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Although some perovskite oxides have been shown to be stable solid oxide fuel cell (SOFC) anodes,
the actual crystal structure of these materials under operating conditions is largely unknown. In this
paper, the structural evolution of the SOFC anode La0.30Sr0.70Fe0.70Cr0.30O3-δ was studied at 800
and 900 �C (similar to SOFC operating temperatures) in progressively reducing and oxidizing envi-
ronments. The perovskite was shown to be stable down to a pO2 of 10

-20 atm at 800 �C and a pO2 of
10-18 atm at 900 �C, at which point a spinel phase formed. Further reduction led to the formation of
Fe metal. The phase separation of La0.30Sr0.70Fe0.70Cr0.30O3-δ was also shown to be completely
reversible with an increase in the partial oxygen pressure and reoxidation of the sample.

1. Introduction

Solid oxide fuel cells (SOFCs) are electrochemical energy
conversion devices that convert chemical energy directly
to electrical energy. Currently, cermets such as Ni-Y0.08-
Zr0.92O2-δ (YSZ) are commonly used as SOFC anodes
because of their excellent electrochemical performance in
hydrogen fuel. However, nickel is susceptible to sulfur poi-
soning and carbon coking, which are detrimental to anode
performance.1,2 To avoid the challenges associated with
Ni metal, several groups have studied mixed electron and
oxygen ion conducting oxide materials as SOFC anodes.
For example, the double perovskite, Sr2MgMoO6-δ, has
shown evidence of sulfur tolerance and yielded a maxi-
mum power density of 0.84 W/cm2 at 800 �C with hydro-
gen fuel which is comparable to Ni-YSZ anodes.3,4

First row transition metal perovskites have also been
applied as SOFC anodes but have had limited success since
their redox stability is largely dependent on the stability of
the transition metal occupying the B-site in the lattice.
The relative stability of perovskites follows the general
trend: Cr3þ>Fe3þ>Mn3þ>Co3þ; however, this is the
opposite of the trend of the oxygen ion conductivity and

oxygen permeability.5-7 These studies would suggest that
for transition metal perovskites to have both good stabi-
lity and oxide ion conductivity, a combination of cations
that are stable to reduction and have good oxide ion
mobility can be placed on the B-site of the perovskite.
Recently, several groups have studied (LaSr)(FeCr)O3-δ

solid solutions as SOFC anodes. Tao and Irvine reported
that La0.75Sr0.25Cr0.5Fe0.5O3-δ functions as a stable SOFC
anode in H2 fuel, and it is a complete methane oxidation
catalyst.8 Zhang and Qin studied the perovskite series
La0.7Sr0.3Cr1-xFexO3-δ (x=0.2, 0.3, 0.4, and 0.5) as poten-
tial SOFC anodes and reported that La0.7Sr0.3Cr0.5Fe0.5-
O3-δ has the highest conductivity in the series as well as
good chemical stability in H2S.

9 Our group has studied
La1/3Sr2/3Fe2/3Cr1/3O3-δ as a composite anode with Gd0.1-
Ce0.9O2-δ (GDC) and shown that it is electrochemically
stable in H2 fuel.10 The polarization resistance of the
La1/3Sr2/3Fe2/3Cr1/3O3-δ-GDC composite is ∼0.25 Ω cm2

at 800 �C with humidified H2 as the fuel which is compa-
rable to that of Ni-YSZ anodes, and it is also active
toward CO oxidation.11

Although perovskite oxides have been shown to be
stable SOFC anodes, the actual crystal structure of these
materials under operating conditions is largely unknown.
In this paper, we performed a detailed in situ neutron dif-
fraction study to gain insight into the structural evolution
andstabilityof theSOFCanode,La0.30Sr0.70Fe0.70Cr0.30O3-δ,
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under reducing and oxidizing conditions, similar to SOFC
anode operating conditions. The stability limit of La0.30-
Sr0.70Fe0.70Cr0.30O3-δ and the phase separation products
were determined. Phase separation was also shown to be
reversible with an increase in the partial oxygen pressure
and reoxidation of the sample. The results of this study
have direct implications for the application of La0.30-
Sr0.70Fe0.70Cr0.30O3-δ as a SOFC anode.

