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Abstract: Three perovskite-type materials with a different amount of B-
site Ni doping have been tested for their catalytic performance during me-
thane dry reforming (MDR) followed by characterization with X-ray dif-
fraction (XRD) and scanning electron microscopy (SEM). They could be
activated via a reductive treatment (either during a pre-reduction step or di-
rectly in reducing reaction atmosphere), the main activating mechanism be-
ing the formation of Ni nanoparticles on the surface by exsolution. The
catalytic activity increased with the particle size and density. The particle
distribution properties could be improved by increasing the amount of Ni
doping from 3 % to 10 %, by using an A-site sub-stoichiometric perovskite
and by choosing a higher annealing temperature during material prepara-
tion. A deactivation over time was observed, due to segregation of CaCOs3
on the surface, but no coking or particle sintering occurred

1 Introduction

The catalytic reaction of methane with carbon dioxide, which is commonly referred to as
methane dry reforming (MDR, Equation 1), is an interesting process because it combines
the use of two prominent greenhouse gases (CH4 and CO») with the production of the tech-
nologically valuable synthesis gas, a mixture of H, and CO.

CH4(g) + COz(g) = 2 Hz(g) + 2 CO(g) (1)

The reaction was first described in 1928 by Fischer and Tropsch over Ni and Co cata-
lysts. A severe problem they encountered was the carbon deposition on the catalyst and the
following deactivation. However, MDR has a significantly lower energy consumption
compared to other methane reforming processes and a product ratio suitable for direct con-
version of the formed synthesis gas into further valuable products such as long chain hy-
drocarbons (via the Fischer-Tropsch process) or methanol [1]. Dry reforming can also easi-
ly be extended from methane to other hydrocarbons, making the reaction very important for
the processing of natural gas resources or renewable feedstocks such as biogas [2].

Studies of different metal catalysts for MDR have shown that noble metals such as Ru,
Pd, Rh, Pt and Ir show a high catalytic activity [3,4]. A cheaper alternative to noble metals
is the use of Nickel based catalysts, specifically systems that form catalytically active Nick-
el particles in reaction conditions such as Ni-doped Perovskites [5]. A proposed mechanism
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for MDR includes the activation of CH4 via degradation into C and H,[1]. This degradation
would normally only take place above 550 °C, but the presence of a catalyst allows it to
happen at lower temperatures by forming intermediates like CHyx or formyl groups [6,7].
These intermediates then react with oxygen species on the surface to yield CO and H,[8].
The CO; plays the role of providing replenishment of the used oxygen surface species, thus
yielding additional CO [9]. A problem for all these systems is coke formation and thus the
deactivation of the catalyst due to a decrease in catalytically active surface area. Especially
Ni-based catalysts tend to show a lot of coking during the partial oxidation of methane [10].
A strategy to reduce this effect is the addition of alkaline earth metal oxides [11]. With per-
ovskite catalysts, it is possible to combine the high activity of Ni with the coke reduction of
alkaline earth metal oxides.

Perovskite oxides are crystalline substances with the general formula ABO3 with A and
B being cations of different size [12]. The A and B-sites can each be prepared with one el-
ement each or a mixture of elements in the style of (AxA’1x)(BxB"1x)Os. In these types of
perovskites it was shown that exsolution of the B-site elements is possible by selective re-
duction of these elements (e. g. in an atmosphere containing H» at elevated temperatures,
[13] and migration to the surface, resulting in the formation of metal nanoparticles of the
respective elements on the surface [12]. These nanoparticles can greatly enhance the cata-
lytic activity. Alkaline earth metals can be added as A-site cations to achieve the above-
mentioned combination.

