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Definition: Exsolution catalysts are perovskite oxide-based materials that can exsolve catalytically
active dopant elements as nanoparticles covering the surface, while the perovskite backbone can act
as a stable support material. Thus, under proper conditions, a highly catalytically active and stable
catalyst surface can be achieved. For many catalytic materials, precious metals or non-abundant
elements play a key role in high catalytic activity. As these elements are often expensive or their
supply is ecologically and ethically problematic, the replacement, or at the least reduction in the
necessary amount used, is a common aim of current research. One strategy to do so is utilizing
exsolution catalysts, as the active elements can be very selectively exsolved, and hence only very
small doping amounts are sufficient for excellent results. This approach enables catalyst design with
very high active metal efficiency.
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1. Introduction

Heterogeneous catalysis is the backbone of our modern society. Many large scale in-
dustrial processes depend on catalysts, e.g., the production of fertilizers, fuels, solvents or
base chemicals [1]. Additionally, with the current demand for a sustainable future without
dependence on fossil fuels, heterogeneous catalysis is becoming crucially important [2].
The major focus is on either utilizing CO2 (as an abundant carbon source) or to find ways
to store excess renewable energy in a practical way (e.g., by chemical energy conversion)
[3].

Although many catalytic processes have been established for years, a constant devel-
opment of catalyst materials remains necessary to increase efficiency and economic prof-
itability. This is the driving force for numerous studies for novel catalyst materials or the
improvement of existing systems. A common goal of all the current research efforts is the
desire to reduce the amount of used precious metals or non-abundant elements [4], and,
in spite of that, keeping or even improving catalytic performance. The need for this arises
because several raw metals sources are very rare or their supply is ecologically and ethi-
cally problematic. Furthermore, in situ (operando) spectroscopic or microscopic tech-
niques for catalyst characterisation in reaction environments are now highly advanced,
thus enabling novel fundamental insights into reaction pathways and correlations be-
tween catalyst composition, structure and reactivity [5]. Combining all this has opened
various routes to strongly reduce the amount of required precious metals or to gradually
replace them completely by cheaper materials, utilizing abundant oxides or metals. As a
result, a new level of catalyst design has been reached.

The most widely used material class in heterogeneous catalysis are metal oxides.
They play an important role either as a support material due to their specific properties
(high surface area, porosity, reducibility, thermal stability, etc. [6]) or as a catalytically
active phase (especially for redox mechanisms [7]). For example, mixed oxides of Mo, V,
Te and Nb are highly efficient catalysts for the selective oxidation of lower alkanes [8].
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Hydrogen production by a high temperature water—gas shift (WGS) is traditionally con-
ducted on CrOs—Fe:20:s catalysts [9]. Moreover, supported metal catalysts utilize the oxide
as the structural backbone, for high dispersion and for the stable anchoring of metal par-
ticles (ensuring a high surface area and thermal stability of the particles), thus also poten-
tially improving the reactivity by creating an active interface or for, e.g., spill-over mech-
anisms. Widmann and Behm demonstrated that for CO oxidation on Au/TiO: catalysts,
the necessary active oxygen species is only formed at the boundary of the Au-oxide inter-
face, enabling high reactivity [10].

There are many other options for catalyst design and to reduce the amount of active
metal species, ranging from carbon supported nanoparticles, through metal organic
frameworks and hybrid materials to single atom catalysis and others, which are discussed
in detail in, e.g., the great book from Chorkendorff and Niemantsverdriet [11]. In this ar-
ticle, we want to highlight the possibility to reduce the amount of active metal species by
utilizing the very versatile materials class of (doped) perovskite oxides [12].

Perovskite oxides have the general formula ABOs with A and B being large and small
cations, respectively. In terms of catalysis, the most interesting feature of this materials
class is that the B-site can be doped with catalytically active elements. Consequently, the
perovskite host lattice acts as a reservoir that can release these dopants: either upon re-
ductive treatment or in reducing reaction environments. During exsolution, dopants mi-
grate to the surface where they form stable nanoparticles, thus creating highly active cat-
alyst surfaces [13].

With our own research, we want to demonstrate how this exsolution approach can
serve as an elegant pathway to reduce the amount of catalytically active elements neces-
sary for an excellent catalyst. We show this in this work through the example of the reverse
water—gas shift reaction (rWGS), conducted on a perovskite host lattice with Co-doping
on the B-site and a stepwise reduction in the amount of active cobalt by varying the cata-
lyst composition. Even using a low Co-doping yielded very promising results.

