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Kurzzusammenfassung

Die katalytische Umwandlung von Kohlenwasserstoffen, besonders die der leichten Alkane wie
Propan, ist sowohl fiir die Umwelt, als auch fiir industrielle Anwendungen von grofler
Bedeutung. Oxide, die Edelmetall-Nanopartikel auf ihrer Oberfliche unterstiitzen, sind
aufgrund ihrer grofBen Oberfldche vielversprechende Katalysatoren. Allerdings besitzen solche
Systeme einige Probleme, wie zum Beispiel das Sintern der Nanopartikel unter
Reaktionsbedingungen, wodurch die katalytische Leistung im Laufe der Zeit verringert werden
kann. Die Entwicklung von Katalysatoren, welche sowohl eine hohe Aktivitdt, als auch
Stabilitit zeigen, ist daher unumgénglich. Eine reduktive Exsolution ist ein einfacher Weg zur
Herstellung von Nanopartikeln, welche homogen auf der Oberfliche verteilt sind. Hierbei
werden die Edelmetall-lonen aus einer festen Losung von Oxiden entzogen. Die dadurch
entstechenden Nanopartikel sind in der Oberfliche des Materials verankert, wodurch eine
bessere thermische Stabilitidt gewdhrleistet wird. Dies macht solche Materialien zu idealen
Katalysatoren bei hohen Temperaturen, wie zum Beispiel fiir die vollstindige Oxidation von
Kohlenwasserstoffen.

Das Material, welches in dieser Arbeit untersucht wird, ist der Perowskit LaFeo.oRuo.103 (kurz:
LFRO), in welchem 10% Fe in der B-Position mit Ru ersetzt werden. Eine Reduktion unter
Wasserstoff bei 800 °C, welche eine typische Temperatur fiir die Exsolution ist, fithrt zur
Bildung der verankerten Nanopartikel (LFRO-800R). Die Nanopartikel besitzen eine Core-
Shell-Struktur, in welcher das aktive Ru mit einer kleinen Menge Fe in einer Legierung vorliegt
und von einer inerten LaOx Schicht umschlossen ist. Daher kommt es im Vergleich mit dem
urspriinglichen LFRO zu einer geringeren katalytischen Aktivitét fiir die Oxidation von Propan.
Jedoch kann LFRO 800R mit einer oxidativen Behandlung bei 400 °C aktiviert werden,
wodurch es bei einer Temperatur von 210 °C zu einer fiinffach so hohen Aktivitit im Vergleich
zu LFRO kommt. Detaillierte Untersuchungen mittels TEM und CO-DRIFTS zeigen, dass das
inerte LaOx selektiv durch eine oxidative Behandlung bei 400°C entfernt werden kann.
Wiéhrenddessen wird das freiliegende RuFe-Legierungspartikel in eine aktive oxidische Ru-
Spezies iiberfiihrt. Hierbei gibt es auch keine Anzeichen einer separaten FeOx-Phase. Die
Strukturentwicklung von LFRO wird bei verschiedenen Reduktionstemperaturen systematisch
untersucht, um den RuFe-LaOy Bildungsprozess aufzudecken. Beim Erhitzen von LFRO in
reduzierender Atmosphire geformt Ru an die Oberfldche und durchlduft dabei die Zustinde
Ru*" — RuP — Ru’. Hierbei ist RuP ein Zwischenzustand, in welchem Ru voraussichtlich
diffundiert. Die Umwandlung von Ru?* beginnt bereits bei 300 °C, wihrend die nachfolgende
Reduktion zu Ru®, welche ein Indiz fiir die Exsolution ist, eine Temperatur von 400 °C benétigt.
Wenn die Reduktionstemperatur hoher als 500°C betrdgt, wird Ru aus dem Volumen geformt
und es kommt zur gleichzeitigen Separation von LaOx. Ein weiteres Erhéhen der
Reduktionstemperatur fiihrt zum stetigen Wachstum der Nanopartikel, wahrend das separierte
LaOy die Nanopartikel umschlie3t und so die Core-Shell-Struktur entsteht.

Die Informationen der Strukturentwicklung wéhrend der Exsolution von Ru aus LFRO unter
variierenden Reaktionsbedingungen erlauben einen Einblick in die Exsolution als Strategie fiir
die Entwicklung von Edelmetall-Katalysatoren fiir verschiedenste Anwendungen.
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Abstract

The catalytic transformation of hydrocarbons, particularly light alkanes such as propane, is of
critical importance for both environmental and industrial applications. Catalysts that support
precious metal nanoparticles (NPs) on oxides have shown significant promise due to their high
surface area. However, these systems often face challenges such as NP sintering under reaction
conditions, which can diminish catalytic performance over time. To address this, the
development of catalysts that present high activity and improved stability is essential. Reductive
exsolution is a facile way to produce homogenously distributed nanoparticles through the
extraction of uniformly incorporated precious metal ions from a solid oxide solution.
Nanoparticles originated via exsolution anchor in the surface of the parent backbone, delivering
improved thermal stability, which makes it an ideal catalyst for reactions conducted at elevated
temperatures, such as hydrocarbons total oxidations.

The material studied in this work is the perovskite LaFeo9Ruo.103 (LFRO), in which 10% Fe in
the B site is replaced by Ru. Reduction in hydrogen at 800 °C (a typical temperature for the
exsolution) leads to the formation of socketed nanoparticles (LFRO-800R). These particles are
revealed to be a core-shell structure in which the active Ru is alloyed with a slight amount of
Fe, encapsulated by an inert LaOy coating, thus exhibiting a lower catalytic activity compared
with the pristine LFRO for the propane oxidation. However, LFRO 800R can be activated by
an oxidative treatment at 400 °C, leading to an improved activity which is five times higher
than the activity of LFRO at 210 °C. Detailed characterizations including TEM and CO-
DRIFTS indicate that the inert LaOx can be selectively removed by oxidative treatment at
400 °C. Meanwhile, the exposed RuFe alloy particle transforms into catalytically active oxidic
Ru species, without any indication of a separate FeOx phase. The structure evolution of LFRO
in each reduction temperature is systematically investigated to uncover the RuFe-LaOx
formation process. When heating LFRO in the reducing atmosphere, Ru exsolves to the surface
processing through Ru?" — RuP — Ru® and Ru is likely to diffuse in the form of RuP which
serves as the intermediate species during this process. The transformation of Ru’" initiates
already at 300 °C while subsequent reduction to Ru® which is the sign for the exsolution requires
400 °C. When the reduction temperature is higher than 500 °C, Ru in the bulk starts to be
exsolved and accompanied by the co-segregation of LaOx. Further enhancing of the reduction
temperature leads to the continuous growth of Ru particles while the segregated LaOy
eventually encapsulates the exsolved Ru, forming the core-shell structured nanoparticles.The
information on structure evolution during Ru exsolution from LFRO and following change in
reaction condition provides insights into the rational design of precious metal-based catalysts

via the exsolution strategy for various application scenarios.
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1. Introduction and Motivation
1.1 Ru-based catalyst in propane oxidation

Light hydrocarbons, regarded as promising alternatives to traditional fossil energy sources,
have been widely used in recent years and hold a significant position in the national economy.
These hydrocarbons mainly consist of alkanes and alkenes with four or fewer carbon atoms,
typically existing in a gaseous state. As the typical volatile organic compounds (VOCs), the
direct release of light hydrocarbons into the atmosphere is revealed to be deeply involved in the
formation of ozone and chemical smog, causing severe problems to the environment and human
health [1,2]. However, trace amounts of light hydrocarbons inevitably exist in the exhaust gas
due to incomplete burning during the chemical process using light hydrocarbons as the fuel.
Therefore, the effective removal of these trace amounts of light hydrocarbons from exhaust
gases is of vital importance in modern society and has consequently attracted increasing
attention over the past several decades. Addressing this issue is essential for mitigating

environmental pollution and protecting public health, making it a significant research focus.

Elimination of the light hydrocarbons by direct thermal combustion is a typical strategy that
can convert the light hydrocarbons into more environmentally friendly H,O and CO.. However,
the thermal combustion of light hydrocarbons occurs only within a specific flammable range in
an oxidative atmosphere. Taking propane as an example, when the propane concentration in the
mixture is lower than the flammability limit (2.2 vol%) or higher than the upper flammability
(9.6 vol%), the thermal combustion of propane is not favorable. On the other side, the chemical
stability of light hydrocarbons requires high temperature for the cleavage of the C—H bond,
leading to significant energy consumption. In contrast, catalytic combustion is proven to be an
ideal strategy for the removal of trace amounts of light hydrocarbons due to its low operating
temperature, (Normally lower than 500 °C) high efficiency and lack of undesired by-products
[3,4]. With a catalyst, the activation energy of light hydrocarbons could be significantly reduced
by providing an alternative reaction pathway that has a lower energy barrier so that the
conversion of light hydrocarbons could be achieved at a lower temperature [5]. Compared to
alkenes, the activation of light alkanes is more complicated due to their saturated structure.
Therefore, propane is selected as the representative in this thesis for investigating light
hydrocarbons catalytic combustion. In propane catalytic combustion reaction, noble metals

generally exhibit superior catalytic performance compared to non-noble metals due to their
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unique electronic structures and surface properties [6]. As far as precious metal-based catalysts,
one of the main challenges is to improve their atomic efficiency due to their scarcity as well as
their high price. In a typical heterogeneous catalytic process, initial adsorption of reactant
molecules occurs on the surface of a solid catalyst, where subsequent activation transpires at
specific active sites. That’s to say, the active component is only accessible to the reactant
molecules when it is on the surface of the catalyst [7]. In order to utilize the precious metal in
an efficient way, a commonly adapted solution is diluting the precious metal by loading it onto

the support.

The most common catalysts for light hydrocarbons primarily use platinum or palladium as
active components[8—10]. However, the relatively high price of Pt and Pd motivate the search
for their replacement. Ruthenium is known to be one of the most active elements in the
activation of C—H and C—C bonds. More importantly, the price of Ru is much lower than Pt and
Pd (the average price of Pt and Pd from January 1% 2024 to April 30" 2024 is around 32000
$/kg and 35000 $/kg, respectively, while the average price of Ru during the same period is
around 15000 $/kg), offering significant potential as a cost-effective alternative to the current
commercial Pt-based and Pd-based catalysts [11]. Recent studies have demonstrated that Ru-
based catalysts exhibit excellent catalytic activity for propane oxidation reactions [12—14]. For
instance, Okal ef al. reported that Ru/y-Al,O;3 catalyst (4.6 wt.% Ru) achieved a turnover
frequency (TOF) of 0.0035 s™! for propane combustion at 175 °C and reached full conversion
at temperatures lower than 200 °C. However, residual chlorine species from the RuCls precursor
and the pretreatment atmosphere can affect the propane catalytic performance greatly. The
optimal catalyst is the CI" free sample treated with H> and its exceptional activity can be
attributed to either non-stoichiometric RuxOy nanoclusters or large Ru metal particles coated
with a thin layer of RuO.. Under oxygen-rich conditions, the highly active RuOx nanoclusters
tend to sinter into crystalline RuO; particles when the calcination temperature is enhanced to
600 °C, leading to a decrease in activity [12]. To address this issue. researchers have explored
methods to stabilize RuO; nanoparticles by introducing additional additives. For instance,
Adamska and Baranowska ef al. incorporated Mo and Re into Ru/Al>O3, producing bimetallic
Ru-based catalysts. Among these, the Ru-Mo/y-Al,O3 (5 wt.% Ru, 1.6 wt.% Mo) catalyst
achieved a 95% propane conversion at 200 °C, with a TOF (turnover frequency) as high as
0.034 s at 165 °C [15]. In another study, Ledwa et al. prepared RuxCe;xO».y particles using
the reverse microemulsion method and then supported them on an y-Al>Os carrier to obtain the
final catalyst. Further characterizations have confirmed that this catalyst can effectively

stabilize RuOx active species after thermal calcination at 800 °C and achieved a 50% propane
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conversion at 225 °C [16,17]. Seeking to enhance the interactions between Ru-CeO> mixed
oxides and Al>O; support, Liu ef al. synthesized the nano-flower sheet-like alumina (NF-A1>O3)
featuring abundant unsaturated pentacoordinate A13" site. These sites played a role in anchoring
the Ru-CeO: active phase, resulting in excellent thermal stability and high catalytic activity for

propane combustion reaction [18].

