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Systematic in situ Investigation of the Formation of NH,
Cracking Catalysts from Precursor Perovskites ABO,
(A=La,Ca,Sr and B=Fe,Co,Ni) and their Catalytic

Performance

Simone Gallus® and Claudia Weidenthaler*™

This work addresses the formation of ammonia (NH;) decom-
position catalysts derived from perovskites ABO; (A=La, Ca, Sr,
and B=Fe, Co, Ni) precursors via operando synchrotron X-ray
diffraction experiments. During the reaction in NH; the
perovskite precursors are decomposed and the transition
metals are reduced. Depending on their reduction properties,
active metallic catalysts are formed in situ on La,O; as support.
The reduction behavior of the perovskites, formation of
intermediate phases during activation, and catalytic perform-
ance was studied in detail. In addition, microstructure proper-
ties such as crystallite sizes and particle morphology were

Introduction

Creating energy storage possibilities and increasing their
capacities are substantial challenges in today’s society. This is
an essential requirement to change from a fossil fuel-based
energy industry to a sustainable and environmentally friendly
one driven by renewable energy sources. A hydrogen-based
energy economy could be an alternative to the current carbon-
based one, where the energy is stored chemically in the form of
hydrogen (H,).l" It has a higher weight-based energy density
than fossil fuels and can be stored pure, in a liquid (1 bar,
—253°C) or pressurized (500 bar, 25°C) state, or bound in
compounds.” Examples for the latter are the hydrogen-carrier
molecule ammonia (NH), metal-organic frameworks that can
adsorb hydrogen on their surface, or metal hydrides that can
take up hydrogen on the interstitial spaces of their crystal
structures or form new phases. Compared to the other hydro-
gen storage options, ammonia has several advantages such as
its high volumetric and gravimetric hydrogen storage
densities.” These amount to 120 kgm~ and, respectively,
17.65 wt-%." Another advantage is the existing infrastructure
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analyzed. Co-/Ni-based perovskites decomposed completely
during activation to Co’/Ni® supported on La,O; while Fe-based
perovskites were fully stable but inactive in catalysis. This
difference is due to varying electronic properties of the
transition metals, e.g., decreasing electronegativity from Ni to
Fe. With decreasing reducibility, the intermediate phases during
activation formed more distinct. La’>" was partially substituted
by Ca’*/Sr*" in LaCoO; to test for advantageous effects in NH,
decomposition. The best performance was observed using the
precatalyst La,gSry,CoO; with a conversion of 86% (100% NH,,
15000 mLg 'h™") at 550°C.

and experience in transporting and storing ammonia.” As it is a
base chemical for the production of fertilizers, it is a widely
handled and essential product of today’s chemical industry. In
the case of using carrier substances, such as ammonia, catalytic
processes are necessary for binding the hydrogen and rereleas-
ing it for further utilization. The noble metal ruthenium was
shown to be a very active catalyst for ammonia decomposition
and has been studied extensively as a single catalytically active
element, as well as in combination with transition metals.””
However, it is highly desirable to find catalysts that consist only
of less expensive and more abundant elements. Among the
transition metals, nickel and cobalt have gained considerable
interest and have been studied on various supports and
prepared by different synthesis pathways.”” One promising
catalyst type is the decomposition product of perovskites ABO,
gained after an activation procedure, as a first investigation has
shown.” The idea for this method is based on a process called
exsolution, during which the B-site cations, here transition
metals, get reduced to their metallic state and diffuse towards
the surface of the perovskite.” For the preparation of ammonia
decomposition catalysts as in the above-mentioned studies, the
reduction process is operated beyond the exsolution so that
the perovskite completely decomposes and the transition
metals B® remain on an oxide support AO,. This strategy of
catalyst preparation has several advantages compared to
conventionally deposited nanoparticles on a support material.
Problems like agglomeration, nonuniform spatial distribution,
and poor control over the nanoparticle sizes can occur in
catalysts synthesized by conventional methods, such as vapor
deposition techniques or wet-chemical impregnation, resulting
in fast catalytic deactivation.®” Catalysts prepared by exsolution
have an exceptionally strong particle-support interaction,
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hindering these processes."” This is due to their anchorage,
meaning the nanoparticles are seated in an indentation on the
support material.""

The aforementioned first study on employing perovskites as
precatalysts for ammonia decomposition by Pinzon et al. (2021)
used the compositions LaNiO; and LaCo0,.”! After synthesis via
self-combustion, the perovskites were fully reduced with hydro-
gen to a metallic phase (Ni° or Co° on a lanthanum oxide
(La,0;) support before catalytic testing. Small perovskite
crystallites resulted in smaller well-dispersed Co%Ni® crystallites,
enhancing the catalytic performance. Additionally, the LaNiO,-
derived catalyst displayed a higher conversion rate and had a
lower determined apparent activation energy than the LaCoO,-
derived one, which was argued to be due to an improved
nitrogen (N,) desorption. This was explained by higher basicity
measured for the initial perovskites. Besides the choice of the
transition metal for the B-position in the perovskite ABO;, the
selection of the A element, which is part of the oxide support
for the metallic catalytic phase after activation, is of great
importance regarding catalyst-support interactions that can
influence catalytic performances significantly."? The partial
substitution of lanthanum with cerium and magnesium in
cobalt- and nickel-based perovskites (La,A;,Co,Ni;0;, A=Ce,
Mg) serving as precatalysts for ammonia decomposition has
been examined."” The accordingly derived catalysts were
shown to result in higher catalytic activity upon partial
substitution of lanthanum. The reasons were an enhanced
decrease in crystallite size of the metallic phase, improving its
dispersion, and further facilitating the nitrogen desorption,
which is the conversion rate-limiting step during ammonia
decomposition for non-noble-metals."**'¥ Additionally, cerium
was reported to enhance the reducibility of the transition
metals.*? A different system, in which perovskite-supported
cobalt catalysts were tested for ammonia cracking, has been
examined using several other elements (Mg, Ca, Sr, Ba)
occupying the A-site in XCeO,."™™ This study also found that
doping enhanced the reducibility of the transition metals with
increasing extent going from magnesium to barium. The
addition of the strong alkaline earth metal reportedly promoted
electron conductivity and adapted the binding energy of the
active site and the nitrogen atoms for optimized catalytic
performance. Another study, which employed the perovskite
LaAlO; as the support material for a ruthenium catalyst, found
that substituting one-fifth of lanthanum with strontium led to
an electron-rich state of the ruthenium. This facilitated nitrogen
desorption and accelerated ammonia decomposition.* The
results of these past reports strongly encourage testing even
more elements for lanthanum substitution on the A-site in the
perovskite for their potential to modify the electronic state of
the catalysts advantageously.