2. Experimental Section

2.1. Synthesis and Sample Preparation. A sample with the

nominal composition La1/3Sr2/3Fe2/3Cr1/3O3-δ was synthesized

by traditional solid state reaction. La2O3 was precalcined at

800 �C to remove all hydroxides, ground together with Fe2O3,

Cr2O3, and SrCO3, and fired at 1250 �C for 24 h with inter-

mittent grindings. The La1/3Sr2/3Fe2/3Cr1/3O3-δ sample was

then isostatically pressed into a rod, sintered at 1300 �C for 6 h

in air, and cooled to room temperature for the neutron powder

diffraction experiment.

2.2. Powder X-ray Diffraction. Powder X-ray diffraction was

performed using a ScintagXDS2000 diffractometerwithCuKR
radiation and a nickel filter. Patterns were collected at room

temperature in air in the 15�<2δ<80� range with a 0.02� step
size and a 1 s dwell time.

2.3. Neutron Diffraction. Time-of-flight neutron diffraction

data were collected on the General Purpose Powder Diffrac-

tometer (GPPD) at the Intense PulsedNeutron Source atArgonne

National Laboratory. The La1/3Sr2/3Fe2/3Cr1/3O3-δ sample was

mounted in a “Miller” furnace and heated to 800 �C in air. At

800 �C, La1/3Sr2/3Fe2/3Cr1/3O3-δ was reduced and reoxidized

using a combination of different gas mixtures. La1/3Sr2/3Fe2/3-

Cr1/3O3-δ was then heated to 900 �C in air, reduced, and cooled

to room temperature under flowingAr. The oxygen partial pres-

sures were adjusted using gas mixtures of air, Ar, CO2, 1% CO/

Ar, and CO. The gas flows were controlled with Brooks Series

5820 mass flow controllers. The pO2 was monitored by a solid

zirconia electrolyte oxygen sensor (Ceramic Oxide Fabricators

SIRO2). The pO2 values were calculated by the “NASA com-

puter program for the calculation of chemical equilibriums”.12

All of the diffraction data were collected in the 2θ = (90�
detector banks and analyzed using Rietveld13 profile analysis

with GSAS and EXPGUI.14,15

A complete refinement was performed at room temperature

in air, which included lattice parameters, thermal parameters,

atom occupancies, peak shape coefficients, absorption coeffi-

cients, and phase fractions. During the progressive reduction

and oxidation, data were collected at 15 min intervals for 6 h for

each gas mixture. The lattice parameters, peak shape coeffi-

cients, thermal coefficients, and oxygen occupancy of each

pattern were sequentially refined. This allowed the change in

lattice constant and oxygen occupancy to bemonitored in situ at

15 min intervals. The statistics for the 15min scans were limited;

therefore, when the lattice parameters stabilized (<0.002 Å change)

in each gas mixture, the data were merged and a more complete

refinement was performed. This allowed the stability limit and

phase separation products to be determined.

2.4. Elemental Analysis. The cation ratios were determined

by inductively coupled plasma atomic emission spectroscopy

(ICP-AES) using a Thermo Jarrell AshAtomscanmodel 25 seq-

uential ICP spectrometer equippedwith vacuumoptics covering

the spectral range from160 to 850 nm. The sample was dissolved

hydrothermally using a Parr pressure vessel in aqua regia at

100 �C for 6 h and then diluted to the appropriate concentra-

tions with deionized water. Three measurements were taken per

sample and averaged which gave a La:Sr:Fe:Cr cation ratio of

0.334:0.666:0.666:0.334.

2.5. Differential Thermal Analysis. Differential thermal ana-

lysis (DTA) was performed on a Shimadzu DTA-50 differential

thermal analyzer. Measurements were taken in a static air

atmosphere using platinum crucibles and an alumina powder

reference. The heating profile consisted of a 5 �C/min linear ramp

from ambient temperature to 900 �C.
2.6. Thermal Gravimetric Analysis. Thermogravimetric ana-

lysis (TGA) was performed on a TA Q50 thermogravimetric

analyzer (TA Instruments) under dryN2 (80mL/min). The sam-

ple was heated from ambient temperature to 800 �C at a rate of

1 �C/min and held at 800 �C for 6 h.

