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a b s t r a c t

The reoxidation behavior of a Ni–Fe metal anode supported cell using a thin LaGaO3 electrolyte film was
investigated as a function of the reoxidation temperature. After oxidation and reduction treatments for
2 h, the voltage did not return to the initial voltage at higher temperatures (773–973 K); however, after
reoxidation at 673 K, the cell exhibited almost the same OCV as the as-prepared cell. During reoxidation
eywords:
aGaO3 electrolyte
hin film
etal support

eoxidation

with air at the higher temperatures, the Ni–Fe metal substrate exhibited two different expansion behav-
iors by the different oxidation rates of Ni and Fe. On the other hand, the volumetric change of the oxidized
substrate at 673 K was negligible. SEM-EDX results exhibited the reoxidation of Ni–Fe occurred only at
the bottom part of the substrate and at the interface between the electrolyte and the substrate. In spite
of temperatures as low as 673 K, the cell generated a power of 160 mW cm−2, which hardly decreased
after the redox cycle. The increasing anodic internal resistance accompanied with unreduced Fe.
. Introduction

Solid oxide fuel cells (SOFCs) are regarded as future power gen-
ration systems having higher energy conversion efficiencies. For
chieving high energy conversion efficiency, active electrode mate-
ials and low resistive electrolyte film are essentially requested
or intermediate temperature SOFC (IT-SOFC). Other advantages
f IT-SOFCs are their fuel flexibility and long service lives [1,2].
owever, by decreasing the operation temperature, the power gen-
ration properties will be decreased by increasing the electrical
esistances of the electrolytes because of large activation energy for
xide ion conductivity. Several investigations to reduce the inter-
al resistances of electrolytes have been performed. The internal
esistances of electrolytes depend on their ion conductivities and
hicknesses; thus, the investigations focused on the discovery of
ew electrolyte materials [3–17] and the fabrication of thin elec-
rolyte films [10–13,18–20].

Sr- and Mg-doped LaGaO3 (LSGM) electrolytes are considered
s alternatives to Y2O3-stabilized ZrO2 electrolytes because these
aterials have high and stable oxygen ion conductivities over a
ide range of oxygen partial pressures [3–13]. However, draw-
acks of LSGM, such as the mismatch in its thermal expansion
fficiency with conventional electrode materials and its reactiv-
ty with components in current SOFC systems, still hinder wider
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applications. In our previous work, we fabricated a thin elec-
trolyte film of samarium-doped ceria (Sm0.2Ce0.8O2−ı, SDC)–LSGM
(La0.9Sr0.1Ga0.8Mg0.2O3−ı) on a Ni–Fe metal substrate via the pulse
laser deposition (PLD) method. The 10 wt% Fe-doped Ni sub-
strate showed thermal expansion efficiency similar to LSGM and
improved anodic activity [9]. In addition, after optimizing the
sintering and reduction temperature, the cell displayed excellent
power generation at intermediate temperatures [10–12]. More-
over, by inserting a thin interlayer of strontium-doped SmCoO3
(Sr0.5Sm0.5CoO3−ı, SSC) between the LSGM electrolyte and the
SSC cathode, its durability in the thermal cycle was improved
[13].

However, for commercial applications of this anode-supported
SOFC, further investigations, encompassing topics such as toler-
ance against reoxidation and long term stability, are necessary.
Among them, the durability of the anode during reoxidation is
significantly important for the reliability of this SOFC as a power
generating system. Because the volumetric change of anode can
occur by the reoxidation and causes permanent deactivation of the
cell. In addition stopping procedure of the SOFC system becomes
highly complex in case of emergency stop. In our previous study,
we proposed the preparation of a porous Ni–Fe metal substrate via
the reduction of a dense NiO–Fe3O4 disk by hydrogen with a vol-
umetric change of less than 10%. However, this process suggested

that the possibility of volumetric change during the reoxidation is
limited for this substrate. Therefore, in this study, we investigated
the tolerance of the Ni–Fe metal substrate during the redox cycle
under actual operating conditions.

dx.doi.org/10.1016/j.jpowsour.2011.03.086
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
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Fig. 1. Power generation properties of cell using LSGM–SDC bi-layer electrolyte film
with a convex SSC interlayer as the electrolyte.
Y.-W. Ju et al. / Journal of Pow

