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The oxygen nonstoichiometry of Ruddlesden-Popper compounds with chemical composition (RE; _ Sty )o.es(Feos-
Co,,)1-yMgy04 5 (RE=La, Pr,x=0.9-1.2 and y =0, 0.2) was measured as a function of temperature and oxygen
activity (apz) by coulometric titration and thermogravimetry. All compositions were found to be approximately
stoichiometric in air (6~ 0). The oxidation state of Fe and Co was determined by XANES. Fe retains an oxidation
state of + 3 upon reduction of the sample, whereas Co is reduced to an oxidation state of + 2. A model of the defect
chemistry is proposed that can account well for the measured oxygen activity dependence of the oxygen
nonstoichiometry at all temperatures investigated. The studied compositions exhibit remarkable thermodynamic
stability under reducing conditions. Decomposition was only observed for temperatures above 800 °C in a hydro-
gen water vapor gas mixture ([H,]/[H,0]=50). The thermal and chemical expansion coefficients of these com-
pounds are significantly decreased compared to those of (LageSro.4)o99F€08C00203 5 a well studied perovskite
with related composition. The transport properties were investigated by conductivity relaxation and the potential
of using these materials as oxygen separation membranes was assessed by calculating the oxygen flux that can be
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delivered through a 30 um thick membrane.
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1. Introduction

Materials with mixed oxide-ionic and electronic conductivity
(MIEC) are required for a variety of applications, such as solid oxide
fuel cells (SOFC), solid oxide electrolysis cells and oxygen permeation
membranes (OPMs). Perovskites with the general formula RE; _ 4 AE-
«ITMOs3 _;, where RE stands for rare-earth, AE for alkaline-earth and
TM for transition metal elements, have been widely investigated as
mixed oxide-ionic and electronic conducting materials [1-4]. A large
number of compositions are known to exhibit sufficiently high elec-
tronic and ionic conductivity for OPM applications [1,5,6]. The com-
positions that exhibit the highest ionic conductivity though, are
generally found to have high coefficients of thermal expansion and
to be prone to decomposition under reducing conditions [3,7].

Compounds in the Ruddlesden-Popper (RP) type structure
(An+1BnO3n+1), with the general formula RE;_ AE,TMO4_; have
also been identified as MIEC materials. The Ruddlesden-Popper is a lay-
ered structure, comprising alternating perovskite and rock-salt layers.
Compounds with RP structure have been reported to show improved
thermodynamic stability and smaller TEC [8] as compared to perovskites
of comparable composition. They have also been reported to possess
very small chemical expansion coefficients in the hyperstoichiometric
regime [9]. Development of materials with small chemical expansion
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coefficient is beneficial for oxygen membrane applications, as it allows
for reduced chemical strain across the membrane under operation,
thereby reducing the risk of mechanical failure.

La;NiO4 4 5, and its modifications by A and B-site doping, have re-
ceived considerable attention as novel cathodes for intermediate
temperature SOFCs and OPMs [8,10-17]. The oxide ion migration oc-
curs via interstitials in the rock salt layers and vacancies in the perov-
skite planes [11,14,18]. The interstitial mechanism determines ionic
conductivity and oxygen permeation at high Po, whereas the vacancy
mechanism dominates at low Pg; [11]. Therefore, RP compositions
possessing increased concentrations of oxide ion vacancies may
hold greater promise as OPMs operating at low Pg; at the permeate
side.

The reduction stability of RP ferrites and manganites is superior to
that of nickelates and cobaltites [8,19]. It is therefore interesting to in-
vestigate the thermodynamic and transport properties of RP ferrites
with AE substitution at the A-site and Co substitution at the B-site,
as this may lead to a good compromise between oxygen vacancy for-
mation and thermodynamic stability upon reduction. Furthermore,
RP compounds are reduction products of perovskites [8,20]. Therefore
(La,Sr),(Fe,Co)04 5 RP compounds are likely to form at the permeate
side of a Lag gSrg.4Fep gC00203 5 (LSFC) OPM and in LSFC based SOFC
cathodes under strong polarization. Knowledge of their defect ther-
modynamic and transport properties is therefore important in evalu-
ating their impact in LSFC based components of electrochemical
devices.
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In this study, the oxygen nonstoichiometry and redox properties
of Fe and Co in Ruddlesden-Popper compounds having the general
formula (RE;_,Srx)o.0s(FeosC002)1—yMgyOs_; are determined by
thermogravimetry, coulometric titration and X-ray absorption near
edge spectroscopy (XANES). Furthermore, the thermomechanical
and transport properties of these compounds are investigated and
compared with those of LSFC, a well studied perovskite with related
composition (the same transition metal elements on “B-site” and
the same ratio between these).

2. Experimental
2.1. Sample preparation

Powders of composition (RE;_,Sry)o.os(FeosC002)1—yMgy04_s
(RE=La, Pr), with 0.6<x<1.4 and y=0, 0.2, were synthesized by
the glycine-nitrate combustion process [21]. Aqueous solutions of
the metal nitrate salts were prepared and their concentrations were
determined gravimetrically. After mixing stoichiometric amounts,
glycine was added to the mixture at a glycine/nitrate molar ratio of
0.548. The container was placed on a hot plate at 300 °C. After evap-
oration of a sufficient amount of water, a self-sustaining combustion
process initiated, resulting in a very homogeneous, submicron pow-
der. The powders were calcined at 1000 °C for 24 h, and ball milled
in a Zrog4Yo1601.92 (YSZ) container with ethanol using a planetary
mill and YSZ balls. The resulting fine powders were shaped into
bars (~28x7x2 mm?) at a uniaxial pressure of 35 MPa and further
compressed isostatically at a pressure of 325 MPa. The bars were
sintered at 1350 °C for 12 h in air or N; and cooled to room temper-
ature at a rate of 30 °C/h. Phase purity and structural analysis was
performed by room temperature X-ray diffraction (XRD), on polished
pellets sintered at 1350 °C in air or N, using a Bruker D8 Advance dif-
fractometer with Cu K, radiation and a PSD LynxEye detector.