In this work, we investigate the activation process of cobalt/
nickel-based lanthanum-containing perovskite precatalysts and
follow the in situ formation of the final catalysts for ammonia
decomposition via intermediate phases for a detailed analysis
of the structure-property relationships. In the previous studies
by Pinzon etal. and Podila etal. on La-based perovskites as
precatalysts for ammonia decomposition, the perovskites and
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the catalysts were analyzed after activation, but not how exactly
the activation proceeds, which is the focus of this work.®'¥ In
addition, Pinzon and co-workers used only very low NH;
concentrations of 5% in the reactant gas, whereas we use
100% NH; in our work. Another difference from previous
studies is the activation of the catalysts. In all studies, the
perovskite precursors were first reduced in hydrogen at high
temperatures (550-600 °C) for several hours. In our experiments,
we will observe the temperature-dependent conversion of the
perovskite precursor and the formation of the active metal
species in situ under reaction conditions in NH;. As an outlook
for future studies optimizing the catalytic performance, the
effect of substituting one-fifth of lanthanum, once with calcium
and once with strontium, in the sample LaCoO; is additionally
analyzed. The perovskites were synthesized by incipient wet-
ness impregnation of microporous carbon spheres with metal
nitrate solutions and subsequent calcination. The successful
synthesis was confirmed by powder X-ray diffraction. Temper-
ature-programmed reduction (TPR) experiments were con-
ducted to analyze the reduction behavior of the perovskites.
Catalytic tests consisted of plug-flow reactor experiments to
evaluate the conversion rate accurately and were followed by
collecting electron microscopy images of the samples after the
reaction. Operando synchrotron powder diffraction experiments
under catalytic reaction conditions (100% NH,) provided the
necessary time resolution to track the formation of the catalyst
in detail.

Results and Discussion
Characterization of the Perovskite Precursors

Perovskites of various lanthanum-based compositions have
been successfully synthesized via the incipient wetness impreg-
nation method. The results of the in-house X-ray powder
diffraction experiments are shown in Figure 1. As expected, the
perovskites ABO; adopt different crystal symmetries depending
on their composition. This distortion of the pristine cubic
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Figure 1. In-house measured X-ray diffractograms of all synthesized per-
ovskites, given with their respective chemical composition and space group.
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perovskite structure is due to the varying sizes of the ions
occupying the sites in the crystal structure"® Therefore,
perovskites of the compositions LaB,;B’,;0; with B=B'=Fe, Co,
Ni, and LaggA,,Co0; with A=Ca, Sr display crystal symmetries
ranging from monoclinic, via orthorhombic, to rhombohedral.
Besides the identified main perovskite phase, impurities of 2-3
wt-% transition metal oxides can be present. Depending on the
sample composition, these are Fe,O,, NiO, or Co;0,. Detailed
Rietveld refinement results are given in the supporting
information in Table S1.

Hydrogen-TPR experiments were performed on all synthe-
sized perovskites to determine their reducibility. Due to their
large ionic radius and low electronegativity, La*>* ions are not
reducible under the given experimental conditions. Moreover,
La,0,, one of the final phases after TPR, is a strongly basic oxide.
Therefore, all hydrogen consumption can be assigned to the
reduction of transition metal species.

