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a b s t r a c t

Alkaline earth-free La2NiO4þd based materials were synthesized by a sol–gel method and studied by

X-ray diffraction (XRD), scanning electron microscopy (SEM) and transmission electron microscopy

(TEM) techniques as well as oxygen permeation experiments. Effects of doping the nickel position with

a variety of cations (Al, Co, Cu, Fe, Mg, Ta, and Zr) were investigated with regards to oxygen flux and

microstructure. Doping was always found to diminish the oxygen flux as compared to the reference

composition. However, larger grains, which were achieved by longer annealing times at 1723 K have a

minor negative impact on oxygen permeation flux in case of La2NiO4þd and La2Ni0.9Fe0.1O4þd system.

Mössbauer spectroscopy shows that the iron-doped system exhibits a secondary phase, which was

identified by high-resolution transmission electron microscopy (HRTEM) as a higher Ruddlesden-

Popper phase. In-situ XRD in an atmosphere containing 50 vol% CO2 and long-term oxygen permeation

experiments using pure CO2 as the sweep gas revealed a high tolerance of the materials towards CO2.

& 2011 Elsevier Inc. All rights reserved.
1. Introduction

Mixed ionic-electronic conductors (MIECs) have received con-
siderable interest over the last few years because of their applic-
ability as oxygen-transporting membranes (OTMs). They can be
used in a wide range of applications such as the production of
high-purity oxygen [1], in petrochemical processes such as the
oxidative coupling of methane to ethylene or ethane (OCM) [2],
the partial oxidation of methane to syngas (POM) [3], or as cathode
materials in solid-oxide fuel cells (SOFCs) [4]. Also, possible applica-
tion of OTMs in power plants with CO2 capture were discussed [5].
Good MIECs contain alkaline-earth metals, e.g., (LaxSr1–x)(CoyFe1–y)
O3–d (LSCF) and (BaxSr1–x)(CoyFe1–y)O3–d (BSCF), which exhibit high
oxygen permeabilities because of their high concentrations of
oxygen vacancies [6,7]. However, they suffer from instability against
CO2 by forming thermodynamically stable carbonates that act as a
barrier for oxygen permeation [8,9]. From thermodynamical calcu-
lations via an Ellingham diagram, shown in Fig. 1, it can be expected
that La2NiO4þd is stable in CO2 containing atmospheres at elevated
temperatures. However, at temperatures below 1073 K and 1 atm
CO2 the expected decomposition into lanthanum carbonate and
nickel oxide may be slow due to kinetic reasons. Recently, Eichhorn
Colombo et al. showed long-term CO2 stability of La2NiO4 using
permeation experiments in CO2 at different temperatures [14].
ll rights reserved.

e (T. Klande).
In the present article the CO2 stability was further investigated by
in-situ XRD and long-term permeation experiments under CO2

containing atmospheres. Another hindrance is the relative high
coefficient of linear thermal expansion (CTE) of 3D conducting
perovskites, typically between 20�10�6 and 24�10�6 K�1

[15,16]. Compared to the CTEs of standard electrolytes such as
yttrium-stabilized zirconia (YSZ) or gadolinium-doped ceria (CGO),
which exhibit CTE values of approximately 10�10�6 K�1, this poor
thermomechanical compatibility may lead to mechanical stress and
cracking during operational processes. With relatively low CTE values
between 11.9�10�6 K�1 and 13.8�10�6 K�1 La2NiO4þd seems to
be suitable for applications in integrated systems [17,18]. The
Ruddlesden–Popper-phase perovskite-related La2NiO4þd is a promi-
nent candidate for ceramic membranes with long-term stability. The
crystal structure, as shown in Fig. 2, is built from alternating
perovskite-like and rock-salt-like layers arranged along the c-axis.
The oxygen transport through La2NiO4þd occurs at elevated tem-
peratures mainly via a 2D interstitial migration mechanism in the
rock-salt-like layers [19] but also to a small extent via oxygen-
vacancy migration through the perovskite-like layers. Several groups
observed ordering of bound interstitial excess oxygen in super-
structures at 9 and 300 K by transmission electron microscopy
(TEM) [20,21]. Furthermore, Skinner et al. reported phase transitions
in this system that were detected with in-situ high-temperature
neutron powder diffraction. The transitions occur between the
orthorhombic and tetragonal modifications at low temperatures
(To423 K) [22]. The tetragonal structure is then maintained over a
temperature range of 423–1073 K on heating and cooling, and loss of
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Fig. 2. La2NiO4þd shown with arrangement of bulding blocks along the c-axis; the

arrows indicate the diffusion of interstitial oxygen through the rock-salt layers

(structure data ICSD no. 1179).

