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Abstract

An anode-supported flat-tube solid oxide fuel cell (SOFC) is developed to increase the cell power density and thermal stability by
combining tubular and planar cell structures. The anode-supported flat tube is fabricated by an extrusion process. The porosity and pol
size of the Ni/YSZ (8 mol% yttria-stabilized zirconia) cermet anode are 50.6% anguth2B8=spectively. The Ni particles are distributed
uniformly and are well connected to each other in the cermet. An electrolyte of YSZ and a multi-layered cathode &§3x{L§o.oMnO3
(LSM)/YSZ composite, LSM, and LSt 4Cap 2Fep 803 (LSCF) are coated on the anode tube by slurry dip coating. The anode-supported
flat-tube cell produces 225 mW cth (0.6 V, 375 mA cnt?) at 750°C. A ceramic interconnect for the cell stack glz8Cay 27CrOs (LCC),
is synthesized by the Pechini method and is coated on the anode substrate by a plasma spray. A dense layer is obtained. A metall
interconnection plate of Fe—16Cr alloy is coated with LSM by a slurry dip coating process and sintered-n10%r H, atmosphere.

The resistance of the LSM-coated alloy is 148 en? at 750°C and decreases to 43ten? after 450 h.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction as cell components and a fabrication method for the tubu-
lar cell, a high performance cell, stack design and assembly,
Solid oxide fuel cells (SOFCs) have been developed as etc. In order to increase cell life and reduce cost through the
clean and efficient power sources that generate electricityuse of less expensive materials such as metallic intercon-
from various fuels. The SOFC has several distinct advan- nects, many researchers are presently concentrating on the
tages, namely, simplicity, high power density, low produc- development of SOFCs which can operate at reduced tem-
tion cost and excellent integration with a simple reformer. peratures below 80CC [2,3]. An anode-supported SOFC is
Thus, it is expected that their commercialization will be re- a candidate for such intermediate-temperature system. Ac-
alized within a few year$1,2]. The fuel cell can be used cordingly, we have investigated the characteristics of a cylin-
as large power generator combined with gas turbine for sta-drical, anode-supported tube cell with a gastight electrolyte
tionary applications, a medium-sized power generator for layer in previous work4—6].
residential applications with internally reformed fuel, and a  The present study is concerned with the development of
small power generator for portable power applications. The an anode-supported flat-tube cell to improve power density
SOFCs can be constructed with either a tubular or a pla- and to study the basic technology of the key components,
nar design. The tubular design has been used for small toviz. electrode, electrolyte and interconnection materials.
large-scale power generation systems. The planar design has
also been studied for a long time and a small power system
has been developed. To achieve commercialization of SOFC2. Experimental procedure

technology, it is essential to establish key technologies such o
2.1. Fabrication of anode-supported flat-tube cell
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thin layers and attached to the anode. A 40vol.% Ni/YSZ 2000, Rigagu Co.). The LCC powder was plasma-sprayed
(8 mol% yttria-stabilized zirconia) anode powder was pre- on to the porous anode tube to form a gastight and elec-
pared by mixing YSZ (TZ-8Y, Tosoh Co.) and nickel oxide trically conducting interconnection. Plasma spray coating
powders. Anode powder and activated carbon as pore for-was carried out by using an arc-discharge, plasma spray
mer were weighed and mixed in ethanol by ball milling gun (Sulzer Metco Co.). The spray-dried LCC agglomer-
for 14 days and then dried. An organic binder and 25wt.% ates were fed into the plasma spray gun vertically by argon
distilled water were added to the dried powder, and then carrier gas and secondary,Hand then the plasma-coated
the well-dispersed paste was extruded in the form of flat LCC layer was heat-treated at 148D for 3 h. The resulting
tube. The extruded flat tubes were dried with microwaves layer was characterized by scanning electron microscopy.
in an oven at 120C for 12h, and then pre-sintered at The characteristics of the plasma-sprayed ceramic inter-
1300°C. The YSZ electrolyte layer was coated on the connection layer were compared with those of the slurry
pre-sintered anode tube by repeated application of a slurrydip-coated LCC layer with a NiO interlayer.

dip process to form a dense layer, which was then co-fired

at 1400°C. The cathode materials (.85S10.15)0.0MNO3

(LSM) and L& gSr4Caoy2FengOs (LSCF) were prepared 3. Results and discussion

by a solid-state powder reaction for which the materials

were weighed in the required proportions and mixed in 3.1. Characteristics of anode-supported flat-tube cell

ethanol by ball milling for 10 days. The synthesized power

was calcined at 100QC for 5h. The multi-layered cathode The extruded anode-supported flat-tube cell structure
was composed of LSM/YSZ composite, LSM, and LSCF is shown in Fig. 1 The electron current path of the
and was coated on to the co-sintered flat tube by a slurry

dip process, and then sintered at 120 The pore size and

porosity of the anode tube were determined by means of mer- J

cury porosimetry (Autopore 1V 9500 V1.00, Micrometrics). il T TTT oo !
The microstructure, thickness and elemental composition of ) f 1l 1 o S0 - 5 6
the layers were evaluated by scanning electron microscopy e TV P A
(Philips model SEM515, USA) equipped with EDS and T

L LW L LT

WDS. The performance characteristics of a single cell were
evaluated at 750C in humidified hydrogen with 3% O
and air.

