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a b s t r a c t

The bulk structure and surface properties of Fe-based perovskite-type oxides with the formula
La0.6Sr0.4CoyFe1−yO3−ı for y = 0.1, 0.2, and 0.3 have been investigated. The properties were found to
eywords:
erovskite
olid oxide fuel cell
xygen nonstoichiometry
tructure–property

strongly depend upon Co content, temperature, and environment. The materials were selected due to
their potential use as solid oxide fuel cell cathodes. The intermediate Co loading formed oxygen vacancies
most easily and several other properties including oxidation activity and surface sites showed a similar
non-linear trend. Trends are related to a possible transition in electronic structure. Activity for oxida-
tion of methane, oxygen storage and chemical compatibility was shown to be superior to that of the
xidation activity
hemical compatibility

La0.6Sr0.4MnO3.

. Introduction

Perovskite-type (ABO3) oxide catalysts have been studied exten-
ively over the past several years due to their unique oxygen storage
nd conduction properties [1–3]. Their properties render them
seful for several catalytic applications including total and partial
xidation reactions of hydrocarbons and volatile organics, photo
atalysis, and environmental applications such as SO2 removal.
hey are also widely studied and used in oxygen sensors and oxy-
en separation membranes where their anionic conductivity is
tilized to achieve high purity separations [4,5]. The main focus
f the present work is to study the Fe- and Co-based perovskite
xides as potential cathode electrocatalysts for solid oxide fuel
ells.

Although Co-based materials were the first perovskite-type
xides studied as SOFC cathodes, Mn-based materials gained pop-
larity because of their increased stability at the high operating
emperatures [6]. However the Mn-based materials do not per-

orm well at lower temperatures and limit SOFC performance. Fe-
nd Co-based oxides, on the other hand, are expected to improve
erformance due to higher ionic conduction characteristics even
t much lower operating temperatures (500–800 ◦C). These mate-
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rials have improved oxygen reduction and conduction capabilities
due to their defect structure and presence of oxygen vacancies [4].
As the ionic conductivity increases, the electrochemically active
reaction area for the oxygen reduction reaction in solid oxide fuel
cell cathodes expands beyond the triple phase boundary (the inter-
face between cathode/electrolyte/gas phase oxygen). Research
regarding the use of Co-based SOFC cathodes has shown that in
these materials, bulk ionic transport and the surface exchange
kinetics of the oxygen reduction reaction (ORR) co-limit SOFC
performance [7]. Thus in these materials both the bulk-oxygen
pathway as well as the interfacial oxygen reduction kinetics play
an important role. It has been shown that surface processes that are
chemical in nature such as the surface oxygen exchange and oxygen
surface diffusion, influence the performance of mixed conducting
perovskite-type materials [4,7–11].

Oxygen ion mobility is an important property desired for SOFC
performance. In solid oxide materials, oxygen ions are transported
by the random hopping of oxygen vacancies in the anion frame-
work of the materials. Oxygen vacancies are formed by charge
imbalances induced by doping of the materials. In perovskite-type
materials, it generally occurs by doping the normally trivalent A-
site (La) with a divalent cation (Sr). Also, the creation of oxygen
vacancies is a strong function of environment, temperature as well

as the type and the loading of the B-site cations. Oxygen vacancy
formation in Co, Fe, and Mn perovskite-type materials has been
studied and the ease of forming oxygen vacancies has been found
to increase in the following order: Mn < Fe < Co [12–14]. To take
advantage of the stability of Fe and conductivity of Co, oxygen

http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
mailto:Ozkan.1@osu.edu
dx.doi.org/10.1016/j.cattod.2010.03.037


N. Lakshminarayanan et al. / Catalys

F
L

v
s

m
m
h
c
S
r
f

e
t
t
t
t
p
c

t
p
t
m
w
r
t
a
c
t
i

g
o
T
o
w
C
f
a

e
s
t
r
t
C

sample (∼85 mg) was loaded into Pt sample cups. After waiting at
ig. 1. Temperature programmed oxygen vacancy formation in TGA-DSC for
a0.6Sr0.4CoyFe1−yO3−ı in air. Adapted from [23].

acancy formation in solid solutions of Co and Fe has also been
tudied [15–18].