3. Results and Discussion

3.1. Room-Temperature Neutron Diffraction. Figure 1
shows the room-temperature neutron diffraction pattern
of the as-prepared samplewith the nominal stoichiometry
La1/3Sr2/3Fe2/3Cr1/3O3-δ. The sample exhibits a pseudo-
cubic rhombohedral structure and was initially refined in
space group R3c (167) as a single phase (Figure 1a). The
R3c model fit all of the peaks in the neutron diffraction
pattern except for a shoulder at ∼2.225 Å. Since the
shoulder could not be indexed in the R3c space group,
lower-symmetry perovskites were modeled. The lowering
of the symmetry did not fit the shoulder which suggested
the presence of a second phase. Two phase refinements
were then performed, and several different phases were
modeled. The best fit occurred when LaCrO3 was fit to
orthorhombic space groupPnma (62) as the second phase
(Figure 1b). The shoulder lines up directly with the (220)
peak in LaCrO3 Pnma and significantly improved the
χ2 and R values of the refinement.
The identification of LaCrO3 indicates that the major

perovskite phase is not actually La1/3Sr2/3Fe2/3Cr1/3O3-δ,
but instead a more Sr and Fe rich phase. To quantify the
cation stoichiometry in the major perovskite phase, the
phase fractions and cation occupancies were refined.
The phase fractions were refined without constraints, while
the occupancies of the A- and B-sites of the perovskite
were each fixed at 1. At the same time, because the second
phase is LaCrO3, the occupancies of Sr and Fe in the
structure were constrained together and were oppositely
constrained to La and Cr (i.e., La0.334-xSr0.666þxFe0.666þx-
Cr0.334-xO3-δ). The refined phase fractions and cation
occupancies gave similar results. The refined cation occu-
pancies gave the approximate chemical formula La0.30Sr0.70-
Fe0.70Cr0.30O3 for the major perovskite phase. Similarly,
the refined phase fractions gave mole percentages of 95.1%
La0.30Sr0.70Fe0.70Cr0.30O3 and 4.9% LaCrO3, which can
be used to calculate the cation stoichiometry of the major
perovskite phase, La0.30Sr0.70Fe0.70Cr0.30O3. Therefore,
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the cation occupancies were fixed at La0.30Sr0.70Fe0.70-
Cr0.30O3-δ, and the fraction of LaCrO3 was fixed at 4.9%
for the high-temperature experiment. Table 1 includes the
details of the room-temperature neutron powder diffrac-
tion refinement, including the refined cation occupancies
and the refined phase fractions.
Previously, Kozhevnikov et al. reported an X-ray pow-

der diffraction study of La1/3Sr2/3Fe2/3Cr1/3O3-δ in which

the perovskite was indexed to space group R3c with the
following unit cell dimensions: a=5.5094(5) Å, and c=
13.4476(8) Å.16 They also reported the presence of trace
amounts of SrCrO4, which diffused into the perovskite
structure upon reduction.NoSrCrO4was observed in our
experiment; however, the presence of low concentrations
of second phases in both Kozhevnikov’s experiment
(SrCrO4) and ours (LaCrO3) suggests that the solubility
limit of Cr in La1/3Sr2/3Fe1-xCrxO3-δ is∼1/3. We verified
this by attempting to synthesize samples with a fixed La:
Sr ratio of 1:2 while increasing the concentration of Cr at
the B-site. Samples with the nominal stoichiometries
La0.333Sr0.667Fe0.60Cr0.40O3-δ, La0.333Sr0.667Fe0.50Cr0. 50-
O3-δ, and La0.333Sr0.667Fe0.25Cr0.75O3-δ showed increasing
amounts of SrCrO4 with an increasing Cr concentration
(see Figure S1 of the Supporting Information).
3.2. Structure from Room Temperature to 800 �C. The

sample containing both La0.30Sr0.70Fe0.70Cr0.30O3-δ and
LaCrO3 was heated to 800 �C in air. Figure 2 shows
the 800 �C neutron powder diffraction pattern of the

Figure 1. Observed (dots), calculated (red line), background (green line),
and difference (blue line) profiles for the room-temperature neutron
diffraction of La1/3Sr2/3Fe2/3Cr1/3O3-δ. Panel a is a single-phase (R3c)
refinement, and panel b is a two-phase (R3c and Pnma) refinement. The
inset is a magnification of the shoulder at ∼2.225 Å.