. Experimental

A dense NiO–Fe2O3 composite oxide substrate was fabri-
ated using an isostatic press by sintering at 1723 K for 5 h.
ccording to our previously reported procedure, fine and uni-

orm composite powder was prepared via the impregnation
ethod and ball-milling in ethanol [10–14]. The diameter of fab-

icated anode substrate was 17 mm. On the dense substrate, a
DC–LSGM bi-layer film was deposited using the PLD method in
ommercial equipment (PLD-7, PASCAL). Before deposition, the
ubstrate was heated to 1073 K, and the oxygen pressure was
djusted to 0.67 Pa by introducing commercial oxygen without
urification. The laser power and frequency were controlled at
80 mJ pulse−1 and 10 Hz, respectively. Optimized LSGM target
omposition (La0.7282Sr0.1Ga0.6380Mg0.4255O3−ı) and commercial
DC (Sm0.2Ce0.8O2−ı, Daiichi Kigenso Kagaku Kogyo Co. Ltd., Japan)
ere used to fabricate the LSGM electrolyte and the SDC inter-

ayer, respectively. After post-annealing in air at 1073 K for 2 h,
thin, convex SSC layer was fabricated via the PLD method with

n optimized SSC target composition (Sm0.4Sr0.6Co1.6O3−ı) on the
DC–LSGM film. The diameter of deposited SSC layer was 5 mm.
n SSC powder cathode was prepared by slurry coating on the SSC
lm and then fired at 1073 K for 30 min. In the meantime, a plat-

num wire was connected to the LSGM film near the cathode, as the
eference electrode. To measure the power generation property of
single cell, humidified hydrogen (2.8 vol% H2O) and commercial
xygen were fed into the cell as the fuel and the oxidant, respec-
ively. It is noted that decrease in power density by changing oxygen
o air for oxidant is not large for the used cell because the cathodic
verpotential of Sm0.5Sr0.5CoO3 is negligibly small. The flow rate of
upplied oxidant and fuel was 100 ml min−1 (500 ml (min cm2)−1)
nd it is noted that fuel utilization is quite small in this experiment.
onstant current was applied using a galvanostat (HA-301, Hokuto
enko), and the potential was measured using a digital multimeter

Advantest 6145). The internal resistances of the cell were analyzed
ia the current interruption method using a current pulse generator
Hokuto HC111) and a memory hicoder (Hioki 8835).

After sealing the cells at 800 K for 2 h, the cells were reduced
t 973 K for 1 h. After achieving stable open circuit voltage (OCV),
ower generation property was measured at each temperature
673–973 K), and then the cell was reoxidized and reduced at
emperature from 673 to 973 K for 2 h with commercial air and
umidified hydrogen, respectively. Small current (20 mA cm−2)
as applied during the reoxidation by using a galvanostat (Hokuto
enko, HA-301). Before changing gas in anode side, gas line was
urged with commercial nitrogen for 30 min. Volumetric change
f Ni–Fe metal substrate was analyzed in oxidizing atmosphere by
he thermomechanical analysis (TMA, Rigaku type 8310). Changes
n porosity and volumetric shrinkage were investigated after the
edox cycles. Reduction and reoxidation treatment was progressed
n tubular furnace for 2 h with commercial hydrogen and oxygen,
espectively. Porosity and density of substrates were measured by
he Archimedes method with an immersion of deionized water
21]. Volumetric changes were measured by measurement of
imension of sample with micrometer.

In this study, it was investigated that reoxidation process
ominates redox durability of the Ni–Fe metal supported SOFC.
efore redox cycling, the power generation property at 973 K was
onfirmed. For electrochemical reoxidation, commercial nitrogen
nstead of humidified hydrogen was supplied to the anode. In the

eantime, a small current (20 mA cm−2) was supplied by using a
alvanostat. After 1 h, nitrogen gas was again switched with humid-

fied hydrogen and the current was reduced to zero. The chemical
eoxidation of the substrate was performed with commercial air
or 1 h at 973 K. Before switching the supplied gas, both gas-lines
ere purged with nitrogen gas. For the study of chemical oxidation
Fig. 2. Changes in the voltage during redox cycles with 20 mA cm−2 at 973 K, 873 K,
773 K, and 673 K.

effects, air in cathode site is switched to He when the fuel is changed
to air from H2. This is because the electrochemical reoxidation is
suppressed by replacing oxygen with He. The reverse flow of oxy-
gen ion is expected, however, this did not make serious problems
because the experimental period is not long.