Compatibility of the electrode with the electrolyte both ther-
ally as well as chemically is another important consideration to be
ade while selecting cathode materials. The Mn-based materials

ave shown chemical reactivity problems with yttria-stabilized zir-
onia (YSZ) electrolyte forming insulating phases such as La2Zr2O7,
rZrO3, at the cathode–electrolyte interface [19]. Much of the recent
esearch has also focused on studying the compatibility of the new
ormulations with the electrolyte materials [20,21].

Our previous work has focused on Fe-based perovskite oxides,
specially developing and studying the structure–property rela-
ionships of the La0.6Sr0.4CoyFe1−yO3−ı materials as a function of
he Co content (y = 0.1, 0.2 and 0.3) as well as environment and
emperature. Several ex situ and in situ methods were used to study
he bulk structure of these catalysts. It was found that the unit cell
arameters and oxygen content were strong functions of the cobalt
ontent, environment and temperature [23].

In situ XRD was used to determine the unit cell symmetry of
hese materials as a function of temperature in air. The diffraction
atterns for the dominant cubic Miller indices were observed, and
he transformation from rhombohedral symmetry to cubic sym-

etry was observed for the three materials. The transformation
as identified by the merging of multiple broad peaks due to the

hombohedral phase to a single sharp peak in the cubic phase. The
ransition occurred over a range of temperatures, and the temper-
ture at which it was complete was a strong function of the cobalt
ontent. It was seen that, while for the lower cobalt content, the
ransition required temperatures as high as 800 ◦C, with increase
n Co content, this temperature decreased [23].

Thermo-gravimetric analysis was also used to calculate the oxy-
en content under different conditions. The oxygen stoichiometry
f the sample in air as a function of temperature was determined by
GA and the results are summarized in Fig. 1. It was found that the
xygen vacancies formed more readily and easily for the sample
ith low Co content. Moreover, the sample with the intermediate
o content had the most difficulty to form oxygen vacancies. With

urther analysis through Mössbauer spectroscopy, this trend was
ttributed to an electronic state transition [24].

The surface properties of the La0.6Sr0.4CoyFe1−yO3−ı were
xplored in our prior work and activity for methanol oxidation was
tudied [25]. The nature of surface sites was explored and quan-

ified using methanol as a probe molecule. The catalysts showed
easonable activity for the methanol oxidation reaction. At lower
emperatures and methanol conversions, complete oxidation to
O2 and H2O took place over these samples. Again a non-linear
is Today 157 (2010) 446–450 447

trend was observed, with the intermediate Co content showing
maximum activity, and this trend follows the same trend as sev-
eral properties over these materials including amount of basic sites,
reducibility, oxygen vacancy generation in air and oxygen storage
capacity [23,24]. The current work further explores the properties
of these materials as well as compares it with the current state-of-
the art cathode material.

2. Experimental

2.1. Sample preparation

Conventional solid-state synthesis methods were used to pre-
pare the catalysts. For La0.6Sr0.4CoyFe1−yO3−ı samples, the metal
oxide and carbonate precursors were Co3O4 (Aldrich), La2O3
(Fisher), Fe2O3 (J.T. Baker), and SrCO3 (Alfa Aesar). For the
La0.6Sr0.4MnO3 catalyst, MnCO3 (Alfa Aesar) was the manganese
precursor used. The precursors were first heat treated in air at
550 ◦C with a 3 h isothermal hold to clean the surface and remove
any adsorbed species and to maintain the proper oxidation state.
The precursors were then added in stoichiometric proportions (10 g
total) to a ceramic milling jar (half pint from U.S. Stoneware) with
1.6–2.5 mm diameter zirconia grinding beads (20 g) and distilled
water. The mixture was then ball-milled for 24 h at 120 revolutions
per minute using a long roll jar mill. After this, the beads were sieved
out and the mixture was allowed to dry on a hotplate and then
crushed to powder with a mortar and pestle. The powder was then
heated to 1000 ◦C for 48 h to allow for the high-temperature solid-
state reaction to take place, leading to the perovskite structure. The
resulting material was again crushed with a mortar and pestle for
uniform particle size (between 100 and 150 mesh) distribution.

