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Abstract Doping of SrFeO, s with Mo®" ions is accompa-
nied by nanostructuring with the formation of 90° domains
10-20 nm in size with brownmillerite structure, as
confirmed by X-ray diffraction, high-resolution electron
microscopy, and Mossbauer spectroscopy. The evolution of
the microstructure of SrFe;_,Mo0,05 543/, With temperature
at low oxygen partial pressure was investigated by means
of high-temperature X-ray diffraction; it was shown that
nanodomain texture is stable to at least 7~800°C.
Chronopotentiometry and permeability measurements dem-
onstrate that the title compounds possess high oxygen
mobility within a wide temperature range: oxygen diffusion
coefficients at ambient temperatures are D=10""-10""2
cm?/s and oxygen fluxes at 960°C for SrFeO;_, (L=
1.42 mm) and SrFeg 95Mo0g 05O5—. (L=1.5 mm) membranes
in air/He gradient reach 0.25 and 0.19 pmol/(cm”min),
respectively.

Keywords Perovskite - Oxygen mobility -
Nanostructuring - Oxygen-permeable membrane

Introduction

Oxides with mixed oxygen—electronic conductivity (mixed
ionic electronic conductors, MIEC) attract attention due to
the possibility of using them as an oxygen-permeable
membrane for separation of oxygen from air, which could
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be integrated into catalytic membrane reactors (CMR) for
partial oxidation of hydrocarbons, as well as the electrodes
for solid oxide fuel cells [1, 2]. High oxygen transport
properties are exhibited by membrane materials based on
strontium cobaltites and ferrites with perovskite-related
structure StIMO5_, (M = Co, Fe) and layered perovskites
La,MOy., M = Co, Ni, Cu). Previously, it was demon-
strated that unusual fast oxygen mobility in these materials
is retained down to the room temperature, which is an
evidence of the low activation energy of oxygen migration
in these oxides [3-11]. Evidently, elucidation of the reasons
of low E, of oxygen transport in MIEC oxides is important
both from the fundamental and practical points of view.
Investigations of the mechanism of unusual low-
temperature oxygen transport in StMO5;_, (M = Co, Fe)
and La,MOy., (M = Co, Ni, Cu) were actively carried out
in 1990s in the Laboratory headed by R. Schéllhorn at the
Institut fir Anorganische und Analytische Chemie, Tech-
nische Universitdt Berlin [9-14]. For brownmillerite
SrFeO, s, disorder along the b-axis was detected. It was
shown that the disorder is related to the high density of
stacking faults, the concentration of which increased
drastically in the intermediate products of electrochemical
oxidation [11]. It was assumed that the extended defects
(stacking faults, domain, and antiphase boundaries) could
represent diffusion pathways with reduced activation
energy for oxygen ionic transport [9-11]. The hypothesis
is in agreement with the results on the electrochemical
oxidation of Ca;_,Sr,FeO, s oxides; the introduction of
high concentrations of extended defects into CaFeO, 5 by
doping with Sr leads to a sharp increase in the reactivity of
the matrix [12]. To describe the oxidation of nanostruc-
tured oxides with high diffusivity pathways, a phenome-
nological model of oxygen transport was developed [13,
14]. This model was used to determine the coefficients of
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the chemical diffusion of oxygen along domain bound-
aries in Cag sSrg sFeO, 5 at ambient temperature [15].

On the other hand, it is known that extended defects
(twin/domain boundaries) can be sustained at elevated
temperatures (up to 850°C) [16-18]. In this respect, it
would be interesting to know to what extent the experience
gained previously at low temperatures may be used for
studying oxygen transport in membrane materials under the
working conditions of CMR (7~700-1,000°C).

It is known that strontium ferrite has different vacancy-
ordered phases SrFeOs_,, (n=1, 2, 4, 8, ... ©) [19, 20].
We showed previously that partial substitution of iron ions
in strontium ferrite by highly charged Mo®" cations results
in the formation of single-phase (in terms of X-ray
diffraction (XRD)) SrFe;_,Mo0,0, 5.3/, materials. On the
other hand, oxygen stoichiometry with noninteger n value
(2 <n<3,3-1/n=2.5+3/2x, 0<x<0.1) usually corresponds
to the heterogeneous two-phase state. It should be noted
that the samples having the composition SrFeq.os.
Moy 950, 57 demonstrate an increase in oxygen conductiv-
ity [21].

The aim of the present work was a detailed investigation
of the structure of SrFe;_ Mo0,05 5.3/, (0<x<0.1) materi-
als, as well as their oxygen transport properties at low and
high temperatures (including the environments modeling
the CMR working conditions).

