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Evaluation of Metal Supported Ceria Based Solid Oxide Fuel
Cell Fabricated by Wet Powder Spray and Sintering

Naoki Oishi” and Yeong Yoo

Institute for Chemical Process and Environmental Technology, National Research Council Canada, Ottawa,

Ontario KIA OR6, Canada

A ceria based solid oxide fuel cell was fabricated onto a porous stainless steel support by sintering process. The metal supported
cell was composed of a porous AISI430 support, a Ni-Cey3Y(,0,¢9 anode, a Ce;oGd, ;0,05 electrolyte, and a
Lay Sty 4Coq,Fe 305 cathode. A cell was tested at 600°C for up to 2700 h on humidified argon balanced hydrogen and air. The
cell showed no signs of degradation over 1200 h at low current densities of 0.16 and 0.24 A cm™; however, under a high current
density of 0.32 A c¢m™, the cell voltage dropped by 25% in 1400 h. Impedance measurements showed a sharp increase in
polarization resistance that could be associated with the cathode. Ohmic resistances from the oxide scale and electrodes did not
significantly contribute to the overall resistance, while electrode polarization resistance accounted for more than half of the overall

resistance.
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The early development of metal supported solid oxide fuel cells
(SOFCs) in the middle of the 1960s demonstrated that zirconia cells
with a variety of porous metal supports made of nickel or stainless
steel were operational at 710-800°C."? In the 1980s, nickel sup-
ported thin zirconia cells fabricated by vacuum evaporation and
back-etch were reported to be operational at 500-700°C.>> How-
ever, it was not until the 1990s that a couple of research organiza-
tions developed metal supported SOFCs with reasonable cell
characteristics.*® The metal support structure using a ferritic stain-
less steel material allowed for enhancement of the mechanical
strength of cells, improving the redox stability of cell stacks and
minimizing the usage of costly electrode and electrolyte materials."
In recent years, there has been an increasing number of research
activities on metal supported SOFCs with ferritic stainless steel
materials.'"”!

It is important to establish inexpensive technologies for manu-
facturing to further reduce costs. In fabricating metal supported
SOFCs, using conventional ceramic manufacturing technologies is
advantageous from an economic perspective. The conventional ce-
ramic technologies in producing ceramic bodies with powder mate-
rials include molding, pressing, and sintering, which are all afford-
able technologies. The range of thickness of cell components, i.e.,
the cathode, electrolyte, and anode, is projected to lie within
1-30 m; therefore, wet powder spray technology”’18 is consid-
ered one of the candidates for forming thin cell components on a
support from a viewpoint of thickness controllability. By replacing
the molding process in conventional ceramic manufacturing tech-
nologies with a spraying process, such ceramic manufacturing tech-
nologies can be exploited to make thin layers on a support.

The objective of this study is to fabricate stainless steel sup-
ported SOFCs by using such a modified ceramic manufacturing
technology involving the wet powder spray and subsequent sintering
step with an attempt to operate cells at a lower temperature of
600°C, to check their long-term stability, and to evaluate cell com-
ponents based on electrical resistivity.

Experimental

Commercially available porous AISI430 stainless steel (Fe-17Cr)
sheets made by powder metallurgy were used as a support. The
porosity of the sheet was about 15%. A porous stainless steel support
was prepared in a 25 mm diameter disk form, 1.2 mm thick. The
porous supports were cleaned in organic solvents and passivated in
nitric acid before fabricating cell structures on them.

A trilayer of anode, electrolyte, and cathode was fabricated as

* E-mail: naoki.oishi@nrc-cnre.gc.ca

follows." First, an anode layer was df%posited onto the surface of a
porous support by wet powder spray1 -18 using a colloidal suspen-
sion. The sprayed anode layer was pressed to have the sprayed sur-
face smooth, and then prefired at 900°C for 1 h. Subsequently, an
electrolyte layer was sprayed in a similar manner to the anode spray.
After a binder burnout process at S00°C, the electrolyte layer was
isostatically pressed at 345 MPa to achieve a high level of packing
density and then sintered at 1050°C in a nonoxidizing atmosphere
for 1 h. A cathode layer was finally attached by spraying and firing
at 850°C for 3 h. Suspensions were prepared with an oxide powder,
organic agents (binder and surfactant), and an alcohol medium. 55
wt % NiO-45 wt % CeygY (-0, 9 composite (Ni-CY82) was used
for the anode material and Ce(oGd ;0,95 (CG91) was used for the
electrolyte. The cathode was Lag ¢St 4Cog ,Fey 303 (LSCF6428). In
this work, zirconium (0.5-1 cation %) was used as a sintering in-
hibitor for the anode for the purpose of keeping the anode layer
porous during the electrolyte sintering, whereas iron (0.5-1 cation
%) was used as a sintering aid® to densify the electrolyte layer.

