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a b s t r a c t

We investigated the effect of current loading on the degradation behavior of an anode-supported solid
oxide fuel cell (SOFC). The cell consisted of LaNi0.6Fe0.4O3 (LNF), alumina-doped scandia stabilized zirconia
(SASZ), and a Ni-SASZ cermet as the cathode, electrolyte, and anode, respectively. The test was carried out
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at 1073 K with constant loads of 0.3, 1.0, 1.5, and 2.3 A cm−2. The degradation rate, defined by the voltage
loss during a fixed period (about 1000 h), was faster at higher current densities. From an impedance
analysis, the degradation depended mainly on increases in the cathodic resistance, while the anodic and
ohmic resistances contributed very little. The cathode microstructures were observed using scanning
electron microscopy (SEM) and transmission electron microscopy (TEM).

© 2010 Elsevier B.V. All rights reserved.

egradation

. Introduction

Long-term stability is an important requirement for the practical
se of solid oxide fuel cell (SOFC) systems, and the required lifetime

s more than 40,000 h. Some groups have examined the durabil-
ty of cells and stacks. Yokokawa et al. investigated the durability
f different SOFC stacks/modules in the NEDO SOFC project [1–3].
ong-term (5000–10,000 h) tests were performed for stacks and
odules to examine their durability. Horita et al. detected impu-

ities at the cathode and the cathode–electrolyte interlayer using
econdary ion mass spectrometry (SIMS) after a long-term opera-
ion test [4]. They found that the concentrations of several elements
Na, Al, Si, and Cr) increased with operation time. We also inves-
igated the long-term stability of anode-supported cells with an
NF cathode that operated for over 6500 h [5]. We found that the
egradation was caused by increases in the cathode polarization
esistance and ohmic resistance. During a long-term test, elements
Si, B) from the sealant glass were detected in water condensed in

he cathode exhaust gas.

Other groups undertook basic research to improve the dura-
ility and reliability of cells/stacks. Hatae et al. investigated the
ffect of current density on anode-supported cells during elec-
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trochemical oxidation [6]. The cells were operated under current
densities of 0.025 and 0.25 A cm−2. They found that the anode
microstructure was changed by the electrochemical oxidation and
redox cycles. Hagen et al. investigated the degradation behavior
of anode-supported cells as a function of operating temperature
and current density within 2000 h [7]. From an impedance analysis,
they revealed that cathodic degradation was the dominant contri-
bution to degradation at higher current densities (0.75 A cm−2) and
lower temperatures (1023 K). The anode was found to contribute
more to degradation at higher temperatures (1133 K). According
to Mosch et al., the degradation is mainly caused by the contact
resistance between the anode and the cathode current collector
during long-term operation (1000 h) and redox cycling [8]. Some
research groups have reported Cr poisoning as a possible degrada-
tion source. The Cr oxide formed on the surface of the Cr-containing
alloy separators during SOFC operation may migrate to and thus
poison the cathode, resulting in the degradation of cell perfor-
mance. Moreover, it was reported that the cell performance became
worse at various current densities under Cr poisoning conditions
[9]. These observations suggest that different cells, stacks, mod-
ules, and operating conditions induce various degradation factors
in SOFC systems.

We have developed a planar anode-supported cell with a

LaNi(Fe)O3 (LNF) cathode. LNF is an attractive cathode material
because of its high oxygen reduction activity at 1073 K, and also
because it has a thermal expansion coefficient that matches that
of zirconia electrolyte [10]. Furthermore, the reactivity of LNF to
chromium species that can be generated from ferritic steel inter-

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:takeshi@aecl.ntt.co.jp
dx.doi.org/10.1016/j.jpowsour.2010.03.078
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ig. 1. Schematic illustration of testing equipment. (A) Cell; (B) cathode; (C) elec-
rolyte; (D) anode; (E) metal alloy separator (cathode side); (F) metal alloy separator
anode side); (G) glass sealant.

onnects is relatively low compared with other cathode materials
11]. A 50-cell stack with ˚ 120-mm cells exhibits a 1 kW class elec-
rical power output and a 54% conversion efficiency (gross DC, LHV)
12]. A single cell stack provides 60% (LHV) for more than 7000 h
13].

It was suggested that the degradation was caused by increases
n the cathode polarization resistance and ohmic resistance. There-
ore, we must investigate the lifetime and degradation factors in our
ells. Moreover, it is also important to perform accelerated testing
o establish the SOFC cell lifetime.

In this paper, we describe the electrochemical tests we per-
ormed on our anode-supported cell at 1073 K at different current
ensities to study the degradation factors under operating condi-
ions.

