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ABSTRACT

Metal-support interaction effects and their consequences in CO,/CO methanation and methane steam
reforming have been exemplarily studied on two complex Ni-perovskite powder catalyst systems,
namely Ni-LaggSro4FeOs_; (lanthanum strontium ferrite, LSF) and Ni-SrTig;Feq305_s (strontium tita-
nium ferrite, STF). Pre-reduction in hydrogen and treatment in catalytic gas mixtures cause a variety
of structural effects, including exsolution of iron particles and formation of Ni-Fe alloy particles. These
manifestations strongly depend on the reducibility of the perovskite and are hence much more pro-
nounced on LSF. Reactivity differences are strongly influenced by the chemical properties of the respec-
tive perovskite support. The more reducible the perovskite support, the stronger the deviation from the
catalytic behavior of a Ni/Al,05 reference catalyst, rendering establishments of direct structure-activity/
selectivity relationships difficult. The studies show the extreme variety of the metal-perovskite interface,
which helps in judging similar systems of recent high catalytic importance, e.g. metals supported on spi-
nel or other perovskite phases.

Ni-Fe alloy

© 2016 Elsevier Inc. All rights reserved.

1. Introduction

Perovskite materials have recently emerged as promising
(electro-) catalytic materials with applications in a wide range of
reactions, including oxidation reactions, pollution abatement,
hydrogenation and hydrogenolysis, photo-catalysis or electro-
catalysis [1,2]. The latter is usually either connected with oxygen
reduction reactions or use as anode materials in SOFCs [1,2]. A par-
ticular interesting reaction, which has also been studied over dif-
ferent perovskite materials, is the methanation reaction from CO
(or CO,) and H, to CH,4 or its reverse reaction, the methane steam
reforming reaction, respectively [3-15]. This also includes the dry
reforming of methane [16]. Already known for over 100 years
[17], especially the CO, methanation reaction CO, + 4H, — CHy+
2H,0 has attracted recent interest due to the search for CO, utiliza-
tion in combination with energy-efficient storage solutions for
renewable electricity. For the equivalent CO methanation reaction
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CO + 3H, — CH4 + H;O0, this is linked to the generation of a natural
gas substitute [3-5,7,12-14,18-20]. As a number of catalysts are
active, including transition metals such as Rh, Ru, Co or Ni, which
potentially steer the selectivity patterns also to higher hydrocar-
bons or alcohols, the available literature on the methanation reac-
tion is vast [3-5,7,12-14,18-21]. Comprehensive reviews on
almost all aspects already exist [3-5]. This also holds for the
methane steam reforming reaction, which is also a promising
method for efficient hydrogen production [6]. The reason for the
employment of perovskite materials in these reactions is multifold,
but unfortunately does not come without drawbacks: this is basi-
cally due to their inherent structural and chemical complexity.
Nevertheless, various perovskites, including LaFeOs, LaNi Fe;_,Os,
LaNiOs or La;_,CesFeq7Nig303 have been found to especially exhi-
bit a high activity in the steam reforming of methane with minimal
coke deposition under low steam-to-carbon ratios [3-15]. Suppres-
sion of coke formation in the latter reaction is of particular impor-
tance, as the commonly employed Ni catalyst is especially prone to
carbon deposition and subsequent coke formation. However,
despite their obvious advantages, the necessarily high operating
temperatures (e.g. T > 600 °C) of both methanation and methane
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reforming reactions eventually induce irreversible structural
changes, including structural collapse and exsolution of (reactive
or inactive) metal particles from the perovskite lattice
[8,9-11,14,15]. This has a very strong influence on the catalytic
material under scrutiny, but at the same time is structurally very
difficult to control. This is not always per se detrimental: for
instance, exsolution of Fe from LSF has been shown to improve
its water-splitting capability [22]. Taking this idea even further,
alloying or even intermetallic compound formation following
metal exsolution from supported metal-perovskite systems might
lead to catalytically interesting systems. In close correlation to the
formation of Ni-Fe alloy particles eventually following Fe exsolu-
tion observed on impregnated Ni-perovskite systems under scru-
tiny here, NisFe intermetallic compounds or Ni-Fe alloy phases
themselves already showed promising activity in methane and
tar steam reforming [23,24]. Exsolution phenomena from per-
ovskites are not uncommon and recently an elegant pathway of
deliberately using their non-stoichiometry for generation of well-
defined and dispersed metal particles by controlled exsolution
has been reported [25-29]. These ideas must in principle be
extended to the behavior of the perovskite systems in contact with
the relevant reaction mixtures, which could again alter the struc-
ture obtained after activation treatments in situ. In that respect,
detailed studies on the structure of perovskite systems after each
step of activation and reaction have to be performed to gain a full
picture of the structure-activity relationships in metal-on-
complex oxide systems. Such studies have been already performed
on the pure perovskite systems LSF and STF in (inverse) water gas
shift reaction and methane oxidation and revealed significant dif-
ferences in the extent of reduction and the reactivity of the respec-
tive lattice oxygen [30] and on metal-on-LaFeO3; systems, where
the influence of the perimeter of the metal-perovskite interface
on catalytic properties has been highlighted [31,32].

