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a b s t r a c t

The effect of Ca2+ and Zn2+ cations substitution on the sinterability, thermal expansion and electrical
properties of La0.85Sr0.15−xCaxCr1−yZnyO3 as solid oxide fuel cell (SOFC) interconnect materials was inves-
tigated. The results showed that the bulk densities of La0.85Sr0.15−xCaxCrO3 increased with increasing Ca
content and a maximum electrical conductivity value of 20.1 S/cm at 800 ◦C was obtained when x = 0.05.
vailable online 5 March 2009
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The transition metal Zn substituted in Cr-site further optimized the sinterability and increased the bulk
density by 25% when Zn content was up to 0.09. The La0.85Sr0.1Ca0.05Cr0.91Zn0.09O3 sample exhibited an
electrical conductivity of 21.5 S/cm at 800 ◦C and a thermal expansion coefficient (TEC) of 10.3 × 10−6 K−1

(20–800 ◦C), which is compatible with that of 8 mol.%-Y2O3-stabilized-ZrO2 (8YSZ) electrolyte.
© 2009 Elsevier B.V. All rights reserved.
EC
lectrical conductivity

. Introduction

The solid oxide fuel cell (SOFC) is a promising new sup-
ly of clean efficient energy for electrical power generation. The

nterconnect is one of the most important components for SOFC
tacks. Alkaline earth metal (AE = Mg, Ca and Sr)-doped lanthanum
hromite (LaCrO3) perovskites are considered as candidates for
nterconnect materials in high-temperature SOFCs owing to their
hermal, chemical stability and high electrical conductivity at
oth reducing and oxidizing atmospheres [1–3]. However, it is
ell known that these perovskite materials have some problems,

uch as poor sinterability in air resulting from the volatilization
f chromium, an unmatched thermal expansion coefficient (TEC)
ith that of other components of the SOFC and insufficiently
igh conductivity [4]. In order to apply the lanthanum chromites
o the SOFC interconnects, many investigations have been con-
ucted to improve the properties of the perovskites by doping
lkaline metals or transitional metals at La-site or Cr-site. Ding
t al. [5] have reported that La0.85Sr0.15CrO3 showed linear ther-
al expansion behavior and its TEC value was very close to that

f 8 mol.%-Y2O3-stabilized-ZrO2 (8YSZ) electrolyte, while it suf-

ered from poor sinterability in air. Kim et al. [6] have found that
he (La1−xSrx)CrO3 must be sintered at relative high temperatures
nd that the (La1−xCax)CrO3 perovskite showed better sinterabil-
ty and solubility in comparison with the phase (La1−xSrx)CrO3, but

∗ Corresponding author. Tel.: +86 25 83587261; fax: +86 25 83306152.
E-mail address: lc-guo@163.com (L. Guo).

925-8388/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
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the lower chemical stability with the different components of the
SOFC. Partial substitution of Sr atoms by Ca in (La1−xSrx)CrO3 was
effective in lowering SrO activity and improving sinterability of the
perovskite. It has been reported that the double doping of strontium
and zinc greatly enhanced the densification of LaCrO3, whereas the
effect of doping on the electrical conductivity behavior was not
reported [7]. Few studies on the effect of co-doping on A-site have
been reported.

In this study, the investigation on the effect of Ca2+ and Zn2+

cations substitution on sinterability, crystal structure, thermal
expansion and electrical conductivity properties of La0.85Sr0.15CrO3
was performed.

2. Experimental procedure

AE- or/and ME-doped lanthanum chromites were prepared using conventional
ceramic methods. As starting material powders, La2O3 (99.9%), SrCO3 (99.7%), CaCO3

(98%), ZnO (99%), Cr2O3 (99%) were used. These powders were thoroughly mixed
with distilled water for 8 h, using zirconia milling media in a planetary mill. After
drying, the mixtures were ground and then calcined at 1000 ◦C in air for 2 h.
The as-synthesized powders were milled again with distilled water for 6 h. After
drying, the powders with 5 wt.% PVA solution were die-pressed into pellets of
20 mm in diameter under pressure of 100 MPa for the density measurement. Bars
of 62 mm × 5 mm × 5 mm were also pressed at 100 MPa for thermal expansion and
conductivity test.