Fig. 1. Ellingham diagram with decomposition temperatures of carbonates under

different CO2 partial pressures. Chemical potential of CO2 above NiCO3, FeCO3, CoCO3,

La2O2CO3, SrCO3, and BaCO3 were calculated from thermodynamic data [10–12]. The

chemical potential of La2(CO3)3 was determined experimentally [13]. The dashed lines

represent the chemical potential of CO2 in the surrounding atmosphere for different

partial pressures. p1(CO2)¼101.3 kPa refers to standard conditions.
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interstitial oxygen was detected up to a temperature of 723 K. These
phase transitions do not influence oxygen-permeation properties in
the intermediate temperature range (T¼773–1073 K) and the beha-
vior at these temperatures has yet to be investigated by in-situ TEM.
La2NiO4þd offers the above mentioned advantages, but the oxygen
flux is poor compared to perovskite materials such as BSCF. The
present work is focused on a systematical overview of the influence
of different dopants on the oxygen-permeation fluxes in the
La2NiO4þd system. In the stoichiometric base compound, the A-site
cation lanthanum is trivalent and the B-site cation nickel is divalent.
Due to oxygen hyperstoichiometry a significant amount of nickel is
oxidised to the trivalent state. By doping of the B-site with different
cations of increasing valence the interstitial oxygen content can be
influenced. By changing the concentration of interstitials, which are
the main diffusing species [19], an effect can be assumed on oxygen
permeation, which may result in oxygen transport membranes with
enhanced properties. Furthermore, in this article the influence of
grain size on oxygen flux was investigated for La2NiO4þd and
La2Ni0.9Fe0.1O4þd. Previously, various groups reported an influence
of grain size on the functional characteristics of several MIEC
materials [23–26]. By optimizing the microstructure of the perovs-
kite related La2NiO4þd materials properties can be improved. The
results of TEM studies and Mössbauer experiments on the iron-
doped La2NiO4þd are also reported.

2. Experimental

2.1. Sample preparation

The powders were synthesized by the sol–gel route using
stoichiometric amounts of metal oxides, ethylenediaminetetraacetic
acid (EDTA) and citrate, as described elsewhere [27–29]. After the
reactants were fired in a heating mantle, the obtained products were
pre-calcined at 1173 K with a heating and cooling rate of 3 K min�1.
The powders were uniaxially pressed into 16 mm green bodies at
50 kN for 15 min. Gas-tight membranes for oxygen-permeation
measurements with a thickness of 1 mm were then sintered in air
at 1723 K with an annealing time of 10, 40 or 140 h with a heating
and cooling rate of 2 K min�1. Samples for Mössbauer experiments,
enriched with 57Fe, were prepared under the same conditions with
an annealing time of 10 h at 1723 K. An overview of all doped
materials is shown in Table 1.

2.2. X-ray diffraction analysis

X-Ray diffraction (XRD) analysis was performed at room tempera-
ture using a Bruker-AXS D8 Advance diffractometer equipped with a
Table 1
Overview of the base material La2NiO4þd and doped La2Ni0.9M0.1O4þd solid

solutions: unit cell parameters from XRD, estimated effective grain diameter from

scanning electron microscope surface-views, activation energy of oxygen permea-

tion in the temperature range from 1023 to 1123 K, and secondary phases

obtained by XRD except for the iron-doped sample (marked by *) by high-

resolution transmission electron microscopy and Mössbauer spectroscopy.

