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a b s t r a c t

This paper reports the development of intermediate temperature-operating solid oxide fuel cell stacks
using anode-supported planar cells with LaNi0.6Fe0.4O3 (LNF)cathode. We developed metallic separators
with radial gas flow channels and an anode seal structure. To achieve good power-generating character-
istics, we propose two cathode contact methods. According to a performance evaluation at 800 ◦C, power
density of 0.5 W cm−2 is obtained at the current density of 1.0 A cm−2 when operating with a sufficient
fuel amount, and power conversion efficiency of over 50% LHV is obtained at the current density of more
than 0.2 A cm−2 when operating at a high fuel utilization rate.
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. Introduction

Recently, solid oxide fuel cells (SOFCs) have received more atten-
ion because of their high efficiency, high heat utilization and good
uel flexibility. Nevertheless, a number of issues must be solved
efore SOFCs can be applied to an actual power system [1–3].

Currently, there are two basic designs for SOFC application: pla-
ar and tubular [1,3–7]. Planar cell designs are expected to be
ost-effective, and mechanically robust, and to offer higher power
ensity per unit volume [5–7].

To realize a SOFC system that has high power generation effi-
iency (or high electrical conversion efficiency) using planar type
ells, there are two important points.

One is that the cell operating voltage should be as high as pos-
ible under certain current density and fuel utilization conditions.
ere, the intrinsic cell performance and electrical contact between

he cell and separators are the most important factors.

The other is that the performance of the cell-separator system,

hich includes the separator structure, gas flow pattern and sealing
ethod, should be optimized so as to achieve high fuel utilization

nder the desirable current density condition.

∗ Corresponding author. Tel.: +81 422 592913; fax: +81 422 595600.
E-mail address: sugita.satoshi@lab.ntt.co.jp (S. Sugita).
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On the other hand, for an actual SOFC system, there are practical
emands regarding reliability, durability and cost competitiveness.

To meet these practical requirements, there are certainly con-
traints for the cell operating voltage and fuel utilization rate, which
reatly depend on the type of structure and the scales of the SOFC
tacks.

In our previous work, we have successfully fabricated anode-
upported cells that operate at below 800 ◦C by co-sintering
f anode substrate and scandia- and alumina-stabilized zirco-
ia (SASZ) electrolyte. [8–10] LaNi0.6Fe0.4O3 (LNF) was applied
o our anode supported cell. We have confirmed that the cells
ith LNF cathode have both high electrochemical performance

ven at 800 ◦C [11,12] and chemical stability against chromium
pecies that comes from the metallic separators used in the SOFC
tack [13].

In this paper, we describe the design and fabrication of the
etallic separators for our anode-supported SOFCs and their per-

ormance. To achieve high electrical conversion efficiency of over
0%, we set our target as an operating cell voltage of 0.8 V at a
uel utilization rate of over 70% under reasonable current density

onditions.

We discuss the current–voltage (I–V) characteristics and fuel uti-
ization properties of the cell-separator system, and address the key
ssue in realizing high performance with respect to the cathode
ontact method.

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:sugita.satoshi@lab.ntt.co.jp
dx.doi.org/10.1016/j.jpowsour.2008.07.072
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. Experimental

.1. Cell

In our previous work [8–13], high performance disk shaped
node-supported SOFCs with LNF cathode were developed. The
lectrolyte was 10 mol % Sc2O3- and 1 mol % Al2O3-stabilized ZrO2
SASZ, Daiichi Kigenso Kagaku Kogyo Co.). The anode was a mix-
ure of 60 wt% NiO and 40 wt% SASZ. The anode and electrolyte
reen sheets were prepared by the doctor blade method. The anode
reen sheets were laminated to obtain appropriate thickness of
bout 1 mm. The electrolyte green sheet was laminated on the
node green sheets. These laminated sheets were cut into disks
nd co-sintered at 1350 ◦C to make half cells. The cathode was
aNi0.6Fe0.4O3 (LNF). Slurry of LNF was screen-printed on the elec-
rolyte of the half cell and sintered. The details of the cell fabrication
rocess are described elsewhere [10–12]. In this report, cells of
0 mm-diameters were used.