In the present study, we extend these studies to an even more
complex system, namely small Ni particles deliberately deposited
by non-aqueous impregnation on STF (strontium titanium ferrite,
SrTig;Fep303_5) and LSF (lanthanum strontium ferrite, LaggSro4-
FeOs_;) perovskite supports. The reason to study such systems is
multifold: addition of Ni eventually leads to hydrogen activation
and possibly also to different pathways of perovskite structural
changes during activation and reaction. Secondly, the deliberate
addition of Ni should in principle help to create an improved
methanation/methane reforming perovskite catalyst. Thirdly,
which provides the connecting link to electro-catalysis and SOFC-
research, impregnated catalyst systems with a lower Ni loading
should in principle be favored over the so far used cermet anode
materials. Cermet materials with percolated and sintered Ni bulk
morphologies provide a lower surface area/electro-catalytic inter-
face compared to smaller Ni particles. Furthermore, impregnation
techniques are standard routines in catalyst preparation. The latter,
however, poses additional problems: since especially LSF is sus-
pected to become hydrolyzed under aqueous conditions [33],
water-free alternatives in preparation are to be preferred, but at
the same time are not straightforward. Here, we have chosen a
preparation pathway using Ni(Il)-acetylacetonate as catalyst pre-
cursor material. As shown below, this reproducibly creates Ni-
LSF and Ni-STF catalysts with well-defined and dispersed Ni parti-
cles. In due course, these systems are perfect candidates to study
the structural interaction and catalytic consequences of metal-per-
ovskite interaction. Apart from catalytic measurements, dedicated
electron microscopy techniques are used to establish the antici-
pated structure-activity correlations. As a result, the direct com-
parison of Ni-LSF and Ni-STF will reveal the different structural
consequences of perovskite reducibility, associated metal exsolu-
tion and metal-perovskite interaction, also in correlation with a
Ni-Al,05 reference catalyst.

2. Experimental
2.1. Materials preparation

Synthesis of pure LSF and STF has been discussed in detail in
Ref. [30]. The Pechini route was used to synthesize LaggSrg4FeOs_s
[34]. In case of the SrTip,Feg303_s a solid state reaction was
performed [30]. As for the preparation of the Ni-LSF and Ni-STF
samples (10 mol% of Ni), a synthesis routine avoiding water-
containing solutions has been followed. Aqueous impregnation
especially on LSF potentially may lead to alkaline oxide hydrolysis
(e.g. Lay03 or SrO) [33]. Therefore, a solution of Ni-acetylacetonate
(Ni(acac),) has been used as Ni precursor material. Ni(acac), was
dissolved in 30 mL acetone and subsequently, a suspension with
1 g perovskite material was prepared. The resulting solution was
vigorously stirred for 30 min, dried in air and finally calcined in
pure oxygen at 600 °C for 2 h. Afterward, the structural integrity
of the perovskite and the presence of NiO were verified by XRD
(Fig. 1). Hence, the starting state of both materials is NiO-LSF
and NiO-STF. Surface areas using the BET method were determined
for both samples to be around 0.4 m? g~ !. BET surface areas were
measured with a Quantachrome Nova 2000 Surface and Pore Size
Analyzer. The Ni/Al,O5 reference catalyst was prepared by initial
co-precipitation of Ni and boehmite (AIOOH), closely following a
routine outlined in detail in Ref. [35]. All the structural details
except the catalytic data can be found in the Supporting Informa-
tion. The reference catalyst was subjected to pre-oxidation (O,
400 °C, 1 h) and pre-reduction (Hy, 600 °C, 1 h) prior to catalytic
testing.

2.2. Pre-treatments and catalytic experiments

All catalytic measurements discussed below are carried out in a
13 mL re-circulating quartz batch reactor constructed for ~100 mg
catalyst. Details of the setup are given in [30]. The gas phase com-
position is detected online using a quadrupole mass spectrometer,
connected via a capillary to the reactor. Before each experiment, a
pre-treatment routine consisting of an oxidative and reductive
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Fig. 1. Representative X-ray diffractograms of pure STF (a), pure LSF (d), calcined
impregnated Ni-STF (b), Ni-LSF (e) and both catalysts after reductive activation at
600 °C followed by a catalytic CO, methanation reaction up to 600 °C (¢ and f),
respectively. The bottom panels show the theoretical diffractograms of STF, LSF
(red), NiO (blue) and Ni (green) on the basis of the ICDD PDF4+ database, patterns
04-013-9876 (STF) [36], 01-072-8136 (LSF) [37], 00-047-1049 (NiO) [38] and
00-001-1260 (Ni) [39].
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treatment is performed. Firstly, the catalyst is calcined at 400 °C
and isothermally treated for 1 h in oxygen to remove carbonaceous
surface contaminations. During this process, Ni is oxidized - there-
fore, the catalyst is subsequently treated in hydrogen for 1h at
600 °C. This transforms the catalysts into metallic Ni particles both
on LSF and STF and leads to controlled reduction of the support
without decomposition of the perovskites [30]. Subsequently, the
gas mixtures for the respective reactions were dosed at 100 °C
and the reactor heated with 5°C min~' up to a final temperature
of 600 °C.

For analysis of the catalytic turnover, the relative intensities of
the mass spectrometer signals were at first converted into partial
pressures via external calibration using gas mixtures of defined
partial pressures, and given in mbar min~! vs. time (cf. Supporting
Information Figs. S6 and S7). Correction for the steady removal of a
fraction of the reaction mixture through the capillary leak has been
achieved by adding 10 mbar inert gas (Ar) at the beginning of the
reaction and in-parallel monitoring the m/z = 40 intensity through-
out the whole experiment. Accounts of mass and heat transport
limitations in the chosen reactor setup have been thoroughly
assessed in a previous publication [30] and at this point, only a
brief calculation should be given to show that mass transport lim-
itation does not play a substantial role under the chosen reaction
conditions. Comparing the collision number Z (derived from
Z=p|2nmkT)'?; ~10?' s~' cm~2) with the maximum CH, TOF
value per cm~2 on Ni-STF (~6 x 10'" s™! cm™2), it is clear that
mass transport is not a limiting factor. Pore diffusion is also
excluded due to the low surface areas of the catalysts under ques-
tion (~0.4 m? g~!, see Section 2.1). Heat transfer limitation is also
thought to play a minor role since the low reaction rates suppress
local temperature gradients and generally, heat transfer via the gas
phase is limited due to the admission of He to all reaction mixtures.

