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doping at the B-site of BaFeO3�d

perovskite: towards low-cost and high-
performance oxygen permeation membranes†

Yao Lu,a Hailei Zhao, *ab Kui Li,a Xuefei Du,a Yanhui Ma,a Xiwang Chang,c

Ning Chen,a Kun Zhengde and Konrad Świerczekde

A cost-effective doping strategy was developed to enhance the oxygen permeability and structural stability

of BaFeO3�d. We demonstrated that the alkaline earth metal element Ca, which is usually considered an A-

site dopant for perovskite oxides, can be successfully introduced into the B-site of BaFeO3�d. The cubic

perovskite structure of BaFe1�xCaxO3�d was stabilized down to room temperature for the Ca-doping

concentration range from 5 to 15 at%. First principles calculations not only proved the preference of Ca

at the B-site with lower defect formation energies than the A-site, but also demonstrated that the

migration of the oxygens located greater distances from the Ca position is characterized by lower barrier

energies than those in the Ca vicinity and even lower than that for the undoped BaFeO3�d. We found

that these favourable, low energy barrier paths away from the Ca sites exert more pronounced effects

on the oxygen migration at diluted dopant concentrations, and hence, the material with x ¼ 0.05 level of

substitution shows a higher oxygen permeability with a lower activation energy compared to the

undoped or highly-doped BaFeO3�d. The BaFe0.95Ca0.05O3�d membrane is characterized by a high

oxygen permeability of 1.30 mL cm�2 min�1 at 950 �C and good long-term stability at 800/900 �C, as
obtained over 200 h. Therefore, the feasibility and applicability of Ca-doping at the B-site of the

perovskite can be highlighted, which allows for the enhancement of the oxygen migration ability,

originating from the appropriate tuning of the lattice structure.
1 Introduction

Oxygen plays a critical role in the industrial sector, and the
oxygen market has experienced ever-increasing demand
because clean energy technologies and chemical process oper-
ations, such as oxy-fuel combustion, partial oxidation of
methane (POM), smelt manufacturing, and medical treatment,
require tonnage quantities of oxygen as a feed. This makes
oxygen separation an important large-scale technology.1–4

Currently, the most commonly used commercial method for
oxygen production, cryogenic distillation, requires a very low
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temperature (approximately �185 �C) and a high pressure,
making it relatively inefficient and expensive.1 To address these
issues, ceramic membrane separation technology, which is
based on mixed ionic–electronic conductors (MIEC), has
attracted extensive attention. The method offers a viable alter-
native for the reduction of the energy penalty and construction
costs, at least by 35%, compared to traditional, cryogenic
distillation-type air separation.5 MIEC membranes can also be
used for POM processes, oxygen-fuel combustion, as well as
ammonia synthesis, and can be integrated into one reactor,
having high selectivity and conversion efficiency and also
enabling a simplied production procedure.6,7 Therefore, it is
indeed a promising technology, as documented since 1980s in
a large number of reported scientic works and patents. It also
proved to be feasible in a large-scale application by several
institutions, including Fraunhofer Institute for Ceramic Tech-
nologies and Systems, in which a highly-reliable oxygen
production device based onMIEC was shown to steadily operate
for at least 2500 h.8

A dense ceramic oxygen-permeable membrane was rstly
reported by Teraoka et al. on a MIEC-type perovskite oxide with
La1�xSrxCo1�yFeyO3�d composition in the 1980s.9 With an
increasing oxygen vacancy concentration and a decreasing
average bond strength upon introduction of Sr and Co at A- and
J. Mater. Chem. A, 2017, 5, 7999–8009 | 7999
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B-sites, respectively, the oxygen permeability was found to
increase and reach the highest ux value of 3.1 mL cm�2 min�1

for SrCo0.8Fe0.2O3�d material at 850 �C. These results have
attracted considerable attention to cobalt-based perovskite-type
oxygen ionic transport membranes during the past decades.
Recent investigations on mixed-conducting oxide materials and
membranes with various A/B-site compositions have shown that
Ba0.5Sr0.5Co0.8Fe0.2O3�d and BaCo0.7Fe0.2Nb0.1O3�d oxides are
the most promising candidates, on an account of their high
oxygen permeability, which takes advantage of the fact that the
A-site is occupied by large Ba2+ cations.10,11 However, these
cobalt-based materials always suffer from a structural insta-
bility and a corresponding oxygen permeability degradation
during long term operation, which have been ascribed as orig-
inating from the reduction of cobalt ions under the low oxygen
partial pressure atmospheres at elevated temperatures.12–14

Furthermore, the high price of cobalt is another factor that may
limit the widespread application of such cobalt-based
membranes. Therefore, development of cobalt-free materials
for MIEC membrane applications seems very important.

Already a large number of cobalt-free membranes have been
developed to improve the reduction resistance, such as BaFe1�x-
CexO3�d, Ba0.5Sr0.5Fe0.8Zn0.2O3�d, La1�xSrxCr1�yFeyO3�d.15–17

Considering the oxygen permeability in conjunction with the
stability in the reducing atmosphere, BaFeO3�d is believed to be
one of the most promising cobalt-free MIECs. The merits of
BaFeO3�d are strongly associated with the presence of Fe at the B-
site, which has a higher B–O bond strength, as well as a full
occupation of the A-site by Ba cations, allowing it to sufficiently
expand the lattice structure, which is benecial for oxygen
migration.18–22 However, since the Shannon radii-based tolerance
factor (t) is higher than 1, which is a result of a large mismatch
between the size of the A- and B-site cations, BaFeO3�d has been
found to maintain the oxygen vacancy-disordered, cubic perov-
skite structure only at temperatures higher than 825 �C. At lower
temperatures, a phase transformation from cubic to a low
symmetry structure occurs and is accompanied by a large volume
change, as well as a seriously declined oxygen permeability.18,22

