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Abstract

Dense symmetric membranes of CaTioss-xFeo.1sMnO3.5 (x=0.1, 0.15, 0.25, 0.4) are
investigated in order to determine the optimal Mn-dopant content with respect to highest O2
flux. Oz permeation measurements are performed as function of temperature between 700-
1000 °C and as function of the feed side po, ranging between 0.01-1 bar. X-ray photoelectron
spectroscopy is utilized to elucidate the charge state of Mn, and synchrotron radiation X-ray
powder diffraction is employed to investigate the structure symmetry and cell volume of the
perovskite phase at temperatures up to 800 °C. The highest O> permeability is found for
x=0.25 over the whole temperature and pg,-ranges, followed by x=0.4 above 850 °C. The O
permeability for x=0.25 reaches 0.01 mI(STP) min™! cm™! at 925 °C with 0.21 bar feed side
Do, and Ar sweep gas. X-ray photoelectron spectroscopy indicates that the charge state of Mn
changes from approx. +3 to +4 when x>0.1, which implies that Mn mainly improves
electronic conductivity for x>0.1. The cell volume is found to decrease linearly with Mn-
content, which coincides with an increase in the activation energy of O, permeability. These
results are consistent with the interpretation of the temperature and po, dependency of O
permeation. The sintering behavior and thermal expansion properties are investigated by
dilatometry, which show improved sinterability with increasing Mn-content and that thermal
expansion coefficient decreases from 12.4 to 11.9x10° K! for x=0 and x=0.25, respectively.

1. Introduction

Oxygen separation from air is of considerable interest for implementation of CO> capture
technologies such as oxy-fuel combustion and gasification of coal and biomass for power
generation and energy demanding industries.!* Dense ceramic oxygen selective membranes
are furthermore of interest for use in high temperature catalytic membrane reactors for, e.g.,
partial oxidation of methane to synthesis gas, oxidative coupling of methane and
dehydrogenation processes.>~’ The membrane materials that exhibit the highest O, permeation
fluxes, such as Sr/Ba and Co-containing perovskites,®!! suffer from poor thermodynamic and
kinetic stability during operation.®>!?-!* Therefore, one approach for bringing dense ceramic
O> permeable membranes closer to utilization in the above-mentioned application and
technologies is to improve the Oz permeability of a stable base material.

CaTiOs-based perovskite oxides are cheap, non-toxic, exhibit high thermo-mechanical
stability (creep) and are chemically stable in large oxygen chemical potential gradients at high
temperature and CO> containing atmospheres.!>!¢ Oxygen permeation through CaTiO3; and
similar oxides proceeds according to ambipolar transport of oxide ions — by means of oxygen
vacancies, vy, in Kroger-Vink notation — and electronic charge carriers. Ambipolar
conductivity is therefore facilitated by the addition of lower-valent dopants such as Fe** on
the Ti-site, which according to electroneutrality will promote the concentrations of oxygen
vacancies and electron holes.!” While the total and electronic conductivity of CaTiiFe,03.5
(CTF) increases with the Fe-dopant concentration, y, the oxide ion conductivity decreases



above approx. y=0.2 due to trapping of oxygen vacancies and partial transition to an ordered
brownmillerite CasFe,Os.16:18-22
The electronic conductivity of CaTii,Fe,Os.5 is p-type for pg, = 1x107 bar based on
reports for y=0-0.5 and temperatures up to 1200 °C.?>** These electrical measurements also
show that the conductivity is predominately ionic over a broad pg,-range. The ambipolar
conductivity and Oz permeability may therefore be limited by p-type electronic conductivity —
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which is proportional to pgz — particularly at the sweep side of the membrane where po, can

be quite low depending on the operating conditions. Further improvement of the O»
permeability of the CaTiO; system therefore seems to necessitate dopants yielding increased
ionic and electronic conductivity as well as high dopant solubility. In this respect, we recently
identified Mn as a suitable dopant for increasing the O> permeability of the CTF system based
on O, permeation measurements on CaTig75Feo1sMno103.5.2 X-ray photoelectron
spectroscopy and density functional theory (DFT) calculations indicated that Mn
predominately exists in the +3 charge state and introduces electronic states within the band
gap which may be beneficial for electronic conduction.

