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Abstract

The materials typically used for oxygen transport membranes, BagsSrosC0osF€0.203-5 (BSCF)
and LageSro.4Coo.2Fe0s03 (LSCF) tend to decompose due to their low thermochemical stability
under reducing atmosphere. Fe- and Co-doped SrTiOs (SrTiixyCoxFeyOs.5, Xty < 0.35) (STCF)
materials showing an oxygen transport comparable to LSCF have great potential for application
in ion-transport-devices. In this study, the thermochemical stability of pure perovskite-structured
STCF was investigated after annealing in a syngas atmosphere at 600-900 ‘C. The phase
composition of the materials after annealing was characterized by means of X-ray diffraction
(XRD). The thermodynamic activities of SrO, FeO, and CoO in the STCF materials were
evaluated using Knudsen effusion mass spectrometry (KEMS). Co-doped SrTiOz; (STC)
materials were not stable after annealing in the syngas atmosphere above 5 mol% Co-
substitution. Ruddlesden-Popper-like phases and SrCOs; were detected after annealing at
600 "C. In contrast, Fe substitution (STF) showed good stability after annealing in syngas upto

35 mol% substitution.
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1 Introduction

Functional ceramics with mixed ionic—electronic conductivity (MIEC) are key materials in various
emerging energy technologies such as solid oxide fuel or electrolysis cells (SOFCs/SOECS), or
oxygen transport membranes (OTMs) for the generation of pure oxygen or commodity
chemicals and synthetic fuels in membrane reactors [1]-[3]. In particular, materials used in
membrane reactors must exhibit good stability at high temperatures and in harsh atmospheres,
e.g. low oxygen partial pressure and/or corrosive gases such as CO,, CO, and H,. Therefore, a

good compromise between performance and long-term stability must be found.

Perovskite-type oxides often provide high MIEC. In particular, cobaltites and ferrites such as
SrCoosFe0.203.5 (SCF), LaixSrkCoiyFeyOs-5 (LSCF) and BagsSrosCoosFeo203-5 (BSCF) have
been widely investigated as membranes as well as oxygen reduction electrodes (cathodes) for
SOFCs, and have performed well [4]-[9]. However, these materials have a low chemical and
structural stability under low oxygen partial pressure and acid gases such as CO, [10]-[13],
which hinders their use e.g. in membrane reactors. In addition, Bao.sSrosC00.8Fe0203-5 (BSCF)
presents slow deterioration at temperatures below 825 ‘C [12] and starts to decompose at
600 ‘C and above in a 4% H, (in argon) atmosphere [13]. It was found that partially substituting
the B site of SCF with a fixed-valence-state cation such as Al [14],[15], Zr [16], Ta [17], Nb
[5],[18], Y [19],[20], W [21], and Ti [22]-[26] could effectively reduce oxygen stoichiometry
variations, suppress thermal and chemical expansion, and improve stability. However, the
modified materials still lack stability under reducing atmospheres such as syngas, i.e. a mixture
of H, and CO with some CO, and H>O content.

In contrast, SrTiO; (STO) is a very stable perovskite-type oxide [27],[28] that is of particular
interest due to the fact that aliovalent cation doping of the A or B site can induce either
electronic or ionic conductivity, or both. For MIEC in particular, iron and/or cobalt are of interest
as B-site dopants in STO [29]-[37]. Our previous work shows that the STO materials lightly
doped with Co and Fe, i.e. max 35 mol% B-site substitution, obtained a comparable permeation
rate to LSCF while maintaining good chemical stability and decreasing the coefficient of thermal
expansion [34],[38]. At high temperatures (=800 °C), Fe or Co doping resulted in comparable
permeation rates, whereas at lower temperatures (<800 °C), Co doping showed superior

performance due to higher catalytic activity [34],[38].

However, there are still gaps in knowledge regarding high-temperature chemistry and the
thermochemical stability of these materials in an operation-relevant atmosphere, i.e. syngas

derived from partial oxidation of methane. In this study, therefore, the phase stability of SrTii«
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yCoxFeyOs.5 (STCF) materials after annealing in a syngas atmosphere at 600-900 °C was
investigated. In addition, in order to study if the decomposition mechanism of STCF materials is
related to oxide activity, the thermodynamic activities of the oxide components were evaluated
on the basis of the mass spectra of STCF and pure SrO, CoO, and FeO obtained using

Knudsen effusion mass spectrometry (KEMS).