Such perovskite catalysts are relatively cheap and easily prepared. In comparison with a
Ni impregnated perovskite (e.g. prepared by conventional incipient wetness impregnation)
under the same conditions, Wei et. al. [14] found a more uniform distribution of Ni nano-
particles and a higher resistance to carbon deposition for the Ni doped perovskite
LagoMng sNip»0; after exsolution. They explain this behaviour with the reason that the Ni
nanoparticles formed from exsolution are partially embedded into the perovskite support,
which hinders carbon fibre formation, whereas the loosely bound Ni nanoparticles originat-
ing from impregnation promoted the formation of carbon nanotubes with Ni particles on
top. Furthermore, these well-socketed particles show an increased resistance towards sinter-
ing [15]. Another advantage is that regeneration of the catalyst is simple and can be
achieved by oxidation-reduction-cycles, where the exsolved metal is incorporated into the
perovskite support again upon oxidation and subsequently exsolved as new particles.

In this study, Ni-doped perovskite materials were investigated regarding their catalytic
activity for MDR. The catalysts had an A-site composition of 60 % Nd and 40 % Ca and
the B-site consisted of Fe doped with different amounts of Ni. This leads to the general
formula for the used perovskites of NdosCao4FeixNixOs3.s with x = 0.1 or x = 0.03. Three
different catalysts were prepared. One with 10 % Ni (NCFNil0) on the B-site and two with
3 % Ni (NCFNi3) on the B-site. This allows for the comparison of the effect of different Ni
concentrations on the catalyst activity. The two catalysts with 3 % Ni differ in the prepara-
tion. Both were calcined during synthesis at 800 °C, but one was used after calcination
(NCFNi3-calc) and the other was additionally sintered at 1250 °C (NCFNi3-sint) to study
the effect of the sintering on the catalytic behaviour. Besides catalytic tests, the materials
were characterized with X-ray diffraction (XRD) and scanning electron microscopy (SEM)
before and after the reaction cycles.
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2 Methods

2.1 Synthesis

As in previous work [16], the Pechini synthesis [17] was used to prepare the investigated
perovskite powders. The following chemicals were used as starting materials to synthesise
the materials with the wanted compositions: Nd2O3 (99.9 %, Strategic Elements, Deggen-
dorf, Germany), CaCOs3 (99.95 %, Sigma-Aldrich, St. Louis, MO, USA), Fe (99.5 %, Sig-
ma-Aldrich, St. Louis, MO, USA) and Ni(NO3);-6H20 (98 %, Alfa Aesar, Haverhill, MA,
USA). Solutions of the appropriate amounts of the compounds were prepared in HNO3
(doubly distilled, 65 %, Merck, Darmstadt, Germany). Subsequent steps included the addi-
tion of citric acid (99.9998 % trace metals pure, Fluka, Honeywell International, Charlotte,
NC, USA) in excess of 20 % to form cation complexes, removing H,O by evaporation, and
heating of the resulting gel until self-ignition. Then, the formed powders underwent heat
treatment (calcination in air at 800 °C for 3 h). Afterwards, the NCFNil0 material was
treated a second time at 1000 °C for 3 h and the NCFNi3-sint material was sintered at 1250
°C for 12 h. After the final annealing, each sample was ground with a mortar to achieve
homogeneity for better characterization.

2.2 Characterization Methods

Powder XRD measurements and SEM experiments were carried out as described in previ-
ous work [16]. The powder XRD measurements were done at room temperature in air on a
PANalyticalX’Pert Pro diffractometer (Malvern Panalytical, Malvern, UK) in Bragg—
Brentano geometry using a mirror for separating the Cu K2 radiation and an X’Celerator
linear detector (Malvern Panalytical, Malvern, UK). Data analysis was conducted with the
HighScore Plus software (Malvern Panalytical, Malvern, UK) [18] and the PDF-4+ 2019
database (ICDD—International Centre for Diffraction Data, Newtown Square, PA, USA)
[19]. The database entries were used to ascribe the reflexes in the diffractograms. The SEM
images were recorded using secondary electrons on a Quanta 250 FEGSEM (FEI Company,
Hillsboro, OR, USA) with an acceleration voltage of 5 kV for sufficient surface-sensitivity.