What’s more, the catalytic performance of Ru-based supported catalysts is significantly
influenced by the properties of the support material. Compared to AlO3, CeO; not only
disperses the RuOyx more effectively but also enhances the propane oxidation rate by
participating in oxygen activation. This enhancement is attributed to the existence of abundant
oxygen vacancies resulting from the rapid transformation between Ce*" and Ce*', thereby
exhibiting superior catalytic performance with the same Ru loading [14,19]. With the well-
defined morphology of CeO, support, Wang et al. observed that the morphology of CeO>
support does not significantly affect the chemical states of Ru species but altered the interaction
between Ru and CeO», varying the oxygen vacancy concentration in the interface between Ru
and CeO> [20]. The catalytic activity of propane combustion on Ru/CeO> was positively
correlated with the oxygen vacancy concentration. Ru supported on CeOz-nanorods, which
predominantly expose CeO; (110) facet possessing the most oxygen vacancies, exhibited
superior activity and stability in propane combustion compared to Ru supported on CeO»-
nanocubes and CeOz-nanoctahedrons. Using defect-rich CeO> nanosheets as the support for Ru,
a plentiful Ru-O-Ce interface can be achieved in Ru/CeO, which can efficiently accelerate the
propane adsorption [21]. Ru/CeO, prepared by Sun et al. using the co-precipitation method
exhibited superior activity and stability during propane combustion reaction due to the
synergistic effect of different states of Ru species [22]. Detailed characterization demonstrated
that the unsaturated RuOx (x < 2) with high dispersity and low oxidation state formed on the
CeO, surface provides the sites for propane adsorption and activation while the Ru in the CeO,
bulk in the form of Ru-O-Ce can efficiently enhance the oxygen mobility. As a commercial
catalyst in the Deacon reaction, RuO2/TiO> has also been investigated in the propane
combustion reaction [23,24]. Debecker et al. found that the Ru can selectively migrate to the
rutile TiO> from anatase TiO, within the temperature range of 150 to 250 °C while further
increasing the calcination temperature above 300 °C led to the irreversible crystallization and
sintering, resulting in the remarkable decline on the catalytic performance in propane oxidation
reaction [25]. The RuO2/TiO; activity could be enhanced by pretreating in a reducing
atmosphere. The catalytically active species were considered to be the metallic Ru, and the

involvement of oxygen species from the interface of Ru and TiO> has been proven in the
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reaction[26,27]. However, stabilization of the Ru by the enhanced metal support interaction
between Ru using rutile TiO, seems not to work in the propane combustion reaction, since
RuO»/TiO; turned out to be the lowest activity among the chosen supports [28]. Another
efficient approach to improving the thermal stability of the precious nanoparticles is
encapsulating them with porous materials, which can act as the physical barrier to impede
particle migration and prevent further sintering [29-31] The core-shell structure was initially
introduced to satisfy this target. Li ef al. synthesized the Ru-SiO; core-shell structure and this
catalyst retained good stability even at temperatures as high as 650 °C, which could be attributed
to the protection effect of the amorphous SiOz nano shell [32]. Zeolites have high thermal
stability and high surface areas contributed by the uniform microporous structures, making
them promising candidates to confine precious nanoparticles. [33]. Thanks to the development
of advanced synthesis methods, the stabilization of precious nanoparticles with physical
confinement is possible nowadays [34]. Tao et al fixed a series of ultrafine Ru nanoparticles
whose average particle size was lower than 0.95 nm in the silicate-1 zeolite by a simple one-
pot method. This catalyst can reach 95 % propane conversion at a temperature of 294 °C [35].
Most importantly, the encapsulated Ru nanoparticle exhibited superior thermal stability than
the supported one prepared by the impregnation method, which could be attributed to the
confinement effect of the zeolites. In addition to the confinement effect, the zeolite frame can
also affect the electronic structure of confined precious metal species. It was revealed that the
Al site of the zeolite skeleton was involved in the formation of more Ru-O-Al phase which
played a role in preventing the agglomeration of Ru nanoparticles in harsh environments [36].
What’s more, the Al site as a kind of Bronsted acid site contributed also to the adoption and

activation of the reactant molecular.

However, these conventional techniques for the fabrication of supported precious metal
catalysts often lack precision in controlling the particle size and distribution of the precious
nanoparticle. Moreover, the synthesized supported catalyst always undergoes the undesired
agglomeration during the calcination or high-temperature operation due to the relatively weak
interaction between support and metal particle, decreasing the catalytic performance as well as
shortening the operational lifespan [37]. Although some advanced methods are introduced to
prepare high thermal stability Ru-based catalysts, the complicated process and the high
requirement on the precursor limit the large-scale production [34,38]. Several decades ago, the
exsolution was reported to be a promising strategy to address the challenges raised by

conventional methods.



1.2 Exsolution background

1.2.1 exsolution and perovskites

Exsolution is a crucial process in materials science, characterized by the separation of a
secondary phase from an initially homogeneous solid solution without the removal or addition
of material. This phenomenon is particularly important in the preparation of precious metal-
based catalysts. For these catalysts, the catalytically active precious metal must first be
homogeneously incorporated into the lattice of the matrix oxide. However, the inherent
differences in radius, valence and the structure of their oxides among different cations limit the
formation of the oxide solid solution, bringing the obstacle for the preparation of precious

metal-based catalyst by the exsolution strategy [39].

) O

o

N \ p. O A-site
o O B-site
CJ € O Oxygen

Figure 1.1 Schematic illustration of ideal cubic ABO3 perovskite structure.

As one of the popular materials in scientific research, ABO3 perovskite oxides with high
structural flexibility provide the tunability to form a solid solution so that it is commonly
considered to be the ideal candidate as the starting materials for exsolution. As illustrated in
Figure 1.1, the ideal ABO3 perovskite has a cubic structure in which the A-site element
occupies the cube center with a 12—fold coordination while the B-site element stays at the
octahedron center coordinated with six oxygen [40]. In general, the A site of perovskite
structure is normally occupied by the alkali, alkali earth metal cations or lanthanides cations
which have a relatively larger ionic radius while the B site consists of the variable valence

transition metal cations. Usually, the A-site element plays a role in stabilizing the perovskite
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structure while the B-site element is the active component for a catalytic process. According to
this principle, the precious metal cations (Pt, Pd, Ru, Rh) are normally thought to stay in the B
site of the perovskite structure. It is worth mentioning that Ag!*, as the precious metal cation,
is located in the A site of perovskite structure due to its quite large ionic radius. In order to
evaluate the possibility of the formation of a stable perovskite structure, a tolerance factor (t)

equation is proposed by Goldschmidt in Eq. 1 [41]:

_ (R4 + Ro)
V2 e (Rg +Ryp)

(0.75<t< 1.13) Eq.1

where the Ra and Rg represent the radius of the A-site cation and B-site cation, respectively,
and Ro means the radius of oxygen ions. The tolerance of perovskite structure allows the partial
substitution in both A-site and B-site, which can modify the structure property of the host

perovskite oxide.
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Figure 1.2 Variations of Gibbs free energy from oxide to corresponding metal in Hz at 300, 600, 900 °C [42].
Copy right from Springer Nature.

For the cations in the perovskite structure, the exsolution order largely depends on the ease with
which they can be reduced to the metal. Therefore, we could use the Gibbs free energy change
between metal ions in the parent oxide lattice to desired metals (AG) to roughly estimate the
exsolution order of different cations. As shown in Figure 1.2, the difference in Gibbs free
energy between the precious metal oxides to metal is negative which is relatively lower than
the other transition metals, suggesting that the precious metal cations could be preferentially
exsolved when exposed to the reducing atmosphere. This characteristic provides the fundament

of designing the precious metal-based catalyst by exsolution strategy. At the same time, the



7

negative AG could also be calculated in some 3d transition metals, like Co, Ni and Cu,
indicating that the corresponding cations could also be exsolved. It should be mentioned that
the Fe, which is quite common in the B site of the host perovskite position shows the AG around
0 is not easily exsolved when it solely occupies the B site of the perovskite structure [43]. The
other B-site cations, as well as the lanthanides or alkaline earth cations in the A site of the

perovskite structure which are calculated to the positive AG can hardly be exsolved [44].

Initial studies about exsolution are conducted on stochiometric perovskite ABO3 (A/B=1), and
precious metal cations (AG<0) which could be preferentially exsolved is homogenously
incorporated into the matrix during the preparation. It was reported that Pd in
LaFeo.57C00.38Pdo.0sO3 can be expelled to the surface under the reducing atmosphere, opening
the possibility of preparing the precious metal-based catalysts by exsolution strategy [45]. With
the help of the density functional theory (DFT) calculations, LaPdOs.y was revealed to form in
the vicinity of the LaFe1.xPdxOs; surface which is stabilized by oxygen vacancies, allowing the
efficient diffusion of Pd upon reduction [46]. Pt particles about 1-3 nm in diameter exsolved
from Lao.9925Bao.0075A10.995Pt0.00s03 after low-temperature reduction at 600 °C were uniformly
dispersed on the perovskite oxides surface, contributing to the good oxygen reduction reaction
activity and stability in basic condition [47]. Similarly, the homogenously distributed Ru, Rh,

Ni particles could be achieved by the reductive treatment at elevated temperatures.
1.2.2 Exsolution mechanism and the affecting factors

The reductive exsolution process is proposed to be four steps, including ionic diffusion,
reduction, nucleation and growth (Figure 1.3) [48]. It is widely accepted that the reductive
exsolution is triggered by the formation of oxygen vacancies. When exposing the perovskite
oxides to the reducing atmosphere, the oxygen ion in the perovskite structure is released from

the lattice, leaving the oxygen vacancies in the perovskite structure. (Eq.2)
ABO; + aH, —» ABO3_, + Oy + aH,0 (Eq.2)

ABO;_, » (1 — a)ABO; + aB + aAO (Eq.3)
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Figure 1.3. Mechanism of the B-site cations exsolution exemplifies with Ni*". Reprinted with permission from

reference[48]. Copy right 2016 Elsevier.

Driven by the oxygen ion gradient, the oxygen vacancies gradually diffuse into the bulk lattice
of the perovskite matrix. With a substantial accumulation of oxygen vacancies within the bulk,
the stability of the perovskite structure is compromised, leading to the spontaneous diffusion of
the metal cations towards the surface. Several investigations revealed that the exsolution of
metal cations diffuse predominantly along the defective antiphase boundary [49], which is of
vital importance for controlling particle density and distribution [50]. Once the cations reach
the surface, they are trapped by the surface point defects (such as oxygen vacancies or cations
vacancies) which act as the nucleation sites and are then reduced [51]. (Eq. 3) As the reduction
continues, more cations from the bulk are exsolved to the surface, either forming additional

clusters or migrating into the existing one, thereby increasing their size.