For the compositions LaNiO; and LaCoO;, a similar shape of
the thermal conductivity detector (TCD) signal curve with two
major reduction events can be observed (Figure 2a), which is in
agreement with literature reports.'””’ LaNiO; shows easier
reducibility than LaCoO,, as its reduction was finished at
approximately 550 °C, while LaCoO; was fully reduced at around
600°C. Compared to cobalt, this is due to the higher electro-
negativity of nickel, resulting in a higher degree of hybridization
of the transition metal 3d-O 2p states and, thus, increased
covalency."® Previous studies show that LaCoO; is predom-
inantly a small-band-gap charge-transfer insulator, while LaNiO;
has a metallic electronic character.™ For both compositions,
the first major reduction event represents the reduction of the
transition metal ion on the B-site (B=Co, Ni) from B*" to B*",
which correlates to a phase change from LaBO; to La,B,Os.
La,B,0; is a brownmillerite-type phase that has been observed
as a nickel- and cobalt-based structure and can be described as
an oxygen-deficient perovskite.'”“*” However, this first signal
displays a small shoulder for both perovskites in our study.
Observations of such a TCD profile shape have been reported in
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Figure 2. TPR curves for the precatalysts of different perovskite compositions
(a) ABO;; (b) B-site substituted; and (c) A-site substituted.
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part of previous publications, though various reasons are given
for this reduction behavior. One possible explanation is the
formation of an additional phase, La;B;0s an intermediate
between brownmillerites and perovskites.”™ Another interpreta-
tion for the reaction could be the reduction of the impurity
phase NiO (Ni*"—Ni, as its reduction starts at a temperature
similar to that of LaNiO,.*" Equivalently, the small shoulder in
the measurement of the cobalt-based perovskite could be due
to the reduction of the Co,0, impurity to CoO (Co®*" —Co?").??
Furthermore, a comparison of nanocast and conventionally
synthesized perovskites via citric acid gave Nair etal. (2014)
reason to assume that further reduction of nickel in grain
boundaries led to the formation of the shoulder, as it was not
present for the nanocast material."’? A fourth explanation
might be the early formation of B® in parallel to the B** to B**
reduction step, as reported by Ivanova et al. (2010)."" Their
study found a decrease in the ideal ratio 1:2 of the areas below
the first (B>*—B*") and the second reduction event at higher
temperatures. This second event is consistently reported to
correspond with the final reduction step from B** to B° in the
literature. After complete reduction, the final phase composition
is La,0; and B°."7“®! Echchahed et al. (2006) also reported the
early formation of B° and correlated it to the volume of
hydrogen consumed between the two major reduction
peaks."7? This increase of the minimum between both peaks
can be seen especially for LaNiO; in Figure 2a, which also
displays the more pronounced shoulder compared to LaCoO;.
In contrast, LaFeO; displays a very different reduction
behavior with two much smaller and broader peaks in the 350-
650°C range and an unfinished reduction process at 700°C. It
can be easily estimated that compared to La(Co,Ni)O;, a
significantly lower amount of hydrogen was consumed, which
indicates that the LaFeO; crystal structure was stable in the
reductive atmosphere in this temperature range. Spinicci et al.
(2002) have reported a similar, very shallow TCD profile in the
same temperature range.”” Provendier etal. (1999) found
LaFeO; nearly irreducible.”” This behavior can be explained by
LaFeOj;'s electronic structure and iron having the lowest electro-
negativity compared to cobalt and nickel. According to Arima
et al. (1993), LaFeO; is considered to be an intermediate charge-
transfer/Mott-Hubbard insulator.”® A possible explanation for
the observed hydrogen consumption is given by Ciambelli et al.
(2001). They identified a low amount of Fe** to Fe** reduction
while measuring their LaFeO; sample and explained the small
presence of Fe*" ions by charge transfer and associated oxygen
deficiency in the perovskite structure.?” Besides, our study’s
sample contains a Fe,O; impurity of approximately 2 wt-%,
which is known to reduce via Fe;O, and FeO to Fe° in the
temperature range in question and added to the TCD signal.”®
The mixed iron-cobalt-nickel-containing perovskites (Fig-
ure 2b) show a combination of the characteristics observed so
far, exhibiting the stabilizing influence of iron in the perovskite
structure. Both samples, LaFeysNi,s0; and LaFe,;Co,50;, display
better reducibility than LaFeO; but worse than LaNiO; and
LaCoOQ,. Similarly, two major reduction events can be seen for
the iron-cobalt- and iron-nickel-based perovskites. However, the
second one is shifted to a much higher temperature of
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approximately 600°C and continues outside the measured
range. Both TPR peaks are significantly smaller, which leads to
the assumption that only Co®*/Ni** was reduced to Co®"/Ni**
during the first reduction event, while Fe** was stable. This is in
agreement with the literature."’®*? For TPR experiments of
similar iron-nickel-based perovskites, Provendier etal. (1999)
have assigned the second peak to the reduction of nickel and
part of the iron to the metallic state, forming a nickel-iron
alloy.”™ It is reasonable to assume an analogous process for
LaFey5C0,50;, with the starting formation of a cobalt-iron alloy
in the high-temperature range of our experiment. The TPR
profile of LaCo,sNiysO; appears like an averaged curve between
the pure nickel- and cobalt-based perovskites concerning the
temperatures of the peak positions. The same reduction steps
as for LaCoO; and LaNiO; can be correlated to the peaks, with
the first representing the formation of a brownmillerite phase
containing both cobalt and nickel (B**—B*"). The reduction to
metallic cobalt and nickel is attributed to the second peak. As
Ivanova et al. (2010) have explained, whether pure Co® and Ni°
phases are present or an alloy of both cannot be determined
without advanced methods."”™ A simple ex-situ X-ray diffraction
measurement would be insufficient due to the broadness of the
metal Bragg reflections and their very close positions due to
similar lattice parameters. The partial substitution of lanthanum
by strontium or calcium (Figure 2¢) in the cobalt-based
perovskite changes the reduction behavior immensely. Never-
theless, the presence of two major reduction events is still
given. For LaggCa,,Co0; and La,ygSry,Co0;, the first one is
broadened and shifted from its peak at 400-450°C for LaCoO,
to 350°C. Again, this peak correlates with the reaction from
Co’" to Co’". However, substitutions with strontium and
calcium have a very different influence on the second reduction
event. In the case of calcium substitution, this reduction peak is
sharpened and shifted from 550°C (LaCoO;) to a higher
temperature of 580°C. It is asymmetric with a continued
hydrogen consumption up to 650°C. In contrast, the second
TPR reduction peak for the strontium-containing sample is
moved to a lower temperature of 500°C. Moreover, it is very
sharp, indicating an abrupt reduction. As for LaCoO;, these
second reduction events represent the formation of Co°. In the
case of calcium and strontium substitution, a trivalent (La*") ion
is replaced with a divalent ion (Ca®", Sr*™). Hence, compensation
processes must take place to preserve charge neutrality. These
can be the formation of tetravalent cobalt ions and oxygen
deficiencies.®” The advantages are increased oxygen mobility,
enhanced redox properties, and, thus, easier reducibility.?*®>*"
This can explain the shift of the first reduction step to lower
temperatures compared to LaCoOs;. Rojas etal. (2022) have
further determined that forming Co*" ions is the preferred
charge compensation process when lanthanum is substituted
with strontium.®? Contrarily, oxygen vacancies are preferred for
substitution with calcium.®? This difference might be why the
final reduction step to metallic cobalt happens at lower
temperatures when the sample contains strontium than
calcium. Additionally, it was reported that incorporating
strontium in the perovskite structure leads to a smaller
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crystallite size and a less crystalline perovskite, further adding
to easier reducibility.>

In situ NH; Decomposition XRD

After an initial characterization of the different perovskite
compositions, several were chosen to be investigated with
in situ methods and detailed catalytic testing. The basic ones,
LaFeO;, LaCoO; and LaNiO; were selected to gain a fundamen-
tal understanding of their behavior with each transition metal
occupying the B-site. The perovskites La,gCa,,CoO; and
La,ySr,,Co0; raised interest due to their easy reducibility in the
TPR measurements, which is why they were also examined to
gain an initial understanding of how substitutions on the A-site
might influence the reaction behavior and the catalytic
performance.

These five perovskites were investigated with operando
synchrotron X-ray powder diffraction experiments under cata-
lytic reaction conditions (100% NH;, 25-650°C) with simulta-
neous gas analysis. Thereby, a qualitative determination of the
conversion for ammonia cracking is possible. The diffraction
data analysis was performed via Rietveld refinements. This
enables monitoring the phase development during the first
heating cycle of the experiment when the perovskite precata-
lyst is activated, and the active catalyst phase is formed.
However, due to the highly dynamic character of the samples
with simultaneous formation and decomposition of intermedi-
ate phases during the experiment, the analysis via Rietveld
refinements is very difficult. Even though data collection time
per frame was 60 sec, the processes are very fast and one can
only get a qualitative snapshot. Thus, the derived weight
percentages should preferably be taken for a qualitative
evaluation and pointing out tendencies rather than giving exact
quantitative phase compositions. For LaCoO; (space group R
3cH, No. 167), the plot of raw data for both the activation and
catalytic cycle and selected significant diffractograms collected
at various temperatures during activation are shown in Figure 3.

The first phase that formed after the perovskite in the
reducing ammonia atmosphere was an oxygen-depleted per-
ovskite with the structural formula La;Co;Og (space group
P12,1, No. 4) at approximately 400°C. This phase was first
described by Grenier et al. (1976). It is characterized by ordered
oxygen vacancies that result in cobalt being coordinated not
exclusively octahedrally but also tetrahedrally.®¥ In parallel, the
small impurity phase Co;0, (space group Fd3mZ, No. 227) was
reduced via CoO (space group Fm3m, No. 225) to metallic
cobalt (space group Fm3m, No. 225) started forming at
approximately 450°C. La;Co;0; was further reduced to the
brownmillerite phase La,Co,05 (space group Pnma, No. 62). This
intermediate phase also had a measurable contribution to the
TPR curve and was discussed in its analysis. This might be due
to its thermal stability over a broader temperature range than
La;Co;0g as the continuous phase development indicates (Sl
Figure S1). Concerning the crystal structure, La,Co,05 contains
only Co®" ions and no more Co*" ions®” as visible in the
schematic phase development during activation in Scheme 1.
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Figure 3. (a) In situ synchrotron data collected during the activation and the
first catalytic cycle of NH; decomposition using the precatalyst LaCoO;; (b)
most important diffractograms observed at selected temperatures during
the activation and the respectively identified phases.
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Scheme 1. Schematic phase development during the activation cycle of the
precatalyst LaCoO; in NH; atmosphere.

