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Investigation of In-doped BaFeO3-δ perovskite-type 

oxygen permeable membranes 

Yao Lua, Hailei Zhao*,a,c, Xing Chenga, Yibin Jiaa, Xuefei Dua, Mengya 
Fanga, Zhihong Dua, Kun Zhengb, Konrad Świerczekb 

Cobalt-free BaFe1-xInxO3-δ perovskites, with Fe partially substituted by indium at B-site, were synthesized 

by a conventional solid state reaction and systematically characterized in terms of their phase 

composition, crystal structure, thermal reducibility, oxygen permeability, as well as structural stability in 

order to evaluate their application as oxygen permeation membranes. Introduction of more than 10 at.% of 

In in BaFe1-xInxO3-δ causes a formation of single phase material with cubic perovskite structure, which 

exhibits no phase transition during cooling process. Thermal reducibility and thermal expansion 

coefficient are effectively reduced by indium doping, owing to the less changes of concentration of the 

oxygen vacancies in these compounds. However, In occupying B-site breaks B-O-B double exchange 

mechanism, and thus results in a gradual decrease of the electrical conductivity upon doping. Rietveld 

refinement and first principle calculation were performed to get an insight into the In influence on lattice 

structure, oxygen migration energy and electron conduction behaviour of BaFe1-xInxO3-δ. When using 

He/Air as sweep/feed gas, the BaFe0.9In0.1O3-δ dense membrane with 1.0 mm thickness features a high 

oxygen permeation flux of 1.11 mL cm-2 min-1 at 950 °C. The observed good performance is attributed to 

the relatively high concentration of oxygen vacancies and low energy barrier for oxygen ion migration. It 

is also found that for membranes thinner than 0.8 mm, the oxygen flux is no longer limited by the bulk 

diffusion, while the oxygen surface exchange process becomes the dominant factor. 

1 Introduction 

Oxides with high and mixed ionic-electronic conductivity 
(MIEC) have been extensively studied because of their 
potential applications in oxygen separation technology,1-3 Solid 
Oxide Fuel Cells (SOFCs),4-6 and chemical process for 
conversion of hydrocarbons to syngas.7-9 Among these 
applications, oxygen permeable membranes and membrane 
reactors for partial oxidation of methane (POM) utilising MIEC 
materials have attracted worldwide attention owing to their 
exceptional economic and environmental advantages. For the 
sake of practical application, these dense membranes should 
deliver high oxygen permeation flux and possess very good 
thermal stability as well as suitable mechanical properties under 
severe operating conditions.10 

Oxygen transport through dense MIEC membranes is driven 
by the oxygen partial pressure gradient present on the opposite 
sides of the sinter. Oxygen ions migrate from oxygen-rich side 
to the oxygen-lean side, at the same time, in order to maintain 
charge balance in the material, electrons transport in the 
opposite direction. Various complex oxides possess good MIEC 
properties, and among them materials having perovskite, 
brownmillerite, fluorite or Ruddlesden-Popper-type structures 
are well known.11-13 Physicochemical properties of these oxides 
are defined by chemical composition, and for instance, ABO3-δ 

(A: selected lanthanides, Ba, Sr, Ca; B: selected 3d metals, Nb, 
Ce, etc.) perovskite-type oxides can exhibit excellent electronic 
and ionic conductivity. 

Many efforts have been made in order to optimize various 
properties of oxygen permeation membranes. Teraoka et al. 

prepared series of La1-xSrxCo1-yFeyO3-δ materials with different 
composition and found that SrCo0.8Fe0.2O3-δ showed the highest 
oxygen permeation flux of 3.1 mL min-1 cm-2 (STP) at 850 °C, 
as recorded for 1 mm thick membrane. This was attributed to an 
increase of the oxygen vacancy concentration (δ) when La3+ 
cations were substituted with Sr2+ ones, as well as the weaker 
bond energy for Co-O than Fe-O.14 Systematic researches about 
an effect of doping various cations in LaCoO3 on the oxygen 
permeability were also reported.15,16 It was found that the ionic 
conductivity could be greatly enhanced by an introduction of 
lower valence cations on A and/or B sites. The recorded oxygen 
permeation flux was found to decrease in the following 
sequence Ba > Ca > Sr > Na for A-site substituted 
La0.6A0.4Co0.8Fe0.2O3-δ, while for B-site doping in 
La0.6Sr0.4Co0.8B0.2O3-δ materials, the descending order is: Cu > 
Ni > Co > Fe > Cr > Mn. 

Due to the reported high oxygen permeability for cobalt-
based perovskite materials, many researchers concentrated their 
efforts on these compounds. Unfortunately, the order-disorder 
transition of oxygen vacancy was apparently observed upon 
SrCo0.8Fe0.2O3-δ materials under low oxygen partial pressure 
which would cause the degradation of oxygen permeation 
fluxes and mechanical failures.17,18 To fix these problems, Shao 
et al. proposed introduction of barium at the A-site of 
SrCo0.8Fe0.2O3-δ, of which the substitution was found not only 
to enhance structural stability of the materials, but also cause an 
improvement of the observed oxygen permeability. These 
changes were attributed to the adjustment of tolerance factor t 
and high concentration of disordered oxygen vacancies.19 
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However, with the intensified studies on cobalt-based materials, 
some other problems came up. Co-containing compounds can 
be easily reduced and also decomposed under low oxygen 
partial pressures at elevated temperatures, with precipitation of 
metallic Co, metal oxides or other phases.20-22 Large radius 
change of cobalt cations during reduction (chemical expansion 
effect23) and possible decomposition may cause failure of Co-
containing oxygen permeation membrane, which can be 
particularly dangerous at high temperatures under large oxygen 
partial pressure gradients and during long-term operation. 
These, in turn, limit practical application of such materials. In 
order to improve structural stability, researchers tried to 
introduce fixed-valence Nb, Zr or Ta elements at the B-site of 
BaCo1-x-yFexMyO3-δ.

24-26 Although the partially substituted 
compounds exhibited somewhat better properties, it seems that 
only complete removal of cobalt from the chemical 
composition of candidate MIEC membrane materials can bring 
significant progress and solve stability issues. 