Table 1. Room-Temperature Structural Parameters of the La1/3Sr2/3Fe2/3-

Cr1/3O3-δ Sample Obtained from Neutron Diffraction Dataa

atom site occupancy x y z Uiso (�100 Å2)

La0.334-xSr0.666þxFe0.666þxCr0.334-xO3-δ, R3c
b

La 6a 0.29(9) 0 0 0.25 1.02(2)
Sr 6a 0.70(1) 0 0 0.25 1.02(2)
Fe 6b 0.70(1) 0 0 0 0.46(0)
Cr 6b 0.29(9) 0 0 0 0.46(0)
O 18e 1.00(1) 0.521(1) 0 0 1.68(5)

LaCrO3, Minor Perovskite Phase, Pnmac

La 4c 1.00 0.019(6) 0.25 -0.004(6) 2.50(0)
Cr 4b 1.00 0 0 0.5 2.50(0)
O 4c 1.00 0.4935 0.25 0.067(6) 2.50(0)
O 8d 1.00 0.226(5) 0.533(8) 0.226(5) 2.50(0)

a χ2 = 1.551. Rp = 3.36%. Rwp = 4.12%. b Space group R3c (167).
sa=5.5069(5) Å, and c=13.4671(9) Å.Mole percent=95.1%. cSpace
group Pnma (62). a= 5.4892(3) Å, b= 7.6474(3) Å, and c= 5.5678(3)
Å. Mole percent = 4.9%.

Figure 2. Observed (dots), calculated (red line), background (green line),
and difference (blue line) profiles for the neutron diffraction of La0.30-
Sr0.70Fe0.70Cr0.30O3-δ and LaCrO3 at 800 �C in air.

Table 2. Structural Parameters of La0.30Sr0.70Fe0.70Cr0.30O3-δ and

LaCrO3 at 800 �C in Air Obtained from Neutron Diffraction Data
a

atom site occupancy x y z Uiso (�100 Å2)

La0.30Sr0.70Fe0.70Cr0.30O3-δ, Pm3mb

La 1a 0.30 0 0 0 3.33(2)
Sr 1a 0.70 0 0 0 3.33(2)
Fe 1b 0.70 0.5 0.5 0.5 2.29(7)
Cr 1b 0.30 0.5 0.5 0.5 2.29(7)
O 3c 0 0.5 0.5 4.57(1)

LaCrO3, R3c
c

La 6a 1.00 0 0 0.25 1.70(9)
Cr 6b 1.00 0 0 0 0.92(6)
O 18e 1.00 0.459(7) 0 0.25 2.55(2)

a χ2= 1.974.Rp= 3.07%.Rwp=3.89%. b Space groupPm3m (221).
a = 3.9446(2) Å. cSpace group Pnma (167). a = 5.5475(8) Å, and c =
13.5190(8) Å.

(16) Kozhevnikov, V. L.; Leonidov, I. A.; Bahteeva, J. A.; Patrakeev,
M. V.;Mitberg, E. B.; Poeppelmeier, K. R.Chem.Mater. 2004, 16,
5014–5020.
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two-phase sample. La0.30Sr0.70Fe0.70Cr0.30O3-δ was in-
dexed and refined to cubic space groupPm3m (221)with a
lattice constant of 3.9446(2) Å. Heating from room
temperature to 800 �Ccauses La0.30Sr0.70Fe0.70Cr0.30O3-δ

to undergo a phase transition from a rhombohedral
structure to a cubic structure. LaCrO3 was still present
and refined to space group R3c, which is consistent with
previous studies showing that LaCrO3 undergoes a phase
transition at 260 �C from orthorhombic to rhombohed-
ral.17 Table 2 includes the details of the 800 �C neutron
powder diffraction refinement in air.
DTAwas also performed to determine the temperature

at which theR3c toPm3mphase transition ofLa0.30Sr0.70-
Fe0.70Cr0.30O3-δ occurs; however, the experiment was
inconclusive. The enthalpy of La0.30Sr0.70Fe0.70Cr0.30O3-δ

was continuous through the phase transition, and neither
an endothermic nor an exothermic peak was observed
(Figure S2 of the Supporting Information). This demon-
strates that the rhombohedral-to-cubic phase transition is
a second-order phase transition. Similar observations
have been reported for the rhombohedral-to-cubic phase
transition in La0.7Sr0.3FeO3-δ, La0.6Sr0.4FeO3-δ, and
La0.5Sr0.5FeO3-δ.

