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Mixtures of nickel and metal aluminate (Ni-MAI,O4 [M=Fe, Co, Ni and Cu]) were fabricated, and their
electrical conductivities, microstructures and thermal expansions were measured. During the sintering of
these mixtures, MAl, 04 reacts with NiO to form NiAl,04 and MO, which are thought to be the reasons for
the differences in the microstructures and electrical properties. Except for FeAl,04, Ni-MAI,04 mixtures
show metallic conductivity behavior and their electrical conductivities are sufficient for cell operation.
Their thermal expansion coefficients are much lower than conventional Ni-YSZ mixtures and closer to the
8YSZ electrolyte. The peak power densities of single cells supported with Ni-NiAl, 04 and Ni-CoAl,04 are
410 and 440 mW cm2 at 850 °C, respectively, which are lower than 490 mW cm~2 of Ni-YSZ. This is due
to the polarization resistances of functional anode layer. The Ni-CuAl,O4-supported cell has no electrical
performance because of Cu migration and segregation.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

The solid oxide fuel cell (SOFC) is a highly efficient power gen-
erating system that can directly use hydrocarbons as a fuel source
and can be combined with a gas turbine system [1]. For the fab-
rication of SOFCs, two different types of supports have been used,
namely, electrolyte and anode supports [2], the latter of which is
more popular. In anode-supported cells (Fig. 1 left), a thin yttria-
stabilized zirconia (YSZ) film is coated on the thick anode support,
which is composed of Ni-YSZ cermet [3-5]. Ni-YSZ supports have
been used for a long time due to their superior properties, includ-
ing, high electrical conductivity, high gas permeability, and good
catalytic activity. However, Ni-YSZ supports can increase manufac-
turing cost due to their large volume fraction. I[ppommatsu et al.
[6] have reported that the manufacturing cost of Ni-YSZ supports
is almost 40% of the cost of the planar-type single cell.

Many researches are working on bringing down the costs of
raw material and fabrication processes for the commercialization
of SOFC. In the anode supports, the electrocatalytic reactions take
place in a thin (10-15 wm) area between the electrolyte and the
anode interface. The rest of anode support provides for gas trans-
port and an electrical pathway. Therefore, it is possible to make new
kinds of single cells coated with thin catalytic layers on the thick
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electroconducting support (Fig. 1 right). All of the following have
been considered as candidates of the SOFC supports: porous metal
supports using Fe-Cr alloy or Ni [7-9], Ni cermets based on TiO,
and Al,03 [10-12], and mixed ionic-electronic conductors (MIEC)
[13].

Carbon deposition on the anode, which is caused by the use
of hydrocarbon fuels, is another issue that should be resolved in
SOFCs. Cokes, which are easily generated on the surface of Ni
particles, deactivate the cell performance at high operation tem-
peratures [14]. To avoid this, larger amounts of steam should be
supplied along with fuel [15]. Anodes made up of Cu/YSZ com-
posites with CeO, [16], Cu/YZT [17], and metal-doped lanthanum
chromites [18,19] without Ni doping have been studied for their
success in preventing carbon formation. These anodes are stable
at low steam/carbon ratio conditions; however, no materials have
shown higher catalytic activity or endurance than Ni-based cer-
mets. Ni-doped alumina and Ni-doped metal-aluminate (NiAl,O4,
CoAl,04) are well-known hydrocarbon reforming catalysts, which
have high mechanical strength and resistance against carbon
deposition [20,21]. When porous Ni-MAI,04 (M=Fe, Co, Ni, Cu)
mixtures are applied as anode supports, they reduce the cost of raw
materials and improve the mechanical stability in a direct hydro-
carbon SOFC system.

This paper investigates Ni-metal aluminate mixtures that con-
tain various kinds of transition-metals (Fe, Co, Ni and Cu) for
possible application as anode supports in SOFC. The physical prop-
erties and microstructures of these mixtures are measured and
compared in relation to the measured activity of Ni-YSZ anode
supports.
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Fig. 1. Comparison between anode-supported and non-electrode-supported SOFC design.