There are already many reports concerning novel, cobalt-free 
oxygen permeable materials, such as Ba0.5Sr0.5Fe1-yMyO3-δ (M: 
Al, Zn, Cu),27-29 BaFe1-xMxO3-δ (M: Y, Ce, Zr, La, Cu, Ni, 
Nb),30-35 as well as La0.7Sr0.3Fe0.6Ga0.4O3-δ.

36 Most of these Co-
free MIEC oxides are developed on a basis of the parent 
BaFeO3-δ. Owing to a stronger reduction resistance of iron 
cations, BaFeO3-δ-based compounds having cubic, perovskite-
type structure exhibit higher chemical stability and good 
mechanical integrity. Furthermore, they were also successfully 
applied as a promising cathode materials for SOFCs,37, 38 which 
is due to a high oxygen vacancy concentration present in these 
compounds at elevated temperatures, favorable electrochemical 
activity, and a high mobility of oxygen ions. All the mentioned 
properties are also important for developing good oxygen 
permeation materials. Besides, comparing to cobalt, much 
lower price and wider availability of iron are also beneficial in 
terms of the considered industrial applications. 

Accordingly, the BaFeO3-δ-based materials have been 
regarded as one of the best candidates for oxygen separation 
technology. However, one important issue has to be overcome, 
as the stable crystal structure of the parent material is not the 
perovskite-type but hexagonal one.31 Considering ionic radii of 
A- and B-site cations in BaFeO3-δ (1.61 Å for Ba2+ in 12-fold 
coordination, 0.645 Å / 0.585 Å for HS Fe3+ / Fe4+ in 6-fold 
coordination39), one may notice that tolerance factor t, defined 
by Goldschmidt (Eq. 1),40 is higher than unity, even assuming 
relatively high concentration of the oxygen vacancies. 

( )
A O

B O2

r r
t

r r

+
=

+
                             (1) 

where rA, rB and rO are the ionic radii of A- and B-site cations, 
as well as oxygen anions, respectively, 

In such case, perovskite-type structure is not stable, because 
small B-site cations (Fe) cannot form sufficiently big BO6 
octahedra to adjust to the big A-site (Ba) cations, and 
alternatively, the mentioned hexagonal structure, which 

unfortunately does not show good MIEC properties, is being 
formed.31,34 

In order to obtain good electronic and ionic transport, 
BaFeO3-δ-based materials should exhibit perovskite-type, and 
preferably, cubic structure, in which tolerance factor is equal or 
close to one. In such structure, oxygen vacancies are disordered 
and isotropous oxygen ion transmission routes are present. 
Apparently, it is possible to decrease t by means of an 
appropriate doping strategy, which can be done by replacing 
barium with smaller cations or iron with larger ones. 
Unfortunately, Li et al. reported that the lattice free volume and 
the oxygen vacancy concentration were reduced by partial 
substitution of barium with smaller strontium cations, which 
resulted in deterioration of the oxygen permeation performance 
of the membranes.41 Thus, partial substitution of iron with 
cations having larger radius come to be a more reasonable way. 
In this case, not only the structural mismatch could be reduced, 
but also an open space would be expanded in the unit cells for 
oxygen ion migration. Moreover, the oxygen vacancy concen-
tration may be also simultaneously increased, by selecting low 
valence cations as dopant. All these aspects would eventually 
promote the oxygen permeability of membranes. 

Among candidate dopant cations, indium seems to be a 
perfect choice, due to its various special characteristics. In3+ 
ionic radius in 6-fold coordination is equal to 0.8 Å, and is 
sufficiently larger than the respective radii of Fe3+ and Fe4+. 
Stable +3 charge state of indium is lower than that of iron, 
which should increase δ in the doped BaFe1-xInxO3-δ . 
Therefore, two beneficial effects can be expected for materials 
partially doped with indium in the B-site: stabilization of the 
cubic structure, resulting from a decrease of the tolerance 
factor, and an increase of concentration of the oxygen 
vacancies, due to a decrease of the average oxidation state of B-
site cations. However, one more positive aspect should also be 
considered: comparing to Fe-O bond, the lower average bond 
energy of In-O can reduce constraints of the B-site cations in 
BO6 octahedra, which should be favorable for transport of the 
oxygen anions via oxygen vacancy mechanism. 

Combining all the presented above advantages, choice of In 
doping in BaFe1-xInxO3-δ series seems to be the most suitable 
one. To the best of our knowledge, this paper presents for the 
first time systematic investigations of the crystal structure, 
electrical conductivity, oxygen permeability, and structural 
stability of BaFe1-xInxO3-δmaterials. The observed relationship 
between structural properties, electrical conductivity and the 
electro-chemical performance of these compounds is also 
discussed. 

2 Experimental 

2.1 Synthesis of the materials and preparation of membranes 

BaFe1-xInxO3-δ (x = 0.05-0.2) oxides were prepared by a 
conventional solid state reaction method. BaCO3, Fe2O3 and 
In2O3 raw materials (all A.R. purity) were weighed in a 
stoichiometric ratio and then ball-milled in ethyl alcohol for 4 h 
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at 400 rpm. After drying in oven for 12 h, the powders were 
calcined at 1000 °C in air for 10 h. The obtained powders were 
thoroughly ground in a mortar, to break the agglomerates, 
which was followed by an additional ball-milling performed for 
4 h. The dried powders were pressed into disks (Φ ~19 mm, 
thickness of 1-2 mm) and bars (4 mm × 7.5 mm × 42 mm) 
under uniaxial pressure of 110 MPa, with 1 wt.% of PVA being 
added. The green samples were then sintered at 1300-1320 °C 
for 7 h in air, with heating and cooling rates of 3 °C min-1, 
which allowed to achieve similar relative density of the sinters. 
Sintered disks were polished to a proper thickness for the 
oxygen permeation examinations. Bulk density of the sintered 
bars was measured by Archimedes’ method, using distilled 
water as medium. The relative density values were derived 
from the measured bulk density and from the theoretical 
density, which was calculated on the basis of the refined lattice 
parameters. The sintering temperature and the calculated 
relative density for each compound are shown in Table 1. 