In the present work, we further investigate the CaTioss.,Feo.1sMn,O3.5 system (x=0.1,
0.15, 0.25, 0.4) with respect to optimized O, permeability. We present O, flux measurements
of densely sintered disc shaped membranes as function of temperature and feed side po,.
Furthermore, synchrotron radiation X-ray powder diffraction (SR-XPD) is performed as
function of temperature in order to investigate variations in the crystal symmetry and cell
volume with Mn content at relevant membrane operating conditions. X-ray photoelectron
spectroscopy is utilized to elucidate the charge state of Mn. The sintering and thermal
expansion properties are investigated in order to assess the systems compatibility with alloys
and seals for module integration. Thermogravimetric analysis (TGA) is performed to
elucidate the expansion of the unit cell volume as function of temperature.

2. Experimental

2.1 Synthesis, sample preparation and thermal expansion

Ceramic powders of CaTioss+Feo1sMn, O35 (x=0, 0.1, 0.15, 0.25 and 0.4), denoted
CTFMn10-40, were synthesized using nitrate salts as precursor materials, citric acid as a
complexing agent and ethylene glycol for polymerization. A detailed description of the
synthesis procedure is reported in Ref.?®. Self-ignition and decomposition of the produced
gels occurred upon heating to 200-250 °C and the residual powders were pre-calcined at 400
°C, gently crushed in a mortar, and annealed at 900 °C for 6 h in ambient air.

The sintering behavior of uniaxially pressed samples (& = 7 mm, 120 MPa) was
investigated using a push-rod dilatometer (Netzsch, DIL 402E) up to approx. 1480 °C in
ambient air with heating/cooling rates of 2 °C min™'. Thermal expansion properties were
analyzed using the same equipment on samples sintered at 1300 °C for 6 h in ambient air. O
flux measurements were performed on uniaxially pressed samples (& = 20 mm) sintered
according to the same procedure. The sintered disc samples were gradually polished to a
roughness of 6 um and 1 pum with SiC grinding paper and diamond paste, respectively. The
final thicknesses of the samples were 1.00, 0.88, 1.50 and 0.88 mm for CTFMn10-40.

2.2 O: flux measurements

The sintered disc samples were sealed to alumina support tubes (& = 12 mm) in a ProboStat
measurement cell (NorECs, Norway) with similarly polished gold O-ring gaskets (made by
welding gold wire of & = 1 mm). An alumina spring load assembly provided a force of
approx. 45 N on the sample against the gold gasket and alumina support tube during sealing



and measurements. Mass flow controllers were utilized to supply O>/He feed gas mixtures and
Ar sweep gas at 50 and 25 ml min™!, respectively. The concentrations of O, permeate and He
leakage were measured with a Varian CP-4900 gas chromatograph (GC). A S-type
thermocouple was placed in the vicinity of the sample and gold O-ring inside the
measurement cell, which was inserted into a vertical tube furnace. A gas tight seal was
usually obtained by heating to 1000 °C in air, and the He leakage rate for all measurements
was well below 1% of oxygen permeation. Oxygen permeation fluxes were measured at
temperatures between 700-1000 °C and as function of the feed side oxygen partial pressure,
Po,, in the range 107 to 1 bar. The possibility of limiting surface kinetics was investigated for
CTFMn25 by performing additional O, permeation measurements with platinum ink
(Engelhard A-3788) applied to the feed and sweep side of the specimen. For dense ceramic
membranes, the O2 permeability, /o, is taken as the thickness normalized O: flux at given
feed and sweep side conditions with units ml(STP) min™! cm.