Experimental

Synthesis of SrFe;_,Mo0,0; 5.3, compounds was carried
out using the standard ceramic method; appropriate mix-
tures of strontium carbonate and oxides were ground in an
AGO-2 planetary ball mill, calcined at 900°C for 6 h, and
pressed into disks, which were then fired in air at temper-
atures of about 1,250°C. At the final stage, the samples
were kept in vacuum (P~1.33 Pa) for 2 h and quenched at
room temperature. The synthesized materials were studied
by means of XRD, energy-dispersive X-ray spectroscopy
(EDX), Mdssbauer spectroscopy, and high-resolution elec-
tron microscopy. The diffraction patterns of the samples
were recorded with Bruker D8 Advance diffractometer
(Sol-X energy-dispersive X-ray detector) with CuKy
radiation (A=1.5418A). The examination of samples by
means of high-resolution electron microscopy (HREM) was
carried out with the JEM-2010 electron microscope
(accelerating voltage 200 kV, point resolution 1.4A). The
Mossbauer spectroscopy measurements were carried out
using the conventional constant-acceleration technique at
room temperature. The isomer shift data were given relative
to the isomer shift of o-iron.

Electrochemical experiments were performed at room
temperature in the galvanostatic mode (three-electrode cell,
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1 M KOH electrolyte) with the working electrodes made of
polycrystalline material pressed into Pt grids along with
1 wt.% of Teflon and 10 wt.% of acetylene black.

To study oxygen permeability, disk membranes with
diameter of about 15 mm and L~1-1.5 mm were used.
Oxygen permeation measurements were performed in the
model membrane reactor similar to that described in [22]
within the temperature range 775-960°C. Glass rings
(Schott glass AR) were used as the sealant to fix the
gastight membrane onto a quartz tube. The effective
geometric surface area of the membrane at the sweep side
for permeation study was around 1 cm?. The oxygen partial
pressure at the membrane feed side was fixed at 21 kPa by
blowing the ambient air at the flow rate of 150 ml min .
The helium sweep gas was supplied to the permeate side
with a flow rate of 440 ml min '. Gas flow rates were
controlled by RRG 33 mass flow controllers. A quadrupole
mass spectrometer QMS 200 was used to monitor the
composition of the sweep.

Results and discussion

X-ray diffraction patterns for the samples having the
composition SrFe;_ M,0; 5.3, (0<x<0.1) are presented
in Fig. 1. According to XRD and EDX measurements, the
materials are single phases. An increase in dopant concen-
tration is accompanied by the transformation of the
orthorhombic brownmillerite structure Imma into perov-
skite Pm3m. The structural transition is accompanied by the
transformation of the orthorhombic reflections (240),,
(042), and (202),, (080), into cubic ones (111). and
(200).; a decrease in the intensity of reflections (142),,
(260),, (062), down to their complete disappearance at x=
0.1 is observed (indices «c» and «o» relate to the cubic
Pm3m and orthorhombic Imma structures, respectively). It
should be noted that the structural transition proceeds
through the formation of a specific orthorhombic structure;
for the sample with x=0.05, the X-ray diffraction pattern is
characterized by the presence of intensive basic reflections
indexed in the cubic perovskite lattice and at the same time
diffuse maxima (marked in Fig. 1 with asterisks); all the
reflections still may be indexed in the orthorhombic cell
with the parameters ay=co=\2a. and b,=4a.. The struc-
tural features of this phase will be considered in detail
below.

A convenient method of estimating the oxygen mobility
and the character of phase transition depending on the
oxygen stoichiometry in perovskites with mixed conduc-
tivity is chronopotentiometry [9, 12]. The dependencies of
the potential of working electrode £ on charge transfer g for
SrFe; - .M,05 513/, samples (0<x<0.2) are shown in
Fig. 2. One can see that the shape of curves for compounds
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Fig. 1 a X-ray diffraction patterns of SrFe;_.Mo0,0, 5.3,, samples. b
Sections of diffraction patters presenting the evolution of the
brownmillerite reflections depending on doping level. “Superstructur-
al” reflections marked with asterisk

with x<0.1 resembles the «E—¢g» dependencies for
SrFeO, 54, (0<y<0.5), analyzed in detail in [11], and
differs only by the amount of transferred charge ¢ (or
intercalated oxygen y=g/2), which is related to narrowing
of the region of oxygen nonstoichiometry in SrFe;_
M0,05 543254y (0<y<0.5—3/2x) as a result of the incor-
poration of additional oxygen into the structure of strontium
ferrite in order to compensate for the excess positive charge
of Mo®" ions. The occurrence of plateau on the curves in
the region of 200-250 mV and subsequent monotonous
increase in the potential up to 500-550 mV, corresponding
to the reaction of the evolution of gaseous oxygen at the
working electrode, provides evidence that the change of the
oxygen stoichiometry from SrFe;_,Mo0,0; 5.3/, to SrFe;_
+Mo,03 is accompanied by the formation of the intermedi-
ate products: at the first stage, as a result of the two-phase