Wang et al. utilized SrTio.esFeo3503 thin film to demonstrate that a rapid oxygen release rate
can not only shorten the exsolution on the set time but enhance also the quantity of exsolved Fe
[52]. Given the importance of oxygen release via oxygen vacancy formation in the host oxide
for cation exsolution, various methods have been employed to introduce intrinsic and extrinsic
oxygen vacancies to facilitate the exsolution process. These methods include adjustments to

reduction temperature, oxygen pressure, A-site deficiency and lattice strain, etc.[53,54]
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The most common method to trigger the exsolution is increasing the reduction temperature,
which accelerates the formation and diffusion of oxygen vacancies. The population of exsolved
Rh from Lag43Cao37Rho.01Ti0.9903 revealed a reverse volcano curve as the reduction
temperature varied from 500 °C to 1000 °C. When the reduction temperature was lower than
700 °C, the number of dissolved particles was positively correlated with the reduction
temperature while a further increase in the temperature resulted in the decline of the quantity
of exsolved Rh particles [55]. A similar result that the higher temperature accelerated the
cations’ exsolution but also led to the low density of the exsolved particle due to the
agglomeration was also derived by Kim et a/ [56]. The exsolution is significantly affected by
the oxygen partial pressure (pO;) in the reducing atmosphere. Generally, the low pO:
atmosphere is more favorable for the formation of oxygen thus facilitating the B-site cations
exsolution. By varying the pOy, it is further revealed that the lower pO; favors the high density
of small particles while the higher pO; leads to the low density of big particles at the constant
temperature [56]. Similar observations made by Gao et al. showed that the Ni exsolved from
Lao 4Sro.4Sco.9Ni.103-5 under pure H> formed larger particles compared to those exsolved in 20
vol% Ha/Ar [48]. These effects are related to changes in the nucleation kinetics, which could
be described by classical nucleation theory [57]. During the exsolution, the nucleation rate of

exsolved nanoparticles Ny (number of nuclei / (m?/g)) could be expressed as the form in Eq.4,

AG

Nyz_ﬁ

Eq.4
where AG represents the critical nucleation energy barrier, k is the Boltzmann constant and T
denotes the temperature. When pristine perovskite oxide is subjected to harsh conditions, such
as high reduction temperatures or low oxygen partial pressures, the diffusion rate of the target
cation is significantly accelerated, whereas the nucleation rate is considerably reduced. This
leads to the formation of large particles with low density on the surface. A low pO> atmosphere
could also be achieved or modified using CHs, CO, UHV (ultra-high vacuum) or even by the
introduction of water vapor [58,59]. Interestingly, when the reducing atmosphere shifts from
H» to CO, the geometry of the exsolved particles changes from quasi-spherical to cubic [58].
This transition is notable because it suggests a strong influence of the gas environment on the
morphological evolution of exsolved particles, highlighting the importance of precise control

over atmospheric conditions in tailoring material properties.

The introduction of A-site deficiency (A/B<1) is an effective way to increase the intrinsic

vacancies utilizing the structure tolerance of the perovskite structure. This kind of oxygen
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vacancies, serving as the point defect, plays a role in initiating exsolution [44]. As illustrated
by Eq. 2, the exsolution of B-site cations from stochiometric perovskite is usually accompanied
by the co-segregation of the A-site element, which in turn impedes the B-site element exsolution
due to its accumulation on the surface as AO. However, the A-site deficiency perovskite

provides an efficient solution to avoid the co-segregation of the AO as indicated by Eq. 5.
Ay_xBO3;_, » (1 —x)ABO; + xB + z0, (Eq5)

What’s more, the A-site deficiency destabilizes the perovskite structure when exposed to the
reductive atmosphere at elevated temperatures. This destabilization is driven by the formation
of more stable stoichiometric perovskite oxides. To systematically explore the correlations
between cation non-stoichiometry and the exsolution behavior, Neagu ef al. prepared the A-site
deficient perovskite Lao.52S10.28N10.06 T10.9403 and stoichiometric perovskite
Lao3S10.7Ni0.06T10.9403.09¢ which exhibited different behavior after exposing to the reducing
atmosphere at elevated temperature. Homogenously distributed Ni particles were visible at the
surface of A-site deficient Laos2Sr0.28Nio.06T10.9403 perovskites thin film while no significant
surface evolution was observed in the stoichiometric perovskite Lao.3Sro.7Nio.06T10.9403.09.
Similarly, a high density of exsolved Ni particles could be obtained on the surface (almost 15
times) compared with stochiometric perovskite film reduced at the same condition [49]. The
strong driving force induced by A-site deficiency can not only accelerate the exsolution of
reducible cations but also contribute to the exsolution of unreducible cations like Mn and Ti,
forming MnOy and TiOx in Lao4Sro4TiO3 and Lag4Sro4Mno.osTi0.9403-5, respectively [44].
Equally, oxygen vacancies could also be achieved by replacing A-site cations with those of
lower oxidation states. For instance, the oxygen vacancy concentration derived by XPS in
Cu/Lag3-xSro.6+xT103.5 (0 < x < 0.3) correlates directly with the x value, indicating a systematic

increase in vacancies with increasing substitution. [60].

The replacement of host B-site element by a dopant with different radii and valence state
introduces not only the intrinsic oxygen vacancies, but also enhances the lattice distortion,
significantly influencing the exsolution behavior. LaFeQs3, a classic host for the element doping
in both A-site and B-site, is frequently studied in the literature due to its thermal stability in
both reductive and oxidative atmospheres. As illustrated in Figure 1.1, the exsolution of Fe is
not thermal dynamically favorable when it solely occupies the B site of the perovskite structure.
However, the exsolution of Fe could be achieved as a result of decreased segregation energy by
doping another easily exsolvable cation. Meanwhile, the easily exsolved cations are reduced

firstly into small metallic particles on the surface serving as an active site for the hydrogen
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dissolution, promoting the further reduction by spillover effect [61]. For example, the CoFe
alloy was observed on the surface of LagoFeo9Co0.103 after a reduction of 500 °C while no
particle could be found in LagoFeOs treated in the same condition. The different exsolution
behavior on these two systems could be explained by the lower formation energy of Co-Fe bond
on the surface than the Fe-Fe bond [62]. Liang ef al. revealed that Ru doping can accelerate the
exsolution of anchored FeCo(Ru) alloy through the combination of experimental results and
DFT calculation [63]. By varying the Ni doping level in (La0.75Sr0.25)(Cro.sFeo.5-xNix)O3
perovskites, Papargyriou et al. demonstrated that the oxygen deficiency induced by the high Ni
doping level could lower the valence of Fe**/Fe* and Ni**, thus accelerating NiFe exsolution
[64]. Notably, part of the Fe can migrate from the exsolved MFe (M = Ni, Cu) alloy due to its
high oxygen affinity, even in the reductive atmosphere containing a trace amount of oxygen,
forming the MFe@FeOyx core-shell structure [65,66]. This unique core-shell structured
nanoparticle decorated perovskites containing plentiful oxygen vacancies exhibit unexpectable
catalytic activity and long-term stability when used as the cathode for CO; electrolysis. The
core-shell structured Pd-NiO was also reported to be prepared by the exsolution from LaFeqo-
xNixPdo.103.5 and the shell thickness of NiO could be modified by varying the Ni content [67].
Recently, a topotactic ion exchange/exsolution method proposed by Joo et al. illustrated that
the exsolution of host Co in PrBaMn;.7C00.30s+5 could be promoted by deposited Fe due to the
different segregation energy of these two elements [54]. As demonstrated by these examples,
the exsolution of host B-site elements promoted by the doping of cations with low segregation
energy consistently achieves the formation of bimetallic particles on the surface of perovskite.
This provides an efficient strategy to prepare bimetallic nanoparticle catalysts via the exsolution

technique.

The exsolution behavior from perovskite oxides is also altered by the crystal orientations. To
thoroughly examine the effects of surface termination in exsolution processes, recent research
employs epitaxially prepared perovskite thin film samples. Compared with the (100) and (111)
orientation of La4Sro4Nig.03Tio.9703-5, the Ni can be preferentially exsolved from more
defective (110), which could be attributed to the lower nucleation barrier due to the existence
of an abundant surface defect [68]. Supported by the DFT calculation conducted by Gao et al.,
the Ni segregation energy was revealed with as strong orientation-dependent effect in the
SrTi0O3-based model system, and Ni could be preferentially exsolved from the (100) orientation
[69]. On the contrary, Kim et al. revealed that the (111) oriented film of Lao.2Sro.7Ti0.9Ni0.103-5

generated the most Ni particles with the smallest particle size and deepest embedment than the
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film with (001) and (110) orientations, which could be explained its highest interictal energy
that affects the nucleation behavior [70].

Lattice strain can affect the formation of defects in perovskites and regulate the extent of
exsolution. Moreover, lattice strain can alter the electronic structure, local bonding
configuration, surface energy gap, interface cation chemistry, and surface oxygen stoichiometry
[71,72]. By growing Lag2Sro.7N00.1Ti0.9O3-5 thin film on a series of perovskite substrates with
different lattice parameters, Han et al. modified the extent of thin film lattice strain and checked
their exsolution behavior [73]. The findings revealed that the exsolved nanoparticles on the
compressed strain-induced sample had a reduced average particle size and a greater population
density in comparison to those on the tensile strained samples. Differently, the tension strain
was revealed to be related to the formation of oxygen vacancies and Schottky defect, serving
as the nucleation site on the Lag¢Sro4FeOs thin film, which was beneficial for Fe exsolution
[51]. Beside the mismatch of lattice parameters, the lattice strain can also be induced by the
introduction of ions with different radii and valence [74], which is already presented in the

former part.

Most of the nanoparticle exsolution is achieved by heating the sample in the reduction
atmosphere, overcoming the energy barrier that triggers the exsolution. Theoretically, this
energy can be delivered to the perovskites in alternative forms, such as light, electricity, or even
plasma, as long as it can initiate the formation of oxygen vacancies and the reduction of cations
[42,75-78]. For example, electrochemical switching has been proved to be an efficient strategy
and demonstrated significant advantages over hydrogen gas reduction [79]. Applying
electrochemical switching to Lag.43Ca0.37Nio.06Ti0.9403-5 fuel electrode at a potential of 2 V in
50% H>O/N; environment at 900 °C, resulted in a more than threefold increase in exsolved Ni
nanoparticle density compared to reduction for 17 hours at the same temperature in hydrogen.
Jo et al. demonstrated that electrochemical reduction at 2.3 V for a few seconds led to the rapid
growth of numerous small-sized nanoparticles in a few seconds, which could be explained by

the reduced cations diffusion barriers and lowered growth limitations [80,81].
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1.3 Novel features of perovskite

1.3.1 socketed structure

In contrast to deposited particles, exsolved particles exhibit a fascinating geometry known as
the socketed structure, where the exsolved particle is partially submerged into the oxide support.
This distinctive feature of the exsolution-based perovskite system enhances the interaction
between the particle and the substrate. As a result, the materials demonstrate high activity and

good resistance to coking and sintering [82].

Ni particles in Figure 1.4a fabricated by reducing the Lao4Sro.4Nio.03Ti0.9703.y were observed
to pin into the perovskite with around 30% of their volume submerged into the parent oxide
surface. The exsolved Ni particles can be selectively etched by concentrated HNO3, leaving pits
exhibiting a similar size distribution and density (Figure 1.4¢) as seen in the Ni particle
exsolved sample in Figure 1.4d, confirming the socketed structure [68]. Using the environment
TEM, Neagu et al. revealed the perovskite surface evolution during Ni exsolution. During the
exsolution process, the metal phase nucleates below the surface of the parent oxide matrix,
setting the stage for the partial embedding of the particles. As the exsolved nanoclusters grow
and migrate from the subsurface to the surface, they deform the surrounding oxide matrix,
creating elastic strain fields. These strain fields contribute to the partial embedding or
“socketing” of the particles within the matrix. There is a balance between the elastic strain
energy and the surface energy. As a particle moves towards the surface, the reduction in elastic
energy (due to the release of strain) is countered by an increase in surface energy. The socketed
configuration represents an energetically favorable state where these competing energies are
balanced. The migration process creates a pit on the surface of the matrix, and as the
nanoparticle emerges, it remains partially embedded in this pit, leading to the characteristic

socketed structure [83].
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Figure 1.4. (a) High-angle annular dark-field imaging (HAADF) of a Ni nanoparticle exsolved from (110) facet,
scale bar, 10nm (b) schematic illustration of the particle—substrate interface for transitional deposited and exsolved
nickel particles, SEM images of exsolved Ni particles from Lao.s2Sro0.2sNi0.06Ti0.9403 (c) before and (d) after HNO3
etching. the corresponding Ni particles and hole distribution. Reprinted with permission from reference [68].