2.2. X-ray diffraction

Powder diffraction patterns were obtained with a Bruker D8
Advance diffractometer. A Cu K�1 radiation source was used.
For room temperature measurements, the sample was loaded on
polyethylene holders, and the diffraction patterns were obtained
while rotating the sample. The current and the voltage were 50 mA
and 40 kV, respectively. The data was collected for 2-� values from
20◦ to 90◦ at a step size of 0.0144◦ and a dwell time of 1 s.

For in situ measurements, a HTK 1200 sample holder with
graphite windows was used, which controls the temperature
and atmosphere. Samples were supported on an alumina holder
with a 0.5 mm deep reservoir. A heating rate of 10 ◦C/min and a
20 min hold time (5 min for solid-state reaction) before scanning
at each temperature were also employed. The flow rate of air was
10 mL/min.

For the compatibility studies, equal portions of the catalyst
and yttria-stabilized (8%) zirconia (YSZ) (Aldrich) were physi-
cally mixed and heated to 1400 ◦C and held at that temperature
for 4 h and then cooled. Room temperature XRD patterns were
obtained for the resulting mixture. For the in situ monitoring, the
La0.6Sr0.4Co0.2Fe0.8O3−ı and YSZ were mixed and loaded into the
alumina holder and a flow rate of 10 mL/min of air and heating rate
of 10 ◦C/min were used.

2.3. Thermo-gravimetric analysis

The oxygen vacancy formation in air was studied using a
Setaram TG-DSC111. Flow balancing was done in air at 350 ◦C. The
room temperature for the mass to stabilize, a flow of 15 mL/min of
air was started. The sample was then heated to 750 ◦C at 5 ◦C/min
and was held at that temperature for 30 min before being cooled
at the same rate. The temperature program was then repeated and
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3.2. Oxygen evolution studies—comparison with LSM

The oxygen storage and activation capacity of La0.6Sr0.4Co0.2
Fe0.8O3−ı, which showed optimum properties in our previous
characterization work, were studied using oxygen temperature
48 N. Lakshminarayanan et al. / C

he mass change from the second program was used to calculate
he oxygen vacancy formation. This is done to eliminate effects of
urface impurities during the first program.

.4. NEXAFS analysis

NEXAFS analyses were performed at the U1A beamline of the
ational Synchrotron Light Source (NSLS) at Brookhaven National
aboratory. The catalyst powder was pressed into a sample holder
up 1 cm in diameter and 0.1 cm in depth. The NEXAFS spectra were
ecorded at the oxygen K-edge (520–600 eV). The partial electron
ields, sensitive mainly to the top few atomic layers [22], were mea-
ured as a function of the incident energy with an energy resolution
f 0.8 eV at the O K-edge.

.5. Oxygen temperature programmed desorption

The oxygen temperature programmed desorption (TPD) exper-
ments were conducted on a Thermo-Finnigan Trace Ultra
ifferential scanning quadrupole (DSQ) gas chromatograph/mass
pectrometer (GC/MS). The samples were loaded in a quartz U-tube
eactor, with plugs of silica glass wool on both ends. The samples
100 mg) were pretreated in 30 mL/min flow of oxygen (20%O2/He)
t 850 ◦C (10 ◦C/min) with an isothermal hold for 20 min. The
amples were also cooled under the same flow. Once near room
emperature (less than 75 ◦C), the flow was switched to He at
0 mL/min and the lines were purged for 1 h. The sample was then
eated to 900 ◦C at 10 ◦C/min and held for 20 min. Data from the
C/MS was obtained using selected ion mode (4, 12, 16, 18, 28, 32,
nd 44 monitored) and a 3 eV detector gain.

