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Abstract

An La0.8Sr0.2MnO3 (LSM)/Sr0.88Y0.08TiO3 (SYT) dual layer interconnect was coated on an NiO-YSZ porous support via screen

printing and co-firing processes. SYT and LSM single phase powders were synthesized by solid state reaction and Pechini method,

respectively. The thickness of the dual layer was approximately 200 mm. The LSM/SYT dual layer showed a good gas-tightness and had

a uniform microstructure without cracks, delamination or warpage. No atomic inter-diffusion between the dual layer and the NiO-YSZ

support was detected, suggesting that SYT is phase compatible with NiO-YSZ. The area specific resistance (ASR) of the LSM/SYT/Ni-

YSZ sample was 0.19 O cm2 at 800 1C under oxidizing/reducing atmospheres; this value was lower than that of the SYT/Ni-YSZ

sample.

& 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Interconnects for solid oxide fuel cells (SOFCs) are used
to physically separate and electrically connect the anode
and cathode of adjacent cells. Interconnect materials must
satisfy the following requirements: 1) interconnects should
quickly and easily transfer electrons generated from the
anode side to adjacent cathode side, 2) interconnects
should be stable in chemical composition and phase under
oxidizing and reducing atmospheres, 3) interconnects
should have a dense microstructure to prevent the direct
combination of oxygen and hydrogen [1]. Among the
ceramic interconnect materials that can satisfy these
requirements, strontium or calcium-doped LaCrO3-based
materials have been extensively studied [2,3]. Although
they have a high electrical conductivity, adequate thermal
expansion coefficient (TEC) and phase stability, strontium-
doped LaCrO3 suffers from poor sinterability and
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nonlinear thermal expansion behavior. On the other hand,
calcium migration is a serious problem when calcium-
doped LaCrO3 is coated on the NiO-YSZ of an
anode-supported flat tubular SOFC [4]. In addition,
chromium-containing interconnects can cause the forma-
tion of volatile Cr (VI) species such as CrO3 and
CrO2(OH)2 under SOFC operating conditions, which
may diffuse to the cathode and then increase the polariza-
tion resistance. Therefore, chromium-free interconnect
materials have been proposed as alternatives to LaCrO3-
based perovskite materials [5,6]. Recently, much attention
has been paid to rare-earth-doped SrTiO3-based perovs-
kites due to their high electrical conductivity and phase
stability under a reducing atmosphere [7,8].
In this study, we tried to develop the interconnect

material which can be applied to flat tubular SOFCs.
Y-doped SrTiO3 was chosen as an interconnect material
because Y-doped SrTiO3 has the highest electrical con-
ductivity among rare-earth-doped SrTiO3 [9]. However,
the electrical conductivity of Y-doped SrTiO3 in air is
about two orders of magnitude lower than it is in H2. Since
rved.
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Fig. 1. XRD patterns of the SYT powder calcined at 1000 1C in air (a),

subsequently heat-treated at 1400 1C in air (b) and heat-treated in 5% H2/

Ar (c).
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one side of the interconnect (Y-doped SrTiO3) is exposed
to air, a blocking layer that can reduce the oxygen
potential is needed. In this regard, a dual-layered inter-
connect consisting of Y-doped SrTiO3 for the H2 side and
Sr-doped LaMnO3 for the air side might be a promising
candidate. Y-doped SrTiO3 and Sr-doped LaMnO3 layers
were coated on a porous NiO-YSZ support by screen
printing and subsequent co-firing. Phase stability, micro-
structure and electrical properties were examined.

2. Experimental procedure

An Sr0.88Y0.08TiO3 (SYT) powder was synthesized by
solid state reaction. Strontium carbonate (Z99.9%,
Aldrich), yttrium oxide (99.99%, Aldrich) and titanium
oxide (99.9%, High Purity Chemicals) were used as
starting materials. Strontium carbonate was heated in air
at 200 1C to eliminate the hydration effect. The starting
materials were mixed for 24 h by ball-milling in a plastic
jar containing ethyl alcohol. After drying, the powder was
calcined at 1000 1C in air and then reduced at 1400 1C for
3 h under 5% H2/Ar atmosphere.

An La0.8Sr0.2MnO3 (LSM) powder was synthesized by
the Pechini method. Lanthanum (III) acetate hydrate
(99.9%, Aldrich), strontium acetate (99.9%, Aldrich),
manganese (II) acetate tetrahydrate (99%, Aldrich), citric
acid (99.5%, Junsei) and ethylene glycol (99.5%, Kanto
Chemical Co., Inc.) were used as starting materials. The
molar ratio of total metal ions, citric acid and ethylene
glycol was 1:2:2. After metal acetates were dissolved in
distilled water, an aqueous citric acid and ethylene glycol
solution were sequentially added to the solution containing
metal ions, which was stirred at 50 1C for 1 h to obtain a
clear solution. Then, the solution was heated up to 80 1C
and kept for 12 h to remove the water that was produced
by the polyesterification between ethylene glycol and citric
acid. The solution was transformed into a thick deep-
brown gel, which was dried overnight in an oven that had
been pre-heated to 250 1C; solution subsequently formed a
sponge-like polymeric resin. Finally, this resin was calcined
at 700 1C in air for 5 h.

