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The effects of cobalt addition on the sintering, thermal, and electrical properties of Cep9Gdg101.95 (GDC)
and Zrp.ggSco1Cep010,_5 (ScSZ) were investigated. A small addition of cobalt oxide remarkably enhanced
the sinterability of GDC, especially for GDC powder with a specific surface area of 40 m2 g-1, which was
synthesized via a citrate method. Relative densities of approximately 95% can be achieved for GDC pellet
samples using 2 mol% Co dopant and sintering at 1100°C for 10 h. The thermal expansion and electrical
conductivity of 2 mol% Co-doped GDC were comparable to those of the non-doped sample. The thermal

g(zﬁ\éw;rxdisd:e fuel cells expansion of ScSZ with various amounts of Co addition was linear in both oxidizing and reducing atmo-
Cobalt spheres. The electrical conductivity of Co-doped ScSZ decreased with increasing Co content; however,
Doping this decrease was not dramatic. These results suggest that the addition of cobalt oxide is a promising
GDC method for obtaining GDC buffer layers that are sinterable at low temperatures for use in intermediate
ScSz temperature-solid oxide fuel cells.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Solid oxide fuel cells (SOFCs) have attracted increasing attention
in recent years because of their high energy conversion efficiency,
low NOy emissions and flexible fuel requirements. The development
of intermediate temperature SOFCs operated at 500-650°C is very
important due to the possibility that low-cost metallic alloys may
be used in the SOFCs. Compared to an electrolyte-supported design,
an anode-supported SOFC is more suitable for lower temperature
operation because of its smaller ohmic loss of electrolyte and better
interface contact between the electrolyte and electrodes [1-4].

Our group has successfully fabricated anode-supported micro-
tubular cells with a configuration of LaggSrp4Cog2FeqgO3_g
(LSCF)-CepgGdp2019 (GDC) cathode/GDC  buffer layer/
Zr9.895C01Ce0 010195 (ScSZ) electrolyte/Ni-ScSZ anode [5-8].
In this research, the performance of the individual cells was
high, but a large voltage drop in the low current density region
was problematic. To clarify the causes of this drop, transmission
electron microscopy (TEM) with energy dispersive X-ray (EDX)
analysis of the interface between the GDC buffer layer and the ScSZ
electrolyte was performed after the cell was cross-sectioned using
a focused ion beam (FIB).
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Fig. 1a shows the TEM image, and Fig. 1b shows the results of
the EDX analysis. Many pores were observed in the GDC buffer
layer. Moreover, the diffusion of Zr from the ScSZ electrolyte into
the GDC layer was confirmed, although Zr did not seem to reach
the LSCF-GDC cathode. It has been reported that Zr diffusion and
pore formation lower oxide-ionic conductivity [9-11]. In the fabri-
cation of our cells, after the GDC buffer layer was dip-coated onto
a dense ScSZ electrolyte that had been fired at 1400°C for 6 h, the
layer was sintered at 1200°C for 4 h. The high firing temperature
of GDC probably caused the observed reaction between GDC and
ScSZ. These findings make it necessary to develop a GDC buffer
layer film that can be sintered at lower temperatures (<1200°C)
and coated onto a ScSZ electrolyte with better adhesion and higher
densification.

Many reports have shown that the addition of cobalt oxides as a
sintering aid enhances the sintering characteristics of GDC powder
[12-14]. In addition, Yamahara et al. [15] showed that cobalt infil-
tration in a La;O3-based perovskite cathode decreased the effective
charge transfer resistance, and thus improved the cell performance.
Based on these results, cobalt oxide may be a good candidate as a
sintering aid for the GDC buffer layer. However, Co easily vapor-
izes and tends to form reaction products with low melting points
[16,17]. There is a possibility that CoO, which is contained in the
Co-doped GDC buffer layer, may diffuse into the ScSZ electrolyte
during the sintering process. Therefore, it is necessary to examine
the thermal expansivity and electrical conductivity of ScSZ doped
with Co.
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Fig. 1. (a) TEM image for cross-section of SOFC and the EDX analysis points. (b)
Quantitative analysis of the elements by EDX as a function of the location.

This study aims to study the effect of Co dopant on the sintering
characteristics, thermal expansion behavior and electrical conduc-
tivity of GDC. Furthermore, the thermal and electrical properties
of Co-doped ScSZ were measured in order to clarify the potential
effects of Co on ScSZ.