2.2 Structural characterization 

Phase composition and crystal structure of the as-sintered 
samples and these after oxygen permeation tests were examined 
by X-ray diffraction (XRD) method using Rigaku D/max-A 
diffractometer. Measurements were conducted with Cu Kα1 
radiation (λ = 1.5406 Å) in 10-100o range. Additional high 
temperature studies in air up to 900 °C were performed on 
Panalytical Empyrean diffractometer equipped with Anton Paar 
1200N oven-chamber and PIXcel3D detector. For these 
measurements, the sintered dense samples were ground into 
powders. Temperature program was set up with 10 °C min-1 
heating and cooling rates, while data were gathered with 100 °C 
step in 10-110o range. Before each scan, which was lasting for 
about 50 min, sample was equilibrated at the particular 
temperature for 5 min. Rietveld method was applied to refine 
the recorded XRD patterns using General Structure Analysis 
System (GSAS) with the EXPGUI graphical user interface.42,43 

In order to investigate structural stability under reducing 
atmosphere, the samples were annealed at 800 °C for 10 h in 
flowing 5 vol.% H2 in Ar gas mixture, after which XRD 
method was used to test structural changes of the surface of 
BaFe1-xInxO3-δ membranes. 

2.3 Thermal properties analysis and electrical conductivity 

measurements 

Oxygen temperature-programmed desorption process (O2-TPD) 
was carried out to investigate oxygen desorption properties 
using Quantachrome Instruments ChemBET Pulsar TPD/TPR 
analyzer. Approximately 200 mg of powder was loaded in a  

Table 1 Sintering temperature and relative density of BaFe1-xInxO3-δ (x = 0.05-0.2) 

samples. 

Composition Sintering temperature [°C] Relative density [%] 
BaFe0.95In0.05O3-δ 1300 95.2 
BaFe0.9In0.1O3-δ 1320 93.4 

BaFe0.85In0.15O3-δ 1320 94.9 
BaFe0.8In0.2O3-δ 1320 91.8 

 

quartz tube, which was placed in a tubular furnace controlled 
by a thermocouple. Temperature of the furnace was then raised 
from room temperature to 900 °C with 10 °C min-1 rate, while 
an online TCD detector tested the released oxygen, using pure 
argon as a carrier gas at flow rate of 50 mL min-1. 

Weight changes of BaFe1-xInxO3-δ samples as a function of 
temperature were characterized by thermogravimetric analysis 
(TG) on Netzsch STA 449 apparatus in air between room 
temperature and 1000 °C. For the studies, air flow rate of 60 
mL min-1 was used. Based on these results, and on the values of 
the initial oxygen nonstoichiometry δ0, which were evaluated 
from iodometric titration method,37,38 the oxygen nonstoichio-
metry at the high temperatures δt was calculated using the Eq. 
2. 

0 t 0
t 0

0

( ) (M 15.9994 )

15.9994

m m

m

δ
δ δ

− × −
= +          (2) 

where m0 is the initial and mt the actual weight of the sample at 
the particular temperature, and M is the molar mass of BaFe1-

xInxO3 with stoichiometric oxygen content. 
For thermal expansion coefficient (TEC) measurements, the 

sintered bars were polished to a proper size. Studies were 
conducted in air using Netzsch DIL 402/PC dilatometer from 
room temperature to 1000 °C with a heating rate of 5 °C min-1. 
Electrical conductivity of the samples was measured by a four-
probe DC method in air atmosphere at temperatures ranging 
from 200 to 900 °C. The sampling interval for data acquisition 
was 50 °C, while at each temperature the sample was hold for 
15 minutes, after which the recorded values were constant. 

2.4 Oxygen permeation measurements 

The oxygen permeation properties of the considered BaFe1-

xInxO3-δ membranes were measured by gas chromatography 
method using a vertical high temperature oxygen permeation 
apparatus described in previous work.33 After being polished, 
the as-prepared BaFe1-xInxO3-δ membranes, with a thickness of 
0.6-1.2 mm, were sealed on one alumina tube, with an effective 
inner circular area of 1.09 cm2, by commercially available 
binder (Aremco Products. Inc., Ceramabond 552-VFG). Com- 
pressed air was supplied to the alumina tube as the feed gas, 
with a flow rate of 120 mL min-1 [STP]. On the other side of the 
membrane, a high purity helium (> 99.999%), was introduced 
into another alumina tube as a carrier gas, with flow rate of 60 
mL min-1 [STP]. The outlet gas, being a mixture of helium and 
permeated oxygen, was then introduced into the gas chromato-
graph with TCD (GC, SP2100). In the present work no nitrogen 
leaks were detected, confirming that the membranes were well 
sealed and were gas-tight. The oxygen permeation flux was 
calculated using Eq. 3. 

 2

2

2

O2 1
O

O

(mLcm min )
1

C F
J

C S

− − = ×
−

            (3) 

where CO2 stands for the measured oxygen concentration in the 
outlet gas on the sweep side, F is the flow rate of the helium, 
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and S is the effective inner circular area of membrane for 
oxygen permeation. 

Gas flow rates were monitored by a mass flow meter 
(Sevenstar, DC-07). The oxygen permeation properties of 1 mm 
thick BaFe1-xInxO3-δ membranes with different compositions 
were examined in the temperature range from 800 to 950 °C. 
To elucidate the kinetic process of oxygen permeation 
involving surface oxygen exchange and bulk oxygen migration, 
changes of the oxygen permeability were recorded for selected 
BaFe0.9In0.1O3-δ membrane with various thicknesses. 

2.5 First principles calculations 

In order to explore the effect of indium doping on transport of 
the oxygen anions, the oxygen migration barrier energies were 
calculated through CASTEP (Cambridge Serial Total Energy 
Package) code,44, 45 which is based on the density-functional 
theory (DFT) and plane-wave pseudopotential (PWP) method. 
For the exchange-correlation potential in the generalized 
gradient approximation (GGA), the Perdew-Burke-Ernzerhof 
(PBE) scheme was employed.46 The cutoff energy of the plane 
waves was chosen at 300 eV, and the atomic coordinates of the 
simulated structures were optimized by an iterative process 
using Broyden-Fletcher-Goldfarb-Shanno (BFGS) algorithm,47 
in order to minimize the energy with respect to the atomic 
positions. Tolerance for a self-consistence was set at: 2×10-5 eV 
atom-1 for total energy, 0.05 eV Å-1 for force, 0.1 GPa for 
maximum stress, and 0.002 Å for the maximum displacement. 
The Brillouin zone integrations were approximated using 
special 2×2×2 k-point sampling scheme of Monkhorst-Pack for 
the unit cell.48 The valence electronic configurations were taken 
as: O-2s22p4, Fe-3d64s2, In-4d105s25p1 and Ba-5s25p66s2, for the 
ground-state electronic structure calculations. Spin polarization 
calculation was adopted, and the formal spin was used as the 
initial one. 