Copy right from Springer Nature.

This socketed structure confines the mobility of exsolved particles on the surface, thereby
impeding Oswald ripening at high temperatures, making it a strong candidate for various
applications, such as high-temperature solid oxide electrolysis cells (HT-SOEC). Nano-
socketed Fe-Ni alloy nanoparticles structured (Lao.eSro.4)0.95Nio.2Feo.8Os-5, fabricated by using
the exsolution strategy, serve as the cathode exhibiting good stability and resistance to coking
during al00-hours test in the CO> electrolysis at 850 °C [84]. Similarly, Wang et al. reported
that self-grown Ni-Fe alloy particles prepared by reducing SroFei3Nig2Moo 5065 can achieve
an electrolysis current density of 1257 mA/cm at 850 °C at an operating voltage of 1.3 V when

used as a hydrogen oxidation electrode [85].
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1.3.2 Redox reversibility

The thermal stability and durability of catalysts under elevated temperatures are of great
importance for practical applications. Generally, the nanoparticle on the supported catalyst
prepared by the conventional deposition method intents to migrate and agglomerate into the big
particle, leading to the deactivation of the catalyst as a result of the decrease of the active site
quantity. In particular, Ru can be transferred into volatile RuO3 and RuO4 when it is exposed to
an oxidizing atmosphere at a temperature higher than 600 °C, which limits the application of

Ru-based catalysts in high-temperature oxidation reactions.

As one of the novel features of the exsolution-based perovskite oxide, the reversibility which
means the exsolved metallic particle could dissolve back to its parent matrix by exposing it in
the oxidative atmosphere at elevated temperature is attracting more and more attention. Initially
reported in 2002, Nishihata et al. revealed that Pd in LaFeo.57C00.38Pd0.0sO3 can reversibly move
back and forth in the form of solid solution (Pd as cation in the perovskite structure) and
segregation (Pd nanoparticle), allowing the possibility of reactive the catalysts which suffered
deactivation by coking, coarsening, sulfur poisoning [86]. This unique reversibility feature
opens the door for the potential application in automotive emissions control and attracts
worldwide attention, gaining the name of “intelligent catalyst” [87,88]. In order to get a more
fundamental understanding of the reversibility, Density functional theory (DFT) was
subsequently utilized. With it, Hamada ef al. proposed a possible mechanism for the
regeneration of Pd catalysts in LaFe;.xPdxO3. The Pd exists in the form of LaPdOs.y stabilized
by the oxygen vacancies in the near-surface region of LaFe;.«PdxOs3, providing a short diffusion
path that allows the facile exsolution and redissolution during the redox treatment [46]. Steiger
et al. demonstrated that the exsolution of Ni from LaFe;.«NixO3 at 600 °C could be fully
recovered by reoxidation at 650 °C for 2 h. The Ni particle achieved by the exsolution strategy
exhibited good activity and highly redox stability in the CO> hydrogenation reaction [89]. Co-
Fe nanoparticles expelled from Lag3Sro7Cro3FeosCo0.103x can completely dissolve into the
perovskite matrix when oxidized at 800 °C while they were still on the surface as the transition
metal oxide when oxidized at 700 °C [90]. The preparation of perovskite oxides always requires
high calcination temperature for the homogenous rearrangement of the different ionic, making
the high crystallinity and low surface area (1-15 m?-g™"). Under the reductive atmosphere, the
migration of exsolvable cations is sometimes limited by the long diffusion path. Although the
diffusion of the cations from the deep bulk could be achieved by varying the reduction

temperature or oxygen partial pressure, the undesired agglomeration of exsolved particles
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somehow decreases the quantity of the active site. Recently, the reversibility of perovskite oxide
has been utilized to overcome this problem. Lv et al. demonstrated that in
SroFer4Ru0.1M00.506-5, Ru could be enriched in the near-surface through repeated redox
treatment. The density of exsolved RuFe alloy particles increased approximately 3.6 times after
four redox cycles, while their sizes remained similar. They further explored the dissolution of
RuFe alloy and revealed that the Fe in the alloy first migrates to the surface, forming the FeOx
shell at an oxidation temperature of 200 °C. Upon further increasing the oxidation temperature

to 800 °C, dissolution of FeOy and subsequent disappearance of RuOx were observed [91].

Contrary to the general impression, the exsolved particle is sometimes found to remain pinned
in the perovskite oxide surface during the re-oxidation process. It has been observed that the
dissolution of particles back into perovskite becomes limited after multiple exsolution and
dissolution cycles [92]. With high-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM), Katz et al. showed that the exsolved Pt cluster with a small size
(around 1 nm) could dissolve back the perovskite matrix (Pt-doped CaTiO3) while the relatively
big Pt particles suffered agglomeration upon oxidation at 800 °C [93]. The dissolution of the

exsolved particle upon oxidation is also affected by the chemistry of structural defect.

Compared with the particles exsolved from the A-site deficient perovskite, the dissolution of
metal particles expelled from stochiometric perovskite is more favorable. As far as the
stochiometric perovskite (ABO3), the exsolution of B site cation will lead to the co-precipitation
of the same amount of A site oxide under a reducing atmosphere theoretically to reach the stable
stoichiometric state, which can, in turn, facilitate the metal dissolution by reacting with it to

reconstruct the pristine oxides (Eq. 6).
(1 —x)ABO; + xAO + xB + x0, < ABO; (Eq.6)

While the segregation of A site oxide is limited under the reducing condition due to the
formation of stable stochiometric perovskite oxides, making the exsolution irreversible. (Eq. 6)
Supported by the investigation conducted by Neagu et al, the Ni expelled from A-site deficient
Lao.sCeo.1Ni0.4Ti0.603 remained oxidized and socketed into the surface rather than dissolving
back to the parent matrix after after testing in a CO oxidation reaction at 520 °C [94]. By varying
the oxidation temperature, Jiang et al. observed that exsolved Ru from Lao.oFeo.92Ru0.08-xO03-5
was still on the surface but oxidized to RuO; at 400 °C, achieving a high OER activity compared

with the pristine oxides, mainly attributed to the formation of catalytically active RuO:
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component. Further increasing the oxidation temperature to 550 °C led to the disappearance of

the exsolved particles [95].
1.3.3 surface tunability by acid etching

As mentioned above, the A-site elements consisting of alkaline, alkaline-earth, or lanthanide
cations play a vital role in perovskite structure stability, but they are inert in most of the catalytic
process. Upon annealing in an oxygen-enriched atmosphere, the A-O bond predominates on the
topmost surface, and the subsequent segregation of A-site cations such as Sr?*, Ba?*, La’", and
Pb?* to the surface oxides of the perovskite sample is frequently reported in the literature [96].
Meanwhile, the ratio of the top-most layer of the perovskite which terminates with the A-O

bond has been revealed to positively correlate with the calcination time [97].

For ABOj3 perovskite oxides, the bond length of A-O is greater than that of the B-O bond,
corresponding to a higher bond energy, which theoretically opens the door to selectively
removing A-site cations from the perovskite backbone. Multiple investigations have
demonstrated that metal cations can be selectively removed from the framework following
acid/base treatment, owing to their varying solubility in acidic or alkaline solutions [98]. Si et
al. selectively removed La from three-dimensionally ordered perovskite by HNOs3 etching,
forming the y-MnO> which exhibited higher activity for CO oxidation compared to pristine
LaMnOs and the normal y-MnO> [99]. Adjusting the concentration of HNO3 could partially

preserve the perovskite structure, resulting in the formation of MnO,/LaMnOj catalysts [100].

Another interesting example involves using SrlrOs thin film in the oxygen evolution reaction
in the acidic condition. During the electrochemical testing, the IrOx/SrTiO3 gradually formed
as the Sr leached from SrTiOsz perovskite thin film, demonstrating improved catalytic
performance and good stability [101]. In addition to exposing the active B site element, acid
etching contributes also to the formation of a mesoporous structure with improved surface area
due to A site element removal. Nong et. al prepared porous TiO, with a high specific surface
area of 317 m?/g by leaching K' from K,Ti;s017 with formic acid under hydrothermal
conditions [102]. When the B site is doped with Ru, the high surface area mesoporous Ti-
xRuxO2 mixed oxides could be derived [103]. In some cases, an excess of A-site elements
beyond the stoichiometric ratio is intentionally added during the preparation process to
introduce porosity. Research conducted by Wang et al. indicated that the porous LaCoOs3 could

be achieved by the selective dissolution of the in-situ formed La,Os particles from a pre-
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synthesized LaCoO3-La,0s precursor, obtaining enhanced activity and water resistance during

the ethyl acetate combustion [104].

However, the pristine crystal structure is inevitably destroyed by the acid etching in harsh
conditions (high concentration of strong acid), giving rise to the thermal stability issue. In this
scenario, a variety of weak acids such as citric acid, acetic acid, and tartaric acid are applied for
the surface modulation of the perovskites while preserving their original structure. Treatment
with 1 M acetic acid leaches the La-O termination in stoichiometric LaCoQ3, resulting in the
dominance of Co-O termination on the perovskite oxide surface, thereby enhancing low-
temperature catalytic performance for simultaneous NO and Hg® elimination. The Co-O
termination could also be influenced by higher acetic acid concentrations [105]. Dissolution of
the different A-site elements is sometimes affected by the etching time. An investigation
demonstrated that short-time etching treatment on Lao ¢Sr04Coo.2Feo803-5 could preferentially
dissolve the Sr?* in the A site due to its high solubility and the extended treatment time led to
the further dissolution of La** [106]. Acid treatment on the perovskites could also introduce the
secondary phase and alter the catalytic performance. Etching treatment on LazMn,0O7 achieved
by phosphoric acid removed the superficial La and yields the insoluble lanthanum phosphate
on the surface, providing abundant Bronsted acid which facilitates the activation of the reactant

molecular [107].

Acid etching, as a feasible surface modulation method, could also be applied in the bulk
transition metal oxides. Co304 subjected to etching treatment with acetic acid showed a
significant improvement in the propane combustion reaction, attributed to the formation of
abundant defects, higher surface CO?** content, and increased adsorbed oxygen content [108].
When used as the support for the precious metal, the abundant surface vacancies achieved by
HF treatment on the acid-etched Co3O4 favor the high dispersity and thermal stability of RuOx

species, leading to outstanding vinyl chloride activity [109].
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1.4 Motivation

The development of high-performance catalysts for the elimination of volatile organic
compounds (VOCs) has become a crucial global priority to mitigate environmental pollution.
One of the significant challenges in this field is the thermal stability of supported precious metal
catalysts, which often limits their practical application. High-temperature exsolved
nanoparticles have emerged as a promising solution to enhance the stability and activity of these
catalysts due to the unique socketed structure and strong interactions between support and
nanoparticles. However, the exsolution process of target precious metals can be accompanied
by the segregation or co-exsolution of unwanted components, potentially altering the catalytic

performance.

This thesis focuses on LaFeOs (LFO), a perovskite oxide known for its high tunability and
stability. By partially substituting iron in LFO with ruthenium (resulting in LaFeo9Ruo.103,
LFRO), I aim to fabricate thermally stable, socketed Ru nanoparticles (NPs) via an exsolution
strategy. These Ru NPs are expected to exhibit high catalytic activity and good stability for the
total oxidation of propane, serving as a model reaction for VOCs elimination. Despite the
theoretical advantages, initial measurements showed that Ru-exsolved samples (LFRO_800R)
exhibited substantially lower catalytic activity than expected. Advanced characterization
techniques (including XRD, XPS, Raman, SEM, HRTEM, CO-DRIFTS, and EDS mappings)
revealed that the exsolved particles formed a core-shell structure, where the active Ru alloyed
with a slight amount of Fe is encapsulated by an inert LaOx coating layer. This coating layer
can be selectively removed by oxidizing at 400 °C, which exposes the active Ru and
significantly enhancing the catalytic activity for propane oxidation. The detailed information of

this part could be found in Chapter 2.1.