. Experimental

.1. Cell fabrication

An anode-supported cell (˚ 60 mm) was fabricated by the co-
ring method, which is described in detail elsewhere [14,15]. The
lectrolyte was 10 mol% Sc2O3- and 1 mol% Al2O3-stabilized ZrO2
SASZ). The anode was a mixture of 60 wt% NiO and 40 wt% SASZ.
he anode and electrolyte green sheets were prepared by the doc-
or blade method. The electrolyte green sheet was laminated on the
node green sheet. The laminated sheet was then cut into disks,
hich were co-sintered at 1623 K to form half cells. The cathode
as LaNi0.6Fe0.4O3 (LNF). LNF paste was screen-printed on the elec-

rolyte of the half cell and sintered. An LNF-GDC (Ga0.2Ce0.8O1.9)
nterlayer was inserted between the electrolyte and cathode [16].

.2. Electrochemical measurement

Electrochemical measurements were performed on the fab-
icated cell by using a metal alloy separator. Fig. 1 shows a
ross-sectional image of the cell-separator testing equipment used
or the anode-supported cell. The cell and anode separator were

ealed together at the outer edge of the cell. Commercial borosili-
ate glass was used to join the ceramic cell and the separator. The
ests were initiated by heating the cell in air to 1073 K at a heat-
ng rate of 50 K h−1, and reducing the anode at this temperature in
ydrogen (about 10%) and nitrogen, followed by pure hydrogen.

able 1
ell operating conditions.

No. Constant current density (A cm

1 reference data [4] (other experiment) 0.3
3 1.0
4 1.5
5 2.3
Fig. 2. Differences between cell voltages before and after loading constant current
at densities of (a) 0.3 A cm−2, (b) 1.0 A cm−2, (c) 1.5 A cm−2, and (d) 2.3 A cm−2.

Accelerated degradation tests were carried out at 1073 K with
constant loads of 0.3, 1.0, 1.5, and 2.3 A cm−2 (electrode area:
19.6 cm2) as shown in Table 1. Pure hydrogen gas was used as the
fuel on the anode. Dry air (PH2O: 1 × 10−7 atm) was used as the
oxidant. The current–voltage curves and impedances were mea-
sured before and after the test under a constant current load, and
the results are shown in Table 1. Impedance measurements were
performed with a bias current of 1.8 A (0.09 A cm−2) in a galvanos-
tatic mode, with an AC amplitude of 200 mA. For this measurement,
we used a frequency analyzer (Solatron 1260) and a potentiostat
(Solatron SI1287).

2.3. Characterization

A microstructure analysis of the measured cells was conducted
with scanning electron microscopy (SEM, JSM-890, JEOL), trans-
mission electron microscopy (TEM, JEM-2100F, JEOL) and energy
dispersive X-ray spectrometry (EDS, EX-23005BU, JEOL). For the
TEM observation, thin specimens were vacuum embedded in epoxy
resin and prepared using a focused ion beam (FIB) apparatus
(SMI3050SE, SII NanoTechnology Inc.).

3. Results and discussion

3.1. Evaluation of electrochemical properties of cells under
various loading conditions

The time dependences of the voltage for a cell when loading
constant current densities of 0.3, 1.0, 1.5, and 2.3 A cm−2 and 1073 K
are shown in Fig. 2. The voltage drop from its initial value was fairly
linear with time at the lower current densities of 0.3 and 1.0 A cm−2,
and became more exponential at the higher current densities of 1.5
and 2.3 A cm−2 as shown in Fig. 2. For cell loading at 2.3 A cm−2, a

rapid cell voltage drop caused by thermal cycling was observed at
about 400 h. However, in a series of tests, we found that the cell
voltage drop with time depends on the current density.

Fig. 3 shows the I–V characteristics of the cell measured before
and after the test under a constant current load of 2.3 A cm−2. The

−2) O2 utilization rate in air H2 utilization rate

0.16 0.80
0.33 0.85
0.33 0.85
0.33 0.85
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Fig. 3. I–V characteristics of the cell before (�) and after (©) loading constant cur-
rent at density of 2.3 A cm−2.
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2.3 A cm as shown in Fig. 6(c). No layer was observed in other
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ig. 4. Impedance spectrum for the cell before (�) and after (©) loading constant
urrent at density of 2.3 A cm−2.

–V characteristics degraded in accordance with the voltage behav-
or during constant-current operation shown in Fig. 2. There was
o sign of a drastic voltage reduction at 2.3 A cm−2 where the fuel
tilization rate was 0.85. This suggests that anodic concentration
vervoltage did not contribute dominantly to the cell performance
n our series of measurements.

We measured the impedance spectrum to clarify the reason for
he measured cell degradation. Fig. 4 shows impedance spectrums
hat we obtained before and after the measurements while loading
constant current density of 2.3 A cm−2. There were two arcs on

oth spectrums. One arc was obtained at a high frequency (about

00 Hz) and the other was obtained at a low frequency (about
.7 Hz). In our investigation, we found that the size of the high-
requency arc depends on the air conditions (ratio of oxygen pres-
ure, gas flow rate), while that of the low-frequency arc depends on

able 2
DX spectrum of the measured cell operating at 2.3 A cm−2.