3. Results and discussion

Fig. 1 shows the power generation properties of the LSGM–SDC
bi-layer based single cell with SSC interlayer at intermediate tem-
peratures. In the metal support cell design, a three-phase boundary
(TPB) is formed only at the interface between the deposited elec-
trolyte film and the metallic anode substrate. However, in spite
of the narrow anodic TPB, the cell generated considerable elec-
tric power at each temperature. Even at operating temperatures
as low as 673 K, the cell demonstrated a maximum power density
of 0.16 W cm−2. This power density was due to the high oxygen ion
conductivity in the thin LSGM electrolyte film and the well devel-
oped micropores of the metallic anode substrate. In addition, the
cell exhibited almost theoretical open circuit voltage (OCV) at all
temperatures, implying that the deposited film possessed enough
mechanical strength to overcome the physical stress caused by
the reduction of the NiO–Fe2O3 substrate and the changes in the
temperature. Therefore, an excellent tolerance against the redox

cycle was expected. However, after reoxidation with air for 2 h,
the voltage was not recover to the initial values despite supply-
ing humidified hydrogen for 2 h at all temperatures except at 673 K
as shown in Fig. 2. In particular, in the case of cells reoxidized at
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ig. 3. Volumetric changes of the anode substrate during redox cycles over 3 h at
73 K, 873 K, 773 K, and 673 K.

igher temperatures such as 973 K and 873 K, voltage decreased
ontinuously after reaching stable voltage. In addition, the reoxi-
ized cell at 773 K shows stable voltage, however, after secondary
edox treatment, observed voltage decreased continuously with
ncreasing fuel leakages. On the other hand, in the case of the cell
eoxidized at 673 K, voltage was still stable and fuel-leakage was
ardly observed after secondary redox treatment.

In order to confirm the reason of poor tolerance against the reox-
dation, the effect of oxidation temperature on the Ni–Fe metal
ubstrate was investigated. Fig. 3 shows a volumetric change of
i–Fe substrates during the reoxidation treatment for 3 h at differ-
nt temperatures. During re-oxidizing at 673 K, volumetric change
f substrate was uncertain. On the other hand, other reoxida-
ion temperature showed rapid expansion within an initial 10 min.
fter then, the substrate once shrank and then, expanded again
radually. These two expansions behaviors may be related with
ifference in oxidation rates of iron and nickel. Because iron is oxi-
ized easily in oxidizing atmosphere in comparison with nickel, it
an be expected iron in Ni–Fe alloy was oxidized and the oxida-
ion of iron accompany with the expansion in volume. In addition,
t the same time, the nickel decomposed from alloy was sintered
nd volumetric shrinkage was occurred. And then, nickel also oxi-
ized gradually. Furthermore, according to these results, it can be
uspected that high reoxidation temperature occur intense volume

hange accompanied with cracking of the deposited film.

XRD pattern of the reoxidized substrates was measured for
nderstanding a complex volume change performance. Fig. 4 shows

able 1
hange of substrate in volume and density by redox cycle.

Sample Weight (g) Volume (cm3) Density

NiFe-400

Initial 1.99 0.36 5.53
Reduction 1.56 0.29 5.38
Re-oxidation 1.57 0.29 5.41
Reduction 1.56 0.29 5.38

NiFe-500

Initial 1.99 0.36 5.53
Reduction 1.57 0.28 5.61
Re-oxidation 1.58 0.27 5.85
Reduction 1.58 0.27 5.83

NiFe-600

Initial 2.01 0.35 5.74
Reduction 1.59 0.29 5.5
Re-oxidation 1.65 0.27 6.2
Reduction 1.61 0.26 6.17

NLFe-700

Initial 2.02 0.35 5.77
Reduction 1.59 0.28 5.68
Re-oxidation 1.68 0.27 6.22
Reduction 1.63 0.25 6.42
Fig. 4. XRD patterns of Ni–Fe bimetallic substrate after reoxidation for 3 h with air
at different temperatures.

