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Abstract

The effects of anode and cathode components on solid-state reaction and sintering characteristics of Ce0.9Gd0.1O1.95 (CGO) electrolyte were
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nvestigated in the temperature range from 900 to 1200 ◦C. The solubility limit of components in the anode was <4 mol% for 1/2Fe2O3, <1 mol%
or NiO, and <3 mol% for CuO. The solubility limit of components in the cathode was <4 mol% for 1/2La2O3, <4 mol% for SrO, and <1 mol%
or 1/3Co3O4. A small amount of addition of Fe2O3, Co3O4 or CuO remarkably enhanced the sintering characteristics of the CGO nanopowder.
iO, La2O3 or SrO addition lowered. In the case of the mixture of the CGO and La0.6Sr0.4CoO3, enhancement of sintering characteristics of the
GO and no reaction products were observed. From scanning electron microscopy observation, the sintered CGO samples with Fe2O3 showed the

eature by solid-state sintering mechanism. For the CGO with CuO, the samples showed the trace of liquid-phase sintering. The samples of CGO
ith Co3O4 included large grains, which seem to relate to cobalt vapor from the cobalt oxide particles.
2006 Elsevier B.V. All rights reserved.

eywords: IT-SOFC; Cerium oxide; Nanopowder; Sintering; Reaction

. Introduction

Recently, there has been a growing interest in the realiza-
ion of intermediate-temperature solid oxide fuel cells (SOFC)
ith an operating temperature of 500–600 ◦C [1]. In this tem-
erature range, there arises a remarkable lowering of oxide-ion
onduction in an electrolyte in addition to a lowering of catalytic
ctivity of electrodes. When CeO2-based oxides with a fluorite-
ype structure are compared with ZrO2-based ones, they showed

uch higher oxide-ion conductivities, and thus are expected to
e candidates for the electrolyte of the SOFC. The conductivi-
ies at the intermediate temperatures, however, are not enough
s the electrolyte. Thus, its thickness of the electrolyte is desired
o be as thin as possible, for example, the thickness is less than
0 �m. The thin electrolyte sheet with thickness of ∼10 �m is
ard to handle during the SOFC fabrication process. On the

∗ Corresponding author. Tel.: +81 46 856 2121; fax: +81 46 856 5571.
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other hand, the electrodes with thick wall are required so that
voltage losses due to the internal resistance resulting from the
small current path area and the long current paths are reduced
[2]. From the reasons above, in the intermediate-temperature
SOFC, a development of electrode-supported cells, where the
electrode-substrate supports the thin electrolyte layer and pro-
vides the mechanical strength of the cell, is necessary.

Since the electrolyte must be gastight, it is said that an
acceptable relative density of impervious ceramic electrolyte
is greater than 94% [3]. Quite recently, Nada et al. [4] indi-
cated by AC impedance measurement that the bulk and grain
boundary resistances of the Ce0.8Gd0.2O1.9 electrolyte at the
intermediate-temperatures have a tendency to decrease with
increasing its density. In particular, there was a significant
difference of electrical conductivity between sintered samples
with 94% and 96% of theoretical density at 500 ◦C in air;
3.9 × 10−3 S cm−1 for sintered sample with relative density
of 94%, and 5.2 × 10−3 S cm−1 for the sample with relative
density of 96%. These data suggest that the relative den-
sity of the electrolyte should be greater than 96% in view of
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electrical conductivity. In this paper, relative densities greater
than 96% is used as an indication of appropriate electrolyte in
the SOFC.

A sintering process at a rather high temperature is required to
density the electrolyte. For the electrode-supported type cells,
the co-firing fabrication process in which the electrolyte layer
and electrode-substrate are fired together at the high temperature,
cannot be avoided. During this high-temperature heat-treatment
process, the components in the electrodes would diffuse into
the electrolyte. For the stabilized zirconia, the sintering behav-
ior and the oxide-ion conductivity of the electrolyte would be
strongly affected by the components [5,6]. Therefore, the effect
of the components on sintering of Ce-based electrolyte is also
important. In addition, in some cases, such a high-temperature
heat-treatment causes a degradation in the performance of the
cathode or anode, for example, the formation of poorly con-
ductive compounds at the interface between the electrode and
electrolyte, and the loss of porosity of electrodes [7,8].

