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Abstract

Ba,Sr;_,CoggFep,03_5 (0.3 <x <0.7) composite oxides were prepared and characterized. The crystal structure, thermal expansion and elec-
trical conductivity were studied by X-ray diffraction, dilatometer and four-point DC, respectively. For x < 0.6 compositions, cubic perovskite
structure was obtained and the lattice constant increased with increasing Ba content. Large amount of lattice oxygen was lost below 550 °C,
which had significant effects on thermal and electrical properties. All the dilatometric curves had an inflection at about 350-500 °C, and
thermal expansion coefficients were very high between 50 and 1000 °C with the value larger than 20 x 107¢°C~'. The conductivity were
larger than 30 S cm™! above 500 °C except for x> 0.5 compositions. Furthermore, conductivity relaxation behaviors were also investigated at
temperature 400-550 °C. Generally, Bag 4Srg6CoggFeo203_s and BagsSrgsCoggFeg,05_; are potential cathode materials.

© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

In the past decades, there has been growing interest in
perovskite-type oxides with mixed oxygen-ionic and elec-
tronic conductivity (MIEC), which are attractive materials
for solid oxide fuel cell (SOFC) cathodes, oxygen separation
membranes and other applications.!~ For example, compo-
sitions of (La,Sr)(Co,Fe)O3_s5 were extensively investigated.
With partial substitution of La** by Sr?* in A-site, oxygen
vacancies as well as valence changes of B-site ions occur in
order to maintain the electrical neutrality, which is the reason
for ionic and electronic conductivity. Although the ionic con-
ductivity in these materials usually accounts for less than 1%
of the overall electrical conductivity, it remains 1-2 orders of
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magnitude higher than that found for yttria stabilized zirconia
(YS2).3

About 20 years ago, Teraoka et al. first reported
SrCogp gFe203_s (SCF) membranes with very high oxygen
permeation flux, which is attributed to the high concentra-
tion of oxygen vacancy, caused by the substitution of A3*
metal ion by Sr2* in the A-site of perovskite.® Huang et
al. have studied the properties of SCF as a cathode mate-
rial for SOFC.” Unfortunately, a perovskite—brommillerite
transition could occur at lower oxygen partial pressure
(<0.1atm) and at lower temperatures, making the mem-
brane fractured.® With the purpose of improving the phase
stability and keeping the high performance, Shao et al.
developed Ba,Sr;_,Coq gFep203_5 (x>0, BSCF) perovskite
series by a proper substitution of strontium in SFC. Their
permeation behaviors, phase stability, mechanical strength,
etc. have been extensively investigated, especially for the
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Bay 5Srg.5Cop.gFep203_s composition.g’11 Recently, Shao
et al. also presented BagsSrgsCopgFeg203-_5 as a novel
cathode material for the next generation of SOFCs.!? With
thin-film samarium doped ceria (SDC) as electrolyte, sin-
gle cells exhibited considerable high densities at lower
temperatures (1010 and 402 mW cm™2 at 600 and 500 °C,
respectively).

So far, only Bags5Srg5CoggFep203_s composition has
been studied for SOFC cathode,!? other compositions in the
BSCEF system have not been reported. From the viewpoint of
SOFC applications, except for good electrochemical perfor-
mances, a satisfactory cathode material must also meet other
requirements such as thermal expansion match with other
components. Besides, the electrical conductivity, another
basic parameter of cathode materials, also needs to be inves-
tigated. In the present study, oxides with fixed B-site ratio
in the system of Ba,Sr;_,CoggFep203_5 (0.3 <x<0.7)
were prepared and characterized. The effects of Ba con-
tent on the crystalline structure, thermal expansion behav-
iors and electrical conductivities were examined in order
to determine the suitability of BSCF as SOFC cathode
materials.

2. Experimental
2.1. Sample preparation

Composite oxides of the Ba,Sr;_CopgFep203_s
(0.3 <x<0.7) compounds were synthesized via a mod-
ified sol-gel method, using ethylenediamine tetraacetic
acid (EDTA) and citric acid as complexes.* The starting
reagents used were Ba(NO3);, St(NO3),, Co(NO3),-6H;0,
Fe(NO3)3-9H,O, EDTA and citric acid, all of which
were reagent grade (>99%). The precursors obtained
were calcined at 950°C for 5h in air to get the single-
phase compositions. These powers were then pressed into
green disks at about 300 MPa followed by sintering at
1100-1150°C in stagnant air for about 5-6h to get dense
samples.