In order to stabilize the cubic structure of BaFeO3�d down to
lower temperatures, various dopants have been introduced to
either the A-site or B-site, such as at the A-site: La, Ca, Sm and at
the B-site: Ce, La, Y, Cu, Ni, Zr, Ta, In, Gd, Nb.18–29 For tuning the
lattice structure to cubic, A-site dopants are always chosen to be
smaller than Ba cations, while B-site dopants are selected to be
larger than Fe cations, according to the required decrease of the
tolerance factor (t).30 For the two doping strategies, the B-site
doping with larger cations is more preferred because the
expanded lattice is benecial for oxygen ion diffusion, which is
in contrast to the A-site doping with smaller cations than
Ba.20,22,28 Most of the promising candidates for the B-site
dopants are rare earth elements because of their common
moderate valence (+3), relatively large ionic radius, and strong
reduction resistance in comparison to the transition metal
elements, which lead to a high oxygen vacancy concentration,
stable perovskite cubic structure and good structural stability,
respectively.22,28 Despite the advantages of the rare earth
dopants, the higher bond strength between such metals and
8000 | J. Mater. Chem. A, 2017, 5, 7999–8009
oxygen anions, compared to that of the Fe–O bond, is unfav-
ourable for oxygen migration in the lattice. It also should be
mentioned that the high price and scarce resources of rare earth
metals may seriously restrict applications of such MIECs in
industrial, large-scale applications.

Herein, we report for the rst time a novel BaFeO3�d-based
perovskite, doped with the cheap and abundant alkaline earth
metal Ca2+ at the B-site. Usually, Ca2+ is regarded as an A-site
dopant because of its similar properties with respect to Ba,
being in the same main group of the periodic table. However,
considering the much smaller ionic radius of Ca2+, similar in
the BO6 octahedron to the rare earth elements, it appears to be
a very promising potential B-site dopant for tuning the lattice
structure of BaFeO3�d. The advantages of Ca2+ include its low
valence state (+2) and a relatively weak Ca–O bond strength
compared with the rare earth element–oxygen bonds, and it
would endow the host BaFeO3�d material with a high oxygen
vacancy concentration and a low oxygen migration energy. As
a result, a high oxygen permeation ux through such designed
membranes can be expected. In this article, the effects of Ca-
doping on the lattice structure, oxygen nonstoichiometry, elec-
trical conductivity, oxygen surface exchange and bulk diffusion,
oxygen permeability and long term stability were systematically
investigated. First principles calculations were also conducted
to explore the location preference of Ca atoms and to under-
stand the oxygen migration behaviour in the materials. The
experimental results conrm the anticipated superior oxygen
permeability of doped BaFe1�xCaxO3�d for a low-level doping
degree, which stems from a complex inuence of Ca on the
crystal structure, oxygen nonstoichiometry and transport
properties. Abundant resources and the low price of all the
elements as well as the recorded excellent performance of
BaFe1�xCaxO3�d make the elaborated membrane materials very
competitive for practical industry applications.

2 Experimental
2.1 Materials preparation

BaFe1�xCaxO3�d (0 # x # 0.15) oxides were prepared via an
ethylenediamine tetraacetic acid (EDTA)–citric acid combustion
method as described previously.28 The stoichiometric raw
materials of Ba(NO3)2 (AR, Sinopharm), Fe(NO3)3 9H2O (AR,
Sinopharm), and Ca(NO3)2$4H2O (AR, Sinopharm) were dis-
solved in distilled water with the addition of several drops of
nitric acid (65–68%, AR, Sinopharm) to obtain a clear metal
nitrate solution. Thereaer, the EDTA and citric acid were
added into the solution at a molar ratio of 1 : 1.5 : 1 with respect
to the total amount of metal ions. The pH value was adjusted to
8 with ammonia (28.0–30.0%, AR, Sinopharm). Aer being
heated to evaporate the water in a bath at 80 �C, the solution
turned to a transparent gel, which was then pre-red at 250 �C
and calcined at 850 �C in air for 6 h to get the oxide powder
precursors. The obtained powders were thoroughly ground in
a mortar with the addition of several drops of 1 wt% PVA and
then pressed into disks (F � 19 mm, thickness of 1–2 mm) and
bars (2 � 7.5 � 42 mm3) under a uniaxial pressure of 300 MPa
followed by sintering in air at 1200 �C for 4 h. The sintered,
This journal is © The Royal Society of Chemistry 2017
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dense disks were polished to a proper thickness for oxygen
permeation studies.
2.2 Materials characterization

The phase composition and crystal structure of the synthesized
samples were examined by powder X-ray diffraction (XRD) using
a D/teX Ultra diffractometer (Ultima IV, Rigaku Co., Japan).
Measurements were conducted with Cu Ka radiation (l ¼
1.5406 Å) in the 10–100� range. High-temperature XRD studies
were performed in air up to 900 �C on a Panalytical Empyrean
diffractometer equipped with an Anton Paar 1200N oven-
chamber and PIXcel3D detector. The temperature program
was set to 10 �C min�1 heating and cooling rates, and XRD data
were collected in the 10–110� range at each temperature with an
interval of 100 �C. Aer an equilibration at the desired
temperature for 5 min, the scan lasted around 50 minutes. The
Rietveld method was applied to rene the recorded XRD
patterns using the General Structure Analysis System (GSAS)
with some complementary tests done using EXPO soware.31–33