XRD patterns of reoxidized Ni–Fe substrates at different tempera-
ture. Despite of the reoxidation for 3 h in air, all substrates still
showed strong diffraction peaks from Ni, while diffraction angle
was shifted from pure Ni, suggesting alloy formation. Depending
on oxidation temperature, the reoxidation level was changed, how-
ever, all samples shows specific peak of oxides such as NiFe2O4,
NiO, and Fe2O3. However, as reported in our previous work, before
reduction with hydrogen, the XRD pattern of the composite oxide
substrate showed NiO and NiFe2O3 peaks [11,12]. In addition,
after reduction, the XRD pattern showed only shifted Ni diffraction
peaks, implying that all composite oxides were reduced completely
to metal and that the added Fe seemed to form alloys with Ni. How-
ever, typical Fe2O3 peaks can be observed in the XRD pattern of the
reoxidized substrate. Therefore, it can be said that the alloy was
possibly decomposed because of the different oxidation rates of Ni
and Fe during the reoxidation.

In this work, changes in the porosity of the substrate due to
the redox cycles were also investigated with Archimedes method.
Table 1 summarizes the volume, density, and porosity of the sub-
strate. Before reduction, all sintered substrates were considerably
dense with relative densities were approximately 98%. However,
after reduction at 973 K for 2 h, the substrate changed into a porous
form, and the porosity was then approximately 33%. Consider-
ing the hydrogen permeation rate, this porosity was sufficient for

a porous substrate. However, after reoxidation at temperatures
higher than 773 K, the porous substrates returned to their dense
morphologies. On the other hand, the substrate reoxidized at 673 K

(g cm−3) Apparent density (g cm−3) Relate density (%) Porosity (%)

5.61 98.53 1.47
8.05 66.82 33.18
6.18 87.6 12.4
8.04 66.91 33.09

5.62 98.36 1.64
8.37 66.99 33.01
6.02 97.21 2.79
8.48 68.79 31.21

5.85 98.17 1.83
8.25 66.69 33.31
6.33 97.99 2.01
8.55 72.15 27.85

5.86 98.49 1.51
8.51 66.73 33.27
6.34 98.14 1.86
8.03 79.92 20.08
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ig. 5. (a) Surface and (b) cross-section image of the metal supported cells before reo
ell at 773 K, and (e) surface morphology and (f) cross-section of reoxidized cell at 6

as still slightly porous. In addition, after reduction at each tem-
erature for 2 h, the oxidized substrates at 673 and 773 K exhibited
lmost the same porosities and volumes. However, in the case of
ubstrates reoxidized at higher temperatures, despite the reduc-
ion at high temperature, the porosity was not recovered. Moreover,
uring the redox treatment, the substrate shrunk, and the weight

ncreased. In accordance with these results, large difference in the
xidation rate was observed between Ni and Fe, therefore, nickel
as separated from alloy phase and aggregated during reoxidation

nd some part of substrate still keep oxide state after reduction.
The effect of reoxidation on morphology in Ni–Fe supported

ells was investigated by SEM observation. Fig. 5(a) and (b) shows
urface and cross-section image of the Ni–Fe metal supported cell

fter the cell operation, respectively. The electrolyte exhibits dense
urface morphology and is well-attached on the metal substrate.
owever, after reoxidation at 973 and 873 K, deposited film was

Fig. 6. EDX images of the bottom of the Ni–Fe m
on. (c) Surface morphology of reoxidized cell at 973 K, (d) cross-section of reoxidized

partially delaminated and cracked as shown in Fig. 5(c). In this
SEM image, it can be observed that Ni–Fe substrate has well-
developed at grain boundary, which is related with shrinkage.
Therefore, the poor tolerance against reoxidation at high tempera-
ture can be explained by the formation of crack and delamination
of the deposited film occurring by the shrinkage of substrate dur-
ing redox. On the other hand, the cell reoxidized at 773 and
673 K showed mostly dense surface morphology. However, reoxi-
dized cell at 773 K showed a little crack and micro-gaps between
deposited film and substrate as shown in Fig. 5(d). Fig. 5(e) and (f)
shows the SEM image of surface and cross-section of reoxidized
cell at 673 K. The deposited film is still dense and attached well
on the substrate despite of secondary redox cycles. It certifies that

the volumetric change of Ni–Fe substrate reoxidized at 673 K was
negligibly small. However, in the cross-section image, some parts
of substrate still show dense morphology. The dense part in the

etal substrate after redox cycle at 673 K.
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ig. 7. Power generation property of the LSGM–SDC bi-layer electrolyte based cell
efore and after the redox cycle at 673 K.

ubstrate was observed only at the surface of substrate and the
nterface between electrolyte and substrate. Fig. 6 shows results
f EDX analysis of the reoxidized substrate at 673 K. The results
ndicate that the dense part consists of oxides of Ni and Fe. After
he reoxidation, the cell was reduced for an insufficient period of
h. However, the oxide part could not be attributed to the insuf-
cient reduction period because the middle part of the substrate
ossessed a porous morphology. Sarantaridis et al. and Hatae et al.
eported that the Ni near the electrolyte can be oxidized by oxide
ons permeating through a thin electrolyte, i.e., by the electrochem-
cal leakage of oxygen [22–25]. Therefore, the insufficient reduction
tate of the Ni–Fe at the interface between the electrolyte film
nd the metal substrate could be caused by such electrochemically
eaked oxygen. Thus, further investigation is necessary to clarify
uch details.