2.2. Characteristics measurements

The crystal structure of each BSCF composition was
examined by X-ray powder diffraction (XRD, Bede D' X-ray
Diffractometer) using Cu Ko radiation. Thermal expansion
coefficients (TECs) were measured by a dilatometer (Net-
zsch DIL 402C/3/G) in the temperature range 50—1000 °C
in air with the heating rate of 2°Cmin~'. Both electrical
conductivity and conductivity relaxation were measured in
air by the four-point DC method using a digital Sourcemeter
(Keithley 2400) and a programmed-temperature controller
(Yuguang AI 808P). The measurements were for conductiv-
ity was carried out from room temperature to 900 °C, while
conductivity relaxation for x=0.4 sample was measured at
temperature 400-550 °C.

3. Results and discussion
3.1. Crystal structure

The XRD patterns of the Ba,Sr;_CopgFep203_s
(0.3 <x<0.7) oxides measured at room temperature are
illustrated in Fig. 1. Ascanbe seen, for 0.3 <x < 0.6 composi-
tions, pure phases are formed which can be indexed as cubic
perovskite structure with a space group of Pm-3m (221),°
indicating that the tolerance factor for these perovskites is
around 1. For x=0.7, namely Bag 7Srg3Cog gFep203_s, the
XRD pattern can be basically considered as perovskite struc-
ture with slight additional peaks.

From the XRD patterns, it can also be seen that the main
peak around 20 =32° shifts gradually left to lower degrees
from x=0.3 to 0.7, indicating that the lattice parameter
increases with doping content of barium, which agrees with
the calculated results given below. The lattice parameters and
unit cell volumes are plotted in Fig. 2. The lattice parameter
of SCF (a=0.38630 nm*) is also given for comparison. It is
obvious that both of them increase constantly with increasing
Ba content. The dimension expands about 7.1% from x=0.3
to 0.7. As both Sr and Ba in A-site are bivalent, it can be
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Fig. 1. XRD patterns of Ba,Srj_,Cog gFep203_s oxides.
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Fig. 2. Lattice parameter and cell volume as a function of Ba content in
Ba,Sr;_Coo.gFep203-s.
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Table 1

Ionic radii for several cations in the perovskite lattices
Cation Tonic radius (nm)
Ba2* 0.175 (CN2=12)

Sr2* 0.158 (CN=12)

Co?* 0.0885 (CN =6) HS?
Co?+ 0.075 (CN =6) HS
Co** 0.067 (CN=6) HS
Fe3* 0.0785 (CN=6) HS
Fe** 0.0725 (CN=6)

2 CN, coordination number.
b HS, high spin.

assumed that the introduction of barium has slight effect on
the valence states of Co and Fe. Therefore, the changes can
be primarily attributed to the fact that the radius of Ba>* is
larger than that of Sr%*. In Table 1, the ionic radii of cations
involved in this paper are given, according to Shannon. '3

3.2. Thermal expansion

Thermal expansion data obtained upon heating for BSCF
compositions, as well as their first derivative (namely, ther-
mal expansion coefficients), are given in Figs. 3 and 4,
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Fig. 3. Thermal expansion curves for Ba,Sr;_,Cop sFep203_s.
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Fig. 4. First derivative of AL/L, vs. temperature for Ba,Sri_,Copg
Fep203-s.

respectively. As can be seen in Fig. 3, the thermal expan-
sion behavior in this system is relatively abnormal, all of
which are nonlinear with inflection occurring between about
350 and 550°C. Basically, AL/L, increases upon heating
at the beginning stage, then begin to experience a curving
range and flatten again at elevated temperatures. The appear-
ance of these inflection points, occurring at such moderate
temperature ranges, can mainly be attributed to the loss of
lattice oxygen (so-called B-desorption of oxygen'#) and the
formation of oxygen vacancies. Simultaneously, the reduc-
tion of the Fe and Co ions must occur in order to maintain
the electrical neutrality.">~!7 Related thermal reductions of
cations in B-site, from high valence state of Co** and Fe**
to lower trivalent of Co®* and Fe3*, are described in Eqgs. (1)
and (2), respectively.®!> These can be described according
to the defect reaction (in the Kroger—Vink notation).

2Co¢, + 0 & 2Cog, + Vo + 10, (1)
2Fef, + O < 2Fefs, + Vo + 10, )

The valence changes are also associated with an increase
of the ionic radius, as can be seen in Table 1, especially for
the reduction of Co** to Co*. Accordingly, the reductions
cause a decrease in the B—O bond according to Pauling’s
second rule, and hence the size of BOg octahedra increases,
thus enhancing the lattice expansion.'® Correspondingly, the
TEC results exhibit obvious changes in Fig. 4 at the same
temperature range. In addition, it also can be seen in Fig. 4
that the dAL/L, curves show another one or two peaks around
900 °C, where the TEC change stair(s) occur. It is reported
that tri-valent state Co>* can be further reduced to Co®* in this
temperature range, accomplished by the further desorption of
lattice oxygen.