The microstructure and element distribution on the surface
of the sintered membranes (x ¼ 0.05 and 0.15) were analysed by
scanning electron microscopy (SEM) and energy-dispersive X-
ray spectroscopy (EDXS) using a LEO-1450 scanning electron
microscope equipped with a spectrometer (Noran System 7,
Thermo Scientic, USA) at excitation voltages of 20 kV for SEM
and EDXS analyses. The electron probe microanalysis (EPMA,
JEOL, JXA-8100) was also conducted to analyse the chemical
composition of the sintered membranes (x ¼ 0.05 and 0.15). X-
ray photoelectron spectroscopy (XPS) data were obtained using
a Thermo ESCALAB 250X (USA) electron spectrometer with
a 150 W Al Ka X-ray source.

The temperature-dependent weight of the BaFe1�xCaxO3�d (x
¼ 0.025, 0.05 and 0.15) samples was characterized by ther-
mogravimetric analysis (TG) on a TA Instruments Q5000 IR
(USA) apparatus in air or argon with a ow rate of 100 mLmin�1

from 25 to 900 �C. According to the TG results and the initial
oxygen nonstoichiometry, d0, which was evaluated with iodo-
metric titration method,34 the oxygen nonstoichiometry dt at
high temperatures was calculated using eqn (1),

dt ¼ d0 þ ðm0 �mtÞ � ðM � 15:9994d0Þ
15:9994m0

(1)

where m0 is the initial weight, mt is the weight at a particular
temperature point, and M is the molar mass of the respective
BaFe1�xCaxO3 with stoichiometric oxygen content.

The electrical conductivity of the considered materials was
measured by a four-terminal DC method in air from 200 �C to
900 �C. The chemical bulk diffusion coefficient (Dchem) and
surface exchange coefficient (kchem) were determined with the
electrical conductivity relaxation (ECR) method. Before
measurements, a dense sinter with bar shape was placed in
a furnace and tested at temperatures between 650 �C and 850 �C
with an interval of 50 �C. The material was supplied with a 10
vol% O2/N2 gas mixture at a constant ow of 200 mL min�1 for
about 1 h to reach the steady-state. By abruptly switching the
atmosphere from 10 vol% to 20 vol% O2/N2 gas mixture, the
This journal is © The Royal Society of Chemistry 2017
electrical conductivity changed due to the variation of the
oxygen partial pressure, and the dependence on time was
recorded by a four-terminal DC method using a high-precision
digital multimeter (Keithley 2100). Then, the oxygen ion diffu-
sion and surface exchange coefficients were obtained by tting
the recorded electrical conductivity relaxation curves based on
Fick's second law.35–37
2.3 Oxygen permeation measurement

The oxygen permeation properties of the prepared BaFe1�x-
CaxO3�d membranes were measured utilizing gas chromatog-
raphy and a vertical, high-temperature oxygen permeation
apparatus described in previous work.28 Aer being polished,
the as-prepared BaFe1�xCaxO3�d membranes were sealed on
a quartz tube by a silver ring with an effective inner circular area
of 1.28 cm2. Compressed air was applied to sweep one side of
the membrane as the feed gas with a ow rate of 120 mL min�1

[STP]. On the other side of the membrane, high purity helium
(>99.999%) was introduced into the quartz tube as a carrier gas
with a ow rate of 60 mL min�1 [STP]. Gas ow rates were
monitored by a mass-ow meter (Sevenstar, DC-07, China). The
outlet gas, a mixture of helium and permeated oxygen, was then
injected into the gas chromatograph with a TCD detector (GC,
SP2100, China). In the present work, no nitrogen leaks were
detected, conrming that the membranes were well-sealed and
gas-tight. The oxygen permeation ux was calculated using eqn
(2),

JO2

�
mL cm�2 min�1

�
¼ CO2

1� CO2

� F

S
(2)

where CO2
stands for the measured oxygen concentration in the

outlet gas on the sweep side, F is the ow rate of the helium, and
S is the effective circular area of the membranes.
2.4 First principles calculation

In order to understand the Ca-doping effect on oxygen ion
transport properties, the oxygenmigration barrier energies were
calculated utilizing CASTEP (Cambridge Serial Total Energy
Package) code,38,39 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 PBE scheme was
employed.40,41 The cut-off energy of the plane waves was 400 eV,
and the atomic coordinates of the simulated structures were
optimized by an iterative process using the Broyden–Fletcher–
Goldfarb–Shanno (BFGS) algorithm to minimize the energy
with respect to the atomic positions.42 The tolerance for self-
consistence was set at 5 � 10�6 eV per atom for total energy,
0.01 eV Å�1 for force, 0.02 GPa for maximum stress, and 5 �
10�4 Å for the maximum displacement. The Brillouin zone
integrations were approximated using a special 3 � 3 � 3 k-
point sampling scheme of Monkhorst–Pack for the unit cell.43

The valence electronic congurations were taken as O-2s22p4,
Fe-3d64s2, Ca-3s23p64s2 and Ba-5s25p66s2 for the ground-state
electronic structure calculations. A spin polarization calcula-
tion was adopted, and the formal spin was used as the initial
J. Mater. Chem. A, 2017, 5, 7999–8009 | 8001
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one. Aer the successful geometry optimization on defective
supercells of the starting and ending congurations, the linear
synchronous transit/quadratic synchronous transit (LST/QST)
were used to calculate the oxygen transition barrier energies.44
3 Results and discussion