2. Principles of Exsolution
2.1. Perovskite Oxides

The materials class of perovskite offers a very large scope for material design. For
both A-site and B-site cations, a great variety of choices is conceivable. Additionally, for
either lattice site, a combination of two or more (in principal with no restrictions) cations
instead of a single element can be utilized to further tune the properties of a material. The
possibilities range from doping a main component with only small amounts of another
element to combining equal parts of several elements. Furthermore, sub-stoichiometric
perovskites exist, where either A- or B-sites are not fully occupied. All this makes the ma-
terials class highly versatile, as all incorporated elements contribute to the properties of
the perovskite. Thus, a vast range of overall properties can be achieved. Hence, perov-
skites can be utilized for many different applications.

Two main requirements must be considered to predict if a stable structure can be
achieved with a given combination of cations:

(i) The first criterion is the ratio between the size of A- and B-site cations, described
by the Goldschmidt tolerance factor [14]. The closer its value is to one, the more perfectly
the cations fit into the ideal cubic perovskite structure. Still, this is no strict condition, as
stable materials are possible across a range of these factors. Stabilization in the case of size
ratios deviating not too far from the ideal case occurs via distortion of the structure, re-
sulting in, e.g., orthorhombic, rhombohedral or tetragonal symmetry [15].

(ii) The second requirement is that charge balance needs to be reached, taking into
account the possible oxidation states of the used cations. Ideally, the positive cation charge
should add up to six; however, minor deviations can be tolerated by including structural
defects, such as oxygen vacancies. In fact, the incorporation of defects can even be benefi-
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cial (and might be intended), e.g., for better ionic and electronic conductivity or to im-
prove the surface redox chemistry [16]. Additionally, using redox active elements and the
possibility of sub-stoichiometry increase the flexibility with respect to charge balance.

In order for a perovskite to exhibit exsolution, it is necessary that it incorporates an
easily reducible metal (which is then selectively reduced and exsolved). Examples for met-
als that have been used are Fe [17,18], Co and Ni [19], or Pd, Rh and Pt [20]. At the same
time, if the material is reduced too easily altogether, it will undergo decomposition under
reducing conditions without exhibiting observable exsolution. Therefore, doping ap-
proaches with an easily reducible dopant within an otherwise very stable structure are
frequently chosen. Furthermore, the reduction of a cation is accompanied by oxygen va-
cancy formation, which is the reason for oxygen anion conductivity being necessary. Thus,
defect rich materials are often used for exsolution applications [21].

2.2. Exsolution Mechanism

As mentioned above, oxygen vacancies play a central role in exsolution [19]. Their
formation occurs first when exposing a reducible perovskite to reductive conditions.
When the oxygen vacancy formation is pronounced, the perovskite structure is destabi-
lized. After removing surrounding oxygen atoms, a reduced metal atom can be viewed as
secluded from the remaining perovskite structure at an atomic scale—it is exsolved [21].
Subsequently, in order to reduce overall energy, such exsolved metal atoms nucleate and
grow into small particles. Finally, as these particles induce strain on the surrounding per-
ovskite, they migrate to the surface, which leads to surfaces with homogeneously dis-
persed nanoparticles [22]. Thus, applying additional strain can enhance the exsolution
process as well [23].

The resulting particles can be either monometallic or alloy particles, depending on
perovskite composition and used dopants, as well as exsolution parameters. In fact, tun-
ing the particle nature is an ongoing research topic [24]. Moreover, core-shell nanoparti-
cles can be achieved, usually comprising a metal core and an oxide shell [25]. The oxide
shell is stabilized by the strong interaction of the particle with the perovskite oxide sup-
port. Additionally, the core and shell can be based on different dopant elements, for in-
stance, a metallic Pd core covered by a NiO shell [26].

In principle, exsolution is possible from both A- and B-sites; however, B-site exsolu-
tion is more common. Evidently, exsolving from only one site affects stoichiometry. This
causes structural destabilization and, thus, is often accompanied by the formation of a
layered Ruddledsen-Popper phase [27] or complete segregation of the cations on the other
lattice site in order to re-establish stoichiometry. A strategy to overcome this effect is using
an already sub-stoichiometric material as a starting point. In this case, the perovskite is
even stabilized via establishing stoichiometry after exsolution from the excess site [21].