3 Results and discussion 

3.1 Crystal structure 

The calculated tolerance factors t depending on composition of 
BaFe1-xInxO3-δ compounds using Eq. 1 are presented in Fig. 1. 
Three different lines are shown, corresponding to three 
different assumptions: as in BaFe1-xInxO3-δ, Fe cations can have 
mixed +3/+4 valence state, and Fe3+ cations in octahedral 
coordination can be in a high spin (HS) or a low spin (LS) 
configuration with different ionic radius. For the performed 
calculations, the average B-site radius was computed by 
weighting the ionic radius to take the proportion of cations into 
account. Every assumption gets closer to ideal conditions with 
increasing In content, suggesting a strong tendency for forming 
cubic perovskite structure. The room-temperature XRD patterns 
of BaFe1-xInxO3-δ materials are shown in Fig. 2. The samples 
with x= 0.05 correspond to a rhombohedral structure, while a 
cubic perovskite structure is recognized for these with more 
than 10 at.% In substituting for Fe ions, indicating that In-
doping can stabilize the cubic structure of BaFeO3-δ down to 

room temperature, which is consistent with the calculated 
results of tolerance factors, as shown in Fig. 1. With increasing 

 

Fig. 1 Tolerance factor of BaFe1-xInxO3-δ compounds calculated for three different 

assumptions about valence state of Fe cations. 

 

Fig. 2 XRD patterns recorded for BaFe1-xInxO3-δ at room temperature in: (a) 10-

100
o
 range, (b) selected 30-33

o
 range. 

In-doping level, the peaks shift to lower degree gradually for 
x=0.1-0.2, as shown in the enlarged view of Fig. 2b, which is 
associated with the larger ionic size of In3+ than that of Fe3+/4+ 
and is an indicative of In ions having dissolved in BaFeO3-δ 
lattice. 

3.2 Structural evolution at high temperatures 

Fig. 3 shows results of high temperature structural studies of 
the considered BaFe1-xInxO3-δ materials. Samples with x = 0.1-
0.2 are found to exhibit cubic structure with no detectable 
impurities in whole studied temperature range from 25 °C to 
900 °C, while compound with x = 0.05 displays a complex 
phase structure. Initially, in the vicinity of 400 °C, a reversible 
phase transition between rhombohedral and cubic structure 
occurs. The observed major structural transition process seems 
to be related to the electron state transition of Fe3+ from the low 
spin to high spin.37,38,49 Also, thermal reduction of Fe cations 
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would reduce a mismatch between A- and B-site cations and, as 
a result, the phase transition to cubic perovskite structure occurs 
for BaFe0.95In0.05O3-δ. However, there some secondary phases 
appear when temperature rises to 900 oC as shown in the inset 
of Fig. 3a and still can be found even after cooling to room 
temperature. To obtain more structure information, the XRD 
patterns of samples with x=0.05 at 25 oC and 900 oC were 
subjected to crystal structure refinement through Rietveld 
method. As shown in Fig. 4, the refinement results indicate that 
before heating the structure of BaFe0.95In0.05O3-δ has a good fit 
to a rhombohedral phase, while transforms to a mixture of an 
orthorhombic phase BaFe2-yInyO4 and cubic phase BaFe1-xInxO3 
at high temperature. Details about the refined structural 
parameters at considered temperature are listed in Table 2. The 
presence of 2.9 wt.% oxygen-ion insulating orthorhombic phase 
would eventually have an unfavourable effect of blocking the 
oxygen-ion conduction.50 

The refined unit cell parameters as a function of temperature, 
for the studied BaFe1-xInxO3-δ materials (x=0.01-0.2), are 
gathered in Fig. 5. Solid and dash lines represent heating and 
cooling processes, respectively. As can be observed, for all 
compounds the dependence is not linear in the measured range, 
and with an increase of the temperature up to 200 °C, the lattice 
parameter a initially increases, but then decreases, and further  

 
Fig. 3 HT-XRD patterns of BaFe1-xInxO3-δ powders for: (a) x = 0.05, (b) x = 0.1. 

increases above 400 °C. During cooling, a parameter decreases 
steadily, but with a change of slope below 500 °C. The 
dependence on heating overlap with the one recorded on 
cooling very well in the high temperature range (≥500 °C) for 
all samples. However, a rather big difference in values and 
shape of the curves can be seen at lower temperatures. This 
result may be explained by taking into account a fact that the 
powder samples used for HT-XRD examination were obtained 
from the crushed dense pellets, so it is expected that the oxygen 
vacancy concentration before and after the heating/cooling 
cycle were changed in the materials. During the sintering 
process, more oxygen vacancies are generated at high 
temperatures, while on cooling, the oxygen is incorporated back  
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Fig. 4 Rietveld refinement of XRD patterns for BaFe0.95In0.05O3-δ powders at 

different temperatures: (a) 25 
o
C before heating, (b) 900 

o
C. 

Table 2 Refined structural parameters of BaFe0.95In0.05O3-δ compounds at 

different temperatures. 