To evaluate polarization resistances in the electrodes, impedance
measurements were carried out in the temperature range 400-600°C
on symmetrical cells: an LSCF6428 cathode | CG91 electrolyte |
LSCF6428 cathode cell, and a Ni-CY82 anode | CG91 electrolyte |
Ni-CY82 anode cell, with an excitation voltage of 10 mV over the
frequency range 1 X 10° to 1 X 1073 Hz. Electrodes were depos-
ited by spray onto 13 mm diameter, 0.9 mm thick CG91 electrolyte
disks. For anodes, due to technical difficulties in realizing the fab-
rication conditions similar to those for cell manufacturing, an anode
layer was sprayed onto both sides of an electrolyte disk that was
sintered at 1050°C, and then fired at the same temperature after
pressing. In the cell manufacturing, the deposited anode, which was
prefired at 900°C, was cofired with the electrolyte at 1050°C after
pressing.

The cell fabricated on a porous stainless steel support was tested
by using a galvanostat on humidified argon balanced hydrogen and
air at 600°C. Fuel utilization was kept below 10%. A schematic
diagram of the fuel cell test rig is shown in Fig. 1. The temperature
was monitored underneath the porous support in the fuel atmo-
sphere. In the cathode side, the surface of the Fe-17Cr stainless steel
support was coated with either the CG91 electrolyte or ceramic ce-
ments so that there was no direct exposure to air (negligible chro-
mium vapor species in the cathode). The current density was calcu-
lated based on the area of the cathode with a smaller diameter than
the electrolyte. Impedance measurements were also performed dur-
ing testing. After testing, microanalysis using a scanning electron
microscope (SEM) was carried out on cross sections of a tested
sample.
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Figure 1. Schematic diagram of a fuel cell test rig placed in a furnace.

Results and Discussion

Estimation of polarization resistance by impedance measure-
ments of symmetrical cells.— Impedance spectra (Nyquist plots) for
the LSCF6428 cathode and the Ni-CY82 anode on CG91 electro-
lytes are shown in Fig. 2. Air was used as a cathode gas, and hu-
midified argon balanced 50% hydrogen (wet Ar-50% H,) was used
as an anode gas. The impedance spectrum for LSCF6428 at 597°C
is made of one arc with its peak at 3.3 X 10> Hz and an inductive
response at high frequency, while at a low temperature two well-
defined arcs are observed. Although two overlapping arcs at high
frequency (peak at ~10° Hz) and low frequency (peak at ~10 Hz),
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Figure 2. Impedance spectra (Nyquist plots) for the LSCF6428 cathode and
the Ni-CY82 anode on CGY1 electrolytes. The temperature and peak fre-
quency are shown.
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Figure 3. Arrhenius plots of R, for the LSCF6428 cathode and the Ni-
CY82 anode.

attributing the former to chargze transfer and the latter to diffusion of
oxygen species, are reported, 122 the low frequency arc is not dis-
tinguishable in this impedance spectrum. Like the LSCF6428, the
impedance spectrum for Ni-CY82 at 597°C seems to consist of one
distorted arc with its peak at 3.6 X 107> Hz and an inductive com-
ponent, while at a low temperature there appears to be another arc at
high frequency as well as a low frequency arc. Literature on imped-
ance measurements for cermet anode—ceria electrolyte systems is
limited; impedance spectra for copper or nickel cermet anodes on
ceria electrolé/tes are reported to have a low frequency arc
~1073 Hz).2*