2. Experimental
2.1. Sample preparation

Metal aluminate (MAI,04) powders were prepared by the
impregnation method. The metal nitrate hydrates (Ni(NO3 ),-6H,0,
Co(NO3),-6H,0, Cu(NO3),-xH,0 and Fe(NOs3)3-9H,0) were dis-
solved into distilled water. The dissolved solution was mixed with
a stoichiometric amount of Al,03 (AKP-30, Sumitomo Chemical
Co.) powder and dried at 100°C for 3 h. Metal aluminate sam-
ples were obtained after calcined at 1200°C for 5 h. NiO-MAI,04
mixtures were prepared by mixing the MAI,O4 powder and NiO
powder (>99%, ].T. Baker) in various ratios to obtain cermets with
final NiO contents of 20, 30, 40, 50 and 60 wt%. The mixed pow-
der was ball-milled in an alumina bottle with alumina balls and
ethanol for 2 weeks. After drying in an oven, a disk-type support
was prepared by uniaxially pressing and sintering in air at 1400 °C
for 3 h. This was followed by H, reduction in a flow of 5% H,/He
at 850°C for 5h to obtain reduced Ni-MAI;0g4. A reference sam-
ple of NiO-YSZ cermet was also prepared by mixing 55 wt% NiO
with YSZ (TZ-8Y, TOSOH) to make 40 vol% Ni contents after reduc-
tion.

2.2. Sample characterization

Abar-type of the support (2 mm x 3 mm x 15 mm)was prepared
by cutting the disk-type support in order to measure electrical
conductivity. The electrical conductivity was measured by the
4-probe DC technique with Pt wires bending around the bar.
The microstructures of reduced NiO-MAI,O4 mixtures were ana-
lyzed by scanning electron microscopy (FE-SEM, Hitachi S4300SE,
Japan), and each phase was identified by an energy dispersive
X-ray spectrometer (EDX). In order to analyze phase state, the
XRD (Cu Ka) measurement and XANES spectra (beamline 3C1
of the Pohang Accelerator Laboratory, POSTECH, Korea) were
used. The thermal expansion coefficient of the reduced mixtures
was measured by a dilatometer between room temperature and
1000°C.

Alumina tube

2.3. Single cell test

The MAI,O04 powder that was prepared by impregnation and
50 wt% NiO powder were mixed together to make the cell support.
The mixed powder was pressed into 20 mm-diameter disk under
200 MPa, followed by pre-sintering at 1100 °C for 2 h. To make the
thin anode layer and electrolyte film, NiO-YSZ (50:50 wt%) powder
and YSZ powder were suspended in isopropanol. The suspensions
of NiO-YSZ and YSZ were deposited one by one on the disk surface
of the Ni-MAIl, 04 support by a spray-coating method. The spray-
coated Ni-MAI,04 disk was co-fired at 1400°C for 3 h. LSM-YSZ
and pure LSM ((Lag gSrg.2)o.9sMnO3, NexTech Materials, Ltd.) pow-
der were used as cathode materials. The cathode powder (90 wt%),
polyvinyl butyral (5wt%) and polyethylene glycol (5wt%) were
mixed together in isopropanol and ball-milled for 12 h to make a
slurry. The LSM-YSZ and LSM slurries were coated (0.7 cm x 0.7 cm)
one by one on the electrolyte film by stencil printing and fired at
1200°C for 3h in air.

Fig. 2 shows the instrument for cell performance measurement.
The single cell was attached to the alumina tube and sealed with
an zirconia paste (Ultra-Temp 516, Aremco products, Inc.). Platinum
meshes were attached to the both sides of the electrodes for cur-
rent collection, and Pt wire was connected to each platinum mesh.
Two small alumina tubes were placed in tight contact with the both
electrode sides to reduce the contact resistance. Operation temper-
ature was controlled using a tube furnace, and cell performance
was measured with an electronic loader at 850 °C. Fuel, which was
in the form of H, with 3% H,0, was fed to the anode side, and air
was fed as the oxidant to the cathode side.