Composition Unit cell

parameters

Grain

diameter

Activation

energy

Secondary

phase

a (nm) c (nm) (mm) (kJ mol�1)

La2NiO4þd 0.3862 1.2683 1.8 56.7 –

La2Ni0.9Zr0.1O4þd 0.3863 1.2698 0.4 67.0 La2Zr2O7

La2Ni0.9Al0.1O4þd 0.3862 1.2689 0.8 75.9 La3Ni2O7

La2Ni0.9Fe0.1O4þd 0.3876 1.2671 1.2 75.3 La4Ni2.1Fe0.9O10*

La2Ni0.9Co0.1O4þd 0.3867 1.2649 2.7 54.1 –

La2Ni0.9Mg0.1O4þd 0.3864 1.2687 3.3 58.4 La2O3

La2Ni0.9Cu0.1O4þd 0.3858 1.2729 5.3 66.9 La3Ni2O7



Fig. 3. Room-temperature XRD patterns of La2NiO4þd membranes with different

dopants on the Ni site. The theoretical Bragg positions for La2NiO4þd (ICSD 1179)

are labeled at the bottom of the figure.
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Cu Ka radiation source. Data sets were recorded in step-scan mode in
the angular range of 201r2yr601 at an interval of 0.021. High-
temperature measurements were conducted in an in-situ cell (HTK-
1200 N, Anton Paar) between room temperature and 1273 K under an
atmosphere of 50 vol% CO2/50 vol% air. The heating rate was
12 K min�1 with an equilibration time of 30 min before each
measurement.

2.3. Mössbauer spectroscopy

Transmission Mössbauer spectroscopy (TMS) was performed
on La2Ni0.9Fe0.1O4 powder, which was obtained by grinding dense
ceramics. The powder was synthesized by using a metallic iron
precursor, which was 96.63% enriched in 57Fe (Chemotrade) and
were used without any further treatment. A standard Halder
Mössbauer system was employed in constant acceleration mode
with a 57Co/Rh g-ray source. The spectra were fitted by employing
the general Mössbauer spectral analysis software Recoil [30] using
lineshape functions accounting for a distribution of quadrupolar
interactions. The velocity calibration was performed using a-Fe
foil, and the isomer shifts are stated relative to the center of this
calibration.

2.4. Scanning electron microscopy

Field-emission scanning electron microscopy (FE-SEM) imaging
was performed using a JEOL JSM-6700 F field-emission instrument
at a low excitation voltage of 2 kV. For backscattered-electron
channeling contrast imaging at higher excitation voltages, samples
were polished to crystallinity by vibration polishing and then
investigated using a JEOL JSM-6510 QSEM.

2.5. Transmission electron microscopy

TEM investigations were performed at an accelerating voltage
of 200 kV on a JEOL JEM-2100 F-UHR field-emission instrument
(CS¼0.5 mm, CC¼1.2 mm). The microscope was operated as a
high-resolution TEM (HRTEM) as well as a scanning TEM (STEM)
in high-angle angular dark field (HAADF) mode. The preparation
method of the TEM specimen is described in detail elsewhere [8].
HRTEM multislice simulations were performed using JEMS software.

2.6. Oxygen permeation measurements

Oxygen permeation was measured in a custom-made high-
temperature permeation cell, as described elsewhere [23,31]. The
membranes were sealed on an alumina tube with a gold cermet
(Heraeus). The feed side was fed with synthetic air (20 vol%
O2/80 vol% N2) at a rate of 150 mL min�1, whereas Ne (1.0 mL min�1,
99.995%) and He (29.0 mL min�1, 99.995%) or CO2 (29.0 mL min�1,
99.995%) were fed to the sweep side. An Agilent 7890 gas chromato-
graph with a Carboxen 1000 column was employed to analyze the
gas mixture. The absolute flux rate was calculated using neon as an
internal standard. The total O2 leakage was calculated and subtracted
from the total O2 flux after the N2 concentration was measured.
3. Results and discussion