2.3 Synchrotron radiation X-ray powder diffraction (SR-XPD)

SR-XPD experiments were performed at beamline BMO1A at the Swiss-Norwegian Beam
Lines (SNBL), European synchrotron radiation facility (ESRF), Grenoble, France. The
diffraction data were collected with a PILATUS 2M detector at the PILATUS@SNBL
diffractometer. The wavelength and detector geometry were calibrated using a LaBs external
standard: the wavelength was 0.70778 A and the sample to detector distance was 343 mm.
Powder samples of CTFMn10-40 were obtained from crushed sintered disc specimens, and
contained in quartz capillaries (& = 0.5 mm). Diffraction data were collected at isotherms in
steps of 10 °C in the temperature range 50 to 800 °C. The heating rate was 10 °C min™! and a
dwell time of 60 s and an exposure time of 30 s were used for each scan, i.e., the average
heating rate was approx. 4 °C min!. The capillaries were rotated 300° during exposure to
improve powder averaging. The sample temperature was calibrated using an external Ag
standard. Data processing was carried out using the SNBL ToolBox,?%, and the two-
dimensional data were integrated in to one-dimensional powder diffraction patterns using the
Fit2D software.?” The diffraction patterns were analyzed by Rietveld refinement using the
Fullprof suite.?8

2.4 X-ray photoelectron spectroscopy

After the O, permeation measurements, the CTFMn10-40 samples were equilibrated at 900
°C in a vertical tube furnace (ambient air, 19 h) and subsequently quenched by dropping them
directly into liquid N for retaining the oxygen non-stoichiometry and dopant charge state, as
described earlier.?”® The samples were fractured under vacuum in the spectrometer in order to
expose fresh surface from the bulk of the material and to avoid surface oxidation. XPS spectra
were acquired on an Axis UltraP!® spectrometer (Kratos Analytical, UK) using
monochromatic AlKa radiation. The employed acquisition settings allow for an energy
resolution of 0.7 eV, as determined by the full width at half maximum of the Ag 3ds, peak of
sputter cleaned silver.

2.5 Thermogravimetry
Thermogravimetrical analysis was performed on finely crushed powders of a sintered
CTFMn25 pellet in synthetic air using a Netzsch STA 449C. Heating rates of 2 and 10 °C
min' were used up to 1000 °C, followed by dwelling for 2 hours and cooling to room
temperature at 10 °C min’!. Prior to each analysis, a background curve was recorded with an
empty alumina crucible.



3. Results

3.1 O; permeation measurements

The Oz permeabilities CTFMn10-40 are shown as function of inverse temperature in Figure 1a.
CTFMn25 exhibits the highest O permeability at all temperatures followed by CTFMn40 at
temperatures above 850 °C. The CTFMn40 sample, however, disintegrated upon changing the
atmosphere from po,=0.21 to 0.03 bar while lowering the temperature from 800 to 775 °C at
25 °C h'! ramp rate. No changes were observed in the structure of the disintegrated sample by
XRD (Figure S1), and further measurements were not performed for this composition. The O>
permeability of CTFMn15 and CTFMn10 are similar and higher than CTF.? Figure 1b shows
an Arrhenius type plot of Jo, - T, and the corresponding activation energies from the linear fits
in the two temperature regimes, E} and E2, are listed in Table 1. The O, permeability of
CTFMn25 was essentially the same with and without Pt-coating for feed side po,=0.21 at 900
°C. Considering that CTFMn25 exhibits the highest O2 permeability, this gives an indication
that the O permeability is not limited by surface kinetics for these samples and experimental
conditions.
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Figure 1: Oz permeability for feed side py,=0.21 bar as function of inverse temperature (a) and Arrhenius type
plot (b). The corresponding activation energies from the linear fits in (b) are listed in Table 1.

Table 1: Activation energies of O> permeability from linear fits in the Arrhenius type plot in Figure 1b.

