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to obtain a dense substrate with smooth surface. By in situ reduction, the substrate was changed to
a porous Ni-Fe alloy metal. The volumetric shrinkage and porosity of the substrate were also studied
systematically with the Ni-Fe substrate reduced at different temperatures. A Sr and Mg-doped LaGaO3
(LSGM) thin film was prepared on dense substrate by the pulsed laser deposition (PLD) method. The LSGM
film with stoichiometric composition was successfully prepared under optimal deposition parameters
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LSGM (MPD) achieved was 1.79, 0.82 and 0.29 W cm~2 at 973, 873 and 773 K, respectively. After thermal cycle
from 973 to 298 K, the cell shows almost theoretical open circuit potential (1.1 V) and the power density
0f 1.62 W cm~2, which is almost the same as that at first cycles. Therefore, the Ni-Fe porous metal support
made by the selective reduction is highly promising as a metal anode substrate for SOFC using LaGaO3;

Metal support
Pulsed laser deposition

thin film.
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1. Introduction

Among various types of fuel cells, solid oxide fuel cells (SOFCs)
have been attracting much interest as a reliable power genera-
tor for the next generation due to their excellent fuel flexibility,
long life, and highest energy efficiency [1-4]. Conventional SOFCs
mainly consist of ceramic materials such as yttria-stabilized zir-
conia (YSZ) electrolyte, Mn-based perovskite cathode, and Ni-YSZ
anode. Among the ceramic material, YSZ are used as electrolyte
and ion pathway in anode due to its high oxygen ion conductivity
at temperature higher than 1073 K. Therefore, the SOFCs using YSZ
electrolytes have operated at higher temperature and have been
considered as stationary generators such as power plants and com-
bined heat-power generation (CHP) systems. Recently, operation
at intermediate temperature is required in order to improve the
reliability and service life. However the operation at low temper-
atures accompanies low power density due to the high internal
resistance of YSZ electrolytes at low temperature. Therefore, var-
ious materials such as strontium and magnesium doped LaGaOs
(LSGM), samarium doped ceria (SDC), and samarium doped BaCeO3
have been considered as an electrolyte instead of YSZ. Among
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them, LSGM electrolytes have been extensively studied due to
their higher oxide ion conductivity and also higher ionic trans-
ference number over a wide range of oxygen partial pressure
[5-9].

In order to achieve excellent cell performance, it is important
that the electrode should exhibit high activity to electrode reaction,
thermal expansion property compatible with an electrolyte, and
the sufficient porosity to achieve a sufficient three-phase bound-
ary (TPB). Therefore, in current SOFC system, cermets consisting of
Ni and ceramic oxide such as SDC, LSGM and YSZ have been used
as an anode. In our previous works, we confirmed a small amount
of Fe additive in the Ni substrate improved the catalytic activity
and compatibility of thermal expansion with LSGM electrolyte [9].
However, the fracture property of ceramic material limits wider
application of SOFC as ever. Therefore, metallic anode substrates
have been suggested as alternative candidates to solve the problem
of fragile property of cermets. However, the use of metal substrate
accompanies low power generation property due to the decrease
of TPB. In order to improve the power generation property, well-
developed micro-pore and thin electrolyte is necessary for the
expansion of TPB and the decrease of internal resistance. Till now,
various methods such as spin coating [10], colloidal deposition [11],
plasma spraying [12], electrostatic assisted vapor deposition [13],
pulsed laser deposition (PLD) [8,9], and metal organic chemical
vapor deposition [14] have been introduced to fabricate thin elec-
trolyte. Among them, the PLD method is attracting much interest
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due to its simple technique, easy control of film composition, uni-
formity in film thickness, and composition. In the previous study,
we prepared a LSGM electrolyte film by the PLD method on cermets
substrates. The SOFC cell prepared with this deposited film exhibits
extremely high power density (>3 W cm~2) and almost theoretical
open circuit voltage (OCV) [8,9].

Therefore, in this study, we investigated the optimal prepa-
ration conditions of Ni-Fe bimetallic porous anode substrate for
the metal support SOFCs. Thin LaggSrg.1GaggMgp203_s (denoted
as LSGM9182) electrolyte films have been deposited on the dense
composite oxide substrate under optimized conditions for the PLD
method. After deposition, the dense anode substrate was reduced
to obtain the porous metal substrate in Hy flow at different tem-
peratures. In addition, the SOFC single cell performance was also
investigated with Smg 5Srg5Co05_s (SSC55) cathode at intermedi-
ate temperature.