2C0g, +OF © 2Coc, + V' + 10, 3)

The characteristic temperature for the thermal reduction
of Fe3* to lower Fe?* in air, on the other hand, is reported to be
1560 °C.'* The abnormal behavior of the x=0.7 compound
may be attributed to the unknown phase or possible phase
transition. The large radius change from Co>* to Co>* should
take place. But no obvious increase in TEC value is observed,
which is the subject for further research. High temperature
XRD may be effective to clarify the phenomena. Note that
high concentration of oxygen vacancies have reached, which
may show negative contribution on lattice expansion. Gen-
erally, in the system of (La,Sr)(Co,Fe)Os3_s, their thermal
expansion curves are relative linear below 800 °C and exhibit
abnormal expansion at high temperatures due to reduction in
oxygen content.'> On the contrary, in these BSCF composi-
tions, high concentration of oxygen vacancy in lattice can be
achieved at lower temperature, which can result in the curv-
ing region shifts to lower temperatures. From this point of
view, the structure of BSCF may be relative unstable, com-
pared with LSCF. But it has positive effects on the cathode
performance.
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Table 2
Specific TEC values for Ba,Sri_,Cog gFep203_s

TEC (10~%°C~1)

Ba,Sr;_yCop sFep 2035

50-1000°C  500-700°C  500-1000°C
x=03 20.44 28.74 25.98
x=04 20.12 26.87 25.38
x=0.5 19.95 24.95 24.26
x=0.6 20.18 24.57 23.80
x=0.7 20.27 23.79 23.98

It is well-known that the Co-based perovskites gen-
erally have quite high TECs, which are often about
20 x 1079°C~1 18 such as the TEC of Lag3Sry7Coos
Fe203_s is about 21.0 x 1070 °C~1 (30-1000°C).!° Aver-
age thermal expansion coefficients for BSCF series calculated
are listed in Table 2. As can be seen, all of the TEC val-
ues are larger than 20 x 107°°C~! in the whole measured
range. Especially, the TEC values between 500 and 700 °C,
the range at which the intermediate-temperature SOFCs per-
form, are also listed. Note that their TEC values between
500 and 700 °C are extraordinarily high and decrease from
28.74 x 1076°C™! (x=0.3) 10 23.79 x 1079 °C~! (x=0.7).
While, the decreasing rate inclines to be slower. Even the
minimum is still nearly twice than that of solid electrolytes
used for IT-SOFCs (e.g. TECgpc is about 12 x 1076 °C~1).
Accordingly, the issue of thermal matching between the cath-
ode and electrolyte should take into account carefully for
SOFC applications.

3.3. Electrical conductivity

Generally, there are two kinds of conductive mechanisms
(namely, electronic and ionic conductivity) in these per-
ovskite oxides, owing to the co-presence of holes and oxygen
vacancies. While, the ionic conductivity is much lower than
the electronic conductivity. Therefore, it can be assumed
reasonably that the measured values refer to the electronic
conductivity alone.?"

The logarithm of electrical conductivity versus recipro-
cal temperature of different BSCF compositions is shown
in Fig. 5. As can be seen, the electrical conductivity of all
compounds increases gradually with temperature up to about
400-500 °C. As discussed above, the lattice oxygen becomes
more active at this temperature range. Along with the ther-
mal induced lattice oxygen losses, more oxygen deficiency is
formed, which thus causes the thermal reduction of Co and
Fe cations to lower states, described in Egs. (1) and (2). Note
that their electrical characteristics are not similar at elevated
temperatures. The electrical conductivity of x=0.3 reaches a
maximum of 59.2 S cm ™! at about 539 °C and then decreases
continuously. While, for x=0.4 and 0.5, it decreases slightly
from about 540 to 570 °C and then turns to increase again
slightly from about 800 °C. When x=0.6 and 0.7, however,
it continues increasing with elevated temperature. As given
in Eq. (3), Co®* will be further reduced to lower oxidation
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Fig. 5. InoT vs. 1000/T in air for Ba,Sr;_,Cop sFep203_s.

state Co*, which further affects the electrical property. Here,
as can be seen, the expansion and the conductivity results
agree with each other. Furthermore, the results are also con-
sistent with the O,-TPD results for these BSCF compositions
(x=0.3, 0.5 and 0.7), which exhibited oxygen desorption
peaks at similar temperature ranges. The thermal reduction
for transition metals tends to be easier with the increase of
Ba doping.” These may explain the reason for the differ-
ent behaviors at higher temperature zone. Besides, oxygen
vacancy order also may show contribution to the observed
phenomena.

