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a  b  s  t  r  a  c  t

A  cost-effective  method  was  developed  to fabricate  dense  doped  LaCrO3 bases  interconnect  membrane
on anode  substrate  for solid  oxide  fuel  cell  (SOFC)  applications.  As  conventional  lanthanum  chromite
interconnect  is  difficult  to  be  co-sintered  with  green  anode,  a simple  and  cost  effective  screen  printing/co-
sintering  process  was  employed,  and  dense  La1−x−ySrxCayCrO3−ı interconnect  membrane  was  successfully
prepared  on  the  anode  support  of  NiO–YSZ.  In this  method  a  base  layer  of  doped  lanthanum  chromite
vailable online 22 September 2011

eywords:
nterconnect material
o-sintering

(La1−xSrxCrO3−ı)  was  applied  on  NiO–YSZ  substrate  and  a top  layer  of  CaCrO4 was  then  coated  and  co-
sintered  to  melt  the  top  layer.  By  means  of  this  method,  not  only  CaCrO4 melts  and  fills  the  open  pores
in  the  base  layer,  but  it also  dissolves  in  base  layer  forming  La1−x−ySrxCayCrO3−ı as  a  single  layer.  The
sintering  characteristics,  microstructure  and  electrical  conductivity  of  interconnect  were  investigated.  In

mpos
anthanum chromite
lectrical properties

addition,  the  effects  of  co

. Introduction

Solid oxide fuel cells (SOFCs) have been developed as an
dvanced technology for clean, high efficient and reliable energy
onversion. In this research field, exciting progress has been
chieved so far on individual cells, such as high performance and
ovel designs [1–3]. The SOFCs can be constructed with either

 tubular or a planar design. The tubular design has been used
or small to large-scale power generation systems and has many
dvantages such as the ease of sealing and ability to endure the
hermal stress caused by rapid heating [4–6]. However, for tubu-
ar SOFC stacks, only ceramic interconnect can be used [7].  This
art of SOFC still remains to be a main challenge holding back sin-
le fuel cells from being compiled into stacks [8].  Interconnector
rovides the conductive path for electrical current to pass from
he anode of one cell to the cathode of the next one, as well as
eparating the fuel gas from the oxidant. So, it should be com-
letely dense, sufficiently conductive, and quite stable in both
xidizing and reducing atmospheres. Due to these tough require-
ents, only few materials can be used for SOFC interconnector.

anthanum chromite (LaCrO3) based perovskite materials are the
ost promising which have high thermal and chemical stability
n dual oxidation–reduction atmosphere as well as good electrical
onductivity; thus, they have been extensively investigated [9–12].
owever, their poor sintering ability makes them unable to be
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ition  on  sintering  and  electrical  properties  were  studied.
© 2011 Elsevier B.V. All rights reserved.

co-sintered with green tubular anode, resulting in a high cost for
manufacturing. However, few breakthroughs have been achieved
on the fabrication of interconnect membranes. As mentioned in the
literature [13], there are few reports about dense doped lanthanum
chromite ceramic interconnect membrane on porous anode sup-
port by the potentially cost-effective co-firing process. Wang et al.
fabricated a dense La0.7Ca0.3CrO3 interconnect thin membrane on
NiO/Sm0.2Ce0.8O2−ı/La0.7Ca0.3Cr0.97O3−ı anode substrates by co-
firing [13]. They added some La0.7Ca0.3CrO3−ı to anode composition
to succeed co-firing of interconnect and anode. This study reports
our efforts to prepare a novel bilayered CaCrO4/La1−xSrxCrO3−ı

interconnector via co-sintering with green NiO–YSZ anode. After
sintering the CaCrO4/La1−xSrxCrO3−ı, bilayer interconnect trans-
forms to a dense single layer as La1−x−ySrxCayCrO3−ı (y < 0.2) which
has been studied by some researchers for SOFC interconnect mate-
rial due to its good electrical conductivity and stability during
cooling and heating cycles [14]. In addition, all powders were
synthesized by glycine–nitrate process (GNP). This process has
been introduced as one of general classes of combustion methods
for the preparation of ceramic powders; and when compared to
similar compositions made using other processes, glycine–nitrate-
produced powders had greater compositional uniformity, lower
residual carbon levels and smaller particle sizes [15]. The sinter-
ing character, microstructure and electrical conductivity were also
investigated.
2. Experimental procedures