.2. Power generating test using Pt current collector and alumina
ousing

Electrochemical measurements on the fabricated cell were per-
ormed by using alumina housing and platinum current collectors
12]. Pt-mesh with Pt voltage probe and Pt current lead were sin-
ered onto each electrode of the cell at 1000 ◦C for 2 h before power
enerating tests. The cell was set in the alumina housing with gas
anifolds to feed fuel and air, and sealed at the outer edge with

lass powder paste. Gas flow channels of the alumina housing for
uel and oxidant gases were designed to induce a radial flow from
he center of the cell to the edge. Power-generating tests were con-
ucted while the alumina housing was placed in electrical furnace
f 800 ◦C. The I–V characteristics were measured at the condition of
00 mL min−1 of dry H2 and 1.0 L min−1 of air for fuel and oxidant
ases, respectively.

Fig. 1 shows a photograph of the cell with the Pt current collector
n the alumina housing.
.3. Separator structure and sealing

Fig. 2 shows a cross-sectional illustration of our metal separator
ystem.

ig. 1. Photograph of the Pt current collector sintered on the cathode. The cell is in
n alumina housing.

2
c

s
I

ig. 2. Cross-sectional illustration of our cell-separator system for the planar anode-
upported cell.

A chamber is placed at the center of the anode-separator and
et the anode-supported cell in it. Sealing was made between
ell and anode separator at the outer edge of the disk shaped
ell. The sealant was a mixture of ceramic fiber and glass pow-
er paste. The cathode separator is designed to touch the cell only

n the cathode electrode area of the cell. External pressure to this
rea was controlled by using a press rod from outside the fur-
ace. Fig. 3 is a photograph of our anode separator. The gas flow
hannels of the separator system for fuel and oxidant gases were
esigned to induce a radial flow from center of the cell to the
dge.

.4. Cathode contact layer

In this study, we tested three cathode-separator contact meth-
ds: The separator directly contacting the cathode of the cell;
t-paste and a mat of non-woven stainless steel wire (SUS-mat)
laced between the separator and the cathode; and ceramic pow-
er paste of LNF, which is the same material as the cathode of the
ell, placed between the separator and the cathode and sintered
ust before power generating test at 800 ◦C.

Fig. 4(a)–(c) are photographs of direct contact method, SUS-mat
nd Pt-paste method, LNF-paste method, respectively.

For all contact methods, mechanical load was added to the cath-
de separator to make the contact firmer.

.5. Power-generating test and AC impedance measurement for

ell-separator system

Power-generating tests were conducted while the cell-separator
ystem described above was set in an electrical furnace of 800 ◦C.
–V characteristics were measured at the condition of 300 mL min−1

Fig. 3. Our anode-side metallic separator for a 60-mm anode supported cell.
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Cole–Cole plot of AC impedance spectra: R0, which is the intersec-
tion point of real part axis, and R1 and R2, which were obtained from
the diameter of the semicircles appearing in the high-frequency
part and low-frequency part, respectively. The intersection point
(R0) reflects an ohmic resistance of the cell/cell-separator system.
ig. 4. Photographs of cathode contact methods. (a) No contact layer on the cath-
de (direct contact). (b) SUS-mat and Pt-paste placed on the cathode. (c) LNF-paste
pplied on the cathode.

f dry H2 and 1.0 L min−1 of air for fuel and oxidant gases,
espectively. For measurements of fuel utilization dependence, cell
oltages of fixed current load were measured while changing the

uel flow rate. Internal resistances of cell-separator systems were
nvestigated by the AC impedance method. The measurements

ere carried out at the open circuit voltage (OCV) at frequencies
anging from 10 mHz to 100 kHz using a Solatron 1260 impedance
nalyzer.