reaction and then one-phase reaction [9, 10]. It should be
stressed that for the samples with x>0.2 the anodic
polarization leads to the establishment of the potential
~500 mV at small values of charge transfer ¢, which is the
evidence of a drop of the oxygen mobility in perovskite
structure with an increase in the concentration of dopant.
Estimations made on the basis of Cottrell's equation [23]
provide evidence of the high oxygen mobility for SrFe;_
Mo,03_, (x<0.1) materials; the apparent diffusion coef-
ficients at room temperature for the title compounds are
about to D=10""-10""2cm?s.

Earlier, it was assumed [9-11, 15] that the fast oxygen
transport at low temperatures may be related to the specific
microstructure of nonstoichiometric perovskites for which
the high density of extended defects (biographical ones and/
or those formed during the reaction) is characteristic. For
that reason, we studied the microstructure of doped SrFe;_
Mo0,05 5.3, materials.

As we have already mentioned, X-ray diffraction pattern
of SrFe( 95Mo0g 050, 53 compound contains broadened “su-
perstructural” maxima (marked in Fig. 1 with asterisks)
together with narrow basic perovskite reflections. The full
width at half maximum (FWHM) of these broad reflections
is twice as large as that of the cubic perovskite reflections.
The coherence length for the sample with x=0.05 estimated
on the basis of the FWHM of reflection (142) is about
20 nm. Similar diffraction effects were previously observed
for SrFe;_, V0, 5., samples (0<x<0.1). Partial substitution
of iron ions for vanadium with an increase in x also resulted
in a decrease in orthorhombic distortions of the brownmil-
lerite structure [24]. As a result, for x=0.05, together with
intensive basic reflections indexed in the cubic perovskite
subcell, broadened superstructural low-intensity reflections
appeared, depicting the presence of nanosized domains
(~20-50A). As Nakayama et al. [24] demonstrated with
the help of electron microscopy, the domains had brown-
millerite structure with dy0=2a. and were disoriented in six
<110>, directions, which resulted in the superposition of
spots on electron diffraction patterns and could be inter-
preted as the formation of the 2a.x2a.x2a, supercell.

Figure 3 shows a high-resolution electron micrograph for
SrFeg 95Mog 050,53 and corresponding fast Fourier trans-
forms of the assigned regions, demonstrating the formation
of 90° domain texture (Fig. 2, regions 1 and 2). The
domains with a size of 10-20 nm, which agrees with the
estimated value obtained from the FWHM of X-ray
reflections, have the orthorhombic structure with d-spacing
characteristic of brownmillerite with the OTOT... sequence
of octahedral (O) and tetrahedral (T) layers (dpyo~2a.~7.9
A). Superposition of diffraction patterns from the 90°
domains leads to the formation of the apparent cubic cell
with the parameters 2a.x2a.x2a. (Fig. 3, fast Fourier
transforms 3).
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Fig. 2 Galvanostatic anodic ox- L
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An increase in the molybdenum content of SrFe;_
M,O0; 5130, (x>0.1) suppresses the “superstructural”
reflections in the X-ray diffraction patterns, which, similar
to the case of SrFey oV 105, is likely to be connected with
further disordering of tetrahedral chains as a result of a
decrease in domain size down to the size of the clusters in
which the oxygen vacancies are ordered at a distance
several times as long as the unit cell parameter [24].

The data of Mdssbauer spectroscopy are in agreement
with the microscopic data and confirm the presence of
domains having brownmillerite structure in SrFegos.
Moy 050,575 (Table 1). In the spectra of SrFe;_ M0, 5.3,
2x (x<0.05), two magnetically ordered sextets are distin-
guished; they relate to Fe®* ions in the octahedral and
tetrahedral positions characteristic of the brownmillerite
structure (Table 1). The components ratio provides evi-
dence of an increase in Fe** coordination when SrFeO, s is
doped with Mo®" ions. With an increase in the dopant
concentration x>0.1, the spectra are broad asymmetric
lines, which depicts the formation of different coordination
polyhedrons (4 (T), 5 (P), and 6 (O)) for Fe** (mainly
octahedrons, due to the compensation of the excessive
positive charge of the dopant).