Reducing conditions are the main driving force for exsolution. These can be achieved
simply by exposing the material to a Hz2 atmosphere at elevated temperatures, but it is also
possible to provoke exsolution within less reducing environments, e.g., containing CO or
CHa. Consequently, the fine tuning of the exsolution conditions also plays a role in the
size and distribution of the exsolved particles (through the corresponding nucleation be-
havior) [23]. In general, the deciding factors are the temperature and reduction strength
of the gas phase, the latter being described by the oxygen chemical potential [28]. Further-
more, in the case of applying a perovskite as the electrode material of an electrochemical
cell, it is possible to control the strength of reduction by applying an electrical polarization
[29].

Another aspect that kinetically affects the exsolution process is defects within the
material, for example, stacking faults or impurity phases [30]. These defects can act as
nucleation sites, and thus facilitate exsolution. Moreover, their location defines the final
particle distribution, e.g., increased particle density has been observed at grain boundaries
and corners [31].



Encyclopedia 2021, 1

252

2.3. Applications

A major field of applications for exsolution materials is as an anode material for solid
oxide fuel cells (SOFCs). One reason for this is that the additional control via polarization
can be readily applied in this case. Furthermore, defect rich perovskites used as anodes
are mixed ion—electron conductors, which is immensely beneficial for this kind of appli-
cation. Examples of utilized systems are Sross(TiosFeossNioo7)Oss, where exsolution of
NiosFeos nanoparticles could be observed [32], or Sr(Tio3Feo7Ru0.07)Os-5, where Rui-«Fex par-
ticles were found [33]. In both cases, exsolved particles significantly reduced anode polar-
ization resistance.

The second important field for possible application is heterogeneous catalysis. Per-
ovskites decorated with exsolved nanoparticles exhibit the features of a conventional cat-
alyst design: active nanoparticles on a stable support (the remaining perovskite back-
bone). Using exsolution as the preparation method, nanoparticle decorated surfaces can
be easily achieved, and the creation of the nanoparticles is more time and cost efficient
compared to other methods [21]. Furthermore, exsolution is very flexible, and tuning the
material composition, and the subsequent particle nature (e.g., alloys, core-shell struc-
tures), allows the precise control of the catalyst properties, establishing a multifunctional
catalyst architecture (i.e., a combination of metal and oxide surfaces) [34]. Particles pre-
pared by exsolution are anchored into the perovskite support, resulting in increased re-
sistance towards agglomeration and coking [35].

An example of a catalytic system is Rh-doped SrTiOs for CO2 reduction [36]. In the
referenced study, increased activity and CO selectivity were found after the exsolution of
Rh-particles. It was suggested by the authors that the combination of active Rh particles
and a redox active perovskite surface is responsible for the superior catalyst performance.
Another example is the improved water-gas shift activity of Ni- or Co-doped
NdosCaosFeOs-» after exsolution [37]. Combining electrochemistry and catalysis, it was
also shown that electrochemical water splitting at a LaosSro4FeOss anode could be en-
hanced, after driving the exsolution of Fe via applied polarization [18].

In both fields, among the tremendous advantages of exsolution systems over most
conventional materials with supported metal particles is their ability for re-incorporation
of the exsolved elements into the perovskite structure [38]. Although this is a kinetically
slow process, it can be achieved via oxidation at high temperatures. In the case of the
deactivation of the material due to particle agglomeration and sintering, or poisoning
(e.g., by coking or sulphur deposition), this re-establishment of the initial state enables an
easy regeneration by applying a redox cycle [39]. Upon oxidation of the used catalyst, it
is cleaned from depositions, and possibly larger particles are re-integrated into the perov-
skite host. The active state can be regained by reductively triggering exsolution anew. This
way, the lifetime of a catalyst material can be considerably extended.

3. Approach for Improved Catalyst Design

The catalytic reaction utilized in this work —to demonstrate how the catalytically ac-
tive element content can be reduced —is the rWGS reaction:

H,+CO, = CO+H,0 AH=42.1k mol?, 1)

which is an equilibrium-limited reaction that is only favored at higher temperatures (the
equilibrium point lies around 825 °C). This reaction is of great interest, as it transforms the
greenhouse gas CO: into CO, which is more reactive and can be processed further and be
converted into valuable chemicals (i.e., hydrocarbons via the Fischer-Tropsch process or
methanol by hydrogenation). Thus, it is a key reaction in many applications related to CO:
utilization and sustainable chemical energy conversion [2].