To follow the methanation reaction, two different reactions
starting from either CO, or CO were investigated:

CO, + 4H, — CH4 + 2H,0 (1)
CO + 3H, — CHq + H,0 2)

For reaction (1), 20 mbar CO, and 80 mbar H,, (and 25 mbar
H,O0 in order to provide a constant partial pressure value of water
throughout the experiment) were used to perform the reaction. In
contrast, 20 mbar CO and 60 mbar H, were used for reaction (2).
The reverse reaction, methane steam reforming,

CH4 + xH,0 — CO, + (2 4+ x)H, (3)

was performed using 25 mbar H,0 and 25 mbar CHy. In all cases, He
was added to 1 bar total pressure for improved heat transfer and re-
circulation efficiency.

To determine the turnover frequencies (TOF values) normalized
to the number of surface Ni sites and to ensure a direct comparison
of the activity of the catalysts, the following routine has been fol-
lowed: as a first step, the average Ni particle diameter has been
determined from several transmission electron microscopy (TEM)
images to be ~25nm for Ni on LSF and STF, respectively (cf.
Fig. 1). The total Ni volume (with 10 mol% Ni) then amounts to
1.73 x 1071 m> and 4.79 x 10~'° m? for Ni on LSF and STF, respec-
tively. As a simple approximation, which is supported by TEM (cf.
Fig. 2), we assume a half-sphere shape of the Ni particles (Note that
this is only a rough, but justified approximation. Although some
particles, especially after catalysis rather exhibit a “3/4-sphere
shape”, the differences in calculated TOF values are marginal).
Using the volume of one Ni half-sphere particle as derived from
the average particle diameter in TEM images, the number of Ni par-
ticles is determined to be 1.34 x 10" and 7.5 x 10" for Ni on LSF
and STF, respectively. Considering the surface of the half-sphere
(without interface to the support) and multiplying this by the

number of particles yields the total accessible Ni surface:
0.0611 m? on LSF and 0.099 m? on STF. Using the average number
of Ni atoms per m? metal surface (2.0 x 10'®), the final number of
accessible Ni atom sites was estimated to be 1.24 x 10'® and
2.01 x 10'® on Ni-LSF and Ni-STF, respectively. The same proce-
dure has been performed on the Ni/Al,O3 catalyst for the most
direct comparison of the structure-activity correlations and
results, according to TEM analysis, to 9.8 x 10'7 Ni atom sites. Note
that apart from the half-sphere assumption, two more approxima-
tions are the basis of TEM analysis: firstly, the extent of alloying is
deliberately neglected and secondly, all Ni atoms are assumed to
be active sites. Hence, the calculated TOF values represent the
upper limit, but anyway serve as values for a comparative
discussion.

To indirectly validate the TEM measurements, the calculated
accessible Ni sites, and hence the apparent activation energies
and the resulting TOF values, have been also determined by addi-
tional hydrogen and CO chemisorption measurements at room
temperature. Before these measurements, the catalysts were oxi-
dized (400 °C, O, 1 bar) and pre-reduced (600 °C, H,, 1 h). Hydro-
gen was subsequently removed by temperature-programmed
desorption up to 600 °C. While the hydrogen chemisorption mea-
surements are too affected by interaction with the perovskite blur-
ring the adsorption on the metal surface, the corresponding CO
adsorption experiments (although the same limitation of per-
ovskite reduction by CO in principle applies) validate the TEM cal-
culations. Table 1 summarizes these data. Experimentally, CO has
been stepwise added at room temperature under static conditions
until quasi-saturation has been observed. The corresponding data
are shown in the SI (Fig. S3). Note, as stated above, that spillover
effects impede a clear saturation. Langmuir fits have been applied
and used for calculation of the amount of adsorbed CO, the number
of active sites and the TOF values. The accuracy of the analysis is
revealed by the good agreement between TEM and adsorption
studies.

The apparent activation energies for the CO, methanation reac-
tion are calculated on the basis of an Arrhenius fit to the TOF vs.
reaction temperature graphs, both derived from the TEM results
and the CO chemisorption measurements and for all three cata-
lysts. The fits are highlighted in the SI (Fig. S4), and the derived
data are jointly shown in Table 1.

2.3. Structural characterization

For the TEM measurements, all samples were suspended in ace-
tone, treated in an ultrasonic bath and transferred to a holey car-
bon film on a copper grid. Before each measurement, the samples
were dried by heating in vacuum for 12 h at 80 °C. Microscopic
characterization was performed with four different transmission
electron microscopes: A FEI Tecnai G2 F20 (acceleration voltage
of 200 kV) was used for overview as well as high resolution imag-
ing and energy-dispersive X-ray (EDX) spectroscopy overview
maps. A spherical-aberration (Cs) image-corrected FEI Titan micro-
scope operated at 300 kV was used for high resolution imaging.
Two Cs-probe corrected FEI Titan scanning transmission electron
microscopes were used for electron energy loss spectroscopy
(EELS) and EDX spectroscopy. One is equipped with a Gatan image
filter (GIF) Tridiem 866ERS and the other one with four large-solid-
angle symmetrical Si drift detectors (Super-X detector, FEI ChemiS-
TEM). “Z-Contrast” images were obtained using a high-angle annu-
lar dark field (HAADF) detector, a probe semi-angle of 25 mrad, and
inner collection semi angles of the detector of 70 and 88 mrad,
respectively. All XR diffractograms were collected with a Bruker
AXS D8-Advance powder diffractometer. The samples were
prepared on a rotatable Si single crystal to minimize background
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Fig. 2. Overview TEM images of Ni-STF (panel A), Ni-LSF (panel B) and their particle size distributions (right upper insets). EDX (A1), EELS Maps (A2, B1 right) and HAADF
image (B1 left) of hollow NiO on the respective perovskites. The O-K edge intensity is shown in red, the Fe-L intensity in blue and the Ni-L intensity in green.