On the other hand, in spite of oxide phase existing at inter-
ace, changes in OCV and gas-leakage were not observed after
econdary redox cycles. However, power generation property was
ecreased slightly as shown in Fig. 7. In order to confirm the
eason of decreased power density, internal resistance was mea-
ured in details with current interruption method, and obviously,
ncrease in anodic internal resistance is a main reason (Fig. 8).
ased on increasing anodic internal resistance, it may suspect the
ecreased activity accompanied with the decomposition of alloy

nd morphology changed by insufficient reduction. Fig. 9 shows
RD patterns of the cell before and after redox treatment at 673 K.

t shows no significant change in crystal phase excepting for reduc-
ion of composite oxide substrate and appearance of Fe2O3. It also

ig. 8. Internal resistance of the Ni–Fe metal-supported LSGM–SDC cell at 673 K
efore and after the redox cycle.
Fig. 9. XRD patterns of single cell before and after the redox cycle at 673 K.

indicates that some part of interface between electrolyte and oxide
was not reduced as mentioned above.

As before mentioned, two kind reoxidation process could be
progressed during the redox cycling. One is electrochemical reox-
idation caused by oxygen ion permeated through electrolyte. And
other is chemical reoxidation occurred by oxygen in air gas. There-
fore, in this study, it also was investigated which reoxidation
process dominates redox durability of the Ni–Fe metal supported
SOFC. Fig. 10 shows the voltage change during electrochemical
reoxidation and reduction at 973 K. Before redox cycling, the cell
exhibited the power generation property similar to that of previous
results as shown in Fig. 1. After nitrogen was supplied and a small
current was applied, the voltage reached to zero within 10 min.
In addition, despite the short reoxidation time and the lack of an
oxidant (such as air) at the anode, after reoxidation, the voltage
was not recovered to its original value after exposure to hydrogen.
In addition, fuel-leakage was increased significantly. This behav-
ior is similar to that of the reoxidized cell at 973 K (Fig. 2). Fig. 11
shows the SEM images of the electrochemical reoxidized cell. In
spite of the high reoxidation temperature and the poor reoxidation
tolerance, a portion of the deposited film was still attached to the
substrate without delaminating deposited film. However, the sur-
face morphology showed slight cracking, and the cross-sectional
image showed a considerable micro-gap at the interface between

the deposited film and the substrate. In addition, the cross-sectional
image shows dense oxide part at the interface between the sub-
strate and the electrolyte. This dense oxide part existed at only

Fig. 10. Changes in voltage of the electrochemical redox treated cell with
20 mA cm−2 at 973 K.



Y.-W. Ju et al. / Journal of Power Sources 196 (2011) 6062–6069 6067

Fig. 11. SEM images of electrochem

t
g
c
c
i
o

d
a
a
l
p
i

Fig. 12. Changes in voltage of chemically redox treated cell at 973 K.

he interface. It indicates the interface was reoxidized by the oxy-
en ion electrochemically pumped though electrolyte. Therefore, it
an be suspected the reoxidation accompany with the volumetric
hange of the substrate, which cause the formation of micro-gap at
nterface during the redox cycle. This is because the reoxidation is
ccurred at the interface between electrolyte and anode substrate.

On the other hand, the chemical reoxidized cell exhibited small
egradation in the voltage and small increase in the gas leakage
fter the redox cycles. However, even after the third redox cycle

t the high temperature, the voltage of the cell recovered to simi-
ar voltage as shown in Fig. 12. Even though the short reoxidation
eriod was considered, this fact indicates that the effect of chem-

cal reoxidation on the redox tolerance was negligible compared

Fig. 13. SEM images of chemical
ically reoxidized cell at 973 K.

to that of electrochemical reoxidation. Therefore, the tolerance of
the Ni–Fe metal-supported cell during the redox cycle was domi-
nated by the electrochemical reoxidation of the interface between
the electrolyte and the substrate. Fig. 13 shows the SEM images
of the cell chemically reoxidized at 973 K. Even after third redox
cycles, the deposited film still exhibited a dense surface without
any cracks. The cross-sectional image depicts a film well attached
on a porous substrate, and there were no dense oxide parts at the
interface, implying that electrochemical reoxidation did not occur
during the redox cycles. Therefore, it can be suspected that fuel-
leakages originated from the breaking of the glass ring used as the
sealing agent.