The phase composition and crystal structure of the as-sintered
BaFe1�xCaxO3�d samples (x ¼ 0.025–0.15) were characterized
through room temperature XRD examinations as presented in
Fig. 1, and the data was analysed by applying the Rietveld
method (Fig. S1†). The structural parameters derived from the
renements are listed in Table S1.† It was found that the phase
composition of a sample with x ¼ 0.025 can be approximated as
a mixed dual phase with triclinic distorted perovskite and cubic
perovskite and presents obvious superstructure-related peaks
(Fig. S1a†).45,46Data for samples with higher doping content, x¼
0.05–0.15, can be rened well with the cubic structure, and no
other impurity phase was observed up to the resolution and
sensitivity of the XRD method (Fig. S1b–d†). The tted lattice
parameters, as listed in Table S1,† were found to increase with
the Ca content. This coincided with the shi of the 110 reex
position, as shown in the enlarged XRD patterns of Fig. 1b, and
conrms the successful substitution of the larger Ca cations
(r(Ca2+)¼ 1 Å at 6-fold coordination) for Fe ions (r(Fe3+)¼ 0.645/
0.55 (HS/LS) Å, r(Fe4+) ¼ 0.585 Å at 6-fold coordination) with the
expanded unit cell volume.47 While the presence of Ca cations at
the B-site in various perovskite oxides was already shown,48,49

this is to our knowledge, the rst report on such doping in
BaFeO3�d. In order to provide strong evidence supporting this
effect, additional independent techniques were utilized,
including rst principles calculations, as discussed below.

For further exploration of the location preference of Ca in the
cubic perovskite BaFeO3�d oxide, rst principles calculations
Fig. 1 XRD patterns of BaFe1�xCaxO3�d samples (x¼ 0.025–0.15) after
sintering in air at 1200 �C for 4 h.

8002 | J. Mater. Chem. A, 2017, 5, 7999–8009
were employed to identify the energy cost of substitutional
defect formation for doping of Ca at A- or B-sites. The defect
formation energies (Eform) were calculated using the following
eqn (3),

Eform ¼ Edefect � Ehost + mhost � mdope (3)

where Edefect and Ehost are the energies of the defective and
perfect crystal structure, respectively, and mhost and mdope are the
chemical potentials of the host atoms and the dopant atoms,
respectively.50,51 The 2 � 2 � 2 cubic perovskite supercell of
Ba8Fe8O23 with one oxygen vacancy was regarded as the host,
and one Ca atom was introduced into the supercell to replace
one A-site Ba atom or one B-site Fe atom. Such replacement was
considered at different relative locations with respect to the
oxygen vacancy. Thus, the investigated defective supercells were
denoted as A-site: Ba7CaFe8O23-1, Ba7CaFe8O23-2, and B-site:
Ba8Fe7CaO23-1, Ba8Fe7CaO23-2, Ba8Fe7CaO23-3, according to
the increasing distance between the Ca defect and the oxygen
vacancy, as illustrated in Fig. S2.† As can be seen in Table 1, Ca
defects substituting for B-site (Fe) in all three assumptions
exhibit lower formation energies than in the two cases of
substitution for the A-site (Ba) atoms. It can be therefore stated
that from an energetic point of view, the Ca-doping at the B-site
is more favourable.

Besides, to further conrm the distribution of Ca in the
samples, distribution of the elements was studied by EPMA and
EDXS methods for compounds with x ¼ 0.05 and 0.15. Both
results (Tables S2 and S3†) indicate that the combined molar
fraction of Fe and Ca is similar to that of Ba. With an increase of
the Ca-doping content to 0.15, the molar fraction of Ca increases
to three times that of the x ¼ 0.05 sample, which follows the
designed cation ratios in thematerials. Moreover, the symmetric
nature of the Ca 2p XPS spectrum, as shown in Fig. S3d,†
demonstrates only one kind of chemical environment of Ca,
which is most likely in the perovskite phase. In addition, the
membranes show dense microstructures (Fig. 2a and e), and the
EDXS mapping analysis (Fig. 2) reveals a homogeneous distri-
bution of Ba, Ca and Fe elements, with no phase segregation
detected up to the resolution of the method. Considering that
some secondary phase should emerge if the Ca dopant would
occupy the A-site rather than the B-site, the above results with
a combination of structural chemical analysis and rst princi-
ples calculations, as well as additional studies (e.g. attempt to
synthesize Ba0.85Ca0.15FeO3�d, Fig. S4†), provide strong support
to Ca-doping at the B-site of the BaFe1�xCaxO3�d lattice.
Table 1 Calculated E(CaBa) and E(CaFe) for Ba8Fe8O23 supercell.
Ba8Fe8O23-1, Ba8Fe8O23-2 and Ba8Fe8O23-3 denote different possi-
bilities of Ca and the oxygen vacancy location in the corresponding
host supercells and are listed according to the increasing distance
between the defects

Ba8Fe8O23-1 Ba8Fe8O23-2 Ba8Fe8O23-3

E(CaBa)/eV 1.19 1.00 —
E(CaFe)/eV 0.81 0.10 0.41

This journal is © The Royal Society of Chemistry 2017
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Fig. 2 Microstructure of BaFe1�xCaxO3�d membranes with x ¼ 0.05
(a–d) and 0.15 (e–h) sintered at 1200 �C for 4 h: (a and e) SEM
micrographs, (b–d, f–h) EDXS elemental distribution of Ba, Ca and Fe
in panel (a and e).

