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A cobalt-free perovskite-type mixed ionic and electronic conductor (MIEC) is of technological and

economic importance in many energy-related applications. In this work, a new group of Fe-based

perovskite MIECs with BaFe1�xGdxO3�d (0.025 # x # 0.20) compositions was developed for application

in oxygen permeation membranes. Slight Gd doping (x ¼ 0.025) can stabilize the cubic structure of the

BaFe1�xGdxO3�d perovskite. The Gd substitution of BaFe1�xGdxO3�d materials increases the structural

and chemical stability in the atmosphere containing CO2 and H2O, and decreases the thermal expansion

coefficient. The BaFe0.975Gd0.025O3�d membrane exhibits fast oxygen surface exchange kinetics and

a high bulk diffusion coefficient, and achieves a high oxygen permeation flux of 1.37 mL cm�2 min�1 for

a 1 mm thick membrane at 950 �C under an air/He oxygen gradient, and can maintain stability at 900 �C
for 100 h. Compared to the pristine BaFeO3�d and the well-studied Ba0.95La0.05FeO3�d membranes,

a lower oxygen permeation activation energy and higher oxygen permeability are obtained for the 2.5

at% Gd-doped material, which might be attributed to the expanded lattice by doping large Gd3+ cations

and a limited negative effect from the strong Gd–O bond. A combination study of first principles

calculation and experimental measurements was further conducted to advance the understanding of Gd

effects on the oxygen migration behavior in BaFe1�xGdxO3�d. These findings are expected to provide

guidelines for material design of high performance MIECs.
1. Introduction

Oxygen, as one of the most popular resources and worldwide
produced chemicals, plays a very crucial role in many elds of
human economic and biological activities, such as high effi-
ciency energy-saving technology, smelt manufacturing, chem-
ical industries, waste disposal, aircra, submarines and
medical treatment.1–5 With the rapid spread and deep devel-
opment of oxygen-related applications, the gas separation
industry is facing ever-increasing demands on oxygen supply.
However, due to the high energy consumption and production
costs, cryogenic air separation technology, as the most popular
method being employed in the present oxygen production
process, leads to numerous challenges and great stress for the
ng, University of Science and Technology

ao@ustb.edu.cn; Fax: +86 10 82376837;

nergy Materials and Technologies, Beijing

gy, University of Science and Technology

of Energy and Fuels, AGH University of

30, 30-059 Krakow, Poland

tion (ESI) available. See DOI:

454–10466
industrial community.6,7 Additionally, on account of the envi-
ronmental pollution and energy exhaustion crisis becoming
more severe, searching for alternatives to reduce the costs and
environmental impacts is becoming increasingly urgent.
Therefore, dense ceramic oxygen separation membrane tech-
nology attracts great attention as a promising alternative for
oxygen production due to the outstanding features including
simple processing, continuous operation on separation, innite
selectivity, high permeability, and particularly, combination
with some chemical reactions to reduce costs and improve
efficiency.8,9 And it is encouraging that this technology has
already been exemplied by the Fraunhofer Institute for
Ceramic Technologies and Systems.10

Mixed ionic and electronic conductors (MIECs) are the best
candidates for application in dense ceramic oxygen permeation
membranes. The oxygen molecules obtain electrons and are
reduced to oxygen ions on the high oxygen partial pressure side
of the membrane surface, which then migrate through the
membrane to the other side driven by the oxygen partial pres-
sure gradient. Aer bulk diffusion, the lattice oxygen will be
released to the atmosphere on the oxygen-poor side, leaving
electrons inside the material, which then travel in the opposite
direction to replenish the electron depletion in the oxygen
reduction reaction. For practical application of ceramic
membranes in gas separation, many determinants, such as
This journal is © The Royal Society of Chemistry 2016
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oxygen permeability, operation stability, and material costs,
should be taken into consideration for acquiring feasible and
prospective separator construction.7

During the past decades, many kinds of MIECmaterials have
been developed, and their structure and properties were
extensively investigated. Among them, oxygen-decient perov-
skite-type oxides with the formula ABO3�d are always illustrated
to be optimal materials for oxygen permeation membranes due
to their high oxygen vacancy concentration and isotropic oxygen
ionic migration paths. The A-site cations are mostly alkaline
earth metal elements or lanthanides (Ba, Sr, La, Pr, etc.),11–14 and
the B-site cations are always some transition metal elements
such as Co, Fe, Mn, Cu, Cr and Ce.15–20 Many perovskite-type
materials for oxygen permeation are modied at either the A-
site or B-site. The two perovskites of Ba0.5Sr0.5Co0.8Fe0.2O3�d

(BSCF) and BaCo0.7Fe0.2Nb0.1O3�d with outstanding oxygen
permeability seem to be exemplied as the most promising
candidates for oxygen separation.21,22 Both of them have Ba2+

occupying at the A-site, of which the lattice structure substan-
tially takes advantages of the large radius and low valence,
leading to a big lattice volume and high oxygen vacancy
concentration. For the B-site, a high concentration of cobalt
ions occupies the center of BO6 octahedra, resulting in high
overlap between the 3d orbital of cobalt ions and 2p orbital of O
ions, which provides a fast electron hopping route along B–O–B
bonds.23 The weak Co–O bond energy is also favourable for
oxygen vacancy migration. However, the phase decomposition
of Co-based perovskite membranes, associated with the easy
reduction of cobalt ions under a reducing atmosphere at high
temperatures, always causes membrane structure deterioration
and oxygen permeability degradation.24–26 Since the instability
of cobalt-based perovskite materials seriously inhibits their
practical applications, scientists have been trying to modify
these materials by substituting cobalt with some anti-reduction
metal ions with high valency, such as Nb, Zr, Ta and Mo.22,27,28

However, this approach still cannot completely solve the
structural instability problem.