2. Experiment

10 wt% Fe, 03 coated NiO powder was prepared by a traditional
impregnation method. Fe(NO3)3-9H,0 was dissolved in de-ionized
water, and then NiO powder was added into the solution propor-
tionately. After the evaporation of water, the obtained powder was
calcinedin aventilated furnace at 673 K for 2 h to decompose nitrate
acid and then fired at 1473 K for 6 h. To obtain a fine and uniform
particle mixture, the mixed powder was ground for 1 h in ethanol
using the ball-milling process with zirconia balls. After drying the
slurry, the resulting powder was pressed into disks (20 mm in diam-
eter) at 20 MPa. After iso-statically pressing at 48 MPa, the obtained
disks were sintered at various temperatures (1623-1823 K) for 5 h.
In order to achieve a uniform and nano-sized pore in the metal
substrate, the successive reduction of NiO-Fe,O3 composite was
adopted. The substrates were reduced at various temperatures
(873-1073 K). After reduction, the porosity and volume shrinkage
were measured by the Archimedes method and volumetric change,
respectively.

LSGM9182 and SDC20 bi-layer films were deposited on the
dense NiO-Fe,03 substrate by the laser ablation method using
the commercial equipment (PLD-7, PASCAL). Before deposition, the
chamber was evacuated to a pressure lower than 1.3 x 10~7 Pa
and then adjusted to a designated oxygen pressure of 0.667 Pa,
by introducing commercial oxygen without purification. The laser

W

70KV Z009/04/16 14:75:78 S

6295

power and frequency were controlled at 180 m] pulse~! and 10 Hz,
respectively. The substrate was heated to 1073 K before deposition.
Heating and cooling rate was 200 Kh~1. Smg,Ceq 30, (denoted as
SDC20, Daiichi Kigenso Kagaku Kogyo Co. Ltd., Japan) was deposited
between LSGM9182 and the NiO-Fe,03 substrate to prevent the
reaction between LSGM9182 and NiO. After deposition, the films
were post-annealed in air at 1073 K for 2h to ensure a superior
contact and the development of the crystal structure of LSGM.
Composition of the resulting LSGM9182 and SDC20 films was con-
firmed by EDX. The XRD analysis revealed that the perovskite
phase of LSGM9182 was formed in the thin film after deposition.
Smg 5Sr95C003_s (SSC55), the cathode material, was synthesized
by a modified citric acid method. The cathode was prepared by a
slurry coating and then fired at 1073 K for 30 min. In the mean time,
Pt wire was connected on the LSGM9182 film near the cathode for
areference electrode.

The power generating property of a single cell was measured by
the 4-probes method. Humidified H; (2.8 vol.% H,0) and commer-
cial oxygen were fed to the cell as fuel and oxidant, respectively.
The gas flow rate was 100 ml min—!. A constant current was applied
by using a galvanostat (Hokuto Denko, HA-301) and the potential
was measured with a digital multimeter (Advantest 6145). Elec-
trode over-potential was estimated by the current interruption
method. A current pulse was generated with a current pulse gen-
erator (Hokuto HC111) and the residual potential response was
analyzed with a memory hicoder (Hioki 8835).

3. Results and discussion
3.1. Preparation of Ni-Fe metal anode substrate

Dense surface of NiO-Fe,03 substrate is necessary to fabricate
uniform and dense electrolyte films with few or less wm thick-
ness. Therefore, optimal sintering temperature was investigated
to fabricate dense NiO-Fe,03 substrate. Fig. 1 shows SEM images
of the surface of NiO-Fe,03 disk prepared at different sintering
temperatures. NiO-Fe, O3 substrates, which were sintered at tem-
peratures lower than 1673 K, definitely show the gain boundary and
the holes. The porous surfaces changed to dense surface by elevat-
ing the temperature. However, the substrates, which were obtained
by sintering at temperatures higher than 1773 K, have rough surface
because of the increase in a grain size.
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Fig. 1. Surface morphology of the NiO-Fe, 05 substrate sintered at different temperatures.
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Fig. 2. SEM images of reduced Ni-Fe substrate prepared at different sintering temperatures.