The decomposition of this phase leads to the final reduction
products Co® and La,0;. Lanthanum oxide usually adopts a
trigonal crystal structure (space group P3m1, No. 164), which
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was observed to be present at the end of the activation process
of all examined perovskite compositions. However, when using
LaCoO; as a precursor, the additional crystallization of a
metastable cubic lanthanum oxide can be observed simulta-
neously with the trigonal one upon heating during the
operando experiments. Few publications mentioning cubic
lanthanum oxide discuss possible space groups, which also do
not necessarily agree with each other, so the structure has not
been determined without a doubt yet.®® Nevertheless, there
seems to be a consensus for a body-centered space
group.B®®<*! For the analysis in this study, a crystal structure
published by Felsche et al. (1969) with the space group /a3 (No.
206) is assumed.’” Glushkova etal. (1963) were the first to
describe the formation of cubic lanthanum oxide.”® Others later
examined the formation, for example, from lanthanum nitrate
upon heating with a specific rate at approximately 550°C.
However, they found it to quickly transform into a trigonal
crystal structure at higher temperatures due to high
instability.?? In agreement with the literature, this cubic La,0,
phase disappeared again in our experiment upon further
heating at approximately 600-700°C, and the trigonal crystal
structure formed instead.”” The appearance of this metastable
lanthanum oxide phase in the case of precatalysts LaCoO,
indicates a slower reduction process compared to activation of
the other perovskite compositions, where this phase did not
appear.

In comparison, the phase development during the activa-
tion of LaysSry,Co0; shows significant differences. This is
evident from the plot of raw data for both the activation and
catalytic cycle and selected significant diffractograms collected
at various temperatures during activation shown in Figure 4.
The first decomposition step appeared approximately 100°C
earlier at 300°C compared to 400°C observed for LaCoO; (SI
Figure S2). Additionally, the oxygen-depleted perovskite could
not be identified in the diffraction pattern. Instead, the
formation of a brownmillerite-type phase could be observed as
the first identifiable intermediate decomposition product. No
crystal structure is published for such a phase containing
strontium; therefore, the published La,Co,05 structure is
manually adapted by modifying the occupancies in the Rietveld
refinements to exchange one fifth of cobalt by strontium. The
difference in oxidation state between La** and Sr** ions likely
leads to an increase in the average oxidation number for cobalt
(Co™™ in La,¢Sry4C0,05 vs. Co** in La,Co,0s). The reason for
this assumption is the knowledge that the oxidation state of
cobalt adjusts to very common nonstoichiometric oxygen
occupancies in the perovskite structure leading to the distinct
La,Co0,0; and La;Co;04 phases. The missing crystallization of a
phase similar to La;Co;05 with strontium substitution and the
abrupt complete reduction of the brownmillerite phase shortly
below 500°C emphasize the strong reducibility gained by
introducing strontium in the system. This tendency was also
observed with the reduction behavior in the TPR measurements
and agrees with literature reports.”” Accordingly, substituting
lanthanum with strontium in iron-nickel-based perovskite
precatalysts was reported to result in increased reducibility and
segregation of nickel to the surface during exsolution.*? The
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Figure 4. (a) In situ synchrotron data collected during the activation and the
first catalytic cycle of NH; decomposition using the precatalyst LaySr,,C00O3;
(b) most important diffractograms observed at selected temperatures during
the activation and the respectively identified phases.

final reduction products were La,0,, SrO, and Co®, as shown by
the schematic phase development during activation
(Scheme 2).

The raw data and derived phase developments during the
activation cycle of the other perovskite compositions are shown
in the supporting information (SI Figure S3 to Figure S5). It is
worth mentioning that for La,gCa,,Co0; the oxygen-depleted
perovskite and the brownmillerite phase could be observed.
Due to a lack of published crystal structure data with calcium
substitution, both are manually adapted versions of the pure
lanthanum-cobalt-based versions described in the literature.
The formation of both phases shows the slightly lower
reducibility and slower reduction speed of this perovskite
composition compared to the strontium-substituted perovskite.
As expected, LaFeO; did not decompose, while the Fe,0,
impurity was reduced and reacted to iron nitrides in the
ammonia atmosphere. These nitrides are active catalysts for
ammonia cracking.”® LaNiO, was found to contain stacking
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G
c
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£ faults of the Ruddlesden-Popper-type (LaO-LaO shear faults),
E’ which made the accurate phase analysis difficult because of
E intermediate phase shifted and asymmetric Bragg reflections. (A publication
S i describing a LaNiO; model containing these stacking faults that
350°C can be used for refining diffraction data is currently in
preparation.) A phase mixture of two brownmillerite phases (of
«Lay 481, ,C00, which one is a published cobalt-containing phase that is
* Co,0, manually substituted with nickel), three different published
50°C Ruddlesden-Popper phases, and NiO was approximated to

appear between the initial perovskite and the final reduction
products, La,0; and Ni°. The publication references of the used
crystal structures can be found in the experimental description.
The simultaneous existence and transformation of these phases
prove how dynamic the system is and again display that nickel
can be reduced easily.

After the activation cycle, the phase composition does not
change during the catalytic cycles in all experiments. As metallic
cobalt or nickel formed during the activation, an increasing
conversion for ammonia cracking was measured. This is direct
evidence that the metallic state of the transition metal catalysts
is decisive for the catalytic activity. The conversion curves
obtained during the catalytic ammonia decomposition cycles
are shown in Figure 5. Based on these experiments, a detailed
quantitative discussion is impossible, as an undefined sample
volume was heated in the capillary by the hot air blower, and a
fixed gas flow of 5mLmin™' 100% NH; was applied. Never-
theless, certain tendencies can be observed that are later
confirmed by a dedicated catalytic characterization in the
section “Catalytic Testing”. The precatalyst LaFeO; resulted in
the lowest conversion, while the catalyst derived from the
LaysSr,,Co0; perovskite displayed the highest conversion. An
improved catalytic performance upon strontium substitution
has also been observed for other reactions due to increased
reducibility and number of active species.*® Incorporating the
transition metal nickel in the perovskite precursor resulted in
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Figure 5. Qualitative proof of NH; conversion measured during operando
synchrotron experiments using various perovskites as catalyst precursors
with a fixed gas flow of 5 mLmin~' 100% NH; and approximately the same
sample amounts of each perovskite; the calculation is based on the gas
analysis by mass spectrometry measurements.

lower conversion rates for ammonia decomposition than when
cobalt-based perovskites were tested.

