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Abstract The electronic conductivity of sintered BSCF
ceramics (Bag 5Srg sCoFe;_,O3_5, 0<x<1) was measured as
a function of temperature up to 1273 K in air. The
conductivity of BSC is thermally activated over 298-1273
K with an activation energy of 0.21 eV. The conductivity of
BSF and BSCF (0.2<x<0.8) is thermally activated below
~673 K with activation energies of 0.21 eV-0.40 eV. Above
673 K, the formation of oxygen vacancies results in a
decrease in p-type carrier concentration and a decrease in
electronic conductivity. Bag 5Sry 5Cog sFen 035 (BSCF5582)
was also measured under 107 atm<pO,<I atm. Below
~673 K, the electronic conductivity of BSCF 5582 shows no
dependence on pO,. Above 673 K, the conductivity of
BSCF5582 increases with increasing pO, for p0O,>0.01
(p-type conduction) and decreases slightly with increasing
pO, for pO,<0.01 atm. The activation energy for conduction
above ~673 K and at pO,>0.1 is ~0.07 eV. Above ~823K
and at pO,>0.01 atm, the activation energy for conduction is
~0.2 eV.

Keywords BSCF - Barium strontium cobalt iron oxide -
Perovskite - Solid oxide fuel cell - Cathode -
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1 Introduction

The perovskite Bag 5Sr sCoggFe,035-5 (BSCF5582) has
attracted considerable attention as a promising cathode
material for intermediate temperature solid oxide fuel cells
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(IT-SOFC) since Shao and Haile reported on its perfor-
mance in dual and single chamber fuel cells in 2004 [1].
Initially developed as an oxygen separation membrane [2],
BSCF is a mixed ionic electronic conductor (MIEC) deriving
its high oxygen ion conductivity from its oxygen-deficient
perovskite structure. The oxygen nonstoichiometry of
BSCF5582 has been measured by several researchers with
the reported values of & ranging from ~0.2 to 0.8 depending
on temperature, oxygen partial pressure, and method of
measurement [3—6]. Chen et al. [7] reported room-
temperature 6 values ranging from 0.17 to 0.32 for BSCF
with varying Co:Fe ratios. Bucher et al. reported the
oxygen self-diffusion coefficient and ionic conductivity of
BSCF5582 at 700°C to be on the order of 10¢ cm*/s and
0.018 S/cm, respectively [6].

BSCF exhibits moderately high electronic conductivity
owing to the mixed valence of the transition metal B-site
cations. As an example, the electrical conductivity of
BSCF5582 in air above 500°C is reported to be ~30 S/cm
[8]. However, the conductivity of BSCF5582 is over an
order of magnitude lower than LaggSrg,CoggFe,0;
(or LSCF), a related perovskite oxide used as a SOFC
cathode [9]. Unlike LSCF, BSCF does not possess a
trivalent cation on the A site of the perovskite structure.

The defect chemistry of Ba,Sr, ,Co.Fe; ,O3 5 (BSCF)
is not well understood as there have been few reports on the
effect of composition and oxygen partial pressure on its
electrical conductivity. Grunbaum et al. investigated the
electrical conductivity of SrCog gFey,05_5 as a function of
temperature and pO,, reporting an activation energy of
0.17 eV for the Brownmillerite phase below 1000 K and
of ~0.34 eV for the cubic phase above 1000 K [10]. In an
investigation of compositions with x=0.8, 0.3<y<0.7, Wei
et al. showed that conductivity decreases with increasing
barium content in air at 773-1023 K [11]. Chen et al.
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showed an increase in conductivity with increasing cobalt
concentration in air and in oxygen above 773 K for samples
with y=0.5, 0<x<0.8 [7]. More recently, Ge et al. and Zhou
et al. investigated the effects of A-site and B-site deficien-
cies on electrical conductivity [12—14]. In general, the
electrical conductivity decreases as the ratio of A/B
deviates from unity.