.6. Reaction studies

The catalytic tests were performed on an equal surface area
0.46 m2) basis using a quartz fixed-bed flow reactor. The cata-
ysts were pretreated in situ under 10%O2/N2 (50 cm3 STP/min)
50 ◦C for 20 min and cooled under the same flow before reac-
ion. The feed percentages used were CH4/O2/N2/He = 5/5/40/50
feed flow rate 50 cm3 STP/min). Nitrogen was used as the internal
tandard to quantify volumetric flow rate. The effluent from the
eactor was analyzed using a Shimadzu 2014 Gas Chromatograph
hich is equipped with a flame ionization detector (FID), pulse dis-

harge helium ionization detector (PDHID) and flame photometric
etector (FPD). Separations were performed using He as the carrier
ases using two columns: Supelco Q Plot (30 m × 0.53 mm, fused sil-
ca capillary column) and CarboxenTM 1010 Plot (30 m × 0.53 mm,
used silica capillary column). Reaction data was acquired after
aiting at each temperature for steady state to be reached. Con-

ersions and yields are defined as follows:

CH4conversion =
(

moles of CH4 converted
moles of CH4 in feed

)
100

O2 conversion =
(

moles of O2 converted
moles of O2 in feed

)
100

CO2 yield =
(

moles of CO2 formed
moles of CH4 in feed

)
100

. Results and discussion
.1. Bulk Characterization using NEXAFS

The O K-edge features for the La0.6Sr0.4CoyFe1−yO3−ı samples
re shown in Fig. 2. As described in previous reviews [26,27], the O
Fig. 2. O K-edge NEXAFS results for La1−xSrxCoyFe1−yO3−ı .

K-edge features are sensitive to the bonding environment and sur-
face concentrations of metal oxides. The peak positions of O K-edge
features are similar on all three samples, indicating similar types
of oxygen species are present on all samples. However, the intensi-
ties and edge jump of the O K-edge features are different, consistent
with the different surface oxygen concentrations detected from XPS
as well as bulk reducibility observed in TPR [23,25]. In addition it
can be seen that, over the sample with 20% Co on the B-site (y = 0.2),
an additional pretreatment of quenching the catalyst in a nitro-
gen environment causes a change in the oxygen content and this is
directly related to the change in oxidation state-of-the B-site atom
[23].
Fig. 3. Temperature programmed oxygen evolution of La0.6Sr0.4Co0.2Fe0.8O3−ı

(LSCF) and La0.6Sr0.4MnO3 (LSM).
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rogrammed desorption (TPD) and the results are compared to
hat of La0.6Sr0.4MnO3. The nature of oxygen elution from the per-
vskite materials is well characterized in the literature. Two distinct
xygen peaks are usually observed during TPD: a low tempera-
ure evolution called the � desorption and a high-temperature

volution termed � desorption [28]. The �-oxygen is related to
eduction of tetravalent cationic species while the �-oxygen comes
rom the partial reduction of trivalent species and is correlated
o the oxygen mobility in the sample. The TPD results for the

ig. 4. Steady-state methane oxidation activity of La0.6Sr0.4Co0.2Fe0.8O3−ı (LSCF
428) and La0.6Sr0.4MnO3 (LSM): (a) methane conversion (b) oxygen conversion
nd (c) CO2 yield.
is Today 157 (2010) 446–450 449

La0.6Sr0.4Co0.2Fe0.8O3−ı (LSCF) and La0.6Sr0.4MnO3 (LSM) catalyst
is shown in Fig. 3. There is a significantly greater oxygen evolution
from the LSCF materials reiterating the increased oxygen mobility
and oxygen vacancy formation in these materials.