The mechanism of the RuFe-LaOx core-shell structured nanoparticle formation is the following
question. In order to address these questions, a series of LFRO samples reduced at various
temperatures ranging from 300°C to 800°C are prepared. Their catalytic activity and other
structural and morphological properties are studied before and after reoxidation at 400°C. A
variety of advanced experimental characterization methods are employed to track the surface
evolution, the development of exsolved Ru particles, and the formation/removal of the
passivating LaOx layer. These methods include in-situ TEM, in-situ XPS, in-situ DRIFTS, and
notably, catalytic activity testing using propane combustion as the model reaction. Our findings

reveal that the reduction of Ru in LFRO perovskites commences at 300 °C under reducing
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conditions. The Ru exsolution is restricted to the near-surface zone at 500°C, while bulk
exsolution and LaOx segregation start at 600°C. The detailed information could be seen in

Chapter 2.2.

By providing valuable insights into the exsolution process and the dynamics of passivation
layers, this thesis aims to enhance the practical application of catalysts and contribute to the
broader field of environmental protection and sustainable technology development.
Understanding the formation mechanism of the exsolved RuFe-LaOx core-shell structure and
its correlation with reduction temperature is critical for designing exsolution-based catalysts

specially using perovskites as parent oxides for various applications.
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2. Results and Discussions (Scientific
Publications)

2.1 Publication 1: Unveiling the self-activation of exsolved
LaFeo9Ruo103 perovskite during the catalytic total oxidation of
propane

In this paper we find that the hydrogen reduction of LFRO (LaFeo.9Ruo.103) at 800 °C leads to
the formation of socketed ruthenium particles whose low-temperature activity in the total
propane oxidation reaction at 210 °C is substantially lower than that of the original LFRO.
Upon increasing the reaction temperature once to 400 °C, the exsolved catalyst undergoes self-
activation so that the activity at 210 °C turns out to be five times higher than that of the original
LFRO. A variety characterization reveals that after reduction at 800 °C the exsolved Ru
particles are slightly alloyed with Fe and encapsulated by an inert and protecting LaOx layer.
Mild oxidative treatment at 400 °C leads to the removal of the conforming LaOx layer so that
the active Ru species is exposed, explaining the enhancement of the catalytic activity for

propane combustion reaction.

The concept and experiment of this publication were designed by H. Over and I. I prepared the
Ru-based perovskites and evaluated the catalytic performance. P. Timmer conducted CO-
DRIFTS measurement, T. Weber and L. Glatthaar conducted the XPS measurement. W. Wei,
A. Spriewald-Luciano, M. Ding contributed to the data analysis and scientific discussion. |
wrote the draft and H. Over, B. M. Smarsly, Y. Guo and J. Gallego revised and polished the

manuscript.
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the Self-Activation of Exsolved LaFeo9Ruo.103 Perovskite during the Catalytic Total Oxidation
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The exsolution process enables to produce and control the formation of stable and catalytically
active nano particles via reductive extraction of uniformly incorporated precious metal ions from a
solid oxide solution. Here we consider the simple and stable perovskite LaFeOs; (LFO) where 10% of
Fe on B sites are substituted by ruthenium (LFRO). Hydrogen reduction of LFRO at 800 °C leads to
the formation of socketed ruthenium particles whose low-temperature activity in the total propane
oxidation reaction at 210 °C is substantially lower than that of the original LFRO. Upon increasing
the reaction temperature once to 400 °C, the exsolved catalyst undergoes self-activation so that the
activity at 210 °C turns out to be five times higher than that of the original LFRO. High-resolution
transmission electron microscopy and nanometer-resolved element mapping, together with aver-
aging characterization methods, including X-ray diffraction and X-ray photoelectron spectroscopy,
Raman spectroscopy, and diffuse infrared spectroscopy, unveil that after reduction at 800 °C the
exsolved Ru particles are slightly alloyed with Fe and encapsulated by an inert and protecting LaOx
layer. Mild oxidative treatment at 400 °C leads to the removal of the conforming LaOx layer, while
the uncovered RuFe alloy particle transforms to catalytically active oxidic Ru species, with no indi-
cation of a separate FeOx phase. We exemplify with our case study of LaFeosRuo.103 that careful
redox treatment enables to control the exsolution process and to avoid deactivation. This may be of
importance for the whole class of exsolvable materials.
© 2023, Dalian Institute of Chemical Physics, Chinese Academy of Sciences.
Published by Elsevier B.V. All rights reserved.

1. Introduction

that are supported on a carrier material such as a metal oxide,
to increase the active surface area and to stabilize a high dis-

Catalyst materials with precious metals serving as active persion [1]. In order to suppress sintering of the supported NP
component typically consist of small metal nanoparticles (NP) under reaction condition a strong interaction between the NP
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and the carrier material is considered beneficial.

Supported metal NP catalysts can be prepared by a variety
of different methods, including physical mixing, physical or
chemical vapor deposition, the deposition-precipitation meth-
od, and wet-chemical impregnation [2,3]. Two decades ago, the
exsolution process was introduced to produce and control the
formation of stable and catalytically active nano particles at the
surface via reductive extraction of uniformly incorporated pre-
cious metal ions from a solid oxide solution [4,5]. The exsolu-
tion strategy allows for a delicate control of the metal particle
size and distribution. Exsolved NP are frequently socketed
(anchoring effect) into the parent matrix [6,7], thereby en-
hancing the thermal stability and lifetime of the catalyst in a
high-temperature reaction such as reforming reaction or the
anode reaction of solid oxide fuel cells [8-10]. Under oxidizing
reaction conditions at high temperature the exsolved NP is able
to dissolve back into the backbone support [4]. This reversibil-
ity of exsolution and dissolution of nanoparticles can be utilized
to reactivate the catalys in case the catalyst has undergone se-
vere coking or sintering (so-called self-regeneration) [11]. Sev-
eral recent reviews have summarized our present understand-
ing of the exsolution process [12-14].

Frequently, ABO3; perovskite oxides (cation A, coordinated
to 12 O anions, is of larger size than the cation B, coordinated to
6 O anions) serve as the parent matrix for the exsolution pro-
cess due to their flexibility to accommodate a variety of differ-
ent defects and to substitute partially the B sites by the target
metal ion, while retaining structural integrity [15,16]. In gen-
eral, the less oxygen-affine element on B site is preferentially
exsolved, a process that is mediated by tensile strain of the
lattice, O-defects, and B-site defects [17,18]. However, the
exsolution of the target precious element is sometimes accom-
panied by the co-exsolution of the other B site element leading
to exsolved alloy particles such as PtNi, PdNi, and RuFe
[19-22]. Hou et al. [23] reported that the exsolved alloy will
form an oxide shell covering metallic core structure where the
thickness of the shell is closely related to the partial pressure of
02 in the reducing atmosphere. For the case of RuFe, a covering
FeOy layer forms on Ru particles that can only be removed by
brief oxidation at 800 °C where concomitantly the Ru particles
start to dissolve [22]. In another study, the exsolved metallic Ru
from A-site deficient perovskite is oxidized to RuOz nanoparti-
cle instead of dissolving back to the parent matrix when oper-
ating as an oxygen electrode in oxidizing atmosphere at 750 °C
[24]. Sometimes even the co-segregation of the A-site element
is reported to occur, yielding the formation of SrOx, LaOy, and
BaOx accompanied by the disintegration of the perovskite
structure [25-28]. For the case of LaNiOs the exsolved Ni parti-
cles were reported to be covered by a thick LaOx layer, accom-
panied by the total collapse of the perovskite structure [27]. It
was found that oxygen vacancies and induced electrostatic
interactions play here an important role in the A-site cation
segregation toward the surface [29].

In this study we focus on LaFeOs (LFO), a particularly stable
perovskite structure. LFO and substituted derivatives have
already been employed as catalysts in the total oxidation reac-
tions of volatile organic compounds [30,31]. The application of

LFO as catalyst or catalyst support is motivated by its high ox-
ygen mobility, coupled with high stability, which are instru-
mental properties in designing catalysts for oxidation reactions.

Here we perform an in-depth study of LFO with the B-sites
being partially substituted by Ru3+ (LFRO), which is subse-
quently reduced to achieve exsolution of Ru particles. We de-
liberately select LFO as a relatively simple perovskite for sever-
al reasons. La on A-site in LFO occurs only in the 3+ oxidation
state, thus forcing Fe on the B sites to be in the same oxidation
state. The investigation of the material’s transformation in the
course of reduction and catalytic reaction, as well as the inter-
pretation of corresponding analytical data, benefits from a
small number of involved elements in LFRO. Ru and RuO: are
well-known catalytic species possessing high activity for the
total oxidation of hydrocarbons, but feature also stability issues
[32]. Here, the B-sites of LFO are partially substituted by Ru
(LFRO) and are subsequently reduced to achieve exsolution of
stable (socketed) Ru particles.

The LFRO materials are catalytically tested in the total oxi-
dation of propane, being a representative of light alkane con-
tained in liquid petroleum gas (LPG). LPG is employed to propel
internal combustion engines and thereby constitutes the third
most widely used engine fuel world-wide [33]. LPG is employed
also as feedstock in chemical industry for synthesis of other
olefins. The release of propane and other short-chain alkanes to
the atmosphere is of environmental concern, since the photo-
chemical reaction with NOx and other air-borne chemicals
cause chemical smog. Therefore, the slip of propane and other
short-chain alkanes to the atmosphere needs to be prevented
by catalytic combustion.

The exsolution process is followed by powder X-ray diffrac-
tion (XRD), X-ray photoelectron spectroscopy (XPS), infrared
and Raman spectroscopy, high-resolution transmission elec-
tron microscopy (HRTEM) and nanometer-resolved element
mapping to gain microscopic insight into the material’s trans-
formation. The exsolution process of LFRO at 800 °C in a reduc-
tive environment is shown to form socketed ruthenium parti-
cles that are slightly alloyed with Fe, but surprisingly are cov-
ered by a passivating ultrathin LaOx layer. Therefore, the
low-temperature activity at 210 °C of exsolved LFRO in the
total propane oxidation reaction turns out to be substantially
lower than that of the original LFRO. Upon increasing the reac-
tion temperature once to 400 °C, self-activation of the exsolved
catalyst is observed to occur. We provide compelling experi-
mental evidence that mild oxidative treatment during the
self-activation process at 400 °C causes the selective removal of
the LaOx overlayer, exposing the active oxidic Ru species for the
total oxidation of propane. This peeling process is reminiscent
of the classic SMSI, such as encountered for Au/TiOz [34],
Ru/Mo0s [35] in which the coating layer on the metal in sup-
ported catalyst can be selectively removed in the oxidative
atmosphere.

2. Experimental

2.1. Materials preparations
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Used Materials: Lanthanum (III) nitrate hexahydrate
(La(NOs3)3-6Hz20, > 99%, Alfa Aesar), iron(III) nitrate nonahy-
drate (Fe(NOs3)3:9H20, > 99.95%, Sigma-Aldrich), rutheni-
um(III) nitrosyl nitrate solution (Ru (NO)(NOs)x(OH)y, x+y = 3,
Sigma-Aldrich), citric acid (CéHsO7, = 99.5%, Sigma-Aldrich ),
and ethylene glycol ((CH20H)2, Sigma-Aldrich, > 99.5%) are
purchased and directly used without further purification.