As mentioned above, the porosity and shrinkage of substrate
is important to obtain a metal support SOFC without gas-leakage.
Therefore, to confirm the effect of sintering temperature on the
porosity and shrinkage of metal substrate, the prepared substrates
were reduced at 973K in H; for 1h (H, flow rate; 100 mImin—1).
Fig. 2 shows the SEM images of reduced Ni-Fe substrates at various
temperatures. It is seen that small and uniform pores are randomly
distributed on each grain. The Ni-Fe substrate sintered at low tem-
peratures shows more definite grain boundary than those sintered
at high temperatures. The growth of grain boundary is related
to the shrinkage of grain. In the case of low temperature sinter-
ing, reduction and sintering of NiO-Fe,03 particles were occurs
simultaneously during the reduction. On the other hand, high tem-
perature sintering leads to the dense substrate and after reduction,
porosity becomes larger. Therefore, the shrinkage of substrates
decreased as sintering temperature increases.

Table 1 summarizes the porosity measured by the Archimedes
method and the shrinkage estimated by comparing the size of the
disk before and after reduction. Effects of sintering temperature
on porosity and shrinkage are also shown in Fig. 3. Evidently, sub-
strates sintered at a higher temperature have larger porosity. The
substrate prepared at 1773 and 1823 K had largest porosity but
some cracks and the bending were observed. The leakage of gas
takes place through these cracks and bending part under SOFC cell
operation condition. On the other hand, porosity of the substrates
was ca. 30% when sintering and reduction were performed at tem-
perature lower than 1723 and 973K, respectively. The porosity of
30% is slightly small for the porous substrate of SOFC; however,
considering the H, permeation rate, it could be used as the porous
substrates. The volumetric shrinkage during the reduction should

Table 1
Change of NiO-Fe, 03 substrate’s volume and density by reduction.
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Fig. 3. Porosity and volumetric shrinkage of the anode substrate as the function of
sintering temperature.

be smaller as much as possible in order to prevent the formation of
cracks and delaminating in the thin electrolyte film. The shrinkage
was decreased by elevating the sintering temperature because the
substrate prepared at a higher temperature formed a dense struc-
ture during the sintering process. Therefore, the optimum sintering
temperature for the NiO-Fe,03 substrate is 1723 K and reduction
is 973 K.

The reduction process changed the morphology and also struc-
ture of substrate. Fig. 4 shows X-ray diffraction (XRD) patterns of
substrate before and after reduction. Before reduction, the sub-
strate was consisted with NiO and NiFe,04 phase. However, after

Sample (shrinkage, vol.%) Weight (g) Volume (cm?3) Density (gcm—3) Apparent density (gcm—3) Relate density Porosity (%)
NiFe1623 Before reduction 1.99 0.35 5.88 6.11 96.30 3.70
(19.99) After reduction 1.57 0.28 5.78 8.47 68.24 31.76
NiFe1673 Before reduction 1.93 0.30 5.88 6.02 97.62 2.38
(19.45) After reduction 1.52 0.24 5.77 8.46 68.17 31.83
NiFe1723 Before reduction 2.02 0.35 5.88 5.98 98.33 1.67
(18.77) After reduction 1.59 0.29 5.75 8.46 67.97 32.03
NiFe1773 Before reduction 1.95 0.36 5.76 5.83 98.86 1.14
(17.62) After reduction 1.53 0.29 5.69 8.90 63.97 36.03
NiFe1823 Before reduction 2.03 0.37 5.73 5.78 99.12 0.88
(15.58) After reduction 1.59 0.31 5.49 8.59 63.87 36.13
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Fig. 4. XRD patterns of the Ni-Fe bimetallic anode before and after reduction.

reduction, only shifted Ni diffraction peaks were observed. This
result suggests that all composite oxides were reduced completely
to metal and added Fe seems to form alloy with Ni. It is also noted
that diffraction angle was shifted to lower angle by addition of
Fe comparing with that of pure Ni. In according with the phase
diagram [15], composition of Ni:Fe=9:1 forms the alloy with FCC
structure. Consisting with the phase diagram, Ni-Fe alloy is formed
after reduction.

