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bstract

extured cubic yttria stabilized zirconia (Co-YSZ) cermets produced by reduction of laser-assisted directionally solidified CoO-YSZ lamellar

utectics presents a microstructure of alternating lamellae of YSZ and porous metal. This microstructure is expected to improve the gas flow,
lectronic transport and oxygen ions diffusion of the isotropic cermet. Moreover, the cermet presents long-term stability at fuel cell operating
emperatures. The stability of the cermet is related to the lamellar microstructure and to the good metal–ceramic bonding developed after reduction
f the CoO-YSZ eutectic. These materials are proposed as cermet anodes for Solid Oxide Fuel Cells.

2008 Elsevier Ltd. All rights reserved.
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. Introduction

Nickel-zirconia cermets have been the dominant solid oxide
uel cells (SOFC) anodes. Nickel is most commonly used
ecause of its low cost in comparison with other metals such
s cobalt, platinum and palladium.1 The functions of the yttria-
tabilized zirconia (YSZ) matrix in the anode are to support
he nickel-metal particles, to inhibit coarsening of the metal-
ic particles at the fuel cell temperature, and provide oxygen
on conduction to the three-phase boundaries (TPBs) required
or cell operation. In addition, the thermal expansion coefficient
TEC) of the anode is close to YSZ electrolyte.

One of the major concerns of SOFC anodes is the long-term
tability during operation at high temperatures. The problem is
he agglomeration of Ni particles in the cermet during oper-
tion, in part due to the non-wettability between the metallic
hase and the ceramic YSZ.2 This metal agglomeration by
rain growth at high temperatures finally obstructs the poros-
ty of the anode and eliminates the TPBs. To improve the

etal/YSZ adhesion, several studies have been carried out by
odifying the ceramic phase, but the problem is still essentially
nresolved.3,4

Another disadvantage of the nickel-cermet anode arises from
he promotion of the competitive catalytic cracking of hydro-
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arbon. Nickel catalyzes carbon fiber formation in the presence
f CH4, preventing the direct oxidation of methane in nickel-
ontaining SOFCs.5 For natural gas to be used as fuel, it needs
o be externally or internally reformed with steam. Impuri-
ies in the fuel stream, particularly sulphur, also inhibit anode
unctionality.6 The use of cobalt in SOFC anodes can also be
n interesting alternative. Cobalt is more costly than nickel but
ffers potential advantages, including better catalytic properties
nd high sulphur tolerance.

We have prepared Co-YSZ cermets by reduction of CoO-YSZ
utectics produced by laser melting and directional solidifica-
ion. The directional solidification processing of eutectic oxides
DSEO) produces composite materials with fine and very stable
omogeneous microstructures whose morphology, including the
hase size, can be controlled by the processing parameters.7 It
s a useful method for optimizing the microstructure of the func-
ional layer in SOFC anodes.8 The directional solidification of
he eutectic oxide produces a precursor material consisting of
lternate lamellae of CoO and YSZ, with typical lamellar width
f about 0.5 �m. Complete reduction of CoO under H2 atmo-
phere is favored by the fast oxygen ion transport by the YSZ
hase and transforms the CoO lamellae into porous Co lamellae.
he textured microstructure of the Co-YSZ cermet provides easy
as flow, good electrical conductivity and an appropriate ther-

al expansion coefficient (α = 10.7 × 10−6 K−1), which allows

ood thermochemical integration with the YSZ electrolyte.9

oreover, YSZ lamellae act as a mechanical barrier to prevent
etal coarsening provided that metal–ceramic adhesion is strong

mailto:alarrea@unizar.es
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nough to avoid fast particle agglomeration in the porous metal
amellae.

Here we report on the long-term stability of the Co-YSZ
ermet. For these studies we have prepared the cermets in the
orm of rods using the laser floating zone technique, but they
an also be produced in the form of plates using the technique
f laser melting and resolidification.10

. Experimental procedure

We prepared precursor ceramic cylinders of 2 mm in diameter
nd 10 cm in length from a mixture of CoO (Aldrich, 99.99%),
YSZ (8% mol Y2O3 stabilized ZrO2 from Tosoh, 99.9%) by
ressureless sintering at 1300 ◦C (12 h) and 1500 ◦C (30 min).
irectionally solidified CoO-YSZ eutectic rods were produced

rom the precursor cylinders by the laser floating-zone method
nder Ar atmosphere to avoid CoO oxidation to Co3O4, as
escribed in reference.9

