and GI conductivities measured at 350◦C, and total conductivity measured at 350 and 750◦C, respectively.Ea is the activation energy for total
conductivity in temperature range of 250–850◦C. Egi and Egb are the activation energies for the GI and GB conductivities, respectively, in temperature
range of 250–500◦C.

dissolution of gadolinia in ceria is completed at this tem-
perature. Accordingly, the lowest activation energy for GI
conduction is also obtained for the Ce0.8Gd0.2O2−δ ceramic
sintered at 1600◦C, seeTable 1. On the other hand, further
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Fig. 5. Effect of sintering temperature for 5 h on sintered density and
grain size of (�) undoped and (�) 20% Gd2O3-doped CeO2 ceramics.

increase in temperature leads to a decrease in the GI con-
ductivity as well as an increase in activation energy for GI
conduction (Table 1). This should be attributed to the disso-
lution of SiO2 into ceria solid solutions. At a higher sinter-
ing temperature, a small quantity of SiO2 can be dissolved
into Ce0.8Gd0.2O2−δ ceramic at either substitutional sites or
interstitial sites, i.e.,

at substitutial site : SiO2
CeO2−−→ SiCe + 2Oo (1)

at interstitial site : SiO2 + 2Vo
•• CeO2−−→ Sii•••• + 2Oo (2)
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Fig. 6. Impedance plot of Ce0.8Gd0.2O2−δ ceramic sintered at 1600◦C for
5 h in air. Data were taken at 400◦C in air. GI and GB stand; respectively,
for grain interior and grain boundary effects.
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Although the dissolution of SiO2 into Ce0.8Gd0.2O2−δ at
substitutional sites produces no charge carriers as described
in Eq. (1), a large lattice distortion usually leads to a slow
mobility of oxygen vacancies, as well as to a high associa-
tion enthalpy of complex defects. Similar results have been
found in Zr-doped Ce0.75Gd0.15O2−δ by Zhang et al.[14],
and in Al-doped YSZ by Feighery and Irvine[15]. By re-
ferring to the size of the Si4+ ion (0.4 Å) and the Ce4+
ion (0.97 Å), however, the interstitial dissolution of SiO2 in
Ce0.8Gd0.2O2−δ by filling some oxygen vacancies is more
favourable, as described inEq. (2). This results in a decrease
in the concentration of oxygen vacancies, and thus reduces
the GI conductivity.
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at different temperatures for 5 h in air.
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The dependence of isothermal total conductivity on sin-
tering temperature is shown inFig. 8. It is noted that the
maximum total conductivity shifts with the test temperature.
Below 500◦C, the sample sintered at 1550◦C has a maxi-
mum total conductivity, followed by the samples with sinter-
ing temperatures at 1600, 1650, 1700 and 1500◦C. Above
500◦C, however, the total conductivity based on sintering
temperature, decrease in the order: 1600, 1650, 1550, 1700
and 1500◦C. This can be also clearly identified from the re-
sults inTable 1. Inspection of the results inFig. 7 suggests
that below 500◦C, the maximum GB conductivity is respon-
sible for the highest total conductivity of the sample sintered
at 1550◦C. With increasing testing temperature, however,
the GB effect gradually becomes less important. The total
conductivity is mainly dominated by GI conduction. There-
fore, above 500◦C, the sample sintered at 1600◦C has a
highest total conductivity due to its highest GI conductivity
among all the samples used. The above results suggest that
the optimum sintering temperature range is between 1550
and 1600◦C.

4. Summary

The development of the C-type structure of Gd2O3 in
CeO2 cannot be clearly observed from XRD reflection pat-
terns due to the close relationship between the C-type and
fluorite structures. The dissolution of Gd2O3 in CeO2 is ex-
amined based on the measurements of the lattice parameter.
It is found that the dissolution of Gd2O3 in CeO2 is com-
pleted at 1600◦C for 5 h.

The Gd doping increases the sintering temperature, and
depresses the grain growth. At all temperatures from 1200
to 1700◦C, only a few intra-granular pores are observed;

almost all the pores are located at the grain boundaries or
at the triple points. These pores can be readily eliminated
from the sintered pellets at higher sintering temperatures
(e.g.,≥1600◦C). Over 97% relative density is obtained for
samples sintered at 1600◦C or above.

The sintering temperature has a significant effect on both
the grain boundary and the grain interior conductivities, and
thus on the total conductivity. The optimum sintering tem-
perature range is found to be between 1550 and 1600◦C,
in which the best electrical properties are achieved for 20%
Gd-doped ceria solid solution.
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