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The long-term operation of an anode-supported solid oxide fuel cell was examined to study the degrada-
tion factor. The cell was constructed using LaNig gFep 403 (LNF), alumina-doped scandia stabilized zirconia
(SASZ), and NiO-SASZ as the cathode, electrolyte, and anode respectively. The cell had Pt current collectors
and was operated for 6500 h. The test was carried out at 1073 K with a constant load of 0.4 Acm~2 and
included thermal cycling. The cell voltage degradation rate was below 0.86%/1000 h when the cell was
operated for up to 5200 h. Changes in the resistance of the cells during the experiments were analyzed by

gg;‘gords" impedance spectroscopy. The cathode polarization resistance and ohmic resistance increased with time.
Fuel cells The elements (Si and B) contained in the water condensed from the cathode exhaust gas were identified
LNF using inductively coupled plasma (ICP).

Degradation
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1. Introduction

Solid oxide fuel cells (SOFCs) have the potential to provide elec-
trical power with high efficiency and a low environmental impact
[1,2]. SOFCs have high operating temperatures (around 1273 K) and
require the use of the specific ceramic materials as seals and inter-
connect. However, the development of intermediate temperature
(below 1273 K) SOFCs could extend cell lifetimes, making it pos-
sible to use inexpensive metal components as interconnects and
reduce fabrication costs. Moreover, metal interconnects have the
advantages of ease of handling and sufficient mechanical strength.
However, if intermediate temperature SOFCs are to be used in prac-
tice, it is necessary to develop electrode materials that are active at
low operating temperature of about 1073 K.

We have used LaNi(Fe)O3 (LNF) cathode for anode-supported
cells because LNF has high electronic conductivity [3], a thermal
expansion coefficient that matches that of zirconia electrolyte [3],
and a high tolerance to Cr poisoning [4-6]. We have already con-
firmed that 60-mm & cells with LNF cathode using Pt current
collectors can achieve a high power density of .6 Wcm~1 [2,7]. We
have tested the long-term stability of a cell with a Pt current collec-
tor for 6000 h [8]. The degradation rate was 0.4%/1000 h. A 25-cell
stack was developed by using anode-supported planar 100-mm &
cells with metallic interconnects [9]. When reformed methane was
supplied to the stack, we obtained an electrical power output of
350W and a conversion efficiency of 56% at a current density of
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0.3Acm™2 and a fuel utilization rate of 75%. The efficiency stayed
constant for over 1000h. A 50-cell stack with 120-mm & cells
exhibited an electrical power output of 1.1 kW and a conversion effi-
ciency of 54% at a current density of 0.3 Acm~2 when the reformed
methane utilization rate was 67% [10]. However, the reliability of
this cell after several thousand hours has not yet been studied in
detail.

Some groups have tested the long-term operation of cells, stacks
and SOFC systems[11,12]. The Kansai Electric Power Co. Inc. and Mit-
subishi Materials Corporation have been developing a 10 kW-class
stack module with an electrical efficiency of over 40% HHV. The
accumulated operating time was about 2500 h [11]. The Tokyo Gas
Co. conducted cell durability tests as a function of the elapsed time
and the thermal cycle [12]. The cell operated stably at 0.2 Acm—2
and 1048 K for over 4000 h. The cell voltage degradation rate was
0.28%/1000 h. Other groups have studied the cell and stacks degra-
dation factors [13,14]. Horita et al. investigated the durability of a
20-cells stack [13]. The experiment was conducted at 1023 K with
dry H; under a constant current density of 0.3Acm~2 for more
than 5000 h. Some impurities (Na, Al, Si, and Cr) were detected at
the cathode and the cathode-electrolyte interlayer by SIMS after
the long-term operation test. Haga et al. evaluated the influence
of various fuel impurities, including sulfur compounds, chlorine,
and siloxane, on anode performance [14]. The cell voltage degra-
dation rate increased with increasing impurity concentration. They
also suggested degradation mechanism for each impurity. There are
various factors that influence the degradation and these have not
yet been clarified.

We also clarify possible degradation factors with a view to
improve cell lifetime. This paper reports a long-term degradation
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study of the power generation characteristics of anode-supported
solid oxide fuel cells using a LaNi(Fe )O3 electrode.

2. Experimental
2.1. Cell fabrication

An anode-supported cell (60 mm &) was fabricated by the co-
firing method, which is described elsewhere in detail [7,8,15]. SASZ
(10mol.% Scy;03- and 1mol.% Al,03-stabilized ZrO;) electrolyte
paste on an anode green sheet was screen-printed and co-sintered,
followed by the screen printing and firing of the cathode. The anode
substrate was made of Ni-SASZ. LNF (LaNiggFeg403) was used as
the cathode material. A LNF-SDC (Smg,Cepg019) interlayer was
inserted between the electrolyte and cathode [16].