2. Experimental

The CepgGdp10195 (10mol% gadolinium-doped ceria, GDC)
powders used in this study were synthesized in two different
ways: the conventional citrate method or a copreciptitation method
[18-20]. Two kinds of GDC powder were synthesized by the citrate
method. The powders, GDCA10 and GDCA40, had specific surface
areas of 10 and 40m? g~!, respectively. The GDC powder synthe-
sized by the coprecipitation method, GDCB40, had a specific surface
areaof40m2g-1.

Each GDC powder was mixed with CoO (High Purity Chem.,
Japan) via a solid-state technique. The molar ratios of GDC to Co
were 100:0, 99:1, 98:2 and 97:3. In order to measure sintering
behavior, the prepared powder mixtures were pressed into tablets
20 mm in diameter and 2 mm in thickness by uniaxial dry pressing
at 23 MPa. The compacted GDC tablets used to examine sintering
behavior were then sintered in air at temperatures of 900-1100°C
with a heating rate of 200°Ch~!. The densities of the sintered
tablets were determined from the size and weight of tablets. Rel-
ative densities were derived using the observed and theoretical
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Fig. 2. Relative densities of Co-doped GDC without holding time, as a function of
sintering temperature. (a) Comparison of GDCA10 and GDCA40. (b) Comparison of
GDCA40 and GDCB40. A: citrate method, B: coprecipitation method, 10: 10m? g1,
40: 40m2 g1,

densities. The theoretical densities were calculated from the lat-
tice parameters and unit formula based on powder X-ray diffraction
(XRD, Rigaku, 18 kW, ultraX 18TTR2-300, Japan). XRD was also used
to analyze the crystal structures of all samples. The scanning rate
was 0.02s 1.

The conductivities of the samples were examined by an AC
impedance method at temperatures of 450-850°C in both air and
inareducing atmosphere (3% humidified 33% H; in N, ). The Pt elec-
trodes were attached to the tablets using Pt paste and sintered at
900°C for 1 hin air. The AC impedance was measured between 0.1
and 100 MHz with a frequency response analyzer and a potentio-
stat (Solartron 1260 and 1286, respectively). An applied potential
of 10 mV was used.
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Fig. 3. Relatively densities of 0 mol% (closed symbols) and 2 mol% (open symbols)
Co-doped GDC as a function of sintering temperature. (GDC powder: citrate method,
40m?g1.)

To investigate the thermal expansion behavior, dense rectan-
gular samples were prepared with dimensions of approximately
5mm x 5mm x 16 mm. The thermal expansion was measured in
air and in 10°C humidified H, from 50 to 900°C using a Mac Sci-
ence TG-DTA 5000S system. The rate of heating and cooling was
2°Cmin~!, and a rod of Al,03 was used as a reference.

With the exception of the sintering temperatures, the prepara-
tion processes of pure and Co-doped ScSZ (Daiichi Kigenso Kagaku
Kogyo Co. Ltd., Japan) were the same as those for GDC. ScSZ samples
used for XRD analysis were sintered at 1100°C, and the samples
used to measure electrical conductivity and thermal expansion
were sintered at 1400°C.

3. Results and discussion
3.1. Sintering characteristics of Co-doped GDC

The effect of the specific surface area on the sintering charac-
teristics of Co-doped GDC was examined. Fig. 2 shows the relative
densities of non-doped as well as 1 and 2 mol% Co-doped GDC as
a function of firing temperature. The holding time at the highest
temperature was zero. At sintering temperatures less than 900 °C,
Co doping had almost no effect enhancing the sintering charac-
teristics. However, Co doping obviously sped the densification of
GDC at temperatures greater than 1000°C. The increase in densi-
fication was the same for both 1 and 2 mol% Co-doped samples.
The effect was especially remarkable at 1100 °C. For all Co-doped
samples, the sintering characteristics of GDCA40 were higher than
those of GDCA10, as shown in Fig. 2a.

The effects of Co doping on the sintering behavior of the GDC
powders prepared by different synthetic methods were also com-
pared. Fig. 2b shows the relative densities of pure and Co-doped
GDC as a function of firing temperature. The holding time was zero.
At a sintering temperature of 1100°C, the relatively densities of
samples with less than 1 mol% doping reached almost 90% for GDC
powders prepared by both synthetic methods. However, at tem-
peratures less than 1100 °C, GDCA40 had more favorable sintering
characteristics than GDCB40. This result is likely due to the different
powder shapes and particle size distributions of the two powders.
TEM micrographs reveal that GDCA40 is composed of dispersed,
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Fig. 4. (a) X-ray diffraction patterns and (b) lattice parameters of Co-doped GDC.
(GDC: citrate method, 40 m? g~1. Samples were heated at 1100°C for 10 h.)

spherical particles, whereas GDCB40 contains particle agglomera-
tions [18]. GDCB40 seems to be more porous. Thus, pores formed
easily during sintering and inhibited the densification. Based on
these results, the GDCA40 starting material will be the focus of the
following discussion of Co-doped GDC.