Fig. 3 In situ XRD patterns of BaFe1�xCaxO3�d samples with x ¼ 0.025
(a) and x ¼ 0.05 (b) collected from high to room temperature.
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In order to assess the phase stability of BaFe1�xCaxO3�d

materials at high temperatures, in situ XRDmeasurements were
conducted on powder samples with x ¼ 0.025, 0.05 and 0.15
under an air atmosphere in a cooling process within the
temperature range from 900 �C to room temperature. The
representative results are presented with the corresponding
PDF standard cards of the related structures in Fig. 3. A phase
transition for BaFe0.975Ca0.025O3�d material from high-
temperature cubic to triclinic perovskite symmetry was found
to occur below 600 �C, as shown in Fig. 3a. A single phase cubic
perovskite phase for samples with x¼ 0.05 and 0.15 (Fig. 3b and
S5†) is maintained throughout the whole temperature range,
and no phase transition could be evidenced. The XRD patterns
of both materials were rened using the Rietveld method by
assuming the presence of Ca at the A-site or B-site, respectively.
Better results (smallest residues) were obtained if Ca was placed
at the Fe site (Table S4†). These results also support previous
ndings that the Ca dopant is substituting the Fe, rather than
the barium site.

The lattice parameters of the two cubic samples (x¼ 0.05 and
0.15) were calculated based on the Rietveld renement of the in
This journal is © The Royal Society of Chemistry 2017
situ XRD results (Fig. 3b and S5†), and the results are plotted in
Fig. S6.† The values increase with temperature, and the depen-
dence appears to be accelerated when the temperature is higher
than 400 �C. This is associated with the so called chemical
expansion known to appear for such MIEC-type materials. The
effect adds to the basic thermal expansion and originates from
the release of the lattice oxygen, causing repulsion of two of the
B-site cations in the immediate vicinity of a generated oxygen
vacancy, as well as an associated increase in the Fe radius with
reduced valence.52 By applying the linear tting to the
temperature-dependent lattice parameter data in low (25–300
�C) and high (600–900 �C) temperature ranges, the linear
expansion coefficients (TEC) could be obtained as 17.8 � 10�6

and 29.0� 10�6 K�1 for x¼ 0.05 sample, and as 14.9� 10�6 and
38.8� 10�6 K�1 for x¼ 0.15material (shown in inset of Fig. S6†),
respectively. Such results are comparable with other reported
BaFeO3�d-based materials.19,53 Apparently, Ca-doping decreases
the TECs in the low temperature range, while it exerts an
opposite effect at the high temperature range. The decreased
TEC at low temperatures is most likely due to a decrease in the
oxygen deciency with Ca-doping, as is presented in Fig. 4. Such
inuence is expected to decrease the anharmonicity of atomic
vibrations.54 On the other hand, the increased TECs in the high
temperature range mostly result from larger changes of the
oxygen deciency with Ca-doping between 600 and 900 �C, as
J. Mater. Chem. A, 2017, 5, 7999–8009 | 8003
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Fig. 4 TG results (a) and temperature dependent oxygen non-
stoichiometry (b) of BaFe1�xCaxO3�d powder samples with x ¼ 0.025,
0.05 and 0.015 in synthetic air; flow of air: 100 mL min�1, heating/
cooling rate: 10 �C min�1.
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evidenced in the TG results (Fig. 4). The impact of Ca-doping on
the thermal reducibility of BaFe1�xCaxO3�d was further analysed
by TG (Fig. 4a). It should bementioned that since there are some
adsorbates being adsorbed on the material's surface, all samples
exhibited a weight loss below 300 �C at the rst heating process
(Fig. S7†).27 During the following cycles, this kind of extrinsic
weight change was eliminated, and thus, data from the second
thermal cycle could be taken into consideration for oxygen
nonstoichiometry calculations (Fig. 4b). The weight of the
samples with x ¼ 0.05 and 0.15 starts to decrease from �300 �C,
which is ascribed to the thermal reduction of Fe ions and the
corresponding release of lattice oxygen. This is in agreement
with the previously mentioned variation of the temperature-
dependent lattice parameter plots (Fig. S6†). It is worth to
mention that there is an unusual weight loss and recovery in the
middle temperature range for the sample with x ¼ 0.025, which
might be related to the structural transition (Fig. 3a) or possibly
to some other transformation related to the electric or magnetic
properties of the material. While this phenomenon was also
observed in repeated studies, further tests are needed to eluci-
date its nature.
8004 | J. Mater. Chem. A, 2017, 5, 7999–8009
Combining the TG results with the room temperature
oxygen nonstoichiometry obtained by an iodometric titration
technique, the oxygen vacancy concentrations at higher
temperatures were calculated and plotted in Fig. 4b. The values
were found to decrease with the increasing Ca-doping content
(Table S5†), while the calculated average valence of Fe increases,
suggesting a charge compensation mechanism by varying the B-
site element valence, rather than generating more oxygen
vacancies. The defects produced by the acceptor-type Ca-doping
in BaFeO3�d can be expressed by eqn (4)–(6):

2CaOþ 2Fe�Fe þ
1

2
O2 ��������!BaFeO3�d

2Ca0Fe þ Fe2O3 þ 2hc (4)

1

2
O2 þ Vcc

O �������!BaFeO3�d
O�

O þ 2hc (5)

Fe�Fe þ hc ��������!BaFeO3�d
FecFe (6)

Such acceptor doping induces the generation of electronic
holes for charge compensation (eqn (4)), while the stronger Ca–
O bond, compared to the Fe–O bond, causes the decrease of the
concentration of the oxygen vacancies, but a concomitant
increase in the amount of the electronic holes (eqn (5)). Those
electronic holes can be expressed as the increase of the valence
of Fe cations (eqn (6)). Such a charge compensation mechanism
might be associated with the reduced lattice distortion by
substitution of larger Ca and doping for Fe cations, which
makes Fe ions not necessarily increase their radius by reduction
of the valence, and therefore, for mitigating lattice distortion.