3.1. X-ray diffraction

The XRD patterns of the different materials (Fig. 3) showed the
formation of La2NiO4–d-type phases, which can be indexed as the
tetragonal K2NiF4 (S.G. I4/mmm) structure (ICSD no. 1179), which is
typical for La2NiO4þd at high temperatures and air atmosphere. This
structure is metastable at room temperature and can accommodate
various oxygen hyperstoichiometries. No other main crystalline
phases were observed. However, some powders exhibited a low
amount of additional reflections, which are marked by asterisks. In
the Zr-doped system, the additional reflection at 28.31 can be
attributed to the (2 2 2) reflection of La2Zr2O7 (ICSD no.154752).
The Al- and Cu-doped systems exhibit additional reflections at 31.91,
which can be assigned to the (1 0 5) reflection of Ruddlesden–
Popper type by-phase La3Ni2O7 (ICSD no. 155320). In the Mg-doped
system, the reflection at 29.91 corresponds to the (0 1 1) reflection of
La2O3 (ICSD no. 56166). No pure phase could be obtained by
tantalum doping. With respect to the sensitivity of XRD, no other
crystalline phases were found. By doping the B-site with cations of
different valence oxygen hyperstoichiometry should be affected. The
general trend for La2NiO4þd observed by Rice and Buttrey [32] is for
unit cell parameter a to decrease and c to increase with increasing d.
Furthermore, it can be expected that cell parameters change by
doping according to the dopant’s ionic radius. However, no trend
can be derived from variation in lattice parameters for the Al-, Cu-,
Mg- and Zr-doped systems (see table 1). The change is within the
limits of experimental error. The unit cell parameters for the base
system as well as for the cobalt- and iron-doped systems are in good
agreement with the literature [33–35]. Because CO2 stability is an
important factor for membrane applicability, in-situ XRD measure-
ments were performed on the undoped La2NiO4þd system in the
temperature range of 303–1273 K in an atmosphere containing
50 vol% CO2 and 50 vol% air. Fig. 4 shows no additional reflections
that would indicate the presence of other phases, e.g., carbonates or
phase transitions during heating or cooling. Using the temperature-
dependent shift of the cell volume during these measurements, the
CTE was estimated to be 15.1�10�6 K�1 in an atmosphere contain-
ing 50 vol% CO2 and 50 vol% air. This result agrees with the values
reported in the literature of 11.9�10�6 K�1 and 13.8�10�6 K�1



Fig. 4. In-situ XRD patterns of La2NiO4þd under 50 vol% CO2 and 50 vol% air;

heating and cooling rate: 12 K min�1, equilibration time at each temperature:

30 min.

Fig. 5. Oxygen permeation rate of the base material, La2NiO4þd, and La2Ni0.9

M0.1O4þd (M¼ Al, Co, Cu, Fe, Mg, Zr); membrane thickness: 1 mm, feed side:

150 mL min�1 synthetic air, sweep side: 29 mL min�1 He and 1 mL min�1 Ne.
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measured in air [17,18]. Compared to 3D perovskites, which
exhibit values between 20�10�6 K�1 and 24�10�6 K�1

[15,16,36,37], La2NiO4þd possesses a better thermomechanical
compatibility, which assures stability in integrated systems such
as membrane reactors or SOFCs.

3.2. Membrane microstructure

The microstructures of all membranes were examined using
FE-SEM. No cracks or pores were visible on the surfaces of the
membranes. In the bulk material only a few non-connected pores
were observed. The average grain size was analyzed using the Image J
[38] particle analyzer by measuring the grain area in mm2 and then
the effective grain diameter was estimated by assuming circle-shaped
grains. Table 1 shows the average grain size for the base material and
La2Ni0.9M0.1O4þd (M¼ Al, Co, Cu, Fe, Mg, Zr). Although the amount of
doping is as low as 10 mol%, significant differences in the average
grain-size area were observed which increased in the order
Zr4þoAl3þoFe3þoNiþ2oCoþ2oMgþ2oCuþ2. The copper-
doped La2NiO4þd solid solution exhibited the largest grains, with
an average size of 5.3 mm, whereas mixed crystals with the highly
charged zirconium provided the smallest grains at 0.4 mm. From our
data, a general trend can be discerned. Cations with low oxidation
states favor the formation of large grains, whereas more highly
charged ions favor the formation of small grains. Grain size can
therefore be directly controlled by doping with metal cations
possessing different valences, which results in tailor-made
solid solutions. This doping may affect the oxygen-permeation
properties with respect to grain or grain-boundary diffusion and
surface exchange reactions. However, it is difficult to differentiate
between grain size and doping effects and to correlate this to
functional properties such as chemical stability and, especially,
oxygen flux.
3.3. Oxygen permeation

Oxygen-permeation measurements were conducted in the
temperature range of 1023–1223 K. Fig. 5 shows the oxygen-
permeation flux of the base material and La2Ni0.9M0.1O4þd (M¼