Fig. 14(a) shows the power generation properties of the cell
chemically reoxidized with air at 973 K. Before the redox cycle,
the cell exhibited a similar power generation property to the pre-
vious results at 973 K (Fig. 1). However, after the redox cycle,
the power generating performance of the cell at 973 K decreased
slightly. In addition, the cell demonstrated a lower power den-
sity at the low temperature than that of the previous results. This
might be attributed to the increasing fuel leakage during the redox
cycle. However, the cell still showed a high power generation prop-
erty. Moreover, the fuel leakage did not increase any more during
changing the temperature because of the gas-tight structure, as
shown in the SEM image (Fig. 13). Fig. 14(b) shows the internal
resistance of the cell at 973 K before and after the chemical redox
cycling. After the redox cycle, the cathodic IR loss and overpotential
slightly changed. On the other hand, the anodic internal resistance
increased significantly. Particularly, the anodic IR loss increased

considerably after the redox cycles. This behavior was similar to
that of the cell reoxidized at 673 K as shown in Fig. 8. Therefore, it
can be said that the increasing anodic IR loss possibly originated
from the partial reoxidation of the Ni–Fe substrate. Fig. 15 shows

ly reoxidized cell at 973 K.
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Fig. 14. (a) Power generation property and (b) changes in internal resistance at 973 K chemically reoxidized cell.
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Fig. 15. XRD patterns of ch

he XRD patterns of the chemically reoxidized cell and those of the
lectrochemically reoxidized cell. For the case of the electrochem-
cally reoxidized cell (Fig. 15(a)), the diffraction peaks from the top
ide consisted of some oxide peaks with typical Fe2O3 peaks; how-
ver, those from the bottom side of the substrate were strong-Ni
nd weak-Ni based oxides peaks. On the other hand, the chemi-
ally reoxidized cell (Fig. 15(b)) showed no Ni based oxide and Fe
ased oxide peaks from the top side, but the bottom of substrate
howed not only Ni and Ni based oxide peaks but also Fe2O3 peaks.
hese results prove that individual reoxidation separated succes-
ively simply by controlling the supplied gas. In addition, they also
rove that reoxidation of the Ni–Fe substrate occurred only at the
ottom side via chemical reoxidation. Therefore, it can be said that
he volumetric change possibly occurred only at the bottom of the
ubstrate, and the Ni–Fe metal supported cell exhibits excellent
olerance against chemical reoxidation.

. Conclusions

In this study, the redox behavior of a Ni–Fe metal anode
ubstrate was investigated at different temperatures. After the
eduction, a 10 wt% Fe2O3-doped NiO composite oxide substrate
hanged to a metal substrate consisting of Ni–Fe alloy. How-
ver, even after reoxidation for 3 h, the substrate still contained
large amount of alloy. During reoxidation, the high reoxida-

ion temperature caused a two-step volumetric expansion because

f the different reoxidation rates of Ni and Fe. These volumetric
hanges accompanied with the delaminating deposited film and
lso decreased the power density. On the other hand, reoxidation
t 673 K resulted in negligible volumetric change in the Ni–Fe sub-

[

[
[

lly reoxidized cell at 973 K.

strate and exhibited excellent durability during the redox cycle.
However, after the redox treatment, the LSGM–SDC bi-layer based
cell showed a small degradation in the power generation property.
This degradation was caused by the changes in the anodic activity
and the morphology of the anode substrate. However, the cell still
generated a high electric power despite the low operating tempera-
ture. In addition, the effects of individual reoxidations, which were
both chemical and electrochemical, were investigated. Chemical
reoxidation exhibited slight degradation in the power generation
property despite the high redox temperature. On the other hand,
electrochemical reoxidation with oxygen ions exhibited poor toler-
ance during the redox cycle. Therefore, it can be said the chemical
reoxidation dominated the redox tolerance in the Ni–Fe metal sup-
ported cell.
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