La1−xSrxCrO3 specimens were prepared by glycine–nitrate process (GNP) [15].
The  starting materials were glycine (as the fuel); La, Sr, Ca and Cr nitrates (as the

dx.doi.org/10.1016/j.jallcom.2011.09.055
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
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expected, all the samples were porous. Fig. 3 shows the cross-
sectional view of LCC interconnect film sintered at 1400 ◦C. The
porosity estimated using SEM was about 30–40%. The densifica-
tion of the screen-printed interconnect films was restricted at this
ig. 1. Schematic illustration of the electrical measurement set-up for the anode-
upported SOFC.

xidant) which were of analytical purity. Solutions of La, Sr, Ca and Cr, nitrates
ere prepared and calculated stoichiometric amounts of glycine (C2H5NO2) were

dded to synthesize La1−xSrxCrO3 (x = 0.1, 0.2 which were named as LSC10 and
SC20 respectively). The solutions were then boiled to evaporate excess water.
he  resulting viscous liquids were ignited in a hood in 1 l stainless-steel beaker
n a hot plate and underwent self-sustaining combustion, producing an ash com-
osed of the oxide product. It was found that the ratio of glycine to metal had a
ignificant effect on the properties of prepared powders. Stoichiometric ratio has
een reported as optimum ratio [16], and this ratio was chosen in this work, too.
y  this method, La0.7Ca0.3CrO3 (LCC) and CaCrO4 (CC) were also synthesized. For
omogenization, the synthesized powder was milled in ethyl alcohol for 6 h with
irconia balls (10 and 5 mm diameter) at 100 rpm, and the powders were calcined
t  500 ◦C for 30 min  to remove any organic residuals. Phase determination in the
amples was  carried out by means of an XRD-Rigaku diffractometer using Cu K�

adiation (� = 1.5406 Å). The specific surface area of the samples was  measured by
iquid nitrogen adsorption–desorption isotherms at 77 K on a Micrometrics ASAP
010 system after degassing at 120 ◦C. NiO powder (99.97%, Kojundo Chemical,
apan) and YSZ powder (TZ-8YS, 99.9%, Tosoh, Japan) were used as the starting

aterials to synthesize NiO–YSZ composite as anode. Ten weight percent of corn
tarch was  added as a pore former for the anode substrates. NiO and YSZ at the
eight ratios of 6:4 were milled for 18 h in ethanol, and dried subsequently. The

omposite powders were then die-pressed (25 mm diameter) and pre-sintered at
50 ◦C for 1 h. In order to process interconnect thin membrane, the doped lanthanum
hromites were coated on top surface of a supporting NiO–YSZ pre-sintered pellet
y screen printing. The screen printing paste was made by mixing the powder with
lpha-terpineol, ethyl cellulose and ethylene glycol. All pastes were 3-roll milled
EXAKT 50, Exakt, Germany) for uniform powder distribution. The cell was co-fired
t  1400 ◦C for 3–10 h to obtain a dense lanthanum chromite base interconnect layer.
icrostructures of the sintered bodies and interconnect membranes were observed