This work focuses on the effect of different Fe/Co ratios
on the electrical conductivity of Bag 5SrysCoFe;—,Os-5
(0<x<1) in air. The electrical conductivity of polycrystal-
line Bag 5Sry sCoFe;_ O35 (0<x<1.0) was measured as a
function of temperature (25-1000°C) in air and correlated
to thermal expansion and weight loss behavior reported
previously by our group [15]. The conductivity of
BSCF5582 was also measured as a function of temperature
under different oxygen partial pressures, 10 °<pO,>1 atm.
The defect chemistry responsible for the observed behavior
is discussed.

2 Experimental methods

Baj sSrg sCoy_Fe,O3-5 powders were prepared using a
polymerized complex method reported previously [15,16]
The starting materials consist of barium nitrate (Ba(NO;),,
>99.0% purity, Alfa Aesar Co.), strontium nitrate (Sr(NO3),,
>99.0% purity, Aldrich Chemical Co.), cobalt(Il) nitrate
(Co(NO3),'6H,0, >99.0% purity, Alfa Aesar Co.), and iron
(IIT) nitrate (Fe(NO3);'9H,0, >98.0% purity, Alfa Aesar
Co.). A 0.04 mole quantity of ethylenediamine tetraacetic
acid (EDTA) was mixed with 40 ml of 1N NH4OH solution
to make an NH4-EDTA buffer solution. Equal molar
amounts of barium nitrate and strontium nitrate (0.01 mol
each) and appropriate amounts of Co(NOj3),'6H,O and Fe
(NO3)3-9H,0 were added to the buffer solution to make the
required stoichiometries of Bag sSry sCo.Fe;_,Os_5 (x=0.0,
0.2,0.4, 0.6, 0.8, 1.0). Anhydrous citric acid (0.06 mol) was
added, and the pH value was adjusted to 8 by using IN
NH,4OH solution. Each solution was kept on a hot plate at
100°C and stirred until gelation occurred. After 24 h, the
gelled samples were baked in a drying oven at 200°C for 6 h.
The as-produced powders were then calcined at 950°C for
7 h in air.

The synthesized powders were pressed into pellets at
100 MPa. The samples were sintered at 1100°C for 4 h in air
at a heating rate of 4°C/min. The relative bulk density of each
sample was measured using Archimedes’ method. The
crystal structure and phase purity of the synthesized powders
were confirmed using X-ray diffraction, using a Siemens
D5000 diffractometer using Cu-K o radiation, a scan range of
15° to 80°, a step size of 0.02°, and a counting time of 5 s.
Lattice parameters were determined using a least-squares
method.
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Sintered pellets were cut into rectangular shapes of
2 mmx3 mmx4 mm (axbxL). Two small grooves (0.01”
in diameter) were cut into the sample surface at 1/4 and 3/4
of the length (L) of the bars to prevent slippage of the inner
platinum wires connected to the volt meter. Platinum ink
(6082, BASF Catalysts, Newark, NJ) was painted on the
cross-sectional faces of the sample to form current electro-
des. The painted samples were heated at 900°C for 15 min
to cure the electrodes. The electrical conductivity was
measured using the four-point DC method, using ~100 mA
of current passing through the outer electrodes and
measuring the voltage drop across the inner electrodes.
The measurements were performed isothermally in air and
in various argon/oxygen mixtures upon heating from 200 to
1000°C using steps of 100°C. At each temperature step,
10 min was allowed for the conductivity stabilization.
Conductivity, o, was calculated as,

17

=V M

where, [ is current (~100 mA), V' is voltage drop, / is the
inner electrode spacing, and A4 (axb) is the cross-sectional
area of the bar.

Electrical conductivity was measured using a Labview
controlled system consisting of a current source (Model JQE
55-2M, Kepco Power Supply, USA), a voltage meter
(Model 2000 Digital Multimeter, Keithley Instruments,
USA), a current meter (Model 2000 Digital Multimeter,
Keithley Instruments, USA), and a furnace (Model Ney
Centurion Qex, USA). Oxygen partial pressures were
measured using an oxygen analyzer (Model Thermox
CG1000, AMETEK, USA) on the outlet of furnace chamber.

