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bstract

In order to improve the sintering ability of La0.7Ca0.3CrO3−δ (LCC), which has been considered as the interconnect material for SOFC but needs
ather high temperature to densification, the ceramic powder with a nominal composition of La0.7Ca0.3Cr0.95Zn0.05O3−δ (LCCZ) was prepared by

◦
uto-ignition process. The result was quite positive, that the specimens made by pressing the powder under 360 MPa and sintered at 1200 C in air for
h showed a relative density of 95.2%. The electrical conductivity of LCCZ sintered at 1400 ◦C for 5 h reached 47.5 S cm−1 in air and 6.15 S cm−1

n hydrogen at 800 ◦C, which were much higher than the values of LCC. The thermal expansion coefficient of LCCZ was 11.5 × 10−6 K−1, which
ell matches other components of SOFC.
2007 Elsevier B.V. All rights reserved.
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. Introduction

Solid oxide fuel cell (SOFC) attracts more and more atten-
ion for its high efficiency and low pollution [1,2]. Interconnects,
hysically separating and electrically connecting the anode of
ne cell to the cathode of the next one, were one of the important
omponents of SOFC stacks. Lanthanum chromite (LaCrO3)
ased perovskite materials have been extensively investigated
s interconnects for high temperature SOFCs due to its high
hermal and chemical stability in both reducing and oxidiz-
ng atmosphere as well as good electrical conductivity [3,4].
owever, its poor sintering ability and degradation of electrical

onductivity at reduced temperatures have led to high fabrication
ost and limited their applications at intermediate temperatures.

In order to improve the performance and durability while
educing the manufacturing cost of SOFCs, interconnect mate-

ials with high electrical conductivity and good sintering ability
re required. Recently, a plenty of research on LaCrO3 based
erovskite materials has been done. Among the alkaline-earth
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oped LaCrO3, the materials doped with Ca or Sr show a higher
lectrical conductivities. However, the sintering ability is still
oor due to the vaporization of the chromium species during
intering [3,5]. In order to improve the sintering ability, lan-
hanum chromite doping with Cu, Co, Ni, V at B-site has been
tudied [6–8], but little attention has been paid to Zn.

In this work, the ceramic powder with a nominal composition
f La0.7Ca0.3Cr0.95Zn0.05O3−δ (LCCZ) was prepared by auto-
gnition process. The sintering ability and electrical conductivity
f LCCZ were investigated.

. Experimental

.1. Preparation of LCCZ powders

The LCCZ powder was synthesized by auto-ignition process.
toichiometric amount of La(NO3)3, Ca(NO3)2, Cr(NO3)3
nd Ca(NO3)2 was dissolved in deionized water. Citric acid as
omplexation/polymerization agent was then added with the

atio of citric acid/metal mole of 2:1. The solution was kept on
hotplate at 100 ◦C and stirred until a dark green gel formed.
he gelled LCCZ-contained sample was baked in a drying
abinet at 120 ◦C overnight. Finally, the samples were calcined

mailto:mgym@ustc.edu.cn
mailto:mfliu@mail.ustc.edu.cn
dx.doi.org/10.1016/j.jpowsour.2007.11.058
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t various temperatures, viz. 700, 800, 900, 1000, 1100 and
200 ◦C, respectively for 2 h.

The structure of the LCCZ powers, which were calcined
t various temperatures, was identified by X-ray diffraction
XRD) analysis on Philips PW 1730 diffractometer using Cu
�radiation. The specific surface areas of the resulted powders
ere measured with the BET analyzer.

.2. Measurements of electrical conductivity and thermal
xpansion coefficients

The powders were ball milled for 24 h using ethanol as
edium and dried. Rectangular bar specimens were prepared

y uniaxially pressing at 360 MPa and sintered in air at vari-
us temperatures, 1150, 1200, 1250, 1300, 1350 and 1400 ◦C,
espectively for 5 h. The relative densities were determined by
rchimedes’ method. Electrical conductivity was studied using

he standard dc four-probe technique on H.P. multimeter (Model
4401) from 500 to 800 ◦C. The thermal expansion behavior was
xamined on a dilatometer, SHIMADZU50, under the tempera-
ure ranging from 20 to 1000 ◦C at a heating rate of 10 ◦C min−1.
he morphological aspects of fractured surface of the specimens
intered at different temperatures were observed using scanning
lectron microscopy (SEM, model KYKY 1010).