In this work, polarization resistance, R, was defined by the
difference in the two x-intercepts plotted or by fitting a semicircle to
a low frequency arc in obtaining the length of the cord on the x-axis
where two arcs were noticeable at low temperatures. Although im-
pedance spectra in the temperature range tested contained induc-
tance contributions, no calibration was made to eliminate the effect
of inductance, e.g., at 597°C 0.84 cm? for LSCF6428 and
0.05 Q cm? for Ni-CY82. As shown in Fig. 3, Arrhenius plots of
R, are linear, estimating activation energies at 1.7 eV for
LSCF6428 and 1.0 eV for Ni-CY82 on CG91 electrolytes. Over the
temperature range tested, the Ni-CY82 anode has at least 1 order of
magnitude lower polarization resistance than the LSCF6428 cath-
ode. There are many reports regarding the polarization resistance
and activation energy of the LaggSrg4Cog,Fe)g05; cathode—ceria
electrolyte systems by using impedance spectroscopy; 222528 how-
ever, polarization resistances are widely varied, especially in the
temperature range 500-600°C where there is as much as 1 order of
magnitude of difference at the same temperature, e.g., at 600°C
from 0.3 to 4 (0 cm?, while activation energies obtained on Arrhen-
ius plots lie within a range of 1.1-1.7 eV. Compared with these, our
estimated polarization resistance is relatively low, about 0.8  cm?
at 600°C with the activation energy being high (1.7 eV). Little is
known on cermet anode—ceria electrolyte systems. The activation
energy calculated for Ni-CY82 (1.0 eV) agrees with a value of 0.95—
0.96 eV for a Ni—Ce( gSm(,0 9 cermet anode on a Ce,gSm(,0; 9
electrolyte  system  characterized by a  three-electrode
conﬁguration.2 However, the reported polarization resistance is
about 0.6 Q cm? at 600°C, which is more than 1 order of magni-
tude higher than our obtained resistance (0.05  cm?). In this
work, the firing temperature was lower, and isostatic pressing was
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Figure 4. Voltage of a stainless steel supported ceria based cell at 600°C
under different galvanostatic operations.

applied to improve the bonding between the electrolyte and the an-
ode before firing; therefore, these processing conditions are thought
to retain high surface area to provide lower polarization resistance.

Long-term testing of a cell fabricated on a porous stainless steel
support.— A cell fabricated on a porous stainless steel support was
about 20 pm in anode thickness, about 10 pm in electrolyte thick-
ness, and about 25 wm in cathode thickness. Thicknesses were mea-
sured with the step height around the edge of each layer by an
optical microscope. The density of the sintered electrolyte remained
unclear due to variability in observed thickness; however, image
analysis on surface SEM micrographs indicated a volume density of
96-98%. The open-circuit voltage, V., was about 0.84 V at 600°C
on wet Ar—50% H, and air.

Figure 4 shows the voltage change in a cell tested for up to 2700
h under different galvanostatic operations: 0.16, 0.24, and
0.32 A cm™. There is no noticeable voltage degradation for about
1200 h after 100 h during the 0.16 and 0.24 A cm™2 operations.
After the current density was increased from 0.24 to 0.32 A cm™2,
the cell started to show voltage degradation over time, and the cell
voltage dropped by 25% in the following 1400 h.

Current density—voltage characteristics taken at 20 and 1000 h
during the 0.16 A cm™ galvanostatic operation, at 1375 h during
the 0.24 A cm™ operation, and at 2100 and 2700 h during the
0.32 A cm™ operation are shown in Fig. 5. During the
0.16 A cm™2 galvanostatic operation, V,. remained the same, ap-
proximately 0.84 V, while the current density was slightly increased.
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Figure 5. Current density—voltage characteristics at 600°C at different times.
Hydrogen fuel concentration is shown in percent.

ferent times. Hydrogen fuel concentration is shown in percent.

When the hydrogen concentration was changed from 50 to 75% at
1375 h, there appeared to be a great increase in current density with
Voe being almost similar. In our preliminary fuel cell test experi-
ments at 600°C, V. was found to gradually increase with time when
fuel started to be fed into the anode; in addition, high concentration
fuel had an impact on the rate of V. generation, and it was therefore
thought that the nickel oxide in the anode deposited onto such a
thick porous support (1.2 mm) with a low porosity (~15%) is not
readily reduced to increase porosity at 600°C. Accordingly, the in-
crease in current density seen in Fig. 5 can be attributed to the
improved diffusivity of H, and H,O in the anode side, which is
associated with concentration polarization. During the 0.32 A cm™
galvanostatic operation from 1375 to 2700 h, V. as well as current
density decreased.