SEM observations were carried out in a Jeol 6400 micro-
cope on fractured samples by secondary electrons and on
olished samples using backscattered electrons. We also per-
ormed Transmission Electron Microscope (TEM) experiments
n CoO-YSZ and Co-YSZ transverse cross-sections to study the
onding between the phases. For the TEM experiments, trans-
erse slices (∼300 �m thick) were cut from the DSE and cermet
sing a diamond saw. These slices were plane-parallel grinded
own to 40 �m thick, glued to a copper support and ion milled
t liquid nitrogen temperatures using 5 kV Ar+. X-ray pole fig-
re experiments were performed in a Bruker D8 goniometer
quipped with a 2D detector (General Area Diffraction Detec-
or System from Bruker). The experiments were carried out on
he polished surface of slices cut perpendicular to the rod growth
irection. Multex Area software (Bruker) was used for preparing
he diffraction experiments and building the pole figures.

Electrical conductivity experiments were carried out at room
emperature using the 4 points DC method with a Keithley
rogrammable current source and a Hewlett Packard 34401
icrovoltmeter. The electrical current was applied parallel to

he rod axis, and thus parallel to the porous metal channels. Hg
orosimetry experiments were performed using a Poremaster-33
orosimeter (Quantachrome Instruments).

. Experimental results

The samples used in this study were obtained after reduc-
ion at 850 ◦C of CoO-YSZ eutectics solidified at 100 mm/h.
hannelled cermets with the lamellae perpendicular to the solid-

fication front were obtained. The microstructure of the cermet
s shown in Fig. 1. Lamellae width is about 400 nm for the YSZ
nd about 500 nm for the porous cobalt and, as previous results
ave shown, the overall cermet composition is (in vol%) 39.0
SZ–34.8 Co–26.2 pores.9

We have performed X-ray and TEM experiments in order

o study the CoO-YSZ and Co-YSZ orientation relation-
hips and interfaces. Orientation relationships of the eutectic
omponent phases have been determined by X-ray experi-
ents. The analysis of the pole figures (Fig. 2) indicates

fl
b
g
t

Fig. 1. SEM image of a Co-YSZ cermet.

hat the crystallographic axes of both YSZ and CoO phases
re parallel, {h k l}CoO//{h k l}YSZ, and the growth directions
re [1 1 1]CoO//[1 1 1]YSZ. These growth directions are differ-
nt to the previously reported [1 0 0]c-ZrO2//[1 1 0]CoO for the
ame eutectic but grown at lower rates.11,12 As commented
y Echigoya and Hayashi it seems that the preferred orienta-
ion changes as a function of the growth rate.12 The interfacial
lanes have been studied by TEM, but the situation is not sim-
le because in the transverse cross-sections that we analyzed the
nterfacial plane was not generally parallel to the eutectic growth
irection.

Reduction has been studied by TEM in partially reduced sam-
les where metallic Co and CoO coexist inside the same lamella,
s shown in Fig. 3. Co-YSZ interfaces are formed by electro-
hemical reduction of the CoO-YSZ eutectic. CoO loses the
xygen that diffused rapidly through the YSZ, an excellent ionic
onductor at the reduction temperature (850 ◦C). We performed
lectron diffraction experiments in those regions and concluded
hat the CoO crystallographic orientation is maintained during
he reduction process,{h k l}CoO//{h k l}Co, in the same way as in
he cermets studied by Echigoya et al.13 We observed no crystal-
ographic reorientation processes, as opposed to the previously
eported Ni-YSZ cermets prepared by the same method.14 More-
ver, X-ray pole figures obtained in reduced Co-YSZ cermets
Fig. 4) showed that Co maintains the same crystallographic ori-
ntation as in the CoO phase. These experiments were performed
n polished slices to avoid surface effects that could affect the
oO reduction behavior.

In order to test the microstructural stability of the Co-YSZ
ermet we performed ageing experiments under a continuous

ow of dry H2/N2 for 300 h at 900 ◦C and analyzed the samples
y SEM before and after the ageing experiments. The micro-
raphs showed that there is no microstructural evolution with
ime. Moreover, in order to determine the connectivity of cobalt
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Fig. 2. X-ray pole figures of the transverse cross-

articles, we measured the electrical conductivity of the same
ample at RT before and after the ageing. These results (Table 1)
howed no signs of degradation with ageing. We also measured

he pore size distribution before and after the treatment by Hg
orosimetry. In Fig. 5 we represent the pore size distribution
f the Co-YSZ cermet before and after 300 h under reducing
tmosphere. This distribution is narrow and centred on about

ig. 3. TEM image of the initial reduction stage of a CoO lamella. Image
btained in a transverse cross-section.
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n of a CoO-YSZ eutectic (equal area projection).