Besides the phase composition, crystallite sizes have been
determined. Instead of the limited usefulness of the Scherrer
algorithm, the diffraction data were analyzed using whole
powder pattern modeling (WPPM). So-called column length
distributions are obtained for the crystalline materials from
structure-independent line profile analysis.** This means that a
lognormal distribution of column lengths is presumed for the
crystalline domains of each phase. Such a column length
distribution analysis provides a more detailed description of the
actual state of crystallites in the sample. It is closer to reality
than a traditional crystallite size analysis via the Scherrer
method. The Scherrer equation gives an averaged volume-
weighted value for the size based on the Bragg peak width,
described by the integral breadth (IB) at any diffraction angle
26 in the diffraction pattern. Using several Bragg peaks followed
by a final averaging step instead of performing the calculation
based on just one peak is advantageous; nevertheless, the
Scherrer method disregards any influence of crystallite size
distributions, strain, or anisotropic peak broadening on the
peak shape.

Here, WPPM is performed on data collected at 650°C at the
end of the second catalytic cycle. The catalytic results and
descriptions of the experiment come later in the text but at this
point it should be mentioned that the samples went through
an activation cycle and one catalytic cycle. From the end of the
activation to the end of the catalytic cycle a small increase in
crystallite size of a few nanometers for the present phases can
be observed, which is shown exemplary for LaNiO; as the
starting material (SI Figure S6). As LaFeO, did not decompose, it
is excluded. For the other samples, the main phases at this
point of the experiment were La,0; and Co%Ni’ The results of
this analysis are shown in Figure 6. It can be seen that the
column length distribution curves for the transition metal
phases are relatively similar, with a median of approximately
10(2) nm. The exception is cobalt derived from LaCoO,, which
has a slightly narrower distribution and a median value shifted
to 6-7 nm.
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Figure 6. Column length distribution for the crystallites of the phases (a) Co/
Ni and (b) La,0; obtained during the catalytic cycle at 650 °C from the
operando synchrotron data at DESY; the legend shows from which precursor
the phases have formed.

Additionally, we have analyzed the crystallite size of the
lanthanum oxide support. There is a distinct difference for this
phase derived from the strontium-substituted perovskite com-
pared to the other compositions, as its column length
distribution is shifted to significantly higher values. This
indicates that the precatalyst La,¢Sr,,C0o0; results in the highest
difference in crystallite size between the active metal phase and
its support. This might play an essential role in the superior
catalytic performance of the strontium-containing sample due
to the high significance of support-catalyst interactions in
catalysis. Possible reasons for the differences in column length
distributions among all samples could be the varying reaction
speed and reaction pathways observed with diffraction during
the operando experiments.

Catalytic Testing

The results of the catalytic testing of all perovskite precatalysts
for ammonia decomposition in a plug-flow reactor are shown in
Figure 7. The temperature 550°C was chosen to compare the
conversion of all samples at a given temperature. For
simplification, the original perovskite formulas are further used
as sample identifier even though most of the perovskites are
decomposed and the activated catalysts are always reduced
metals on La,0; supports.

100 - 4
& | ——Lag gSry ,Co0; /
S 80 —e—La,4Ca,,Co0; :
E 7 _’(_LaCOO.sNiO.sOa ,'i
o 1—+LaFeq 5Nig 505 /
‘® 60 {-*—LaFe;5C0,50;
o {=2-LaCo0O;,
c 40 {—*LaNiO;
8 | —=—LaFeO,
- 20 -
= ,

0

350 400 450 500 550 600 650
Temperature / °C

Figure 7. Conversion curves from the 3 heating cycle of all perovskite

compositions measured in a plug-flow reactor with a 100 % NH; gas flow

(weight hourly space velocity of 15000 mLg™'h™" calculated based on the
amount of weighed-in perovskite powder).
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In agreement with the previously discussed TPR data,
LaFeO; displays the lowest conversion of 11 % at 550 °C. Besides
the iron oxide impurity, the precursor did not reduce under the
selected reaction conditions, so the iron stayed trapped in the
perovskite structure and could not reduce to form the active
metal catalyst. Consistent with the previous TPR experiments,
the substitution of cobalt/nickel with iron results in a decreased
conversion (LaNiO5: 37 %, LaFeysNiysO;5: 25%, LaCoO;: 49%,
LaFey5C0,505: 43%), as iron prevents the activation of the
perovskite precatalyst. LaCoO;, LaCo,;Ni;s0;, and LaggCay,Co0;
have the same conversion of around 49% at 550°C. The
precatalyst La,gSr,,CoO; results in the highest conversion of
62% at 550°C.

From the operando diffraction experiments with simulta-
neous gas analysis performed at the synchrotron, it is evident
that only the metallic transition metals, which formed during
the reduction of the perovskite, were the active phases for
ammonia decomposition. Therefore, conversion measurements
in the reactor were repeated for all sample compositions that
were able to fully reduce during the activation; however, now
the weight hourly space velocity is calculated based on the
amount of the transition metal (Co/Ni) in the perovskite
structure and not the whole perovskite. The conversion curves
of these measurements are shown in the supporting informa-
tion (SI Figure S7).

Via Arrhenius-type equation fitting, the apparent activation
energy E, [kJmol™'] and the pre-exponential factor A [s™'] were
derived (Table 1). The corresponding Arrhenius plots can be
found in the supporting information (SI Figure S8). The lowest
apparent activation energy of 90 kJmol™' was determined for
the catalyst derived from LaNiO;. Nevertheless, this catalyst
does not result in the highest conversion compared to the
others due to having the lowest pre-exponential factor A of
4160 s™". In comparison, the catalyst derived from LaCoO; leads
to a slightly higher apparent activation energy of 95 kimol™
and also a higher pre-exponential factor A of 7801 s™". This is in
agreement with smaller crystallite sizes for cobalt compared to
nickel resulting in larger surface areas and therewith a higher
number of active centers. Substituting half of the cobalt with
nickel does not lower the resulting apparent activation energy
compared to the catalyst derived from pure cobalt-based
perovskite. Still, this mixed B-position in the precatalysts seems
to slightly increase the pre-exponential A factor to 8183 s

The test of partially substituting lanthanum with calcium
revealed interesting changes in the catalytic activity. Partial

Table 1. Catalyst precursors with the corresponding calculated apparent
activation energies E, and the pre-exponential factors A derived from the
Arrhenius plots.