To uniformly dope the Ru into the perovskite structure,
LaFeosRuo.103 nominal mixed oxide is prepared by a sol-gel
method following a reported procedure [36]. Typically, 0.004
mol of La(NOs3)3-6H20, 0.0036 mol of Fe(NOs)3-9Hz0, 0.0004
mol of Ru(NO)(NO3)xOH)y ((Fe+Ru)/La = 1), and 0.012 mol of
citric acid (CA) are dissolved in 50 mL distilled water and
mixed with 0.024 mol of ethylene glycol. The solution is stirred
at 80 °C until a brown gel is formed. After drying at 120 °C
overnight in an oven, the solid material is ground, and the ob-
tained powder is calcined in a muffle furnace under static air at
300 °C for 1 h and subsequently at 750 °C for 3 h with a heating
rate of 3 °C:min-l. The resulting black powder (nominal
LaFeo9Ru0.103) is denoted as LFRO. For comparison reasons,
LFO stoichiometric perovskite oxide, and doped perovskite
(LaFe1-xRux03) are prepared with varying concentrations x (x =
0-0.5) of Ru by the same procedure. Exsolution of ruthenium
from the parent perovskite oxide is accomplished as follows.
The Ru/LFO catalyst with the Ru loading of 5 mol% is prepared
by deposition-precipitation method. 1.0 g of LFO and desired
amount of Ru(NO)(NOs)x(OH)y are suspended in 100 mL water,
followed by the addition of diluted NaOH solution to adjust the
PH to 9. The residual powder is collected by centrifugation and
washed with distilled water. After drying overnight, the sample
is calcined at 400 °C for 3h.

As-prepared LFRO is reduced under 100 mL-min-1 of 4 vol%
Hz/Ar gas flow while heating to 800 °C with a heating rate of 3
°C-min-1. The obtained powder is denoted as LFRO_800R. After
characterization and catalytic test, the reduced sample
LFRO_800R is re-oxidized under 100 mL-min-! of 10 vol%
02/Ar at different temperatures (200, 300, and 400 °C) for 0.5
h, and the resultant samples are labelled as LFRO_800R_TO,
where T stands for the re-oxidation temperature. For example,
LFRO_800R_4000 is obtained after calcination at 750 °C for 3 h,
reduction at 800 °C for 3 h, and re-oxidation at 400 °C for 0.5 h.

2.2. Catalyst characterization

Structural information of the differently processed materials
is gained by XRD using a Panalytical X'Pert PRO diffractometer
equipped with a Cu-K radiation (A = 1.5418 A) lamp operated
at 40 kV and 40 mA. XRD patterns in the 260 range of 20°-60°
are collected with a step size of 0.013° and an integrated
counting time of 2 s per step. Occasionally, LaBs is added as a
reference to calibrate the 2-theta axis. The averaged particle
sizes and micro strain of the samples are determined by using
the Williamson-Hall plot method.

The samples are pretreated at 120 °C for 12 h in vacuum
before performing Nz physisorption experiments with an Au-
tosorb 6 instrument (Quantachrome). The Brunauer-Emmett-
Teller (BET) method is used to determine the specific surface

area.

Raman spectra are collected using a Senterra spectrometer
of Bruker Optics with a laser wavelength of 632.8 nm and a
power of 2 mW. All samples are measured with a spectral res-
olution of 5 cm-1, 200 co-additions, and 8 seconds of integra-
tion time. The Raman spectra are recorded in backscattering
geometry at room temperature and analyzed using the OPUS
7.5 software.

Scanning electron microscopy (SEM) is conducted on a
MERLIN instrument (Carl Zeiss AG, Germany) with an accelera-
tion voltage of 3 kV to obtain the morphology of all the pre-
pared samples. Especially, the average size and the size distri-
bution of the exsolved particles are determined by SEM. The
elemental compositions of the materials are quantified by en-
ergy-dispersive X-ray (EDS) with a X-Max 50 detector (Oxford
Instruments, U.K.) employing an acceleration voltage of 10 kV.

HR-TEM is carried out using a Thermo Fisher Talos F200X
at 200 KV accelerating voltage. EDS is conducted using 4
in-column Super-X detectors. The powder is suspended in eth-
anol by sonication and a drop is deposited on a lacey carbon
TEM grid.

XPS measurements are conducted on a PHI 5000 Ver-
saProbe II instrument (Physical Electronics GmbH) using Al-K«
radiation (1486.7 eV). Before the XPS measurement, all the
samples are degassed overnight in a vacuum oven at 50 °C.
Survey spectra (average over three cycles) are acquired in en-
ergy steps of 0.8 eV, while high-resolution spectra (average
over ten cycles) are taken with a step size of 0.2 eV. All record-
ed spectra are calibrated to the binding energy of adventitious
carbon (C 1s) at 284.8 eV. The high-resolution XP spectra are
analyzed with Casa XPS version 2.3.17.

In situ diffuse-reflectance infrared Fourier transform spec-
tra (DRIFTS) of CO adsorption are conducted on Bruker Vertex
70V with a resolution of 4 cm-1 at room temperature [37]. Be-
fore the introduction of CO, LFRO_800R is pretreated with 4
vol% Hz/Ar at 300 °C for 30 min. To prepare the re-oxidized
samples, LFRO_800R is pretreated in 10 vol% O2/Ar at 200,
300, 400 °C for 30 min to obtain LFRO_800R_2000,
LFRO_800R_3000, LFRO_800R 4000, respectively. DRIFTS
results are collected under the stream of 2 vol% CO/Ar at a
flow rate of 20 mL min-1.

2.3.  Catalyst activity tests

Propane combustion activity is evaluated in a home-built
flow reactor coupled with a nondispersive infrared (NDIR)
sensor (Saxon Junkalor INFRALYT 80) running at atmospheric
pressure [38]. The characteristic absorption bands of propane
and COz are at ~2960 and ~2349 cm-1, respectively, so that
their concentrations can be quantified by using the Lam-
bert-Beer law. The purity of reaction gases propane (Nippon
Gases), oxygen (Linde) and nitrogen (Linde) are 3.5, 5.0, and
5.0, respectively.

For the catalytic activity measurement, 20 mg of catalyst
material is diluted with 40 mg of inert quartz sand and placed
in a quartz tubular fixed-bed reactor [39,40]. Argon-balanced
feed gas consisting of 1% CsHs and 10% Oz (volumetric frac-
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tion) is admitted to the reactor at a flow rate of 100 mL-min-t
(at standard temperature and pressure) that corresponds to a
gas hourly space velocity (GSHV) of 345,000 mL-g-1-h-1. The
catalytic activity is measured from room temperature to 400 °C
with a linear heating rate of 1 °C-min-1 and held at 400 °C for 30
min. To determine the conversion, the volumetric concentra-
tions of COz and CsHs during the whole reaction are monitored
by an online NDIR sensor. The conversion (X) is evaluated ac-
cording to
X =¢(CO2)/cmax(CO2)

where ¢(CO2) and cmax(CO2) stand for the measured CO2 volu-
metric concentration and the maximum COz volumetric con-
centration in the outlet gas, respectively. In order to counter-
check, the conversion based on propane concentration is de-
termined by

X = (cin(C3Hs)—cour(C3Hs))/cin(C3Hs)
where cin(C3Hs) and cour(CsHs) stand for the C3Hs volumetric
concentration in the inlet and outlet stream, respectively. We
notice that the light-off curves of the studied samples based on
CO2 and C3Hs detection are practically identical. In addition, the
concentration of COz in the outlet gas is three times that of
propane in the inlet gas when propane is fully converted.

The Kinetic data for the propane combustion reaction are
obtained under the same testing condition mentioned above,
but the conversion is kept below 15%, where heat transfer
limitation is excluded according to Mears criterion (Cu) [41];
further details are provided in the ESI. The STY (space time
yield) is defined as the molar amount of product per time and
per mass of catalyst (molcoz-h-1-kgear1).

3. Results and discussion
3.1. Results

The XRD patterns of the perovskite samples are depicted in
Fig. 1(a). For the as-synthesized LFO sample, the internal
standard LaBs (JCPDS card NO. 34-0427 with reflections at 26=
21.3°,30.4°, 37.4°, 43.5°, and 48.9°) is used as the reference to
calibrate the 2-theta axis of the XRD patterns. The other de-
tected diffraction signals are characteristic of the orthorhombic
perovskite LaFeOs (JCPDS NO. 88-0641). By comparing the
magnified (121) diffraction peak in Fig. 1(b), no pronounced
peak shift can be detected when 10% of Fe in B-site is substi-
tuted by Ru (LFRO after calcination) compared to LFO. With
increasing Ru/(Fe+Ru) atomic ratio above 10%, the (121) dif-
fraction peak gradually shifts to lower angles (Fig. S1(b)),
which can be traced to the slightly larger ionic radius of Ru3+
(0.68 A) compared to Fe3+ (0.645 A). The diffraction peaks of
the RuO: phase start to be discernible in the sample with a
Ru/(Ru + Fe) atomic ratio of 40% (Fig. S1(a)). For in depth
investigation, we choose the sample LaFeo9Ruo.103 (LFRO) with
low Ru doping (5 mol%) to avoid the RuO2 phase segregation
and to economize the precious element.

Upon Ru substitution the micro strain of LFRO increased to
0.27% that is significantly higher than that of the undoped LFO
sample (0.17%) (using the Williamson-Hall plot, Fig. S2). The
higher micro strain is indicative of increased structural disor-

der which results from the introduction of a dopant (Ru in this
case) with a slightly larger ionic radius [42]. After reduction
under H: at 800 °C for 3 h, the XRD pattern of the Ru-doped
sample LFRO_800R does not alter, thus evidencing the high
stability of this Fe-based perovskite in a strongly reducing at-
mosphere. The micro strain of the exsolved sample LFRO_800R
is calculated to be 0.21%. The decrease in micro strain after
high temperature reduction is caused by Ru exsolution that in
turn is compensated by oxygen vacancy formation. The (121)
reflection of LFRO_800R shifts slightly towards a lower 2-theta
value (see the enlarged plot in Fig. 1(b)). This lattice expansion
may point to a partial reduction of Fe3+ (ionic radius: 0.645 A)
to Fe2+ (ionic radius: 0.780 A) that has likely been triggered by
oxygen vacancy formation [43].

Fig. S3(a) presents Raman spectra of the perovskite in the
spectral range of 300-800 cm-1. There are three spectral fea-
tures centered at 416, 434, and 643 cm-1, which are consistent
with reported wave numbers of lanthanum ferrite, evidencing
the formation of the LaFeOs perovskite oxide (LFO) [44]. The
first two maxima are related to the scissor-like bending mode
of 0-Fe-0 bond (Ag) and the stretching mode of Fe-O bond
(Bg), respectively. However, the assignment of the peak cen-
tered at 643 cm-! (peak C) is ambiguous. Some authors as-
signed this peak as a Jahn-Teller like mode [45], while others
ascribed this peak to Fe-O stretching mode or to impurities in
the structure [44,46].

When 10% of Fe is substituted by Ru (LFRO), a significant
broadening of Ag and Bg modes occurs that can be ascribed to
the distortion of the FeOs octahedra and a loss of symmetry.
Concomitantly the third peak (643 cm-!) shifts to higher
wavenumber (671 cm-1). Since the only difference between
LFO and LFRO is the incorporation of Ru, we can infer that this
signal shift results from Ru doping. After thermal reduction in
Hz at 800 °C for 3 h (LFRO_800R), part of the incorporated Ru
in the perovskite structure is exsolved to the surface, leading to
a redshift of the third mode to 658 cm-1.