In order to prevent the degradation of the electrolyte and
electrodes, the Ce0.9Gd0.1O1.95 (CGO) nanopowders with high
sintering characteristics have been developed using a newly-
devised heat-treatment process in the coprecipitation method
[9]. For this nanopowder, its relative densities greater than
94% can be achieved at temperatures greater than 1050 ◦C; the
conventional powder can be sintered at temperatures greater
than 1300 ◦C. Since the nanopowder has high sintering char-
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tively coupled plasma (ICP) analysis (Seiko Instruments Inc.,
SPS-3000). For the calcined CGO powder, it was confirmed by
the transmission electron microscopy that the primary particles
are all nanometer-sized particles and their size is approximately
20 nm diameter on average [9]. The main impurity in the CGO
powders was 3 ppm for CaO and 1 ppm for Fe2O3. No impuri-
ties for silicon oxide and alumina, which have an influence on
the sintering characteristics [14], were observed.

In order to clarify the solubility limits of components in the
electrodes and the effect of the components on sintering char-
acteristics of the CGO nanopowder, the samples were prepared
using the CGO nanopowder and the oxides (M = La2O3, SrO,
Co3O4, Fe2O3, NiO, CuO, 99.9%, High Purity Chem., Japan)
via the solid-state technique. For La2O3, it was used after pre-
heating at 1500 ◦C for 1 h. The particle size of starting materials
is 0.19 �m for CGO and 1–2 �m for the oxides. For the sol-
ubility limit test and sintering characteristics, the CGO were
mixed with the oxides in the region of 0.5–12 mol% oxide by
Al2O3 mortar. The prepared powders were pressed into tablets of
20 mm diameter × 2 mm thickness under a pressure of 100 MPa.
These samples, (CGO)1−x(MO)x, were then heated at selected
temperatures with a heating/cooling rate of 200 ◦C h−1 in air.
All the samples were analyzed by powdered X-ray diffractom-
etry (XRD) (18 kW, Mac Science, Japan, M18XHF22) using
monochromated Cu K� radiation and a scintillation detector.
A scanning rate of 0.02◦ s−1 was used. Density of the sintered
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cteristics, there is a possibility that it has a peculiarly high
hemical reactivity with electrodes of the SOFC. Generally,
a1−xSrxCoO3-based perovskites are said to be a candidate for
athodes of the intermediate-temperature SOFC [10,11]. For the
node materials, Fe–, Ni–, and Cu–CGO cermets are candidates
12,13], and these cermets are Fe2O3–, NiO–, and CuO–CGO
omposites during the SOFC fabrication. In this paper, we
tudied the solid-state reaction of the CGO nanopowder with
igh sintering characteristics and components (La2O3, SrO,
o3O4, Fe2O3, NiO, and CuO) in electrodes of the intermediate-

emperature SOFC, and discussed the effects of the components
n sintering characteristics of the CGO nanopowder.

. Experimental

The low-temperature sinterable CGO nanopowder was basi-
ally synthesized using the conventional coprecipitation method
9]: the metal nitrate aqueous solutions as starting materials,
e(NO3)3 (99.9%, Rhodia, France) and Gd(NO3)3 (99.9%,
hodia, France), were used. Concentrations of aqueous solu-

ions of Ce(NO3)3 (ca. 2.5 mol L−1), and Gd(NO3)3 (ca.
.0 mol L−1) were mixed in a selected proportion and were then
oured into a water solution of NH4HCO3 (extra pure regent,
ako Pure Chem. Ltd., Japan). A large difference between the

ew and conventional coprecipitation methods is that the new
ethod includes the pre-filtration heat-treatment process. For

he new method, the homogeneous precipitate obtained by the
onventional coprecipitation method was stirred at 80 ◦C for 3 h
efore the filtration. The precipitate collected by the filtration
as dried and calcined at 700 ◦C for 5 h in air. Then, the exact

ompositions of the calcined powders were confirmed by induc-
amples was determined from observed values of size and weight
f the samples. Relative density was derived using the theoret-
cal value determined from the experimental lattice parameters
nd unit formula. The shrinkage ratio of the CGO tablets with
he oxides was determined as (L1 − L2)/L1, where L1 and L2 are
nitial and final length, respectively.