To address this issue, many kinds of cobalt-free perovskite-
type materials were developed. BaFeO3�d-based materials are
proven to be promising alternatives because of the strong anti-
reduction ability of iron ions, which have aroused increasing
interest in the past few years.29–32 However, from a structural
point of view, the A-site Ba2+ ion is too large to match the B-site
Fe3/4+ ion to form a cubic perovskite structure, and thus phase
transformations from the cubic structure to some other phases,
such as hexagonal, rhombohedral and tetragonal structures,
always take place at temperatures below �850 �C. Lattice
doping is an effective way to dismiss the mismatch between A-
site and B-site cations for stabilizing the cubic structure.
Regarding the BaFeO3 material, there are two possible doping
options: either substituting the A-site element with smaller
cations, such as Sr, Gd and La,16,33,34 or replacing the B-site
element with bigger ones, such as Zr, La, Nb, Y, In and
Ce.30–32,35,36 In contrast to decreasing the unit cell volume of the
cubic lattice by applying the rst option, the partial substitution
of the B-site with larger dopants would be a better choice,
because it can expand the unit cell volume and thus provide
This journal is © The Royal Society of Chemistry 2016
more space for oxygen migration. Additionally, it is much more
feasible to substitute cations with a lower valence (2+/3+) for
Fe3/4+ cations at the B-site than doping monovalent cations at
the A-site of BaFeO3�d to introduce more oxygen vacancies into
the lattice, according to the charge balance principle.

In this work, Gd was selected to partially substitute for Fe in
consideration of its large ionic radius (Gd3+(VI) ¼ 0.938 Å) and
stable trivalent oxidation state, which would be benecial for
stabilizing the cubic perovskite structure and increasing the
oxygen vacancy concentration. With the partial substitution of
Gd for Fe at the B-site of BaFe1�xGdxO3�d, the crystal structure,
thermal reduction behavior, oxygen vacancy concentration,
electrical conductivity, oxygen permeability and chemical
stability would be actually changed. These physicochemical
characteristics are systematically investigated to evaluate the
feasibility and prospective of Gd-doped BaFeO3�d as an oxygen
separation membrane.
2. Experimental
2.1 Materials preparation

BaFe1�xGdxO3�d (0 # x # 0.20) oxides were prepared via an
ethylenediamine tetraacetic acid (EDTA)–citric acid combustion
method as described previously.37,38 The stoichiometric raw
materials of Ba(NO3)2 (AR, Sinopharm), Fe(NO3)3$9H2O (AR,
Sinopharm), and Gd2O3 (AR, Sinopharm) were dissolved in
distilled water with the addition of several drops of nitric acid
(65–68%, AR, Sinopharm) to obtain a clear metal nitrate solu-
tion. Thereaer, EDTA and citric acid were added into the
solution at a molar ratio of 1 : 1.5 : 1 to the total number of
metal ions. The pH value was adjusted to 8 with ammonia (28.0–
30.0%, AR, Sinopharm). Aer being heated to evaporate 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 oxide powder precursors. The obtained powders were
thoroughly ground in a mortar adding 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 uniaxial pressure of
300 MPa followed by sintering in air at 1200 �C for 4 h. The
sintered disks were polished to a proper thickness for oxygen
permeation studies. The Ba0.95La0.05FeO3�d membrane was re-
ported to perform with a high oxygen permeability recently,34

and was prepared with the same method and under identical
conditions for comparison with the designed BaFe1�xGdxO3�d.
2.2 Materials characterization

The phase composition and crystal structure of the synthesized
samples were examined by powder X-ray diffraction (XRD) using
a Rigaku D/max-A diffractometer. Measurements were con-
ducted with Cu Ka1 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 with 10 �Cmin�1 heating and
cooling rates, and XRD data were collected in the 10–110� range
at each temperature with an interval of 100 �C. Aer
J. Mater. Chem. A, 2016, 4, 10454–10466 | 10455
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equilibration at the desired temperature for 5 min, the scan
lasts around 50 min. The Rietveld method was applied to rene
the recorded XRD patterns using a General Structure Analysis
System (GSAS) with the EXPGUI graphical user interface.39,40

The temperature-dependent weight of the BaFe1�xGdxO3�d

(x ¼ 0.025, 0.05 and 0.15) samples was characterized by ther-
mogravimetric analysis (TGA) on Netzsch STA 449 apparatus in
air or argon (Ar) with a ow rate of 60 mL min�1 from 25 to 850
�C. According to the TGA results and the initial oxygen non-
stoichiometry d0, which was evaluated with the iodometric
titration method,41 the oxygen non-stoichiometry dt at high
temperatures was calculated using eqn (1):

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

(1)

wherem0 is the initial weight andmt is the weight at a particular
temperature point, andM is the molar mass of BaFe1�xGdxO3 (x
¼ 0.025, 0.05 and 0.15) with a stoichiometric oxygen content.

In order to evaluate the chemical stability of the materials in
atmospheres containing H2O and CO2, the membranes with
different doping contents were heat-treated in a furnace at 900
�C for 10 h under 10 vol% CO2/N2 and 7.5 vol% H2O/N2 atmo-
spheres, respectively. The surface structure and morphology of
these heat-treated membranes were examined to evaluate the
chemical stability by XRD and scanning electron microscopy
(SEM, LEO-1450), respectively.