To determine the actual composition of the synthesised samples, ICP-OES was used.
The samples were digested in HCI and, after diluting, analysed with an iCAP 6500 ICP-
OES spectrometer (Thermo Scientific, Waltham, MA, USA) equipped with a Meinhardt
nebulizer and a cyclonic spray chamber (Glass Expansion, Port Melbourne, Australia). Ob-
served signal intensities were converted into concentration units by means of external
aqueous calibration.

2.3 Catalytic Testing

Catalytic tests for methane dry reforming (cf. Equation 1) were performed in a 6 mm tubu-
lar flow reactor (quartz glass, inner diameter 4 mm) at atmospheric pressure. Online gas
analysis was conducted by a Micro-GC (Fusion 3000A, Inficon) which was continuously
sampling every 2-3 min. The reactive gas flow was 10.5 ml min™!, with a CHs flow of 3 ml
min’!, a CO; flow of 1.5 ml min"'and a carrier gas flow of 6 ml min™'Ar (all gases provided
by Messer Group GmbH). For catalytic reactions, the pure perovskite powder catalysts
(100-200 mg) were supported directly on a quartz wool bed. The amount of catalyst mate-
rial for each respective experiment was chosen in a way such that during reaction the ther-
modynamic limit of the dry methane reforming reaction was not reached, enabling catalytic
comparison. A PID controller (EMSR EUROTHERM GmbH) was used to control the reac-
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tor heater. To do so, a K-type thermocouple was reaching directly into the catalyst bed. Pri-
or to all catalytic testing, each catalyst was oxidized for 30 minutes in O (p = 1 bar) at 400
°C to ensure the same oxidation state as a starting point for all materials. Afterwards, the
catalysts were optionally reduced for 60 minutes in H»/H,O (ratio 32:1) at 625 °C.

For the present study, three types of experiments were carried out. The activity of the
perovskites was tested with heating up the oxidized and/or reduced catalyst under reactive
gas flow from 400 °C to 700 °C with a rate of 1 °C min™!. To test, if the reaction conditions
lead to a reduction of the perovskite, experiments were conducted with each catalyst, pre-
pared without the reducing pre-treatment and using the same temperature ramp under reac-
tive gas flow as for the reduced catalyst. Two consecutive runs were performed in this type
of experiment, to investigate the effect of a potential reduction of the material. The stability
of the reduced perovskites under reaction conditions was tested by switching to reactive gas
flow and 600 °C after the reductive pre-treatment and holding the temperature steady for
about 3 hours.

To be able to directly compare the different perovskite catalysts, a specific activity
(mol s! m?) was calculated. In order to do so, the specific surface areas ag (in m? g'!) of the
materials (Tab. 1) were measured according to the BET method [20] by fitting measured
adsorption isotherms to a BET model. The isotherms were recorded using a Micrometrics
ASAP 2020 system. The samples were degassed at 300 °C under vacuum for 4 h, followed
by measuring full N, adsorption-desorption isotherms at -196 °C (liquid N). Together with
the known mass of used catalyst material mc,; in g and total corrected product gas flow n
in mol s™! (correction for the conversion depended change of the reaction volume), the CO
formation (mole fraction x¢q in the product stream) was normalized to the catalyst surface
area dc,e according to Equation 2, giving a specific activity 7¢o in mol s' m?, i.e. how
many moles of product (CO) were formed per s and per m? surface.

_ MXco _ MXco
Teo = acat N as-mcat (2)

3 Results

3.1 Characterization of the Pristine Catalysts

The pristine catalysts after synthesis have been characterized by ICP-OES (elemental com-
position, Tab. 1), XRD (crystal phases, Fig. 1), SEM (morphology, Fig. 2) and BET (spe-
cific surface area, Tab. 1). All materials contain the intended amount of Ni doping on the B-
site, 10 % or 3 %, respectively. The A-site composition of the two NCFNi3 materials al-
most agree with the nominal composition as well. However, the NCFNil0 material is
slightly A-site sub-stoichiometric, with a total A-site cation deficit of 7 %.