The effect on densification of sintering holding time at the high-
est sintering temperature was also investigated. Fig. 3 shows the
effect of Co addition on the density of sintered GDC as a function of
holding time at 900, 1000 and 1100 °C; the closed and open symbols
represent the data for pure GDC and for 2 mol% Co-doped samples,
respectively. The relative densities increased rapidly after sintering
for about 4 h. This was then followed by a slow approach to satu-
ration. Usually, this behavior is observed for solid-state sintering
mechanisms. For pure GDC, a relative density of only 85% was
obtained after sintering at 1100 °C for 10 h. On the other hand, in the
case of the 2 mol% Co-doped sample, the relative density reached
nearly 95%. It should be pointed out that with 2 mol% Co addition,
the relative density of GDC sintered at 1000 °C was almost the same
as that of the sample sintered at 1100 °C after 5 h. This suggests a
low firing temperature below 1100 °C may be used to obtain denser
GDC membranes via the addition of 2 mol% Co as a sintering agent.
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Fig. 5. Thermal expansion behaviors of non-doped GDC and 2 mol% Co-doped GDC
in air. GDC powder: citrate method, 40 m2 g~'. Samples were heated at 1100°C for
10h.

3.2. X-ray diffraction of Co-doped GDC

The X-ray diffraction patterns of 0-3 mol% Co-doped GDCA40
samples obtained after firing at 1100 °C for 10 h are shown in Fig. 4a.
No peaks associated with Co304 were observed in the 1 mol% Co-
doped GDC. With increasing amounts of Co additions, the Co304
peaks increased.

Fig. 4b shows the lattice parameters calculated from the data
in Fig. 4a. It is apparent that the lattice parameters of doped
GDC increased with increasing Co content up to 2 mol% and then
decreased. Because a second phase was observed at approximately
2 mol%, the solubility limit of Co should be less than 2 mol%. The
decrease in lattice parameter for 3 mol% Co-doped GDC might be
related to the decrease in the Gd element concentration in GDC
[21], indicating the possibility of a reaction between CoO and Gd,
although no peaks of products such as GdCoO3; were detected by
XRD.

3.3. Thermal expansion behaviors and electrical conductivities of
Co-doped GDC

Fig. 5 shows the thermal expansion behavior of the 2 mol% Co-
doped GDC sample in air. For comparison, the non-doped GDC
sample is also shown. The thermal expansion coefficient (TEC) in
the temperature range between 50 and 650 °C was 12 x 10-6°C-1,
which is in accordance with the typical TEC values reported in the
literature for GDC [22,23]. It was observed that the Co-doped GDC
m expanded at temperatures around 600 °C; however, this expan-
sion was small. This is postulated to be related to changes in the
valence and spin condition of the cobalt ion [24].

The electrical conductivities of the GDC samples are shown in
Fig. 6. Although it is known that the reproducibility of conductivity
data for CeO,-based oxides is not high [25-28], the conductivity
of pure GDC in this study was comparable to the data reported by
Hohnke [26]. As can be seen in Fig. 6, the Co-doped GDC showed a
higher conductivity than the non-doped sample. This improvement
in the electrical conductivity of GDCby Co addition is possibly due to
(i)areductionin the lattice strain of GDC by Co and (ii) the formation
of a Co-rich grain boundary layer.

Lewis et al. [29] found that due to a relaxation effect, the acti-
vation energy (Ea) for the conductivity of Co-doped GDC was lower
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that that of the pure material. A similar trend was also observed
in this study. The Ea for non-doped GDC was 0.86eV, while the
Ea for 2 mol% Co-doped GDC was 0.74 eV. In our samples, such a
“relaxation effect” might have also occurred, and thus enhanced
the electrical conductivity of GDC. On the other hand, Gauckler
and coworkers [30-32] reported that in Co-doped GDC that had
been sintered at temperatures higher than 900°C, excess cobalt
easily agglomerated in the GDC grain boundary, and the electronic
conductivity along the percolating Co-rich grain boundary layer
short-circuited the ionic conductivity of the GDC grains. As shown
in Fig. 4, a Co304 peak was detected in the 2 mol% Co-doped GDC
sample. This indicates the possibility that a Co-rich grain boundary
layer formed, and thus might have improved the electrical conduc-
tivity.