18

3.3. General Trend of Reduction and/or Oxidation of

La0.30Sr0.70Fe0.70Cr0.30O3-δ at 800 �C.To study the struc-
tural evolution of La0.30Sr0.70Fe0.70Cr0.30O3-δ under highly
reducing and oxidizing conditions at 800 �C, we subjected
the sample to various partial oxygen pressures. The struc-
ture remained cubic perovskite during both the reduction
and oxidation, and the stability limit was determined to
be at a pO2 of 10

-20 atm.
Figure 3 shows the change in lattice constant of La0.30-

Sr0.70Fe0.70Cr0.30O3-δ and the corresponding measured
partial oxygen pressure plotted versus time. Each point in
Figure 3 represents an individually refined neutron dif-
fraction pattern that was collected for 15 min. The lattice
constant increased with a decreasing pO2, which is caused
by the increase in oxygen vacancies and the reduction of
the B-site cation to maintain charge balance. The ionic
radii of Fe andCr increase when they are reduced from an
oxidation state ofþ4 [rVI(Fe

4þ)=0.585, and rVI(Cr
4þ)=

0.55 Å] to þ3 [rVI(Fe
3þ) = 0.645 Å, and rVI(Cr

3þ) =
0.615 Å].19 Figure 4 shows the chemical linear expansion
of La0.30Sr0.70Fe0.70Cr0.30O3-δ. Since the lattice constant
of La0.30Sr0.70Fe0.70Cr0.30O3-δ increases upon reduction,
the linear expansion of La0.30Sr0.70Fe0.70Cr0.30O3-δ was
calculated to determine the magnitude of the expansion.
The change in the lattice constant was<0.28% at 800 �C
during the reduction (prior to phase separation). Also, the
change in volume of LaCrO3 during reduction and oxida-
tion was significantly smaller than that of La0.30Sr0.70-
Fe0.70Cr0.30O3-δ since Cr3þ is less susceptible to reduc-
tion than Fe4þ and Cr4þ and oxygen vacancies are less
likely to form.

The lattice constant and volume of La0.30Sr0.70Fe0.70-
Cr0.30O3--δ increased until the pO2 dropped below 10-20

atm. At this point, the major perovskite phase, La0.30-
Sr0.70Fe0.70Cr0.30O3-δ, began evolving intomultiple phases.
A third phase was observed and refined to the cubic spinel
structure, space group Fd3m (227) (Figure 5). A further
decrease in pO2 (<10-21.5 atm) led to an increase in the
concentration of the spinel phase and the formation of
R-Fe [Im3m (229)] (Figure 6).
The identification of the phase separation products

indicated that La0.30Sr0.70Fe0.70Cr0.30O3-δ had been re-
duced beyond its stability limit at 800 �C; therefore, the
sample was reoxidized. Increasing the pO2 from 10-21.5 to
10-14 atm caused the concentration of the spinel andR-Fe
to decrease. Increasing the pO2 to >10-13 atm caused
R-Fe to diffuse completely back into the oxide structures,
and three phases, LaCrO3, “La0.3Sr0.7Fe0.70Cr0.30O3-δ”,
and the spinel, remained. As the pO2 increased, the vol-
ume of La0.30Sr0.70Fe0.70Cr0.30O3-δ decreased, which is
consistent with the decrease in oxygen vacancies and the
reoxidation of the B-site from theþ3 state to theþ4 state.

Figure 3. Change in the lattice constant of La0.30Sr0.70Fe0.70Cr0.30O3--δ

and correspondingmeasured partial oxygen pressure plotted vs time. The
change in the lattice constantofLa0.30Sr0.70Fe0.70Cr0.30O3-δ is depictedby
420 neutron diffraction patterns. Each point represents an individually
refined diffraction pattern, and the color changes represent changes in gas
composition.

Figure 4. Chemical linear expansion of La0.30Sr0.70Fe0.70Cr0.30O3-δ and
correspondingmeasuredpartial oxygenpressureplotted vs timeat 800 �C.
L0 is the initial lattice constant at 800 �C in air.
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The volume of La0.30Sr0.70Fe0.70Cr0.30O3-δ at 800 �C in
air was smaller after reoxidation because the perovskite
remained slightly B-site deficient with trace amounts of
spinel still present.
Although it was not possible to determine the exact

composition of the spinel phase, it can be assumed that
the A-site of the spinel is Fe2þ since Fe3þ is less stable to
reduction than Cr3þ. The B-site of the spinel is more
difficult to identify; however, since Fe and Cr are dis-
ordered in the perovskite structure, it is likely that the
spinel is a solid solution [Fe(Fe2-xCrx)O4] with a mixture
of Fe3þ and Cr3þon the B-site. The presence of the spinel
phase at a pO2 of 10