. Results and discussion

.1. Powder characterization

Fig. 1 shows the XRD patterns of the LCCZ powders cal-
ined at various temperatures. According to Fig. 1, major phase
f doped LaCrO3 has formed at 700 ◦C, and some intermedi-
te compounds such as La2CrO6 still exist at that temperature.
his powder when calcined at 800 ◦C shows mostly perovskite

hase in association with a small amount of CaCrO4. As the
emperature increased from 800 to 900 ◦C, the phase of CaCrO4
n the specimen has reached highest amount. It may, however,
e noted that the peaks of CaCrO4 shrunk with further increas-

ig. 1. XRD patterns of LCCZ powder calcined in air at various temperatures
or 2 h. (a) 700 ◦C; (b) 800 ◦C; (c) 900 ◦C; (d) 1000 ◦C; (e) 1100 ◦C; (f) 1200 ◦C.
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ng the temperature from 900 to 1200 ◦C, and disappeared at
200 ◦C eventually. At the same time, the peak of the perovskite
hift to larger angle (32.8–33.04). The shift may be reasonably
xplained by the contraction of lattice as Ca dissolving into the
tructure. Chakraborty et al. [9] and Sakai et al. [10] reported
hat presence of the minor phase of CaCrO4 would create liq-
id phase sintering to benefit the densitification. As mentioned
bove that the sample calcined at 900 ◦C forms the highest
mount of CaCrO4, thus we pre-heated the powder samples at
00 ◦C.

The BET specific surface area of LCCZ powder calcined at
00 ◦C, was 3.437 m2 g−1 and the average particle size was about
.05 �m with a narrow particle size distribution. The sintering
hrinkage of the pellets made from this powder was 21.7% at
400 ◦C.

.2. The sintering behavior

Fig. 2(a) shows the relative density of LCCZ sintered in air at
arious temperatures for 5 h. As we can see, the relative density
f LCCZ increases sharply from 84% for the sample fired at
150 ◦C to 95.2% for that sample obtained at 1200 ◦C. Further
ncreasing the sintering temperature up to 1400 ◦C, the rela-
ive density gradually increases to 98.7%. Many investigators
eported that the pure La0.7Ca0.3CrO3(LCC) sintered at a high
emperature associated with a marked decrease on the relative
ensity, which was attributed to the appreciable volatilization
oss of chromium oxide in oxidizing atmosphere [9,11]. In
CCZ system, the partial substitution of Zn at Cr-site restrained

he volatilization of chromium. Sakai et al. [10] reported that
he Cr deficiency (y) in La1−xCaxCr1−yO3 could promote the
intering process at a lower temperature. In our work, no Cr defi-
iency was designed in LCCZ. However, Zn at Cr-site would
orm Zn–O valence and reduce the concentration of Cr–O in
he Cr(Zn)O6 structure, which likely behaved with the similar
ffect. As a comparison the specimen of pure LCC synthesized
sing the same method only achieved a relative density of 78.8%
hen sintered at 1400 ◦C for 5 h. This demonstrates that Zn
oped at Cr-site significantly promotes the sintering process of
CC-based materials.

The sintering ability of the powders calcined at 800, 900,
000, 1100 and 1200 ◦C, respectively, were also investigated in
he present work. The Rectangular bar specimens were finally
intered at 1250 ◦C for 5 h. The effects of the calcining temper-
tures on the relative density of LCCZ are shown in Fig. 2(b).
t is clear that among the all samples the powder calcined at
00 ◦C achieved the highest relative density (96.4%). With the
alcined temperatures increasing to 1200 ◦C, the relative density
ecreases gradually from 96.4 to 94.7%. This result is consistent
ith the amount of CaCrO4 phase in the powders for various cal-

ining temperatures (in Fig. 1). This might be an evidence that
xistence of CaCrO4 is able to enhance the sintering process. Of
ourse, the bigger particle size of the powders formed at higher

emperature may be another reason for the sintering activity.
owever, it should be pointed out that the LCCZ powder even
eing calcined at 1200 ◦C for 2 h still achieved a relative density
f 94.7% at 1250 ◦C. This illustrates that the excellent sintering
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Fig. 2. (a) Effect of sintering temperatures on densification of L

bility of LCCZ should be attributed to the effect of Zn as a
opant.