2.2. Electrochemical measurement

As shown in Fig. 1, we performed a test employing an alumina
test housing with current collectors, for which we used a Pt mesh
with ceramic paste at the cathode and Pt mesh with Pt paste at the
anode. Commercial borosilicate glass was used to join the ceramic
cell and metal interconnect. A long-term test was carried out at
1073 K with a constant load of 0.4 Acm~2 (electrode area: 19.6 cm?).
About 3% humidified hydrogen gas was used as the fuel on the anode
side with a flow rate of 500 sccm. Dry air (Py,0 : 1 x 10~7 atm) was
used as the oxidant at a flow rate of 800 sccm. During the test, the
cell was thermally cycled twice between room temperature and
1073 K. The current-voltage curves and impedances were measured
intermittently. AC impedance measurements were performed over
the frequency range of 0.01 Hz to 63 kHz frequency range with an
amplitude of 10 mV by using the four-terminal method at 1073 K in
the vicinity of the open circuit voltage (OCV). For this measurement,
we used a frequency analyzer (Solatron 1250) and a potentiostat
(Solatron SI1287).

2.3. Characterization

The water vapor contained in the cathode exhaust gas during the
power generation test was condensed at room temperature. Water
samples were collected from the condenser at intervals of sev-
eral hundred hours, and the elements in the water were identified
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Fig. 1. Testing equipment: (A) cell; (B) cathode; (C) electrolyte; (D) anode; (E) cath-
ode current collector (Pt mesh and ceramic paste); (F) anode current collector (Pt
mesh and Pt paste); (G) current and voltage lead (Pt wire); (H) bubbler; (I) condenser
(cathode exhaust gas); (]J) glass sealant; (K) alumina housing; (L) heater.

by using inductively coupled plasma (ICP, IRIS/AP HR Advantage,
Thermo-Jarrell Ash).

3. Results and discussion

The time dependence of the cell voltage during long-term oper-
ation is shown in Fig. 2. The current-voltage (I-V) curves and
impedance spectra were measured for states 1-6 shown in Table 1.
There was a slight decrease in the cell voltage during 5200 h oper-
ation at 0.4Acm~2 and 1073 K. A slight increase in the cell voltage
was observed during the initial 1000 h operation. We think that this
gradual improvement in the performance can be attributed to the
sintering of the cathode during the current loading process [16,17],
which resulted in a reduction in the interface resistance and ohmic
resistance after the current had been loaded. We defined the cell
voltage degradation rate using the follow formula. The initial volt-
age and the voltage measured at an arbitrary operating time are
expressed as V and Vi, respectively.

Vo - Vi
0

Cellvoltage degradationrate (%) = x 100

The voltage degradation rate was 0.86%/1000 h during the oper-
ation that included the first thermal cycle between 0 and 5200 h.
After the second thermal cycle, the voltage drastically decreased
greatly. The voltage degradation rate was 1.40%/1000 h during oper-
ation between 0 and 5670 h.

Fig. 3 shows the [-V characteristics of the cell measured for states
1-6. The I-V characteristics degraded in accordance with the volt-
age behavior during the constant current operation shown in Fig. 2.
The initial OCV for state 1 was 1.10V, which exactly matched the
theoretical (Nernst) voltage (anode: Hy +3 vol.% H,O; cathode: dry
air) at 1073 K. After 2300 h, the OCV value for state 2 was similar
to that for state 1, which shows that the gas seal remained intact
during the power generation test. Before and after the first ther-
mal cycle, the OCV fell from 1.10 to 1.08 V. After that, it remained a
constant value for a period ranging from 5200 to 5670 h. After the
second thermal cycle, it decreased to about 1.07 V. This OCV drop is
probably due to a gas leak from the anode side.

The impedance spectrum was measured to clarify the reason
for the measured degradation of the cell. Fig. 4 shows a typical
impedance spectrum, which was measured for state 1. There are
two arcs: one with a high frequency and the other with a low
frequency. In our measurements, we found that the size for a
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Fig. 2. Cell voltage as a function of operating time.
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Table 1
Electrochemical performance of the cell for states 1-6.