2.2. Fabrication of interconnection materials

Fecralloy (Fe-20Cr-5Al) and Fe-16Cr steel (SUS430, -
Changwon Special Steel Co., South Korea) of 3 mm thick-
ness were used as metallic materials, and were polished with
600-grit SiC paper and cleaned in acetone. The metallic ma-
terials were dip-coated with the LSM slurry and sintered at
1200°C for 2h in two different atmospheres, viz. air and ' T TR TV
Ar +10% Hp. The electrical resistance was measured using ‘ — :
the dc two-probe method and the interface layer was exam-
ined with scanning electron microscopy.

Lag75Ca27CrO3 (LCC) as a ceramic interconnec-
tion material was synthesized from a nitrate solution of
La(NO3)3-6H20, Cr(NQG3)3-6H,O and Ca(NQ@)2-4H,0
(Sigma—Aldrich). The nitrates were mixed with distilled
water, and 1:1 molar mixture of ethylene glycol (EG) and
citric acid (CA) was added to the solution. The solution
was then heated to 8@ on a hot plate to form a viscous
gel. The resulting gel was put in a drying oven at 130 ﬂmmmlmnmmﬂmm
and the solution was boiled rapidly to produce a polymer- e
ized foam. The gel was then dried and charred at°Z50
for 3h. The charred resin was pulverized in a mortar. The _ .

. . Fig. 1. Anode-supported flat-tube cells: (a) as-extruded and pre-sintered
precursors were calcined at each selected tempe@ture n a'.:slnode-supported flat tube; (b) flat-tube cell coated with electrolyte and
air atmosphere, and the crystal phases of the calcined pow=athode layer; (c) flat-tube cell coated with electrolyte and plasma
ders were identified by powder X-ray diffractometry (RINT spray-coated interconnect layer.
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tubular-type SOFC structure is geometrically determined particles in the anode increases the number of electrode
by the half-circle of the cell. Consequently, the power per reaction sites by increasing the triple-phase boundary and
mass or per volume is much poorer than that of the planar current patij1]. The porosities of the anode tubes sintered at
type. The flat-tube design can enhance the power densityl400°C and pre-sintered at 130C were 50.2 and 42.1%,
by providing electron current paths through the ribs, and respectively. A higher sintering temperature produces a
shown inFig. 1(a) The design also has higher mechanical lower porosity due to increased shrinking. After hydrogen
strength than the conventional planar type. The flat-tube cell reduction, the NiO in the anode tube is fully reduced to
in which the electrolyte and the cathode layer are coated onNi and the porosity of the sintered anode tube is increased
the porous flat anode tube by slurry dip coating is shown from 42.1 to 50.7%, which is considered to be caused by
in Fig. 1(b) and the plasma spray-coated interconnect layer the volume change due to conversion of the nickel oxide to
on the anode tube is shown irig. 1(c) The thickness its metallic form.
of the co-fired anode flat tube was 1.9mm, and both the The microstructure and elemental distributions of the
electrolyte and the cathode layers had a thickness pin20 electrolyte and the cathode multi-layer composed of
The microstructure and elemental distribution of the LSM/40wt.% YSZ composite, LSM and LSCF are pre-
anode-supported tube after reduction are showRign 2 sented inFig. 3. The LSM/YSZ composite layer was
The micrographs indicate a uniform distribution of Ni par- adapted to a lower polarization loss due to an increase in
ticles, YSZ, and micropores. Good distribution of the Ni the triple-phase (LSM/YSZ/gas) bounddi]. The coated
cathode layers were porous and the Mn in the LSM was
diffused into the LSCF layer. The Fe in the LSCF was
diffused slightly into the LSM layer, but mainly existed
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Fig. 2. Electron micrograph and elemental distribution of Ni and Zr(YSZ) Fig. 3. Electron micrograph and elemental distribution of Mn and Fe of
in the Ni/YSZ cermet anode: (a) electron micrograph; (b) Ni K-ray flat-tube cell: (a) electron micrograph; (b) MnoKX-ray image; (c) Fe
image; (c) Zr lo X-ray image. Ka X-ray image.
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Fig. 5. Electron micrograph of Fe—-16Cr alloy (SUS430)/LSM interface
Fig. 4. Performance curves of flat-tube cell effective area of 23am sintered in Ar+ 10% Hp.

