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a b s t r a c t

In order to develop co-fired yttrium-stabilized zirconia (YSZ)-based solid oxide fuel cells (SOFCs), sta-
ble and easily sintered Y0.7Ca0.3Cr1−xZnxO3−� (x = 0–0.15) perovskite oxides were synthesized by the
microwave-aided sol–gel process and then examined as novel ceramic interconnect materials. (The char-
acterizations focused on phase structure, sintering behavior, relative density, electrical conductivity and
thermal expansion.) The XRD analysis indicates that a pure orthorhombic perovskite phase was obtained
for all the samples. Cell volume decreases as x increases from 0 to 0.10. The Y0.7Ca0.3Cr0.9Zn0.1O3–ı (YCCZ10)
powder exhibited the best sintering ability, and a relative density of 96.6% could be obtained for the sam-
ple sintered at 1400 ◦C for 4 h in air. The electrical conductivities of the specimens increase with the Zn2+

content at x ≤ 0.10, but then remarkably decrease at x = 0.15, which might relate to the over-range of the
substitution amount of Zn (0.15) for Cr position. YCCZ10 shows a remarkable electrical conductivity of
SOFC
20.9 S cm−1 at 850 ◦C in air, and a very suitable thermal expansion coefficient value of 10.8 × 10−6 K−1 (YSZ:
∼10.8 × 10−6 K−1). These investigations have indicated that YCCZ10 is a promising interconnect material
for co-fired YSZ-based SOFCs.
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. Introduction

Solid oxide fuel cells (SOFCs) now have attracted more and more
ttention worldwide due to their high efficiency and low pollution
1,2]. Great progresses have been made on the research of individ-
al cells, such as high performance and cost-effective manufacture
rocesses. While some material challenges still exist, which hold
ack individual fuel cells from being compiled into stacks. Inter-
onnect, serving as an electrical contact between individual cells
n SOFC stack, is currently becoming a crucial issue for the devel-
pment of SOFCs. For a good interconnect material at fuel cell
perating or fabricating conditions, a number of specific require-
ents are to be met, just shown as follows: (a) high electronic

onductivity, (b) negligible ionic conductivity, (c) high chemical sta-
ility under a wide range of oxygen potential at high temperatures,

d) matched thermal expansion with other cell components, espe-
ially with electrolyte, (e) gas tightness, and (f) high mechanical
trength. These rigorous requirements eliminate all but only a few
xide systems from consideration for SOFC interconnect, among
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which the most promising material is LaCrO3 and YCrO3 system
[3–7]. High-temperature alloys have also been considered as inter-
connect materials, but which are only used for flat-plate SOFCs
operated below 800 ◦C.

Currently, LaCrO3 system has attracted much more attention
and encouraging breakthroughs have been achieved using various
approaches in order to improve its properties, such as sintering
ability and electrical conductivity [8–11]. However, to the best of
our knowledge, it has not been reported so far that dense ceramic
interconnect membrane is made on porous anode support by the
cost-effective co-firing process. LaCrO3 is chemically stable with
state-of-the-art YSZ electrolyte below 1300 ◦C. At higher tempera-
tures, however, the reaction between them results in the production
of La2Zr2O7 phase with high resistance, which prohibits the appli-
cation of LaCrO3 system [12,13]. This is one reason why it is quite
difficult to prepare dense LaCrO3-based interconnect membrane
on NiO/YSZ anode by co-firing. By contrast, YCrO3 is more sta-
ble in SOFC operating conditions, though the melting point of

YCrO3 is lower than that of LaCrO3 [14]. Furthermore, no chem-
ical reaction can occur, and therefore other impure phases can
be effectively avoided at co-firing temperatures (usually 1400 ◦C)
when YCrO3 system is chosen as interconnect material. However, to
date, only a few studies have focused on the properties of yttrium

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
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hromite system [6,15–17], and little is known regarding how to
ensely sinter this kind of material at a cell co-firing temperature

n air.
In this work, novel interconnect materials of Y0.7Ca0.3Cr1−xZnx

3−� (x = 0–0.15) were synthesized by a microwave-aided sol–gel
rocess. The sintering character, crystalline phase structure,
lectrical conductivity and thermal expansion coefficient of
0.7Ca0.3Cr1−xZnxO3−� were investigated as a function of Zn content

n detail.