3 Results

Figure 1 shows the X-ray diffraction patterns across the
compositional range. BSF (Bag sSrg sFeO5_5) and BSCF
(0.2<x<0.8) are cubic perovskites, whereas BSC (Bag 5Sry 5
Co05_5) has a rhombohedral structure. With increasing
cobalt concentration, there is an increase in the unit cell
volume of the material, shown by the shift of 20 to lower
angles in Fig. 1. A comparison of the ionic radii of iron and
cobalt in different valences (rFe4+:O.5V85A, rC04+(Hs):O.53A,
Fres+(s)=0.645A, rcoss)=0.61A, reoreus)=0.745A,
rC02+(Hs)=0.780A, all CN=6) [17] suggests that cobalt is
incorporated in a lower valence than iron as was suggested in
our previous paper [15].

Table 1 summarizes the composition of the samples as
measured by X-ray fluorescence spectroscopy. The data
suggest that all samples were B-site deficient with an A/B
ratio of ~1.1 for all values of x. In all samples the major
impurity was aluminum at ~0.3% on a cation basis.
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Fig. 1 Room temperature X-ray diffraction patterns for Bag 5Srq sCo,
Fe;,03-5 (x=0~1.0) calcined at 950°C in air

Figure 2 shows the microstructure of the BSCF samples
sintered in air. The BSC and BSCF samples were ~90% of
their theoretical densities whereas the BSF sample was
~65% of its theoretical density, as shown in Table 2. With
increasing cobalt concentration, an increase in both grain
size and pore size was observed. The increase in grain size
with increasing x is attributed to an increase in diffusional
mass transport via oxygen vacancies.

Figure 3 shows the DC conductivity of the samples
measured in air. The reported data are the average of three
measurements made on samples that were removed from
the test chamber and re-electroded between runs. Among all
of the samples, only the BSC end member (x=1.0), which
has a rhombohedral rather than cubic perovskite structure,
shows a continuous increase in conductivity with increasing
temperature over the range measured. For the other samples
(x<0.8), conductivity increases with increasing temperature
from room temperature to ~400°C and then decreases with
different slopes depending on composition. The decrease in
conductivity with increasing temperature is most pro-
nounced in samples with low cobalt concentrations. The
maximum conductivities of 20-50 S/cm occurred around
400-500°C. In general, the trend in the electrical conduc-
tivity vs. temperature data for various Fe/Co ratios are
similar to those reported by Chen et al., who reported
maximum conductivities of 30-50 S/cm for BSF and BSCF
samples in air at 500°C.

In Fig. 4, conductivity is plotted as a function of
temperature according to Eq. 2, which is appropriate for
conduction via adiabatic polaron hopping [9]:

A A
o= 2)

where E, is activation energy, 7 is temperature in Kelvin, k
is Boltzmann’s constant, and A4 is the preexponential factor
that depends on the site fraction of carriers and the

probability that neighboring ions are available to participate
in the hopping process. The conductivity of BSC (Fig. 4(f)) is
thermally activated over the entire temperature range with an
activation energy of 0.21 eV. Below ~673 K, the conductiv-
ity of BSF and BSCF (Fig. 4(a—e)) is thermally activated
with activation energies ranging between 0.21 eV and
0.40 eV, which are comparable to those reported by others.
As points of comparison, Grunbaum et al. reported activation
energies ranging from 0.28 to 0.4 eV for the cubic phase of
SrCoq gFeg,03-5 [10], and Wei et al. reported an activation
energy of 0.4 eV for BajsSrysCoggFey,03-5 over the
temperature range 100-400°C [11]. Above 673K, the slope
of the data (In oT vs. 1/T) generally increases with
increasing cobalt concentration, ranging from a negative
value in BSF to a positive value in the x=0.8 sample.