Table 1
Overview of apparent activation energy (E,), maximum CH,4-TOF and number of reactive sites for the CO, methanation reaction.
Ni STF Ni LSF Euro Ni
Sites TEM analysis 2.00 x 10'8 1.20 x 108 9.80 x 10'®
E, (K)) 118 145 103
TOF (max) (s™') 2.4 x 1073 (600 K) 7.6 x 1074 (700 K) 6.6 x 1073 (530K)
Sites CO adsorption 1.56 x 108 3.07 x 10'® 2.27 x 10'®
E, (K)) 117 147 106

TOF (max) (s ') 3.05 x 103 (600 K)

3.06 x 1073 (700 K) 2.85 x 1073 (530 K)

signals. The range of measurement was chosen from 26 = 20° to 90°
with a step size of 0.02°.

3. Results and discussion
3.1. Structural characterization

Fig. 1 shows a set of XR diffractograms, highlighting Ni-STF and
Ni-LSF in the as-grown state (b and e) and after the CO, methana-
tion reaction (c and f), in comparison with pure STF (a) and LSF (d).
The structural stability of the respective perovskites and changes
upon reductive/oxidative treatments (peak-shifts and -
broadening due to changing amount of lattice oxygen, see Fig. 1)
are discussed elsewhere [30]. The theoretically calculated diffrac-
tograms of STF (04-013-9876) [36], LSF (01-072-8136) [37], NiO
(00-047-1049, blue) [38] and Ni (00-001-1260, green) [39] taken
from the ICDD PDF4+ database are shown on the bottom of
Fig. 1. After impregnation and calcination of the catalysts small
NiO peaks are visible. These signals change into those of Ni after
the catalytic measurements. Hence, for LSF and STF the perovskite
lattice as a structural entity is preserved also in the presence of
metallic Ni particles and after the impregnation routine.

As an outlook to the structural changes discussed below, we
note that although the LSF perovskite structure is stable, the over-
all structure of the catalyst appears to be much more complex and
additionally consists of exsolved iron particles and Ni-Fe alloy par-
ticles, which do not show up in the XR diffractograms.

Fig. 2 reveals the structure of the initial Ni-STF (panel A) and
Ni-LSF (panel B) materials. Both overview TEM images (main pan-
els) show an array of more or less irregularly-shaped particles of
about 10-30 nm size. Most of these particles exhibit a characteris-

tic core-shell structure, consisting of a hollow core. This structure
is very characteristic for NiO particles prone to the Kirkendall effect
[40]. Such hollow particles can be best seen in the insets denoted
by “1” in both panels. A1 is therefore highlighting an EDX map of
a single NiO particle. For Ni-LSF, an EELS map and the correspond-
ing HAADF image are shown (B1). Inset “2” in Panel A in addition
shows an EELS map of a NiO particle without pronounced core-
shell structure (the oxygen O-K edge intensity is shown in red;
the left side of the inset shows a superposition of Ni-L (green), O-
K and Fe-L (blue) edges). In view of a detailed determination of
the catalytic turnover, the dispersion and mean particle size have
been calculated by particle statistics based on analysis of about
100 particles. The results are highlighted as histograms as addi-
tional insets in the respective upper right corners. For Ni-STF, a
broader size distribution as compared to Ni-LSF has been observed
with an apparent second maximum for particle sizes around
50 nm. However, as the respective particle size distribution after
catalytic treatment (for the methane reforming reaction, Fig. S5)
on Ni-STF does not show this peculiar maximum, it is considered
a side effect of data evaluation. More importantly, the mean parti-
cle sizes for all catalysts do not change significantly (meaning that
considerable particle sintering is absent) and amount for both per-
ovskite systems to ~25nm. This value is then used for site
calculation.

In order to test the catalytic behavior of the prepared Ni-STF
and Ni-LSF materials in comparison with an already well-
characterized Ni-Al,05 catalyst [41-43], Fig. S1 shows the struc-
ture and morphology of a Ni-Al,03 reference catalyst in the as-
prepared state. Subsequently, the stability of both Ni-perovskite
systems was tested under reductive and reaction conditions up
to 600 °C. Both samples were tested under static re-circulating
conditions to ensure direct comparison between reduction in
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Fig. 3. Overview TEM image of Ni-STF after static reduction at 600 °C in 1 bar H, for
1 h (main panel), the corresponding particle size distribution (right inset) and a
color-coded high-resolution TEM image of a core shell Ni/NiO particle (left inset).

hydrogen and catalytic treatment in the methane steam reforming
mixture. Fig. 3 highlights an overview TEM image of the state of
Ni-STF after static reduction. A considerable number of Ni particles
still appear dispersed on a large STF grain and the particle size his-
togram (upper right panel) indicates that sintering is largely
absent: the mean particle size still is in the range of 25 nm. The
corresponding high-resolution image shows a Ni/NiO core shell
particle (the corresponding Ni (200) and NiO (111) lattice planes
have been color-coded in blue and green to enhance visibility).
The NiO shell most probably is formed during transport to the
microscope. On Ni-STF, these are the only structural features that
are observed after reduction.

In contrast, due to the higher iron content of LSF, on the corre-
sponding Ni-LSF sample the structural situation after reduction is
much more complex: Although still Ni/NiO particles are observed
(Fig. 4, left panel), the EELS maps (right panel of Fig. 4) indicate
partial alloying of Ni (green) and Fe (blue). Such a single Ni-Fe par-

Fig. 4. Left panel: HRTEM image of a core-shell Ni/NiO particle on Ni-LSF after
static reduction in H; at 600 °C (conditions as in Fig. 3). Right panel: EELS maps of a
single Ni-Fe containing particle (above: superposition of Ni-L (green), O-K (red) and
Fe-L (blue) edge intensity; below: individual O-K (red) and Fe-L (blue) maps of the
same particle).

ticle is shown. Its elemental distribution indicates that iron is more
or less equally distributed within the alloy particle (lower right
corner, blue colored Fe-L edge). Oxygen (red colored; O-K edge
intensity) is mainly found at the particle edges, indicating predom-
inant surface oxidation. In fact, the large EELS map in the upper
panel is an overlay of three individual Ni-L (green colored), Fe-L
and O-K intensities, revealing the intermixing of Ni and Fe. This
is in agreement with studies of Urasaki et al. on Ni-LaFeOs; and
Ni-SrTiO3 catalysts [15], who also observed that the former, due
to the increased iron content, is inherently structurally less stable
than Ni-SrTiOs.