. Experimental

The fine powders of Y0.7Ca0.3Cr1−xZnO3−ı (x = 0, 0.05, 0.10,
.15) were, respectively, synthesized by a microwave-aided
ol–gel process with stoichiometric precursors of yttrium
xide (Y2O3), calcium nitrate (Ca(NO3)2·4H2O), chromic nitrate
Cr(NO3)3·9H2O), and zinc nitrate (Zn(NO3)2·6H2O) (all analytical
eagents, Sinopharm Chemical Reagent Co., Ltd.), mixing together
ith three times as much citric acid in deionized water. The mix-

ure was heated up in a crucible to form a gel. Afterwards, the wet
el was further heated in a family-using microwave oven to remove
olvents and to obtain dry gel. Then, mild combustion reaction
ook place, and the dark precursor powders were formed. The
s-synthesized powders were calcined at 850 ◦C for 2 h to remove
he remnant carbon and to obtain the highly reactive fine powders.

The as-synthesized powders were ball-milled in an ethanol
edium for 24 h and dried subsequently. Small pellets

Ø15 mm × 0.8 mm) and rectangular bar specimens (50 mm ×
mm × 1.8 mm) were uniaxially pressed at 360 MPa. The speci-
ens were sintered in air at 1400 ◦C for 4 h. The heating rate was

xed at 1 ◦C min−1 before 550 ◦C and 2 ◦C min−1 between 550 ◦C
nd 1400 ◦C.

Thermogravimetry (TG) of the dry gel (by PerkinElmer Diamond
G/DTA) was carried out in air from room temperature to 1100 ◦C
ith a heating rate of 10 ◦C min−1. Y0.7Ca0.3Cr1−xZnxO3−ı pow-
ers were observed using a high-resolution transmission electron
icroscope (HR-TEM, Model JEOL-2010). X-ray diffraction (XRD)

atterns of the primary powders and sintered specimens were
espectively measured with a XRD instrument (Philips, PW 1730)
owered at 40 kV and 100 mA using Cu K� radiation in air at
oom temperature. The diffraction intensity was measured step-
ise every 0.02◦ in the diffraction angle 2� range between 20◦

nd 80◦. The relative densities were measured by the Archimedes
ethod. Theoretical densities were calculated using experimen-

al lattice parameters and chemical formula Y0.7Ca0.3Cr1−xZnxO3−ı.
article size and fractured surfaces of the sintered specimens were
bserved using a scanning electron microscopy (SEM, Model KYKY
010B). Electrical conductivities of the materials in air were stud-
ed from 500 ◦C to 850 ◦C using a standard DC four-probe technique
n a H.P. multimeter (Model 34401). Sintering shrinkage of the
reen pellets and thermal expansion of the sintered specimens were
easured at 30–1400 ◦C and 30–1000 ◦C, respectively, on cylindri-

al rods using a dilatometer (SHIMADZU50) at a heating rate of
0 ◦C min−1.

. Results and discussion

.1. Powder characterization

The powders of Y0.7Ca0.3Cr1−xZnxO3−ı (x = 0, 0.05, 0.1, 0.15) were,

espectively, synthesized via the microwave-aided sol–gel process.
he dry gel was characterized by TG in order to understand physic-
chemical transitions at different temperatures. The TG curve of
he YCCZ10 dry gel is shown in Fig. 1, which shows three stages
f weight loss. The first weight loss with 13.3% takes place below
Fig. 1. TG analysis of YCCZ10 precursor powders (heating rate 10 ◦C min−1).

115 ◦C. This is due to the evaporation of surface adsorbed water
molecules. With temperature further increasing, the 10% weight
loss of structure and crystallization water occurs, which relate to the
second stage from 115 ◦C to 323 ◦C. The largest weight loss of 43.4%
happens at the third stage from 323 ◦C to 388 ◦C, which attributes to
the combustion of the mixed citric acid and nitrate. In this period,
metal cations and carbon element of citric acid are oxidized and
nitrate is reduced. The fourth small weight loss occurs from 388 ◦C
to 750 ◦C. This is caused by the removal of the remnant nitrate and
carbon.