sing a field emission scanning electron microscope JEOL-JSM-6330F equipped by
DS microanalyzer. The co-sintered anode and interconnect was then glass sealed
o  an alumina tube for electrical conductivity tests (Fig. 1). The electrical conduc-
ivity was tested at 800 ◦C with 97%H2–3%H2O gas (100 cm3 min−1) as a fuel and
ir (open air) as an oxidant gas. Pt paste (No.6082, Engelhard, USA) and Pt mesh
52 mesh, Alpha Aesar, USA) as a current-collector were attached to the sintered
ody. An impedance analyzer (Solartron Instruments 1260, UK) was used to eval-
ate the electrode resistance and ohmic resistance. The impedance spectra were
btained under open circuit conditions with amplitude of 0.5 V in the frequency
ange 0.1 Hz to 50 kHz. The reason for conducting impedance measurements with
mplitude of 0.5 V was  to ensure that if there was polarization on impedance spectra
r  not. The electrical measurement was performed after reduction of NiO in anode
or  5 h in 97%H2 + 3%H2O gas at 800 ◦C by using a set-up shown in Fig. 1. Ohmic resis-
ance and area specific resistance (ASR) were measured by impedance spectra. The
btained resistance was considered as interconnect resistance because anode had
i  in its composition and its resistance was  negligible. Actually the resistance and
SR of interconnect membrane were measured in dual atmosphere. The amount
f  gas leakage through sintered film was measured at room temperature [17]. The
mount of gas leakage across the sintered films was  characterized by gas flow rate
easurements. The room temperature method essentially compares the inlet flow
ith the outlet flow resulting in a measured gas flow rate of air that is lost through
he  sintered film. Mean gas permeance values were calculated from measure-
ents on at least five samples for each fabrication method to reduce the potential

rrors associated with the porous substrate and fabrication of the screen-printed
ayers.
Fig. 2. XRD patterns of synthesized powder: (a) LSC10, (b) LSC20 and (c) LCC30.

3. Results and discussion

3.1. Synthesis and characterization of powders

Fig. 2 shows the XRD patterns of LSC10, LSC20 and LCC pow-
ders at room temperature. It reveals the perovskite structure, and
in particular formation of single perovskite phases in the LSC10
and LSC20 powders while in the case of LCC, some CaCrO4 is found.
CaCrO4 is exsoluted due to poor solid solubility in the perovskite
at low temperatures (below ∼1300 ◦C) because GNP synthesis is
fast and the temperature reached is not sufficient to dissolve a
second phase. So, this phase was  considered as an intermediate
phase. The crystal system of all doped lanthanum chromite sam-
ples was orthorhombic. The specific surface area of all samples was
about 22 m2/g. In addition, EDS was  used to confirm the chemical
composition of powders.

3.2. Doped lanthanum chromite membrane

The LSC10, LSC20 and LCC interconnect powders were made
into slurry by being mixed with the binder and organic solvent
before screen printing. All the samples were screen-printed on
pre-sintered NiO–YSZ anode and co-fired. Unfortunately, and as
Fig. 3. Cross-section SEM micrograph of co-sintered LCC30 interconnect and anode
at  1400 ◦C for 10 h.
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[26] at the same temperature. The ohmic resistance significantly
decreases at higher temperatures showing that ceramic intercon-
nectors are more advantageous at high temperatures. In addition,
ig. 4. (a) Schematic representation of bilayer interconnect and anode before and
0  �m CC top layer thickness, respectively.

emperature because of evaporation of chromium species and diffi-
ulty of diffusion [18,19].  In the case of LSC10 and LSC20, they were
ardly sintered at 1500 ◦C as bulk samples, but LCC30 sample was
asily sintered at 1400 ◦C as a bulk sample [19]; however, it did not
ensify as a thick layer on top of a porous substrate. Wang et al.
13] reported successful densification of LCC30 by adding some
CC30 (∼30%) to anode, and claimed that it prohibited chromium
vaporation and encouraged densification.

As a sintering mechanism of doped lanthanum chromite, it is
uggested that liquid phase forming species like CaCrO4 help sin-
ering and densification. This species melt and dissolve in LaCrO3
uring sintering. If the amount is low, it disappears and no second
hase can be detected [19]. In our attempt, we used a two-layer
ystem (Fig. 4a), one being LSC10 and LSC20, and CaCrO4 as the top
ayer. LSC10 and LSC20 were chosen because these compositions
an dissolve more doping elements before saturation.