00 nm, and there is no significant evolution of pores with the
geing treatment.

. Discussion

Co-YSZ cermets produced by reduction of DSEO samples
re expected over time to have a long-term stability at high
emperatures. First, the lamellar microstructure of the cermet
revents the coarsening of cobalt particles in the perpendicu-
ar direction to the lamellae, because the YSZ skeleton sustains
obalt particles and pores acting as a barrier to the growth of
etallic particles. In addition, the good metal–ceramic adhesion

imits the coarsening in the direction parallel to the lamellae.
his is a very relevant aspect in channelled cermets because the
orous metal lamellae, besides expediting gas transport and elec-
ronic conduction, also facilitate the coarsening of the metallic
articles assuming they are not well-bonded to the YSZ lamellae.

In channelled Ni-YSZ cermets prepared by the same route
e have recently reported the formation of four different kinds

f low-energy interfaces.14 Two of these interfaces were formed
fter a crystallographic reorientation of Ni that leads to the devel-
pment of an epitaxial Ni-YSZ interface. However, in the present
ase we have not observed such crystallographic reorientation

able 1
lectronic conductivity before and after the ageing treatment

Electronic conductivity (S/cm)

efore ageing (2.7 ± 0.3) × 104

fter ageing (2.6 ± 0.3) × 104
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Fig. 4. X-ray pole figures of the transverse cross

rocesses, indicating that the Co-YSZ interfaces formed directly
y topotactic reduction, {h k l}CoO//{h k l}Co, are presumably
table enough that the evolution to a lower-energy interface is
ot necessary.
Metal–ceramic interfaces in cermets prepared by reduction
f DSE present, in general, good adhesion properties. Coupled
utectic growth is characterized by the formation of low-energy

ig. 5. Mercury porosimetry measurements obtained before and after the ageing
reatment (300 h at 900 ◦C).
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nterfaces in order to minimize the interfacial energy, and
enerally leads to the formation of low-index oxide–oxide inter-
aces. Besides the matching between oxygen sublattices, ionic
harge balance at the interface is a requirement for low-energy
nterfaces in ionic compounds.15 Moreover, recent theoretical
alculations indicate that strong bonding is obtained when both
nterfacial planes are polar,16 and detailed HREM studies of the
-ZrO2-NiO interface showed that the interface is formed by a
ommon oxygen plane, maintaining the cation–anion sequence
cross the interface.17 In our CoO-YSZ DSEO the low-index
lanes parallel to the growth direction, {2 2 0} planes, are not
olar and the system is probably looking for other interfacial
lanes not parallel to the growth direction. As a consequence,
fter reduction of the transition metal oxide, the interface is
ormed between cobalt and YSZ polar planes. Ab initio Den-
ity Functional Theory (DFT) calculations of metal–ceramic
nterfaces show that adhesion between metal and polar ceramic
urfaces is stronger than in the case of non polar ceramic
urfaces.18 The electric charge at a polar surface is not com-
ensated, resulting in a high surface reactivity and consequently
good adhesion with the metal surface.

Ageing experiments confirm the long-term stability of the

o-YSZ cermets produced from reduction of a self-assembled
SEO, corroborating the good metal–ceramic adhesion of these

ermets. The electrical conductivity values remain constant after
he ageing treatment. It is important to note that the electri-



Europ

c
t
a
N
s
2
s

5

C
t
r
o
o
w
n
p
t

A

M
F
d
i

R

1

1

1

1

1

1

1

1

M.A. Laguna-Bercero et al. / Journal of the

al conductivity of the Co-YSZ cermet is three times greater
han the channelled Ni-YSZ cermet produced the same way,9

nd almost one order of magnitude greater than in an isotropic
i-YSZ cermet of the same composition.19 Moreover, the pore

ize distribution represented in Fig. 5 show that pores are about
00 nm in size in both aged and non aged samples. Only a small
hift to bigger diameters can be appreciated in the aged samples.

. Conclusions

We have produced textured porous cermets by reduction of
oO-YSZ directionally solidified eutectics. Before reduction

he eutectic growth directions are [1 1 1]CoO//[1 1 1]YSZ. During
eduction of CoO to Co, cobalt maintains the crystallographic
rientation of cobalt oxide and no reorientation processes were
bserved. Apparently the Co-YSZ interfaces formed in this
ay ensure good stability of the material over time. The chan-
elled microstructure of the cermet could improve the anode
erformance, assuring fluent gas flow and electronic conduction
hrough the porous metallic lamellae.
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