So the structure of doped strontium ferrites may be
represented as follows. A specific feature of brownmiller-
ites, including SrFeO, s, is related to the presence of R and
L chains in the tetrahedral layers; they can get ordered in
(0k0) planes and, on the other hand, cause the formation of
stacking faults along the b-axis. In addition, the formation
of twins is characteristic of orthorhombic brownmillerites
along the directions [101], and [010], [25-28]. The reason
of stacking faults and twinning may be the incorporation of
dopant ions and/or excess oxygen into the brownmillerite
structure; acting as dilatation centers, they may provoke
nucleation of twins and be localized in the twinning plane
[26]. It should be noted that the presence of defects (oxygen
vacancies, interstitial oxygen anions or dopant ions)
localized in the tetrahedral chain may cause its gradual
transformation (for instance, L chain into R and vice versa)
and the formation of antiphase boundaries [26, 27]. An
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increase in the dopant concentration results in a decrease in
the size of domains/twins (see, e.g., Fig. 2 in [29]); in our
case, this is confirmed by broadening of reflections, for
example (142), vs. x (Fig. 1b) to their complete smearing in
the background (x>0.1). Since the 90° domains are coupled
coherently, this leads to the convergence of the structural
parameters in the vicinity of interfaces. As a result, at the
high density of domain boundaries, the orthorhombic
distortions are eliminated, and for the sample with x=
0.05, the brownmillerite structure with parameters a,/\2=
bo/4=c,/N2 is formed inside the domains. As stressed
previously, defects (dopant ions and excess oxygen) are
likely to be localized within domain boundaries [24, 30].

Fig. 3 High-resolution transmission electron image of SrFegos.
Moy 050, 57 sample. Fast Fourier transforms and simulated HREM
images of selected areas are shown in the bottom and upper parts of
the figure, respectively
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Table 1 Mossbauer parameters ] ]

for StFe;_,M0,0, 543/, samples x in SrFe;_Mo,O. Number State of iron IS (mm/s) QS (mm/s) B (T) 1 (%)

— 3+ —

IS is the isomer shift relative to x=0 ! FeH ©) 0.37 0.31 47.49 32
metallic -Fe at 295 K. QS 2 Fe (T) 0.16 0.29 39.92 48
apd B are the qqadrupole split- x=0.05 1 Fe3™ 0) 0.37 —0.12 48.76 63
ting and magnetic hype.rﬁne P Fe* (T) 0.18 0.18 40.97 37
field, respectively. O, six- 34

coordinated sites of Fe*™ cati- x=0.1 1 Fe™ (0) 0.37 ~0.02 47.62 52
ons; P, five-coordinated sites of 2 Fe* (P) 0.25 0.01 42.75 48
Fe*" cations; T, four-coordinated x=02 1 Fe* O) 0.35 —0.002 4431 100

sites of Fe** cations

It should be noted that the domain and twin boundaries
that may be formed in nonstoichiometric perovskites as a
result of phase separation [15, 31] or ferroelastic phase
transition [17, 18, 29] essentially differ from domain bulk
in the distributions of electric and elastic fields [32],
possess enhanced concentration of mobile defects [33],
and are elastically softer with respect to the bulk, which can
be the reasons of a substantial decrease in the activation
energy of ion migration along domain boundaries [34]. This
can provide high diffusivity paths for oxygen transport in
the case of low-temperature electrochemical redox reac-
tions.

It is an important question to be addressed whether the
nanodomains are stable at high temperatures and domain
boundaries contribute to the oxygen transport through
perovskite membrane under the working conditions of
CMR (700-1,000°C, low oxygen partial pressure).

Since nanodomain texture is characterized by specific
diffraction phenomenon, the presence of weak broadened
reflections marked in Fig. 1 with asterisks, it allows one to
use high-temperature X-ray diffraction as a tool to control
the microstructure and to monitor its evolution under the
conditions modeling a CMR. Figure 4 shows in situ high-
temperature X-ray diffraction data of SrFey9sMog 0505 57
perovskite in dynamic vacuum (P~0.51-0.81 Pa), recorded
with Bruker D8 diffractometer and a high-temperature
chamber HTK-16. The data obtained provide evidence that
the nanodomain texture is stable to at least 7~800°C,

although some “superstructural” reflections (marked with
asterisks) survive up to 7=1,200°C at low oxygen partial
pressure (permeate side of the membrane). The stability of
SrFeg 9sMog (50, 57 microstructure at high temperatures is
in agreement with the data obtained by Orlovskaya et al.
[17]. The authors demonstrated by means of in situ high-
temperature TEM studies that perovskites based on LaCoOj
have a dense network of twin boundaries, existing up to the
temperature of the ferroelastic phase transitions at 7~850°
C and get restored reversibly with a decrease in temperature
(twin memory effect [18]).