Fig. 3 presents the SEM pictures of the fractured surface
f LCCZ sintered at various temperatures. It can be seen that
he specimen sintered at 1200 ◦C for 5 h is already quite dense
nd only a few isolated pores are visible at the grain boundary.
s increasing the sintering temperature, the grain size develops
igger with more perfection. The average grain size is about
–3 �m for the specimen sintered at 1200 ◦C and 4–5 �m for
400 ◦C.

.3. Electrical conductivity of LCCZ

Fig. 4(a) shows the temperature dependences of the electrical
onductivity of LCCZ in air at various temperatures. The elec-
rical conductivity sharply increases from 33.2 to 45.7 S cm−1

t 800 ◦C in air when the sintering temperature increased from
150 to 1200 ◦C. While the sintering temperature increased
rom 1200 to 1400 ◦C, the conductivity gradually increases to
7.5 S cm−1, which is 2.13 times higher than that of pure LCC
22.3 S cm−1 at 800 ◦C). The increase in the electrical conduc-
ivity certainly is related to the higher density of LCCZ than
CC, but it might also have some other factors. It is worthy

o note that even at 500 ◦C, the conductivity of LCCZ sintered
bove 1200 ◦C is higher than 34.5 S cm−1.

The linear behavior of ln σT versus 1/T plots (Fig. 4(a)) shows
he convincing evidence that thermally activated hopping of
mall polarons is responsible for the conduction process. The
elationship between the electrical conductivity σ and tempera-
ure T, can be described as follows,

= A

T
exp

(
− Ea

RT

)
(1)

here σ is the electrical conductivity, A is a pre-exponent con-

tant, T is the absolute temperature, R is gas constant and Ea is
he activation energy of conduction. The activation energy cal-
ulated for LCCZ is about 13–14.5 kJ mol−1, which is a little
ower than pure LCC (16.5 kJ mol−1), indicating the improved

[

w
t

; (b) effect of calcined temperatures on densification of LCCZ.

onduction path in LCCZ resulted by Zn substitution to Cr
ites.

As presented in Fig. 4(b), the calcined temperatures of the
owders also remarkably effect on the electrical conductivity of
he sintered specimens. The conductivity of the sample calcined
00 ◦C shows the highest values at different testing temper-
tures. The variation regularity agrees well with the relative
ensity of the samples (see Fig. 2(b)), higher density shows
igher electrical conductivity.

Fig. 4(c) illustrates the temperature dependence of the elec-
rical conductivity of LCCZ (sintered at 1400/5 h) in H2. A fairly
igh conductivity of 2.06 S cm−1 at 500 ◦C and 6.15 S cm−1

t 800 ◦C are achieved, which are much higher than the val-
es of 0.45 and 3.01 S cm−1 for pure LCC at corresponding
emperatures. 1 S cm−1 is the minimum acceptable electrical
onductivity for the application of interconnects in SOFC com-
unity [12]. Larger conductivity of LCCZ will further decrease

he ohmic loss in SOFCs stacks caused by interconnect material.
hus, LCCZ should be an appropriate choice for SOFC oper-
ting at intermediate temperatures (<800 ◦C). The Ea value of
CCZ is about 27–38 kJ mol−1, which is much lower than that
f pure LCC (50.7 kJ mol−1).

Doped LaCrO3 has been recognized as a p-type conduc-
or [13,14]. The predominant defect species in LCCZ can be
ssumed to be Ca′

La, Zn′
Cr, CrCr

• (CrCr
• is Cr4+ on Cr-site,

he same implication with electron hole) and VO
••, using the

roger–Vink notation. The electronic charge carriers are consid-
red to be localized at the Cr-sites and the electrical conduction is
ainly performed by a so-called small-polaron hopping mech-

nism. The negatively charged Ca′
La and Zn′

Cr are compensated
y the valence change of chromium ions from Cr3+ to Cr4+ (thus
nhanced the electrical conduction) and the formation of oxygen
acancies (ionic compensation mechanism [15]), The neutrality
ondition is simply descried as:
Ca′
La] + [Zn′

Cr] = [CrCr
•] + 2[VO

••] (2)

here [ ] indicates concentration. The oxygen vacancy concen-
ration is a function of PO2 and temperature. With decreasing
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ig. 3. Fractured surface of micrograph of LCCZ sintered for 5 h at, (a) 1150
intered at 1400 ◦C for 5 h.