Thermogravimetry and differential thermal analysis (TG-
TA) measurements for the CGO with the oxides were carried
ut using Mac Science TG-DTA 5000S equipment in air at a
eating/cooling rate of 5 ◦C min−1. Microanalysis of the dense
intered samples was carried out using a JEOL scanning electron
icroscope (SEM; JSM-T200).

. Results and discussion

The solubility limit of each oxide into CGO was determined
y an appearance of peaks of the oxides and reaction products
xcept fluorite oxides, and a change of lattice parameters of
GO. After heating at 1200 ◦C, the CGO crystallized in a cubic
uorite unit a = 5.4151 (4) Å, V = 158.79 Å3 and z = 4 (Space
roup Fm3m, No. 225). Fig. 1 shows the lattice parameters of
GO nanopowder heated with the components (NiO, Fe2O3 or
uO) in the anode at 1200 ◦C for 20 h in air as a function of
ontent of the oxides. The closed symbols represent the sam-
les with two phases. No reaction products were observed for
ll samples. With increasing addition of the oxides, the lattice
arameters of the CGO increased and then showed the constant
alue. It was concluded that the solubility limit was <1 mol%
or NiO, ≤4 mol% for 1/2Fe2O3 and <3 mol% for CuO. Table 1
ummarizes the ionic radii of the oxides, the solubility limits of
he oxides into the CGO nanopowder.
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Table 1
Ionic radii of the oxides, solubility limits of the oxides into CGO, phase changes of the oxides, and effects of addition of the oxide on sintering characteristics of
CGO nanopowder

Oxides Ionic valence
in fluorite

Ionic radius
(ppm)

Solubility
limit (mol%)

Phase change and melting point Effect of addition of oxide on sintering
characteristics of nanopowder

CGO Ce4+ 111 – – –
Fe2O3 Fe3+ 92 <4 Fe2O3 1290 ◦C → Fe3O4 1550 ◦C → melt Positive
NiO Ni2+ 83 <1 NiO 1990 ◦C → melt Negative
CuO Cu2+ 87 <3 CuO 1026 ◦C → Cu2O + liquid 1235 ◦C → melt Positive
La2O3 La3+ 130 <4 La2O3 2315 ◦C → Melt Negative
SrO Sr2+ 140 <4 SrO 2430 ◦C → melt Negative
Co3O4 Co2+ 104 <1 Co3O4 900 ◦C → CoO 1935 ◦C → melt Positive

The radii of the cations are used the values in the octahedral site for Ce4+, La3+, Sr2+, Fe3+, and Co2+ and the ones in the hexagonal site for Ni2+ and Cu2+ ions.

Fig. 1. Lattice parameters of CGO nanopowder heated with the components
(NiO, Fe2O3 or CuO) in the anode at 1200 ◦C for 20 h in air, as a function of
content of the oxides. The closed symbols show the samples with two phases.

Fig. 2 shows the lattice parameters of CGO nanopowder
heated with the components (La2O3, SrO or Co3O4) in the
cathode at 1200 ◦C for 20 h in air as a function of content of
the oxides. The closed symbols represent the samples with two
phases. It is reported that Ce1−xLaxO2−δ solid solution with a

Fig. 2. Lattice parameters of CGO nanopowder heated with the components
(La2O3, SrO or Co3O4) in the cathode at 1200 ◦C for 20 h in air, as a function of
content of the oxides. The closed symbols show the samples with two phases.