The Ca-doping also has impacts on the electronic transport
performance of BaFe1�xCaxO3�d. The temperature dependence
of the electrical conductivity of BaFe1�xCaxO3�d in the Arrhe-
nius plot is shown in Fig. 5. For most of theMIECs, the electrical
conductivity mostly comes from the electronic component,
since its magnitude is usually at least one or two orders larger
than that of ionic conductivity.23 In the corresponding Arrhe-
nius coordinates, the electronic conductivity increases linearly
with the increase of the temperature in a lower temperature
range, indicating a Zener double-exchange mechanism via
B–O–B bonds. At higher temperatures, the electronic conduc-
tivity deviates from the former linear trend, showing a fast
decrease. This is associated with the lattice oxygen release at
those temperatures, which would cause a partial annihilation of
the electrical holes, and thus, decrease the concentration of the
p-type charge carriers, as described by eqn (7).

2FecFe þO�
O 4 2Fe�Fe þ Vcc

O þ 1

2
O2 (7)

In addition, increasing the oxygen vacancy concentration
breaks the B–O–B charge transfer, as the oxygen is needed for
the double exchange mechanism to occur.52 Furthermore, Fig. 5
also reveals that the substitution of redox-inactive Ca cations for
Fe at the B-site decreases the electronic conductivity, even
though the Ca substitution leads to a higher average valence of
Fe (Table S5†). This can be understood considering that Ca-
This journal is © The Royal Society of Chemistry 2017
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Fig. 5 Temperature dependence of electrical conductivity of
BaFe1�xCaxO3�d (x ¼ 0.025, 0.05, 0.10 and 0.015) samples in air,
represented as an Arrhenius-type plot.

Fig. 6 ECR plots of BaFe1�xCaxO3�d (x ¼ 0.025–0.15) at 800 �C after
a sudden change of oxygen partial pressure from 0.1 to 0.2 atm (a);
temperature dependence of Dchem (b) and kchem (c). Note: only high-
temperature data of (c) were used to calculate Ea.
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doping also severs the B–O–B conduction path, with the
inability of Ca 3d orbitals to connect with the O 2p states, which
leads to breaking the conduction network.

The oxygen bulk diffusion coefficients (Dchem) and surface
exchange coefficients (kchem) of the BaFe1�xCaxO3�d materials
with x ¼ 0.025–0.15 were measured by ECR method in the
temperature range of 650–850 �C. Fig. 6a shows the typical ECR
curves for the BaFe1�xCaxO3�d dense samples being collected
aer a sudden change of the oxygen partial pressure from 0.1 to
0.2 atm at 800 �C. Based on ECR theory,35–37 the oxygen bulk
diffusion coefficients (Dchem) and surface exchange coefficients
(kchem) of the tested materials were calculated by tting the ECR
data. Both of the coefficients were found to decrease with the
Ca-doping content, as shown in Fig. 6b and c. The calculated
activation energies, extracted from the corresponding Arrhenius
plots of the temperature dependence of Dchem and kchem, exhibit
the lowest value for the x ¼ 0.025 sample, and increase with the
Ca-doping content, implying that the oxygen bulk migration
and surface oxygen exchange process are hindered by intro-
ducing more Ca cations into the B-sites. The lower activation
energy of kchem than Dchem is probable due to the high activity of
the oxygen reduction reaction of BaFeO3�d based materials,55

which is also found in some other similar perovskite-type MIEC
materials.56 Nevertheless, it is worth mentioning that the x ¼
0.025 sample exhibits a very fast oxygen bulk diffusion and
surface exchange kinetics, with the coefficients of 1.21 � 10�4

cm2 s�1 and 3.97 � 10�3 cm s�1 at 700 �C, respectively, which is
among the highest level of many advanced perovskite
MIECs.36,53

In order to advance the understanding of the Ca-doping
effect on oxygen migration behaviour, rst principles calcula-
tions were applied to elucidate the oxygen vacancy transport
energy through different routes in the crystal lattice, in which
a Ca atom was incorporated into a 2 � 2 � 2 BaFeO3 supercell
by substituting one Fe atom. The BaFeO3 pristine cell was also
constructed for comparison (Fig. 7a). It shows only one
This journal is © The Royal Society of Chemistry 2017
equivalent oxygen vacancy migration path in the lattice, of
which the corresponding oxygen migration energy is 0.91 eV.28

In the Ca-doped lattice, the coordination environment of the
oxygen vacancy is obviously diversied. There are three possible
sites for oxygen vacancies: nearest, second nearest and third
nearest neighbours to the Ca dopant. They are donated as VO1,
VO2 and VO3, respectively, and depicted in Fig. 7b, which are
J. Mater. Chem. A, 2017, 5, 7999–8009 | 8005
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Fig. 7 First principles calculations models of (a) Ba8Fe8O24 and (b) Ba8Fe7CaO24. (c) Potential energy diagram for oxygen vacancy migration
through different routes in Ba8Fe7CaO24. The VO1, VO2 and VO3 are denoted as different possible sites for oxygen vacancy occupation.