F
m
s

ig. 5. I–V characteristics of our anode-support cells. The circles and triangles indi-
ate data measured using the alumina-housing with the Pt-current collector and
hose measured using the metal separator direct-contact method, respectively.

. Results and discussion

.1. Direct contact

I–V and current-power characteristics of our anode-support
ells are shown in Fig. 5 for two test configurations: alumina
ousing with the Pt-current collector (Pt-mesh method) and metal-
eparator in the direct contact method. With the Pt-mesh method,
large power output of 1.6 W cm−2 was obtained. We assume that

his is an intrinsic characteristic of the cell itself. It is clear from the
esults shown in Fig. 5 that using a metal separator and just having
t contact the cathode directly cannot bring enough power that the
ell originally has.

Fig. 6 shows Cole–Cole plots of the AC impedance spectra
f these two conditions. The internal resistance of the cell/cell-
eparator system can be separated into three parts from the
ig. 6. Comparison of AC impedance spectra. The circles and triangles indicate data
easured using the alumina-housing with the Pt-current collector and those mea-

ured using the metal separator direct-contact method, respectively.
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Fig. 8. Comparison of AC impedance spectra for two cathode contact methods. The
diamonds and circles indicate data measured using the SUS-mat and the Pt-paste
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e identified the high-frequency semicircle (R1) as a cathodic
eaction [11]. And, we think that the low frequency part (R2) is
elated to the anodic reaction because its measured value changes
epending on the flow rate of the fuel and/or the species of the
uel. For an accurate measurement of this R2 component, it is
ndispensable to measure under the fuel condition that the oxy-
en partial pressure of anode side does not change heavily by
he electrical current applied for the measurement. For example,

easurements under humidified hydrogen fuel condition or under
ertain discharged condition (for our measurements, under the
ondition of at least 0.2 A cm−2 to 0.3 A cm−2) are needed. However,
uch a condition was not able to be prepared in our measure-
ent environment. So, it is not appropriate to discuss about this

2 components in the data shown here. But, we confirmed that
he R0 values were not affected by the fuel condition discussed
bove. In this paper, we discuss about the relation between the
easured value of R0 and the method of cell separator contact
ethod.
The apparent difference between these two cases is the magni-

ude of R0: R0 = 0.16 � cm2 for the Pt-mesh method and 0.97 � cm2

or the metal separator. This indicates that the large R0 value greatly
egrades the cell power output under the direct contact condition,
nd that reduction of this contact resistance, possibly without using
ostly noble metal materials, is required.

.2. Influence of cathode contact layer

To reduce contact resistance between the metallic separator and
athode, we tested the contact method with the Pt-paste and SUS-
at placed between the separator and cathode and the one with

eramic powder paste of LNF placed between the separator and
athode.

We expected that the former method would show the same per-
ormance as the alumina-housing measurement in that both use
t-paste and metal mat to collect current.

The latter method is aimed at filling the space between cathode

nd contact area of metallic separator by the LNF powder. This LNF
owder is the same powder used for the cathode. Only the sintering
emperature is different between the cathode and contact paste.

Fig. 7 shows the I–V and current-power characteristics for these
wo cathode contact methods. The data for the direct contact

ig. 7. I–V characteristics of our anode-support cells with two cathode contact
ethods. The diamonds and circles indicate data measured using the SUS-mat and

t-paste contact layer and those measured using the LNF-paste contact layer, respec-
ively. For comparison, data for the direct-contact method (triangles) are re-plotted
rom Fig. 5.
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ontact layer and those measured using the LNF-paste contact layer, respectively.
or comparison, data for the direct-contact method (triangles) are re-plotted from
ig. 6.

ethod are also shown for comparison. These two shows nearly the
ame performances, and the performance is relatively high com-
ared to direct contact. And their AC impedance results (Fig. 8) also

ndicate almost same R0 value of R0 = 0.33 � cm2.
These two contact methods reduce ohmic resistance between

athode and metallic separator and improve current–voltage char-
cteristics significantly. But the contact resistance of these two
ases is still larger than that for the Pt-mesh method.