2 Experimental

2.1 Powder synthesis

The perovskite-structured STCF powders were synthesized using the Pechini method. The
process is described in detail in our previous papers [34],[38]. All of the powders were calcined
at 1000 ‘C for 2 h in order to obtain phase purity. The mean particle size dso was around 2 ym

and the specific surface area was 1-5 m?/g for all powders.

2.2 Annealing in syngas

The annealing experiments with the powders were conducted using an in-house set-up with four
tubes. A detailed description can be found in [39]. This set-up made it possible to anneal
samples at four different temperatures in the same feed gas, equilibrating at the selected
temperatures in the different tubes. The calcined STCF powders were loosely pressed into
pellets and placed in alumina boats in the four tubes, which were heated at 5 K/min to 600 °C,
700°C, 800°C, and 900 °C, respectively, in air. After each tube reached the target temperature,
N> was flushed through to remove oxygen from the tubes. The mixed and well-distributed feed
gas, consisting of 33.3% CO, 53.3% H», and 13.4% H,0, was then sent to the tubes with a total
flow rate of 100 ml/min. The calculated gas composition in equilibrium at the different
temperatures is shown in Table 1, based on the assumption that the syngas achieved
equilibrium at each temperature due to relatively low space velocities and consequently long
residence times. After 72 h annealing in the syngas, nitrogen was flushed through the tubes

again and the samples were cooled to room temperature (RT) with continuous N flushing.

Table 1 Calculated gas composition of the annealing syngas at various temperatures

Gas 600 °C 700 °C 800 °C 900 °C
Ha 45.1% 54.5% 57.5% 57.2%
CO 10.9% 24.8% 28.4% 29.4%
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H.O 21.0% 10.0% 8.9% 9.5%

CO; 13.7% 7.4% 4.8% 3.9%

CHa 9.3% 3.2% 0.4% 0
Oz (bar) 3*10% 5*1023 1*102° 1*1018
Graphite  Yes 0 0 0

The experimental investigations were complemented by thermodynamic calculations performed
using the software package FactSage 7.1 (GTT Technologies, Herzogenrath, Germany). The
databases used were the commercial Fact and SGTE databases included in the software

package.

2.3 Knudsen effusion mass spectrometer experiments

KEMS is an established vapour pressure measurement technique that combines the Knudsen
effusion method with mass spectrometric analysis of evaporation products [40]. The
experiments were carried out in a single-focusing CH5 magnetic mass spectrometer (Varian
MAT, Bremen). Details of the instrument are given in the literature [41]. The samples were
loaded into an iridium Knudsen cell with inner dimensions of 7 mm (diameter) x 8 mm (height),
which had a channel-type effusion orifice with a diameter of 0.3 mm and a length of 0.5 mm.
The cell was placed inside a massive tungsten envelope to ensure uniform temperature
distribution. The cell was heated by radiation or electron bombardment from the tungsten
resistance furnace. The temperature of the cell was monitored in a black-body hole at the
bottom of the tungsten envelope using an automatic optical pyrometer (Dr. Georg Maurer GmbH,
Kohlberg) calibrated by the melting points of the pure metals Ag, Cu, Ni, and Pt. The accuracy
of the temperature measurement was 3 K. The gaseous species effusing from the cell, which
were in equilibrium with the condensed phase of the sample, were ionized by electrons with an
energy of 70 eV and an emission current of 0.1 mA. A movable molecular beam shutter placed
between the cell and the ionization chamber made it possible to distinguish species effusing
from the cell from those of the background. The ions formed in the ionization chamber were
focused using an ion-optical system and accelerated with a negative potential of 8000 V to a
90 ° magnetic sector field, where they were separated according to their mass-to-charge ratio
(m/z). lon current intensity was measured by a secondary MC12/17 electron multiplier (MasCom)
operating in DC mode. A metallic valve separating the ion source and the Knudsen cell
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chambers provided a rapid exchange of the sample in the cell whilst keeping the ion source
running under high vacuum. By this means, the day-to-day fluctuations of the sensitivity

constant of the mass spectrometer were typically below 5%.