The electrical conductivity of the considered materials was
measured by the four-terminal DC method in air from 200 to
900 �C. The chemical bulk diffusion coefficient (Dchem) and
surface exchange coefficient (kchem) were determined with the
electrical conductivity relaxation (ECR) method. Before
measuring, the densied bar was placed in a furnace at each
temperature with an interval of 50 �C between 650 to 850 �C and
supplied with a 10 vol% O2/N2 gas mixture at a constant ux of
200 mL min�1 for about 1 h to reach a steady state. By abruptly
switching the atmosphere from 10 vol% to 20 vol% O2/N2 gas,
the electrical conductivity would be changed due to the varied
oxygen partial pressure, of which the dependence on time was
recorded by the four-terminal DC method using a high preci-
sion digital multimeter (Keithley 2100). Then the oxygen ion
diffusion and surface exchange coefficients can be obtained by
tting the electrical conductivity relaxation curves based on
Fick's second law.42,43
2.3 Oxygen permeation measurement

The oxygen permeation properties of the considered BaFe1�x-
GdxO3�d membranes were measured by the gas chromatog-
raphy method using a vertical high temperature oxygen
permeation apparatus described in previous work.44,45 Aer
being polished, the as-prepared BaFe1�xGdxO3�d membranes,
with a thickness of 0.5–1.2 mm, 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
10456 | J. Mater. Chem. A, 2016, 4, 10454–10466
of 60 mL min�1 (STP). The 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,
conrming 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 helium, and S is
the effective inner circular area of the membranes.
2.4 First principles calculation

In order to understand the Gd doping effect on the oxygen ion
transport properties, the oxygenmigration barrier energies were
calculated through CASTEP (Cambridge Serial Total Energy
Package) code,46,47 which is based on the density functional
theory (DFT) and plane-wave pseudo-potential (PWP) method.
For the exchange–correlation potential in the generalized
gradient approximation (GGA), the Perdew–Wang 91 (PW91)
scheme was employed.48 The cut-off energy of the plane-waves
was chosen as 400 eV, and the atomic coordinates of the
simulated structures were optimized by an iterative process
using the Broyden–Fletcher–Goldfarb–Shanno (BFGS) algo-
rithm,49 in order to minimize the energy with respect to the
atomic positions. Tolerance for self-consistence was set at 5 �
10�6 eV per atom for the 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 approxi-
mated using the special 3 � 3 � 3 k-point sampling scheme of
Monkhorst–Pack for the unit cell.50 The valence electronic
congurations were taken as O 2s22p4, Fe 3d64s2, Gd
4f75s25p65d16s2 and Ba 5s25p66s2, for the ground state elec-
tronic structure calculations. The spin polarization calculation
was adopted, and the formal spin was used as the initial one.
Aer successful geometry optimization on defective supercells
of the starting and ending conguration, the linear synchro-
nous transit/quadratic synchronous transit (LST/QST) was used
to calculate the oxygen transition barrier energies.51
3. Results and discussion
3.1 Crystal structure

The crystal structure of the BaFe1�xGdxO3�d (x ¼ 0.025–0.20)
membranes aer being densied was examined by XRD
measurements and the results are presented in Fig. 1. The
major detected reections of sample x¼ 0.025 can be indexed to
the cubic perovskite structure, however, there is always a weak
shoulder peak appearing to the right of them, indicating the
existence of other phases. As a consequence of the big
mismatch between the A/B-site cations (Ba and Fe), it is obvious
that slight Gd doping cannot completely release the lattice
distortion, resulting in the x ¼ 0.025 sample having a set of
complicated diffraction peaks. Rietveld renement was
This journal is © The Royal Society of Chemistry 2016
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Fig. 2 Structure refinement of the BaFe0.975Gd0.025O3�d sample
before high temperature XRD at 25 �C.
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performed on the XRD pattern (Fig. 2) and the results reveal that
the sample x ¼ 0.025 can be well indexed to a dual-phase
composite with space groups Pm�3m and P4mm. The tted
structural parameters of the cubic and tetragonal phases are
listed in Table 1. The P4mm phase shows an octahedral tilting of
a00a

0
0c

0
+,52 which is very close to that of a cubic perovskite struc-

ture Pm�3m, suggesting that the lattice distortion is partially
accommodated by doping 2.5 at% big Gd3+ at the B-site.

When the Gd doping level further increases to x ¼ 0.05, the
cubic perovskite structure is successfully stabilized at room
temperature. The samples with x up to 0.15 show a single
perfect cubic structure without any impurities. Some weak
impurity reections, however, are observed for the x ¼ 0.20
sample on the le of the Miller index (110) of the cubic perov-
skite phase, as displayed in the magnied section of Fig. 1(a),
which can be assigned to the GdBa3Fe2O7.6 phase (PDF: 48-
0776). It is demonstrated that the solid solution limit of Gd in
BaFe1�xGdxO3�d is below 0.20 in the present experimental
conditions. All of the XRD peaks shi gradually to a low degree
angle with increasing the doping level from x ¼ 0.05 to 0.15, as
shown in Fig. 1(b) for the enlarged range 27–33�, conrming the
incorporation of bigger Gd3+ cations into the B-site of the
BaFeO3�d sublattice.

The phase structure evolution of sample x ¼ 0.025 was
further evaluated by high temperature XRD measurement with
a 10 �C min�1 heating/cooling rate. As shown in Fig. 3, the
impurity reections of the P4mm phase come to disappear
gradually and merge into the peaks of the cubic perovskite
Pm�3m phase when the temperature reaches 300 �C. The phase
transformation temperature is notably decreased with Gd
doping compared to the pristine BaFeO3�dmaterial.53 The cubic
perovskite structure of sample x ¼ 0.025 stays stable within the
temperature range of oxygen permeation operation. During the
cooling process, the sample maintains its high temperature-
Fig. 1 XRD patterns for the as-prepared BaFe1�xGdxO3�d (x ¼ 0.025–
0.20) materials.

