J Electroceram (2006) 16:191-197
DOI 10.1007/s10832-006-6258-8

Microstructure of cobalt oxide doped sintered ceria solid solutions
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Abstract The sintering of ceria solid solutions, such as
Ce.9Gdj 10195 (CGO10), is strongly promoted by the ad-
dition of 1 cat% of cobalt oxide, lowering the maximum
sintering temperature by 200°C and triplicating the maxi-
mum densification rate. This change in sintering behavior
results from cobalt ion segregated at the grain boundaries.
An average cobalt ion boundary coverage is at maximum
3.0+ 1.9 at/nm? and is shown to depend on the cooling
rate. Coverage by segregated gadolinium is also found and
amounts to 13.2 & 11.4 at/nm? for a slowly cooled sample.
From cobalt excess measured at the boundary, an estimated
concentration of only 0.06 cat% of cobalt oxide is necessary
to promote the sintering effect. The remaining amount of
cobalt oxide is found in triple points and as particles in clus-
ters. It is expected that the amount of cobalt oxide necessary
for fast densification can be reduced with a doping process
that distributes the additives more homogeneously.

Keywords Ion conductor - Electrolyte - Cobalt oxide
doping - Grain boundary segregation - Grain boundary
excess

1. Introduction

It is a long-standing objective of Solid Oxide Fuel Cell
(SOFC) technology to reduce the cost of operation as well as
that of production. Lowering the operation temperature while
maintaining equal efficiency represents the most promising
strategy to this end. This means to replace the standard yttria-
stabilized zirconia (YSZ) electrolyte with a material of higher
ionic conductivity. Ceria solid solutions offer four to five
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times higher ionic conductivity at intermediate temperatures
(500-800°C) and have been extensively studied [1-5]. In
particular, Ce;_,Gd,O,_y» electrolytes possess a high ionic
conductivity [5-11].

Fabrication of gas-tight ceria electrolytes, i.e. relative den-
sity >0.95, requires sintering temperatures >1300°C. The
use of transition metal oxides (e.g. cobalt oxide) as sin-
tering aid for Ceo.ngO.zol.g (CG020) and Ceo,ng0.101,95
(CGO10) results in much lower sintering temperatures
(900°C), higher shrinkage rates, and grain sizes in the sub-
micron range (~120nm) [12, 13]. The most effective dop-
ing concentration was reported to be 2 cat% of cobalt oxide.
Higher doping concentrations or higher temperatures lead
to detrimental sintering effects [14, 15]. Further, the addi-
tion of cobalt oxide to CeO, [16] and CGO20 [17] results
in a higher grain growth rate compared to undoped ceria
solid solutions. The oxygen ion conductivity was reported
as unchanged upon addition of cobalt oxide to CGO20 [12].
Lewis et al. measured a higher lattice conductivity in doped
CGO10, which was assigned to the formation of additional
oxygen vacancies due to the substitution of Co>* for Ce**
resulting in a minimum lattice parameter change [18]. Fagg
et al. reported that the total electrical conductivity of 2 cat%
cobalt oxide doped CGO20 remains unchanged as long as
sintering is performed between 900 and 1000°C. Increased
p-type conductivity was detected in doped samples and a de-
crease of the oxygen ion transference number from 0.99 to
0.89 was determined for doped samples sintered between
650 and 1000°C [19].

Improved sintering characteristics were first assigned to
the formation of a thin amorphous cobalt rich grain boundary
film, which disappears at higher sintering temperature and/or
with increasing dwell time [12]. This observation was later
refuted by Lewis et al. who found significant cobalt concen-
tration at the boundary even after a dwell of 12h at 980°C
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[18]. Enriched cobalt oxide boundary layers were further
confirmed for CGO20 samples at 900°C, but distinct areas
of higher cobalt oxide concentration were detected as well
[19]. The existence of cobalt oxide in the grain boundary
after long dwell times has recently been confirmed again on
the basis of conductivity measurements [20].