Table 2 Oxygen ion migration barrier energies for different transport
paths in the Ba8Fe7CaO24 supercell

Migration barrier energy [eV]

VO1 VO2 VO3

VO1 1.82 0.89
VO2 0.19 0.49 0.36
V 0.66 0.50
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equivalent to the CaFe models of Ba8Fe7CaO23-1, Ba8Fe7CaO23-2,
Ba8Fe7CaO23-3 in Fig. S2.† Those models, at rst, were sepa-
rately optimized in terms of geometry, which was successfully
done with the energy reaching the respective minimums. It was
found that the state with the oxygen vacancy at the VO1 position
possesses the highest potential energy compared to the other
two states, as shown in Fig. 7c, implying an unstable state for
the location in the vicinity of the Ca2+ cations. The other two
sites are more favourable for the presence of the oxygen
vacancies. This nding could also be rationalized by ameasured
decrease of the oxygen vacancy concentration with the
increasing Ca-doping content, as previously outlined in Fig. 4b.

From a geometry point of view, there are ve primitive
oxygen migration paths between the three kinds of oxygen
vacancies and neighbouring oxygen atoms, as shown in Fig. 7c.
The individual oxygen migration energy for different paths is
calculated and listed in Table 2. Among the ve paths, the
largest value of the migration barrier energy (1.82 eV) occurs
when the oxygen anions migrate along the path closest to the Ca
cations, which might be correlated with a high basicity of
calcium and may limit the removal of oxygen anions with high
acidity. The increase in the activation energy of Dchem, as
mentioned in Fig. 6b, can be attributed to the increased
proportion of high barrier energy paths with a higher Ca-doping
content. Nevertheless, the barrier energies along other migra-
tion paths exhibit much lower values than that in pristine
BaFeO3�d (0.91 eV). Since the lattice structure is expanded by
8006 | J. Mater. Chem. A, 2017, 5, 7999–8009
doping the larger Ca cations, the barrier energies of the other
migration paths, away from Ca, could probably be decreased by
crossing the bottleneck of Ba–Fe–Ba in the cubic perovskite
lattice. Thus, considering the coexistence of both promoted and
impeded oxygen migration paths, there should be an optimal
Ca-doping content, at which the cubic structure can be main-
tained under a minimized restriction on the oxygen ion
migration.

The oxygen permeation uxes of the BaFe1�xCaxO3�d

membranes (x ¼ 0–0.15) with a 1.0 mm thickness were
measured at temperatures between 800 and 950 �C using pure
He as the sweep gas (Fig. 8a). For all doped membranes,
a linearly increasing trend of the oxygen permeability with
temperature was observed, indicating a thermal activation
process of the oxygen permeation. At the same time, the oxygen
permeation ux of the pristine BaFeO3�d membrane exhibits
a very low value at low temperatures and an abrupt increase
O3

This journal is © The Royal Society of Chemistry 2017
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Fig. 8 (a) Temperature dependent oxygen permeation fluxes of
BaFe1�xCaxO3�d with 1.0 mm thickness (Fair ¼ 120 mL min�1, FHe ¼ 60
mL min�1); (b) variation of the calculated activation energies and
oxygen permeation fluxes at 900 �C upon doping content.

Fig. 9 Long term stability of BaFe0.95Ca0.05O3�d membrane with 0.6
mm thickness for 100 h at either 900 or 800 �C.
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around �825 �C. This is ascribed to the phase transition of
BaFeO3�d from the oxygen vacancy ordered hexagonal structure
to the disordered cubic perovskite structure.34 Because as evi-
denced in Fig. 3a, the phase transition temperature of the x ¼
0.025 sample is decreased by B-site substitution to�600 �C, and
in the range of 800–950 �C, the membrane shows a gradual
increase in the oxygen permeation ux. However, this
membrane with x ¼ 0.025 doping content delivers the highest
oxygen permeability of 1.39 mL cm�2 min�1 at 950 �C, which is
considerably high for the cobalt-free membrane. Due to the
increased activation energy of the oxygen bulk diffusion
(Fig. 6b) and the reduced oxygen vacancy concentration (Table
S5†), a further increase in the Ca-doping level leads to a gradual
decrease in the oxygen permeability.

The activation energies of the oxygen permeability of the x ¼
0–0.15 samples were also calculated from the corresponding
Arrhenius-type temperature dependent oxygen permeation
plots according to the Wagner equation.22,25 The obtained
dependence of the activation energies and the oxygen perme-
ability at 900 �C on Ca-doping content is depicted in Fig. 8b. In
contrast to the changes of the oxygen permeability, the opposite
behaviour can be seen for the activation energy of the oxygen
This journal is © The Royal Society of Chemistry 2017
permeation, which markedly decreases rst and then increases
gradually with the Ca-doping content. Compared with pure
BaFeO3�d, the lower activation energy of the slightly doped
samples x ¼ 0.025 and 0.05 can be ascribed to the expanded
lattice structure, caused by the large-size Ca substitution and
the resulting favourable transport paths away from the Ca
position, as discussed in the section for the rst principles
calculations (Fig. 7). However, with a further increase in the
doping content, the growing proportion of the high-barrier
paths around the Ca positions outweighs the positive effect of
other low energy barrier paths and leads to the increase of the
activation energy. Thus, slight doping (x ¼ 0.025, 0.05) is
benecial to maximize the advantages of the low barrier paths,
and in consideration for the effective stabilization of the cubic
perovskite structure in the whole temperature range of 25 to
950 �C, the x ¼ 0.05 dopant level is preferred as the most suit-
able one. It should be mentioned that the apparent activation
energy of the oxygen permeation for the x ¼ 0.05 membrane
(0.34 eV) is lower than that of the Dchem (0.92 eV). The incon-
sistency is likely coming from the different testing methods
with non-identical conditions.57,58 This effect was also shown in
other works.53,59,60