Al, Co, Cu, Fe, Mg, Ni, Zr) from air (feed side) to helium (sweep
side) at different temperatures. The doping of the Ni site affects
the oxygen-permeation performance of the membranes. The
highest flux rate of 0.47 mL min�1 cm�2 at 1223 K was achieved
on a 1 mm thick undoped La2NiO4þd membrane. The iron-doped
membrane La2Ni0.9Fe0.1O4þd exhibited a flux rate of 0.46 mL
min�1 cm�2 at 1223 K, which is similar to that of the undoped
system. However, doping was found to always diminish the oxygen-
permeation rate at 1223 K, which decreases in the order
Fe3þ4Co2þ4Zr4þEMgþ2EAl3þECuþ2. No dependence of the
permeation rate on the doped ion’s regular valence was observed.
The regular oxidation state of Ni cations in the La2NiO4þd structure is
divalent, and a partial amount of the Ni is oxidised to the trivalent
state to compensate for the incorporation of excess oxygen. From this
point of view, it would be favorable to insert higher-valence cations
to increase the oxygen-carrier concentrations and, therefore, the
oxygen-permeation performance. However, no significant improve-
ment was observed in this respect. It can be expected that the
interstitial oxygen content increases by doping with Al3þ , Fe3þ , and
Zr4þ and decreases by doping with Cu2þ ,Mg2þ and Co2þ . However,
recently, Kharton et al. reported the results of static lattice and
molecular dynamics calculations [39] on the La2NiO4þd system and
the incorporation of iron, copper and cobalt. These computations
showed that the incorporation of higher-valence ions increases the
ionic charge-carrier concentration, but the mobility of the oxygen
anions in both layers of the La2NiO4þd structure is reduced. We
observed, in general, that the doping of the Ni site leads to a
reduction of the oxygen-permeation performance. However, as pro-
posed by Kharton et al. [35] two contributions to the total ionic
conductivity play a decisive role: ionic conduction in the perovskite
layers due to oxygen vacancy migration and the interstitial oxygen
mechanism. By doping on the B-site both mechanisms may be
affected in a positive or negative way. This may explain our above
described experimental results and is consistent with literature data
on La2Ni0.9Co0.1O4þd [34] and La2Ni0.9Fe0.1O4þd [35] membrane
materials, which exhibit a smaller flux than undoped La2NiO4þd

[40]. A correlation of the grain sizes, which were reported in
Section 3.2, with the oxygen-permeation rates is difficult.
Apparently, larger grains, as observed in the copper- and



Table 2
The dependence of the average grain size on annealing time and the estimated

effective grain diameters for La2NiO4þd and La2Ni0.9Fe0.1O4þd.

Dwell time (h) 10 40 140

Effective grain diameter La2NiO4þd (mm) 1.8 2.7 4.6

Effective grain diameter La2Ni0.9Fe0.1O4þd (mm) 1.2 1.7 8.2
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magnesium-doped La2NiO4þd, exhibit low oxygen fluxes. In con-
trast to this observation, the zirconium- and aluminum-doped
samples, which provide the smallest grains, also show low fluxes.
This disagreement shows as well, that for improving the overall
permeation flux all parameters have to be carefully considered. The
activation energies of oxygen diffusion in the temperature range
from 1023 to 1223 K were estimated from the Arrhenius represen-
tation; the results are summarized in Table 1. The base and cobalt-
doped materials exhibit the lowest activation energies of
56.7 kJ mol�1 and 54.1 kJ mol�1, respectively. The activation energy
of the iron-doped system, at 75.3 kJ mol�1, is slightly higher. These
results are in good agreement with data from the literature, where
values of 52.1 kJ mol�1 for La2NiO4þd [41] and 69–80 kJ mol�1 for
La2Ni0.9Fe0.1O4þd [42] were reported. To assess the CO2 stability
during the permeation experiments, a long-term measurement was
conducted over 120 h using pure CO2 as the sweep gas. As is evident
in Fig. 6, a constant O2 permeation flux was observed. Nevertheless,
the oxygen-permeation rate is lower than that achieved with pure
helium on the sweep side. The decrease of oxygen flux at the start of
the measurement may be explained by the inhibiting effect of CO2

on the surface exchange reaction, which hinders the release of
oxygen from the solid surface due to reaction of absorbed CO2

species with the oxygen vacancies on the membrane surface [43].
Furthermore, the fact that the oxygen surface exchange had various
rates in different gas atmospheres is well known and was discussed
in detail elsewhere [44–46]. Compared to alkaline-earth-containing
materials, e.g., (La0.4Sr0.6)(Co0.8Fe0.2)O3–d, which was measured by
our group, the oxygen-permeation flux of La2NiO4þd is maintained
for more than 100 h, whereas the Sr-containing material exhibits a
slow decline in the flux and broke down completely after operating
for 60 h. Although La2NiO4þd shows a lower flux than (La0.4Sr0.6)(-
Co0.8Fe0.2)O3–d, it possesses excellent long-term stability in nearly
100 vol% CO2 sweep gas at 1173 K.
3.4. Influence of membrane microstructure on oxygen permeation