Various sintered samples were identified by X-ray diffraction analysis on

the ARL X’TRA diffractometer using Cu K� radiation. The bulk densities of the
sintered pellets were measured by Archimedes method. TECs were measured
using an RPZ-01P dilatometer from room temperature to 800 ◦C with a heat-
ing rate of 5 ◦C/min. The electrical conductivity of sintered rectangular bars
was measured using DC four-terminal method. The sintered bars with Ag paste
were fired at 600 ◦C for 30 min. Four Pt leads were attached to the samples

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:lc-guo@163.com
dx.doi.org/10.1016/j.jallcom.2009.02.095
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Fig. 1. Bulk density of La0.85Sr0.15−xCaxCrO3 as a function of sintering temperature.

o measure conductivities from 100 ◦C to 800 ◦C in air with a heating rate of
◦C/min.

. Results and discussion

.1. Effect of Ca2+ substitution on A-site of La0.85Sr0.15−xCaxCrO3

Fig. 1 shows the effect of sintering temperature and calcium
opant concentration on the sinterability of La0.85Sr0.15CrO3. It can
e found that the densities of the sintered bodies increased with
intering temperature. The densification of La0.85Sr0.15−xCaxCrO3
as studied for values of x = 0, 0.05 and 0.1 as a function of tem-
eratures. The substitution of Ca for Sr in La0.85Sr0.15−xCaxCrO3
nhanced the sinterability over La0.85Sr0.15CrO3 sample, which is
onsistent with that of Kim et al. [6]. They suggested that partial
eplacement of Sr atoms by Ca might lower SrO activity. How-
ver, the formation of the second phase (CaO or La2O3) is found
o depress the vaporization of the chromium component from
a0.85Sr0.15−xCaxCrO3, which in turn may facilitate the sintering

rocess [8].

Fig. 2 shows the XRD patterns of the La0.85Sr0.15−xCaxCrO3
amples sintered at 1450 ◦C for 3 h. All samples showed pure per-
vskites phase with orthorhombic symmetry and no other phase
as observed.

Fig. 2. XRD phase analysis of sintered powers at 1450 ◦C for 3 h.
Fig. 3. The electrical conductivity of La0.85Sr0.15−xCaxCrO3 as a function of tempera-
ture.

Fig. 3 shows the electrical conductivity of La0.85Sr0.15−xCaxCrO3
samples sintered at 1550 ◦C for 3 h in the temperature range from
100 ◦C to 800 ◦C. Because pure LaCrO3 is a p-type conductor, doping
with lower valency AE for La3+ results in a charge compensat-
ing transition of Cr3+ to Cr4+ ions, which obeys the small polaron
hopping mechanism [9]. Accordingly, its electrical conductivity
increased with temperature. In addition, it can be found the electri-
cal conductivity increased dramatically with increasing Ca content
up to 0.05, and then decreased. The electrical conductivity reached
a highest value of 20.1 S/cm when Ca content was 0.05. This is pos-
tulated as being due to the enhanced densification that promoted
the electrical conductivity. Above the critical dopant content, the
charge carrier mobility plays a dominant role. However, higher dop-
ing level leads to more lattice distortion which may hinder the
transportation of electrical holes. It is likely that greater lattice dis-
tortion will lead to less charge carrier mobility, and subsequently
lower electrical conductivity [2].

Based on the above results, La0.85Sr0.1Ca0.05CrO3 was chosen as
the base material for the study of B-site doping in order to lower
the sintering temperature.

3.2. Effect of Zn2+ substitution on B-site of
La0.85Sr0.1Ca0.05Cr1−yZnyO

Fig. 4(a) shows the shrinkage of La0.85Sr0.15Ca0.05Cr1−yZnyO3
samples as a function of Zn content after heating at 1450 ◦C for 3 h
in air. The substitution of Zn for Cr in La0.85Sr0.15Ca0.05Cr1−yZnyO3
caused an increase in the shrinkage of the samples. For example,
the substitution of 0.01Zn, for Cr in La0.85Sr0.1Ca0.05CrO3 increased
its shrinkage from 10% to 15% and the shrinkage increased with
increasing Zn content.

As shown in Fig. 4(b), the bulk density of La0.85Sr0.15
Ca0.05Cr1−yZnyO3 samples has a similar type of behavior. Obviously,
Zn-doped samples showed better sinterability in comparison with
that of the La0.85Sr0.1Ca0.05CrO3 sample (the broken line). It was
also found that the density increased with increasing Zn content
and that the La0.85Sr0.15Ca0.05Cr0.91Zn0.09O3 sample exhibited the
highest density of 6 g/cm3. It was thought that Zn and Ca ions might
react with the chromite to form a phase with a lower melting point
that facilitates densification [10].