3.2. Preparation of LSGM/SDC bi-layer film by pulse laser
deposition (PLD) method

Since LSGM consists of four elements, the control of the film
composition is rather difficult for making film. Therefore, adjust-
ment of film composition is highly important for the preparation
of LSGM9182 film for electrolyte. It is well-known that the PLD
method has an advantage of a small deviation in the composition
from that of the target. However, as shown in Table 2, deviation of
film composition from target one is observed. In particular, concen-
tration of La and that of Mg tend to be high and low respectively.
Therefore, the deposition parameters and the composition of the
target were requested to be optimized to get a dense electrolyte film
with stoichiometric composition. Table 2 shows the composition
of the bulk LSGM9182 and the deposited LSGM9182 film analyzed
with SEM-EDAX. The composition of the deposited film is almost
the same as that of the bulk LSGM9182.

Fig. 5 shows the XRD patterns of the obtained LaGaOs film
before and after annealing. It is seen that the perovskite phase of
LSGM9182 and fluorite phase of SDC20 were successfully formed in
the as-deposited film. Therefore, the perovskite structure of LaGaO3
was already formed during deposition. Considering the intensity of
each diffraction peak with those in JCPDS card (PDF: 40-1183), the
relative density of the (11 2) plane, which is the strongest peak, is
much higher than that of the other X-ray diffraction peaks. There-
fore, itis considered that the obtained LaGaO3 based filmis oriented
along the (112) plane and the oriented growth seems to occur
during deposition by PLD. After the post-annealing treatment at
1073 K, there is no change in the diffraction patterns of LaGaO3
oxide; however, the relative intensity of CeO, slightly decreased.
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Fig. 5. XRD patterns of as-deposited and post-annealed LaGaOs film.

Because of weak intensity and broaden peak of SDC film due to
the thin thickness of the film, the lattice parameter of SDC cannot
be discussed in details. However, decrement of X-ray diffraction
peak from SDC can be explained by reaction or decreased crys-
tallinity. Post-anneal treatment is generally effective for improving
the crystallinity of the film and so some reaction between the SDC20
film and the substrate or LSGM9182 film may occur. However,
except for the decrease in diffraction peak intensity from SDC20,
there is no significant change observed in XRD patterns after the
post-anneal treatment and no diffraction peaks from the secondary
phase are observed. Therefore, no significant reaction occurred on
the LSGM9182 and/or SDC20 film. In addition, the reaction between
LSGM9182 and Ni was effectively prevented.

Fig. 6 shows the LSGM9182-SDC20 bi-layer film on the
NiO-Fe, 03 anode substrate. Evidently, the surface of the deposited
LSGM9182 film has a dense and gas-tight morphology without any
cracks and pin-holes as shown in Fig. 6(a). In spite of rough sur-
face, the uniform thickness of the film was obtained without any
columnar structure. This suggests that the NiO-Fe, 05 is quite suit-
able substrate materials for obtaining dense LSGM9182 film by
PLD method. It is also seen that the thickness of the deposited
LSGM9182 film is around 6 wm and that of SDC20 is not clearly
observed, but considering the deposition period, the thickness of
SDC20 layer is estimated to be 500 nm.

3.3. Effect of reduction temperature on the power generation
property

In order to confirm the optimal reduction temperature, dense
NiO-Fe,03 substrates were reduced at 873, 973, and 1073K in
H, for 1h, respectively. Fig. 7 shows the surface morphologies
of reduced NiO-Fe,03 disks at various temperatures. It is seen
that each grain consists of small and uniform pores. In the case
of reduction at 873K, there are large pore observed, which might
be assigned to the formation of pin-holes. On the other hand, when
the reduction temperature was higher than 973 K, the substrates
with uniform and random pore were obtained. As mentioned above,
large porosity and small shrinkage is necessary in order to obtained
LSGM9182 film without crack. The reduced Ni-Fe substrate at 873 K

-Eg':r:;:rison of the composition of LSGM film and bulk LSGM9182 analyzed by EDAX.
La Sr Ga Mg Total
at% Ratio at% Ratio at% Ratio at% Ratio
BulK LSGM9182 51.04 2.46 24.12 22.38 100.00
LSGM film 51.09 1.00 243 0.99 2411 1.00 22.37 1.00 100.00

LSGM target, Lag7282S510.1Gao.6380Mg0.425503_5.
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Fig. 6. SEM images of the deposited LaGaOs film; (a) surface morphology and (b) cross-section.