Table 1. Characteristics of the pristine samples: Composition according to ICP-OES measurements,
specific surface area determined with the BET method and cell parameters of the units cells, found
with Rietveld refinement.

Sample Composition — I[CP-OES BET Arca Cell Parameters

ag / m?g’! alA b/A clA
NCFNil0 Ndo.55Ca0.38F€0.90Ni0.1003-5 1.57 5.523 7.726 5.438
NCFNi3-calc  Ndo.c0Cao.39Fe0.97Ni0.0303-5 2.44 5.551 7.753 5.453
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Fig. 1. XRD patterns of the pristine samples. Reflexes marked with “P” belong to the main perovskite
phase, reflexes marked with “B” are belong to a brownmillerite phase with ordered oxygen vacancies.
The NCFNi10 sample additionally contains a NiO phase.
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Fig. 2. SEM images of the pristine samples: a) NCFNi10 is dense with globular crystallites, b)
NCFNi3-calc has the smallest crystallites and some pores and ¢) NCFNi3-sint has very large polyhe-
dral crystallites.

The main phase in all materials is a perovskite phase with an orthorhombic lattice (re-
flexes labelled with “P” in the diffractograms). The largest reflex is at 26 of 32.8°, 32.7°
and 33.0° for NCFNil10, NCFNi3-calc and NCFNi3-sint, respectively. This shift to higher
angles in the order NCFNi3-calc, NCFNil10 and NCFNi3-sint is also seen for the other re-
flexes and reflects the cell parameters found by Rietveld refinement (Tab. 1), which are de-
creasing in the same order. This trend coincides with the maximum annealing temperature
of the different samples (800 °C, 1000 °C and 1250 °C, respectively). Probably a higher
annealing temperature leads to fewer defects in the structure and results in the reduced cell
volume.

The NCFNi3-sint material is a phase pure perovskite. However, in the diffractogram of
NCFNi3-calc weak reflexes of an additional phase were observed. These are labelled with
“B” and could be assigned to a brownmillerite type phase. Its structure can be derived from
a perovskite structure with ordered oxygen vacancies. This leads to the conclusion that the
amount of oxygen vacancies in this material is higher than in NCFNNi3-sint. Here, the
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higher annealing temperature of the latter may have played a role as well, enabling a more
oxidized state of the perovskite (i.e. less vacancies), and the amount of oxygen vacancies
might be connected with the change in the cell parameters.

In the NCFNil0 material, besides the main perovskite phase small amounts of NiO
were found (largest reflex at 26 of 43.4°). Due to the higher amount of doping, not all of
the doping element could be incorporated into the perovskite lattice. Additionally, the A-
site sub-stoichiometry impeded the full incorporation of the B-site cations. Very weak re-
flexes of the brownmillerite phase can be seen here as well (e.g. the shoulder at 26 of

33.49).

The effect of different annealing temperatures is also visible in the SEM images of the
different materials. While NCFNi3-calc (Fig. 2b) has small globular crystallites and some
pores, NCFNil0 (Fig. 2a) is dense and the crystallites are slightly larger on average, but
still globular. However, in NCFNNi3-sint (Fig. 2c), were extensive sintering occurred, the
crystallites are much larger and have polyhedral shapes. The larger crystallites are also the
reason, why the reflexes in the diffractogram of NCFNi3-sint have a smaller full width at
half maximum (FWHM) than for the other materials. Similarly, the specific surface area
decreases with higher annealing temperature, due to the larger crystallites and less porosity.