There is a clear correlation between micro strain and the
Raman shift (peak C) of the studied samples as summarized in
Fig. S3(b). Substitution of Fe by Ru in the LFO perovskite
structure increases the micro strain and decreases the crystal
symmetry, while the Raman feature C is blue-shifted. When
LFRO is treated in a reducing atmosphere at 800 °C for 3 h, the
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Fig. 1. XRD patterns (a) and enlarged ones (b) of the LFO, LFRO, and
LFRO_800R. LaBs was used as internal standard to calibrate the 2-theta
axis.
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Table 1

Physicochemical properties of the studied perovskite samples. Pure LFO, LFRO, and LFRO_800R.

sariple Ru/La+Fe+Ru Ager Micro strain® Atomic ratio<(mol%) Rur ¢ (mol%)

(mol%) 2 (m2g) (%) Ru La Fe Ru« Rup Ruo
LFO — 9 017 55 45 — — —
LFRO 5.1 12 0.27 54 38 79 21 0
LFRO_800R 5.0 11 0.21 13 55 32 0 12 88

aDetermined by SEM-EDS. b Calculated by Williamson-Hall Plot. ¢ Derived by XPS.

observed redshift of the Raman peak C and the decrease of
micro strain may indicate Ru exsolution.

In the SEM images (cf. Fig. S4), both the LFO and LFRO sam-
ples show a similar coral-like morphology with a smooth sur-
face assembled by grains possessing a size of several hundreds
of nanometers. After thermal reduction at 800 °C for 3 h, na-
noparticles with a size distribution of around 10 + 2 nm uni-
formly decorate the parent perovskite oxide surface. The ap-
pearance of the nanoparticles in SEM verifies the exsolution of
the metal from the parent perovskite oxide matrix, which could
also be verified by the TEM results in Fig. S5. The bulk ele-
mental compositions in the Ru-containing oxides are analyzed
using SEM-EDS. As listed in Table 1, the Ru-doped LFRO and
the exsolved sample LFRO_800R have Ru contents of 5.1 mol%
and 5.0 mol% (Ru/Ru+Fe+La), respectively, which are both
close to the nominal value of 5 mol%. The BET surface area
slightly increases from the original 9 mz-g-! (LFO) to 12 mz-g-1
after Ru incorporation (LFRO) and keeps constant (11 m2-g-1)
after thermal reduction (LFRO_800R).

XPS spectra are acquired to gain information on the ele-
mental composition and the oxidation state of Ru species (Fig.
2) in the near-surface region of the catalyst. For LFO, two spec-
tral features at ~284.8 and ~288.7 eV are assigned to adventi-
tious carbon (C-C) and carbonates (CO3%-), respectively. The
CO3% species originates from the adsorption of COz on the lan-
thanum surface species [47]. This is attributed to the high ba-

Ru 3d-3/2

LFRO_800R

Intensity (a.u.)

292 290 288 286 284 282 280 278
Binding Energy (eV)
Fig. 2. Ru 3d + C 15 XPS spectra for LFO, LFRO, and LFRO_800R. The Ru

3d spectra are decomposed into Ru« (purple), Ruf (green), and metallic
Ru (Ru?, orange).

sicity character of the lanthanum oxide compounds.

For the Ru-containing sample, several Ru features can be
observed in XPS after the deconvolution of the overlapping
peaks. Ru« at ~282.4 eV can be assigned to the Ru3+ [48] in the
perovskite structure, but its binding energy also overlaps with
the satellite feature of Ru#+ in RuOz [49]. Ru3+ is an unusual
oxidation state in Ru-containing solid oxides that is only found
for Ru in B-sites of perovskite oxides due to the unique ion-
ic-coordination environment and electroneutrality [24]. More-
over, Ru3+ can form in LFRO a high-spin state in the octahedral
ligand field that may lead to further stabilization of the Ru3+.
Rup at a lower binding energy (~281 eV) indicates a less oxida-
tive environment compared to Ru”. The binding energy posi-
tion of Rub is identical to that of Ru** [48,49] and Ru?+ [48].
However, under such reducing reaction conditions Ruf needs to
be Ru in a lower oxidation, i.e., Ru?* that can be associated with
low-coordinated Ru surrounded by oxygen vacancies into the
perovskite. With this assignment, the Ru« of LRFO species is
uniquely assigned to Ru3+. The feature at the lowest binding
energy of 280 eV is unambiguously ascribed to metallic Ru in
the oxidation state 0 (Ru®) [48,49]. In the following, we keep
with Rue and Ruf to emphasize the remaining ambiguity in
assigning the true oxidation state of the other two Ru 3d fea-
tures.

When 10% Fe is substituted by Ru, all of Ru is successfully
incorporated into the perovskite structure, namely 79% Ru3*
and 21% Ruf. After reductive treatment at 800 °C, the Ru3*
signal vanishes while Ru® (metallic Ru) dominates the Ru 3ds/2
XP spectra. In general, a metal in oxidation state 0, such as Ru®,
is not stable in a perovskite lattice due to its large size, implying
that the Ru® signal in XPS is due solely to the exsolution of the
Ru from the lattice to the surface within the XPS probing depth.
On the other hand, the near-surface molar fraction of Ru spe-
cies in LFRO_800R significantly increased from 8% to 13%
after high temperature reduction.

The light-off curves for the catalytic propane combustion
are depicted in Fig. 3. As expected, the Ru-free sample LFO
shows relatively low catalytic activity where only 50% propane
conversion is accomplished at 400 °C and the 10% propane
conversion temperature (Ti0) is 336 °C. When 10% of Fe
(atomic fraction) in the perovskite oxide is substituted by Ru,
the activity is greatly enhanced (LFRO_1st) and propane can be
totally converted to COz below 400 °C. The Tio value signifi-
cantly reduces from 336 °C to 247 °C, indicating that sur-
face-bound Ru species act as the active sites for the propane
combustion reaction. Ru-doped LFRO was also tested for a se-
cond light-off experiment (LFRO_2nd), revealing a T1o value of
250 °C and hence a stable behavior of LFRO.
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Fig. 3. Two consecutive light-off curves of LFRO and LFRO_800R for
propane combustion reaction. The light-off curve of LFO_1st and
LFRO_800R_1st_cooling are also provided for comparison.

After thermal reduction of LFRO at 800 °C for 3 h, XPS and
SEM evidence the formation of exsolved Ru nanoparticles (size
~ 10 nm) at the surface that are expected to improve the cata-
lytic activity in the propane combustion reaction. The catalytic
activity of LFRO_800R is substantially lower than that of LFRO
as evidenced by an increase of Tio from 247 to 291 °C. Obvi-
ously, the reduction of LFRO leads to deactivation. When the
reactor is cooled down under the reaction stream (C3Hs + Oz +
Ar), we notice that the propane conversion is significantly en-
hanced, revealing a T1o value of 200 °C (LFRO_800R_1st_cooling
in Fig. 3).

To confirm the self-activation of the exsolved sample
(LFRO_800R_1st) during the first light-off scan, we conduct a
second light-off experiment with the result that the activity of
LFRO_800R_2nd is substantially enhanced with a T1o value of
218 °C, compared to 291 °C in the first light-off curve. A Tio
value of 218 °C is even lower than that of LFRO (247 °C), re-
vealing now the expected activity increase of exsolved LFRO.
This lowering of the Tio value of LFRO_800R_2nd after the first
light-off experiment is likely traced to a pronounced change in
the catalyst’s material.

The temperature treatment in an oxidative reaction envi-
ronment can be considered to be the determining factor for the
self-activation of the exsolved sample LFRO_800R during the
first light-off curve (1% CsHs + 10% Oz + 89% Ar, from room
temperature to 400 °C). In order to test this proposition, sever-
al LFRO_800R samples are prepared by pretreating them in an
oxidative atmosphere (10% O2 balanced in Ar) at various tem-
peratures ranging from 200 to 400 °C for 30 min prior to con-
ducting the catalytic tests. As displayed in Fig. 4 and summa-
rized in Table 2, with increasing re-oxidation temperature the
catalytic performance for the first light-off curve is improved
and the hysteresis of consecutive light-off curves narrows
down. The T1o value of the first light-off curve decreases from
285 °C (LFRO_800R_2000) to 262 °C (LFRO_800R_3000) and
finally to 219 °C (LFRO_800R_4000) that is close to that of
LFRO_800R_2nd (218 °C). In addition, the LFRO_800R_5000

sample is also prepared and tested. The achieved T1o value of
223 °C (Fig. S6) is slightly higher than that of LFRO_800R_4000
(219 °C), thus indicating that a re-oxidation temperature of 400
°C optimizes the oxidative re-activation process of LFRO_800R.
Besides, all re-oxidized samples are subject to a second light-off
experiment, revealing now a nearly constant T1o value for the
three re-oxidized samples (221 + 3 °C). A series of third
light-off experiments for the re-oxidized LFRO_800R (not
shown) are identical to those in the second run.

To further evaluate the catalytic performance, the activity of
the catalysts in terms of STY at 210 °C and the corresponding
Arrhenius plots are measured and shown in Fig. S7 and sum-
marized in Table 2. It can be noticed that LFRO suffers from a
severe activity decrease after 800 °C reduction treatment. And
for the mildly re-oxidized samples at various temperatures, the
STY values at 210 °C for the first light-off experiment are or-
dered as follows: LFRO_800R_4000 (22.3 molcoz-h-1-kgear1) >
LFRO_800R_3000 (3.2 molcoz-h-1-kgearl) > LFRO_800R_2000
(0.35 molcoz-h-1-kgearl) > LFRO_800R (0.27 molcoz-h-1-kgear 1),
while the apparent activation energies Ea values follow a re-
versed sequence  LFRO_800R (146  kJ-mol-1) >
LFRO_800R_2000 (125 kJ-mol-1) > LFRO_800R 3000 (111
kJ-mol-1) > LFRO_800R_4000 (97 kJ-mol-1). For the second
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Fig. 4. Self - activation identified with two consecutive propane com-
bustion light-off curves (1st and 2nd) of LFRO_800R_2000,
LFRO_800R_3000 and LFRO_800R_4000.



38

256 Yu Wang et al. / Chinese Journal of Catalysis 54 (2023) 250-264
Table 2
Catalytic behavior and kinetic parameters of the investigated samples during the first and second catalytic activity test.
1st 2nd

Sample

T10 (°C) Tso (°C) T (°C) STY2  Ea(Kk]/mol) T10(°C)  Ts0(°C) T (°C) STY= Ea (kJ-mol1)
LFRO 247 257 302 4.96 118 250 267 305 4.0 94
LFRO_800R 293 304 308 0.27 146 218 230 240 235 109
LFRO_800R_2000 285 297 300 0.35 125 220 234 249 20.6 106
LFRO_800R_3000 262 287 294 3.2 111 224 243 254 19.8 95
LFRO_800R_4000 219 235 248 223 97 219 235 250 23.0 98

aCalculated at 210 °C and given in molcoz-h1-Kgear 1.

light-off experiment the STY values of LFRO_800R,
LFRO_800R_2000, LFRO_800R 3000, and LFRO_800R_400 are
practically identical (21 + 2 molcoz-h-1-kgeatt), while the ap-
parent activation energies are 100 + 10 kJ-mol-1. For compari-
son reasons, supported Ru/LFO catalyst with identical Ru
loading is measured, revealing a T1o0 of 243 °C (Fig. S8), and the
corresponding STY at 210 °C is determined to be 5.5
molcoz-h-1-kgearl. The LFRO_800R_4000 reveals a high stability
in propane oxidation reaction at 255 °C over 10 h (Fig. S9).

To elucidate the de-activation process  after
high-temperature reduction and the correlation between
re-oxidation temperature and self-activation of the catalyst, the
reduced sample (LFRO_800R) and three re-oxidized samples
(LFRO_800R_2000, LFRO_800R_3000, and LFRO_800R_4000)
are fully characterized. XRD and Raman, as bulk-sensitive
characterization methods, are carried out, and the results are
summarized in Figs. S10, S11. The virtually identical XRD pat-
terns and Raman spectra of the three re-oxidized samples
compared to LFRO_800R indicate that no substantial changes
in the bulk structure occur during the mild re-oxidation pro-
cess. From SEM micrographs in Fig. S12, the mean size of
exsolved Ru particles in LFRO_800R, LFRO_800R 2000,
LFRO_800R_3000, and LFRO_800R_4000 are 10, 11, 10, and 12
nm, respectively. Evidently, the size distributions of exsolved
particles vary only little with the re-oxidation temperature,
thus verifying that the particle size change has a negligible im-
pact on the observed re-activation process.