 
25 oC  

(before heating) 
900 oC 

Space group R3m Cmc21 Pm-3m 
Unit cell parameter a [Å] 4.0982(3) 8.68(1) 4.1413(1) 
Unit cell parameter b [Å]  19.01(2)  
Unit cell parameter c [Å]  5.46(1)  

α = β = λ [deg] 89.12(1) 90 90 
Weight fraction [wt.%] 100 2.1(1) 97.9(1) 

Rwp [%] 3.77 4.37 
Rp [%] 2.79 2.90 

χ2 3.312 4.344 

 

 

Fig. 5 Temperature dependence of the lattice parameters of BaFe1-xInxO3-δ (x = 

0.1, 0.15 and 0.2), calculated from refinement of the HT-XRD results. 

into the material. This process is easy to reach the 
thermodynamic equilibrium at high temperatures (≥500 °C) but 
difficult at low temperatures. It is known that the oxygen 
uptake is a kinetically controlled process. Initially, the oxygen 
is incorporated into the active sites at the surface, generating 
oxygen concentration gradient between the surface and the 
bulk. Then, the oxygen anions from the surface migrate into the 
material, while the oxygen vacancies diffuse toward surface. 
For dense sinters, diffusion length is comparable to the 
dimensions of the sample, and the diffusion time can be 
relatively long, especially at lower temperatures. This is often 
observed if the activation energy of the chemical oxygen 
diffusion is large, as well as for thick samples. It is therefore 
expected that the oxygen vacancy concentration in the sintered 
pellets was higher than the equilibrium one, especially at lower 
temperatures. 

For the conducted HT-XRD measurements, the dense pellets 
were crushed into fine powders. In the heating process, the 
lattice parameters first increased with the temperature, due to 
the thermal expansion effect. When the temperature reached a 
point, at which diffusion became fast enough, the materials 
would absorb oxygen from atmosphere, which had enough time 
to diffuse through the crystal lattice, leading to a decrease of the 
lattice parameters. After the equilibrium was reached, the lattice 
parameters displayed an increasing tendency, owing to the 
thermal and chemical expansion. In the cooling process, the 
observed changes of the unit cell parameters are closer to the 
equilibrium one at lower temperatures. Likely, below 300 °C no 
changes of the oxygen content occur, and the oxygen content in 
the materials after cooling is close to the equilibrium one. The 
presented above behaviour was fully supported by the thermo-
gravimetric studies presented in chapter 3.4 below. 

3.3 Thermal properties 

HT-XRD data on cooling were used for calculation of linear 
TECs. The calculated TEC values for three different BaFe1-

xInxO3-δ samples are listed in Table 3. At the same time, 
dilatometry studies were conducted on dense bars of two 
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samples with x = 0.1 and 0.2 to get the tested TEC values (Fig. 
S1). As presented in Table 3, no matter what measurement 
method is employed, the TEC values in high temperature range 
are much higher than that in low range, which is mainly 
attributed to the chemical expansion effect originating from 
changes of the oxygen content. It is obvious that In-doping 
allowed to decrease the TEC of the investigated materials 
regardless of the temperature range. 

Comparing HT-XRD and dilatometry studies, an evident 
discrepancy can be seen in the lower temperature range, 
however, it can be easily explained, considering a different 
procedure of the experiments. Analysing data presented in Fig. 
5, it can be observed that during initial heating, up to about 200 
°C, unit cell parameters of all the materials increase more 
strongly on temperature than on cooling in the same 
temperature range. As the dilatometry measurements were 
conducted on heating, it is not unexpected that the reported 
TECs are much higher than the ones calculated from HT-XRD 
on cooling, which is owing to the presence of high oxygen 
vacancy concentrations in the dilatometry samples.51,52 Because 
the samples were in a form of dense sinters, oxygen 
incorporation, occurring for the powdered materials above 200 
°C, was not fast enough to influence thermal expansion up to 
about 400 °C. Above 700 °C both experiments give similar 
thermal expansion, which indicates that changes of the oxygen 
content in the bars are fast enough to follow oxygen 
stoichiometry changes in the powders. Somewhat smaller TECs 
from dilatometry studies may be related to a presence of pores, 
which buffer, to some degree, the thermal expansion. 

The O2-TPD results (Fig. S2) provide evidence for lattice 
oxygen release at high temperature, which is often associated 
with thermal reduction of variable valence cations and 
formation of oxygen vacancies. They will cause increased ionic 
radius and enhanced repulsion of the electron cloud around 
vacancy to induce the mentioned chemical expansion of the 
oxide lattice.53-55 Comparing to BaFe0.9In0.1O3-δ, the slightly 
reduced area of the oxygen desorption peak for BaFe0.8In0.2O3-δ 
suggests that the oxygen anions become more stable in the 
crystal lattice for materials with higher indium content. 
Different onset temperatures for the oxygen release (comparing 
Figs. 5, S1 and S2), recorded by different experimental 
techniques, may be directly associated with varying 
experimental conditions, especially regarding sample’s form 
(powder, pellet), heating/cooling rates and the atmosphere, in 
which the studies were conducted.  

It should be mentioned that TEC of BaFe0.9In0.1O3-δ at higher  

Table 3 Thermal expansion behaviour of the considered BaFe1-xInxO3-δ 

perovskites. TEC units [10
-6

 K
-1

]. 

Composition 

TEC from HT-XRD on 
cooling 

 TEC from 
dilatometry  

25-300 °C  
600-900 

°C  
 

25-500 °C  
700-

1000 °C  
BaFe0.9In0.1O3-δ 11.3 26.5  19.3 22.4 

BaFe0.85In0.15O3-δ 10.9 24.3    
BaFe0.8In0.2O3-δ 9.7 23.8  18.5 20.9 

 

temperatures, equal to 22.4×10-6 K-1, has been improved, 
comparing to many considered Co-based materials for oxygen 
permeation membranes, which is beneficial from a point of 
view of application.56-58 

3.4 Oxygen nonstoichiometry 

For evaluation of In-doping effect on the oxygen vacancy 
concentration, thermogravimetric analysis was conducted for 
BaFe1-xInxO3-δ materials (x = 0.1-0.2). The results of these 
studies are shown in Fig. S3a. On the initial heating, all 
materials show weight loss, occurring from room temperature 
to about 250 °C, which can be attributed to a desorption of 
physically absorbed water and gases.59,60 Above this 
temperature weigh remains almost constant, but near 330 °C it 
starts to increase, but ends at 420-440 °C. This behaviour 
corresponds well to the structural studies (Fig. 5), and can be 
explained by the incorporation of oxygen. At higher 
temperatures significant weight loss is noticed for all of the 
samples, while on cooling, it increases continuously down to 
300 °C. Assuming that on the initial heating, below 300 °C, all 
the observed changes are due to desorption-related processes, 
the oxygen nonstoichiometry values evaluated from the iodo-
metric titration (δ0) and TG results can be used for calculating 
the temperature dependence of oxygen nonstoichiometry (δt). 
The computed values are displayed in Fig. S3b, while Table 4 
shows data at selected temperatures. 