3.2 Catalytic Results and Characterization after Reaction

The results of the catalytic test for MDR during the temperature ramp experiments can be
seen in Figure 3. As expected, the CO formation, characterized by the specific activity, in-
creased with increasing temperature for all runs. The NCFNi3-calc material had the lowest
activity. Without reductive pre-treatment, only above 600 °C there was a detectable amount
of CO in the product stream and even at 700 °C the specific activity was below 1107 mol
s m2. The second run in this experiment gave an almost identical result, indicating that no
activating reduction of the perovskite occurred during the first run. However, after a reduc-
tive pre-treatment the specific activity was higher during reaction, having a value of 7-10~7

mol s'! m? at 700 °C.
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Fig. 3. Results of the catalytic tests for MDR. The specific activity for CO formation is shown for all
three tested materials during the temperature ramps from 400 °C to 700 °C. For each material, graphs
are shown for the experiment with only oxidative pre-treatment and two consecutive cycles (“1st
Run” and “2nd Run”), as well as for the experiment with oxidative and reductive pre-treatment
(“Red”). An activation due to the reductive pre-treatment could be observed.
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For NCFNi3-sint, the first run with the oxidized material exhibited an activation effect
between 550 °C and 600 °C. In this temperature range, the CO formation quickly increased
and dropped again. A reason for the observed effect could have been the reduction of the
perovskite by CHa, accompanied by the exceeding formation of CO. This reduction had an
activating effect on the catalyst, as the specific activity above 600 °C followed again the
expected progression, but at a much larger level than for NCFNi3-calc without reductive
pre-treatment, almost reaching the values of the reduced NCFNi3-calc with 5-10”7 mol s™!
m2 at 700 °C. Similar as with NCFNi3-calc, the second run gave an almost identical result
as the first, but without the activation phenomenon. The CO formation started only at 590
°C and then matched the values of the first run. Again, it could be demonstrated that the ac-
tivating effect of a reductive pre-treatment was larger than the effect of the reduction in re-
action atmosphere. Thus, the specific activity could be increased even more, reaching a
value of 1.4-10°° mol s™! m at 700 °C, which was twice as high as for NCFNi3-calc.

In case of NCFNil0, CO formation started at 560 °C. Possibly, this was also due to an
activating reduction, although the according CO formation bump was very small. The curve
then shortly followed the progression of the NCFNi3-sint curve, but starting from 620 °C a
huge activation phenomenon could be observed, with a massive increase of CO formation
up to a specific activity of 3.0-10° mol s m? at 700 °C. The maximum increase in CO
formation was around 660 °C. Consequently, in the second run some CO formation was
found already around 450 °C and the specific activity was much larger than for the other
runs at all temperatures (with the exception of the activation phenomenon of the first run).
At 700 °C the specific activity was at 2.1-10° mol s™' m2. When applying the reductive pre-
treatment on NCFNi10, the resulting curve almost perfectly matched the results of the ex-
periment with NCFNi3-sint after reduction. Only at the highest temperatures the NCFNil0
catalyst was better, starting to deviate around 670 °C and reaching 1.8-10 mol s! m? at
700 °C. Interestingly, here the activation in the reaction atmosphere lead to a higher catalyt-
ic activity than in the experiments including reductive pre-treatment.

For all catalysts, when doing the ramp experiment with the pre-reduced material, there
is some higher than expected CO formation at lower temperatures (i.e. below 500 °C). This
can be attributed to the formation of oxygen vacancies in the perovskite lattice upon reduc-
tion and the subsequent reoxidation with CO, during reaction, leading to increased values
of CO. The formation of oxygen vacancies during reductive pre-treatment is one of the rea-
sons for the enhanced catalyst performance after reduction, because they support the activa-
tion of CO, for reaction [21]. This effect similarly occurs in all materials. Besides oxygen
vacancies, another activating effect for the catalysts is the exsolution of metal nanoparti-
cles. In particular, these enhance the degradation of CH4. Formation of nanoparticles more
strongly affects the catalytic activity than oxygen vacancies and the different exsolution be-
haviour is the main reason for the differences in catalytic performance between the various
samples. To investigate the effect of exsolution, the perovskites were characterized again
with SEM (Fig. 4) and XRD (Fig. 5) after the catalytic tests.
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Fig. 4. SEM Images of the catalyst after MDR. The first row displays images of a) NCFNil0, b)
NCFNi3-calc and ¢) NCFNi3-sint after the ramp experiments with the pre-reduced materials. The
second row highlights images of d) NCFNi10, ¢) NCFNi3-calc and f) NCFNi3-sint using the catalyst
without reductive pre-treatment (i.e. after two consecutive runs without pre-reduction).
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Fig. 5. Diffractograms of the various catalysts after the MDR experiments, either after the tempera-
ture ramp with the reduced materials or after the second run using the oxidized samples. Observed
new phases were metallic Ni and CaCO; for NCFNi10 and NCFNi3-calc, while NiO disappeared for
NCFNi10. NCFNi3-sint underwent a phase transition from an orthorhombic to a rhombohedral struc-
ture.