3.3. Activity for methane oxidation—comparison with LSM

The methane oxidation activity of La0.6Sr0.4Co0.2Fe0.8O3−ı and
La0.6Sr0.4MnO3 was tested and the results are shown in Fig. 4a–c.
CO2 and H2O were the primary products, and similar to what
was observed in the methanol oxidation reaction, completely oxi-
dized products were favored. The activity was comparable to those
reported in the literature for these types of materials [2]. The oxy-
gen content in the feed was sub-stoichiometric for the complete
oxidation, however, CO2 was the primary product and no CO was
detected. When similar experiments were performed with an on-
line mass spectrometer, it was confirmed that CO2 and H2O were
the only products. In Fig. 4a, it can be seen that over the LSCF
catalyst, complete conversion of oxygen was reached by 550 ◦C.
Methane conversions of about 50% were obtained. For the LSM cat-
alyst it can be seen that the activity trails that of the LSCF at lower
temperatures. Above 600 ◦C, the activities are similar and complete
conversion of oxygen takes place over both catalysts. The formation
of oxygen vacancies in the LSCF materials is probably responsible
for higher oxygen conversions due to increased oxygen mobility.
During heterogeneously catalyzed reactions, the mechanism of oxi-
dation can be intrafacial (involves mobile lattice oxygen) rather
than suprafacial (involves adsorbed oxygen). At temperatures high
enough for the bulk oxygen to become mobile, methane oxida-
tion becomes an intrafacial reaction [2]. Thus in the LSCF materials,
there is greater bulk-oxygen mobility at lower temperatures, caus-
ing almost twofold higher oxygen conversions over these materials
at lower temperatures. This property has also led to studies testing
the LSCF materials as SOFC anodes [29].

3.4. Chemical compatibility of LSCF with YSZ—comparison with
LSM

Chemical compatibility with the electrolyte material was
tested using XRD to study the formation of reactive phases like
La2Zr2O7 and SrZrO3. The electrical conductivity of La2Zr2O7

is over 100 times lower than that of YSZ [19]. Mixtures of
La0.6Sr0.4Co0.2Fe0.8O3−ı (LSCF) and YSZ as well as La0.6Sr0.4MnO3
(LSM) with YSZ were heated to 1400 ◦C and then cooled follow-
ing which XRD patterns were obtained over both the mixtures. The
diffraction patterns are shown in Fig. 5. It can be seen that in both

Fig. 5. XRD patterns for mixture of La0.6Sr0.4Co0.2Fe0.8O3−ı and YSZ (LSCF + YSZ) and
La0.6Sr0.4MnO3 and YSZ (LSM + YSZ).
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Fig. 6. In situ XRD patterns for mixture of La0.6Sr0.4Co0.2Fe0.8O3−ı and YSZ.

ases the perovskite phase and the yttria-stabilized zirconia phase
ere the predominant phases present. In the LSM sample however

races of impurity phases can be detected. The compatibility of the
SCF catalyst was studied in further detail and in situ XRD patterns
ere obtained for a mixture of La0.6Sr0.4Co0.2Fe0.8O3−ı and YSZ as
function of temperature; heating and cooling done under air. The
iffraction patterns are shown in Fig. 6. No impurity phases were
etected, and only the perovskite and YSZ phases were observed.
his is in agreement with findings in the literature where it has
een shown that Fe doping provides structural stability in Co-based
aterials [30].

. Conclusions

The bulk and surface properties of La0.6Sr0.4CoyFe1−yO3−ı mate-
ials as a function of the Co content (y = 0.1, 0.2 and 0.3) were
tudied. Oxygen storage capacity and oxidation activity of the cat-
lyst with the intermediate Co content were investigated in detail
nd compared to that of La0.6Sr0.4MnO3. It is found that these mate-
ials have an order of magnitude higher oxygen storage capacity,
nd greater oxygen activation as compared to LSM. The increased
xygen vacancy generation and oxygen mobility in these materials
an be responsible for these results. The materials also demon-
trated good chemical compatibility with the electrolyte material
aking them good candidates for intermediate-temperature solid

xide fuel cell cathodes.
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