Two composite layers were chosen as LSC10/CC and LSC20/CC.
he screen-printing process with mesh size screen thickness was
sed to change the thickness of the laminate prior to sintering. The
hickness of base layer (LSC10 or LSC20) was constant at 30 �m
hile two thicknesses of 30 and 50 �m were used for the top layer

CaCrO4, CC). Co-sintering was conducted at 1400 ◦C for 3, 5 and
0 h. Based on gas leakage test, the LSC10/CC bilayer after sintering
t 1400 ◦C for 10 h, was porous. So, it was left out of investiga-
ion. For LSC20/CC composite layer sintered at 1400 ◦C for 5 and
0 h, the gas leakage was negligible and was investigated by SEM.
ig. 4 shows the SEM micrographs of co-sintered interconnector
nd anode. As shown, the interconnector layer with initial 30 �m
C top layer was about 10 �m and was quite dense despite the pres-
nce of a few closed pores. In the case of 50 �m CC top layer, some
iquid sank down to the bottom and mixed with substrate which

as undesirable.
XRD pattern tested on the final membrane surface is shown in

ig. 5. The interconnect layer shows pure rhombohedral perovskite
tructure, indicating no other phase. In this figure, patterns of
SC20, CaCrO4 are shown for comparison. As can be seen, LSC20 has
n orthorhombic crystal structure while after co-sintering, the final
ayer is rhombohedral. It is shown that the crystal system of spec-
mens with larger Sr content in La1−xSrxCayCrO3 is rhombohedral

14]. In addition, it has been reported that the crystal structure of
aCrO3 changes from orthorhombic distorted perovskite to rhom-
ohedral at 250 ◦C [20]. The structural phase transition involves
iscrete volume variation and decrease in mechanical strength
sintering, (b) and (c) cross-section SEM micrographs of LSC20/CC with 30 �m and

between room and SOFC operation temperature. Sakai and co-
workers investigated the phase transition behavior of La1−xCaxCrO3
and concluded that phase transition temperature increased with an
increase in Ca content [21–23].  Nakamura et al. reported the phase
transition behavior of La1−xSrxCrO3 [24]. According to their work
the temperature and variation of enthalpy at the structural phase
transition decreases with Sr content. Therefore, it can be concluded
that in La1−xCaxCrO3 ceramics with high density reported so far
[23], Sr should be substituted to change the structural phase tran-
sition from room to SOFC operation temperature. So, we  used the
bilayer technique to fabricate dense La1−xSrxCayCrO3 (x ∼ 0.2 and
y ∼ 0.1) layer with no structural phase transition. Although Wang
et al. [13] fabricated a dense La0.7Ca0.3CrO3 (LCC) interconnect thin
membrane on anode substrate by co-firing, LCC has orthorhombic
to rhombohedral phase transition in room temperature to SOFC
operation temperature range. So, this composition is not good for
application.

The ohmic resistance between anode and interconnector at
800 ◦C was  measured as 0.0089 � cm2, which is smaller than the
resistances of SLT/LSM (0.265 � cm2) [25] and LSTF (∼0.03 � cm2)
Fig. 5. XRD patterns of (a) CaCrO4, (b) LSC20 and (c) final layer (LSC20/CC) after
sintering at 1400 ◦C for 10 h.
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lectrical conductivity test was continued for 24 h and no change
as observed in resistance.

. Conclusions

The main results obtained from this research work can be con-
luded as follows:

. A novel approach to co-sintering of doped lanthanum chromite
interconnects on Ni–YSZ anode substrate for SOFC applications
was developed. In this method, two layers of La1−xSrxCrO3−ı and
CaCrO4 (as top layer) were applied on NiO–YSZ substrate and
then co-sintered.

. SEM micrographs showed that LSC20/CC bilayer combined well
together by the same thickness which sintered at 1400 ◦C for
10 h. In this situation, the gas leakage was negligible which
proves that the layer was quite dense.

. By using the bilayer technique, a dense La1−xSrxCayCrO3 (x ∼ 0.2
and y ∼ 0.1) layer was fabricated with no orthorhombic to rhom-
bohedral phase transition.

. Area specific resistance between anode and interconnector at
800 ◦C in dual atmosphere was about 0.009 � cm2 which is
smaller than the resistances of other interconnect compositions
at the same temperature. In addition, no change was observed
in resistance up to 24 h.
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