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Perovskite oxides are promising materials as oxygen carriers in
chemical looping applications. We analyze in situ X-ray diffraction
data on the perovskite phases La;_,Sr,C003 s for x=0, 0.25, 0.5, and
0.75 under chemical looping conditions. We report and discuss their
structural evolution, cycling stability, and suitability as oxygen
strorage materials.

The efficient use of fuels such as natural gas remains an
outstanding challenge. Chemical looping reactions offer a
potential solution since they are reversible, thermochemical
processes that can be applied in fuel combustion and
reforming.! In a typical chemical looping reactor, an oxygen
storage material (OSM) alternately releases its lattice oxygen to
oxidize fuels and then reuptakes oxygen from air into its lattice,
thus completing one cycle. Upon oxidation by an OSM, a
hydrocarbon fuel such as methane can provide either energy or
useful products such as syngas (H, + CO). Since OSMs provide a
pure oxygen stream in the reactor, the chemical looping
reaction affords two promising advantages over conventional
combustion or reforming: (1) it prevents formation of NO, gas
and (2) eliminates costly separation of the products from N, gas
streams.?3 The attributes of an ideal OSM include high oxygen
storage capacity, fast reaction kinetics, sufficient oxygen anion
transport (bulk to surface), and excellent thermal and
mechanical stability for cycling at high temperatures. 34

Among known OSMs, ABO; perovskite-type oxides (where A
and B are typically metal cations) display several of the
attributes mentioned above for chemical looping. Principally,
perovskites can display fast reaction kinetics and long term
structural and mechanical stability at elevated temperatures. !
A significant feature of ABO3 perovskites as OSMs is that both
the A and B metals can be modified to further improve their
performance in chemical looping reactions.>®’ Few studies
have really focused on the cycling stability of the OSMs, which
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is relevant if we want to find an OSM that will function
effectively in a chemical looping reactor.

Our previous studies show that in situ synchrotron X-ray
powder diffraction (SXRD) is a powerful tool to study reaction
kinetics and cycling stability of OSMs under chemical looping
conditions. & ¢ At the same time, we can follow the structural
evolution of OSMs during the entire cycles. Previous studies
demonstrated that the perovskite LaCoOs; displayed high
oxygen storage capacity 7 as well as product selectivity toward
oxidation of methane.>'® We therefore decided to study the
series Lay,Sr,CoOszs with in situ SXRD to reveal its cycling
stability and structural evolution during chemical looping. We
performed all SXRD experiments on the 17-BM beamline at the
Advanced Photon Source (APS) at Argonne National Laboratory.
We prepared a series of perovskite type La;,Sr,CoOs.s phases
for x =0, 0.25, 0.5, 0.75 using syntheses reported previously.°
Details on the syntheses are provided in the electronic
supplementary information file.t The x = 1 member was not
included in this study since the perovskite phase of SrCoOs 5 is
not stable under ambient oxygen partial pressures.!’’ We
characterized each sample with SXRD at room temperature, and
subsequently performed Rietveld refinement using TOPAS 4.12
The structural fits and results are presented in Figures S1-S5. All
samples except LaCoOs_s contain a small amount of impurity (5
wt. % to 8 wt. % of LaSrCo0Q,). We obtained the values for x from
Rietveld refinement of the metal occupancies (Table S1-S4).
Within the standard uncertainty (s.u.) of those refinements, the
values of x are close to the nominal values stated above, and
the occupancy of Co is also close to unity.
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Fig.1 In situ SXRD patterns (A=0.75009 A) of Lag-sSro2sC00s. s under air
flow from room temperature (RT) to 800 °C. The diffraction patterns
indicate the gradual phase transition of Lag 755r0,5C003_ s upon heating.
The panel on the left shows the disappearance of the (113) peak while
the panel on the right shows the merging of two peaks in the trigonal R
3c phase in to a single peak in the cubic pm3m phase.

At room temperature La;,Sr,CoOss for x = 0, 0.25, and 0.5
adopts the trigonal R3c space group. The powder diffraction
peak corresponding to the (113) Bragg reflection at a 29 of
approximately 18.7° is characteristic of the trigonal phase since
the primitive cubic phase lacks this reflection (Figure S4).
However, the x=0.75 member adopts the cubic space group Pm
3m at room temperature. The higher Sr content increases the
symmetry of the perovskite structure since the tolerance factor
approaches unity. 1314

Next, we heated the entire series of oxides to 800 °C from room
temperature under air flow while measuring their diffraction
patterns. We collected in situ SXRD patterns every 6.5 seconds.
Upon heating, the crystal structures of the four samples evolved
distinctly. The evolution of the diffraction patterns from room
temperature to 800 °C are presented in Figure S6. We focus on
the most important features of the ramping study.