It was reported that grain or grain boundary interactions play a
key role in ionic conduction [23–26]. Many perovskite materials
show an increase in oxygen conductivity by increasing the grain
size. For perovskite related La2NiO4 based materials this was not yet
investigated. To investigate the influence of the grain size and grain
boundaries in detail, two samples were chosen. To change the grain
size, annealing times of 10, 40 and 140 h at 1723 K were applied to
Fig. 6. Oxygen flux rate of La2NiO4þd and (La0.4Sr0.6)(Co0.8Fe0.2)O3–d membranes

at 1173 K with a thickness of 1 mm, feed side: 150 mL min�1 synthetic air, sweep

side: 29 mL min�1 He or CO2 and 1 mL min�1 Ne.
samples of La2NiO4þd and La2Ni0.9Fe0.1O4þd. Table 2 shows the
average grain sizes that were obtained by this treatment, whereas
Fig. 7 a–c shows the SEM images of the surfaces of the
La2Ni0.9Fe0.1O4þd membranes that were sintered for different
annealing times. In addition, a surface view of a La2NiO4þd mem-
brane that was polished to crystallinity and then examined by the
channeling contrast technique is shown in Fig. 7d. As is evident in the
figures, grain growth was induced by longer sintering times. The base
material exhibits grain sizes of 1.8, 2.7 and 4.6 mm2 for the mem-
branes sintered for 10, 40 and 140 h, respectively. The oxygen flux
decreases from 0.47 to 0.41 to 0.31 mL min�1 cm�2 with increasing
grain size and, therefore, with decreasing amount of grain bound-
aries. For the iron-doped sample, average grain sizes of 1.2, 1.7 and
8.2 mm2 were obtained after annealing times of 10, 40 and 140 h. The
oxygen flux was 0.46 mL min�1 cm�2, which increased slightly to
0.49 mL min�1 cm�2 and then decreased to 0.39 mL min�1 cm�2.
Thus, the base material shows lower fluxes with increasing grain size
(Fig. 8), whereas for the iron-doped samples, this effect is less
pronounced. To conclude, our experimental findings show a negative
effect of an increased grain size on oxygen permeation. This may be
related to faster grain boundary diffusion, which may be more
favorable in case of the predominantly 2D-conducting interstitial
mechanism in La2NiO4þd.
3.5. Mössbauer measurements on La2Ni0.9Fe0.1O4

Transmission Mössbauer measurements were performed at
298 K, Fig. 9. As is evident in the figure, the spectra are dominated
by a doublet with a quadrupole splitting of about QS(I)¼1.4 mm/s.
However, due to the slight asymmetry visible at its center, a
second doublet with a smaller splitting, QS(II), of about 0.4 mm/s
is required for a consistent and appropriate fit of the spectrum.
The spectrum was fitted with Voigt model functions which allow
for a distribution of quadrupolar interactions at the nuclei.
According to Menil et al. [47], the observed isomer shift IS(I) of
the doublet with the larger quadrupole splitting, Table 3, can be
attributed to octahedrally coordinated Fe3þ . The shift IS(II) of the
second quadrupole doublet approaches the range expected for
Fe4þ . Thus, the second doublet may be attributed to an iron
species with a mixed Fe3þ/Fe4þ charge state where the difference
in the experimental isomer shifts, IS(I)–IS(II), amounts to about
0.2 mm/s. For comparison, note that in the case of the system
(La,Sr)(Fe,Mn)O3 a value of 0.3 mm/s was obtained for the
difference in shifts for Fe3þ and Fe4þ [48]. Because Fe3þ is known
to occupy Ni2þ regular positions in La2Ni0.9Fe0.1O4þd [49], the
spectroscopically detected presence of a second iron species
possessing a Fe3þ/Fe4þ charge state suggests the presence of a
secondary phase. In fact, according to the phase diagram for La–
Fe–Ni–O reported by Kiselev et al. for 1370 K, the sample under
investigation in the present study, La2Ni0.9Fe0.1O4þd, should
consist of three phases at high temperatures: La2O3, La2

Ni0.9Fe0.1O4þd and La4Ni2.1Fe0.9O10–d [50]. Here, the latter phase
may contain a mixed-valent iron component and, thus may be
associated with the experimentally observed secondary phase.
This phase composition is also consistent with our TEM observa-
tions, see below. In conclusion, our observation of two quadrupole-
split subspectra due to iron ions of different valency is compatible



Fig. 8. Oxygen-permeation flux of the base material, La2NiO4þd, and La2Ni0.9Fe0.1O4þd after different annealing times.