As shown in Fig. S3b, δ can exceed 0.5, especially at high 
temperatures, indicating complex defect structure in the 
materials. Indeed, this requires presence of some iron cations 
having +2 oxidation state. Taking this into account, the 
recorded TG data can be explained in the following way: 
initially, in order to restore the equilibrium state, on heating in 
the 350-450 °C temperature range, the oxygen is incorporated, 
and this process corresponds to a shift of the presented below 
reaction (Eq. 4) towards oxidation of Fe3+ (to the left):19 

X X
Fe O Fe O 2

1
2 2

2
Fe O Fe V O• ••+ ↔ + + ↑             (4) 

However, at higher temperatures, the equilibrium is shifted to 
the right, with getting the partial reduction of Fe4+ back to 
dominant position. Furthermore, at even higher temperatures, δ 
exceeds 0.5, and presence of Fe2+ cations can be expected as 
shown in Eq. 5. 

 X X '
Fe O Fe O 2

1
2 2

2
Fe O Fe V O••+ ↔ + + ↑             (5) 

After heating and cooling processes, the equilibrated oxygen  

Table 4 Oxygen nonstoichiometry of BaFe1-xInxO3-δ (x = 0.1, 0.15 and 0.2) samples 

at selected temperatures. 

Composition 

δ 

RT as- 
synthesized 

800 °C 900 °C 
RT after 

TG 
experiment 

BaFe0.9In0.1O3-δ 0.51 0.59 0.60 0.38 
BaFe0.85In0.15O3-δ 0.48 0.55 0.55 0.36 
BaFe0.8In0.2O3-δ 0.46 0.51 0.52 0.39 
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nonstoichiometry in the samples is much smaller than the initial  
one. 

Analysing data presented in Table 4, a strong negative 
correlation can be noticed between In content and the oxygen 
nonstoichiometry, with values of δ decreasing with the doping 
level. This shows that indium impedes oxygen loss from the 
lattice, likely ensuring better structural stability of the 
compounds. 

3.5 Electrical conductivity 

The measured total electrical conductivity of BaFe1-xInxO3-δ (x 
= 0.05-0.2) samples, conducted in 200-900 °C temperature 
range in air, are plotted in Fig. 6. As for majority of similar 
perovskite-type MIECs, the electronic conductivity is at least 
one or more orders of magnitude higher than the oxygen ionic 
conductivity,61 the ionic contribution to the total conductivity 
can be neglected. As can be seen, for all samples, the electrical 
conductivity gradually increases with temperature up to about 
550 °C, and then it saturates, with the maximum value 
decreasing from about 9.4 S cm-1 for BaFe0.95In0.05O3-δ down to 
2.3 S cm-1 for BaFe0.8In0.2O3-δ. A linear relationship in the 
Arrhenius-type plot, as shown in Fig. 6b up to about 550 °C, 
implies that the electronic conduction in BaFe1-xInxO3-δ 
materials follows a small polaron conducting mechanism, with 
activation energy in 0.32-0.38 eV range. In this charge transfer 
mechanism small polaron hops are realized between  

 
Fig. 6 (a) Temperature dependence of the electrical conductivity of BaFe1-xInxO3-δ 

samples in air, and (b), in the corresponding Arrhenius-type plot. 

multivalent metal (Fe) cations present at the B-site in so called 
Zerner double-exchange along B-O-B bonds, with oxygen 
anions actively participating.62 

After reaching the maximum values at about 600 °C, the 
electrical conductivity decreases abruptly for all the materials. 
It can be considered as originating from release of the lattice 
oxygen at high temperatures, as documented for instance in Fig. 
S2. Because oxygen loss causes an increase of the oxygen 
vacancy concentration, the B-O-B charge transfer mechanism is 
affected, and at the same time, charger carrier concentration 
would be reduced. It can be noticed that generally, the electrical 
conductivity decreases with increasing indium doping level 
which can be mostly attributed to the decreasing concentration 
of iron cations, replaced with fixed-valence In3+ ions (In-O-Fe 
and In-O-In small polaron transport is not possible). 

3.6 Oxygen permeation properties 

The temperature dependence of the recorded oxygen per-
meation fluxes for BaFe1-xInxO3-δ (x = 0.1-0.2) membranes with 
1 mm thickness are shown in Fig. 7. Before analyzing data, it 
has to be emphasized that in the measured 800-950 °C tem-
perature range, the kinetics of formation of the oxygen vacanies 
are fast enough for the membranes to be at equilibrium state. 

With temperature rises, the oxygen permeation fluxes of all 
samples increase significantly. Considering the cubic phase 
being the major component in x=0.05 sample at around 400 °C 
(Fig. 4a), the oxygen permeation fluxes for all materials grow 
linearly in Arrhenius-type coordinates in the 800-950 °C range, 
without abrupt changes, which are unlikely for the pure 
BaFeO3-δ oxide.32 Nevertheless, the oxygen migration energy 
for x=0.05 is much larger than that of the samples with x=0.1-
0.15, which is most probably due to the existence of some 
secondary orthorhombic phases that may block the oxygen-ion 
conduction. Taking the other samples (x=0.1-0.2) with single 
cubic perovskite structure into comparison, it is obvious that the 
oxygen permeability decreases with In content, while the  

 
Fig. 7 Temperature dependence of the oxygen permeation fluxes through 1.0 

mm thick BaFe1-xInxO3-δ membranes (x = 0.05-0.2). Feed side: 120 mL min
-1

 air, 

permeate side: 80 mL min
-1

 He. 
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oxygen migration energy increases. The oxygen permeability 
for x=0.1 reaches the highest value of 1.11 mL cm-2 min-1 for 1 
mm thickness at 950 °C. Since the oxygen vacancy 
concentration decreases with the increasing In content for 
x=0.1-0.2, as summarized in Table 4, the observed decrease of 
the oxygen permeation fluxes for the higher In content 
materials is not unexpected.  