The LSM/SYT dual layer was fabricated by screen
printing and co-firing. Each paste was made by mixing
the obtained powders into the vehicle. The SYT layer was
coated on a porous NiO-YSZ anode support and then the
LSM layer was coated on the SYT/NiO-YSZ. The LSM/
SYT/NiO-YSZ sample was co-fired at 1400 1C for 2 h in
air. For comparison, the SYT/NiO-YSZ sample was also
prepared by the same method described before.

Phase identification was carried out using an X-ray
diffractometer (XRD, DMAX 2200, Rigaku, Japan) using
CuKa radiation. For compositional analysis, the micro-
structure of the LSM/SYT dual layer was observed with a
scanning electron microscope (SEM, JSM-5500, JEOL,
Japan) equipped with an energy dispersive spectrometer
(EDS). The gas tightness of the dual layer was confirmed
by micro-gas chromatography (micro-GC) and with an
oxygen sensor. The LSM and NiO-YSZ sides were exposed
to air and N2, respectively, and the oxygen concentration
of the effluent gas from the NiO-YSZ support side was
measured. The area specific resistance (ASR) of the dual
layer was measured at 500–800 1C using a DC four-probe
method. First, the LSM/SYT sample on the NiO-YSZ
support was reduced at 850 1C for 3 h under 100% H2

atmosphere. Then, H2 and air were supplied to the Ni-YSZ
and LSM/SYT sides, respectively.
3. Results and discussion

Although not shown in this paper, the XRD pattern of
the LSM powder synthesized by the Pechini method
showed that a single phase perovskite can be obtained
after calcining the precursor ash at 700 1C for 5 h in air.
Fig. 1 shows the XRD patterns of the powder samples that
were synthesized from SrCO3, Y2O3, and TiO2 by solid
state reaction. The XRD analysis revealed that the
1000 1C-calcined powder consisted of perovskite, pyro-
chlore (Y2Ti2O7), and unreacted Y2O3 and TiO2. When
the powder sample was further heat-treated at 1400 1C in
air, both Y2O3 and TiO2 phases disappeared and the
intensity of the peak corresponding to the pyrochlore
phase increased. This result suggests that the unreacted
Y2O3 and TiO2 were consumed to produce the Y2Ti2O7

phase. A rare earth-titanate pyrochlore formation often
occurs when a powder mixture containing rare-earth and
titanium oxides is calcined above 900 1C in air [10,11].
On the other hand, it was possible to obtain a single

phase perovskite when the 1000 1C-calcined powder was
given heat treatment at 1400 1C in 5%H2/Ar, as can be seen
in Fig. 1(c). The oxidation state of the Ti ion in the Y2Ti2O7

pyrochlore phase is tetravalent. If Y2Ti2O7 is reduced at low
oxygen partial pressure, Ti4þ ions will be reduced to Ti3þ ;
also, for charge compensation, some oxygen is removed



Fig. 3. EDS line profile of the LSM/SYT/NiO-YSZ sample.
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from the crystal structure, leaving oxygen vacancies in the
structure. Owing to such phenomena, yttrium titanate
cannot maintain the pyrochlore structure and Y and Ti
are dissolved into the SrTiO3 perovskite. In addition, it was
found that the color of the powder calcined in air was white,
while that of the reduced powder was bluish–gray. As the
reduction proceeded, the color became deeper, indicating
that more Ti4þ ions had been reduced to Ti3þ ions [12].

Fig. 2 shows cross-section and surface images of the
SYT and LSM/SYT layers coated on a porous NiO-YSZ
support by screen printing and co-firing at 1400 1C for 2 h
in air. Both the SYT and LSM layers have quite dense and
uniform microstructures with thickness of about 100 mm.
In addition, it appears that the SYT and LSM layers
adhered well to the porous NiO-YSZ support and to the
SYT, respectively, not showing cracks or delamination. As
is evident in Fig. 2(c), the thickness of the LSM/SYT dual
layer was about 200 mm. It is widely known that co-firing is
a very cost-effective and simple method to make a
supported SOFC [13]. However, many defects such as
cracks, delamination and/or warpage may occur due to
shrinkage or thermal expansion mismatch between cell
components. The thermal expansion coefficients of SYT,
LSM, and NiO-YSZ are 12.0, 11.8 and 11.5� 10�6 1C�1,
respectively [14–16].