First, LaCoOs retains the trigonal R3c structure throughout the
temperature range and only expands its lattice volume linearly
(Figure S6a). Second, the Lag 755r0.,5C005.5 sample undergoes a
trigonal R3c to cubic Pm3m phase transition as shown in Figure
1. The phase transition is marked by the merging of the (111)
and (006) reflections and concomitant disappearance of the
(113) reflection. This gradual phase transition appears to be
complete by 800°C. For the samples with a higher level of Sr
substitution, the phase transition is complete at lower
temperatures. For the x = 0.5 sample, we observed the
transition occurs around 300 °C (Figure Sé6c). For the x = 0.75
sample, we observed it to remain cubic for the entire
temperature range (Figure S3d). These phase transition
behavior of Lai,Sr,CoOs.s broadly reproduces the results of
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Fig.2 Refined unit cell volume from in situ SXRD (A=0.75009A)
measurements on La; Sr,Co0O;s for x = 0, 0.25, and 0.5. Six chemical
looping cycles were performed at 800 °C. For the x = 0, the patterns are
refined with R3c symmetry. For the x=0.25 and 0.5 samples, the
patterns are refined with Pm3m symmetry.

Mastin et al.3 One key difference between our studies., is that
we found the phase transition in LagsSrg5Co03.5 to not reach
completion until 300 °C whereas they found it at 200 °C.13

In our third experiment, we simulated the conditions within a
chemical-looping reactor while taking diffraction patterns. We
held the samples at a fixed temperature while the atmosphere
was cycled between 20% Air/He and 15% CH,/He. In between
each gas change, we used 100% He to purge the atmosphere.
As illustrated in Figure S9, the main phases of the La;,Sr,Co03.s
(x =0, 0.25, 0.5) samples retained their crystal structures under
both atmospheres at 800 °C (R§C for x = 0 and Pm3m for x =
0.25, 0.5). To monitor the oxygen release and uptake of the
perovskites, we analyzed the unit cell volume as a function of
time. To this end, we performed Rietveld refinement on each
diffraction pattern to extract unit cell volumes. The change of
unit cell volume for La1,Sr,CoOs (x = 0, 0.25, 0.5) under the
chemical looping cycles is plotted in Figure 2.

We next explain the significance of the volume change for
chemical looping. As the metal oxide is reduced in a methane
atmosphere, it releases its lattice oxygen. The loss of oxide
anions in the lattice increases the ionic and repulsive forces
between cations. Thus, the loss of oxygen expands the unit cell
volume in the perovskite oxide.’®> The oxidizing atmosphere
drives oxygen back into the crystal lattice causing the opposite
effect of shrinking the unit cell. Figure 2 shows that within one
cycle, the x = 0.5 analogue underwent a faster unit cell volume
change than the x = 0 and 0.25 samples. All the samples
underwent the same ball milling procedure, and we did not
observe significant differences in particle size from Scanning
Electron Microscopy (SEM) (Figure S10). We therefore conclude
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Fig.3 Comparison of SXRD diffraction patterns at the end of each
chemical looping cycle (under air) for the x=0, 0.25, 0.5 members of La,.
xSryCo03.s. The number above each curve represents sequence number
from cycling. For the x=0.25 and x=0.5 samples, the appearance of new
peaks upon cycling indicates decomposition of the perovskite phase.
The existing impurity in the x=0.25 and x=0.5 samples is LaSrCoO,.

that particle size does not play a major role in differentiating the
kinetics between samples.

The improved kinetics for cycling with increasing Sr substitution
can be explained by the increase of oxide anion conductivity.®
As the trivalent La3* is substituted by the divalent Sr?*, oxygen
vacancies are introduced to achieve charge balance. Higher
levels of oxygen vacancies therefore benefit the transport of 0%
within the crystal lattice, leading to faster reaction rates. With
more oxygen vacancies, the repulsive forces between the
cations are also greater. Figure 2 also shows that the unit cell
volume change is greater as the Sr content is increased. Indeed,
LaCoO; displays a negligible change in unit cell volume.
Therefore, just as we previously observed with LaFeO3,° the x=0
member in this series displays either slow kinetics or
nonreactivity with air and methane at 800 °C.The periodic
change of unit cell volume for the x = 0.25 and 0.5 samples
indicates that they can be successfully cycled with methane and
air. However, Figure 2 shows that their unit cell volumes never
fully recover to their initial state at the end of subsequent
cycles. With each cycle the change in unit cell volume decreases,
which indicates a degradation of chemical looping performance.
A closer look at the diffraction patterns at the end of each cycle
reveals the possible reason for this degradation. First, we
monitored any change in the crystallite size by plotting the
broadening parameter from the Rietveld fits as a function of
cycle. We found no change in crystallite size upon cycling within
error (Figure S11) and conclude that significant degradation of
crystallinity does not occur. Second, we looked for possible new
phases during cycling and found new, weak reflections. Figure
3 shows selected region of SXRD patterns at the end of each
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Fig.4 Time evolution of in situ SXRD patterns (A=0.72768 A) of
Lag 255r0.75C003.5 under He/CH,/air atmospheres within one chemical
looping cycle at 700 °C. The structural evolution corresponding to the
changes in the powder diffraction patterns is depicted on the right.