For the perovskites investigated in more detail in this study, the material
NdosCaosFeOs» was used as a starting point. This material has a high chemical and ther-
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mal stability, which is why it is perfectly suited as a support backbone. The A-site is oc-
cupied by Nd and is doped with Ca to introduce a charge imbalance. This leads to ad-
vanced defect chemistry, resulting in a higher ionic and electronic conductivity, as well as
improved catalytic properties. The B-site metal is Fe, which is known to already have some
catalytic activity, e.g., as iron oxide supported by an oxygen carrier material [40].

To optimize the catalytic activity, the B-site of NdosCao.«FeOs.s can be doped with Co.
This element is known to be highly active for rtWGS [41]. The doped Co can be selectively
exsolved, as has been shown already by the authors [34]. Additionally, this exsolution
greatly enhances the catalytic performance of the material [12]. However, the production
and abundance of Co is limited. Furthermore, a large portion of the mining is carried out
under ethically problematic conditions in the Democratic Republic of Congo. Aside from
tremendous social impacts, studies show that the mining adversely affects pollution in the
region, as well as the health of the local communities [42]. Therefore, it is preferable to use
the smallest possible amount of Co, while at the same time still maintaining its beneficial
effects.

To test the influence of the amount of Co-doping, four perovskites with varying Co-
content were synthesized: the undoped NdosCaosFeOs-s (Co0), two materials with a low
doping amount, NdosCaosFeo.97C00.0303-5 (Co3) and NdosCao4Feo9C0010s-5 (Col0) and one
sample where the B-site Fe was completely exchanged with Co (NdosCao4CoOs-5, Co100).
In the following, the names given in parentheses are used to refer to the different samples.
The syntheses followed a modified Pechini route and are described in detail in previous
work [34]. The cation precursors were mixed as nitrate solutions in the desired stoichio-
metric ratio, and citric acid was added, followed by the evaporation of the solvent and
calcination after grinding, leading to perovskite powders.

Subsequently, the various materials were characterized with respect to their catalytic
performance and stability under reaction conditions, with the aim to relate their behavior
to the Co-content. The stability was investigated utilizing powder X-ray diffraction (XRD)
and scanning electron microcopy (SEM) before and after the reaction, revealing changes
in the crystallographic phases and the morphology, respectively.

4. Catalyst Characterization

Further information about the experimental procedures can be found in previous
works by the authors [12,34,37].

4.1. Catalytic Testing

Catalytic testing of the materials was performed with a flow reactor, using gas flows
of 3 mL min™ for H2 and CO, respectively, and 6 mL min~' for Ar as carrier gas. The gas
composition at the reactor exit was determined with gas chromatography (GC). In each
test run, the first step was an oxidative pre-treatment in Oz at 600 °C for 30 min. After
cooling down to 300 °C, the atmosphere was changed to the reaction environment. Then,
the temperature was increased to 700 °C in steps of 100 °C, keeping each temperature
constant for 60 min [37].

The results of the catalytic measurements are shown in Figure 1 as specific activities
with respect to CO formation versus time. The specific activity is the amount of CO
formed per time unit and catalyst area (unit: mol m= s!) and was used to allow a direct
comparison for the different materials. It was calculated from the amount of CO in the
product gas stream, the total gas flow, the amount of catalyst used and the catalyst specific
surface area (which was determined via physisorption according to the Brunauer-Em-
mett-Teller theory, BET) [34].
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Figure 1. Specific activity with respect to CO formation for the various catalysts during rfWGS at
increasing temperature. After strong activation at 500 °C, the Co100 material exhibits the highest
activity.

The catalyst without any Co-doping (black in Figure 1) showed a stepped increase in
activity, coinciding with the temperature steps. CO formation started at 400 °C. During
the periods of constant temperature, the activity hardly varied, which means no strong
early activation or deactivation effects occurred. The catalysts with small amounts of Co-
doping (Co3 and Co10, brown and green curves) exhibited a similar behavior. In the case
of the Co3 material, it was almost identical to Co0 up to 500 °C. However, at 600 °C, the
specific activity was significantly higher with Co-doping. Here, the promoting effect of
Co via exsolution of catalytically active nanoparticles comes into effect. At 700 °C, there
was a slight initial deactivation. This might be due to the pronounced formation of CaCO:s
at this temperature. Further discussion of the formation of new phases is presented in the
following sections.