750°C.

in the LSCF layer. Since Mn is the electrocatalytic reac- delamination of the LSM coating layer did not occur in an
tion site, the diffused Mn exerts an influence on cathode air-sintered condition, which is probably due to the forma-
performance. In the present work, it is unclear whether tion of an adherent AO3 or mixed AbOg3 protective layer.
the diffused Mn increased the cathode activity or not. An The total electrical resistance of LSM-coated Fecralloy is
anode-supported flat-tube cell with an effective cell area higher than that of Fe-16 Cr, as shownFig. 6(a) and is

of 23 cn? produces a good performance of 225mW¢ém  caused by the presence of 83 with low conductivity in
(0.6V, 375mAcnT?) at 750°C, as shown inFig. 4 By the Fecralloy. Total electrical resistance of Fe—-16Cr alloy
contrast, a flat cell without a LSCF layer gave an inferior
performance. A LSCF current-collector layer was coated on
the LSM layer. LSCF has high electronic conductivity and
therefore reduces the contact resistance of the cathode com-
ponent.

o
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3.2. Characteristics of metallic interconnector

The use of a metallic interconnector in a SOFC has the ad-
vantages of higher electronic conductivity and better work-
ability at intermediate operating temperatures. There have
been some studies on the use of metallic alloys as intercon-
nectorg8-11] These focused on studying the oxidation re- 850 700 750 800 850
sistance, the electrical conductivity and the microstructure @) Temperature (°C)
of Fe- and Cr-based alloyj40,12,13] To examine the ef-
fect of the LSM slurry coating on the metallic alloy, Fecral- 6 . T T T
loy (Fe—20Cr-5Al) and Fe—16Cr alloy were coated with a
(Lag.g5Sr.15)0.9MN0O3 protective layer by a dipping process
and the characteristics of the interface layer and the elec- \
tronic conductivity were investigated.

When the LSM-coated Fe—16Cr alloy was sintered in an
Ar +10% H, atmosphere, the coating layer had a thickness
of about 3Qum and was stable; a cross-section of this layer
is shown inFig. 5. At the interface layer of Fe—16Cr alloy
and LSM, CpOs phase is detected from the composition
analysis and the dense LSM layer is strongly bonded to 0 L . L L
metal substrate. 0 100 200 300 400 500

On the other hand, the LSM layer sintered in an air at- (b) Time (hrs)
m_OSphere delammat.ed from,the mEtaI substrate. ThIS IS l':lt'Fig. 6. (a) Electrical resistance of Fe—16Cr alloy (SUS430) and Fecralloy
tributed to the formation of thick oxide scale at the interface coated with LSM. (b) Variation of electrical resistance as a function of
of the Fe—16Cr alloy/LSM layer. In the case of Fecralloy, holding time.
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Fig. 7. XRD patterns of synthesized d.&Ca 27CrOs powder as a func-
tion of calcination temperature.

as a function of time is presented kig. 6(b) The value

is 148 m2cn? at 750°C and decreases to 43eny? af-

ter 450 h, which is considered to be due to the LSM coat-
ing layer changing to stable single phad®]. This re-
sult confirms the suitability of the metallic interconnect for
anode-supported flat-tube SOFCs.

P i

v S 3
mecV Spol Hagn Del wWh ] 00m

56 T3
-

200k 30 %00n

Fig. 8. Electron micrograph of plasma spray-coated and sintered
Lag 75Cap27CrOz at 1400°C for 3h: (a) cross-section of coated layer;
(b) surface of coated layer.
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Fig. 9. Slurry dip-coated and sinteredg:8@Cay 27CrOz at 1400°C for 3h
NiO coated as barrier layer: (a) cross-section of coated layer; (b) surface
of coated layer.

3.3. Characteristics of ceramic interconnect coated on
anode-supported tube

X-ray diffraction patterns of Lg;sCa27CrO3 samples
calcined at different temperatures are showrfig. 7. A
second phase, CaCxQs found in addition to the main per-
ovskite phase in samples calcined at 800 and*@f@r 10 h.

The single phase of perovskite is present at temperatures
above 1000C. The powders were made in the form of a
spherical shape by a spray drying process. The powder was
fed into a plasma spray gun via argon carrier gas, melted by
the plasma arc, and deposited on the anode-supported flat
tube to form an ceramic interconnection film. To improve
the gas tightness, the anode tube with the plasma-sprayed
film was heated-treated at 1400 in air for 3 h. The results

are presented ifrig. 8 and the plasma-sprayed thin layer
was dense. To provide a comparison with the wet process,
Lag 75Ca.27CrO3 slurry was dip-coated on the anode sup-
port coated with NiO layer. The dense interconnection layer
was not formed, as shown [ig. 9.

4. Conclusions

In order to increase the cell power density and thermal
stability through a combination of tubular and planar cell
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