The conductivity of the BSCF5582 sample was mea-
sured as a function of temperature under static pO,
conditions ranging from 107> atm to 1 atm. In general, the
features of the In oT vs. 1/T data were similar to those
shown in Fig. 4(e). In Fig. 5, log o is plotted as a function
of log pO, for four temperatures between 300 and 900°C.
At300°C (Fig. 5(a)), the conductivity ranges from 6—11 S/cm
without a clear dependency on pO,. At higher temper-
atures (Fig. 5(b—d)), the slope of log o vs. log pO, is
clearly positive for pO,>0.01 atm, suggesting p-type
electronic conduction. Lines showing a % and 1/6 slope
are shown for comparison. At pO,<0.01 atm (Fig. 5(b—d)),
the slope of the data is slightly negative with values
ranging from —1/17 to—1/9.

Figure 6 summarizes the observed electrical behavior of
the BSCF5582 sample investigated in this study. At low
temperatures over the entire pO, range studied, BSCF5582
is thermally activated with E, ranging from 0.28 eV to
0.40 eV. In this region, conductivity does not appear to be
strongly dependent on pO,. At p0,>0.01 atm, the
conductivity above 673 K is also thermally activated but
with a much lower activation energy, around 0.07 eV. At
p0,<0.01 atm, conductivity increases slightly with de-
creasing oxygen partial pressure above 673 K. In this low-
pO, region, the temperature dependence of conductivity
changes with temperature. Above 823 K, conductivity

Table 1 Chemical composition of sintered samples as measured by
X-ray fluorescence spectroscopy.

Sample A/B [Bal/([Ba]+[Sr]) [Col/([Co]+[Fe])
x=0 1.10 0.45 0

x=0.2 1.09 0.45 0.22

x=0.4 1.08 0.45 0.42

x=0.6 1.08 0.42 0.62

x=0.8 1.10 0.42 0.82

x=1.0 1.07 0.43 1.0
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Fig. 2 Microstructures for Bag 5Sry sCo,Fe;_,O3_5 (x=0~1.0) sintered at 1100°C for 5 h in air: (a) x=0, (b) x=0.2, (¢) x=0.4, (d) x=0.6, (e) x=0.8
and (f) x=1.0

increases with increasing temperature and has an activation
energy of around 0.2 eV. Between ~673 K and 823 K,
conductivity decreases with increasing temperature.

4 Discussion

The defect chemistry of BSCF is complex. The B-site cations
can adopt multiple valances and the defect concentration is
sufficiently high that dilute-solution approximations may not
be valid. Nevertheless, much of the observed behavior can be
explained, at least qualitatively, by first assuming that the

stoichiometric cubic perovskite (Ba,Sr)*" Fe* O is the
parent structure and that the substitution of trivalent cobalt
on tetravalent iron sites introduces oxygen vacancies
according to Eq. 3:

A0 + (1 — x)FeO; +§C0203 — Ay + (1 — x)Fep,
X X (3)
/ (1]

+3Cop, + (3-3) 00+ 5V

2 2

where x is the mole fraction of Co on the B site and A
denotes the mixed occupancy by Ba and Sr. As mentioned
previously, the observed increase in the unit cell volume

Table 2 Lattice parameters, bulk density, mean grain size and mean pore size of Ba, 5Sry sCo,Fe;_O3_s.

Sample Lattice parameters Bulk density (%) Mean grain size (pm) Mean pore size (pum)
a (A) c (A)
x=0 3.93126 (38) 3.93126 (38) 65.5 2.7+1.2 1.5+1.3
x=0.2 3.95108 (34) 3.95108 (34) 91.1 5.5+3.3 2.6+1.8
x=0.4 3.96783 (14) 3.96783 (14) 97.6 9.8+6.0 3.6+2.5
x=0.6 3.97758 (29) 3.97758 (29) 88.6 14.1£10.5 7.8+2.4
x=0.8 3.98621 (33) 3.98621 (33) 87.6 14.8+12.3 8.4+3.8
x=1.0 9.6997(45) 13.0096 (64) 90.5 19.5+10.6 10.5+7.4
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Fig. 3 DC conductivity of
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with increasing cobalt concentration suggests that Co is
incorporated primarily in its trivalent state.