The example of cobalt oxide doped CGO shows that
dopants exert a strong influence upon various properties,
such as sintering, grain growth, conductivity, and microstruc-
ture. The most prominent example certainly is the addition
of small amounts of MgO to Al,O3 preventing exaggerated
grain growth [21]. Another example is the influence of Y,0;
doping on the densification and grain growth of Al,O3 [22].
Three distinct regimes were observed in the adsorption pro-
cess of Y to the grain boundaries of alumina [23]. First, for
low dopant concentrations (<100 ppm), a simple McLean-
Langmuir adsorption isotherm was found. By increasing the
dopant concentration, a regime of grain boundary supersatu-
ration was identified indicating that a nucleation barrier exists
for the precipitation of yttrium aluminate garnet (YAG). For
Y,03 addition exceeding 700 ppm, YAG precipitates in grain
boundary triple points and a constant coverage of Y at the
grain boundaries was found.

In the understanding of the microstructural evolution of
doped ceramics, background impurities, such as SiO;, are of
major concern [24, 25]. In case of electrolyte materials for
SOFC, trace amounts of SiO, can easily increase the grain
boundary electrical resistance by several orders of magnitude
in YSZ [25-27] as well as CGO [28]. Consequently, the total
resistance is dominated by the impurities whose occurrence
becomes especially important in the context of lowering the
operation temperature of SOFCs. A straightforward method
to exclude impurities is of course the use of highly pure
starting powders. However, in order to minimize cost, the
use of commercially available powder is generally preferred,
which in turn inevitably contain a certain amount of trace im-
purities. Since segregation at grain boundaries is grain size
dependent, the fabrication of electrolytes with small grain
sizes represents an option to reduce impairing effects of im-
purity segregation. Yet, the introduction of impurities during
processing should be carefully avoided.

Although the effect of transition metal oxides on the den-
sification, grain growth, and conductivity of ceria solid solu-
tions has been confirmed many times, the exact mechanism
is still under debate [12, 18—19, 29, 30]. In the present study,
an attempt has been made to elucidate the microstructural
evolution of cobalt oxide in CGO during sintering in order to
get insights into the distribution and the effect of the dopant.

2. Experimental procedures

Commercially available CegGdp,0;9 (CGO20) and
Cep.9Gdp 10195 (CGO10) powders were used (Rhodia Elec-
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tronics & Catalysis, France). Particle sizes were deter-
mined by BET adsorption measurements (Noval000, Quan-
tachrome, Germany), scanning electron microscopy (SEM)
(LEO 1530, Germany), transmission electron microscopy
(TEM), and X-ray diffraction (XRD—Diffractometer D
5000, Siemens, Germany) combined with Rietveld refine-
ment (TOPAS R 2.0, Bruker AXS, Germany). CGO was
doped with cobalt oxide by dispersing the powder ultrasoni-
cally in ethanol and by adding the desired amount of cobalt
nitrate hexahydrate (Fluka Chemie GmbH, Switzerland) dis-
solved in ethanol. The suspension was dried at 120°C and
ground in an agate mortar. Calcination at 400°C for 2 h de-
composed the cobalt nitrate into cobalt oxide. Undoped and
doped CGO powder was isostatically pressed at 300 MPa
for 3 min yielding cylindrical green bodies with a diameter
of about 5 mm. The cylindrical compacts were cut into rods
of 10 to 12 mm length. The density was determined before
and after sintering using the Archimedes method. The sam-
ples were sintered with a constant heating rate using a hori-
zontal dilatometer (Type 802S, Bihr Thermoanalyse GmbH,
Germany).

Bright field TEM images were obtained on a Tecnai F30
microscope (FEI) with a field emission gun operated at
300kV. For elemental mappings by electron spectroscopic
imaging (three window technique), an imaging filter (GIF,
Gatan) mounted below the microscope column was used.
Samples were prepared by crushing and dispersing them onto
perforated carbon films supported on copper grids.