The long-term stability of the x ¼ 0.05 membrane with 0.6
mm thickness was then examined at 800/900 �C under a He/Air
gradient. The oxygen permeability is stable for 200 h with no
obvious deterioration, as shown in Fig. 9, indicating the excel-
lent structural stability of the BaFe0.95Ca0.05O3�d material. The
tested x ¼ 0.05 membrane was also subjected to XRD exami-
nation to evaluate its surface structure change aer long-term
operation, and there were no impurity phases observed, apart
from the original cubic perovskite phase, as shown in Fig. S8.†
In contrast to the easy reduction and decomposition of cobalt-
based perovskite membranes in a low partial pressure atmo-
sphere,12–14 the Ca-doped cobalt-free BaFe0.95Ca0.05O3�d

membrane displays a high structural stability with good long
term operational reliability. These results strongly suggest that
Ca-doped BaFeO3�d is a promising oxygen permeation
J. Mater. Chem. A, 2017, 5, 7999–8009 | 8007
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membrane material, taking into account its excellent perfor-
mance and cheap and abundant material resources.

The resistance of oxygen permeable membranes against low
oxygen partial pressure reduction and CO2 erosion is of great
importance in practical industrial applications. The chemical
and structural stability of the BaFe1�xCaxO3�d membranes with
x ¼ 0.05 and 0.15 was evaluated by treating the fresh
membranes in 5 vol% H2/Ar and in 2 vol% CO2/N2 at 800 �C for
8 h, respectively. The surface phase structure and morphology
of the treated membranes were studied by XRD and SEM
examinations. For samples treated in 5 vol%H2/Ar, even though
the surfaces of both the membranes changed and some segre-
gates are exsolved, as shown in Fig. S9a and b,† the surface
impurities are undetectable, and the main phase structure is
maintained (Fig. S10†), demonstrating that the surface damage
is not so severe. It can be stated that the BaFe1�xCaxO3�d

materials have a good chemical and structural stability in
reducing atmospheres. Furthermore, the SEM images indicate
that Ca-doping mitigates the phase segregation and enhances
the structural stability of materials. When treated in a CO2-
containing atmosphere (2 vol% CO2/N2), some remarkable
changes on the surface structure were observed. XRD analysis
reveals precipitation of BaCO3 and BaFe2O4 impurity phases
(Fig. S10†), while SEM observation shows an emergence of large
segregates on the membrane surface (Fig. S9c and d†), indi-
cating the weaker resistance towards CO2 erosion compared to
H2 reduction. Nevertheless, the respective XRD peak intensities
of the secondary phases decreased remarkably with the
increasing Ca-doping level, suggesting that the B-site Ca-doping
enhances the tolerance of BaFe1�xCaxO3�d towards CO2.

4 Conclusions

Cheap and abundant calcium was successfully introduced into
the B-site of BaFe1�xCaxO3�d materials to stabilize the cubic
perovskite structure to room temperature and provide disor-
dered oxygen vacancies and three-dimensional isotropic oxygen
transport paths. The Ca preferred to locate at the B-site of cubic
perovskite BaFeO3�dwith lower Ca defect formation energies, as
documented by rst principles calculations and other con-
ducted studies. With increasing the Ca-doping content, the
phase transition temperature of the sample with x ¼ 0.025
decreased from �825 �C to �600 �C, and a fully stable cubic
perovskite phase can be achieved for samples with a higher
dopant content of x ¼ 0.05–0.15. The charge compensation of
Ca substituting for Fe is achieved by generation of the electronic
holes, but not oxygen vacancies. The Ca substitution for Fe
decreases the electrical conductivity of BaFe1�xCaxO3�d, due to
the presence of redox-inactive Ca cations in the B–O–B
conduction paths, impeding the Zener double-exchange
process. The ECR measurements reveal that although Ca-
doping causes the increase in activation energy for both
oxygen ion migration and surface oxygen exchange kinetics, the
sample with x ¼ 0.025 exhibits values of the oxygen ion bulk
diffusion coefficient and surface exchange coefficient the
highest among the reported works. First principles calculations
also demonstrate that the Ca dopant limits the mobility of its
8008 | J. Mater. Chem. A, 2017, 5, 7999–8009
nearest oxygens, but it promotes the second- and third-nearest
oxygens to move. Therefore, two opposite effects induced by
such doping are expected, and there is an optimum composi-
tion, at which the negative effect is minimized. In this work, the
sample x¼ 0.025 shows the lowest oxygen migration energy and
the highest oxygen permeability (1.39 mL cm�2 min�1 at 950
�C), while, the x ¼ 0.05 sample, with a totally stabilized cubic
perovskite structure still shows a much lower oxygen migration
energy and higher oxygen permeability (1.30 mL cm�2 min�1 at
950 �C) compared to the pristine BaFeO3�d in its cubic state at
high temperatures. Meanwhile, the 5 at% Ca-doped BaFeO3�d

exhibits much more stable oxygen permeability at 800/900 �C
for 200 h with no degradation, suggesting BaFe0.95Ca0.05O3�d

perovskite oxide is a promising oxygen separation membrane
material. The Ca-doped membranes exhibit good reduction
resistance at high temperatures, and Ca-doping improves the
resistance towards CO2 erosion. These nding offers a much
deeper understanding of the individual oxygen ion migration
behaviour in the doped lattice and provide valuable guidelines
for the chemistry design of high performance MIECs.
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