Figure 6 shows the impedance spectrum under open-circuit volt-
age condition at different times. At 20 and 1000 h, the spectra are
made of two arcs at high and low frequencies, which are similar in
size. As expected from slopes near V.. on the current density—
voltage characteristics in Fig. 5, the overall resistance obtained from
impedance measurements remained almost unchanged, about
0.73 Q cm?. The impedance spectrum at 1375 h on 75% H, has a
smaller arc at low frequency than that at 20 and 1000 h measured on
50% H,. In our separate work>® using porous supports made by laser
drilling, which could provide high gas permeability due to straight
open pores in the thin (0.25 mm) support with high porosity (20%),
the arc at low frequency was merged to the high frequency arc;
therefore, the low frequency arc is thought to be associated with
polarization in the anode side, especially concentration polarization
(in anode and porous support). In fact, a cell fabricated on the laser-
drilled porous support was found to deliver more current with good
linearity with voltage until a high current density (>0.5 A cm™),
which indicated the importance of gas transport in porous supports
in decreasing concentration polarization. In contrast to the peak fre-
quency of the arc for the symmetrical anode (~ 1073 Hz) shown in
Fig. 2, the impedance spectrum for the symmetrical cathode ap-
peared to have an arc with its peak lying at a higher frequency,
10° Hz range; therefore, the high frequency arc with a peak at a
range 10>-10° Hz in the impedance spectrum for a cell is thought to
have a correlation with cathode. After 1375 h, the arc at the high
frequency seems to grow, with its peak frequency shifting toward
the low frequency from 5.0 X 10> Hz at 1375 hto 1.6 X 10?> Hz at
2700 h, and the overall resistance increases by 0.19 € cm?. In the
nickel-cermet anode supported zirconia cells tested for 1500 h at
750°C at various current densities, the high frequency arc is re-
ported to increase with increasing current densities.” Compared to
the change in the overall resistance, the ohmic resistance change is
only 0.05 Q cm? and high current density operation is found to
deteriorate polarization resistance. Because the range of the high
frequency arc observed on a cell under open potential is closer to

Downloaded 17 Feb 2010 to 132.246.79.102. Redistribution subject to ECS license or copyright; see http://www.ecsdl.org/terms_use.jsp



B128 Journal of The Electrochemical Society, 157 (1) B125-B129 (2010)

i)

; Electrol.“;te

Figure 7. SEM micrograph of a cross section of a stainless steel supported
ceria based cell tested at 600°C for 2700 h. The interface region between the
stainless steel support and the Ni-CY82 anode is shown in the inset.

that of an arc observed on the cathode symmetrical cell, the high
frequency arc is thought to reflect polarization in the cathode rather
than polarization in the anode. The degradation under the
0.32 A cm™ operation where the high frequency arc is growing in
size is thought to be caused by some change in the cathode, which
could also explain the drop in V. from 0.84 to 0.79 V due to in-
creased electrode polarization.

Evaluation of resistive cell components.— The  cross-sectional
SEM micrographs of the cell tested for 2700 h are shown in Fig. 7.
The thickness of the Ni-CY82 anode is 23-26 pm, and the CG91
electrolyte is 13—14 wm. Although the cathode is not shown due to
partial delamination during sample preparation, the thickness range
was 25-30 pm. A thermally grown oxide scale on the Fe-17Cr
porous stainless steel support is seen (inset of Fig. 7), but in the
stainless steel phase underneath the oxide scale, there is no continu-
ous inner oxide phase like SiO,.

Assuming that the oxide scale is made of pure Cr,O3, from the
resistivity data for Cr203,32 the area specific resistance of the oxide
scale with a thickness of less than 0.5 pm is calculated to be less
than 1 X 1073 Q cm? at 600°C. In general, AISI430 has manga-
nese as a minor element (up to 1 wt %); therefore, the resistivity of
the oxide scale can be decreased by manganese doping, which
would be the case for this oxide scale grown. The electrical resis-
tivity of the stainless steel is also negligible (<1073  cm?).

Because the Ni-CY82 anode is estimated to have approximately
42 vol % nickel and 58 vol % Ce(3Y (-0 o, the matrix of this anode
layer is made up of CeygY(,0;9. Resistivity measurement of a
sintered Ni-CY82 disk showed that it has a metallic behavior in the
temperature range 550-650°C in wet Ar—50% H,, and the resistivity
at 600°C was about 1.9 ) cm. The 23-26 pm thick anode layer is
expected to be below 5 X 1073 Q) cm? in area specific resistance.