Catalyst precursor E,/kJmol™ A/s™!
LaNiO, 90 4160
LaysCay,C00, 94 6003
LaC0,sNig:0s 95 8183
LaCoO, 95 7801
La5SF0,C00; 100 20684

ChemCatChem 2023, 15, €202300947 (8 of 13)

substitution with calcium does not influence the final apparent
activation energy. Still, it lowers the pre-exponential factor A to
6003 s, resulting in the worst-performing catalyst of the five
examined samples. When using the precatalyst La,gSr,,C00;,
the observations made for the nickel-based catalyst are
reversed. This strontium-substituted perovskite yields the
catalyst with the highest required apparent activation energy of
100 kJmol™" but also the highest factor A, which is 2.5 to 5
times higher than for the other samples with 20684 s™'. Thus,
the value of the pre-exponential factor A compensates for the
highest E, among all samples, making it the catalyst with the
highest conversion for ammonia decomposition.

Testing these five samples after three heating cycles in the
plug-flow reactor for their stability during ammonia decom-
position for 20 h at 550 °C shows that only the catalyst derived
from LaCoO; is entirely stable. The LaygCa,,Co0;- and LaNiO;-
based catalysts have a conversion loss of 1%, while the
LaCo,sNiys05- and La,gSr,,C005-based catalysts display a loss of
2% (Figure 8). The reason could be slight crystallite growth
effects over a prolonged time at elevated temperatures. This
has been observed on a small scale during the operando
catalytic experiments (S| Figure S6).

Our catalytic testing results agree with the tendencies
reported in the literature. Previous studies on using perovskites
as precatalysts for ammonia decomposition confirm our obser-
vation that LaNiO; results in a catalyst having a lower needed
apparent activation energy E, than LaCo0;.%"**" Unfortunately,
the catalytic behavior cannot directly be related to our studies,
because only 5 v/v% NH; have been used while in the present
study the feed gas contained 100% NH,.

Different promoters have been tested for their influence on
ammonia decomposition ranging from the earth alkali metals
magnesium, calcium, strontium, and barium to the rare earth
metal cerium. It was shown that the partial substitution of
lanthanum with magnesium leads to a more substantial
increase of the catalytic activity in LaNiO; than with cerium,
though both elements have an increasing effect on the
conversion."™ A positive influence on ammonia decomposition
by strontium substitution in a LaAlO; perovskite acting as the
support for ruthenium particles has been observed and ascribed

[o2)
[8)]

-e-LaNiO; -A-LaCoO; —#-LaCoqsNiy50;
7-%-Lag gSrg,Co0; —6-LaygCajy,Co0,

[o]
o o O
L

o
L

NH; conversion / %
O O O N N
(6] ()]
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Figure 8. Conversion stability test for 20 h at 550 °C for NH; cracking after
three heating cycles in a plug-flow reactor with various perovskites used as
the catalyst precursor; measured with a 100% NH; gas flow, a weight hourly
space velocity of 15000 mLg~'h™" calculated based on the amount of Co/Ni
contained in the used perovskite sample.
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to the modulation of the electronic properties by a strong
metal-support interaction and a resulting electron-rich state of
the ruthenium particles."™ The systematic study of different
alkaline earth metals in XCeO, perovskites (X=Mg, Ca, Sr, Ba)
serving as the support for cobalt catalysts exhibited the
correlation of the catalytic activity with the decrease in electro-
negativity of the alkaline earth metals with the barium-
containing sample displaying the highest conversion." Simul-
taneously, the reducibility of cobalt was shown to increase with
the period of the earth alkali element incorporated in the
support. The explanation given was the promotion of the
electron conductivity leading to an adjusted binding energy of
the active site to the nitrogen atom from the ammonia
molecule. Such positive effects can be presumed to be present
for the best-performing catalyst in our study, which is the
cobalt-catalyst supported on La,0; and SrO derived from the
LaysSry-,Co0; perovskite.

After the conversion and stability measurements in the
plug-flow reactor, these samples were analyzed via ex-situ
scanning transmission electron microscopy (STEM) with respect
to their morphology, particle size, and elemental distribution.

The sample derived from the precatalyst LaNiO; displays a
distribution of spherical nickel particles on top of the
lanthanum oxide support with a rounded morphology as shown
by STEM measurements (Figure 9a, Figure 10a). The formation
of such spherical particles by exsolution has been observed
previously and was reported to occur predominantly at grain
boundaries and stacking faults in the case of LaNiO." In
contrast, a coarser morphology with more edgy transition metal
particles is present for the samples based on cobalt, which is
most pronounced for the sample material derived from the
precatalyst La,5Sr,,C00; (Figure 9b-e). Surface analysis by X-ray
photoelectron spectroscopy before and after catalysis shows
that the ratio of La to Ni or Co does not change significantly,
indicating that the reduced transition metals are not encapsu-
lated in the La,0; support (SI Figure S9). An inspection of the
transition metal particle sizes shows that these are slightly

smaller in the nickel-containing samples with an average
particle diameter of 15 nm, while the cobalt particles have an
average size of 42-46 nm (Table 2). The underlying distribution
curves of the particle diameters can be found in the supporting
information in Figure S10.

The average cobalt/nickel particle diameters obtained by
ex-situ TEM are larger than the column length distributions
determined for the «crystallite sizes during the operando
synchrotron experiments. The comparison of those values
indicates, that the nickel particles are comprised of only a few
crystallites, while the cobalt particles are composed out of
many more crystallites.

Besides these spherical or rounded cobalt/nickel particles,
regions with homogeneous cobalt/nickel dispersion on the
support material are present in all samples (Figure 10). An
exception is the sample material derived from the precatalyst
LaCog;sNigs0;, for which only a homogeneous distribution of
cobalt and nickel on lanthanum oxide can be observed
(Figure 10c). Pinzon et al. (2022) has also examined the particle
size distribution of perovskites that have been reduced with
50% H, in Ar (100 mLmin") at 550°C in a fixed-bed reactor and
analyzed the transition metal particle size via TEM images."*”
Those perovskites had been synthesized via self-combustion
using citric acid as fuel. In this study, much smaller average
transition metal particle sizes have been determined. This
general difference might be explained by the varying experi-
ment conditions, for example, the heating rate and the gas
atmosphere. For cobalt derived from LaCoO; the average
particle size amounted to 7.7 nm. Similar to our study, a smaller
value was determined for nickel particles derived from LaNiO;
with 4.2 nm 1"

The distribution of strontium and calcium does not seem to
be linked to the distribution of metallic cobalt (Figure 10d-f).
For a final understanding of the influence of strontium and
calcium on the catalytic performance, their behavior during
catalysis would need further investigation. Highly advanced

Figure 9. STEM images of samples after catalytic testing in the plug-flow reactor; the precatalyst compositions are (a) LaNiO;, (b) LaCoOs, (c) LaCo,sNiysO;, (d)

La,gCay,C00;, and (e) LaygSr,,C00s;.