The STC, STF, and STCF samples as well as the pure oxides SrO (99.5%, Alfa Aesar), CoO
(99.995%, Alfa Aesar), and FeO (99.9%, Aldrich) were studied in the overall temperature range
of 1720-1880 °C.

2.4 Phase composition characterization

The phase compositions of as-synthesized and annealed powders were characterized by
means of X-ray diffraction (XRD) using a D4 ENDEAVOR diffractometer with Cu K, radiation
(Bruker) with a step size of 0.02° and 0.75 s/step from 10 to 80° (20). The data was then
analysed with the X'Pert Highscore program package (PANalytical B.V., version 3.0.5). Phase
guantification of the materials was determined using the Rietveld refinement method with
TOPAS computer software. In addition, the XRD patterns of the STCF powders after the KEMS

experiment were recorded for qualitative phase analysis.

3 Results and discussion

3.1 Annealing of STCF in syngas

The synthesized STCF powders exhibited a pure perovskite structure, as shown in Figure 1,
which depicts the XRD patterns of SrTio7sFe25035 (STF25), SrTio.7zsF€0.125C00.125035
(STC12.5F12.5), SrTio.75C00.2503.5 (STC25), and SrTip.95C00.0503-5 (STCO5).
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Figure 1 XRD patterns of synthesized SrTip7sF€0.2503.5 (STF25), SrTip 75F€0.125C00.12503-5
(ST012.5F12.5), SrTi0,75C00,2503.5 (STCZS), and SI’Tio,gsCOo_osOs.a (STCOS) powder.
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The phase composition of the STCF samples after annealing at 600 °C and 900 °C was
analysed. Figure 2 shows the XRD patterns of STCF powders after annealing at 600 °C and
900 °C, respectively. Table 2 shows the quantitative XRD analysis of annealed samples at
600 °C. If Co substitution stayed below 5 mol%, a pure perovskite phase was maintained.
Above 5 mol% Co substitution, additional peaks of Cos04 and SrCOs; could be detected. The
decomposition of perovskite STC25 can be explained by the very low poz (~102° bar), which
reduced some of the Co cations to the metallic state [42]. These atoms were therefore extracted
from the oxide lattice. However, in the cooling phase of the experiment the tube was flushed
with nitrogen leading to an increased po2 (~10° bar) sufficient to instantaneously re-oxidise the
cobalt to Co304 [43] as found in the post-test XRD analysis. The excess SrO from the A site
then formed SrCOs; in the CO»-containing atmosphere. In contrast, the STF25 materials showed
phase stability, with no secondary phases detected after syngas annealing at 600 °C. The
STC12.5F12.5 material presented a perovskite structure percentage value between STC25 and
STF25, showing that Fe functionalization of STO reveals higher phase stability compared to Co

functionalization in the syngas atmosphere at 600 °C.
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Figure 2 XRD patterns of STC05, STC25, STC12.5F12.5, and STF25 after annealing in the
syngas at (a) 600 °C and (c) 900 °C. (b) and (d) are partial zooms of (a) and (c), respectively.

The red rectangles in a) and c) represent the corresponding zoom areas in b) and d).

Table 2 Phase composition (wt.%) of the samples after annealing, obtained from Rietveld

refinement of XRD data

600°C  STCO5 STC25 STC35 STF25 STC12.5F12.5 STF35

Perovskite 100% 80% 67% 100% 92% 91%
C0304 0 9% 12% 0 3% 3% F6304
SrCO3 0 11% 21% 0 5% 6%

900°C  STCO5 STC25 STC35 STF25 STC12.5F12.5 STF35

Perovskite 100%  44% 17%  100% 83% 100%
C0304 0 9% 12% 0 4% 0
Sr4TisO10 0 26% 33% 0 13% 0
Sr3Ti,O7 0 21% 38% 0 0 0

At 900 °C, the poz (108 bar) is higher than at 600 °C but still very low. Again, STC05 was fully
stable, but Co was easily extracted from STC with higher Co content. In contrast to 600 °C,

Ruddlesden-Popper-like phases, i.e. Sr4TizO10 and Sr3Ti-O7, formed instead of SrCO3 in order to

7
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compensate for the loss of B-site cations. SrCOs is less stable at 900 °C compared to 600 °C
under low partial pressure [44],[45] and apparently the Ruddlesden-Popper-like phases show

superior stability in such conditions.