Figure 5 presents the dependences of oxygen fluxes on
helium sweep rate for SrFeOs_, (a) and SrFeq 9sMog (503
(b) membranes at different temperatures. An increase in
helium flow leads to a drop of the partial pressure of
oxygen at permeate side and an increase in oxygen
permeation fluxes through SrFe;_ Mo,O;_. (x=0, 0.05)
dense ceramic membranes. The oxygen permeation fluxes
reach 0.25 and 0.19 pmol/(cm®min) for SrFeO;_, (L=
1.42 mm) and SrFe( 9sMog 0sO05—. (L=1.5 mm), respective-
ly, under the following conditions: temperature, 7=960°C;
oxygen partial pressures, P;=21 kPa and P,=0.7 kPa at the
feed and permeate sides of the membranes, respectively.
The obtained oxygen flux values are close to the oxygen
permeability data for ferrite-based dense ceramic mem-
branes studied previously [35-37].

Arrhenius dependencies of oxygen fluxes through
massive membranes having the composition SrFeO;_, and

Fig. 4 In situ high-temperature
X-ray diffraction data for the
SrFeo_95M00>()502_57 sample

heated in the dynamic vacuum

(P~0.51-0.81 Pa). Broadened
reflections related to nanodo-

main texture marked with aster-
isks

I/ arb. u.

80
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Fig. 5 Dependencies of oxygen permeation fluxes on helium flow
rate at the permeate side of membranes SrFeOs_, (L=1.42 mm) (a)
and SrFe9sM0g 0sO5-. (L=1.5 mm) (b) at different temperatures.
Condition: air flow rate in the feed side is 150 ml/min, L=1.5 mm

SrFeg.95sMog 05sO3—. on reciprocal temperature are shown in
Fig. 6. According to the obtained data, the calculated
activation energies of oxygen transport in the air/He
gradient have the values of 104410 and 86410 kJ/mol for
SrFeO;_. and SrFe 9sMoy ¢505-., respectively.

Thus, doping of strontium ferrite with molybdenum
results in a decrease in the activation energy of oxygen
transport through the gastight membranes. According to
literature data, strontium ferrite doping with aluminum [35]
results in the opposite effect: activation energies of the
oxygen transport in the air/He gradient increase with
increasing dopant concentration; this gives the values of
130+10 kJ/mol for SrFe, ;Aly 305_.. Partial substitution of
strontium cations in the A-sublattice of strontium ferrite
causes even a more substantial increase in the activation
energy of oxygen transport; for instance, activation energies
for the system La,Sr;_.FeO;_, (x=0.6, 0.7, 0.8) are 173—
206 kJ/mol [36].
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The reasons of the different effects of doping on the
activation energies of oxygen fluxes may be related to a
number of factors: depending on rate-determining steps
(rds) for permeability, these factors may be different
catalytic properties of cations (in the case of rds as a
surface reaction), trapping effects (in the case of diffusion
as rds), etc. One of these factors may be the effect of doping
level on the microstructure of membranes; according to the
data reported in [24] and obtained in the present work, for
high concentration of dopant (x>0.1), the domain structure
of membrane materials may get degenerated. So a decrease
in the activation energy of oxygen flux through the
membrane having the composition SrFeosMo0g 0505—. is
in agreement with the hypothesis of the influence of
domain boundaries as high diffusivity pathways on the
oxygen transport in MIEC membrane materials; however, it
requires additional investigation.

Conclusion

Incorporation of highly charged Mo°" ions into the
brownmillerite lattice brings about the fact that the
accommodation of overstoichiometric oxygen is realized
not due to the formation of solid solution with random
distribution of extra oxygen in the structure, or phase
separation, but as a result of the formation of 90°
nanodomains with ordered brownmillerite structure and
high concentration of domain walls accumulating excess of
oxygen ions.

The data obtained provide evidence that the nanodomain
texture is stable under the conditions modeling the working
ones for oxygen-permeable membranes. Doping of SrFeO3
_. by Mo®" cations (x<0.2) retains the high oxygen
mobility from elevated down to room temperatures.

log(J,, ) / umol/(s*cm’)
o

080 082 084 086 088 09 092 094 096 098
1000*T" / K
Fig. 6 Arrhenius plots of oxygen permeation fluxes through dense

ceramic membranes having the composition SrFeO;_. and SrFe os.
Moy.0503--
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