Fig. 7. SEM images of the Ni-Fe substrate reduced at different sintering temperatures.

has largest porosity and smallest volumetric shrinkage of 32.8%
and 18.3%, respectively. However, this large porosity may occur by
well-developed grain boundary as shown in Fig. 7. The porosity of
substrate decreased with an increase in the reduction temperature.
However, the porosity of all samples is larger than 30% and rea-
sonably acceptable for the anode substrate of SOFC. On the other
hand, the shrinkage of the substrate increased with an increase
in the reduction temperature. Especially, the reduced substrate
at 1073 K exhibits the largest shrinkage as large as 22.5% among
examined temperature range. The shrinkage is occurred by the
reduction of NiO-Fe, 03 composite oxide to metal phase. In accord-
ing to the phase diagram [15], the Ni-Fe composite oxide (9:1 by
the weight ratio) consists of two phase mixture of (NiggsFego5)0
and (Feg7Nig3)304. The composite oxide is reduced to metal in
the hydrogen atmosphere. During the reduction, the Ni rich phase,
which is (Nig gsFeg05)O0, is readily reduced comparing with the Fe
rich one, which is (Feg7Nig3)304, Therefore the reductions of two
phase mixtures lead to the formation of micro-pores due to slow
reduction of (Fep7Nig3)304 and also this suppress the shrinkage.
As a result, the reduction rate which relates with the reduction
temperature is an important parameter for obtaining the thin film
SOFC supported on the porous metal. It is considered that the
larger shrinkage is brought about by the faster reduction rate,
since (Feg7Nig3)304 phase is simultaneously reduced with the
(Nig.g5Feq,05)0 phase at high temperature. For more detail inves-
tigation into the effect of reduction temperature, three cells have
been prepared and measured the power generation property after
the reduction at different temperatures.

In order to measure the power generation property, the pre-
pared cells were set between vertical alumina tubes with 17 mm
diameter. For gas sealing, the molten Pyrex glass ring was used.
After sealing at 1073 K, 2 h, gas-leakage was checked at 973 K by
feeding O, and it is confirmed that all samples showed no gas-

leakages. Fig. 8 shows the power generation properties of the SOFC
single cell reduced at the different temperatures. The reduced cell
at 973 K shows almost theoretical open circuit voltage (OCV) and
high power density. On the other hand, the reduced cells at 873 and
1072 K show low OCV and the power density. These low values may
originate from the fuel leakages, which is occurred by the crack or
delaminating of electrolyte.

The formation of crack and delamination was confirmed with
the SEM observation as shown in Fig. 9. After the measurement,
the reduced cell at 973K has dense surface. On the other hand,
the cell reduced at 1073 K shows the delaminated electrolyte film.
The crack and delaminating of deposited film was explained by the
large shrinkage of the Ni-Fe substrate during the reduction process.
As mentioned above, the shrinkage of reduced cell at 873 K was
smallest than that at other temperature. However, the cell shows
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Fig. 8. Power generation property depends on reduction temperature at 973 K.
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the crack of deposited film. This result is explained by the ther-
mal expansion property of reduced Ni-Fe substrate. Fig. 10 shows
the thermal expansion properties of reduced substrate at different
temperatures. Ni-Fe substrate, which is reduced at temperature
higher than 973 K, shows similar thermal expansion property with
that of LSGM9182. However the substrates obtained by reduction
at temperature lower than 973 K show the large shrinkage because
of sintering. In case of metal substrate, the thermal expansion coef-
ficient is generally much larger than that of ceramics. However, as
shown in Fig. 10, mismatch in the thermal expansion coefficient is
not large and this suggests that the porous metal substrate of Ni-Fe
can be used as the substrate of LSGM9182 film.