For the HRTEM, samples were prepared by first grind-
ing, dimpling, polishing and finally ion milling in a Gatan
Duomill [31]. For ion milling, an inclination angle of 12°
and an Ar ion energy in the range of 2.5-4 keV was used.
The JEOL ARM 1250 microscope with a point-to point-
resolution of 0.12 nm was used for the HRTEM studies. The
microscope is equipped with a drift compensation system,
which helps stabilizing the image.

For analytical TEM, a dedicated STEM (VG HB 501 UX,
Vacuum Generators) was used. The microscope was operated
at 100keV. It is equipped with a cold field-emission gun, an
energy dispersive X-ray spectrometer (Noran) and an elec-
tron energy-loss spectrometer (Gatan UHV ENFINA).

The energy resolution in EELS, as measured by the full
width at half maximum of the zero-loss peak, was 0.7 eV. The
electron probe size was below 1 nm. The probe currents used
were in the range of 0.5-1 nA. Spectra were recorded with a
dispersion of 0.5 eV/channel, which allows to simultaneously
acquire the Co L, 3-edge, Ce M-edge, and Gd M-edge. Dur-
ing the measurement, the grain boundary is as perfect edge on
condition as possible. The energy scale for the EELS spec-
tra was calibrated by setting the low-energy Ce white line
to 883 eV. The convergence and collection semi-angles were
both 6.5 mrad. All data shown here were corrected for dark
current and detector gain variation. The spectrum acquisition
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and processing were done with the Digital Micrograph 3.6
Spectrum Imaging and EL/P software. The background for
each spectrum was subtracted by the fit of a power law func-
tion to the pre-edge background [32]. Hartree-Slater cross-
sections were used for the quantification.

The Co (and Gd) excess at grain boundaries was measured
by a box technique [33]. Using an area of 3 x 4nm? or 6 x
8 nm”. Quantification of the excess is made by determining
the difference of the amount of a specific element (here, Co
or Gd) found in two regions: first, right on the boundary and
second, off the boundary within the nearby bulk region [34—
36]. The results are obtained in terms of interfacial excess for
each element which is formulated for the case of Co excess
at the grain boundary (GB) as:

GB Bulk

exc __ OCe ICo — ICo

FCO = —"w-'n T (1)
O0Co CE

Here, n is the site density (atoms/unit cell, here, n = 25.262
atoms/nm®), w the width of the box perpendicular to the
boundary, I the EELS edge intensity within the selected
energy-loss range, and o the partial inelastic scattering cross-
section corresponding to this energy-loss range.

3. Results and discussion

In the preparative steps of the experiments, especially dur-
ing the doping process, measures of precaution were taken
to avoid introduction of additional impurities. However, the
results from laser ablation of pellets sintered in a dedicated
clean alumina furnace revealed at least 140 ppm of silicon
in CGO10 and CGO20 (Table 1). According to the supplier,
Si concentrations should be less than 100 ppm for both pow-
ders. In addition, the CGO20 sample exhibited up to 1000
ppm of lanthanum, which probably originates from the pre-
cursor used by the powder supplier. Lanthanum is the second
most abundant lanthanide after cerium.

Fig. 1 CGO20 powder. (a)
SEM image of powder
agglomerates. (b) Bright field
TEM image

Table 1 Average impurity concentrations in sintered CGO10 and
CGO20 obtained by laser ablation combined with inductively coupled
mass spectroscopy

Element (ppm) CGO10 CGO20
Si 230 140
La 30 1000
Yb 50 50

Table 2 Powder particle diameters obtained by BET N, adsorption
and by Rietveld refinement

Diameter (nm) CGO10 CGO020
dBET 23 35
dxrD 20 32

For both powders CGO10 and CGO20, the equivalent
particle diameters determined from BET adsorption are con-
sistent with the crystallite sizes calculated by Rietveld refine-
ment (Table 2). Powder CGO10 exhibits a slightly smaller
equivalent particle diameter, 23 nm compared to 35 nm for
CGO20. These particle size values are confirmed by compar-
ison with SEM and TEM images of powder CGO20 (Fig. 1).