In due course, the question of how the structure of both pre-
reduced Ni-STF and Ni-LSF changes upon contact to the methane
steam reforming reaction mixture is answered, as for pure LSF
and STF, the changes introduced after reduction were found to be
partially reversed on LSF upon contact to the reaction mixture,
but, in contrast, the pre-reduced structure of STF remains largely
unchanged [30]. Fig. 5, highlighting HRTEM images and EDX maps
of Ni-STF, directly reveals that further contact to the methane
steam reforming mixture after reduction does not induce further
structural changes. The HRTEM image shows a single metallic Ni
particle in [111] orientation, as derived from the FFT taken from
the red-squared region. Additionally, the green-squared region
reveals the atom-level unchanged structure of STF. Corroborating
these findings, the respective EDX maps in Panel B show an array
of chemically largely unchanged metallic Ni particles (green-
colored Ni-L intensity, main panel and inset in the upper right cor-
ner). Note that especially in the main panel a thin shell of NiO aris-
ing from surface oxidation can be seen. More important and best
visible in the upper left inset highlighting the Ni-STF interface, is
the very small extent of Ni-Fe intermixing directly at the interface.
The level of intermixing does only extend about 2 nm into the Ni
particle, indicating only a small structural and electronic distortion
of the Ni lattice. It is expected, that these effects are much more
pronounced in the case of LSF, due to its more pronounced
reducibility.

As a direct proof of this assumption, Figs. 6 and 7 show the cor-
responding experiments on Ni-LSF. In Fig. 6, both the HRTEM
image (main panel) and the EELS map (left inset) reveal the high
level of Ni-Fe intermixing and the subsequent formation of a Ni-
Fe alloy. Fe appears surface-oxidized in Fig. 6 (blue-colored Fe,03
(024) lattice spacings). Also in the EELS map of the single particle
the superposition of Fe-L (blue) and Ni-L (green) intensities sug-
gests considerable alloy formation.

The current findings already indicate that the catalyst entity
after reduction and catalysis represents a structurally very com-
plex state. In order to focus on the eventual influence of alloy for-
mation on the catalytic properties and to detect a potential particle
size dependence of alloy formation, 28 particles in the particle size
range between 10 and 90 nm have been analyzed regarding their
Fe/Ni ratio, i.e. the extent of alloy formation (this analysis has been
restricted to the LSF case, since for STF the extent of alloy forma-
tion is too suppressed for reliable interpretation). In short, a char-
acteristic ratio of ~0.2 results for all particle sizes, implying that
alloy formation is at least not strongly particle-size dependent.
The catalytic consequences are discussed in Section 3.2.

These findings are further confirmed by the EDX maps shown in
Fig. 7. Panel A shows a single Ni-Fe alloy particle and panel B a
larger-scale EDX map of an array of distributed pure Ni and Ni-
Fe alloy particles. As a further manifestation of Ni-LSF interaction,
panel C additionally shows an exsolved Fe particle attached to a
larger LSF grain (with surface-oxidation especially pronounced in
the upper right corner). Such effects are exclusively observed on
LSF due to the easier reducibility [30], giving rise to more pro-
nounced extent of Ni-LSF interaction and hence Fe exsolution
effects.
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Fig. 5. HRTEM image of a single Ni particle on STF after the catalytic methane steam reforming reaction at a maximum temperature of 600 °C (panel A) and corresponding
EDX maps of an array of Ni particles on STF (main panel B and upper right inset). An EELS map of the Ni-STF interface is shown as left upper inset.

In summary, the studies up to this point indicate slight, possibly
electronic, modifications of pure Ni on Ni-STF through modest
Ni-Fe intermixing especially at the interface, but a more or less
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Fig. 6. HRTEM image of Ni-LSF after the catalytic methane steam reforming
reaction at 600 °C for 1 h highlighting a Ni-Fe alloy particle (main panel). A Fast-
Fourier transform (right top) used to color-code phase-specific lattice fringes of Ni
(green), LSF (red) and Fe,03 (blue), an EELS map (lower left) of a single alloyed
Ni-Fe particle (superposition of Fe-L (blue), Ni-L (green) and La-L edge (red) intensities)
and a plot of the Fe/Ni ratio vs. the Ni particle size (lower right) are shown as insets.

absence of metallic Ni on LSF under comparable experimental con-
ditions. Differences in the influence on catalytic reactivity are
already to be expected, since Ni-STF should basically exhibit the
catalytic profile of metallic Ni (with slight variations due to minute
alloying), and Ni-on-LSF, in contrast, should show more pro-
nounced changes in activity and/or selectivity.

3.2. Reactivity tests

As a second step, the reactivity in methanation from CO and CO,
as well as the reverse reaction and methane steam reforming, has
been tested. Both reactions are important due to CO, utilization,
energy conversion and sustainability issues, and because a large
data set especially on different pure perovskite systems is readily
available. This, hence, serves as a particular convenient scientific
basis not only for reactivity interpretation, but also for assessing
the influence of Ni, the Ni-perovskite interface and/or chemically
modified Ni (e.g. by alloying).