Specimen El/ev E%/eV
CTFMnl10 0.69 0.93
CTFMnl5 0.74 0.89
CTFMn25 0.87 1.02
CTFMn40 0.98 1.24

The O permeability as function of feed side pg, is shown for CTFMn15-40 in Figure
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Figure 2: Oz permeability as function of feed side po, for CTFMn15 (a), CTFMn25 (b) and CTFMn40 (¢) at
1000-700 °C. The CTFMn40 sample disintegrated as described in the text.

3.2 Synchrotron radiation X-ray powder diffraction (SR-XPD)

The CaTiO; perovskite takes the orthorombic Pbnm space group at room temperature and
transforms to the ideal cubic structure (Pm3m) at high temperatures, with an intermediate
tetragonal phase (I14/mcm).?° Partial substitution of Ti by Fe (CaTii.Fe,03.5) has been found
to reduce the transition temperatures, and phase transitions from orthorombic to tetragonal
and cubic symmetry is reported at room temperature with increasing Fe content for 0<)<0.4.
30

Analysis of the diffraction data shows that the CTFMn10-40 samples are Pbnm
perovskites at ambient conditions. The reflections corresponding to orthorhombic distortion
from the cubic structure decreases with increasing temperature, but are present in all data sets
up to 802 °C. The Pbnm space group is thus used for analysis of unit cell parameters and
volume in the whole temperature range.

Figure 4 shows the cell volume as function of temperature for CTFMn10-40, and the
inset shows a linear decrease in lattice volume with Mn-content at 20 and 777 °C. All samples
exhibit a non-linear expansion in the 150-400 °C range, which may be attributed to oxygen
uptake as measured by thermogravimetry (see section 3.5). This non-linearity is most
prominent for CTFMn25 followed by CTFMn10-15 and CTFMn40. As indicated by the fits,
the lattice expansion becomes linear at higher temperatures. The corresponding linear thermal
expansion coefficients are 18.2x10°, 16.6x10°, 17.8x10° and 17.6x10° K-! for CTFMn10-
40 between 588-802 °C (777 °C for CTFMn15).

The pseudo-cubic lattice parameters as function of temperature are shown in Figure 4.
Lattice parameter b* exhibits the lowest thermal expansion in all samples, and the symmetry
increases towards tetragonal as b* approaches c*. For CTFMn25 b* crosses c* just below 650



°C. CTFMn25 is thus metrically tetragonal at one temperature, but there is no phase transition
associated with this feature.
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Figure 3: Unit cell volume as function of temperature in ambient air for CTFMn10-40 with linear fits for 588-802 °C (777 °C
for CTFMn15). The inset shows that the relationship between Mn-content and lattice volume is linear at 20 and
777 °C.
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3.3 X-ray photoelectron spectroscopy

The Mn and Fe 2p XPS spectra show only small differences between the samples (Figure 5).
The Mn 2p spectra fit well with published spectra for Mn*3 in Mn,03.3132 The presence of
Mn** can, however, not be excluded as differences in the bond geometry between MnO»,
characterised in the cited references, and CTFMn can lead to differences in the spectral shape.
The satellite present in the Fe 2p spectra, marked with an arrow in Figure 5b, is characteristic
for Fe** 31733 The additional presence of Fe in other oxidation states cannot be excluded as it
will not show up with characteristic spectral feature but will mostly affect the satellite
intensity relative to the main peak.

Manganese 3s spectra show a main peak — satellite doublet structure due to multiplet
splitting. This spectral structure reflects the total spin of the atom and is thus a good measure
of the oxidation state.>* The Mn 3s XPS spectra obtained on the CTFMn samples are shown
in Figure 6 together with the peak fitting results. The CTFMn10 sample differs from the other
three samples by a clearly larger separation between the Mn 3s main peak and the satellite.
The separation between the main peak and the satellite amounts to 5.2+0.2 eV in the
CTFMn10 sample and indicates an oxidation state near +3 while the separation amounts to
between 4.5 and 4.7 £0.2 eV in the samples CTFMnl15, CTFMn25 and CTFMn40 and
indicates an oxidation state near +4,31-323
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Figure 5: Mn 2p (a) and Fe 2p (b) energy region obtained by XPS on the CTFMn samples. The arrow indicates the position
of the Fe 2p;), satellite.
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as the centre position of the satellite (cross).