Interaction with oxygen in the atmosphere alters the
concentration of the electronic charge carriers in BSCF.
Under high pO,, the filling of oxygen vacancies produces
electronic holes according to Eq. 4 which has a
corresponding equilibrium constant (K,y):

%Oz(g) + V5 — Op + 2h°

__
Kox - [Vé.]p();/?, - [V(.).}po;/z

(4)

Temperature (°C)

Under low pO,, the formation of additional oxygen
vacancies produces electrons according to Eq. 5 which
has a corresponding equilibrium constant (K cq):

Oo — V5 +2¢ +10:(g)

Kyea = [8/}2 [Vé‘]pOé/z

(5)

The formation of electronic carriers according to Eqs. 4 and
5 will alter the valences of the B-site cations relative to Eq.
3. The formation of holes will convert Co®" to Co*"
whereas the formation of electrons will convert Fe*" to Fe**
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or possibly convert cobalt and iron to their divalent states.
Divalent cobalt may also arise from the thermally induced
charge disproportionation of Co®" into Co*" and Co*" as
reported for related oxides [9].

A general defect reaction must include species that can
account for the mixed ionic and electronic conductivity of
BSCF. In the absence of unambiguous information about
the valences of iron and cobalt, it must also allow B-site
cations to assume multiple valences depending on oxygen
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partial pressure and temperature. Equation 6 meets these
criteria:

A0 + (1 —v — w)BO; +§B203 +WBO — A,
+(1=v—w=y)Bp + (v+y —z2)B,

. v _X_i> (6)
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— — 427, 0)
+ 2+w+2—I—2 o+ y) H(g)
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Fig. 5 Log (0) vs. log (pO,)
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The variables v and w are used to identify the fraction of B-
site cations in their trivalent and divalent states, respective-
ly, at some standard state, i.e. room temperature and pO,=
0.21 atm. The variables y and z identify the amount of B**
reduced to B*" and the amount of B*" reduced to B*",
respectively, under non-standard conditions. In other
words, the values of y and z are zero at 298 K and pO,=
0.21 atm but change with temperature and partial oxygen
pressure.

Equations 4—6 provide a framework for discussing the
electrical behavior of BSF and BSCF as a function of
temperature and pO,. To simplify the discussion, the ionic
contribution to the total electrical conductivity is neglected,
which is reasonable considering that the measured conduc-
tivities are two to three orders of magnitude higher than the
ionic conductivities reported by Bucher et al. [6]. Because
it is unlikely that equilibrium was achieved within the
10 min dwell time used in our measurements, it is important
to recognize that the thermal history of the samples may
influence some of the observed trends. As a point of
reference, Bucher et al. report oxygen chemical diffusion
coefficients of 10 cm?s for BSCF at 550°C[6]; this
would imply a penetration depth of ~0.5 mm (x=(4Dt)"?)

1
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after 10 min whereas the shortest dimension in our samples
was several millimeters.

As shown in Figs. 3 and 4, there is a marked change in
the electrical behavior of BSF and BSCF at ~673 K, which

, Cubic phase stable over the entire range N

\ /4
1200 ! T
T |
| otasT4o4aspO,y I E fg?;T:]
< 1000 E,=02eV | Ba=0U1C
E - I ctas pO,4
g I J
5 800— |
8 oyas T4 o4 aspO, y Chemical
e T—_——_——— = — — — — { | expansion
600 = otas Tt o= f(pOy)
7] 0.28eV < E,<0.4eV
400 =
| | I I
5 4 3 2 1 0
Log pO,(atm)

Fig. 6 Schematic diagram summarizing DC conductivity trends in
Bay 5Srp sCo,Fe; 035 (x=0.8) as a function of pO, and temperature
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coincides with changes in weight loss and thermal
expansion reported previously by our group [15]. Ther-
mogravimetric analysis of the BSCF samples showed that
oxygen vacancies are inactive below 673 K. According to
Egs. 4-6, this implies that carrier concentration is constant
and presumably fixed by the valences of B-site cations
quenched-in from higher temperatures. If conductivity is
thermally activated below 673 K but carrier concentration is
constant, then carrier mobility must be activated, which
is indicative of a polaron hopping mechanism. P-type
polaron conduction arises from hopping between B*" and
B*" cations whereas n-type arises from hopping between B**
and B>, We infer that the BSCF samples measured in air
below 673 K were p-type conductors because they were
quenched in air from higher temperatures where p-type
behavior was observed in BSCF5582 (Fig. 5(b—d)).