-21.5 atm is also further evidence that
the composition is Fe(Fe2-xCrx)O4. If the spinel phase
did not containCr, then it would be expected to undergo a
phase transition to the face-centered cubic structure FeO
[Fm3m (225)].20 However, on the basis of the Fe-Cr-pO2

phase diagram reported byMikkelsen and Linderoth, the
solid solution, Fe(Fe2-xCrx)O4, and R-Fe form an equi-
librium at a pO2 of∼10-21 atm,21 which is consistent with
our observations.
It should also be pointed out that there were no addi-

tional strontium- and lanthanum-containing phases dur-
ing the reduction. Further reductionwould have likely led
to further decomposition of La0.30Sr0.70Fe0.70Cr0.30O3-δ.
However, at 800 �C and a corresponding pO2 of 10

-21.5

atm, La0.30Sr0.70Fe0.70Cr0.30O3-δ becomes B-site defi-
cient but the cubic perovskite structure remains intact.
There was also no evidence of decomposition of LaCrO3,
which is consistent with the results of Staoh et al.,22 who
reported that LaCrO3 is stable to pO2 value of<10-24 atm.
3.4. General Trend of Reduction and/or Oxidation of

La0.30Sr0.70Fe0.70Cr0.30O3-δ at 900 �C. The mixture con-
taining “La0.30Sr0.70Fe0.70Cr0.30O3-δ”, spinel, and LaCrO3

was heated from 800 to 900 �C in air. Heating to 900 �C
caused the spinel to diffuse back into themajor perovskite
phase, returning the stoichiometry to La0.30Sr0.70Fe0.70-
Cr0.30O3-δ. Similar to the reduction at 800 �C, the volume
of La0.30Sr0.70Fe0.70Cr0.30O3-δ increased with a decreas-
ing pO2 as oxygen vacancies were created in the lattice
and the B-site cations were reduced (Figure 3). The
chemical linear expansion was calculated at 900 �C and
found to be <0.28% (Figure S3 of the Supporting
Information). At a pO2 of 10

-18 atm, a trace amount of
spinel could be observed, indicating the stability limit of
La0.30Sr0.70Fe0.70Cr0.30O3-δ had been reached at 900 �C.
The pO2 was increased to 10-16.5 atm which caused the
spinel to diffuse back into the perovskite structure. The
sample was then cooled to room temperature under argon.
3.5. Oxygen Stoichiometry of La0.30Sr0.70Fe0.70Cr0.30O3-δ.

Figure 7 displays the refined oxygen stoichiometry of
La0.30Sr0.70Fe0.70Cr0.30O3-δ and the corresponding mea-
sured partial oxygen pressures plotted versus time. The
oxygen stoichiometry closely tracks the measured pO2

which is consistent with a well-mixed gas phase and a
sample with an oxygen activity that is in near equilibrium
with the gas. A TGA experiment was also performed to
verify the accuracy of the refined oxygen stoichiometry.
Figure 8 shows the thermal gravimetric curve of the
oxygen stoichiometry and temperature versus time under
flowing N2. The points on the graph represent the refined
oxygen occupancies at 800 �C under argon from the
neutron experiment. As one can see from the graph, the
results from the TGA experiment are in very good agree-
ment with the refined oxygen stoichiometry from the
neutron experiment. Both experiments demonstrate that
the oxygen stoichiometry for La0.30Sr0.70Fe0.70Cr0.30O3-δ

is ∼2.82 at 800 �C in argon.
During the neutron experiment (Figure 6), the oxygen

stoichiometry stabilized at approximately ∼2.65 at 800 �C
before La0.30Sr0.70Fe0.70Cr0.30O3-δ was reduced beyond
the stability limit, which is consistent with the B-site of

Figure 5. Observed (dots), calculated (red line), background (green line),
and difference (blue line) profiles for the neutron diffraction of La0.30-
Sr0.70Fe0.70Cr0.30O3-δ, LaCrO3, and spinel at 800 �CandapO2of 10

-20 atm.
The spinel phase (Fd3m) is marked with an asterisk. The inset is a mag-
nification of the 440 peak of the spinel phase.

Figure 6. Observed (dots), calculated (red line), background (green line),
and difference (blue line) profiles for the neutron diffraction of La0.30Sr0.70-
Fe0.70Cr0.30O3-δ, LaCrO3, spinel, and R-Fe at 800 �C and a pO2 of 10

-21.5

atm. The spinel (Fd3m) (/) and R-Fe (þ) phases are marked. The inset is a
magnification of the 110 peak of R-Fe and the 400 peak of the spinel.