There is a slight weight loss of about 1.5% at 750 ◦C, which is
ascribed to the formation of perovskite CaCrO3 via the decomposi-
tion of second phase CaCrO4 in air at high temperature:

2CaCrO4 = 2CaCrO3 + O2 (1)

Therefore, the calcination temperature of the precursor powders
should be above 750 ◦C.

Fig. 2 shows the HR-TEM micro-photographs of the
Y0.7Ca0.3Cr1−xZnxO3−ı (x = 0, 0.05, 0.1) powders calcined at
850 ◦C for 2 h. As Zn doping amount increases, the particle size
increases and its distribution becomes gradually broaden. The par-
ticle diameters are in the ranges of 30–100 nm for x = 0, 40–200 nm
for x = 0.05, and 50–500 nm for x = 0.1, respectively. The YCCZ10
consists of fine particles with a relatively wider size distribution,
indicating the partial agglomeration of particles at 850 ◦C. The
powder with wide size distribution (particle gradation) is expected
to have a high sintering activity because of its high packing density.
This is effectively verified by the sintering characteristic of the
powder.

Fig. 3 shows the sintering shrinkage behavior of the green pellets
of Y0.7Ca0.3Cr1−xZnxO3−ı (x = 0, 0.05, 0.10) measured at 30–1400 ◦C.
It is obvious that there is almost no shrinkage for all the pel-
lets below 950 ◦C. Above that temperature, the shrinkage curve of
YCCZ10 presents a long step region between 1000 ◦C and 1100 ◦C
and large shrinkage happens rapidly after the flat region, while
Y0.7Ca0.3CrO3−ı does not show such a flat region. The sample
of Y0.7Ca0.3Cr0.95Zn0.05O3−ı shows moderate shrinkage behaviour
between Y0.7Ca0.3CrO3−ı and YCCZ10. It can be predicted that the
doped Zn as sintering aid may happen at a certain temperature
range of 1000–1100 ◦C, thus the shrinkage curve shows a flat region

at that temperature. At 1400 ◦C, the shrinkage ratio (dL/L0) increases
from 9.6% to the maximum of 22% as the x value increases from 0
to 0.1. The results indicate that Zn doping can effectively improve
the sintering ability of the material, and that the YCCZ10 with 10%
Zn doping exhibits the most sintering activity.
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ed at 850 ◦C for 2 h: (a) Y0.7Ca0.3CrO3−ı; (b) Y0.7Ca0.3Cr0.95Zn0.05O3−ı; (c) YCCZ10.
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Fig. 2. HR-TEM micro-photographs of Y0.7Ca0.3Cr1−xZnxO3−ı powders calcin

.2. XRD phase structure analysis

The XRD patterns of the sintered samples (1400 ◦C for 4 h) of
he system Y0.7Ca0.3Cr1−xZnxO3−ı (x = 0, 0.05, 0.10, and 0.15) are
hown in Fig. 4. The XRD patterns of the compositions in the range
f x = 0–0.15 all show single phase with orthorhombic perovskite

tructure. The peaks corresponding to plane (0 2 1) become gradu-
lly lower with x value increasing from 0 to 0.1, and then not obvious
t x = 0.15, which relates to the lattice distortion induced by the sub-
titution of Zn atom for Cr position. From Table 1, it is apparent that

ig. 3. Sintering shrinkage of the pellet of Y0.7Ca0.3Cr1−xZnxO3−ı pressed using the
rimary powder calcined at 850 ◦C for 2 h.

Fig. 4. XRD patterns of Y0.7Ca0.3Cr1−xZnxO3−ı sintered at 1400 ◦C for 4 h.