While, the increased Ea for oxygen ion migration with In-
doping level drives people to seriously consider the change in 
lattice characters. It is known that the oxygen migration in 
perovskites is controlled by many factors, including the lattice 
free volumes (Vƒ), the critical radius (rC), and the average 
bonding energy of metal-oxide (ABE).63,64 Among them, the Vƒ 
plays an important role. This value is defined as the remaining 
volume of perovskite unit cell, after volume occupied by all 
ions is subtracted, and can be calculated using Eq. 6. 

 ( )3 3 3 34
V 3

3f A B Oa r r rπ δ = − + + −                   (6) 

The calculated results of lattice free volume at 900 oC are 
presented in the Fig. 8 together with oxygen ion migration 
energy corresponding to In content. An expected dependence 
can be observed for materials with x = 0.1-0.2: the less the 
lattice free volume is, the higher the oxygen migration energy 
will be. So, the lattice free volume maybe has a great effect on 
oxygen ion migration energy and would be detrimental for 
oxygen permeability. 

To further explore the oxygen transport mechanism through 
the considered membranes, the oxygen permeability studies of 
the most promising BaFe0.9In0.1O3-δ material were conducted as 
a function of membrane thickness as shown in Fig. 9. It is 
known that the oxygen permeation through dense mixed-
conducting oxide membrane not only depends on the bulk ionic 
diffusion, but also, depends on the electronic component of the 
conductivity, as expressed in the theoretical Eq. 7.65 

 
' '

2

'2 2
2

ln

2 ln
[ln ]

16
O

O

P
ion e

O O
P

ion e

RT
J d P

F L

σ σ
σ σ

= −
+∫               (7) 

 
Fig. 8 Lattice free volume (VF) in BaFe1-xInxO3-δ (x=0.1-0.2) at 900 

o
C.as a function 

of In doping content (x) together with Oxygen ion migration energy (Ea) 

 

Fig. 9 Oxygen permeation flux dependence on the reciprocal thickness of the 

membrane, as measured at different temperatures for BaFe0.9In0.1O3-δ samples. 

where R, F, T, L, σe, and σi denote the gas constant, Faraday 
constant, temperature, thickness of the membrane, and 
electronic and ionic conductivities, respectively. In the Eq. 7, 
P′O2 stands for the oxygen partial pressure on the air side, while 
P″O2 means the oxygen partial pressure on the sweep side. 
Therefore, if the limiting step of the oxygen permeation is the 
bulk diffusion under constant oxygen partial pressure gradient, 
the relationship between oxygen permeation flux (JO2) and the 
reciprocal of the membrane thickness (1/L) should be a straight 

line crossing the origin of coordinates. The oxygen permeation 
fluxes increase proportionally with 1/L when the thickness is 
larger than 0.8 mm at the whole temperature range from 825 oC 
to 950 oC as shown in the fitting dash line, however, when the 
thickness is decreased to below 0.8 mm, the oxygen permeation 
fluxes deviate from former tendency. The result clearly reveals 
that the total oxygen permeation process is mainly limited by 
the bulk diffusion of oxygen ions when the membrane thickness 
is greater than 0.8 mm, otherwise the limitation of the surface 
oxygen exchange reaction comes into playing an important 
role. 

3.7 First principle calculation 

The presented above results indicated importance of the In 
content on the oxygen ion diffusion in BaFe1-xInxO3-δ oxides. 
Apart for experimental examinations, first principles calcula-
tions are of interest in such case, and these studies were also 
performed. For the computations, periodic supercells were 
constructed by expanding of the cubic unit cell of the 
perovskite up to 2×2×2 size, with certain number of iron atoms 
substituted by indium, corresponding to BaFe0.875In0.125O3 
(Ba8Fe7InO24) and BaFe0.75In0.25O3 (Ba8Fe6In2O24) composi-
tions, as shown in Fig. 10. In the case of Ba8Fe6In2O24, two 
indium atoms are located at both ends of the diagonal, to keep 
them distant from each other for the sake of minimizing the 
system energy as expected in reality. After successfully 
completing geometry optimization, the optimized lattice 
parameters: 4.088 Å for BaFe0.875In0.125O3 and 4.096 Å for 
BaFe0.75In0.25O3 agree well with the experimental values of 
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4.056 Å and 4.081 Å, respectively, and these values were taken 
as constants during the following calculations of the energy 
barrier of the oxygen vacancy migration. 

The oxygen vacancy migration barrier energies along 
different paths in the doped structures were evaluated basing on 
the models presented in our previous work.61 One oxygen ion, 
which is adjacent to the oxygen vacancy is moved to the saddle 
point, at which the energy reaches the highest value during the 
oxygen ion migration process (Fig. 11).66,67 The additional 
energy at this point is regarded as the energy barrier of the 

oxygen migration. As inducing another kind of cation into the 
B-sites, the coordination environment of oxygen ions and 
vacancies are changed and the structure considerations show  

Table 5 Calculated energy barrier of the oxygen vacancy migration for different 

transport paths present in BaFe0.875In0.125O3 and BaFe0.75In0.25O3. 

Migration 
barrier [eV] 

BaFe0.875In0.125O3 BaFe0.75In0.25O3 
[In-VO-Fe] [Fe-VO-Fe] [In-VO-Fe] [Fe-VO-Fe] 

[In-O-Fe] 4.43 1.98 4.33 2.72 
[Fe-O-Fe] 1.50 1.29 2.14 2.07 

 

Fig. 10 Periodic supercells used for modeling: (a) BaFe0.875In0.125O3 (Ba8Fe7InO24), (b) BaFe0.75In0.25O3 (Ba8Fe6In2O24). 

 

Fig. 11 Oxygen ion migration path from [FeOFe] to [FeVOFe]. 

that there have two possible locations in both models. Parts of 
the oxygen ions and vacancies between two adjacent Fe atoms 
are denoted as [Fe-O-Fe] and [Fe-Vo-Fe], while the others 
between Fe and In are denoted as [In-O-Fe] and [In-Vo-Fe], 
respectively. Thus, there will be four possible transport paths 
for either models and the calculated values of the energies are 
listed in Table 5. Among them, the transport paths from [Fe-O-  
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Fig. 12 (a) (PDOS) on Fe(d), O(p), O(s) and In(d) orbitals; (b) Zoom-in near the 

Femi level. 