Fig. 7. SE surface view micrographs of the grain structure of La2Ni0.9Fe0.1O4þd with different sintering times (a) 10 h, (b) 40 h and (c) 140 h and (d) La2NiO4þd 140 h

channeling contrast image.
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with the admittedly incomplete information available for the La–Fe–
Ni–O phase diagram.

Previously, 57Fe Mössbauer absorption spectra of La2Ni1–xFexO4þd

have been reported by Fontcuberta et al. (xE0.02) [49] and by Tsipis
et al. (x¼0.1) [51]. However, whereas Tsipis et al. [51] reported a
strictly symmetrical signal that could be fitted with a single quadru-
pole doublet, the spectrum obtained by Fontcuberta et al. [49] is
strongly asymmetric and requires three quadrupole doublets for an
acceptable fit. Good agreement is observed between the present
study and spectral parameters reported in the literature for the
dominating doublet possessing the largest splitting, see Table 3. In
respect to the secondary contributions in their spectrum which
amount up to 30% of total intensity, Fontcuberta et al. [49] speculate
that these could be due to iron ions incorporated into intergrowth
phases, La2þnNi1þnO4þ3n. Indeed, the presence of such a phase,
La4Ni3O10 with n¼2, is confirmed by the present results obtained by
TEM as is reported below. A striking discrepancy, however, remains
in respect to the isomer shift of the secondary contribution(s) to the
Mössbauer spectra. Whereas the two secondary subspectra
observed by Fontcuberta et al. [49] most probably are due to Fe3þ

ions, the isomer shift observed in the present work indicates a Fe3þ/
Fe4þ mixed-valent charge state of iron. According to Tsipis et al.
[52], in bulk La4Ni2.7Fe0.3O10–d iron is present as Fe3þ exclusively. A
possible reason for this discrepancy with the present work may be
due to the fact that the secondary intergrowth phase in our sample
is present as lamellae possessing thicknesses of the order of 10 nm,
see below, and that the electronic structure of these nanophases is
not yet comparable with that of the bulk. Alternatively, the
secondary signal observed in our sample could be due to iron ions
in the bulk of La2Ni1–xFexO4þd which compensate for the excess of
interstitial oxygen. Further work, including an in-situ Mössbauer
study at high temperatures, is under way to solve these open
questions.

3.6. HRTEM and SAED

Samples of La2NiO4þd and La2Ni0.9Fe0.1O4þd were vibrational
polished to preserve crystallinity to the very surface and then



Fig. 9. Mössbauer spectrum of La2Ni0.9Fe0.1O4þd at 298 K.

Table 3
Mössbauer fitting result for La2Ni0.9Fe0.1O4þd at room temperature from present

work and from literature: A – area fraction (error), /dS – mean values of isomer

shift (vs a-Fe) and /DS – mean values of quadrupolar splitting.

temperature

(K)

State A (%) /dS
(mm/s)

/DS
(mm/s)

Ref.

298 Fe3þ 95.2(14) 0.339(1) 1.409(3) This work

Fe3þ/Fe4þ 4.8(14) 0.13(4) 0.36(6)

295 Fe3þ 68(2) 0.322(1) 1.440(4) [49]

Fe3þ 19(4) 0.295 0.85(2)

Fe3þ 13(4) 0.267(6) 0.40(3)