Fig. 5 shows TEC of La Sr Ca Cr Zn O samples as a
0.85 0.15 0.05 1−y y 3
function of Zn content in the temperature range from 50 ◦C to
800 ◦C in air. The broken line represents the TEC of 8 mol.%-Y2O3-
stabilized-ZrO2 (8YSZ) electrolyte, which is ∼10.3 × 10−6 ◦C−1 in the
temperature range from 50 ◦C to 1000 ◦C in air or a H2 atmosphere
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ig. 4. The sinterability of La0.85Sr0.15Ca0.05Cr1−yZnyO3 as a function of Zn content.

11]. Compared with the sample undoped Zn, a slight decrease of
EC was observed for the samples doped Zn, which is attributed to
trong interaction to the oxygen sublattice caused by the difference
n the radius between Cr and Zn ions [12]. Meanwhile, the TECs of
ll the samples were very close to that of 8YSZ and had a tendency

o increase with increasing Zn content from 0.05 to 0.09. This is
ssociated with the oxygen defect formation. Higher doping level
eads to the generation of more oxygen vacancies, which results in
arger TECs [2].

Fig. 5. TEC of La0.85Sr0.15Ca0.05Cr1−yZnyO3 as a function of Zn content.
Fig. 6. The electrical conductivity of La0.85Sr0.15Ca0.05Cr1−yZnyO3 samples.

Fig. 6(a) shows the electrical conductivity of La0.85Sr0.15
Ca0.05Cr1−yZnyO3 samples with different Zn contents in air. The
conductivity of the samples with a specific Zn content increased
with increasing temperature. It is well known that the electrical
transport in doped LaCrO3 is dominated by small-polaron hopping
of charge carrier localized at the Cr-site in an oxidizing atmosphere
[2]. In addition, Fig. 6(a) showed that increasing Zn concentration
caused considerable increase in electrical conductivity. Increas-
ing dopant content enhances the electron hole concentration thus
promoting the electrical conductivity. This can be understood as
a result of enhanced electron hole concentration via electronic
compensation mechanism [2]. When y ≥ 0.05, the conductivity of
the samples doped Zn at 800 ◦C was higher compared with the
La0.85Sr0.1Ca0.05CrO3 sample, and in particular, the sample contain-
ing 0.05Zn showed the highest conductivity and reached as high as
22.5 S/cm at 800 ◦C.

The relationship between the electrical conductivity and the
temperature, is established to obey the following equation, which
is typical of p-type conductor behavior:

� =
(

A

T

)
exp

(
− Ea

kT

)
(1)

where A is a pre-exponential factor, k the Boltzmann constant,
T the absolute temperature and Ea the activation energy for the
conduction [13]. As shown in Fig. 6(b), all samples exhibited lin-

ear conductivity behavior in the temperature range from 100 ◦C to
800 ◦C and a linear plot of ln(�T) vs 1/T was achieved. This is often
cited as convincing evidence that thermally activated hopping of
small polarons is responsible for the conduction process. The cor-
responding activation energy decreased from 0.111 eV to 0.0816 eV
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ith the increasing Zn content in La0.85Sr0.15Ca0.05Cr1−yZnyO3 sam-
les. With y > 0.05, the activation energy increased.

. Conclusions

The calcium ion was substituted for La0.85Sr0.15CrO3 in La site to
nvestigate its effect on the sinterability and electrical conductivity.
he co-doping in A-site effectively enhanced the sinterability and
lectrical conductivity. The bulk density increased with increas-
ng Ca dopant concentration and the La0.85Sr0.1Ca0.05CrO3 sample
howed the highest conductivity of 20.1 S/cm at 800 ◦C. The addi-
ional substitution of zinc ion for Cr can significantly lower the
intering temperature in air. With the increase of Zr content, the
ulk density increased, reaching 6.0 g/cm3 when the Zn content
as 0.09. The dense La0.85Sr0.1Ca0.05Cr0.91Zn0.09O3 sample exhib-

ted excellent electrical conductivity of 21.5 S/cm at 800 ◦C, which
s as high as that of La0.85Sr0.1Ca0.05CrO3 sample and its TEC value
as in good agreement with that of 8YSZ electrolyte.
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