This journal is © The Royal Society of Chemistry 2016
type cubic structure down to room temperature, different from
its initial tetragonal state. This phenomenon is also observed in
other reported work54 and is possibly related with the thermal
treatment history of the samples. The membrane x¼ 0.025 aer
experiencing the oxygen permeation test at 900 �C also keeps
a cubic structure (ESI Fig. S1†), which is consistent with the
consecutive high temperature XRD results.

With Rietveld renement, the lattice parameters of different
BaFe1�xGdxO3�d samples (x ¼ 0.025–0.20) are obtained and
plotted in Fig. 4. In the case of sample x ¼ 0.025, the data are
derived from the cooling process to 25 �C (Fig. 3). A linear rela-
tionship could be sketched between x ¼ 0.025 and 0.15, demon-
strating that the change of the lattice parameters follows Vegard's
rule.55 This is another indication that the Gd ions are successfully
introduced into the lattice structure. For sample x ¼ 0.20, there is
an offset from the preceding linear relationship, which results
from the actual lower Gd content in the lattice due to the co-exis-
tence of a Gd-enriched secondary phase GdBa3Fe2O7.6 (Fig. 1(a)).

3.2 Temperature dependence of lattice parameters

To understand the lattice expansion behavior with temperature,
the lattice parameters of the BaFe0.975Gd0.025O3�d and
Table 1 Refined structural parameters of BaFe0.975Gd0.025O3�d.
P4mm phase with a ¼ 4.0033(4) Å and c ¼ 4.0157(6) Å, and Pm�3m
phase with a ¼ 4.0725(2) Å. Rwp ¼ 3.14%, Rp ¼ 2.31%, and c2 ¼ 2.037

Atom Site x y z Occupancy

P4mm Ba 1a 0 0 0 1
Fe 1b 0.5 0.5 0.498(14) 0.975
Gd 1b 0.5 0.5 0.498(14) 0.025
O1 1b 0.5 0.5 0.083(9) 1
O2 2c 0.5 0 0.554(9) 1

Pm�3m Ba 1a 0 0 0 1
Fe 1b 0.5 0.5 0.5 0.975
Gd 1b 0.5 0.5 0.5 0.025
O 3c 0 0.5 0.5 1

J. Mater. Chem. A, 2016, 4, 10454–10466 | 10457
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Fig. 3 High temperature XRD patterns of the BaFe0.975Gd0.025O3�d

sample.

Fig. 4 Lattice parameters of the BaFe1�xGdxO3�d samples (x¼ 0.025–
0.20) as a function of Gd content.

Fig. 5 Temperature dependence of lattice parameters of the
BaFe0.975Gd0.025O3�d and BaFe0.95Gd0.05O3�d samples.

Table 2 Fitted TEC values of samples BaFe0.975Gd0.025O3�d and
BaFe0.95Gd0.05O3�d in different temperature ranges

x

TEC (10�6 K�1)

25–300 �C 600–900 �C

0.025 14.4 29.7
0.05 13.5 28.8

Fig. 6 Weight changes of BaFe0.975Gd0.025O3�d in air and Ar atmo-
sphere for 3 thermal cycles.
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BaFe0.95Gd0.05O3�d samples at different temperatures were
rened based on the high temperature XRD results during the
cooling process. As presented in Fig. 5, both of them proceed in
ascending order with increasing temperature and have
a turning at about 400 �C. The thermal expansion coefficient
(TEC) of each sample can be derived by tting the lattice
parameter plots in different temperature ranges. The calculated
TEC values are summarized in Table 2, which are comparable
with similar materials reported in the literature under the same
testing conditions.15,54 The TEC values in the high temperature
range (600–900 �C) are always larger than these in the low
temperature range for both samples. The abrupt increase of the
TEC around 500 �C is a common phenomenon for most mixed
ionic and electronic conductors (MIECs).53,54 It is ascribed to the
lattice oxygen release at high temperature,15,31 which generates
more oxygen vacancies and causes electrostatic repulsion
between two neighbour B-site cations. Meanwhile, the lattice
10458 | J. Mater. Chem. A, 2016, 4, 10454–10466
oxygen loss will induce the valence decrease of Fe ions as the
charge compensation, resulting in an ionic radius increase.30

Both of them are responsible for the increase in the TEC values.
Fortunately, Gd doping decreases the TEC values of BaFeO3-
basedmaterials, as shown in Table 2, probably due to the strong
Gd–O bond and thus suppresses oxygen release as conrmed by
the following TGA test (Section 3.3). Additionally, it is worth
noting that the TECs obtained from the HT-XRD results based
This journal is © The Royal Society of Chemistry 2016
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Fig. 7 (a) Weight and (b) oxygen non-stoichiometry changes of
samples x ¼ 0.025, 0.05, and 0.15 with temperature.

Table 3 Oxygen non-stoichiometry and average valence of Fe in the
studied BaFe1�xGdxO3�d (x ¼ 0.025, 0.05 and 0.15) at different
temperatures. Dd and D�N are the differences of corresponding values
between 25 �C and 850 �C. d at 25 �C is determined by iodometric
titration and the values at high temperature are derived from TGA
curves

x

Oxygen non-stoichiometry (d) Average valence of Fe (�N)

25 �C 800 �C 850 �C Dd 25 �C 800 �C 850 �C D�N

0.025 0.34 0.54 0.55 0.21 3.33 2.92 2.90 0.43
0.05 0.33 0.52 0.52 0.19 3.36 2.96 2.96 0.40
0.15 0.33 0.49 0.49 0.16 3.40 3.02 3.02 0.38

Fig. 8 (a) ECR response curves of BaFe0.975Gd0.025O3�d after a sudden
change of oxygen partial pressure from 0.1 to 0.2 atm in the
temperature range of 650–850 �C, and (b) the temperature depen-
dence of the fitted Dchem and kchem.