587

Operation time (h) Cell voltage at 0Acm~2 (V)

Cell voltage at 0.4Acm™2 (V)

Voltage degradation rate at 0.4 Acm~2 (%/1000 h)
(from the point of state 1)

State 1
State 2
State 3
State 4
State 5
State 6

1.10
1.10
1.08
1.08
1.07
1.07

2300
3950
5200
5670
6500

0.88
0.92
0.85
0.85
0.81

0

No degradation
0.86

0.86
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Fig. 3. Cell performance for each state.

high-frequency arc depends on the air condition (ratio of oxygen
pressure, gas flow rate), while that for a low-frequency arc does
not change, but depends on the hydrogen condition. Therefore,
we estimated the resistances for cathode and anode polarizations
from the high- and low-frequency arcs. The ohmic resistance, Ry,
was also estimated. Curve fitting and resistance estimation were
undertaken with ZView software. The data from the impedance
measurements were analyzed with an equivalent circuit consisting
of aresistance (R) and a constant phase element (CPE). Fig. 5 shows
the resistances of the cell obtained from the impedance spectrum
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Fig. 4. Impedance spectrum for state 1.

as a function of the operating time. The total cell resistance
increases during the operating time. In particular, the cathode
polarization resistance increases with operating time. The increase
in the ohmic resistance along with that in the cathode polarization
resistance constitutes the major reason for the voltage drop during
operation. The ohmic resistance increased considerably after the
second period of thermal cycling.

During the measurement, we found that the cathode exhaust
gas contained H,O vapor. Basically, there should be no water on
the cathode side. Since we observed water, we believe that the
hydrogen anode gas leaked to the cathode side through a crack,
and reacted with the cathode gas. The crack must have formed dur-
ing the thermal cycles because the OCV gradually decreased after
each one. Therefore, this suggests that the cathode polarization
resistance increased owing to the presence of water in the cathode
exhaust gas. It remains unclear why the ohmic resistance increased
solely through the presence of water.

Moreover, we do not think that the cell itself was weak with
respect to the thermal cycles, because we have already confirmed
that there is little degradation in the I-V characteristic of a cell with
ametallic alloy housing (interconnects) during thermal cycling [18].
The alloy has a thermal expansion coefficient of ~11.7 x 10-6 K1,
which is close to that of the cell (~10.0 x 106 K-1). In contrast,
the value for alumina was ~7.0 x 106 K-, Therefore, the observed
crack could be caused by the difference between the thermal expan-
sion coefficients of the alumina housing and the cell.

To investigate the factor contributing to the increase in the
ohmic resistance, we used ICP to analyze the chemical composition
of the water condensed in the cathode exhaust gas. We identified
B and Si in the water and confirmed that these elements were from
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Fig. 5. Resistances from impedance spectra as a function of operating time: (O)
ohmic resistance Ry; (O) cathode polarization resistance Ry; (A) anode polarization
resistance R,; (@) total resistance Ryota.
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Fig. 6. Time-accumulated amount of Si (O) and B (®) in the water condensed in
cathode exhaust gas.

the glass used as the sealant. This suggests that B and Si diffused
from the sealant glass into the cathode gas. Fig. 6 shows the time-
accumulated amount of B and Si obtained with the analysis. The
time-accumulated amount of B and Si increased with time. We
believe that Si and B diffused from the sealant glass. Because the
leaks induced by the thermal cycles generated water, we were able
to detect them. Therefore, there is the possibility that the cath-
ode performance degrades owing to the reaction of elements such
as B or Si that diffuse from the sealant glass. According to Horita
et al., zirconia reacts with borosilicate glass at 1473 K and a new
phase ZrSiCMs produced [19]. In our measurements, ZrSiO4 might
be formed by the reaction between the zirconia electrolyte and the
vapor Si species scattered from the glass sealant. If ZrSiO4 were
formed, it would lead to enhanced ohmic resistance and cathodic
resistance because the electronic conductivity of ZrSiOy4 is low. We
think that the change in cell performance after thermal cycling is
associated with the presence of ZrSiOy.

From the various analyses, we found that several factors con-
tribute to the increase in the ohmic resistance, including the
elements (Si and B) from the sealant glass in the cathode exhaust
gas. The dominant factor in the deterioration is still unclear.

4. Conclusion

Anode-supported cells with an LNF cathode were electrochem-
ically characterized to investigate their long-term stability. A high
current density was applied to the cell during operation for over
6500h. We observed voltage degradation rates of 0.86%/1000h
(between 0 and 5200 h) and 1.40%/1000 h (between 0 and 5670 h)
mainly due to the contact resistance between the cathode and elec-
trolyte. The degradation was caused by increases in the cathode
polarization resistance and ohmic resistance. During a long-term
test, elements (Si and B) from the sealant glass were detected in
water condensed in the cathode exhaust gas.
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