(20) Muan, A. Am. J. Sci. 1958, 256, 171–207.

(21) Mikkelsen, L.; Linderoth, S. Mater. Sci. Eng., A 2003, 361, 198–
212.

(22) Satoh,H.; Koseki, S.; Takagi,M.; Chung,W.Y.; Kamegashira, N.
J. Alloys Compd. 1997, 259, 176–182.
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La0.30Sr0.70Fe0.70Cr0.30O3-δ being fully reduced to the
þ3 state. Although a large number of oxygen vacancies
were formed (δ=0.35) in La0.30Sr0.70Fe0.70Cr0.30O∼2.65,
it retained the cubic perovskite structure and the vacan-
cies were disordered. In the parent compound, La0.30Sr0.70-
FeO∼2.65, the oxygen vacancies order into an orthorhombic
triple perovskite with repeating octahedral-octahedral-
tetrahedral layers.23 The disordering of the oxygen vacan-
cies in the chromium-substituted analogue can be expla-
ined by the low concentration of Cr on the B-site. Assum-
ing the B-site cations are fully disordered, statistically
two-thirds of the Cr atoms are in what would be the octa-
hedral layers of the pure iron compound, while one-third
of the atoms are present in what would be the tetrahedral
layer. Chromium has a higher affinity for 6-fold coordi-
nation than Fe when it is placed on a tetrahedral site; it

disrupts the tetrahedral layer by drawing oxygen ions
from two surrounding Fe octahedra, thus transforming
two iron octahedra (FeO3) to pyramids (FeO2.5). At the
same time, the two oxygen ions, which are now coordi-
nated with Cr forming an octahedron in the “tetrahedral
layer”, also coordinate with two iron tetrahedra (FeO2),
transforming them into pyramids (FeO2.5).

16 Therefore,
the placement of one chromiumatomon a tetrahedral site
directly affects the coordination of five polyhedra. The
chromium atoms are randomly distributed, which trans-
forms the ordered orthorhombic structure of La0.30Sr0.70-
FeO2.65 to the disordered cubic structure of La0.30Sr0.70-
Fe0.70Cr0.30O2.65.
Although it could be argued that the oxygen vacancies

are thermally disordered, this is highly unlikely. Leonidov
et al.24 reported that the vacancy-ordered triple perov-
skite structure of La0.30Sr0.70FeO3-δ is stable between 750
and 950 �C at low partial oxygen pressures. Therefore, if
La0.30Sr0.70Fe0.70Cr0.30O2.65 did order, we would antici-
pate high-temperature vacancy ordering and stability
similar to those of the parent iron compound which did
not occur.
After the 900 �C in situ neutron diffraction experiment,

the sample was cooled to room temperature under flow-
ing argon to determine if the vacancies would order upon
cooling. La0.30Sr0.70Fe0.70Cr0.30O3-δ retained the cubic
structure, Pm3m, and the vacancies remained disordered
(Figure 9). The oxygen occupancy was refined at room
temperature and determined to be ∼2.65 (similar to the
high-temperature results). Table 3 includes the details of
the postreduction room-temperature neutron powder dif-
fraction refinement.

4. Conclusion

A detailed in situ neutron diffraction study was perfor-
med to gain insight into the structural evolution and
stability of the SOFC anode, La0.30Sr0.70Fe0.70Cr0.30O3-δ,

Figure 7. Refined oxygen stoichiometry of La0.30Sr0.70Fe0.70Cr0.30O3-δ

andcorrespondingmeasuredpartial oxygenpressuresplotted vs time.The
oxygen stoichiometry is represented by 420 individually refined neutron
diffraction patterns. Each point represents the refined oxygen stoichiom-
etry from an individual neutron diffraction pattern.

Figure 8. TGA curve of the oxygen stoichiometry under flowing N2 and
temperature plotted vs time. The points on the graph represent the refined
oxygen occupancies at 800 �C under argon from the neutron diffraction
experiment.

Figure 9. Observed (dots), calculated (red line), background (green line),
and difference (blue line) profiles for the neutron diffraction of La0.30-
Sr0.70Fe0.70Cr0.30O3-δ and LaCrO3 after they had been cooled from 900 �C
to room temperature under flowing argon.