295 Fe3þ 100 0.33 1.35 [51] in air

Fe3þ 100 0.34 1.31 [51] in oxygen

Fig. 10. (a) The polished-surface channeling contrast images of La2NiO4þd

sintered for 10 h and (b) La2Ni0.9Fe0.1O4þd sintered for 10 h.
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investigated using backscattered-electron channeling contrast
imaging. In Fig. 10, La2NiO4þd showed no formation of a foreign
phase, whereas La2Ni0.9Fe0.1O4þd showed numerous lamellae-like
structures inside the host grains. A different iron-containing phase
was detected by our Mössbauer experiment. The grain boundaries
were examined in detail to find possible by-phases. Furthermore,
the nature of the grain boundaries might be a key factor for the
oxygen permeation performance. Three grains are shown in Fig. 11a:
the upper grain is oriented along zone axis [3 1 1], the lower is
oriented along zone axis [1 1 0] and the grain on the left side of the
micrograph is not oriented. No amorphous or other phases were
observed at the interface between the two oriented grains,
see Fig. 11b. Therefore, the different grains are in intimate contact
without contaminations inside the grain boundaries. As stated
previously, according to the phase diagram of Kiselev et al. [50],
the sample should consist at high temperatures of the three
different phases: La2O3, La2Ni0.95Fe0.05O4þd, and La4Ni2.1-

Fe0.9O10–d. As shown in Section 3.1, La2Ni1–xFexO4þd is indeed
the main phase, as confirmed by XRD. With respect to the
sensitivity of XRD, the other phases in low concentrations may
not be detectable. The perovskite-related Ruddlesden–Popper
phase, which is characterized by a different stacking sequence
of the successive c-axis, was observed as an intergrowth in several
La2Ni1–xFexO4þd host grains. As seen in the HAADF-STEM image
(Fig. 12 a), the lamella goes through the whole host grain. HRTEM
(Fig. 12 b,c) reveals the interface between the La2Ni1–xFexO4þd and
La2þnNi1þnO4þ3n–d phases. The lamella is approximately 15–30 nm
thick. The SAED pattern in Fig. 12d shows La2Ni1–xFexO4þd along the
[1 1 0] zone axis. Fig. 12e shows the superposition of the SAED
patterns from the host grain and the detected La2þnNi1þnO4þ3n–d

intergrowth phase. Via EDXS, an enrichment of iron could be
detected in the lamella. The simulated HRTEM contrast images for
La4Ni3O4 and La2NiO4 phases (Fig. 12c) via the JEMS software using
the multislice method are in good agreement with our experimental
data. Therefore, according to the SAED and the JEMS simulation, the
intergrowth can be clearly indexed as an iron-containing La4Ni3O4

phase which is in accordance with the present Mössbauer and TEM
observations. Because La2O3 was also detected by EDXS, we con-
clude that La2–Ni0.95Fe0.05O4þd is the main phase and that La4Ni2.1-

Fe0.9O10–d and La2O3 are by-phases. These intergrowths were not
reported and discussed in a previous publication concerning the
La2Ni0.9Fe0.1O4þd system [51]. It may be difficult, but not impossible
as shown by Kiselev et.al. [50] , to detect these phases by XRD.
However, they can be seen directly in the electron microscope as
seen in Figs.10 and 12.
4. Conclusions

The La2NiO4þd system exhibits good stability in CO2-contain-
ing atmospheres and long-term operation compared to alkaline-
earth-containing oxygen-transporting membranes. Doping the
membranes with a variety of ions with different valences does
not improve the oxygen flux, but the process can influence the
surface microstructure and grain size. Furthermore, increasing
grain size by annealing for longer times at high temperatures had
a negative impact on the oxygen-permeation flux. Smaller grains



Fig. 12. (a) High-angular dark-field STEM of a La2Ni0.9Fe0.1O4þd grain with lamella (b) HRTEM of a La2Ni0.9Fe0.1O4þd grain with lamella (c) HRTEM of the interface between

the La2Ni0.9Fe0.1O4þd grain and lamella; the inset shows the image calculated with a 64 nm defocus and a sample thickness of 3.8 nm (d) SAED pattern of a

La2Ni0.9Fe0.1O4þd grain (e) SAED pattern of the lamella and the La2Ni0.9Fe0.1O4þd host (| SAED aperture 125 nm).

Fig. 11. (a) Bright-field TEM of three grains in close contact and (b) HRTEM of the two oriented grains with insets showing the SAED patterns of the grains.
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are beneficial for oxygen-permeation performance in the case of

La2NiO4þd and La2Ni0.9Fe0.1O4þd. TEM and Mössbauer experi-
ments reveal that La2Ni0.95Fe0.05O4þd is accompanied by La4Ni2.1-

Fe0.9O10–d and La2O3 by-phases.
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