single fluorite phase, which was synthesized by the coprecipita-
tion method, is observed for the samples with x ≥ 0.4 [15]. How-
ever, in the case of the solid-state technique, the solubility limit
of La2O3 into CGO was <4 mol% in this study. For the fluorite
oxides, the major difficulty in clarifying the correct solid-state
phase relationships arises from fact that the reactions in their
systems are relatively slow below 1400 ◦C [16]. Because sev-
eral elements can be homogeneously mixed at the atomic level
by the coprecipitation method, it is easy to attain the equilib-
rium condition of lanthanum doped cerium oxides. On the other
hand, the components are mixed at the power level by the solid-
state technique. Thus, the discrepancy of solubility limit should
be explained by the different powder preparations although the
parent substances differ. In the case of the (CGO)1−x(SrO)x sys-
tem, the lattice parameter of the CGO increased remarkably with
increasing SrO content and SrCeO3 perovskite as a second phase
was observed in the region of x ≥ 4 mol%. No reaction products
were observed for the mixture of CGO and Co3O4, and the sol-
ubility limit of 1/3Co3O4 into CGO was <1 mol%.

It was found that the effect of the components on sintering
of CGO electrolyte was strongly affected by the components.
The phase changes of the oxides and the effects of addition of
the oxides on sintering of the CGO are summarized in Table 1.
By addition of Fe2O3, Co3O4 and CuO to CGO, remarkable
enhancement of the sintering characteristics was observed. In
contrast, addition of La O , SrO and NiO notably inhibited an
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ncrease of the sintered density.

Figs. 3–5 show the effect of Fe2O3, Co3O4 and CuO addition
n the density of sintered CGO as a function of holding time at
a) 900 ◦C and (b) 1000 ◦C, where the closed symbols represent
he samples with relative densities greater than 96%. The bro-
en lines show the relative density of the pure CGO. The relative
ensity changes are presented as the circles for the CGO with
.5 mol% oxide, the triangles for the CGO with 1 mol% oxide
nd the squares for the CGO sample with 2 mol% oxide. The pos-
tive effect of oxide addition on sintering characteristics of CGO
as a tendency to increase with increasing content of the oxide,
eating temperature, and holding time at the temperatures. In
articular, addition of CuO showed the highest effect on sinter-
ng characteristics, and the CGO with 2 mol% CuO reached to
e greater than 96% density even at 900 ◦C for 20 h.

Note that the CGO powder synthesized by the conventional
oprecipitation method also showed a similar improvement of
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Fig. 3. Effect of Fe2O3 addition on the density of sintered Ce0.9Gd0.1O1.95 as
a function of holding time at 900 and 1000 ◦C. The relative density changes
are presented as the circles for the CGO with 0.5 mol% oxide, the triangles for
the CGO with 1 mol% oxide and the squares for the CGO sample with 2 mol%
oxide.

sintering characteristics by addition of Fe2O3, Co3O4 and CuO.
This improvement, however, was much smaller when compared
to that of the CGO nanopowder synthesized by the new coprecip-
itation method. On the other hand, no improvement of sintering
characteristics was observed for the CGO powder synthesized
by the solid-state technique. The BET specific surface area is
31.5 m2 g−1 for the nanopowder by the new coprecipitation
method, 20.1 m2 g−1 for the fine powder by the conventional
one and 1.8 m2 g−1 for the coarse powder by the solid-state
technique. It, thus, was concluded that the effect of oxide addi-
tion on the sintering characteristics of CGO showed a tendency
to increase with increasing the specific surface area of CGO,
namely, with decreasing the particle size of CGO.

In practice, an effect of the cathode material on sintering char-
acteristics of CGO electrolyte is also important. La0.6Sr0.4CoO3

F
f
s
i

Fig. 5. Effect of CuO addition on the density of sintered Ce0.9Gd0.1O1.95 as a
function of holding time at 900 and 1000 ◦C. The closed symbols represent the
samples with a relative density ≥96%. For the closed symbols, see the caption
in Fig. 3.

perovskite is well known to be one of the appropriate com-
position for a cathode of the intermediate-temperature SOFC
[10]. Using this material as a starting material, it is tried to
confirm it experimentally. In the case of the mixture of the
CGO nanopowder and La0.6Sr0.4CoO3, enhancement of sinter-
ing characteristics of the CGO was observed at temperatures
greater than 1000 ◦C, and after heating at 1200 ◦C for 20 h no
reaction products were detected by the XRD analysis. Although
both elements of La and Sr show the negative effect on sintering
of CGO, the positive effect of Co element in the perovskite is
dominant during the sintering process of CGO.