(23) Battle, P. D.; Gibb, T. C.; Lightfoot, P. J. Solid State Chem. 1990,
84, 237–244.

(24) Leonidov, I. A.; Kozhevnikov, V. L.; Patrakeev, M. V.; Mitberg,
E. B.; Poeppelmeier, K. R. Solid State Ionics 2001, 144, 361–369.
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under reducing and oxidizing conditions at 800 and 900 �C.
At room temperature, La0.30Sr0.70Fe0.70Cr0.30O3-δ exhi-
bits a rhombohedral structure, in space groupR3c. When
La0.30Sr0.70Fe0.70Cr0.30O3-δ is heated to 800 �C in air, it
undergoes a second-order phase transition to a cubic
structure, in space group Pm3m. The second-order phase
transition of La0.30Sr0.70Fe0.70Cr0.30O3-δ is favorable for
SOFC fabrication to prevent delamination of the anode
and electrolyte which can be caused by abrupt phase
transitions and rapid volume changes.25 La0.30Sr0.70-
Fe0.70Cr0.30O3-δ was then reduced at 800 and 900 �C
and remained cubic even though a large number of
oxygen vacancies were formed (δ e 0.35). This is advan-
tageous for a SOFC anode because it minimizes the
stresses caused by redox cycling. Also, the change in the
linear expansion of La0.30Sr0.70Fe0.70Cr0.30O3-δ during
reduction was relatively small (<0.28%) at 800 and
900 �C, which is important because mechanical modeling
has shown that active anode layers in SOFCs require a
linear expansion of<1%; otherwise, delamination at the
anode-electrolyte interface is likely to occur.26,27

The perovskite, La0.30Sr0.70Fe0.70Cr0.30O3-δ, was also
shown to be stable down to a pO2 of 10

-20 atm at 800 �C.
In a SOFC stack operating on hydrogen fuel, the effective
pO2 depends on the amount of the H2O reaction product
that is present, and it increases along the fuel flow
direction as H2 is consumed and H2O is produced. The
present oxide is at best barely stable under the most
reducing condition encountered in a SOFC; for example,
pO2 ∼ 10-22-10-23 atm at 800 �C (corresponding to
approximately 97% H2 and 3% H2O). Nonetheless, in a
button-cell test at 800 �C in 97% H2/3% H2O fuel with
a current density of 500 mA/cm2, sufficient additional
H2Owas apparently generated tomaintain the stability of
the La1/3Sr2/3Fe2/3Cr1/3O3-δ anode.10 Also, if La0.30-
Sr0.70Fe0.70Cr0.30O3-δ is reduced beyond the stability
limit, it was shown that reoxidation restores the perov-
skite and phase separation products to a single phase
compound.
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Table 3. Structural Parameters of La0.30Sr0.70Fe0.70Cr0.30O3-δ and

LaCrO3 after They Had Been Cooled from 900 �C to Room Temperature

under Flowing Argona

atom site occupancy x y z Uiso (�100 Å2)

La0.30Sr0.70Fe0.70Cr0.30O3-δ, Pm3mb

La 1a 0.30 0 0 0 3.18(8)
Sr 1a 0.70 0 0 0 3.18(8)
Fe 1b 0.70 0.5 0.5 0.5 2.27(6)
Cr 1b 0.30 0.5 0.5 0.5 2.27(6)
O 3c 0.88(2) 0 0.5 0.5 4.56(0)

LaCrO3, R3c
c

La 6a 1.00 0.019(6) 0.25 -0.004(6) 0.97(1)
Cr 6b 1.00 0 0 0.5 0.71(2)
O 18e 1.00 0.493(5) 0.25 0.067(6) 5.43(0)
O 8d 1.00 0.226(5) 0.533(8) 0.226(5) 1.31(5)

a χ2= 1.332.Rp=7.30%.Rwp= 8.86%. b Space groupPm3m (221).
a = 3.9217(1) Å. cSpace group R3c (167). a = 5.5045(5) Å, b =
7.6935(8) Å, and c = 5.5474(6) Å.

(25) Tao, S. W.; Irvine, J. T. S. Chem. Mater. 2006, 18, 5453–5460.
(26) Sarantaridis, D.; Atkinson, A. Fuel Cells 2007, 7, 246–258.
(27) Fu, Q. X.; Tietz, F. Fuel Cells 2008, 8, 283–293.