3.4 Dilatometry
The sintering behavior of the CTFMn10-40 materials is presented in Figure 7. The sintering
onset temperature is around 800 °C for all samples and the initial shrinkage is highest for
CTF. Linear shrinkage increases with Mn-content and sintering is complete at 1250-1450 °C.
Thermal expansion coefficients (TEC) as a function of temperature for CTF,
CTFMn10 and CTFMn25 are shown in Figure 8. There is a clear difference between the TEC
values obtained from three adjacent temperature cycles for all 3 materials, indicating the need
for annealing at high temperature to obtain equilibrium. The variations between the 3 cycles
seem to increase with increasing Mn-content. While the values of TEC for the low
temperature ranges (50-700 °C and lower) vary significantly for each temperature cycle, the
second and third cycle provide overlapping TEC values for the high temperature ranges (50-
800 °C and higher). The TEC decreases with increasing Mn-content and is 12.4, 12.2 and
11.9x10% K!' for CTF, CTFMnl0 and CTFMn25, respectively, in the 50-1000 °C
temperature range.
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Figure 8: Thermal expansion coefficient as a function of temperature upon 3 heating cycles for CTF, CTFMnl0 and

CTFMn25.

3.5 Thermogravimetry
TGA was performed on CTFMn25 since it exhibited the most significant non-linear cell
volume expansion with SR-XPD (see Figure 4). As shown in Figure 9, there is a pronounced
weight increase during heating in the 150-450 °C temperature range. This corresponds well
with the non-linear cell volume expansion observed with SR-XPD in the 150-400 °C (at an
intermediate heating rate of approx. 4 °C min™') which then can be attributed to an oxidation
process. The weight increase from 200-450 °C amounts to approx. 9x10 mol oxygen per
mol formula unit CTFMn25. The difference between the heating and cooling curves indicate
limiting redox reaction kinetics at lower temperatures.
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4. Discussion
Figure 10a shows the O> permeability of CTFMn10-40 as function of Mn-content at 700-1000
°C and constant feed side pg,=0.21 bar, as well as Mn-free CTF data from our previous
work.?> The increase in Jo, with x exceeds linearity around x=0.25, indicating that the Mn
dopant concentration does not simply increase the conductivity of the limiting charge carrier
for Oz permeability.

In Figure 2 the functional dependencies of Jo, with feed side po, are close toifor

CTFMnlS5 and slightly lower for CTFMn25-40. As discussed in our previous work on the
1

same material system,* Jo, approximately proportional to pgz corresponds to limiting p-type

electronic conductivity, while a lower functional dependency corresponds to ambipolar
conductivity being independent of pg, and Jo, follows the ratio of the oxygen pressures at the
feed and permeate sides. This indicates that the O, permeability of CTFMn10-15 is mainly
limited by p-type electronic conductivity, while that of CTFMn25-40 is mainly limited by the
oxygen chemical potential gradient for higher feed side pgo, (>0.01 bar).
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Figure 10: Oz permeability as function of Mn content for 700-1000 °C at feed side p,=0.21 bar (a) and feed
side pg, 0.01-1 bar at 900 °C. Values for x=0 are taken from Ref.”