For NCFNi10, nanoparticles are visible in the SEM images, both after the experiment
with the reduced catalyst (Fig. 4a) and after the second run in the experiment without re-
ductive pre-treatment (Fig. 4d). While in the first case, the particles are very small (diame-



E3S Web of Conferences 266, 02019 (2021) https://doi.org/10.1051/e3sconf/202126602019
TOPICAL ISSUES 2021

ters below 15 nm, an accurate determination is not possible due to the limited resolution of
the microscope), in the latter case the particles are bigger (diameters around 40 nm). In both
images, they exhibit a dense and homogeneous distribution. In the corresponding XRD pat-
terns, a metallic Ni phase is visible as small signals at 26 of 44.3° and 51.6°. At the same
time, the reflexes of the main perovskite phase did not change compared to the state before
reaction. Furthermore, the NiO phase observed in the pristine catalyst is not present any-
more. These results suggest that the direct reduction of NiO to Ni combined with Ni exsolu-
tion from the perovskite phase lead to the formation of Ni nanoparticles decorating the sur-
face, being responsible for the tremendous increase in activity for MDR. This process was
supported by the A-site sub-stoichiometry and also the perovskite backbone remained sta-
ble. The huge activation phenomenon seen in the catalytic test without reductive pre-
treatment can be attributed to the formation of the larger particles in Figure 4d. These larger
particles resulted then in a higher specific activity during the catalytic test.

The SEM images of the NCFNi3-calc catalyst reveal only fewer particles after the cata-
lytic test run with reductive pre-treatment (Fig. 4b) and none at all after the runs without
pre-reduction (Fig. 4¢). This agrees with the results from XRD experiments, were traces of
a metallic Ni phase is only visible in the first case. However, here the Ni particles solely
originate from exsolution. These observations explain the results of the catalytic tests. For
NCFNi3-calc, the reaction atmosphere was not sufficiently reducing to trigger exsolution,
hence no activation phenomena and no exsolved particles were observed and the catalytic
activity was very low. The few particles after reduction increased the activity, but not as
much as for NCFNil0 with a much denser particle distribution.

Nanoparticles can also be seen in the SEM images of NCFNi3-sint in both cases (Figs
4c, 4f). Here, the particles exsolved in reducing reaction atmosphere are smaller (diameters
below 15 nm) compared to those formed during the reductive pre-treatment (around 35
nm). For this material, with very clear grain boundaries, the influence of these grain bound-
aries can be observed. In Figure 4c, two large particles are visible on the grain boundary,
the larger one having a diameter of 140 nm. In Figure 4f, a dense streak of the small parti-
cles appears alongside the grain boundary. It is reasonable to assume that the grain bounda-
ry acts as a primary nucleation side for the nanoparticle formation, explaining this behav-
iour. Again, the activation phenomenon in the catalytic measurements can be attributed to
the particle formation and the particles cause an increase in catalytic activity — the larger
particles after reductive pre-treatment resulted in a higher specific activity.