EDX point O Al Sc Cr Fe

1 18.3 0.28 0.99 2.55 9.09
2 21.51 0.05 0.21 25 0.52
3 20.35 0.15 0.34 14.16 0.16
4 17.58 0.11 0.41 23.71 0.06
5 8.73 0.09 6.52 0.11 0.05
Fig. 5. Resistances for the cell estimated from impedance spectrum. (a) 1.5 A cm−2,
(b) 2.3 A cm−2. Rohmic: ohmic resistance, Rhigh: cathode resistance, Rlow: anode resis-
tance, (�): before constant current loading, (�): after constant current loading.

the fuel gas condition. Therefore, we assigned the resistances for the
cathode and anode polarizations to the high- and low-frequency
arcs, respectively. We also estimated the ohmic resistance. The size
for a high-frequency arc was larger after loading a constant cur-
rent. On the other hand, the size for a low-frequency arc remained
almost unchanged. Fig. 5(a) and (b) shows the resistances of the
cell obtained from the impedance spectrum before and after the
test for current densities of 1.5 and 2.3 A cm−2, respectively. The
cathode resistance (Rhigh) increased considerably after loading the
current, while the anodic resistance (Rlow) and ohmic resistance
(R0) decreased slightly. This showed that the degradation of the I–V
characteristics was caused by increasing the cathodic resistance.
Moreover, it suggested that the cell on the anode side was rela-
tively stable because the anodic resistance was almost constant
under high current density and high fuel utilization conditions.

3.2. Observation of cathode microstructure with SEM and TEM

We observed the cathode microstructure after the constant cur-
rent loading measurements to examine the increase in cathode
resistance. Fig. 6 shows SEM images of the cathode microstruc-
ture before and after the measurements. The shapes of the particles
composing the cathode microstructure (Fig. 6(b) and (c)) had
clearly changed after the measurement (Fig. 6(a)). We found that
the particles coalesced with each other. This indicates that the
cathode particles were coalesced by the constant current loading.
Hence, the coalescing of the cathode particles appears to play a
dominant role in reducing the active sites of the triple phase bound-
ary (TPB) and increasing the resistance.

Moreover, an unknown layer was observed at the interface
between the cathode and the electrolyte for the cell operated at

−2
measurements. A cross-sectional TEM/EDX analysis was conducted
to analyze the unknown layer. Fig. 7 shows a TEM image of the cath-
ode/electrolyte interface for a cell operated at 2.3 A cm−2 after the
electrochemical measurements. Results of EDX analyses at the indi-

Ni Zr La Ce Gd SUM (at.%)

3.82 2.04 46.57 15.13 1.25 100
0.63 7.49 2.81 39.38 2.41 100
0.14 2.74 7.45 50.74 3.76 100
0.34 5.99 4.68 44.02 3.11 100
0.24 83.94 0.07 0.12 0.14 100
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ig. 6. Cross-sectional SEM images of measured cell. (a) Before measurement, (b
.3 A cm−2.

ated locations are given in Table 2. According to the TEM and EDX
nalyses, the unknown layer was about 0.3 �m thick and Cr was
etected strongly at the EDX point (2–4). This suggested that the
nknown layer was a Cr related species.

We consider that the Cr species evaporated from the alloy sepa-
ators. This phenomenon is called Cr poisoning [17]. The Cr species
as deposited at active sites at the interface, and this caused the
egradation of the electrochemical performance. Moreover, it has
een reported that the cell degradation accelerated at a higher
urrent density under Cr poisoning conditions [9]. They reported
hat it takes about 50 and 350 h for a voltage drop of 200 mV
or a cell with an LSM cathode at constant current densities of
.12 and 0.345 A cm−2, respectively. We therefore attribute the
xponential degradation behavior observed with the sample under

.3 A cm−2 loading to Cr poisoning. However, with our measure-
ent at 2.3 A cm−2, it took 1000 h for a cell voltage drop of 200 mV.

his suggests that the LNF cathode was relatively stable against Cr
oisoning.

Fig. 7. TEM image of measured cell operating at 2.3 A cm−2.
r measurement operating at 1.5 A cm−2, and (c) after measurement operating at

A series of the above measurements suggested two possible
degradation factors (the condensation of cathode particles and Cr
poisoning) after the cell were operated at a high current density.
Moreover, if these two degradation factors appear in the long-term
test at a low current density, an examination of loading with a high
current density offers the potential for use as an accelerated test
for estimating cell lifetime.

4. Conclusion

We carried out electrochemical tests on anode-supported SOFCs
at 1073 K at different current densities. The cell voltage decreased
linearly at current densities of 0.3, 1.0 and 1.5 A cm−2, and exhibited
exponential behavior at 2.3 A cm−2. An analysis of the impedance
spectrum showed that the cathodic resistance increased. The ohmic
and anode resistances were not greatly changed. We found that the
electrochemical performance on the cathode side was affected by
degradation processes. SEM and TEM/EDX observations revealed
that the cathode particles coalesced owing to the constant current
loading, and a Cr species layer was observed in the vicinity of the
cathode/electrolyte interface in a measurement at a high current
density of 2.3 A cm−2.
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