The structure symmetry of CTFMn15-40 is similar in the 700-800 °C range relevant
for the O> permeation measurements (Figure 4) which indicates that variations in oxide ion
mobility associated with structure symmetry is not governing Jo,. Figure 11 shows the
activation energies of Jo, from Figure 1b and Table 1 as function of Mn-content; the unit cell
volume decreases linearly with x as shown in the inset. The activation energies of Jo,
correspond well with activation energies of oxide ion transport in the lower temperature range
(E2) with increasing influence of the generation of electronic charge carriers at higher
temperatures (E2).?>2° Thus, Figure 11 indicates that the migration energy of oxide ions is
closely related to the lattice volume and decreases with Mn-content. While the difference in
the dependence of E1 and E? on x is difficult to ascertain, a seemingly lower dependence for
E! may be explained by a larger influence of electronic charge carriers which are promoted
by the addition of Mn.
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DFT calculations corresponding to the dilute concentration limit within a fixed
CaTiO; lattice volume indicate that Mn exists in the +3 oxidation state.?> The XPS results
also indicate an oxidation state of Mn close to +3 for the lowest Mn concentration
(CTFMn10), and further that the oxidation state changes to approx. +4 for higher Mn-contents
(Figure 6). The contraction of the lattice volume from SR-XPD (Figure 3, insert) is essentially
linear towards the end member, CaMnQs, with a lattice volume of 207.47 A3 at 302 K and
nominal +4 oxidation state of Mn.>® Thus, the lattice volumes from SR-XPD agree with a +4
oxidation state for Mn, while it is difficult to ascertain the presence of Mn*" for lower Mn-
contents based on lattice volume. In terms of O, permeation, the predominance of Mn*" in
CTFMn25-40, which exhibit the highest O» permeability, implies that Mn does not
significantly enhance the concentration of oxygen vacancies. Considering that the activation
energy of Jo, associated with oxide ion transport increases (Figure 11), this implies that Mn
increases the electronic p-type conductivity, in accordance with the interpretation of the
temperature and po, dependencies of ], discussed earlier.

In short, with increasing Mn-content, electronic conductivity and structure symmetry —
both beneficial for /o, — increase, while the activation energy of o, increases due to lower
lattice volume, which is detrimental to Jo,. Accordingly, it seems that CTFMn25 is close to
an optimum composition for improved Jo, of the investigated materials in terms of 1)
sufficient p-type conductivity, also at the lower po, of the sweep side; 2) increasing the
structure symmetry and mobility of oxide ions; and 3) not increasing the activation energy of
Jo, due to reduced cell volume.

The Oz permeability of CTFMn25 at 900 °C and feed side po,=0.21 is 8.3x10~ ml
min! cm™!, which is slightly higher than for y=0.2 (CTF20) under similar conditions, 4.0-
7.0x107* ml min"! cm™ depending on sample thicknesses.”-*%

The increased sintering with Mn-content may be explained by a less rigid structure as
reported for Lag4Cao6TiixMn,O3 when the Mn-content (x) was increased from 0.2 to 0.4.%°
The reduction in thermal expansion coefficient with increasing Mn-content is in agreement
with the observed structural changes with reduced pseudocubic sub-cell parameters and
corresponding cell volume. Comparable results from the literature are scarce, however, the
TEC for CTF (CaTiossFeo.1503.5), 12.4x10"" K!, is in agreement with reported values for
CaTiossFeo.1003.5, which are in the range of 10.6 to 14.5x10"! K-1,* and measured by the
same procedure (3 temperature cycles) by Paulsen to 12.7x10! K-1.4!



5. Conclusions

The O> permeability of CaTiossyFeo.1sMn,Os.s (x=0.1, 0.15, 0.25, 0.4) is found to be highest
for x=0.25, reaching 0.01 ml min™ cm™ at 925 °C with 0.21 bar feed side pg, and Ar sweep
gas. The activation energy of O2 permeability — mainly associated with the migration enthalpy
of oxide ions — increases with Mn-content and corresponds with a linear decrease of the cell
volume measured by in-situ SR-PXD. The O: permeation measurements are furthermore
interpreted in terms of limiting p-type electronic conductivity, which increases with Mn-
content. These effects contribute oppositely to the O, permeability and a maximum is found
for x=0.25. These interpretations are consistent with the charge state of Mn which by XPS is
indicated to change from +3 to +4 when x>0.1, implying that Mn mainly improves electronic
conductivity for x>0.1. The sinterability of the materials improves with increasing Mn
content, and the TEC decreases from 12.4 to 11.9x10"' K-' for CTF and CTFMn25,
respectively.
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