O2 (at constant T) and/or increasing the temperature (at con-

tant PO2 ), the oxygen vacancies are formed at the expense of
osing CrCr

•:

CrCr
• + Ox

O = CrxCr + VO
•• + 1

2 O2 (3)

t
r

σ

) 1200 ◦C; (c) 1250 ◦C; (d) 1300 ◦C; (e) 1350 ◦C; (f) 1400 ◦C; (g) pure LCC

The electrical conductivity (σ) is determined by the concen-

ration of charge carrier (electron hole) and its mobility (μ), as
epresented with

= [CrCr
•]μ (4)
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ig. 4. (a) Electrical conductivity of LCCZ at various sintering temperatures in
ir at various temperatures; (c) electrical conductivity of LCCZ in H2.

The mobility of charge carriers depends on temperature and
heir hoping energy [16]. In high oxygen pressure, the formation
f oxygen vacancies is negligible and charge compensation in
CCZ takes place via the transition of Cr3+ to Cr4+. Thus, Zn
oped at Cr site increases the concentration of electron holes
nd hence the conductivity of LCCZ would be higher than that
f pure LCC. Of course, the lower conductivity of LCC might
lso be resulted from the lower relative density (see Fig. 2(a)).
nd lattice structure adjusted by a larger ionic size of Zn ions

t Cr-site would possibly modify the mobility and enhance the
lectrical conductivity in the former case, that can interpret the
ower conduction activation energy and higher conductivity val-
es obtained experimentally described above.

When the ambient from oxidizing changes into reducing
tmosphere, the concentration of oxygen vacancies in the spec-
mens is likely to increase associated with some Cr4+ reducing
o Cr3+ according to Eq. (3), and the conductivity would sig-
ificantly decrease. As mentioned previously, the electron holes
re localized in the lattice of oxygen-octahedral (CrO6) per-
vskite. The increase in ionic size due to reduction of Cr4+ into
r3+ would enhance the Cr–O–Cr bond length, which would

nhibit polaron transport and lead to a higher activation energy

han that in air [17]. The activation energy of LCCZ is much
ower than that of LCC, which may result from the adjustment
f the oxygen-octahedral caused by the addition of Zn at Cr-site
ogether with oxygen vacancy concentration expansion. It may,

4

p

b) effect of the calcining temperatures on the conductivity of the specimens in

owever, be noted that a curvature is observed at about 650 ◦C for
CCZ in H2 (Fig. 4(c)). A similar curvature has been observed

n the materials with oxygen vacancies [18,19]. The curvature in
CCZ may attribute to the order–disorder transition of oxygen
acancy or the formation of dopant (Zn) cation-oxygen vacancy
ssociates. For LCCZ, Zn doped at Cr site may act not only just
s traps for isolated oxygen vacancies, but also as nucleating
enters for the formation of ordered-vacancy clusters.

.4. Thermal expansion measurements

SOFCs operate at high temperatures and should endure the
hermal cycle from room temperature to operating temperature,
herefore the thermal expansion coefficient (TEC) of inter-
onnect must close to those of the other cell components to
inimize the thermal stresses. The thermal expansion almost

inearly increased with temperature. Further calculation indi-
ated that the average TEC of LCCZ between 200 to 1000 ◦C is
1.5 × 10−6 K−1, which was very much compatible with other
ell components like YSZ electrolyte, Sr substituted lanthanum
anganite cathode and Ni–YSZ anode used in SOFC.
. Conclusion

The ceramic interconnect La0.7Ca0.3Cr0.95Zn0.05O3−δ, pre-
ared by auto-ignition process showed high sintering ability.
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5.2% relative density was achieved at a temperature as low as
200 ◦C. The electrical conductivity of dense LCCZ was higher
han 45.7 and 34.5 S cm−1 at 800 and 500 ◦C in air, respec-
ively. 2.06–6.1 S cm−1 was got in H2 in the temperature range
f 500–800 ◦C. The thermal expansion coefficient of LCCZ was
1.5 × 10−6 K−1, which was very close to that of other cell com-
onent. The high sintering ability, electrical conductivity and
uitable TEC of the material indicated that it was suitable for
eing used as an interconnect material for SOFC.
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