Fig. 9 Temperature dependence of electronic conductivities of
sample BaFe1�xGdxO3�d (x ¼ 0.025–0.15) in air.
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on the calculation of lattice parameters would be larger than the
test values of the densied samples by the thermal dilatometer,
because of no buffer of the subsistent holes.
3.3 Thermogravimetric analysis and oxygen non-
stoichiometric measurement

To further elucidate the thermal-induced oxygen release
process, the weight change of sample x ¼ 0.025 was examined
This journal is © The Royal Society of Chemistry 2016
under air and Ar atmospheres for three cycles. As shown in
Fig. 6, the weight rstly decreases with temperature in air before
350 �C, and then reaches a brief stabilization, which is followed
by continuous weight loss until to 850 �C. With the decreasing
J. Mater. Chem. A, 2016, 4, 10454–10466 | 10459
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Fig. 10 Temperature dependence of oxygen permeation fluxes of
samples BaFe1�xGdxO3�d (x ¼ 0–0.15) and Ba0.95La0.05FeO3�d (a), and
the corresponding Arrhenius plots (b).

Fig. 11 Comparison of calculated oxygen permeation energies
between the BaFe1�xGdxO3�d (x ¼ 0–0.15) and Ba0.95La0.05FeO3�d

membranes.

Fig. 12 Possible oxygen ion transport paths in a Ba8Fe7GdO24

supercell.

Table 4 Calculated oxygen ion migration barrier energies for different
transport paths in a Ba8Fe7GdO24 supercell

Migration barrier energy (eV)

VO1 VO2 VO3

O1 1.62 0.99
O2 0.17 0.51 0.35
O3 0.78 0.49

Fig. 13 Oxygen permeation flux of the BaFe0.975Gd0.025O3�d

membranes with different thicknesses.

10460 | J. Mater. Chem. A, 2016, 4, 10454–10466
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temperature, the weight of the sample is slowly restored from
the lowest point and gets to a long platform from about 350 �C
down to room temperature. The weight loss in the low
temperature range cannot be regained with cycling in air, while
that occurring in the high temperature range is restored. The
initial irreversible weight loss at low temperatures is ascribed to
various surface adsorbates such as CO2 and H2O during sample
storage.56 Aer that, the sample was applied for another two
This journal is © The Royal Society of Chemistry 2016
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Fig. 14 Long term oxygen permeation performance of the
BaFe0.975Gd0.025O3�d membrane with 0.6 mm thickness at 900 �C.

Fig. 15 Surface XRD patterns of the BaFe1�xGdxO3�d membranes with
x¼ 0.025, 0.05 and 0.15membranes treated (a) in 10 vol% CO2/N2 and
(b) in 7.5 vol% H2O/N2 at 900 �C for 10 h.

This journal is © The Royal Society of Chemistry 2016
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thermal cycles in air followed by three more thermal cycles in
high purity Ar gas. A very good reversibility of weight change was
observed for the thermal cycles in air. The weight of the sample
stays unchanged before 350 �C because all adsorbates have been
removed during the rst cycle in air. With a further rising
temperature, the sample has a weight loss starting at the same
temperature (350 �C), which is coincident with the inection
point of the lattice parameter change upon temperature (Fig. 5).
By switching to Ar atmosphere with a much lower oxygen partial
pressure, the weight loss process is sped up and intensied
compared to the cycle in air, and the sample weight quickly
becomes stable. Additionally, during cooling from high
temperature, the weight remains fairly stable and stays
unchanged even down to room temperature, which is because
of the extremely low oxygen concentration in Ar atmosphere. It
is reasonable to conclude that the weight loss/regain at about
350 �C is related to the oxygen release/uptake, which is
consistent with the aggravated thermal expansion at around 400
�C (Fig. 5). It should be mentioned that aer the rst heating
processes in either atmosphere, the sample presented
completely reversible weight changes during thermal cycling,
implying that the sample has excellent structural stability.

The lattice oxygen release would not only cause thermal
expansion, but also exerts effects on the material structural
stability by changing the oxygen vacancy concentration. TGA
measurements were performed on samples x ¼ 0.025, 0.05 and
0.15 in air to investigate the impacts of Gd doping on these
characteristics. In order to exclude the inuence of surface
adsorption, the weight changes during the cooling process were
taken into consideration. The results are shown in Fig. 7(a).
With the increase of Gd content, the lattice oxygen release
process is signicantly decreased, which is benecial for
improving the structural stability and decreasing the thermal
expansion coefficients.

By employing the iodometric titration technique, the initial
oxygen non-stoichiometric values of the investigated samples
were determined (Table 3), which show almost the same values
at room temperature. The calculated average valency of Fe ions
for each sample indicates that the Gd substitution for Fe cations
is charge compensated by increasing the B-site valence rather
than the oxygen vacancy generation. With the weight change
data shown in Fig. 7(a) and the initial oxygen non-stoichiometry
listed in Table 3, the change of oxygen non-stoichiometry at
high temperatures can be calculated according to eqn (1) as
presented in Fig. 7(b). Fewer oxygen vacancies are generated
during the thermal reduction process with doping more Gd3+

ions. From a defect chemistry point of view, Gd3+ doping is
expected to increase the oxygen vacancy concentration consid-
ering its lower valence compared to the average valence of
Fe3+/4+ ions. The decreased oxygen vacancy concentration
most likely results from the stronger bond strength of Gd–O
(719 kJ mol�1) than Fe–O (390.4 kJ mol�1),57 which exerts strong
attraction on oxygen anions and limits the lattice oxygen
release. The slight substitution of Gd (x ¼ 0.025) gives a high
oxygen non-stoichiometry of d ¼ 0.54 at 850 �C and therefore is
expected to show high oxygen permeability.
J. Mater. Chem. A, 2016, 4, 10454–10466 | 10461
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Fig. 16 Surface morphology of the BaFe1�xGdxO3�d membranes with x ¼ 0.025 (a–c) and 0.15 (d–f) membranes under different heat treatment
conditions. Conditions: (a and d) fresh membranes for comparison, (b and e) in 10 vol% CO2/N2 at 900 �C for 10 h, and (c and f) in 7.5 vol% H2O/
N2 at 900 �C for 10 h.
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3.4 Oxygen ion bulk diffusion and surface exchange