The effect of the dopant cobalt oxide on sintering is clearly
demonstrated in Fig. 2. Whereas undoped CGO20 requires
temperatures higher than 1200°C for complete densification,
cobalt oxide doped CGO20 becomes fully dense at 1000°C.
Furthermore, the densification rate is increased by more than
a factor of three due to the addition of 1 cat% of cobalt oxide.
Whereas the densification rate of undoped CGO slowly de-
creases after reaching the maximum value, it abruptly falls off
for cobalt oxide doped CGO. It is interesting to notice that the
start of sintering is actually delayed for doped CGO. Between
750 and 880°C, the shrinkage rate of CGO is higher than that
of doped CGO. Although CGO10 possesses a smaller pri-
mary particle size than CGO20, it is less sinterable, i.e. it
has a lower final density, a higher sintering temperature, and
a lower maximum shrinkage rate. This difference is prob-
ably due to a less favorable agglomerate structure of the

(b)
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Fig. 2 Sintering behavior at a constant heating rate of 1 °C/min of undoped and cobalt oxide doped CGO10 and CGO20. (a) Relative density as a
function of temperature. (b) Densification rate as a function of temperature

Fig. 3 CGO20 doped with 2
cat% of cobalt oxide sintered at
800°C for 2 h. (a) Bright field
image. (b) Elemental mapping
at Co L, 3-edge (white)

powder CGO10, which is also demonstrated by a lower green
density, namely 56.7% for CGO10 and 57.8% for CGO20.
Another reason for the lower sinterability might also be the
lower concentration in Gd. Nevertheless, the effect of cobalt
is obvious and the maximum shrinkage rate in cobalt oxide
doped CGO10 and CGO20 occurs at the same temperature
of 960°C.

Figure 3 shows a bright field image and an elemental map-
ping using the Co-L; 3 edge of a 2 cat% doped CGO20 pow-
der. The corresponding green body was sintered to 800°C,
dwelled for 2 h and air quenched. The elemental mapping
shows that at 800°C, which is the temperature where the
densification rate starts to increase, cobalt oxide is mainly
present as isolated particles combined to clusters. The par-
ticle diameter ranges between 10 and 50 nm. Hence, it is
unlikely that cobalt oxide forms a film around the powder
particles before sintering. The elemental mapping in Fig. 3
shows rather clearly that the doping process produces a quite
inhomogeneous distribution of the dopant. At higher tem-
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peratures, namely at 900°C, cobalt oxide is still present in
the form of particles and they are distributed in the CGO10
matrix (Fig. 4). Since no common phase between cobalt ox-
ide and CGO has been found, it is assumed that the phase
of cobalt oxide corresponds to Co30y4 at temperatures lower
than 900°C and changes to CoO at temperatures higher than
900°C [37]. From the bright field image in Fig. 4(a), it can be
derived that the particle size of cobalt oxide did not change
significantly compared to that shown in the mapping pre-
sented in Fig. 3(b). However, the CGO10 matrix exhibits a
certain grain growth as the grain diameters range between
80 to 120 nm. This grain growth is not surprising since the
sintering process is almost complete at 900°C. Similar grain
sizes in fully dense CGO have been measured previously
even though the powder contained 20 at% of Gd [12, 17].
The image in Fig. 5 shows additionally that cobalt oxide
is present as particles in the triple points with an approx-
imate particle diameter from 5 to 10 nm. Larger particles
(30 to 100 nm) in triple points have only been found at higher
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Fig.4 CGOI10 + 5 cat% of
cobalt oxide sintered at 900°C
for 2 h and quenched. (a) TEM
Bright field image. (b)
Elemental mapping at the Co L
edge

temperatures, i.e. in a sample dwelled at 1150°C for 24 h. At
900°C, the shape of the particles ranges from angular to ovoid
and the measured dihedral angles lie between 50 and 120°.
Dihedral angles observed in TEM images typically under-
estimate the correct value as the particles are in the average
not sectioned through their center where the largest dihedral
angle is measured. Therefore, the dihedral angle of cobalt
oxide is estimated to be approximately 120°C.