Fig. 3 shows EDS line analysis results for the LSM/SYT
dual layer coated on the porous NiO-YSZ support.
Strontium and titanium were not detected in the NiO-
YSZ support, indicating the phase compatibility between
the SYT and NiO-YSZ. In addition, there is no sign
Fig. 2. SEM images of the SYT ((a) and (b)) and LSM/SYT layer ((c) and (d

surfaces.
indicating the diffusion of the lanthanum and manganese
in LSM into the SYT layer. Thus, it is thought that the
SYT and LSM layers are phase compatible with the NiO-
YSZ and SYT layers, respectively.
A leakage test was performed to confirm the gas

tightness of the LSM/SYT dual layer. What we should
not overlook is that perovskite materials tend to have an
ionic conductivity due to oxygen vacancies, which con-
ductivity can be created under a low oxygen partial
pressure or for charge compensation. The ionic conductiv-
ity is very useful in case the perovskite is used as an SOFC
cathode. However, in the case of interconnects, oxygen
)) on an NiO-YSZ support: (a) and (c) are cross-sections, (b) and (d) are



Fig. 4. Oxygen permeation of the LSM/SYT/NiO-YSZ sample.

Fig. 5. XRD patterns of the SYT (a) and LSM/SYT (b) layers after

co-firing in air.

Fig. 6. ASR of the SYT/Ni-YSZ and LSM/SYT/Ni-YSZ samples as a

function of temperature.
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supplied to the cathode can be transferred to the anode,
this process causes a decrease in the open circuit voltage
(OCV) and the cell performance. Therefore, it is important
to examine the oxygen permeability of the LSM/SYT dual
layer coated on the porous NiO-YSZ support. As can be
seen in Fig. 4, the oxygen partial pressure of pure N2 gas
(dotted line) is approximately 10�4 atm. The oxygen
partial pressure of the effluent gas from the Ni-YSZ
support was almost the same as that of the N2 gas in the
temperature range 500–800 1C. These results indicate that
the LSM/SYT dual layer coated on the NiO-YSZ porous
support includes no pin-holes and has little oxygen ion
diffusivity. Since LaMnO3-based oxides have the extra-
ordinary feature of oxygen excess under a high oxygen
partial pressure, the oxygen vacancy concentration of the
LSM is believed to be extremely low, suggesting poor
oxygen ionic conductivity [17–19].

Fig. 5 shows the XRD patterns of the SYT and LSM/
SYT layers. The SYT and LSM/SYT layers consist of
perovskite as a major phase and NiO and YSZ, which are
responsible for the NiO-YSZ support. No phase associated
with the reaction between the coating layers and the NiO-
YSZ support was detected. This result suggests that the
LSM/SYT dual layer and the NiO-YSZ have good
chemical compatibility. On the other hand, peaks that
are attributed to the Y2Ti2O7 pyrochlore were observed in
the SYT layer. The pyrochlore is the phase that is formed
as an unwanted second phase in a rare earth-doped
perovskite under high oxygen partial pressure conditions.
On the other hand, the pyrochlore phase almost disap-
peared in the LSM/SYT dual layer. It is considered that
the LSM layer can suppress the formation of the pyro-
chlore phase in the SYT layer.

Fig. 6 shows the ASR of the SYT/Ni-YSZ and LSM/
SYT/Ni-YSZ samples as a function of temperature. ASR
was decreased with increasing temperature, which means
that the electrical behavior of the two samples was
governed by the SYT or the LSM/SYT layer. In addition,
since the resistance of the Ni-YSZ support is much lower
than those of the SYT or the LSM/SYT layers, the ASR of
the sample may be caused by the SYT or the LSM/SYT
layer. The ASR of the sample with the LSM/SYT dual
layer was much lower than that of the sample with the
SYT layer. The ASR of the LSM/SYT/Ni-YSZ sample
was 0.19 O cm2 at 800 1C. SYT is an n-type semiconductor
and shows high electrical conductivity under a reducing
atmosphere. The high ASR value observed in the SYT/Ni-
YSZ sample may be responsible for the high oxygen partial
pressure exposed to one side of the SYT layer. On the
other hand, in the case of the LSM/SYT/Ni-YSZ sample,
the SYT layer is covered by the LSM, which shows p-type
semiconductivity. Thus the dual layer containing the LSM
can result in a reduced electrical resistance under an
oxidizing atmosphere. According to works in the literature,
the ASR value of interconnects for SOFCs must be lower
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than 0.1 O cm2 [20]. Although the ASR of the LSM/SYT/
Ni-YSZ sample is slightly higher than this value, it can be
improved further by reducing the thickness of the coating
layers or modifying the interface between the layers.

4. Conclusions

An LSM/SYT dual layer on a porous NiO-YSZ support
was fabricated via screen printing and co-firing. Both the
SYT and LSM layers had dense and uniform microstruc-
tures without cracks, delamination or warpage. No sign of
interdiffusion between the layers was detected after co-
firing, suggesting good chemical compatibility between the
LSM/SYT dual layer and the NiO-YSZ support. The
LSM/SYT dual layer showed excellent resistance to oxy-
gen permeation. The LSM/SYT dual layer was very
effective at reducing the ASR of the sample since the
LSM and SYT layers were exposed to air and H2,
respectively. On the other hand, the SYT/Ni-YSZ sample
showed a higher ASR value than did the sample with the
dual layer.
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