Besides the oxygen vacancy concentration, the oxygen ion
diffusion and surface exchange kinetics are two other crucial
factors that affect the oxygen permeability of ceramic
membranes. The oxygen bulk diffusion coefficient (Dchem) and
surface exchange coefficient (kchem) were determined by the
ECR method. The measured ECR response curves of the dense
sample BaFe0.975Gd0.025O3�d and the temperature dependence
of the tted Dchem and kchem from 650 to 850 �C are depicted in
Fig. 8. Both parameters increase with temperature, indicating
the thermal activation feature of these two processes. The
derived activation energies for oxygen ion migration and the
surface oxygen exchange process are 0.42� 0.04 and 0.89� 0.05
eV, respectively. Dchem and kchem at 800 �C are 3.06 � 10�4 cm2

s�1 and 8.33� 10�3 cm s�1, which are comparable with those of
some advanced perovskite materials, such as SrCo1�xScxO3�d

and BSCF,58,59 indicating the favourable oxygen diffusivity and
surface catalytic activity of the B-site 2.5 at%Gd-dopedmaterial.
The good kinetics performance is closely related to the stabi-
lized cubic perovskite structure, expanded lattice and high
oxygen vacancy concentration, which are preferred for
achieving good oxygen permeability.
3.5 Electrical conductivity

The electronic and oxygen ionic conductivities are two essential
core properties that provide the basis for oxygen permeation in
MIEC membranes. For most perovskite-type MIEC materials,
the electronic conductivity is always much higher than the
oxygen ionic conductivity.31 Thus, the electrical conductivities
of the BaFe1�xGdxO3�d (x ¼ 0.025–0.15) samples in air tested by
four-terminal DC measurements can be approximately
10462 | J. Mater. Chem. A, 2016, 4, 10454–10466
considered as the electronic conductivity alone. As shown in
Fig. 9, the electronic conductivities increase with temperature
and follow a linear relationship in Arrhenius plots between 200
and 600 �C, implying that the small polarons take a conductive
role via B–O–B transmission paths with respect to a mechanism
known as the Zener double exchange.23 Aer reaching the
highest point, the electrical conductivities begin to decrease
due to the release of lattice oxygen, as certied by the high
temperature XRD and TGA measurements, which is caused by
the annihilation of electron holes and the generation of oxygen
vacancies. With increasing the Gd doping level, the electronic
conductivities decrease because of the enhanced obstruction of
the xed valence dopant (Gd3+) in B–O–B conduction paths for
the Zener double exchange mechanism. The activation energies
for electron conduction, tted from the linear Arrhenius plots,
increase with increasing Gd doping, as shown in the inset table
of Fig. 9. This is attributed to the interference of Gd3+ ions in the
B–O–B hopping route and the growing length of the B–O bond
resulting from lattice expansion upon Gd substitution.

3.6 Oxygen permeation ux

The oxygen permeation ux was tested on well densied pellets
with 1 mm thickness under conditions of 60/120 mL min�1 He/
air from 800 to 950 �C. The oxygen permeation uxes of the Gd-
doped membranes increase with temperature gradually, as
shown in Fig. 10(a). For the series of samples BaFe1�xGdxO3�d (x
¼ 0.025–0.15), the oxygen permeability decreases with Gd
doping and presents the highest value of 1.37 mL cm�2 min�1

for the x ¼ 0.025 membrane at 950 �C. This should be closely
related with the content of oxygen vacancy concentration, as
shown in Table 3. With respect to the pristine BaFeO3�d

membrane, it exhibits a very low permeability at 800 �C but
This journal is © The Royal Society of Chemistry 2016
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shows a sudden increasing trend in 800–850 �C, which should
be on account of phase transformation from a hexagonal
structure character with low oxygen ionic conductivity to the
cubic perovskite structure with high ionic conductivity. The
BaFeO3�d membrane delivers oxygen permeation uxes aer
850 �C higher than samples x ¼ 0.05–0.15 while still lower than
that of the x ¼ 0.025 sample. Meanwhile, the good performing
Ba0.95La0.05FeO3�d membrane was also prepared in our labora-
tory in order to make a comparison with the investigated Gd-
doped materials.34 As depicted in Fig. 10(a), the oxygen
permeability of the Ba0.95La0.05FeO3�dmembrane is comparable
with that of BaFe0.95Gd0.05O3�d, but obviously lower than that of
BaFe0.975Gd0.025O3�d.