cycling. Two peaks (20 around 14.4° and 14.7°) appear after
several cycles for the x =0.25 and 0.5 members, which are likely
related to degradation during cycling. In LaCoOs, those two
peaks exist as an impurity in the initial material and remain
constant even after several cycles. Contrastingly, for the Sr-
substituted samples, those two peaks grow in intensity after
each cycle. Therefore, while Sr substitution and introduction of
oxide anion vacancies lead to increased reactivity for chemical
looping, it also destabilizes the perovskite towards this
unknown phase. Due to the low intensity of the impurity peaks
and possible peak overlap, we could not identify the unknown
phase. A similar decomposition of La;_Sr,CoOs s at low oxygen
partial pressures has been previously reported.1*

To study whether lower temperatures can improve looping
performance by impeding degradation, two cycles were
performed for Lag5SrgsCo03.s at 700 °C. As previously done, we
extracted the lattice volume changes as a function of time and
present the results in Figure S12. At temperatures of 600 °C and
700 °C, the decay is still visible even after 2 cycles, implying
decomposition remains at lower temperatures. Meanwhile, the
kinetics are too slow at 500 °C for perovskite LagsSrgsCoOs.5 to
function in chemical looping.

We discuss La;,Sr,CoO3_5(x = 0.75) separately since its chemical
looping behaviour is significantly different from the rest of the
series. Two chemical looping cycles were performed for
Lag.255rg.75C003.s at 500 °C, 600 °C, and 700 °C. As depicted in
Figure 4, Lag »5Srg 75Co003_s undergoes a gradual phase transition
at 700 °C from cubic Pm3m perovskite to the brownmillerite
Ima2 structure under the reducing atmosphere. It then
immediately reverts to cubic Pm3m once exposed to air.
Brownmillerite is related to the perovskite phase except that
the Co cations exist in multiple coordination environments since
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the oxide vacancies become ordered. We observed a reversible
phase transition in the x=0.75 sample since it arises from a
transition of order to disorder in the oxygen sublattice. Within
the series the x=0.75 sample has the highest concentration of
oxide vacancies and is therefore the most sensitive towards
changes from oxygen substoichiometry. Two looping cycles
were also performed at 500 °C and 600 °C, and the diffraction
patterns are presented in Figure S13. No phase transition was
observed at 500 °C, while the transition from cubic perovskite
to brownmillerite remained incomplete at 600 °C. In the case of
SrFeO3.5 from our previous cycling studies,® the brownmillerite
phase appears to be stabilized when the value of & is close to
0.5. Even though we do not have neutron diffraction data for
the x=0.75 sample, it is likely that a similar concentration of
oxide vacancies as in SrFeO, 5 drives the phase transition.

We now compare the findings between our previous chemical
looping study® of La;.,SrFeOs.s with the present one. First, the
chemical stability of the iron analogues appears to be superior
to that of the cobalt-based series since the latter’s perovskite
structure degrades faster under chemical looping conditions.®
The thermal stability of perovskites is influenced by both the A
site and B sites elements. Since we kept the A-site cations
constant between the two studies, our observation is likely due
to the transition metal (or B site). The differences between the
ionic radii of Co?*/Co3* and Fe?*/Fe3* are not significant, so we
attribute the change in performance between their respective
perovskites as OSMs to be an electronic effect. For a given
Sr2*:La3* ratio, it appears that the oxidation and reduction of Co
within the perovskite structure is less stable than that of Fe. A
computational study comparing LaCoOs to LaFeO; sheds more
light on their difference.l” This study found that the free energy
of formation is less negative for LaCoOs than it is for LaFeOs. The
free energy differences suggest that likewise for the Sr-
substituted series, the Co analogues more easily decompose
than the Fe ones for similar thermodynamic conditions.

In conclusion, we find that performing in situ structural studies
of the perovskite series La;Sr,CoO3 s is a powerful tool towards
understanding its performance for chemical looping with
methane. The level of Sr substitution influences the number of
oxygen vacancies in the perovskite lattice and therefore leads
to observable differences in the crystal structure during both
ramping in air and isothermal chemical looping. The more Sr
that substitutes for La, the faster the kinetics for oxidation of
methane and uptake of oxygen from air. We reaffirm the
significance of aliovalent substitution towards improving the
kinetics of chemical looping reactions. Although previous
studies show perovskite La;.,SryCoOs3.s to display high oxygen
storage capacity’ and improved product selectivity,>1° our in
situ diffraction study indicates that its performance decays
upon subsequent cycles. A possible solution that preserves the
fast kinetics of the Co-system yet introduces stability from the
Fe-based one would include a solid solution between the two.
Therefore, doping La;.,Sr,Co0Os.s with Fe on the Co site where x
is close to 0.5 may lead to an oxide perovskite ideally suited for
chemical looping applications. Finally, given how much
information one can obtain on the cycling stability and kinetics
of OSMs, we propose that in situ SXRD studies become more
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common when investigating OSMs for reactions with

hydrocarbon fuels such as methane.
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