FactSage calculations were performed to confirm the experimental results and the proposed
decomposition mechanism and subsequent temperature dependant formation of SrCOs; or
Ruddlesden-Popper-like phases. Since the available commercial databases do not contain
doped SrTiO3 phases, the stability of pure SrTiOs in the used syngas at 600-1000 °C was
calculated. The calculations reveal that SrTiO; is the only stable phase under these conditions.
To consider the excess of SrO in STC after annealing caused by the reduction and subsequent
extraction of Co from the B-site sub-lattice, the stability of “SrO*(TiO.)os” was calculated under
the same conditions. Below 658 °C SrCOs is stable beside SrTiOsz. Above 658 °C SrsTizOqo iS
stable beside SrTiOs, causing also a respective reduction of the amount of SrTiOs in
comparison to lower temperatures. These results are in very good agreement with the

experimental findings.

Figure 3 shows the amount of the remaining perovskite structure weight percentage of STC and
STCF after annealing, in dependence on Co content at 600 'C and 900 ‘C. At both temperatures,
the perovskite structures decomposed more severely with increasing Co content, because Co is
easier to reduce than Fe [46]. After 72 h annealing, the remaining perovskite percentage at
600 "C was much higher than that at 900 "C. It should be noted that this does not reveal a higher

stability of the perovskite phase at 600 °C, but rather that the decomposition kinetics are much

slower.
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Figure 3 Percentage of the perovskite structure of the (a) STC and (b) STCF samples after
annealing at 600 °C and 900 °C, respectively. The dashed lines here are for guidance only and

do not represent a model.

3.2 Vaporization of STCF in a KEMS experiment

Based on the results of the annealing experiments and thermodynamic calculations it is
proposed that the decomposition of STC is caused by the reduction and subsequent extraction
of Co. However, the dopants could also influence the activity of the contained oxides in the
perovskite phase and thus change the stability. Since there are no activity data on doped SrTiO3
available from literature to the knowledge of the authors, the activities were determined by
KEMS experiments to elucidate a respective contribution of activity changes by dopants to the

stability in syngas.

The measurements were conducted at temperatures above 1700 °C due to the relatively low
vapour pressures of the perovskites at lower temperatures. Although these temperatures are
much higher than the temperatures in the annealing experiments, the results are relevant for the
interpretation of the annealing experiments since the perovskite structure is stable in the entire

temperature range.

3.2.1 Mass spectra

The primary ions O*, O;*, M*, and MO* as well as the doubly charged ions M** were detected in
the mass spectra of the vapour over pure oxides and the different STC, STF, and STCF
samples (M = Sr, Co for STC; M = Sr, Fe for STF; and M = Sr, Co, and Fe for STCF). In addition,
the minor ion peaks Ir*, WO*, WO,*, SIWOs*, and Sr\WO,* were registered, which do not relate
to the samples studied but rather to the cell material and the products of interaction of the
tungsten envelope with the Sr-O vapours outside the Knudsen cell. Among the primary ions,
MO* ions are the most important since they are formed by ionization from the MO molecules
and can be directly used for MO activity calculation. The non-fragment origin of the SrO* ion
was confirmed by its low appearance energy of 6.4 + 0.5 eV (SrO ionization energy is 6.6 eV
[47]) found by linear extrapolation of the dependence of ion current vs energy of ionizing
electrons in the ionization efficiency curve (IEC), shown in Figure 4. The SrO* IECs were
identical as measured in three objects with the substantially varying ion current ratios
SrO*/SIWO.*, i.e. 2, 7, and 16 for STF35, STF25, and pure SrO, respectively. Thus, fragment
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contribution to the SrO* ion current from the outside ternary SrWO4 molecules can be neglected.