3.4. X-ray diffraction of Co-doped ScSZ

As previously reported in this study, the GDC buffer layer may be
sinterable at a lower temperature with the use of 2 mol% Co dopant.
It is known that CoO easily vaporizes at temperatures as low as
900°C [12]. Thus, there is the possibility of diffusion of Co from the
GDC layer into the ScSZ electrolyte.

Fig. 7a shows the X-ray diffraction patterns of Co-doped ScSZ
after firing at 1100°C for 10 h. A peak attributable to Co304 was
detected in the sample doped with 3 mol% Co; no peaks for any
other second phases were observed. Furthermore, no change in the
cubic structure of the doped ScSZ was observed. Fig. 7b shows the
calculated lattice parameters of the doped ScSZ using the data from
Fig. 7a. It can be seen that the value of the lattice parameter slightly
increased as the amount of Co dopant increased to 2 mol%, and then
slightly decreased. From these data, the solubility limit of Co in ScSZ
seems to be less than or equal to 2 mol%.

3.5. Thermal expansion behaviors and electrical conductivities of
Co-doped ScSZ

Fig. 8 shows the thermal expansion curves of Co-doped ScSZ in
the temperature range of 50-900°C in air and in a H, atmosphere.
TECs calculated from 50 to 650°C (the operating temperature of
our anode-supported SOFCs using ScSZ electrolytes [5-8]) are sum-
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Fig. 8. Thermal expansion behaviors of Co-doped ScSZ in air, and in 10 °C humidified
H,. (Samples were heated at 1400°C for 4 h.)

Table 1
Thermal expansion coefficients (TECs) (50-650°C) of pure and Co-doped ScSZ in air,
and in 10°C humidified H,.

ScSZ samples TEC (x10-6°C-') 50-650°C

In air In Hy
Pure ScSZ 9.8 9.3
1 mol% Co doped 9.4 9.2
2 mol% Co doped 9.6 9.5
3 mol% Co doped 9.6 9.3

marized in Table 1. The TECs of ScSZ samples with varying Co
content are almost identical in air and in the reducing atmo-
sphere.

Fig. 9a shows the Arrhenius plots of Co-doped ScSZ in air.
The electrical conductivities as a function of the Co concentra-
tion in air and in the reducing atmosphere are shown in Fig. 9b.
It was observed that the conductivity of the pure ScSZ was highest.
The conductivities of Co-doped ScSZ decreased with increasing Co
content. However, the difference in conductivity between pure and
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Table 2
Electrical conductivities of pure and Co-doped ScSZ at 650 °C, in air, and in 3% humid-
ified 33% H in Nj.

ScSZ samples Electric conductivities (Scm~!) at 650 °C

In air In Hy
Pure ScSZ 0.087 0.087
1 mol% Co doped 0.060 0.061
2 mol% Co doped 0.053 0.056
3 mol% Co doped 0.048 0.046

Co-doped ScSZ decreased with increasing temperature. The calcu-
lated Ea was 0.72 eV for pure ScSZ, and 0.88, 0.90, 0.90 for the 1, 2,
3 mol% Co-doped ScSZ, respectively. The highest Ea for a pure ScSZ
comparing to those for Co-doped samples, indicated that the ion
immigration was easier in the non-doped ScSZ.

Table 2 summarizes the electric conductivity of the pure and Co-
doped ScSZ at the expected cell operating temperature of 650°C.
The electrical conductivity of 0.087 Scm~! for a pure ScSZ was con-
sistent with the value reported by Yamamoto et al. [33]. Although
the Co addition lowered the electrical conductivity of ScSZ, it was
not serious. It should also be pointed out that the conductivity in the
reducing atmosphere was nearly the same as in air. The conformity
of the electrical conductivities for both environments indicates that
no electronic conductivity appeared. This property is important to
ensure the open-circuit voltage and the efficiency of the cell.

4. Conclusion

The relative densities, thermal expansion behaviors and electri-
cal conductivities of CeO'QGdO"l 01'95 and Zl‘o'ggsCQJ Ceg'm 01'95 l.lSiI]g
cobalt as a sintering aid were investigated. The effect of the Co
dopant on the sintering characteristics of GDC is more remarkable
for GDC powder with a larger specific surface area. The enhance-
ment of sintering behavior by Co doping is different for GDC
powders prepared by different synthetic methods. Co addition does
not affect the thermal expansion behavior of GDC, while it improves
the electrical conductivity. The Co dopant does not affect the ther-
mal expansion behavior of ScSZ, whereas the conductivity has a
tendency to decrease with increasing Co content. However, this
effect is considered to be small at intermediate temperatures. Co
doping of GDC is a promising way to lower the firing tempera-
ture of the buffer layer on ScSZ electrolytes in anode-supported
SOFCs.
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