Sample derived from precatalyst:

Table 2. Size of the cobalt and nickel particles in the samples after the catalytic testing in the plug-flow-reactor derived by electron microscopy (STEM).

Particle size* range of Co/Ni/nm

Average particle size* of Co/Ni/nm

LaNiO; 10-32
LaCoO, 20-90
LagsCay,C00; 20-160
LaySr,,Co0; 25-60

15
42
46
43

* Particle size in this context means agglomerates or grains consisting of multiple crystallites.
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Figure 10. STEM-EDX images of the samples after catalytic testing in the plug-flow reactor; the precatalyst compositions are (a) LaNiO;, (b) LaCoO;, (c)

LaCoqsNiy 505, (d) LaggCay,Co0;, and (e)—(f) LaggSry,Co0;.

methods like in situ identical location TEM and further operando
studies might give further insight.

Conclusions

This study shows the entire reaction pathway of perovskite
precatalysts ABO; (A=La, Ca, Sr, and B=Fe, Co, Ni) via
activation to the final catalyst. The results are based on
operando synchrotron X-ray powder diffraction experiments
performed under catalytic reaction conditions. The observed
intermediate phases between the perovskites and the final
reduction products Co%Ni® and La,0; (Ca0, SrO) are oxygen-
depleted perovskite A;B;0, the brownmillerite phase A,B,O;

ChemCatChem 2023, 15, €202300947 (10 of 13)

and Ruddlesden-Popper phases A,,:B.Os,,:. The higher the
reducibility of the transition metal in the perovskite structure,
the less distinct the intermediate phases form. In the case of
the nickel-based perovskite activation, only the simultaneous
formation and decomposition of a mixture of brownmillerite
and Ruddlesden-popper phases could be approximated due to
its highly dynamic character and the sample’s easy reducibility.
In contrast, when using the precatalyst LaCoO;, both phases,
A;B;0; and A,B,0;, can be clearly identified. The partial
substitution of lanthanum with strontium increased the reduc-
ibility of the cobalt-based perovskite so that only the
brownmillerite was observable as an intermediate phase. The
observed reaction behavior and the reaction pathway agree
with the characteristics observed via TPR experiments.

© 2023 The Authors. ChemCatChem published by Wiley-VCH GmbH
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Considering the catalytic performance, the composition
La,gSro,Co0; resulted in the catalyst with the highest measured
conversion for ammonia cracking. Therefore, substitutions of
such type are a promising topic for future research. In detail,
the calculated apparent activation energy of this sample is
slightly higher with 100 kJmol™" compared to the lowest value
of 90 kimol™" for the one based on LaNiO;. However, this
circumstance is compensated by a large pre-exponential factor,
which is determined to be 2.5 to 5 times higher for the sample
containing strontium than for the other compositions. A
possible explanation for this high conversion might be the
crystallite sizes of La,0; and Co° described in the form of
column length distributions. A significant difference among all
derived column length distributions is the shift to higher values
for La,0; in the sample with strontium substitution. This results
in an increased crystallite size difference between La,0O; and the
metallic cobalt, which might adjust the catalyst-support inter-
action positively. Moreover, strontium is known to affect the
electronic properties of such catalysts advantageously. As
strontium showed a much more positive effect on the catalytic
performance than the lighter earth alkali metal calcium, a study
testing the even heavier barium earth alkali metal as a promoter
for perovskite precatalysts in ammonia decomposition might be
worthwhile.

Experimental Section

Synthesis

Perovskites of the compositions LaFeO,;, LaCoO; LaNiO,,
LaFeysNipsO;, LaFeysCoos05;  LaCoysNigsO;,  LaggSry,CoO; and
La,gCa,,Co0;, were synthesized by incipient wetness impregnation
of commercial porous carbon spheres with nitrate solutions,
subsequent drying, and calcination. This matrix-assisted preparation
route in activated carbon was first reported by Schwickardi.*
Mann+Hummel produced the carbon spheres, which Ritgers/
CarboTech GmbH further treated for activation to make them
hydrophilic. After activation, a specific surface area of 1800 m*g™’
was determined by the Brunauer-Emmet-Teller (N,-BET) method.
Aqueous nitrate solutions were prepared by mixing deionized
water with nitrate salts to get the following concentrations:
2.65 molL™" with La(NO,); * 6 H,0 (99,9% Alfa Aesar), 2.0 molL™’
with Ni(NO,), * 6 H,0 ( 98% Alfa Aesar), 2.2 molL™" with Co(NO,), *
6 H,0 (> =98% Sigma Aldrich), 2.0 molL™" with Sr(NO,), (99.0%
min. Alfa Aesar), 2.33 molL™" with Fe(NO,); * 9 H,0 (98+ % Alfa
Aesar), and 2.7 molL™" with Ca(NOs), * 4 H,0 (99% Alfa Aesar). The
solutions were mixed for each synthesis batch depending on the
desired perovskite composition. The carbon spheres were stirred on
a magnet plate while adding the premixed nitrate solution drop by
drop until 80% of the pore volume was filled and then
homogenized in an ultrasound bath for 30 min. After overnight
drying at 50°C, the impregnated carbon spheres were calcinated in
a furnace. The first temperature step of 350°C was reached with a
heating rate of 2°Cmin™' and held for 2h. The heating was
continued at a rate of 0.5°Cmin~" up to 700°C, held for 1 h, and
then turned off. Because of problems upscaling the synthesis,
smaller batches were prepared for each composition and mixed
after quasi-identical quality was proven by X-ray powder diffraction.
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X-ray Powder Diffraction

Ex-situ X-ray powder diffraction experiments were performed on a
Malvern Pananalytical X'pert Pro diffractometer in Bragg-Brentano
geometry with CuK, radiation (\=1.5406 A). The CuK; radiation was
eliminated with a Ni-filter. The anti-scatter slit was opened to 1/4 °,
and the divergence slit to 1/8 °. The Soller slits were set to 0.04 rad,
and a mask of 5 mm was used. A 15 mm steel sample holder was
used for all measurements. The data were collected with a real-time
multi-strip position-sensitive detector (X'Celerator) and a step width
of 0.0167 ° 20 per step. To measure Co- and Fe-containing samples,
the detector’s pulse height discrimination (PHD) level was changed
from 36-80% to 49-80% to reduce the fluorescence contribution.