Specific conductivities of each BSCF compound at var-
ious temperatures are shown in Fig. 6. It can be observed
that the electrical conductivity decreases with the increas-
ing doping of barium, in the whole measured temperature
range. When x <(.5, the values are typically larger than
30Scm™!. Although the conductivity values measured are
lower than that of other cathode materials, they are still
acceptable for cathode applications. The continuous loss
of lattice oxygen upon heating can lead to the increase of
oxygen vacancies concentration, which thus can enhance
the oxide ionic conductivity. High ionic conductivity can
be obtained at lower temperature, which is the impor-
tant reason for Bag 5Srg 5Cog gFep203_s to exhibit remark-
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Fig. 6. Specific conductivity values at various temperature points.
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Table 3

Activation energy E, for the electrical conductivity of Ba,Sri_,Cogg
Fep203-5

Ba,Sri_,CoggFep203_s Temperature range (°C) E, (K] mol’l)
x=0.3 100430 31.2

x=04 100-450 36.6

x=0.5 100-450 38.6

x=0.6 100-420 38.3

x=0.7 100-450 37.1

able electrochemical performance, compared with LSCF or
Smyg 5519 5C003_s (SSC) at 500-600 °C.

As proved by thermopower method, the conductivity
mechanism for BSCF series can be attributed to the hopping
of P-type small polarons.?! The localized electronic charge
carriers have a thermally activated mobility. If the carrier
concentration remains constant throughout the temperature
range measured, the Arrhenius plot for small polaron con-
duction should be linear (In 6T versus 1000/T), following the
formula relation:

A E.,
o= A exp <-) )

The activation energy (E,) for hopping can be calculated
from the slopes of the linear part of In o7 versus 1000/T plots.
The constant A involves the carrier concentration as well as
other material-dependent parameters.”! The E, values as well
as the temperature range at which they are valid are given in
Table 3.

Attempt was also made to investigate the conductivity
relaxation properties. At lower temperature range, if the
chemical diffusion can be assumed to be the rate determining
step, the following equation can be obtained under appropri-

ate boundary conditions?*:

o(t) — o(0) > 8
_ 7 1= -
o(00) — o(0) nz:%(zn + 1?72

2n + 1)>72 Depemt
X exp [_( n + 1“7 Dchem (5)

412

where in left part, 0(0), o(f) and o(c0) stand for the appar-
ent conductivity at =0 (initial), at ¢ (during the relaxation
process) and t — oo (after reaching a time-independent equi-
librium). In the right part, D¢hem is the chemical diffusion
coefficient, L the half of the sample thickness (diffusion
length) and ¢ is the time. Experimental and fitted data for
x=0.4 sample are shown in Fig. 7. As expected, with the
increasing of temperature, a rapid increase of relaxation rate
was observed. The relaxation time for 7=400 °C is about 30
times of that for 7=550 °C, which can be illustrated by the
change of chemical diffusion coefficient. The D¢per calcu-
lated was plotted in Fig. 8, the relation between Dchem and
absolute temperature also satisfies the Arrhenius formula:

E,
Dchem = Do exp (_kT) (6)
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Fig. 7. Conductivity relaxation curves for x=0.4 sample measured at 400,
450, 500, and 550 °C.
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where Dy is the pre-exponential factor. The active energy
(E,) obtained is about 72.2kJ mol~!. At higher temperature
(T'>550°C), the relaxation process is not obvious, which
must be determined by sudden change of the oxygen partial
pressure.?>24

4. Conclusions

Perovskite oxides of Ba,Sr;_,CoggFep203_5 (0.3 <x<
0.7) were synthesized by the citrate-EDTA complexing
method, which were identified as cubic structure for x < 0.6
by XRD. And the lattice constant increased with the increase
content of Ba doping. Generally, both the TEC values and
electrical conductivity followed the opposite behavior. The
formation of oxygen vacancies and the reduction of B-site
cations play important roles in expansion and conduction
properties at elevated temperatures. The average TEC val-
ues were larger than 20 x 10~ °C~! at measured range, and
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the TEC values between 500 and 700 °C are extraordinarily
high. The electrical conductivity were larger than 30 S cm™!
when x < 0.5 at above 500 °C. In a word, compositions with
40 and 50 mol% barium content are potential candidates for
SOFC cathode application, whose electrochemical properties
still need further investigations.
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