Fe] to [Fe-Vo-Fe] have the minimum migration barrier of 1.29 
eV and 2.07 eV, respectively, and these values, are much lower 
than the other paths, in which indium atoms are involved. From 
a point of view of energy, the oxygen vacancies are most likely 
to travel through the paths avoiding indium atoms. And as 
expected, with doubling of the indium content, the migration 
barrier energies for BaFe0.75In0.25O3 are generally larger than 
these for BaFe0.875In0.125O3, even for the most favourable [Fe-
O-Fe]-[Fe-Vo-Fe] path. The obtained results imply that indium 
atoms would cause a decrease of the mobility of the oxygen 
anions, which is consistent with the effect of lattice free volume 
and membrane measurements, as shown in section 3.6. 

Fig. 12 displays the projected densities of states (PDOS) for 
BaFe0.875In0.125O2.875 and BaFe0.75In0.25O2.875 super cells with an 
oxygen vacancy on the [Fe-Vo-Fe] site which is likely the most 
favourable defect in the energetic point of view. Total PDOS on  
Fe(d), O(p), O(s) and In(d) orbitals are shown in Fig. 12a and 
zoom-in near the Femi level are depicted in Fig. 12b.The 2p 
state of O strongly overlaps with the 3d state of Fe and both of 
them cross the Femi level as shown by dashed lines. The 
hybridized states above the Femi level provide extra electron 
density along the Fe-O-Fe bonds to form the transmission 
channel which is consistent with the high electronic 
conductivity of BaFe1-xInxO3-δ materials as shown in Fig. 6. 
But, as can be seen from the Fig. 12b, the increment of dopant 
(In) slightly decayed the availability of empty states just above 
the Fermi level at the edge of the conduction bands, since the 
3d state of In not hybridize with the 2p state of O and also less 
contributions the 3d states of Fe make. Such changes of band 
structure will jeopardize the electronic conductivity of BaFe1-

xInxO3-δ materials and the feature is agreed well with the 
decreased conductivity with increasing In content. 

3.8 Structural stability 

In the actual applications, one side of the membrane is often 
exposed to the reducing atmosphere. In consequence, good 
structural stability in a wide oxygen partial pressure range is 
essential to ensure high oxygen permeability in real operating  

 

Fig. 13 XRD results recorded for surface of dense BaFe1-xInxO3-δ samples after 

heat treatment in 5% H2/Ar at 900 °C for 10 h. 

conditions. In order to evaluate reduction resistance of the 
considered BaFe1-xInxO3-δ materials, samples with x = 0.1-0.2 
were heat-treated in a furnace in 5 vol.% H2/Ar atmosphere at 
900 °C for 10 h, and the XRD patterns of their surface were 
measured, as presented in Fig. 13. While the main, perovskite-
type structure was maintained after the heat treatment, presence 
of some small impurity peaks could be observed for 
BaFe0.9In0.1O3-δ and BaFe0.85In0.15O3-δ oxides. These peaks 
could be assigned to Ba2Fe2O5 phase with a monoclinic 
structure. With an increasing indium content the impurity peaks 
disappear, implying that In can strengthen stability of BaFe1-

xInxO3-δ materials in reducing atmospheres. Taking the 
continuous re-oxidation by the transferred oxygen ions into 
consideration, the exact value of the oxygen partial pressure on 
the permeated side is in fact much higher than that in 5% H2/Ar 
atmosphere.30 Therefore, the extent of decomposition, which 
shown in Fig. 13, is exaggerated, and the BaFe1-xInxO3-δ 

materials can be regarded as good candidates for the oxygen 
permeation membranes with a wide application prospects. It 
can be also stated that the reported series of materials exhibit 
possesses excellent structural stability, in contrast to most of the 
Co-based materials. 

4 Conclusions 

BaFe1-xInxO3-δ (0.05 ≤ x ≤ 0.2) oxides were synthesized by the 
conventional solid-state reaction. Indium, partially substituting 
Fe at the B-site of BaFe1-xInxO3-δ, owing to its larger ionic 
radius, effectively decreases the tolerance factors of the 
materials, and in consequence, perovskite-type crystal structure 
is stabilized, of which samples with x ≥ 0.1 are cubic in whole 
studied temperature range. The cubic BaFe1-xInxO3-δ oxides 
exhibit good structural stability, with no phase changes, even at 
high temperatures, as verified by HT-XRD studies. With the 
increasing In content, oxygen release process was significantly 
suppressed and a decrease of thermal expansion coefficients 
was observed, however, due to disruption of the charge transfer 
channels, a decrease of the electrical conductivity was also 
recorded. BaFe0.9In0.1O3-δ with cubic perovskite structure 
exhibits the best oxygen permeability among materials in the 
series, and structural analysis, as well as first principles 
calculations reveal that further doping with In leads to a 
decrease of the oxygen vacancy concentration and the oxygen 
ions mobility. The highest oxygen permeation flux of 1.11 mL 
cm-2 min-1 for 1.0 mm thin BaFe0.9In0.1O3-δ membrane was 
measured at 950 °C under an air/He gradient. Studies of the 
influence of thickness of the membrane on the oxygen 
permeation flux indicate that the bulk diffusion is the rate-
limiting step when membranes were thicker than 0.8 mm, 
however, for thinner membranes, the surface oxygen exchange 
become important, and eventually dominant. Results of XRD 
measurement of surface of BaFe1-xInxO3-δ after heat treatment 
in reducing atmosphere suggest that indium is beneficial for the 
structural stability. 
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Finally, BaFe0.9In0.1O3-δ composition can be selected as the 
most promising one for manufacturing of membranes for 
oxygen separation and partial oxidation of methane, especially 
due to its impressive oxygen permeability and good structural 
stability. 
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1 

 

An impressive oxygen permeability and good structural stability is achieved by partially replacing 

Fe with In at B-stie of BaFeO3-δ oxides. 
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