3. Results and discussion
3.1. Electrical conductivity and microstructure
The electrical conductivities of the Ni-MAI, 04 mixtures under

reducing conditions (5% H, balanced with He) were measured
by means of a 4-probe dc method. Fig. 3 shows that electrical
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Fig. 2. Configuration of the single cell testing instrument.
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Fig. 3. The electrical conductivities of the Ni-MAI,04 mixture as a function of NiO
contents, measured at 20°C (dotted line), 800 °C (solid line) under H, conditions.

conductivities are greatly affected by NiO contents and tempera-
ture. In all cases, the conductivities of samples decrease at high
temperature (800°C), which implies that Ni-MAI,04 mixtures
have metallic conductivity behavior that comes from the metallic
Ni phase. Ni-CuAl, 04 mixture shows higher electrical conductivity
than any other mixtures and sustains good conductivity even at
low NiO contents. Ni-CoAl,04 and Ni-NiAl,04 mixtures show
almost same electrical properties, and they exhibit a sudden
increase in conductivity above 40 wt% NiO. We believe that the
metallic regions of the mixture are disjointed below 40 wt% and
that there is no conductance. When NiO content exceeds 40 wt%,
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Fig. 5. X-ray diffraction patterns of the reduced Ni-MAl,O4 mixtures. (a—c) pure
CuAl; 04, 20 Wt%, 50 wt% NiO and (d-f) pure CoAl, 04, 20 Wt%, 50 wt% NiO and (g-i)
pure NiAl; 04, 20 wt%, 50 wt% NiO. NiAl, 04 and CoAl, 04 can be distinguished by the
three major peaks. The 26 values of CoAl,04 are 314, 37.0, and 65.4. NiAl,O4 are
37.0, 45.0 and 65.6.

continuous conducting networks are formed, and electrical con-
ductivity increases rapidly. This phenomenon is known as the
percolation threshold [22]. Ni-FeAl,04 samples show no electrical
conductivity except for the 60wt% NiO sample. The reference
sample of reduced NiO-YSZ cermet containing 55 wt% NiO shows
6500S cm~! at room temperature and 1500 S cm~! at 800 °C. These
values are close to the conductivity values of Ni-MAI,04 samples
except Ni-FeAl,Qy4, indicating that Ni-MAI,04 has a conductivity
that is sufficient for the operation of SOFC.

Fig. 4. The microstructures of 50 wt% NiO-MAI, 04 mixtures after sintering at 1400 °C and reducing: (a) Ni-CoAl, 04, (b) Ni-NiAl, 04, (c) Ni-CuAl,04 and (d) Ni-FeAl,04. The

gray color shows the Ni phase.
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It is well known that electrical conductivity is greatly affected
by the Ni distribution in the anode cermet [23,24]. To understand
the conductivity result, the microstructures of the Ni-MAIl,04 mix-
tures were studied by image analysis. Fig. 4 shows the SEM images
of Ni and metal aluminate distributions in the Ni-MAl,04 mix-
tures. The distribution of the Ni phase seems to be affected by the
kinds of metal aluminate powder. In the cases of the Ni-CoAl,04
and Ni-NiAl,04 mixtures, fine-grained Ni and metal aluminate
particles were uniformly distributed (Fig. 4a and b), and this
microstructure is very similar to that of the commercial Ni-YSZ
cermet [25]. In the case of Ni-CuAl,04, the SEM image (Fig. 4c)
indicates that the metallic phase covers a large area and metal
aluminate particles are isolated in the Ni-CuAl,04 mixture. Cop-
per seems to help metallic phase segregation and densification,
which offers sufficient electrical contact. The Ni-FeAl,04 mix-
ture (Fig. 4d) has only a small amount of Ni phase area, and Ni
particles grow to bigger size (~10 wm), which reduces Ni-to-Ni
connection. These microstructures explain why the Ni-CuAl,;04
mixture has high conductivity but the Ni-FeAl,04 mixture has no
conductivity.

3.2. Phase analysis

In the previous section, the microstructures of Ni-MAI,;04
mixture are changed by the kinds of transition-metals (Fe, Co,
Ni and Cu), and these microstructures make a difference in elec-
trical conductivity. To understand the reason for microstructure
difference, the phase states of Ni-MAI,0, were checked. Fig. 5
is the XRD patterns of 0, 20, 50 wt% NiO with MAI,04 mixtures
after Hy reduction. The patterns show that NiAl,04 crystals are
synthesized when NiO ratios are increased. In the case of the
Ni-CuAl,04 mixtures, CuAl,04 crystal peaks (Fig. 5a) disappear
when NiO is added (Fig. 5b and c). Reduced 20 wt% NiO-CuAl,04
pattern has Cu-peaks with NiAl,04. This shows that NiO reacts
with alumina when Cu ions escape from metal-aluminate crystals
to become Cu metal. EDX results (Fig. 6) also show that Ni ions
are exchanged with Cu. Cu metal possesses 80wt% of metallic
phase (spectrum 2) and Ni is dissolved into the metal aluminate
structure (spectrum 3). The existence of copper seems to induce
the continuous metallic network in the Ni-CuAl,04 mixture, even
with a small amount of NiO (20wt%). In XRD patterns, reduced