Fig. 8 shows the comparison of CO, methanation reactivities.
Already at a glance, qualitative differences are clearly visible. Start-
ing with the Ni-Al,03 reference catalyst, it shows a qualitatively
expected behavior [44]. At around 200 °C, ~100 °C lower compared
to Ref. [45] due to different preparation methods used, the normal-
ized methanation rate increases (consumption of both hydrogen
and CO,) and peaks at 250 °C. Methane (green trace) is formed
according to the reaction stoichiometry. At temperatures above
300 °C, the reaction is reversed and the methane steam reforming
reaction rate increases (formation of H, and CO, with the associ-
ated consumption of methane). On both Ni-STF and Ni-LSF related
reaction profiles are observed. Ni-STF appears to be very similar to
the reference catalyst, with the only difference of a higher reaction
onset temperature at about 300 °C. A measurable methane steam
reforming reaction rate appears therefore also at higher tempera-
tures of about 400 °C. For both the Ni-Al,03; reference catalyst
and the Ni-STF sample, this indicates a shift of the equilibrium
toward CO at higher reaction temperatures. The difference in onset
temperature can be tentatively explained by obvious kinetical
hindering of both routes of the CO, methanation equilibrium on
Ni-STF, which according to the electron microscopy results might
be due to electronic modification of Ni by partial alloying with Fe,
mostly at the metal-oxide interface. A detailed look at the reaction
profile at the highest temperatures reveals, that in the methane
steam reforming part, only CO is formed and CO, stays on a
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Fig. 7. EDX maps of Ni-LSF after the catalytic methane steam reforming measurement at 600 °C: alloyed Ni/Fe particle with an iron oxide shell (A), overview of Ni and Fe

particles on LSF (B) and exsolved Fe particle with partly oxidized surface (C).
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Fig. 8. Normalized CO, methanation  reaction rates  from CO,
(CO; + 4H, — CH4 + 2H,0) on the Ni-Al,0; reference catalyst (upper panel) in
comparison with the same reaction on Ni-STF (middle panel) and Ni-LSF (lower
panel). Reaction conditions: 20 mbar CO,, 80 mbar H, and 25 mbar H,0, 10 mbar
Ar, He added to 1 bar total pressure. Heating rate: 5 °C min~".

constant level up to 570 °C. Above, CO, is apparently re-consumed
due to the inverse water-gas shift reaction proceeding on STF [30].
On Ni-LSF, the onset of the reaction rate is shifted to even higher
temperatures of about 370°C and a methane steam reforming
reaction rate is only observed at around 550 °C. A rate of the
competing inverse water-gas shift reaction is obtained at even
lower temperatures, in accordance with previous studies on pure
LSF [30]. This is also directly revealed by the reaction profiles of
Fig. 9, panels A (Ni-LSF) and panel C (Ni-STF). The overall smaller
reaction rates of Ni-LSF are attributed to the much more
pronounced alloying (cf. Fig. 4). The maximum rate of methane
formation is generally smaller, because the CO, methanation
rate is largely suppressed until 300 °C.
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Fig. 9. Normalized methane steam reforming CH4 + xH,0 — CO, + (2 + X)H> (pan-
els A and C; 25 mbar H,O and 25 mbar CHy), as well as CO methanation
(CO + 3H; — CH4 + H,0; panels B and D; 20 mbar CO, 60 mbar H;) reaction rates
on Ni-LSF (panels A and B) and Ni-STF (panels C and D). 10 mbar Ar added for
correction of gas withdrawal, He added to 1 bar total pressure. Heating rate:
5°C min~".

Before we focus on the detailed reaction profile of methane
steam reforming and methanation starting from CO, a brief review
of the catalytic properties of pure LSF and STF should be given, as
this considerably facilitates the understanding of the reaction pro-
files on the Ni-supported perovskite systems. On both LSF and STF,
pre-reduction in hydrogen significantly influenced the reactivity in
(inverse) water-gas shift reaction, methane oxidation and CO oxi-
dation due to the ability to adsorb hydrogen on the perovskite sur-
face and even incorporate large amounts of hydrogen into the bulk.
(Inverse) water-gas shift reactivity was observed between 400 °C
(water-gas shift) and 500 °C (inverse water-gas shift). A methane
oxidation rate (with released lattice oxygen) was measured at
around 400 °C and above, as well as CO oxidation reactivity start-
ing at 250 °C by reduction of the lattice oxygen of the perovskite
[30]. Note that apart from the hydrogen interaction ability of LSF
and STF, eventually also forming hydride entities, such species
must in principle also be considered by hydrogen interaction with
the Ni particles. However, formation of a considerable amount of
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Ni-H species is excluded due to the rather mild reduction treat-
ments [46].

With this information in mind, the methane steam reforming
reaction profiles on Ni-LSF (Fig. 9A) and Ni-STF (Fig. 9C) can be
interpreted as follows: the principal reactivity in methane steam
reforming indirectly already follows from the CO, methanation
reaction profiles displayed in Fig. 8. A methane reaction rate was
observed above 420 °C and 550 °C for Ni-STF and Ni-LSF, respec-
tively (Fig. 9). A closer look at Fig. 9C reveals that this is corrobo-
rated by the deliberate methane steam reforming experiments on
Ni-STF. Methane consumption starts at around 420-430°C and
in parallel, the hydrogen, CO and CO, rates increase according to
the stoichiometry of reaction (3) highlighted in the Experimental
section. While the CO rate more or less steadily increases up to
600 °C, the CO, rate peaks below 450 °C. In fact, above 500 °C Ni-
free STF shows inverse water-gas shift reactivity, i.e. CO, and H;
back-react to CO and H,O [30]. This can also be seen in the H,
and CO rate profiles: as soon as CO, rate reverses, the H, rate
decrease accordingly and CO formation re-accelerates. A methane
conversion of about 90% at 600 °C is finally obtained. Note that in
contrast to what was observed in Fig. 8, this onset is the factual
onset of the methane steam reforming reaction on Fe-modified
Ni on STF. The corresponding experiments on Ni-LSF are clearly
different (Fig. 9A). The normalized methane steam reforming reac-
tion rate increases only at much higher temperatures T > 500 °C,
which is again consistent with the reversal of the methanation
reaction behavior of Ni-LSF in Fig. 8. Hydrogen evolution is
observed accordingly, but sets in at around 350 °C, i.e. at 150 °C
lower temperature. Obviously, hydrogen is released from the sam-
ple before the actual steam reforming reaction rate accelerates.
This can be only consistently interpreted by release of hydrogen
previously introduced by the pre-reduction treatment at 600 °C
and/or partial water quenching of oxygen defect sites [30]. The for-
mer was checked in a blank test reaction without any reactive gas.
Hence, two different pathways of hydrogen release with varying
contribution as a function of temperature are clearly observed.
More interesting, however, is that only very small CO and CO, rates
have been observed, despite the clear indication of methane con-
version. Eventually, CO and CO, desorb after prolonged heating
at 600 °C in a ratio of 2:1 (the onset of desorption is already seen
at the highest reaction temperatures, whereby the isothermal part
is not shown for the sake of clarity).