It is quite interesting to note why there is a difference in sin-
tering behavior among the CGO with the oxides. Fig. 6 shows
the DTA curves of the mixture of CGO nanopowder and 2 mol%
FeO1.5, and (CGO)0.98(FeO1.5)0.02 during the heating and cool-
ing process. The sample of (CGO)0.98(FeO1.5)0.02 are prepared
at 1000 ◦C for 20 h. In the case of the mixture of CGO and

F
(

ig. 4. Effect of Co3O4 addition on the density of sintered Ce0.9Gd0.1O1.95 as a
unction of holding time at 900 and 1000 ◦C. The closed symbols represent the
amples with a relative density ≥96%. For the closed symbols, see the caption
n Fig. 3.
ig. 6. DTA curves of the mixture of CGO and 2 mol% FeO1.5, and
CGO)0.98(FeO1.5)0.02.
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Fig. 7. DTA curves of pure CGO, and the mixture of CGO and Co3O4. Fig. 8. DTA curves of the mixture of CGO and CuO, and (CGO)0.98(CuO)0.02.

Fig. 9. SEM micrographs of CGO samples by addition of 2 mol% oxides after heating at 1000 ◦C for 20 h. (a) and (b) CGO with 2 mol% Fe2O3; (c) and (d) CGO
with 2 mol% Co3O4; (e) and (f) CGO with 2 mol% CuO. (a) Cross section; (b) surface section; (c) cross section; (d) surface section; (e) cross section; (f) surface
section.
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Fe2O3, although a slope of the DTA curve slightly changed at
approximately 950 ◦C during the heating process, no changes
were seen in the curve during the cooling process. This should
be related to a solid-state reaction of the CGO and Fe2O3. On
the other hand, no remarkable peaks in the DTA curves were
observed for the (CGO)0.98(FeO1.5)0.02 sample.

Fig. 7 shows the DTA curves of pure CGO nanopowder, and
the mixture of the CGO and Co3O4. Although no peaks in the
curve were observed for pure CGO, an endothermic peak n the
curve was observed at 908 ◦C for the CGO with Co3O4 during
the heating process. Because oxygen release was observed at
approximately 908 ◦C in the TG curve, the endothermic peak in
the DTA curve would show the phase change from Co3O4 into
CoO [17]. During the cooling process, the peak of the phase
change from CoO into Co3O4 was observed at approximately
798 ◦C. Additionally, at this temperature the oxygen absorption
of the sample with Co3O4 was observed by the TG measurement.

Fig. 8 shows the DTA curves of the mixture of CGO and CuO,
and (CGO)0.98(CuO)0.02. The sample of (CGO)0.98(CuO)0.02
are prepared at 900 ◦C for 20 h. The mixture of CGO and CuO
showed a slight change of the DTA slope and its temperature was
at approximately 1004 ◦C for 1 mol% CuO and at approximately
960 ◦C for 2 mol% CuO addition during the heating process.
Additionally, an endothermic peak was observed at approxi-
mately 1030 ◦C during the heating process, and this peak should
correspond to the phase change from CuO into Cu O and liq-
u
T
p
C
d
(

a
m
g
g
d
t
C
o
c
C
g
s
c
l
c
1

d
a
2
C
a
a
t

Fig. 10. Shrinkage ratio of vertical to horizontal direction for tablet samples
after heating at 900 and 1000 ◦C as a function of holding time. The solid-lines
show the shrinkage ratio of pure CGO. The shrinkage ratio is presented as the
circles for the CGO with 2 mol% FeO1.5, the triangles for the CGO with 2 mol%
(1/3Co3O4), and the squares for the CGO with 2 mol% CuO.

increased with increasing holding time and approached one. The
densification of this material should proceed by a liquid-phase
sintering mechanism. After Cu2O, liquid phase and the CGO
should form the solid-solution of (CGO)1−x(CuO)x, this mate-
rial might proceed by a solid-state sintering mechanism. On the
other hand, no remarkable changes in the shrinkage ratio curve
were seen in the samples with Co and Fe oxides.