Spectrun 2
Element Weight% Atomic%
o] 2.67 9.37
Al 275 3.72
Ni 1633 15.64
Cu 78.26 69.26
Totals 100.00
Spectrum 3
Element Weight% Atomic%
(o] 27.38 47.35
Al 3451 3540
Ni 18.24 8.60
Cu 19.87 8.65
Totals 100.00

Fig. 6. Energy dispersive X-ray spectrometer image of the reduced 20 wt% NiO-CuAl,04 mixture, spectra 2 and 3, which shows the elements of metallic phase and metal-

aluminate phase.
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Fig. 7. XANES analyses of the reduced NiO-CuAl,04 mixtures and NiO-CoAl,04 mixtures as compared to reference compounds.
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50 wt% NiO-CuAl,04 only has Ni peaks and no Cu peaks. In this
case, Cu metal has not disappeared but remains undetected. Lii
et al. [26] reported that there are no clear XRD peaks of copper
oxide when a small proportion of CuO is mixed with NiO. XANES
(Fig. 7 left) data confirm the XRD result that Cu metal exists in
Ni-CuAl,04 mixture. From these results, it is possible to explain
why the Ni-CuAl,04 sample shows higher electrical conductivity
than any other Ni-MAI,;O4. This is because it has a good metallic
phase connection and copper has higher electrical conductivity
than nickel (Cu 1.724, Ni 7.24 x 106 Q cm at 20°C [27]).

In the case of Ni-CoAl; 04, XRD patterns show that the CoAl;04
crystal is stable and that Ni peaks overlap with pure CoAl,04 pat-
terns (Fig. 5e and f). XANES results also support the hypothesis
that Co?* ions in the CoAl,04 crystal do not exchange with NiZ*
ions when the NiO-CoAl,0,4 mixtures are sintered. It is reported in
the literature that CoAl, 04 crystals have a normal spinel structure
with Co2* jons in tetrahedral sites [28]. From XANES results (Fig. 7
right), we observed that the Ni-CoAl,04 patterns are very similar
to CoAl,04 patterns and that Co?* ions in tetrahedral sites form a
small pre-edge at 7710eV [29]. It is thus established that CoAl,04
does not change its spinel structure with added NiO and that Co
ions remain Co(lIl) after reduction. Therefore, its microstructure is
similar to that of Ni-NiAl, 04 (Fig. 4), and their electrical properties
are almost the same (Fig. 3).

Fig. 8 shows the XRD patterns of Ni-FeAl, 04 mixtures. After cal-
cining at 1200 °C, hematite (Fe; O3) and alumina peaks are detected
(Fig. 8a), which indicates to us that FeAl,04 crystal has not been
synthesized. After calcining at 1400 °C and reducing with hydrogen
(Fig. 8b-d), the alumina phase disappears, and magnetite (Fe304)
peaks are detected with intensive peaks of NiAl,04 phase. The for-
mation of NiAl,04 leads to the consumption of Ni metal, which
means that the Ni-FeAl,04 mixture has only a small volume of
metal-phase Ni (Fig. 4d). This is the reason that its electrical con-
ductivity is very poor.

3.3. Thermal expansion property

The thermal expansion coefficient (TEC) of support material is
an essential property in the fabrication of a single cell because
thermoelastic mismatch with cell components can cause the bend-
ing of support after co-firing or the reduction of mechanical
cell strength. Table 1 shows the TEC values of materials that
are commercially used in SOFC. In the case of Al,03, its TEC

Relative intensity

20

Fig. 8. X-ray diffraction patterns of the Ni-FeAl,04 mixtures. (a) 1200°C calcined
FeAl;04, (b) reduced FeAl,04, (c) reduced FeAl,04 with 20 wt% NiO and (d) reduced
FeAl,04 with 50 wt% NiO.