Table 1
Characteristics of Y0.7Ca0.3Cr1−xZnxO3−ı sintered at 1400 ◦C for 4 h.

x value

0 0.05 0.10 0.15

a (nm) 0.5237 0.5228 0.5227 0.5245
b (nm) 0.5496 0.5484 0.5459 0.5479
c (nm) 0.7518 0.7522 0.7485 0.7534
Cell volume (nm3) 0.2164 0.2156 0.2136 0.2165
Relative density (%) 84.3 90.2 96.6 95.3
Electrical conductivity at

750 ◦C (S cm−1)
1.9 5.9 19.0 11.5

Activate energy (kJ/mol) 17.5 17.3 17.9 21.3
TEC (×10−6 K−1) 9.6 10.0 10.8 9.3
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Fig. 5. SEM micrographs for fracture surfaces of Y0.7Ca0.3Cr1−xZnxO3

he unit cell lattice parameter of Y0.7Ca0.3Cr1−xZnxO3−ı (calculated
rom the XRD results) changes with x value variety. It can be seen
hat the cell volume decreases from 0.2164 nm3 to 0.2136 nm3 as
increases from 0 to 0.10. The increasing substitution of Zn2+ for
r3+ leads to the decreasing of cell volume. This is not only because
f the smaller radius of Zn2+ (0.060 nm) than Cr3+ (0.064 nm), but
lso for the increased concentration of Cr4+ (0.056 nm). Using the
roger–Vink notation, it can be descried as

Ca′
Y] + [Zn′

Cr] = 2[VO
••

] + [CrCr
•
] (2)

here [] indicates concentration, Ca′
Y is Ca2+ substituted for Y3+,

n′
Cr is Zn2+ on Cr-site, VO

•• means oxygen vacancy, and CrCr
• is Cr4+

n Cr-site. The smaller Cr4+ ions (0.056 nm) decrease the volume of
he unit cell.

However, with x further increasing up to 0.15, the calculated cell
olume increases to 0.2165 nm3, indicating that the amount of Zn
ay exceeds the substitution limit for Cr position (between 0.10

nd 0.15). And the excessive Zn atom might partly come into the
erovskite crystal interstitial position, resulting in the increasing in
ell volume.

.3. Relative density measurements and SEM analysis

The relative densities of the samples sintered at 1400 ◦C for
h in air are shown in Table 1. As the doping amount of Zn (x
alue) increases from 0 to 0.10, the relative density of the samples
ncreases rapidly from 84.3% to 96.6%. And a high relative density
f 95.3% is still gotten when x further increases up to 0.15. It can be

een that the YCCZ10 sample shows the maximum relative density,
hich indicates again that the small amount of doped Zn (10%)

an effectively increase the sintering ability of Y(Ca)CrO3 mate-
ial. Fig. 5 shows the SEM images of the fracture surfaces of the
0.7Ca0.3Cr1−xZnxO3−ı samples sintered at 1400 ◦C for 4 h. It can be
tered at 1400 ◦C for 4 h: (a) x = 0; (b) x = 0.05; (c) x = 0.10; (d) x = 0.15.

observed that the average grain size grew up apparently as the dop-
ing amount of Zn increased from 0 to 0.15. Also, the size of pores
decreased with Zn amount. It is obvious that a dense microstructure
was obtained as the doping amount of Zn increased up to 0.10.

Several studies have reported that ZnO doping can effectively
enhance the sintering ability of BaZrO3-based materials, principally
attributing this enhancement in sintering to the sintering aid func-
tion of ZnO [18–20]. Investigations on LaCrO3 system have found out
that chromium component has the tendency to volatilize and then
deposit on the particle surface during sintering at high temperature
in air, which prevents the particles from contacting each other, and
from further growing. This is the main reason why it is very difficult
to obtain this kind of material with dense state by sintering in air
[21,22]. For the similar reason, it is hard for YCrO3 material system
to be densely sintered in air. As verified by the above results, Zn
doping can effectively enhance the sintering of Y(Ca)CrO3 material
in air. This phenomenon is not only because Zn acted as sintering
aid, but also the volatilization of chromium was effectively reduced
for the partial substitution of Zn for Cr-site.