The operando synchrotron powder diffraction experiments under
reaction conditions with NH; gas flow and simultaneous gas
analysis were performed at beamline P02.1 at DESY. Data were
collected with the Varex XRD 4343CT detector (150x150 um? pixel
size, 2880x2880 pixel area, Csl scintillator directly deposited on
amorphous Si photodiodes) with an X-ray wavelength of A=
0.20735 A, equivalent to 60 keV. The sample detector distance
(SDD) was set to 120 cm. The sample environment consists of a gas
flow cell built in-house that uses open-end quartz glass capillaries
of 0.8 mm inner diameter and a wall thickness of 0.1 mm. The
capillaries were filled with pellets made from our sample powders
of 250-300 um size with quartz glass wool before and after the
sample to prevent it from being moved by the applied constant
gas flow. The pellets were made by pressing the perovskite sample
powder in a tablet of 1cm diameter, breaking it apart, and
retrieving the desired size fraction with a sieve tower. An exception
was the measurement of the sample LaFeO;, which was put as a
powder into the capillary due to an insufficient sample amount for
pressing a tablet and preparing pellets. Generally, a pellet shape
has a lower risk of creating blockages of the gas flow in the
capillary. In case they do occur, a pressure sensor was installed
between the mass flow controller (MFC) and the capillary to detect
them early and replace the sample capillary with a newly prepared
one. An Oxford hot air blower, provided by the beamline, was
installed 2 mm below the capillary. The gas flow was set to
5mLmin~" of 100% NH; with a computer-controlled MFC by
Bronkhorst, specifically suitable for the corrosive NH; gas. Two
heating cycles were performed, of which the first one, also called
the activation cycle, went from room temperature (RT) up to 650°C
with a constant heating rate of 10°Cmin~". After cooling back to
350°C, the second heating cycle was started, which consisted of
50°C steps from 350°C to 650°C. Each step was measured for
15min, and in between steps, the heating rate was again
10°Cmin~". The data collection was done with 10 sec per frame.
During both cycles, the outflowing gas was measured with a mass
spectrometer (MS, Thermostar GSD 300T produced by Balzers) and
a gas chromatograph (Micro GC Fusion produced by Inficon) for
simultaneous gas analysis to determine the conversion rate for NH;
decomposition qualitatively. The Micro GC Fusion has two channels,
of which the first measures H,, N,, and O, using the carrier gas Ar.
The second channel uses H, as the carrier gas, while NH; is
measured. Both channels work with a thermal conductivity detector
(TCD). The calculation of the NH; conversion based on the GC data
is conducted by inserting the measured NH; volume-based
percentage in a formula explained in the experimental section
describing the catalytic experiments. The same formula is used to
estimate the NH; conversion based on the MS data. In this case, the
starting signal belonging to the mass-to-charge ratio of 15.9, which
belongs to the NH?* ion, is equated to 100% NH,. At each
temperature step, the remaining percentage of this value is
calculated and again inserted in the abovementioned formula.

Reference crystal structures were taken from the Inorganic Crystal
Structure Database provided by the FIZ Karlsruhe. The deposition
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numbers of the following structures are given in the references:
LaFeO; (1), LaCoO; (2), LaFe,sCo, 505 (3), LaNiO; (4), LaFeysNiysO; (5,
6), LaCo,3sNigsO; (7), LagSre2Co0; (8), LagsCan,Co0; (9), Fe,0; (10),
Fe;0, (11), Cos0, (12), NiO (13). The structures of intermediate
phases and final products of the perovskites’ decompositions are
La;Co;0; (14), La,Co,05 (15), CoO (16), Co (17), LayNi;O4; (18),
LaNiO, 5 (19), La,Ni;0,, (20), LasNi,O, (21), Ni (22), La,O5-cubic (23),
La,O,-trigonal (24), SrO (25), CaO (26), and Fe;N (27).*”

Refinements, according to the Rietveld method, as well as the
Whole Powder Pattern Modelling (WPPM) with Line Profile Analysis,
were performed with the software TOPAS in the programming
launch mode.***¥ The data collected with a 2D detector at the
synchrotron were integrated with the software DAWN."!

Temperature-Programmed Reduction

Temperature-programmed reduction experiments were performed
with a Micromeritics AutoChem Il 2920 instrument. It contains a
thermal conductivity detector (TCD) to monitor changes in the
thermal conductivity of the outflowing reducing gas mixture and,
thus, changes in its composition after passing the sample. This way,
reduction reactions taking place in the sample can be observed.
Approximately 80 mg of each perovskite sample were prepared by
heating up to 150°C with 10°Cmin~' under Argon and holding at
that temperature for 60 min. After cooling it to 50°C again, the
data were collected with a sampling interval of 1 sec while heating
up to 800°C with 10°Cmin~" under a gas flow of 50 cm®min~" with
10% H, in Argon.

Catalytic Experiments

Catalytic conversion measurements for NH; cracking were per-
formed in a 6 mm inner diameter plug-flow reactor with an
attached 3000 Micro GC by Agilent Technologies for gas analysis. A
schematic view of the setup can be found in the supporting
information (SI Figure S11). Like the Micro GC Fusion by Inficon
used during the operando synchrotron powder diffraction experi-
ments under reaction conditions, it has two columns with the
carrier gases Ar and H, to measure H,, N,, O,, and NH. It uses TCDs
as well. For approximately 50 mg of perovskite sample powder, a
100% NH; gas flow with a weight hour space velocity of
15000 mLg~'h~" was applied. The temperature program consists of
3 cycles with a heating rate of 20°Cmin™". The first cycle consists of
heating from RT to 350°C and up to 650°C in 50 °C steps. Each step
is held for 40 min for equilibration purposes and due to the
relatively long time of 3 min per measurement of the GC. The NH,
cracking conversion is calculated by inserting the normalized NH;
volume-based percentage x/Vol-% of the outflowing gas into the
following formula, which is derived from the stoichiometry of the
decomposition reaction (2 NH;—3 H,+N,):

1 2% *
% 100
1+ 15

Conversion/% =

S

The calculated conversion values of each temperature step’s last
five GC measurements are averaged. After cooling to 350°C, a
second cycle of heating in 50°C steps up to 650°C is measured. A
third cycle is repeated in the same manner. Two batches of these
experiments are conducted for the perovskite samples. During the
first one, a space velocity calculated based on the weight of the
whole perovskite is applied. In the second batch, the perovskites
that decompose to a metallic transition metal as the active catalytic
phase and La,O; were measured again but with the space velocity
based only on the weight of the transition metal within the
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perovskite. These three cycles were followed up by a conversion
stability test consisting of holding 550°C for 20 h. These measure-
ments were also used to calculate the apparent activation energy
E, [kJmol~'] and the pre-exponential factor A [s7].

Electron Microscopy

The scanning electron microscopy (STEM) measurements with
optional energy dispersive X-ray (EDX) spectroscopy for (quantita-
tive) elemental analysis were conducted on a Hitachi S-5500
instrument running on 30 kV with an UltraDry detector. The pick-up
angle was 15.1 degrees, and a Cliff-Lorimer (MBTS) based correction
method without considering the absorption was applied.
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