Table 1

Thermal expansion coefficients between 25 and 1000 °C of SOFC materials.
Material (x10°6 K1)
8YSZ 10.5

LSM 11.7

Ni 16.5

Al 03 8.3

value (8.3 x1076K-1) is relatively low compared with that of
8YSZ (10.5 x 10-6K-1). So, the thermal expansion properties of
Ni-MAI,0O4 can be adjusted to 8YSZ by controlling Ni content.
Our TEC results (Fig. 9), which were measured using a dilatome-
ter, indicate that the reduced NiO-MAI,04 mixtures containing
50 wt% NiO have similar TEC values ((9.6-9.9) x 10-6 K-1) to that
of 8YSZ electrolyte under cell-operating conditions (800-1000°C).
These values can be compared with the TEC of Ni-YSZ mixture
(12.6 x 10~ K-1), which is much larger than that of 8YSZ. This
degree of appreciable difference between the Ni-YSZ substrate
and the electrolyte film might generate stress at the interface and
induce degradation of cell performance. Therefore, we used 50 wt%
NiO-MAI, 04 mixtures as single cell supports and measured their
cell performances.

3.4. Cell performance

Ni-MAI, O4-supported single cells were fabricated and operated
for comparison with conventional Ni-YSZ cells. Current-voltage
curves for the tested single cells are shown in Fig. 10. The
peak power density of a Ni-YSZ-supported cell is 490 mW cm~—2
at 850°C. Except for Ni-CuAl,04, the peak power densities of
other Ni-MAI,04-based single cells reached about 80% of that
of the Ni-YSZ-supported cell. The open circuit voltages (OCV)
of Ni-MAI,O4-supported cells are 1.1V, which implies both that
Ni-MAI,O4 supports have good co-sintering behavior with YSZ
electrolyte and that there is no open-pore in electrolyte layer.
Ni-CuAl,04-supported samples had little electrochemical perfor-
mance.

To evaluate the effects of support material on cell performance,
the microstructures of the Ni-MAI,O4-supported cell were exam-
ined with SEM-EPMA. Fig. 11 shows the polished cross-sections
of Ni-MAI, 04 substrates after cell operation at 850 °C. In this fig-
ure, bright areas indicate YSZ, while light-gray and dark-gray areas
indicate Ni metal and MAI,Oy4, respectively. Each cell has a dense
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Ni-CoALO,
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Fig. 9. Thermal expansion curves of Ni-YSZ and Ni-MAI, 04 mixtures. Each sample
containing 50 wt% NiO was sintered at 1400°C (3 h) and reduced at 850°C.
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Fig. 10. The current-voltage curves of Ni-MAI,O4-supported cells at 850°C, for
comparison with conventional SOFC. A Ni-YSZ-supported cell is also shown.

YSZ film (15 wm thickness) and thin Ni-YSZ anode layer that has
formed between the electrolyte and the substrate of single cell.
In case of Ni-NiAl,04- and Ni-CoAl,04-supported cells (Fig. 11a
and b), each anode layer is composed of the tiny nickel powders
with YSZ. In contrast, the anode layer of the Ni-CuAl,04-supported
cell has no fine particles. YSZ particles of the anode (Fig. 11c) were
coarsened to a diameter of 5-10 wm and isolated by the metal-
lic phase. Furthermore, several regions of the anode layer were
separated from the electrolyte film. The result of line composition
analysis (Fig. 11d) indicates that the metallic phase of the anode
layer is composed of Ni and Cu metals. During the co-firing step,
copper migrates from the substrate to the anode layer and seems
to help the grain growth of Ni-YSZ anode particles due to the fact
that the melting point of copper or copper oxide is lower than the
co-firing temperature (1400 °C). The formation of this liquid phase
accelerates grain growth. The fabrication of a highly porous and
finely structured anode is important in order to maximize contact
between the gas phase, the electrically conductive electrode, and