Activation due to exsolution already took place at 500 °C for Co10. This was evident,
as the activity showed an initial increase at this temperature due to the ongoing exsolution
process. Consequently, the specific activity was higher than for Co0 and Co3 at 500 °C. In
contrast, at 600 °C, the activity was the same as for Co3, and at 700 °C it was even lower.
The latter observation is due to the fact that for the measurement with Col0, the used
catalyst amount was slightly higher. Thus, higher conversions were reached and thermo-
dynamic limitations biased the result (i.e., the back reaction—water—-gas shift—becomes
more prominent the closer the reaction is to the thermodynamic limit). This bias was only
very small at 600 °C, where it was still possible to conclude that Co3 and Co10 have very
similar specific activities. This means that the onset temperature of the activation (caused
by exsolution, which is easier for the higher Co doping) is the main difference. Addition-
ally, any deactivation effects, as observed for Co3, were obscured at the limit conditions,
which is why none can be seen for Co10.

The Co100 catalyst, with only Co on the B-site, showed a very different behavior to
the other materials. Already at 400 °C, a significant amount of CO formation could be
observed. Likewise, the activity was much higher than for the other catalysts at all tem-
peratures. Furthermore, very strong activation and minor deactivation effects could be
observed: at 400 °C, slight activation followed by deactivation was found. The strongest
activation took place at 500 °C, where CO formation constantly increased during the
whole holding time. This is probably due to the ongoing formation of metallic Co at this
temperature. At 600 °C, quick deactivation occurred at the beginning, and at 700 °C, there
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was slight activation. However, as for Co10, effects due to thermodynamic limitations at
600 °C and, much stronger, at 700 °C were expected.

As the aim was to relate the catalytic activity to the Co content of the catalyst, the
specific activities at 600 °C (after activation, but before thermodynamic limitations pre-
dominate) were normalized to the amount of Co in the respective material (for those that
contain Co). These values were additionally normalized to the highest resulting value,
because their relative ratios should be emphasized here. Figure 2 depicts the result of this
comparison. It is evident that Co3 was the most efficient with respect to the amount of
incorporated Co, followed by Co10 (at about a third of efficiency) and Co100 (smaller than
a tenth of the efficiency of Co3). These results clearly highlight how the content of catalyt-
ically active species can be lowered by rational catalyst design.
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Figure 2. Catalytic activity, normalized to amount of Co in the catalyst and the activity of the Co3
material. This material proved to be the most efficient with respect to the amount of used Co.

4.2. Powder X-ray Diffraction

All catalysts were analyzed with powder XRD after the reaction runs. The diffracto-
grams are shown in Figure 3, revealing the formation of additional phases during the re-
action. The pristine materials consisted solely of a perovskite phase (not shown here).
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Figure 3. XRD patterns of the Co-doped catalysts after the rtWGS runs. Exsolution of FeCo alloy
from Co3 and Co10 can be observed, as well as formation of CaCOs and Fe-/Co-oxide. It has to be
noted that, while the Co3 and Co10 materials mainly maintained their perovskite structure, Co100
fully decomposed into Nd202COs, CaCOs and metallic Co.

For the Co-doped materials Co3 and Co10, the perovskite phase was still the domi-
nant component after the reaction. Some additional phases could be observed, namely, a
FeCo alloy and CaCOs, as well as small contributions of FesOs for Co3 and CoO for Col0
(the CoO signals were very weak, but the formation of CoO could additionally be shown
with in situ XRD measurements, not presented here). A bcc structure was found for the
FeCo phase, indicating a substantial amount of Fe. This alloy can be attributed to an exso-
lution process; the exsolved amount increased with the higher Co-doping amount in
Co10. Furthermore, the formation of this metallic phase enhances the catalytic activity, as
discussed in Section 4.1. In contrast, the segregated CaCOs is an unwanted byproduct,
leading to catalyst deactivation (e.g., as observed for Co3 at 700 °C, cf. Figure 1). This
segregation of A-site elements as carbonates, especially alkaline earth metals, is a known
phenomenon in perovskites [43]. The higher Co content also changed the behavior of the
minor oxide formation, resulting in CoO rather than FesOs. These oxide phases are a result
of rich redox chemistry at the perovskite surfaces. It is not completely clear at this stage
whether they are beneficial for the catalytic performance.