Fig. 11 shows the power generating property of the cell reduced
at973 K. Itis seen that the maximum power density was achieved to
avalue 0f 1.79,0.82 and 0.29 W cm~—2 at 973, 873 and 773 K, respec-
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Fig. 11. Power generating property of the cell using LSGM/SDC bi-layer film as
electrolyte.

tively. The power density decreased by decreasing temperature.
However, OCV was almost theoretical value at each temperature. It
shows that thin LSGM9182 film electrolyte keep dense morphology
in the change of temperature. In addition, there is no concentra-
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773K and (c) 973K after thermal treatment.
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Fig. 13. Cross-section image of the Ni-Fe metal supported LSGM cell after the cell
operation.

tion over-potential observed on the I-V curves. Therefore, it can be
said that the porosity of the metal substrate is high enough for the
SOFC with a porous anode substrate. Moreover, the effects of ther-
mal cycling treatment on the cell performance were further studied
and the results are shown in Fig. 11. After thermal treatment, the
cell shows the high OCV and large power density of 1.62 W cm~2.
The results showed high mechanical toughness, which is one of the
great advantages of metal support SOFC. However, the decrease in
power density about 10% was observed after the thermal cycling
treatment. In order to identify the decreased power density after
thermal cycling treatment, internal resistance analysis and SEM
observation was performed.

Fig. 12 shows the internal resistance of the Ni-Fe metal sup-
ported LSGM9182 cell. Because the resistance of the film is small,
there is a possibility that reference electrode at cathode is short
circuited to anode substrate. However, in this study, we tentatively
tried to separate the anodic and cathodic resistance by a current
interruption method. Although the thickness of the LSGM9182
electrolyte film is as thin as 6 wm, the internal resistance of the
cell is still dominated by the IR loss. However, at 773 K, cathodic
over-potential is larger than IR loss. Moreover, the cathodic over-
potential after 2nd thermal cycle treatment is larger than that at
1st cycle. Increase in the cathodic over-potential may be occurred
by sintering or delamination of cathode. Since the cathode was
calcined at 1073 K, delamination seems to be more reasonable
because of highly smooth surface of the film and the insufficient
mechanical strength of cathode by low temperature calcinations
(1073 K). Therefore, by decreasing the over-potential in the cath-
ode part, the maximum power density of the cell could be further
improved.

Fig. 13 shows the SEM image of the surface morphology of cell
after thermal cycling test. After the cell operation, the electrolyte
was still quite dense without any cracks or pin-holes. Therefore,
it can be said that LSGM9182 film on Ni-Fe porous metal sub-
strate is highly strong against thermal cycling treatment and useful
for a reliable SOFC, which is non-fragile. The poor thermal cycle

durability might be explained by delamination of cathode and ther-
mal cycling.

4. Conclusion

Effects of sintering and reduction temperature on porous metal
substrate were investigated for metal support SOFC. The poros-
ity was increased and the volumetric shrinkage was suppressed
by increasing sintering temperature. However, sintering tempera-
ture higher than 1773 K formed cracks and bending of substrate.
Therefore, a thin LSGM9182 film was prepared on the NiO-Fe,03
substrate sintered at 1723 K. The film has a similar composition as
that of bulk LSGM9182 and is highly dense without pin-holes or
cracks. After the in situ reduction of NiO and Fe, 03 at 973 K, porous
alloy substrates were successfully obtained. In addition, the SOFC
single cell with the SSC55 cathode was operated at a relatively low
temperature and exhibited a fairly large power density. After the
thermal treatment, power density slightly decreased, however, the
maximum power density is as high as 1.62W cm~2. DC polariza-
tion measurements revealed that the anode over-potential is not
significant; however, the IR loss and over-potential at cathode side
dominated the cell performance at low temperature (773 K). It is
considered that the SOFC cell performance could be further ele-
vated by improvement of cathode morphology. In addition, after
the thermal cycle treatment, cathodic over-potential increased. The
poor thermal cycle stability seems to be originated from the delam-
ination of SmCo0O3 based oxide cathode because of the insufficient
mechanical strength. However, LSGM9182 film on the porous Ni-Fe
metal substrate is still dense and no crack forms after thermal
cycling test. Therefore, cell performance as well as reliability of
the cell against thermal cycle could be much improved by improv-
ing the mechanical property of cathode. Consequently, this study
reveals that the selective reduction of NiO-Fe, 05 is highly useful
for making metal support SOFC cell and that the resulting Ni-Fe
porous support is highly compatible with LSGM9182 electrolyte
film.
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