To gain insight into the Gd doping effect on oxygen migra-
tion inside the membranes, the corresponding Arrhenius plots
are derived and illustrated in Fig. 10(b). The good linear regu-
larities of these data demonstrate that a single mechanism
controls the oxygen permeation in these conditions. Since the
membrane thickness (1 mm) in the oxygen permeation experi-
ments is larger than the calculated characteristic thickness (Lc
¼ Dchem/kchem) of 0.37 and 0.44 mm from ECRmeasurements at
800 and 850 �C, the limiting step for oxygen permeation should
be the oxygen migration process. Thus, the calculated oxygen
permeation activation energies by tting the corresponding
Arrhenius plots (Fig. 10) should correspond to the oxygen bulk
diffusion process as shown in Fig. 11. It has to be mentioned
that the discrepancy in activation energy derived from the
oxygen permeation with that from Dchem for the x ¼ 0.025
sample may be explained by the highly different oxygen gradi-
ents of the oxygen potentials in the two methods.60–63

As shown in Fig. 11, the oxygen permeation activation energy
is decreased by the substitution of 2.5 at% Gd for Fe, but tends
to increase gradually from 0.31 to 0.55 eV once the content of
the stabilizing cubic perovskite structure is reached. It seems to
be coincide with the increasing average bond strength of the
material upon Gd concentration, which is unfavourable for
oxygen migration. Interestingly, the oxygen permeation activa-
tion energy of sample x ¼ 0.025 is lower than that of BaFeO3�d

(Ea ¼ 0.40 eV) and even the good performing Ba0.95La0.05FeO3�d

(Ea ¼ 0.49 eV) with excellent oxygen permeability. A similar
effect of large B-site ions on the oxygen permeation activation
energy can be found in the published works of Ce- and Y-doped
BaFeO3�d materials.20,32

In contrast to the smaller ion substitution at the A-site for
stabilizing the cubic perovskite structure, the B-site substitution
of Fe3+/4+ ions by larger ions would expand the crystal structure
with increasing the lattice free volume and critical radius.30,64

Considering the migration of oxygen in the lattice, both
parameters are closely associated with the oxygen migration
barrier energy, because the values of them represent how much
space and how large a saddle point the structure can offer for
oxygen migration. Therefore, the oxygen permeability of the B-
site Gd3+-doped membrane would have great advantages of the
large lattice free volume and big critical radius in contrast to the
Ba0.95La0.05FeO3�d membrane. The calculated oxygen perme-
ation activation energies conrm that the 5 at% La-doped
material does really have a higher oxygen permeation energy
This journal is © The Royal Society of Chemistry 2016
than the Gd-dopedmaterial (x¼ 0.025–0.10), and even than that
of the pristine BaFeO3�d one. The decreased activation energy of
oxygen permeation of the B-site Gd-doped materials would be
favourable for oxygen permeability, especially for these x ¼
0.025 and 0.05 membranes. However, more Gd doping may
deteriorate the oxygen permeability, such as in the x ¼ 0.10 and
0.15 membranes. In this case, some other factors, such as the
stronger bond strength of Gd–O and the decreased oxygen
vacancy concentration would transcend the promotion on
oxygen migration by expanding the lattice and be detrimental
for the oxygen permeability.

3.7 First principles calculation

First principles computation was applied to calculate the
oxygen migration barrier energies in both doped and pristine
BaFeO3 lattices with the aim of elucidating the effects of Gd
doping on oxygen ion migration. A 2 � 2 � 2 supercell of Ba8-
Fe7GdO24 with substituting one Gd for an Fe atom was built, as
shown in Fig. 12. For comparison, a 2 � 2 � 2 supercell for
a pristine BaFeO3 lattice was also constructed. Instead of there
being only one kind of oxygen anion/vacancy occupation
circumstance in the pristine BaFeO3 lattice, those anions/
vacancies in Ba8Fe7GdO24 supercells can be classied into three
kinds of categories depending on the different octahedral
coordination environments, which can be denoted as O1/VO1,
O2/VO2 and O3/VO3 according to the distance from Gd cations,
respectively. The possible oxygen ion transport paths between
different kinds of oxygen anions and vacancies in Ba8Fe7GdO24

are illustrated in Fig. 12, and the corresponding migration
barrier energies are calculated and listed in Table 4.

The two highest barrier energy values come from the
migration of oxygen from O1 to neighbouring VO1 and VO2, with
the energies of 1.62 and 0.99 eV, respectively. They are much
higher than those through other paths in the supercell Ba8-
Fe7GdO24 and even higher than that in the pristine BaFeO3

lattice (0.91 eV). Meanwhile, the migration barrier for O2
transporting to VO1 has a much lower energy of 0.17 eV. It
suggests that the Gd cations strongly attract oxygen ions to get
closer, and limit the migration of the closest O1 atoms to the
neighbouring vacancy positions. Nevertheless, the oxygen
migration barrier energies involved in Gd cations are lower than
those in the pristine lattices of 0.91 eV and also comparable
with the 0.60 eV in SrCoO3, 0.42 eV in BSCF and 0.44 eV in
La0.6Sr0.4Co0.2Fe0.8O3�d.65–68 The results imply that a proper
amount of Gd doping can facilitate the oxygen transport process
due to the presence of these favourable migration paths, while
too much Gd substitution may transcend the improvement in
oxygen migration and impede the oxygen diffusion due to the
attraction on oxygen anions. The complex contradictions
between the structural factor and oxygen migration features
need to be carefully studied.

3.8 Thickness dependence of oxygen permeation and long
term stability

The dependence of oxygen permeation ux of BaFe0.975-
Gd0.025O3�d on membrane thickness was investigated and the
J. Mater. Chem. A, 2016, 4, 10454–10466 | 10463
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result is shown in Fig. 13. The oxygen permeation ux increases
linearly with the reciprocal of membrane thickness in the
thickness range from 1.5 mm to 1.0 mm, while it shows a curved
increasing trend on further decreasing the thickness, and even
remains unchanged once below 0.6 mm. This is described in
the Wagner eqn (3):

JO2
¼ � RT

16F 2L

ðln P00
O2

ln P0
O2

sionse

sion þ se

d
�
ln PO2

�
(3)

where R, F, T, L, se, sion, P0O2
and P0 0O2

denote the gas constant,
Faraday constant, temperature, thickness of the membrane,
electronic conductivity, ionic conductivity, and the oxygen
partial pressure on the feed side and on the sweep side,
respectively. If the oxygen bulk diffusion takes a dominant role,
the oxygen permeation ux is inversely proportional to the
membrane thickness under a constant oxygen partial pressure
gradient. Otherwise, the surface oxygen exchange process would
come to play an important role if the membrane thickness is
thin enough. As a result, a deviation of oxygen ux from the
linear trend with amuch slower increase in rate will be observed
upon thickness reduction. The results shown in Fig. 13
demonstrate that the surface exchange comes to be the rate
limiting process when the thickness is reduced below 0.6 mm,
which presents a little difference with the results derived from
ECR measurements. This difference should be also associated
with the testing conditions: one is in a static environment while
another is under kinetic conditions.