Interestingly, no Ni phase was found in the XRD patterns of NCFNi3-sint after MDR.
Possibly, the signal was too weak to be distinguishable from the noise. However, the perov-
skite underwent a phase transition towards a rhombohedral structure, induced by the reduc-
ing atmosphere. The transition is complete for the pre-reduced catalyst, while in the case of
no reductive pre-treatment some small reflexes of the orthorhombic structure remain. This
different behaviour (compared to the materials that were annealed at lower temperatures) is
probably related to the more perfect crystal structure after the high annealing temperature.
Further experiments are necessary to fully understand this phase transition behaviour and
its influence on exsolution and catalytic performance.

Correlating the distribution of the exsolved particles and the specific activity during
MDR leads to the conclusion that the activity increases both with increased particle size
and particle density. The pre-reduced NCFNil0 and NCFNi3-sint have almost the same ac-
tivity, but the first showed smaller and denser particles, while the latter has fewer although
bigger ones. In neither of the SEM images signs of sintering or coking can be seen, even for
the very dense distributions, proving the superior stability of the exsolved particles during
reaction conditions. However, in the XRD patterns of NCFNil0 and NCFNi3-calc, a Ca-
COs phase appeared after the reaction. This known segregation of the alkaline earth metal
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in A-site doped perovskites [22] is accelerated by the attempt to re-establish stoichiometry
after exsolution of the B-site metal.

For catalytic applications a crucial property is the long term reaction stability of catalyst
materials [23]. Therefore, we tested one of the novel materials during MDR at 600 °C for a
longer time period (Fig. 6). There occurs a deactivation over time, observable as a decrease
of the specific activity for CO formation. The main reason for this deactivation is the for-
mation of CaCOs3 on the catalyst surface, as indicated by XRD and by SEM (inset, Fig. 6b).
In the SEM image, larger smooth crystallites of CaCOs3 are visible. There are none of the
small particles on their surface, thus they reduce the catalytically effective surface area and
cause therefore a deactivation of the catalyst.
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Fig. 6. Results of the stability test with NCFNi10 in MDR reaction environment. a) Specific activity
for CO formation over time. b) SEM image of the catalyst after the experiment.

4 Conclusions

Three Fe based perovskites, NCFNil0, NCFNi3-calc and NCFNi3-sint, with a varying
amount of Ni doping and different sintering temperatures were successfully synthesized and
tested for their catalytic performance for MDR. The materials can be activated via a reduc-
tive treatment. Several mechanisms contribute to the increased catalytic activity after reduc-
tion: First, the formation of oxygen vacancies, increasing the CO, activation capability of
the surface. Second, the formation of Ni nanoparticles, either by a reduction of a present
NiO phase or by exsolution. Similarly, de Lima et al. [24]reported these different reduction
mechanisms during temperature programmed reduction experiments on perovskites.

The formed nanoparticles accelerate the catalytic degrading CH4 on the surface and are
thus crucial for a high catalytic activity. The increase in activity is larger with bigger Ni
particles and a denser distribution on the surface. These properties of the formed nanoparti-
cles can be influenced on one hand by the choice of material and on the other by choice of
the reduction environment.

Ni particle formation is facilitated by a higher amount of Ni doping and by using an A-
site sub-stoichiometric perovskite, as it was the case for NCFNil0. Another factor is the
annealing temperature during material preparation. As observed with NCFNi3-calc and
NCFNi3-sint, a higher annealing temperature resulted in larger crystallites with less defects,
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while at the same time exsolution was easier. Furthermore, the perovskite annealed at the
higher temperature showed a different reduction behaviour, exhibiting a phase transition
from an orthorhombic to a rhombohedral structure. It can be assumed that the changed
structure is connected with the improved exsolution property, but further experiments are
necessary to support this.

In all cases, the formed nanoparticles exhibited a high resistance towards coking and
sintering. This makes these exsolution catalysts very promising candidates for further ap-
plications. However, the particle formation was accompanied by the segregation of CaCOj3,
which is blocking the catalyst surface and resulting in a deactivation of the catalyst over
time.
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