Fig. 9, panel D, highlights the direct CO methanation reaction on
Ni-STF (i.e. no deliberate admission of water). Two reactions start-
ing parallel at around 350 °C are clearly visible: CO methanation to
methane and a parallel increase of the CO, signal. Araki and Hu
et al. [47,48] observed the same profile on Ni/Al,05. They propose
the CO, signal to arise from only the Boudouard reaction
(2CO 2 C+ C0,), which we suppose in our case to be unlikely
because during the oxidation reaction we never found any indica-
tion for carbon deposition. An alternative explanation for this cat-
alytic pattern could be given in terms of a complex reaction
network of simultaneously proceeding reactions

CO +3H; — CHs + H,0 (CO methanation, reaction (2))

and

2CO + 2H,; — CH4 + CO, (reversal of methane dry reforming)

In summary, this yields the reaction
3C0 + 5H,; — 2CH4 + CO, + H,0

which satisfactorily reproduces the observed partial pressures of
the reactants shortly before the maximum of methane formation,
i.e. at around 430 °C (cf. also Fig. S7). The methane steam reforming
reaction rate accelerates notably at around 450 °C (with in-parallel

CO formation). Simultaneously, a CO, reaction rate is observed, at
around 400 °C (as determined previously on pure STF, the inverse
water-gas shift reaction forms CO and H,O in this temperature
region [30]). The potential influence of the electronic modification
on Ni by alloying is also directly visible in comparison with the
CO methanation on the purely metallic Ni reference catalyst.
Increase of the normalized CO rate on the latter has been observed
at around 150 °C, that is, 200 °C lower than on Ni-STF. Furthermore,
on the reference catalyst the CO, rate has been clearly linked to the
Boudouard reaction, which follows from associated oxidation treat-
ments after the catalytic reaction, clearly showing additional CO,
arising from obviously deposited carbon (not shown here). This is
a clear difference to what is observed on Ni-STF.

In direct comparison, the corresponding experiments on Ni-LSF
reveal a distinctly different behavior concerning methane chem-
istry (Fig. 9, panel B). A CO oxidation rate peaking at 230 °C, essen-
tially revealing inverse water-gas shift reactivity, can be observed.
This follows from the exact synchronous decrease and increase of
the CO and CO, rates and, at higher temperatures, CO, and H,.
Methane reactivity is clearly absent, and this is understandable
on the basis of the structural disorder and the high degree of alloy-
ing of the Ni-LSF sample after pre-reduction: exsolved iron parti-
cles are observed alongside alloyed Ni-Fe particles, which
chemically alter the Ni particles and accordingly suppress the Ni-
typical methane chemistry. Note, that a direct comparison with
Fig. 8, panel C and Fig. 9, panel A at first yields contradicting
results, as in both cases methane rates are clearly observed. How-
ever, the reduction conditions as used for Fig. 9, panel B are extre-
mely harsh due to the simultaneous presence of both H, and CO.
Therefore, the structural rupture of the LSF lattice and the subse-
quent chemical alteration of the Ni particles are much more pro-
nounced. The only feature with being still necessary to discuss is
the rather sharp drop in hydrogen starting at around 270 °C. At
the moment, we ascribe this to the further reduction of the sample
in CO up to 270 °C, obviously creating reactive centers being not
accessible by “simple” hydrogen reduction in the pre-treatment,
but providing adsorption sites for hydrogen.