Long term stability is a crucial factor for the practical
application of oxygen permeation membranes. The BaFe0.975-
Gd0.025O3�d membrane with 0.6 mm thickness was operated
under He/air atmosphere at 900 �C for 100 h to examine the
long term stability performance and the results are presented in
Fig. 14. The oxygen permeability can remain stable with no
attenuation under low oxygen partial pressure conditions at
a high temperature for 100 h, implying good long term stability
of the slight Gd-doped BaFeO3�d membrane.
3.9 Structural and chemical stability

The structural and chemical stability of the materials in atmo-
sphere containing H2O and CO2 is also a key requirement for
oxygen separation membranes.69 The membranes of x ¼ 0.025,
0.05 and 0.15 were subjected to heat treatment in a furnace at
900 �C for 10 h under 10 vol% CO2/N2 and 7.5 vol% H2O/N2

atmospheres. The structure and surface morphology of these
treated membranes were examined by XRD and SEM to evaluate
their structural and chemical stability. As shown in the XRD
patterns (Fig. 15), some impurity phases of BaCO3 and Ba2Fe2O5

were observed in the sample treated in 10 vol% CO2/N2. With
increasing the Gd doping content, the impurity phases were
remarkably decreased and only some weak impurity peaks were
detected for samples x ¼ 0.05 and 0.15. For the case of treating
in 7.5 vol% H2O/N2, impurity phases of BaO and Ba2Fe2O5 were
present. Similarly, Gd doping enhances signicantly the resis-
tance of the materials against steam corrosion. Only a trace
number of impurities can be detected for samples x ¼ 0.05 and
0.15, and the perovskite structure is mainly maintained.
10464 | J. Mater. Chem. A, 2016, 4, 10454–10466
SEM observation was performed on themembrane surface of
samples x ¼ 0.025 and 0.15 before and aer heat treatment in
steam and CO2 atmosphere. As shown in Fig. 16, in contrast to
the freshmembrane surface, the surfaces of treatedmembranes
are changed to different degrees. Both membranes show phase
segregation aer treatment in CO2 and H2O atmospheres. The
segregated particles should be BaCO3 and BaO, according to the
surface XRD results (Fig. 15). Compared with treatment in H2O
atmosphere, the CO2 treatment delivers a more serious deteri-
oration to the membranes. It is worth noting that sample x ¼
0.15 exhibits obviously less phase segregation compared to
sample x ¼ 0.025 in both atmospheres, suggesting that Gd
doping enhances considerably the chemical stability of the
BaFe1�xGdxO3�d membranes. This favourable effect of Gd
doping on chemical stability is associated with the stronger
bond strength of Gd–O than Fe–O, which provides a high
attractive interaction towards oxygen from the dopant at the
center of the BO6 octahedra and ensures high acidity and
structural stability of the perovskite.70–73 Both of them
contribute to the improvement of the structural and chemical
stability against H2O and CO2 attack.

4. Conclusions

A series of novel BaFe1�xGdxO3�d (0.025 # x # 0.20) materials
was synthesized by the EDTA–citric acid combustion method
and systematically evaluated as potential materials for oxygen
separation ceramic membranes. The cubic perovskite structure
of BaFe1�xGdxO3�d can be stabilized down to room temperature
with Gd doping in the range of x¼ 0.05–0.15. The sample with x
¼ 0.025 shows a dual-phase structure with major cubic and
minor tetragonal structures. On heating to 300 �C, the tetrag-
onal phase disappears, completely transforming to a cubic
structure, which can be kept down to room temperature aer
heat treatment. Gd doping alleviates the lattice oxygen loss
process and thus increases the structural stability and reduces
the thermal expansion coefficient of the BaFe1�xGdxO3�d

membranes. Meanwhile, the oxygen vacancy concentration
decreases with increasing the Gd doping level in the lattice. The
electronic conductivity and oxygen permeability are suppressed
with increasing the Gd concentration, due to the interference of
the Gd cation with a xed valence on the B–O–B electron
hopping route and the strong Gd–O bond that restricts the
oxygen ion movement. The rst principles calculation reveals
that the migration energy is higher for oxygen close to the Gd
dopant while lower for that far from Gd. The oxygen permeation
tests show that the apparent activation energy for oxygen
permeation increases with the Gd doping content, and the
material with x ¼ 0.025 has the lowest migration energy, even
lower than that of pristine BaFeO3�d and the good performing
Ba0.95La0.05FeO3�d, due to the expanded lattice structure. The
BaFe0.975Gd0.025O3�d membrane exhibits the highest oxygen
permeation ux of 1.37 mL cm�2 min�1 for a 1 mm thick
membrane at 950 �C and good long term operation stability at
high temperatures. With increasing the doping content, the
chemical stability of Gd-doped materials in CO2 and H2O
atmosphere is also improved. This work not only advances the
This journal is © The Royal Society of Chemistry 2016
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technology of oxygen permeation membranes but also provides
a strategy for material design with a broad interest of mixed
conductor applications.
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