A possible reason for the insufficient contact is that the metallic
eparator surface and the current collector (or the cell) were both
o rigid that there were only point-to-point connections between
hem. We expect that further improvement would be possible by
ptimizing the cathode contact layer. Nevertheless, reasonable cell
oltage of 0.8 V was achieved in this experiment at the current
ensity of 0.4 A cm−2, when the fuel amount was sufficient.

.3. Fuel utilization dependence

Fig. 9 shows the fuel utilization dependence of the cell voltage of
ur cell-separator system. The cathode contact method of Pt-paste
nd SUS-mat was used for this measurement. To obtain the fuel
tilization dependence, cell voltages were measured while the fuel
ow rate was changed at each current set point. From the results,

t is clear that our cell-separator system can be operated without
ny failure or degradations up to the fuel utilization of more than
0%. This, together with the I–V characteristics above, suggest that
ur cell-separator system has sufficient performance to realize the
OFC stack with high power conversion efficiency of over 50% LHV
t the current density of up to 0.2 A cm−2.

We think that such a stable power generation performance
t the condition of high fuel utilization rate and high power
onversion efficiency are achieved mainly by two reasons. One
s the good I–V characteristics due to the good cell perfor-

ance and the good cathode contact. The other is the tolerance

gainst severe operating condition such as high fuel utiliza-
ion rate resulting from the sealing method and separator
tructure, especially for disk shaped cell and radial flow gas
hannels.
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Fig. 9. Fuel utilization dependence of the cell voltage of our cell-separator system
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[

[11] H. Orui, K. Watanabe, R. Chiba, M. Arakawa, Journal of Electrochemical Society
ith the SUS-mat and Pt-paste cathode contact layer. Current load of the cell was
et at the current density of 0.1, 0.2, 0.3, 0.4, or 0.5 A cm−2. The dashed lines indicate
he contour of power conversion efficiency for 40%, 50%, and 60%.

For the case of square cell, it is not easy to make radial gas flow
hannels on the separators. For example, Borglum et al. used sep-
rators with parallel gas channels and placed gas inlets at one side
f a cell [6]. In this case, operation at high fuel utilization rate is
trongly affected by sealing performance because fresh fuel may
ross the seal part at the boundary between the cell and the sepa-
ator.

Further studies are needed to clarify the influences of stack
esign such as cell shape, gas flow pattern, and sealing perfor-
ance to power generation performance. But we think that our

isk shaped cell and separator with radial gas flow from the cen-
er of the cell have advantages for realizing high fuel utilization
peration.
. Conclusion

A disk shaped planar-type cell-separator system with radial
as flow and anode sealing structure was presented. The system

[

[

ources 185 (2008) 932–936

as assembled using a 60-mm anode-supported cell with LNF
athode and glass-ceramics mixture sealant. Its electrochemical
erformance is strongly affected by the cathode contact method.
s candidate for the cathode contact method, we propose the SUS-
at and Pt-paste contact layer and the LNF paste contact layer. Both
ethods can improve the performance of the cell-separator sys-

em. According to the performance evaluation of our cell-separator
ystem, power density of 0.5 W cm−2 are obtained at the current
ensity of 1.0 A cm−2 when operating with a sufficient fuel amount
nd power conversion efficiency of over 50% LHV at the current
ensity of up to 0.2 A cm−2 is obtained when operating at a high
uel utilization rate. These results were obtained using hydrogen as
fuel. Higher power conversion efficiency can be expected by using
ydrocarbon fuel such as methane.

The performance will be improved by modifying and optimizing
he cathode contact method in the future.
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