3.4. Electrical conductivity

Fig. 6 shows the temperature dependence of the conductivity of
Y0.7Ca0.3Cr1−xZnxO3−ı sintered at 1400 ◦C for 4 h in air. The incre-
ment of electrical conductivity of zinc-doped yttrium chromites can
be explained by electronic compensation mechanism [23,24], as
well as the increase of the relative density of the samples. Accord-
ing to Fig. 6b, it can be seen that between 773 K and 1123 K, the plots
of ln(�T) (where � is the electrical conductivity and T is the absolute

temperature) versus 1/T are linear, which agrees with the following
equation derived from the theory of small polaron conduction:

� = A

T
exp

(
− Ea

kT

)
(3)
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Fig. 6. Temperature dependence of the conductivity of Y0.7Ca0.3Cr1−xZnxO3−ı sin-
tered at 1400 ◦C for 4 h: (a) effect of x value on electrical conductivity of the
specimens and (b) Arrhenius plots of the conductivities for the samples.

Fig. 7. Thermal expansion of Y0.7Ca0.3Cr1−xZnxO3−ı samples.
urces 188 (2009) 483–488 487

where A is a constant, k is the Boltzmann constant and Ea is the
activation energy of conduction. The electrical transport in doped
YCrO3 is dominated by small-polaron hopping of charge carrier
localized at the Cr-sites. It can be predicted from Eq. (2) that in
the range of 0–0.1, the concentration of CrCr

• increases with x
increasing, which leads to the increase of electrical conductivity
as the concentration of small polarons increases. Fig. 6a shows that
the electrical conductivities of the samples sharply increase from
2.2 S cm−1 to a maximum of 20.9 S cm−1 at 850 ◦C in air, with Zn
doping amount increasing from 0 to 0.10. However, with x fur-
ther increasing up to 0.15, the electrical conductivity decreases
to 13.1 S cm−1 at 850 ◦C in air. It is worthy to note that even at
500 ◦C, the conductivity of YCCZ10 still reaches a relatively high
value of 12.8 S cm−1. For a value of 1 S cm−1 is an acceptable min-
imum electrical conductivity for the usefulness of interconnects
in SOFC community [25], indicating this material is suitable to be
used as interconnect materials for IT-SOFCS. By calculating from
the slope rate of the lines shown in Fig. 6b, the activation energy for
YCCZ10 is 17.9 kJ/mol, approaching to those of Y0.7Ca0.3CrO3–ı and
Y0.7Ca0.3Cr0.95Zn0.05O3–ı (Table 1), while it comes up to 21.3 kJ/mol
at x = 0.15. Between 0.1 and 0.15 (x value), the mutation of electrical
conductivity and activation energy relates to that Zn doping amount
(0.15) exceeds its substitution limit for Cr position.

3.5. Thermal expansion coefficient (TEC)

The TEC of SOFC interconnects must be close to those of other cell
components to minimize thermal stresses. Fig. 7 shows the ther-
mal expansion of Y0.7Ca0.3Cr1−xZnxO3−ı in the temperature range
of 30–1000 ◦C in air. The TEC values of the samples are listed in
Table 1. With x increasing from 0 to 0.10, the TEC values increase
from 9.6 × 10−6 to 10.8 × 10−6 K−1. The TEC value of the sample
decreases to 9.3 × 10−6 K−1 as x further increases to 0.15. This muta-
tion may also relate to that Zn atom partially come into perovskite
crystal interstitial position. It is delight to see that the TEC value
of YCCZ10 (10.8 × 10−6 K−1) is very close to that of the commonly
used SOFC electrolyte YSZ (∼10.8 × 10−6 K−1).

4. Conclusions

By employing a microwave-aided sol–gel process, Y0.7Ca0.3
Cr1−xZnxO3−ı (x = 0, 0.05, 0.1, 0.15) were prepared and then investi-
gated, and the results indicate that a small amount of Zn as dopant
can effectively improve the sintering ability of the material. The
compositions all showed pure orthorhombic perovskite structure.
As Zn doping amount increases from 0 to 0.10, the relative density
of the samples increases rapidly from 84.3% to 96.6% after sinter-
ing at 1400 ◦C for 4 h in air, and the electrical conductivity increases
from 2.2 S cm−1 to 20.9 S cm−1 at 850 ◦C in air. As Zn doping amount
further increases up to 0.15, the electrical conductivity remarkably
drops to 13.1 S cm−1, companying with a slight decrease in relative
density. The TEC value of YCCZ10 is 10.8 × 10−6 K−1, very close to
that of YSZ. So this material is more suitable to be used as a novel
interconnect material for co-fired YSZ-based SOFCs.
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