Coarsegefi YSZ

95 um

95 um

Fig. 11. The cross-sections of (a) Ni-NiAl,04-supported cells (b) Ni-CoAl,O4-supported cells, (c) Ni-CuAl,04-supported cells and (d) line composition analysis of Ni-CuAl,04-
supported cells. Black line: Zr, red line: Ni, yellow line: Cu, blue line: Al. (For interpretation of the references to color in this figure legend, the reader is referred to the web

version of the article.)
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Fig. 12. Impedance spectra of single cells measured at 850 °C in OCV conditions. (a)
Cole-Cole plots of Ni-MAl, 04-supported cells and (b) the imaginary impedances as
functions of AC frequency.

the ion-conductive electrolyte (Triple Phase Boundaries, TPBs). In
the case of the Ni-CuAl,04-supported cell, however, the agglom-
eration of anode particles led to a reduction of the amount of TPBs
and a detaching of the anode layer from the electrolyte. Therefore,
Cu migration and segregation in the anode layer are the reasons
why the Ni-CuAl,04-supported cell has no electrochemical per-
formance.

The relatively low electrochemical performances of Ni-MAI,04
(M=Ni, Co)-supported cells result from the difference of polar-
ization resistance. The impedance spectra of the Ni-MAI,;04-
supported cells are shown in Fig. 12. These results indicate that the
ohmic resistance (Rg) of the Ni-MAIl, 04-supported cell is similar to
that of the Ni-YSZ-supported cell. However, the polarization resis-
tances (Rp) of Ni-MAI,O4-supported cells are larger than that of
the Ni-YSZ-supported cell. The Rps are increased mainly at the high
frequency area (Fig. 12a). Typically, the impedance spectra near the
1000 Hz region are known to be polarization caused by the charge-
transfer or surface reaction of the electrode; these polarization
resistances are thought to be the main reasons for the degradation
of cell performance. When frequencies are less than 10 Hz, the types
of cell support do not affect the impedance values (Fig. 12b), and
the Ry, is related to gas diffusion. That means that Ni-MAI,04 sup-
ports have sufficient gas permeability when compared with Ni-YSZ
support.

Except for the change of cell support from Ni-YSZ to Ni-MAI; 04
mixtures, there is no difference in cell fabrication processes

between Ni-YSZ- and Ni-MAI,04-supported cells. Therefore, it
can be inferred that the polarization resistances of Ni-MAIl,04-
supported cells arise in the functional anode layer (FAL). In the
case of Ni-YSZ support, the interface contacted with the FAL
can participate in anode reaction. However, Ni-MAI,04 supports
cannot provide reaction sites because there are no TPBs. It is
only the FAL of Ni-MAI,O4-supported cells that takes part in
the anode reaction. This difference affects the performance of
Ni-MAI,O4-supported cells, which reduces their peak power den-
sities (Fig. 10). Increased polarization resistances indicate that the
FALs of Ni-MAI,04-supported cells lack sufficient catalytic reac-
tion area and that their thickness or microstructure needs to be
improved. To increase Ni-MAIl,04-supported cell performance,
modifications of cell fabrication should also be the subject of further
study.

4. Conclusion

Ni-MAI,04 mixtures were fabricated, and their electrical con-
ductivity, microstructure and thermal expansion coefficients were
investigated. Among them, Ni—CuAl,04 has the highest electrical
conductivity because Cu?* jons escape from the metal alumi-
nate structure to generate the Cu metal phase. In the case of the
Ni-FeAl,04 mixture, Ni forms a NiAl, 04 crystal, while iron remains
in an iron oxide phase, which results in less electrical conductivity
(except for the 60 wt% NiO-containing sample). The microstruc-
tures of Ni-NiAl,04 and Ni-CoAl, Q4 are very similar to each other,
and their electrical conductivities are sufficiently high that they can
be utilized in SOFC support. The TEC values of Ni-MAI,04 show
good affinity with that of 8YSZ. This makes it possible to fabricate
Ni-MAl, O4-supported single cells that have a 410-440-mW cm—2
cell performance at 850 °C. However, the electrochemical perfor-
mance of SOFC cells using Ni-MAI,O4 supports was about 20%
lower than that of a conventional Ni-YSZ cell because of the polar-
ization resistance caused by the charge-transfer or surface reaction
of anode. This was especially evident for Ni-CuAl,04-supported
cells, which had no performance due to the Cu migration and seg-
regation problems.
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