Cobalt oxide in the form of isolated particles as shown in
Figs. 4 and 5 does not have a significant effect on the sintering
of CGO as long as only small concentrations are present. At
higher concentrations, i. . more than 3 cat%, these particles
lead to agglomerates in the green body and delay the onset
of sintering to higher temperatures [38]. The properties of
CGO are mainly influenced by the grain boundary structure,
where cobalt oxide is found in the form of a very thin grain
boundary layer with a thickness of approximately 0.5 nm
(Fig. 6). The grain boundary layer shown in Fig. 6 represents

Fig.5 Cobalt oxide particles in grain boundary triple points in CGO20
doped with 2 cat% of cobalt oxide, sintered for 24 h at 900°C and air
quenched

()]

one example. It is not sure whether all grain boundaries
are decorated with such a film. However, the cobalt oxide
phase forms a percolating network at temperatures between
900 and 1000°C since an electronic conductivity, attributed
to the cobalt oxide phase, has been detected in quenched
samples. However, the origin of the electronic conductivity
is not due to the grain boundary film in the first place, but to
the reduction of cobalt oxide, from Co3;04 to CoO [38].
Evidence that cobalt is actually present at the grain bound-
aries is presented in Fig. 7. Here, the cobalt excess in com-
parison to the grain interior has been measured in several
boundaries. Two different samples are compared. The first
samples was sintered at 900°C for 2 h and air quenched, the
second sample was sintered identically, but slowly cooled
with a rate of —0.5°C/min. Clearly, the slowly cooled sam-
ple exhibits a higher cobalt concentration, 3.0 & 1.9 at/nm?
in comparison to 1.3 & 1.0 at/nm? for the quenched sample.
In the additional time available during slow cooling, more
cobalt can segregate to the boundaries. However, the differ-
ence in Co excess between the slowly cooled sample and
the quenched samples is not large and this points to a small
solubility of Co in the CGO matrix. Chen et al. studied the
solubility of Co in CeO, and found a value of 3 mol% at

with 5 cat% of cobalt oxide, sintered for 2 h at 900°C and cooled with
—0.5°C/min
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Fig. 7 Co excess at the grain boundary of CGO10 + 5 cat% cobalt
oxide sintered at 900°C for 2 h

1580°C [39]. Similarly, the maximum solubility of Co in
Gd, 03 is less than 2.5 mol% at 1550°C [40]. The maximum
solubility of Co in CGO at 900°C can therefore be estimated
to be less than 0.5 mol%.

In the case of the slowly cooled sample, the Gd coverage
was measured as well (Fig. 8). The mean coverage is found
to be 13.2 £ 11.4 at/nm?, which is significantly higher than
that of Co. However, it is important to notice that due to
the thin grain boundary layer observed (Fig. 6), Gd ions in
the grain boundary near area might have been measured as
well. In all three cases (Figs. 7 and 8), the scattering of the
measured coverage is quite high. This probably points to the
scattering of grain boundary energies generally known in a
polycrystalline material.

A higher grain boundary coverage in slowly cooled sam-
ples has also been detected by Aoki et al. in CaO-stabilized
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Fig. 8 Gd excess at the grain boundary of CGO10 + 5 cat% cobalt
oxide sintered at 900°C for 2 h and cooled with —0.5°C/min
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ZrO,, where the Si and Ca coverage was measured [25].
They further showed that impurities can cause significant
segregation of divalent and trivalent solvents to the bound-
ary. Similarly, it might be speculated that cobalt oxide causes
cosegregation of Gd to the grain boundary. Depending on
the amount of Gd in CGO10, different Gd excess levels can
be expected at the boundary. As a consequence, the coseg-
regation of Co and Gd might even be responsible for the
superior sintering behavior of CGO20 compared to CGO10
(Fig. 2).