The participation of elemental Ni in Ni-containing perovskite
systems following reductive activation or treatment in methana-
tion or steam reforming mixtures is already a documented phe-
nomenon, but as such, in the overwhelming majority of
experiments “accidental” and therefore notoriously different to
control. A particular instructive example is provided by studies
on LaNi,Fe;_,O3 perovskites in methane reforming [8-10]: in this
case, the structural changes have been directly linked to the Ni
content. This also affected the regeneration of the catalyst. Low
Ni loadings led to small Ni particles supported on the structurally
intact perovskite (with possible regeneration), higher loadings to
Ni particles on the ruptured perovskite, i.e. on LaFeO3 and La,03
(no regeneration possible). The fate of the catalyst after contact
to reaction mixtures has been observed to be also strongly depen-
dent on their reducing power: oxyreforming of methane led to Ni
particles, methane dry reforming to Ni-Fe alloy particles. Similar
dispersed Ni particles alongside La-oxycarbonate species have also
been observed following CO, methanation over LaNiOs catalysts
[12]. Furthermore, after performing simultaneous steam and CO,
reforming of methane and oxidative conversion of methane to syn-
gas over LaNiOs catalysts, Ni-on-La,03 structures are observed,
leading to improved methane conversion [14]. Exsolution of Ni
from La;_,SryNiO3 perovskites during dry reforming of methane
leads to Ni particles, SrCO3; and La-oxycarbonate species with
enhanced dry reforming activity [16]. On the contrary, Wang
et al. provided data on Ni-LaFeOs systems with deliberate impreg-
nation of LaFeO; with Ni using two different citrate complexing
methods. Depending on the pathway of preparation, Ni-LaFeO3
or Ni-Fe/Ni-LaFeOs;-La,0,C05; systems result, with different
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activities and resistance against coking [13]. In turn, these systems
come closest to the Ni-perovskite materials discussed in this work
and in fact, show some similarities. By comparison of Ni-STF and
Ni-LSF, the different reducibility and iron content of LSF and STF
manifested itself especially in a different extent of Fe-Ni alloy for-
mation, which can be directly linked to changes in catalytic activ-
ity: Ni-STF, due to the smaller extent of alloy formation (at the
interface), exhibits an activity pattern in CO, methanation compa-
rable to a Ni-Al,03 catalyst, where alloy formation is absent. In
contrast, Ni-LSF is clearly different from both other catalysts. This
difference is also directly visible in the CH4 TOF values and the
apparent activation energies, derived both from the TEM and the
CO adsorption measurements (Table 1). Ni-STF has a slightly
higher apparent activation energy (118 k] mol~!) than Ni-Al,O3
(103 kJ mol™!) and a comparable maximum TOF: 2.4 x 103 s7!
(at 600 K) versus 6.6 x 1073 s~ (at 530 K). Ni-LSF in contrast has
a much higher apparent activation energy of 146 k] mol~! and also
the TOF maximum is the lowest of the three catalysts
(7.6 x 1074571 (at 700 K)). The CH4 TOF values for CO, methana-
tion on the Ni-Al,0O5 reference catalyst are in good agreement with
literature data [49], and at least for the Ni-STF sample in methana-
tion and methane reforming reactions are in the range of those
obtained on comparable Ni and related catalyst systems [50-60]
(e.g. CO, methanation on Ni-Al,03: CH,-TOF 0.69 s~ (573 K) [49];
Ni-Zr0,: CH4-TOF 0.4s~! (573 K) [50]; Rh-TiO,: 5.9 x 10>s7!
[50]; NiRu-SiO,: 8.3 x 1072s~! [51]; CH,4 reforming: Ni-SiO.:
CH,4-TOF 0.65s™! (773 K) [60]). Direct correlation to literature-
reported values is sometimes difficult due to different catalytic
setups used (i.e. most data are obtained using flow reactor setups)
and as a consequence, changes in the equilibrium situation in
the batch reactor. Note that for both Ni-perovskite systems no
coking has been observed (as in [15]), which is a particular
advantage over “simpler” perovskite catalysts, such as LaNiOs.

Re-addressing the particle-size dependence of alloy formation,
at this point the potential catalytic consequences should be briefly
addressed. This is important insofar as to detect a potential struc-
ture sensitivity and particle-size effect of the studied reactions and
will also answer the possibility of a potential geometric effect on
catalytic activity and selectivity. In fact, to explain the catalytic
alterations during alloy formation, we propose an ensemble effect,
i.e. electronic modification of Ni induced by Fe diffusion. A pure
geometrical dilution effect is excluded since the amount of Fe dis-
solved within the Ni particles is very low.

Although a particle size effect has not been studied directly by
e.g. varying the particle size and the fact that alloy formation itself
is not a strong function of the particle size (and considered to be
the dominant catalytic steering factor), a strong structure sensitiv-
ity is hence excluded. The role of the metal-support, and specifi-
cally the metal-perovskite interface played in affecting the
catalytic reactivity has been addressed in a number of recent
works. In the water-gas shift reaction, a direct effect of the particle
size perimeter has been elucidated [61] and particular focus has
been put on establishing structure-activity relationships in abate-
ment of NO and N,O using LaFeOs-supported Pt particles [31] and
PdO, [32] particles exsolved from LaCoggsPdoos0s perovskites.
Clear trends in the correlation between reaction rates and length
of interfacial region have been established and critical particle size
diameters have been determined, where the structure sensitivity of
the reaction changes. We did not observe such a structure sensitiv-
ity, at least not with respect to the degree of alloying.

4. Conclusions

Exemplarily shown for small Ni particles on the perovskites
Lag eSro.4Fe0s_s and SrTig;Fep305_5, structural and morphological

manifestations of metal-support interaction in complex metal-
oxide systems and its catalytic consequences are highlighted.
Strong or even reactive metal-support interaction on “simple”
metal-oxide systems is already a complex topic, but in particular
the structural consequences are much more pronounced in struc-
turally complexer oxides. Some features, such as the exsolution
and the subsequent formation of alloy nanoparticles, bear some
resemblance to reactive metal-support interaction effects in other
metal-oxide systems, also leading to alloy or intermetallic com-
pound formation [62]. However, isolated exsolved metal particles
are obviously exclusively observed for complexer systems. Studies
on the metal-support interaction in complex oxide systems still
are in their infant’s shoes and a long way has to be gone until full
understanding is obtained. Nevertheless, the use of complexer oxi-
dic support materials might offer exciting new possibilities in tai-
loring the catalytic performance. Exemplified by the use of two
representative perovskite materials STF and LSF, we have shown
how the reducibility of the support through the associated degree
of alloying steers the catalytic activity and selectivity. STF as less
reducible material exhibits only a minor degree of Ni-Fe alloying
- hence the introduced electronic modifications of the Ni particles
give rise to slightly altered catalytic behavior in methanation and
steam reforming reactions in comparison with clean supported
Ni. LSF, in contrast, is much more reducible, giving rise to a higher
degree of Ni-Fe alloying and an associated suppressed catalytic
performance. Therefore, by careful selection of the complex oxidic
support and the reduction conditions, a controlled route to sup-
ported Ni-Fe catalysts is eventually opened. In principle, the ideas
outlined in the present contribution can be deliberately extended
to similar systems and it is hoped, that subsequent studies on other
complex supporting oxide systems are triggered, e.g. using spinel
phases or other perovskite materials. This is deemed especially
important, since these oxides gain increasing interest in the
catalytic community in a wide range of application areas.
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