Analogously, the other MO* ions (M = Co, Fe) were also assumed to be molecular.
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Figure 4 lonization efficiency curves for SrO*

In Figure 5, the temperature dependencies of ion currents in the form In(IT) = f(1000/T) are
shown as example for pure SrO and STC35. In these coordinates, the dependencies should be
straight Clausius-Clapeyron lines. The measurements were carried out during heating (3 points)
and cooling (2 points). It can be seen that all ion currents in SrO are reproducible during heating
and cooling cycles, indicating congruent vaporization. In contrast, most ion currents in STC35
are not reproducible. I(O*), (02", I(Co"), and I(CoO*) decrease considerably during cooling
whereas [(Sr*) increases and I(SrO*) remains practically the same. Such time evolution of ion
currents indicates the incongruent vaporization of the STC35 sample and its gradual
decomposition. Very similar non-reproducible heating and cooling temperature dependencies
were obtained for all other STC, STF, and STCF samples; only I(SrO*) was more or less
reproducible indicating the practical constancy of the activity of SrO in these samples in the

course of their decomposition.

10
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Figure 5 Temperature dependence of ion currents in (a) SrO and (b) STC35; points measured

during heating and cooling are shown by solid and open symbols, respectively

3.2.2 Thermodynamic activity

Thermodynamic activity (a) of the individual oxides MO (M = Sr, Co, and Fe) in STC, STF, and
STCF samples was determined by ion current comparison, evaluated using the consideration of
heterophase equilibrium

MO(cr) = MO (g) (1)
whose equilibrium constant is written as

p*(MO)

Kp(2) = p°(M0) = s @

where p is the vapour pressure, and the indexes “s” and “0” relate to the studied sample and

pure oxide, respectively. Using the relation between pressure and ion current intensity
pi = kil;T (3)

where | is the intensity of ion current, k; is the sensitivity constant of the mass spectrometer for

the species i, we get the thermodynamic activity a(MO)

pS(MO) _ I(MO)
p°(MO) ~ 19(MO) )

a(MO) =

11
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Vaporization of pure SrO was repeated from time to time during the experimental cycle with the
STC, STF, and STCF samples. Altogether five runs of pure SrO were obtained, which show a
reproducibility of ion currents within £10% on an average. Therefore, the doubled value (x20%)
can be accepted as the overall uncertainty of the activity measurements. The SrO activities of
STCF samples obtained in different runs, each with a fresh portion of the sample, agree within
the estimated uncertainty. Figure 6 shows an example for a(SrO) of STF35. The comparison of
activities within the separate groups (STF, STC, or STCF), as shown in Figure 7 (a-c), does not
generally reveal any differences depending on composition; the only slight difference detected
was for STF25 and STF35. At the same time, the differences between the values in the STF,
STC, and STCF groups (see Figure 7 (d)) are more apparent, although they are also not large.
Table 3 lists the average SrO activity values of these three groups at 1827 °C. Considering the
uncertainty, the values are very close to each other as well as to the values measured for the

undoped SrTiOs phases shown in the same table. These facts indicate that
(1) the SrO activity in SrTiOsz is not very sensitive to doping by Co or Fe and

(2) SrO activity does not depend on the dopant concentration within the studied composition

range.

Therefore, the instabilities of the STC, STF, and STFC samples observed in the annealing
experiments (Section 3.1) depending on the dopant amount can hardly be associated with the
SrO activity. This conclusion is also supported by the fact that the tendency of the SrO activity to
increase in the STF-STC-STCF series does not correlate with the relative stabilities of the
samples in the annealing experiments with a fixed amount of dopant (in particular, 25%, see
Table 2).
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Figure 6 Activity of SrO measured in different runs with the STF35 sample
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Figure 7 Activity of SrO measured in (a) STF, (b) STC, and (c) STCF samples of different
composition. (d) Activity of SrO measured in the STF, STC, and STCF groups.