The low solubility of Co in CGO and the low Co excess
measured at the boundaries is consistent with the observed
large amount of cobalt oxide particles in the CGO matrix
as shown in Figs. 4 and 5. The spatial distribution of cobalt
oxide can also be confirmed by a simple calculation. For that,
the following assumptions are made. First, the solubility of
Co is negligible and second, no cobalt oxide precipitation
occurs, i.e. cobalt oxide completely adsorbs at the boundary.
According to Giilgiin et al. [23], the planar density of cobalt
at the boundary, I" can then be calculated as:

GX,
=
3Q

2

where G is the grain size, X; the total concentration of Co
in CGO10, and 2 the volume per cation in CGO (0.01314
nm>/cat). The volume per cation in CGO20 has been es-
timated as one third of the atomic volume of CGO20 and
represents an upper limit. In case of the investigated TEM
samples with a doping concentration of 5 cat% of cobalt oxide
and an estimated grain size of 200 nm, the hypothetical grain
boundary excess of Co is at least 250 cat/nm?. Assuming that
the boundary consists purely of Co3Qy, its coverage corre-
sponds to a boundary thickness of roughly 5.5 nm. However,
the measured Co excess (Fig. 7) and the observed boundary
thickness (Fig. 5) are much lower, which in turn explains
the significant number of cobalt oxide particles in the CGO
matrix (Fig. 4). On the other hand, if the total concentration
of cobalt oxide is calculated with Equation 2, and based on
the measured Co excess of 3.0 at/nm? in the slowly cooled
sample, a value of 0.06 cat% is derived. Assuming that the
solubility of cobalt oxide in CGO is negligible, only a very
small amount of cobalt oxide at the boundary is already suffi-
cient in order to change the properties of CGO impressively.
The calculated concentration of 0.06 cat% is significantly
smaller than the concentration of 1 cat%, which was used in
the samples for the dilatometric measurements as shown in
Fig. 2. Therefore, it can be expected that the favorable effect
of cobalt oxide can be achieved at a much lower concentration
provided that the dopant is distributed more homogeneously.
As a matter of fact, the same conclusion has already been
obtained by varying the particle size of the CGO powder
[38].
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4. Conclusion

Cobalt oxide in small amounts is an effective sintering aid
for CeoAng()QO]Ag (CGOZO) and CC(),ng()A101I95 (CGOlO)
A dopant concentration of 1 cat% decreases the maximum
sintering temperature by roughly 200°C and the maximum
shrinkage rate is increased by a factor of three. Interestingly,
the temperature of maximum shrinkage rate is independent
of the Gd content and lies for CGO20 and CGO10 at around
960°C. The doping process used in the present work results
in a rather inhomogeneous distribution of clusters of cobalt
oxide which remain present up to 800°C, i.e. the temperature
where the shrinkage rate starts to increase significantly.
At 900°C, cobalt oxide diffuses into the grain boundaries
where it forms, in combination with Gd, a grain boundary
film of roughly 0.5 nm thickness. The Co excess at the
boundary is a function of the cooling rate. The lower the
cooling rate, the more cobalt can segregate to the boundary.
In a slowly cooled sample, the average Co excess was found
to be 3.0 & 1.9 at/nm? while the Gd excess was measured as
13.2 & 11.4 at/nm>. Cobalt oxide is also found in the form of
clustering particles or in the triple points of the CGO matrix.
For the latter, the particle diameter lies between 5 and 10
nm at 900°C and the dihedral angle is approximately 120°.
The cobalt oxide particles are a result of supersaturation
as the solubility of cobalt oxide in CGO is estimated to be
less than 0.5 mol% at 900°C. Based on the measured Co
excess, the essentially required amount of cobalt oxide for
promoting the sintering process is calculated as 0.06 cat%.
Since this is much less than the actually used amount of
dopant (1 cat%), it is inferred that improving the doping
process would allow to reduce the amount of dopant, so that
cobalt oxide precipitation can be avoided.
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