2.2. Coulometric titration and thermogravimetry

As-sintered bars were crushed into powders and used for coulo-
metric titration (CT) and thermogravimetric analysis (TG). A small
alumina cup with a known mass of sample powder (~1.5 g) was
fitted in a (YSZ) cup covered with a YSZ lid and sealed with glass at
1000 °C. A detailed description of the CT measurements including a
schematic can be found elsewhere (19).

Thermogravimetry was performed using a Netzsch STA 409CD
thermogravimeter. The Po, of the sample atmosphere was varied, by
the use of appropriate gas mixtures (of air, N, and H,), and measured
downstream with a YSZ Po, sensor operating at 900 °C. The tempera-
ture was varied between 500 °C and 1000 °C at each gas mixture, in
steps of 100 °C. After each change in temperature or gas mixture the
sample was allowed to equilibrate for 1 to 4 h. This duration is consid-
ered adequate, taking into account the fact that the time constant for
the relaxation is T~5 s, as estimated from the relation T=r%/2Dchem
using a value as low as 1x 10~7 ¢cm?/s for the chemical diffusion coeffi-
cient, Dcpem, and a particle size r~1 pm. At the end of each measure-
ment, the samples were heated up to 1400 °C in [H;]/[H,0]=50, in
steps of 100 °C, in order to achieve complete decomposition to metals
and metal oxides. The measured weight loss was corrected for buoyan-
cy effects using an alumina powder reference sample of the same vol-
ume, measured under identical conditions.

2.3. X-ray absorption near-edge spectroscopy (XANES)

Powders obtained from bars sintered at 1350 °C in N, were used
for XANES measurements, as well as powders obtained from bars
that were further annealed at 900 °C in air for 200 h and cooled to
room temperature in air at a rate of 60 °C/h, and from bars further
annealed at 900 °C in [H»]/[H,0]=3 for 200 h and cooled to room

temperature in [H,]/[H,0] =3 at a rate of 180 °C/h. Finally, measure-
ments were also performed on LaFeOs, LaCoOs, Fe(ll)-oxalate and
Co(Il)-acetate, which are used as references for the 3-valent and
2-valent states of Fe and Co. Approximately 5 mg of the powdered
bars were thoroughly mixed with 50 mg of cellulose in a mortar
and subsequently pressed into discs. XANES measurements at the Fe
and Co K-edges were performed in transmission mode at HASYLAB/
DESY (EXAFS E4 beamline), at room temperature and at a pressure
of 102 atm, using a Si (111) double-crystal monochromator at 40%
detuning to suppress harmonics. A Fe or Co metal foil was measured
as a reference along with each sample in order to accurately calibrate
and align the energy scale for all spectra. In the near-edge region,
equidistant energy steps of 0.2 eV were used. Leaking of the incident
beam, through parts of the sample having less absorbent material, re-
sults in amplitude reduction of the XANES signal and an apparent
shift of the absorption edge to lower energies [22]. To minimize the
effects of sample inhomogeneity, we scanned the X-ray beam along
the diameter of the disc and carefully selected a region of homoge-
neous absorption. Analysis of the XANES spectra was performed
with the IFEFFIT program package ATHENA [23].

2.4. Dilatometry

The thermal and chemical expansion coefficients were measured by
dilatometry using a NETZSCH DIL 402CD differential dilatometer with a
sample load of 0.3 N. The thermal expansion of the sample-rods was
measured in flowing air (100 Nml min~') by heating the samples
from room temperature to 1250 °C at a rate of 1 K/min. The samples
were then cooled to 1050 °C, where the chemical expansion coefficient
was determined by varying the Py, of the surrounding atmosphere,
using mixtures of air, CO, and H,. Finally, the thermal expansion coeffi-
cient was measured in [H]/[H,0] = 3 during cooling. The Py, was mea-
sured downstream with a YSZ Pg,-sensor operating at 900 °C. An
Al,05-rod, measured simultaneously with the sample-rod, served as a
standard for the calibration of the instrument.

2.5. Conductivity relaxation

Conductivity measurements were performed on rectangular bars
(~2x0.2x0.2 cm?) using the four-probe dc technique in a controlled
atmosphere furnace. The surfaces of the samples were polished with
SiC paper of decreasing roughness and diamond paste of 1 um parti-
cle size. The samples were electrically contacted with platinum
wires and platinum paste, and then fired at 1000 °C for 1 h prior to
the conductivity measurements to ensure good contacting. The oxy-
gen activity of the sample environment was controlled by flowing
gas mixtures of O,/N; or N,/H,/H,0 and monitored by a YSZ-sensor
placed downstream, operating at 1000 °C. Brooks mass flow control-
lers were used to adjust the flow of the various gases, keeping the
total gas flow constant at 250 Nml min~!. A four-way valve was
used to enable fast change of the gas atmosphere in the sample envi-
ronment. The non-ideal stepwise change of the oxygen activity in the
sample environment was recorded by the YSZ-sensor and fitted to an
exponential decay, a5, = ag2 + Aag, (1—exp(—1)), to obtain the time
constant, T, of the response of the sample compartment to a change in
oxygen activity from an initial value, agz, to a final value, ag, . Stepwise
changes of the oxygen activity were performed both in oxidizing and
reducing directions. The time constant, T, was evaluated for each indi-
vidual gas change and used in the fitting of the electrical conductivity
relaxation with the following expression [24]:
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