When heated in air, BSCF powders undergo reversible
weight loss above 673 K, which is attributed to oxygen
vacancy formation. In general, the weight loss increases
with increasing iron content, which suggests that it is
largely associated with the reduction of iron, presumably
from Fe*" to Fe**. An increase in the concentration of
oxygen vacancies effectively reduces the concentration of
p-type carriers by producing electrons according to Eq. 5,
or by increasing the values of y and z according to Eq. 6.
For the x=0.6 and 0.8 samples (Fig. 4(d and e)), the
activation energy observed above ~673 K results from two
thermally activated processes: (1) the formation of oxygen
vacancies which decreases the p-type carrier concentration
and (2) the hopping of electrons between B** and B*" sites.
For samples with x<0.4, the decrease in p-type carrier
concentration is sufficient to result in a negative slope in the
In oT vs. 1/T graphs.

The conductivity of BSCF5582 at 300°C (Fig. 5(a)) does
not show a discernable dependence on pO, because oxygen
vacancies are inactive below 673 K. Above 673 K and at
p0,>0.01 atm, the conductivity increases with increasing
pO, (Fig. 5(b—d) because oxygen vacancies are being filled
and p-type carriers are being produced according to Eq. 4.
According to a simple analysis of Eq. 4, the slope log(o) vs.
log pO, will be in the range 1/6<m<1/4, depending on the
electroneutrality conditions used. At pO,>0.1 atm, the
slope of the collected data ranges from 0.17 to 0.22 for
the three different temperatures. When pO, is decreased from
0.1 t0 0.01 atm, the conductivity drops to a value considerably
lower than expected based on the high pO, data (Fig. 5(b—d)).
A similar trend was reported by Grunbaum et al. for SCF
below 973 K [10] and was attributed to the transition from a
cubic perovskite structure to an orthorhombic Brownmillerite
structure [4]. However, a similar phase transition has not been
observed in BSCF5582 [15].

Above 673 K and at pO,<0.01 atm, the conductivity of
BSCF5582 increases slightly with decreasing pO, which

@ Springer

suggests n-type behavior. The slopes in the log o vs. log
pO, graphs are much more shallow than the slope expected
(m=-1/6) for a simple analysis of Eq. 5. The observed
slopes may result from a broad shallow minimum in the log
o vs. log pO, data or from non-idealities typical of systems
with high defect concentrations. While measuring the
conductivity of BSCF at pO,<10"> atm would be informa-
tive, it can not be accomplished with the CO/CO, mixtures
typically used in such studies because BSCF readily reacts
with CO,.

At high temperatures (=823 K) and low pO, (pO,<
0.01 atm), the conductivity of BSCF is thermally activated
(E,=0.2 eV), which may be due to hopping between B*" and
B** cations. However, further evidence of n-type behavior is
needed. At intermediate temperatures (673—823 K) and low
pO,, conductivity decreases slightly with increasing temper-
ature. The decrease in conductivity is not well understood,
but may depend on the thermal history of the samples.

5 Conclusions

The electrical conductivity of Bag sSrgsCo;—Fe, O5-5
(0<x<1) was measured as a function of temperature, and
the conductivity of BSCF5582 was measured as a function
of pO, as well. Assuming that ionic conductivity is
negligible, the electronic conductivity of BSCF below
~673 K in air is thermally activated (0.2<F,<0.4 e¢V) and
is dominated by p-type polaron hopping between B*" and
B*" cations. Above ~673 K and p0,>0.01 atm, the
formation of oxygen vacancies in BSCF5582 results in a
decrease in p-type carrier concentration, but conduction is
still dominated by hopping between B>" and B*" cations.
At p0O,<0.01 atm above ~673 K, conductivity increases
with decreasing pO,, presumably due to hopping between
B* and B*' cations. Above 773 K, the activation energy
for conduction is ~0.2 eV.
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