According to earlier reports,33’34 the total resistivity (lattice plus
grain-boundary contributions) for Ceq ¢Gdg 10 95 is 62-70 ) cm at
600°C in air, and the area specific resistance of a 13—14 pm thick
electrolyte is calculated to be 0.08-0.1 ) cm? in air. However, the
resistivity of cerium oxide is decreased with decreasing oxygen par-
tial pressure, po,, due to the occurrence of electronic conductivity
(Ce** — Ce** + e7). It is difficult to obtain the resistivity of a ceria
electrolyte layer under a Po, gradient. The electrolyte layer may
have a resistivity close to that of the anode. As can be roughly
estimated from the impedance spectra of symmetrical cells by as-
suming that the lower x-axis intercept corresponds to the resistance
of a ceria electrolyte disk, the resistivity in air is 125 () cm, while

the resistivity in wet Ar-50% H, is 50 ) cm, which is less than
half of the resistivity in air. Accordingly, the electrolyte’s resistance
would not exceed 0.1  cm? in the form of a cell.

The resistivity of LajSrg4Cog,FeygO; is reported35 to be 2.9
X 1073 Q cm at 600°C in air, and the area specific resistance of a
25-30 wm thick cathode is well below 1 X 107 Q cm?, assuming
a porosity of 30%.

From the impedance spectrum at 20 h, ohmic and polarization
resistances are 0.32 and 0.41 Q cm?, respectively. The ohmic resis-
tances of the oxide scale, the anode, and cathode layers are low
enough so that these components would not contribute significantly
to the ohmic resistance in a cell. The electrolyte layer might well
account for most of the ohmic resistance. However, the measured
ohmic resistance of 0.32 Q0 cm? appears to be greater than the es-
timate, less than 0.1 Q cm?; there needs to be some unknown re-
sistive component, which is yet to be identified to explain this in-
consistency. In contrast, the polarization resistance of 0.41 Q cm?
obtained on the impedance measurement under open-circuit voltage
condition is less than half of the value of 0.89 ) cm? that was
compiled with the anode and cathode contributions (anode,
0.05 Q cm? and cathode, 0.84 ) cm?) obtained on symmetrical
cells. From a polarization point of view, the cell appeared to perform
better than expected, while this cell did not perform as good as the
expectation from an ohmic resistance perspective, but the cell was
found to show characteristics better than expected; 0.73 () cm? on
a cell over 0.99 Q) cm? based on estimates. Different from imped-
ance measurements on symmetrical cells where there is no steady
current except for a current responding to the applied signal voltage,
during the impedance measurement under open-circuit voltage on a
thin ceria based cell, there is a leak current due to its electronic
conductivity; therefore, it is thought that the electrodes, especially
the cathode, are already activated by its leak current, leading to a
lower polarization resistance during the measurement.

In the cell configuration of the porous AISI430 stainless steel
support, the Ni-CY82 anode, the CG91 electrolyte, and the
LSCF6428 cathode, ohmic resistances from the oxide scale on the
support, the anode, and the cathode have little impact on the overall
resistance. It is not sufficient to explain the measured ohmic resis-
tance by using the estimated electrolyte contribution. The polariza-
tion resistance is found to account for more than half of the overall
resistance, and the polarization resistance is thought to be dominated
by cathode.

Conclusions

A stainless steel supported SOFC was made by the wet powder
spray and sintering route. The open-circuit voltage of a 13-14 pm
thick ceria based cell was about 0.84 V at 600°C on humidified
argon balanced 50% hydrogen and air. There was no noticeable
voltage degradation over 1200 h under the 0.16 and 0.24 A cm™
galvanostatic operations; however, under the 0.32 A cm™ opera-
tion, the cell voltage dropped by 25% in 1400 h. Impedance mea-
surements during the long-term test showed an increase in polariza-
tion resistance that could be associated with the cathode. In the
stainless steel supported ceria based cells operated at 600°C, ohmic
resistances from the oxide scale, anode, and cathode do not signifi-
cantly contribute to the overall resistance, while polarization resis-
tance, presumably mainly from the cathode, was found to account
for more than half of the overall resistance.
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