The XRD pattern of Co100 looks totally different from the other two. Exchanging Fe
entirely with Co destabilized the perovskite structure, resulting in the complete decom-
position of this phase during catalytic reaction. Due to the COz-rich atmosphere, the Nd
formed an oxide carbonate phase (Nd202COs) and Ca was present as CaCOs. Co was re-
duced to a metallic fcc phase, being responsible for the very high catalytic activity of this
material. The formation of CaCOs and a metallic B-site metal phase was analogous to the
behavior of the doped materials Co3 and Co10. The activation and deactivation phenomena
seen in Figure 1 for Co100 can be attributed to the decomposition and carbonization pro-
cesses the catalyst undergoes.
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4.3. Scanning Electron Microscopy

To see any morphological changes of the Co-doped catalysts during the reaction, they
were investigated with SEM. In order to focus on the temperature at which they were
compared in Figure 2, additional reaction runs were performed in the reactor, holding the
temperature constantly at 600 °C for a few hours. Afterwards, SEM images of these sam-
ples were recorded. They can be seen in Figure 4 (second row), where they are shown
together with images of the pristine samples (first row).

pristine

after rwGSs
A -

&

Figure 4. SEM images of the Co-doped catalysts before (first row) and after rWGS at 600 °C (second
row): (a) For Co3, mainly the formation of CaCOs crystallites can be observed. (b) After reaction, the
surface of the Col0 material is densely covered with small particles. They are homogeneously dis-
tributed and have sizes around 30 to 40 nm. Some CaCO:s crystallites can be seen as well. (c) Small
particles can also be seen decorating the surface of Col00 after rWGS. However, they are bigger,
with sizes around 60 to 80 nm, and less densely distributed. Again, CaCOs crystallites are present.
Additionally, a general roughening of the surface can be observed, compared to the smooth crystal-
lites of the pristine catalyst.

The emergence of two main features could be observed after the reaction: small,
bright particles and larger, smooth crystallites. The small particles were exsolved Co (or
FeCo-alloy) particles, proving that the expected exsolution actually occurred. They could
be seen most clearly on the surface of Col0. Here, they had sizes around 30 to 40 nm and
were very densely and homogeneously distributed. On Co100, these particles were less
densely dispersed and also larger, with sizes around 60 to 80 nm. For the Co3 catalyst,
only very few such particles were visible. Furthermore, in this case, it was not completely
clear if they were really exsolved, because similar features were already present on the
pristine surface. Considering the trend of decreasing particle size with reduced Co con-
tent, it is also conceivable that most exsolved particles for Co3 were too small to be well-
distinguishable given the resolution of the microscope.

The larger crystallites can be attributed to CaCOs. They were most prominent on Co3,
but present on all samples (the chosen section of Col0 shows only a few, but there were
more on other parts of the surface). It could be seen that CaCOs indeed covered parts of
the surface, thus blocking catalytically active sites (i.e., exsolved nanoparticles and
metal/oxide interfaces). This explains its deactivating effect.

Another observation was that for Col00, a general roughening of the surface oc-
curred. This is probably a result of the complete decomposition of the material detected
by XRD. The decomposition might also play a role with regard to the size and distribution
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of the Co particles. As a consequence of the morphological changes of the material due to
decomposition, the particles were less well anchored on the support. Consequently, there
was more aggregation, leading to larger and fewer particles compared to Co10. Such ag-
gregation can be another reason for catalyst deactivation.

5. Conclusions

The small amount of 3% Co-doping could increase the catalyst performance of the
investigated perovskite system NdosCaosFe1«CoxOs- already. The promoting effect of Co
occurred due to the exsolution of metallic FeCo alloy particles, which enhanced the cata-
lytic activity (probably via improvement of the Hz activation). Furthermore, they were
well anchored within a stable perovskite backbone, enabling a steady operation. A further
increase to 10% Co led to exsolution at lower temperatures, higher amounts of exsolved
metal and larger particles. However, the larger doping had only a small effect on the cat-
alyst activity at 600 °C, effectively decreasing the efficiency of Co-usage.

The perovskite fully based on Co is the most active catalyst, but it comes with several
severe drawbacks: the material is unstable under operation conditions, leading to decom-
position and carbonization, as well as extensive unwanted activation and deactivation
phenomena. Consequently, fewer and larger Co particles were formed that were not well
anchored. In general, smaller and more abundant particles are beneficial for catalyst per-
formance. Furthermore, the Co-efficiency was reduced considerably; the increase in activ-
ity did not justify the much larger amount of Co used.

These results highlight that utilizing perovskites and exsolution for advanced cata-
lyst design enables an improved catalyst performance with only very small amounts of
(noble) metal doping. This way, reductions in the usage of (noble) metals are possible,
consequently lowering material costs while still achieving an excellent catalyst material.
The concept can be easily extended to similar catalytic systems.

Even in the material with only 3% Co, a slight deactivation occurred due to the for-
mation of CaCOs. Reducing this segregation would be one possible approach for further
improvement of the catalyst in the future.
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