Table 3 a(Sr0) values in STC, STF and STCF at 1827 °C

STF STC

STCF

Sl’o,gTiOs Sl’1,1Ti03

0.21+0.04 0.26+0.05 0.29+0.06 0.21+0.04 0.27+0.05

13
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In Figure 8, the activities of FeO and CoO in STF, STC, and STCF are shown. It can be seen
that they both decrease during heating and cooling cycles (actually in time, see discussion of
Figure 5b), thereby reflecting the gradual change in composition of the samples in the course of
the vaporization experiments. The decrease is much more pronounced (by order of magnitude)
for CoO than for FeO. These facts indicate that Co is mainly responsible for the samples’
instability in the KEMS experiments. This also correlates with the higher instability of STC and

STCF samples compared to STF in the annealing experiments (Section 3.1).

0.1 DA G & R A * 014
- - @G @ Ao oA
o o A A A .‘ e ¢
o o o e
00.014 o A O 0.01 5 ’
o o .<> 2
w 8 TS -
© -
© o7 .
.- o
0.001 - 0.001  [-=-sTC15
STF25 o --e- STC25
& - STF35 --A-- STC6F19
--®- STC12.5F12.5 STC12.5F12.5
A-- STC19F6 STC19F6
1E-4 T T T T T 1E-4 T T T T T
1760 1780 1800 1820 1840 1860 1760 1780 1800 1820 1840 1860
0
T°C] TI°C]
a) b)

Figure 8 Activity of (a) FeO and (b) CoO in STF, STC, and STCF; points measured during

heating and cooling are shown by solid and open symbols, respectively.

3.2.3 Phase composition of the samples after KEMS measurement

STCF samples were characterized by XRD after the KEMS measurements at 1720-1880 °C. In
addition to the perovskite structure, Ruddlesden-Popper-like phases i.e. SraTizO10, Sr3Ti.O7 and
Sr,TiOs were detected, as shown in Figure 9. This result further confirmed the partial
decomposition of STCF materials during the evaporation, as discussed in Section 3.2.2. In
contrast to the annealing experiments (Section 3.1), not only the STC materials decomposed
but also STF25 decomposed due to the very high temperatures and sufficiently low po2, which
reduced some of the Fe cations to the metallic state. According to equilibrium calculations the
Po2 above strontium titanates in the Knudsen cell at 1880 °C is about 3*10® bar, while iron oxide
is already reduced to metallic iron below 4.5*10° bar. Furthermore, incongruent vaporisation at

high temperatures, as discussed in Section 3.2.1, leads to depletion of iron.
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Figure 9 XRD pattern of the STCF samples after the KEMS measurement

4 Conclusions

In this study, the thermochemical stability of SrTii.x,CoxFeyOs.5 (STCF, x+y<0.35) materials after
annealing in syngas atmosphere at 600 °C and 900 °C was characterized by XRD. Ruddlesden-
Popper-like phases and Cos0. were detected in STC materials after annealing at 900 °C. In
addition to the Ruddlesden-Popper-like phases, the SrCO3z phase was detected in the STC
materials after annealing at 600 °C. In contrast, STF materials maintained a perovskite structure
after annealing. In particular, at 900 °C, only the STF perovskite structure was detected.
Thermodynamic activities of the oxide components such as SrO, CoO, and FeO of STCF were
evaluated from the mass spectra to further analyse the reason for decomposition. KEMS results
showed that the SrO activity in SrTiOz is not very sensitive to doping by Co or Fe within the
studied composition range. This suggests that the instabilities of the STC, STF, and STFC
samples observed in the annealing experiments depending on the dopant amount cannot be
associated with the SrO activity. We conclude that the decomposition of STC occurs in two
steps. First, Co is reduced to the metallic state and, hence, extracted from the perovskite
structure in a reducing atmosphere (Po.=1018-10% bar), leading to the decomposition of
perovskite structure and the formation of the Ruddlesden-Popper structure. Then, CO; reacts

with the SrO in the Ruddlesden-Popper structure, resulting in the SrCO3; phase at 600 °C.

STF materials maintained their perovskite structure after annealing in reducing and CO»-
containing atmosphere, highlighting good phase stability and exhibiting excellent potential for

application as separation materials in membrane reactors and solid oxide fuel cells.
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