Cobalt oxides are known as sintering aids from experience
[20]. One of the reasons is that cobalt oxides easily form the
reaction products with a low-temperature melting point although
cobalt oxides have a high-temperature melting point [21]. Addi-
tionally, the vapor from cobalt oxides promotes the sintering
characteristics of materials [22,23]. In the case of CGO with
Co3O4, the sintering process does not relate to reaction products
and liquid phases. Since the vapor of cobalt oxides was observed
even at about 900 ◦C, the samples of CGO with Co3O4 included
large grains, which seem to relate to cobalt vapor from the cobalt
oxide particles. On the other hand, it is thought for the CGO
with iron oxides that the low-temperature melting point of iron
oxides, namely high ionic bond might be related to the promotion
of densification [24]. After the iron oxide makes a solid-solution
with CGO, the ionic bond in the CGO should increase. Thus,
the (CGO)1−x(FeO1.5)x solid-solution might show the higher
sintering characteristics, compared to that of the pure CGO
nanopowder.
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id phase [17]. This oxygen release was also observed in the
G measurement. During the cooling process, an exothermic
eak of the phase change from Cu2O and liquid phase into
uO was observed at 936 ◦C. No peaks in the DTA curves
uring the heating and cooling process were observed for the
CGO)0.98(CuO)0.02 sample.

Fig. 9 shows the SEM micrographs of CGO samples with
ddition of 2 mol% oxides after heating at 1000 ◦C for 20 h. The
icrostructure of CGO sample with Fe2O3 consisted of small

rain sizes of 0.5–1 �m and shape of particles was round. Clear
rain-boundaries were observed. This feature suggests that the
ensification of the CGO sample with Fe2O3 proceeds through
he solid-state sintering mechanism. For the CGO sample with
o3O4, the microstructure consisted of various grain sizes. It is
bserved that some grains grew greater than 5 �m and the parti-
les were quite angular. The microstructure of CGO sample with
uO consisted of grain sizes of 1–2 �m. This sample has obscure
rain-boundaries, which are probably due to non-crystalline sub-
tances. This feature of the microstructure is usually seen in the
eramics sintered by the liquid-phase sintering mechanism. This
iquid-phase sintering can be explained by the fact that the phase
hange from CuO into Cu2O and liquid phase at approximately
030 ◦C.

Fig. 10 shows the shrinkage ratio of vertical to horizontal
irection for tablet samples after heating at 900 and 1000 ◦C as
function of holding time. The content of oxide addition was
mol%. The solid-lines represent the shrinkage ratio of pure
GO and the value shows to be approximately one. This shrink-
ge ratio indicates that sintering of pure CGO must proceed by
bulk ionic diffusion mechanism [18,19]. On the other hand,

he shrinkage ratio of the CGO sample with CuO at 1000 ◦C
. Conclusion

In this study, we clarified the solubility limits for com-
onents in the anode and the cathode of the intermediate-
emperature SOFC into CGO nanopowder. It was found that
small amount of additions of Fe2O3, Co3O4 and CuO remark-
bly enhanced the sintering characteristics of the CGO nanopow-
er. It was confirmed using the mixture of the CGO electrolyte
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and La0.6Sr0.4CoO3 cathode that enhancement of sintering char-
acteristics of the CGO and no reaction products were observed.
From these results, it was demonstrated that the CGO nanopow-
der, which has been developed using the new coprecipitation
method, shows the low chemical reaction with the electrodes of
the intermediate-temperature SOFC as well as the high sintering
characteristics.
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