Propane combustion reaction is a typical heterogeneous re-
action where the reactant molecules are firstly adsorbed and
activated on the surface. Therefore, the surface structure and
composition of the active component are of critical importance
for catalytic performance. The morphological evolution of the
exsolved particles with increasing re-oxidation temperature is
followed by high-resolution TEM (HRTEM) in Fig. 5. Clearly,
core-shell structured nanoparticles are discernible on the par-
ent perovskite surface (LFRO_800R). It is possible to distin-
guish the coating layer from the core phase with a well-defined
interface and a shell thickness of around 0.8 nm (Fig. 5(a)). The
core-shell structured morphology is hardly affected by a 200 °C
re-oxidation treatment in 10 vol% Oz/Ar for 30 min (Fig. 5(b)),
while the coating layer breaks up when treated at 300 °C in
oxygen (Fig. 5(c)). After re-oxidation at 400 °C in 10 vol%
02/Ar for 30 min, the coating layer on the exsolved particles
disappears (Fig. 5(d)).

EDS elemental mappings of an exsolved particle of
LFRO_800R and LFRO_800R_4000 are presented in Fig. 6. For

the reduced sample LFRO_800R, Ru and Fe are homogeneously
distributed in the core of the particle, while La is enriched in
the shell around the particle (Fig. 6(c)). Since the line scan of La
is wider (by about 1nm on each side) than that of Ru and Fe in
Fig. 6(d), the 1nm thick shell of the exsolved particle is evi-
denced to be mainly composed of La, while Ru and Fe are
evenly distributed in the core part. As shown in Table 3, the
atomic ratios of La, Fe, and Ru are determined to be 11%, 14%,
and 75% in the selected area of the particle (Fig. 6(c)), sug-
gesting that Ru is markedly enriched in the alloy.

Combining these results with the HR-TEM image in Fig. 5(a),
we conclude that the structure of exsolved core-shell particle
consists of a Ru-enriched RuFe alloy core that is encapsulated
by an ultrathin La-based layer (0.8-1.0 nm thick). After mild
oxidation treatment at 400 °C for 30 min, the atomic contents
of La, Fe and Ru in the exsolved particle (Fig. 6(g)) are meas-
ured to be 3%, 17% and 80% (Table 3), respectively. The con-
centration of La in the exsolved particle is substantially re-
duced after re-oxidation at 400 °C from 11% to 3%, which is
also supported by the faintly visible La mapping in Fig. 6(f).
Very likely, most of La moves back to the surface of the perov-
skite structure. All three elements are simultaneously detected

Fig. 5. HRTEM micrographs of the “self-activation” process: LFRO_800R
(a), LFRO_800R_2000 (b), LFRO_800R_3000 (c) and LFRO_800R_4000
(d). The reduced sample (LFRO_800R) exhibits core-shell structured
particles partially socketed into the parent matrix.
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Fig. 6. HAADF-STEM image, EDS elemental mapping image and corresponding line scan results of LFRO_800R (a-d) and LFRO_800R_4000 (e-h). The
positions for the compositional analysis (orange frame) and line scan measurement (green frame with an arrow) are presented in (¢) and (g).

in the line scan profile in Fig. 6(h), indicating that residual La is
homogenously mixed with Ru and Fe in the exsolved particle.
With XPS, the evolution of the surface composition and the
oxidation state of Ru of the exsolved LFRO_800R can be fol-
lowed during the “activation” process depending on the

Table 3
Elemental composition of the exsolved particles of LFRO_800R and
LFRO_800R_4000.

Sample La/at% Fe/at% Ru/at%

LFRO_800R 11 14 75

LFRO_800R_4000 3 17 80
Ru 3d-5/2

Ru 3d-3/2
Cls
LFRO_800R_4000
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Fig. 7. Ru 3d XPS spectra of the reduced sample LFRO_800R and after

re-oxidation LFRO_800R_2000, LFRO_800R_3000, and
LFRO_800R_4000.

re-oxidation temperature (cf. Fig. 7 and results are summarized
in Table 4). Upon varying the re-oxidation temperature from
200 to 400 °C, the concentration of Ru is found to be not al-
tered, while its distribution among the oxidation states varies
considerably. As indicated in Table 1, 84% of Ru in LFRO_800R
is detected to be Ruo that is assigned to metallic Ru in the RuFe
alloy. The remaining fraction of 16% is attributed to Rus, while
no Ru« species is detected. After oxidative treatment at 200 °C,
half of the metallic Ru is oxidized to form 14% Ruc and 41%
RuB. When the re-oxidation temperature is increased to 300 °C,
the oxidation of Ru® to Ruf and Ru« continues and only 11%
Ruo is left. When LFRO_800R is re-oxidized at 400 °C, the miss-
ing Ruo signal demonstrates that Ru within the XPS probe
depth is now completely transformed to the oxidized states,
namely to 58% Ruf and 42% Ruc.

Assuming for a rough estimate that the fraction of Ruf for
LFRO_800R are assigned to low-coordinated Ru surrounded by
oxygen vacancies into the perovskite and this fraction of 16%
remains constant during mild oxidation treatment, then the
increase of Ruf upon mild re-oxidation is ascribed to the for-
mation of RuOz (Ru#+) with an overlapping satellite feature at
the Ru« binding energy position. For the oxidation at 200, 300
and 400 °C the increase in Ru# is due to the increasing Ru4+
fraction of 25%, 39%, and 43%, respectively. As the corre-
sponding satellite feature has about 50% of the intensity of that
of Ru#+ [48], the fraction Ru3+ can be determined from the Ru«
signal: For the oxidation at 200, 300, and 400 °C the fraction of
Ru3+ increases to 2%, 14%, and 21%, respectively. The reap-
pearance of Ru3+ evidences the partial re-incorporation of the
exsolved Ru into the perovskite structure occurring already at a
temperature of as low as 300 °C.

The increase in Ru3+ concentration is supplied from the
exsolved Ru particle and should decrease the particle size. For
the re-oxidation at 400 °C, this loss of 21% accounts for a de-
crease of mean diameter by 7.5%. Since the transformation of
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Table 4
Physicochemical properties of the re-oxidized LFRO_800R samples.

sariple Ru/La+Fe+Ru? Ager d Atomic ratio ¢ (mol%) Ru” (mol%) ¢
(mol%) (m2g™) (nm) Ru La Fe Rus* Ruf Ru®
LFRO_800R_2000 51 10 11+3 12 55 33 14 41 44
LFRO_800R_3000 49 9 10+2 12 54 34 34 55 11
LFRO_800R_4000 5.0 10 12+3 13 53 34 42 58 0

aDetermined by SEM-EDS.
b Exsolved particle size distribution derived based on SEM results.
¢Derived by XPS.

metallic Ru towards RuO2 is accompanied by an increase of 30
% in volume, the averages particle size should slightly increase
as reconciled in the particle size distributions derived from
SEM micrographs (cf. Fig. S12 and Table 4).

In-situ CO-DRIFTS data is collected at room temperature to
elucidate the self-activation process under the oxidative at-
mosphere, which is related to the formation and removal of the
La-based covering layer. CO-DRIFTS is surface sensitive and
provides a global view on the re-activation process; note that
HR-TEM provides only a local view on the self-activation pro-
cess. Employing a probe molecule, such as CO, infrared spec-
troscopy can be used to probe the status and chemical nature of
the active phase of the catalyst [50,51].

As depicted in Fig. 8, the almost identical CO adsorption be-
havior before (LFRO) and after reduction (LFRO_800R) sug-
gests that the exsolved particles suppress CO adsorption at
room temperature being fully consistent with a passivating
La-based layer on the exsolved Ru particle as evidenced by
HRTEM and elemental mapping. The observed CO band at 2060

Gaseous CO

Adsorbed CO

LFRO_800R_4000

LFRO_800R_3000

LFRO_800R_2000

Absorbance (a.u.)

LFRO_800R|

2200 2100 2000 1900 1800
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Fig. 8. In-situ CO-adsorption infrared spectra of LFRO, LFRO_800R,
LFRO_800R_2000, LFRO_800R_3000 and LFRO_800R_4000. The spec-
tral intensities are normalized according to the gaseous CO with its
pronounced rotational vibrational bands. The assignment of the spec-
tral features of adsorbed CO are pictorially shown on the right side.

cm-1 is assigned to terminal CO both on cationic and neutral Ru
species [52,53]. When treated at 200 °C in 10 vol% O for 30
min, a broad CO adsorption features emerge in the range of
1970-2030 cm-1 whose intensities slightly increase after an
oxidic treatment at 300 °C, indicating the exposure of addition-
al Ru species. These additional CO bands are assigned to ter-
minal and bridging CO species adsorbed on partially reduced
RuOz2 [54]. As the re-oxidation temperature increases to 400 °C,
the range of the overlapping CO peaks extends from
1940-2040 cm-! concomitantly with an overall enhancement
in the intensity. These findings corroborate clearly the removal
of the inert La-based coating layer and CO adsorption on the
exsolved oxidized Ru particles for the entire sample and not
just for an individual particle studied by HRTEM.

3.2. Discussion

3.2.1. Structure evolution

We choose LaFeOs (LFO) as the parent oxide, since La in
A-site in combination with Fe in B-site forms highly stable per-
ovskite structures where both La and Fe of LaFeOs are in 3+
oxidation state. Substituting part of Fe by Ru (LFRO) will force
Ru in LFRO also into the 3+ oxidation state that can easily be
discriminated from Ru¢, the oxidation states of metallic Ru of
the exsolved particles.

Ru-substituted LaFeOs perovskite oxide (LFRO) is prepared
by employing the simple sol-gel method. The appearance of the
dominating Ru3+ species in XPS (Fig. 2) in the as-synthesized
LFRO sample demonstrates the successful incorporation of Ru
into the perovskite structure. The structural evolution of LFRO
during the exsolution (reduction) and re-oxidation (under ox-
ygen or propane reaction stream) process is schematically
summarized in Fig. 9. During the thermal reduction treatment
(at 800 °C for 3 h) of LFRO (LFRO_800R) virtually all ruthenium
located in the near-surface region (within the XPS probing
depth) is exsolved, as evidenced by the vanishing Ru3+ signal
and the appearance of the strong Ru® signal in Ru 3d spectra
(cf. Fig. 2). XPS indicates that the total amount of Ru in the sur-
face region is enriched from 8 at% to 13 at% due likely to mi-
gration of Ru from the bulk towards the surface. The exsolution
process of Ru from the bulk is fully compatible with the de-
crease of micro strain as determined by XRD and corroborated
by a redshift of a Raman signal (cf. Fig. S3).

In general, the exsolution propensity of Fe in LFO is ther-
modynamically and kinetically limited due to the high segrega-
tion energy and high reduction potential of Fe [17]. However,
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Fig. 9. Structure-activity correlation (STY vs. HRTEM) during propane
combustion reaction over studied samples. The schematic model of
surface reconstruction of LFRO in reducing atmosphere and oxidizing
atmosphere are indicated. LFRO is the as-prepared sample after calci-
nation at 750 °C. LFRO_800R, is the LFRO sample with exsolved parti-
cles after reduction at 800 °C for 3 h, LFRO_800R_TO, denote the sam-
ples after an oxidative (under 10% O2/Ar) restoration of LFRO_800R at
different temperatures T (200 to 400 °C). The activity data are given as
STY for a reaction mixture of CsHs: O2: Ar = 1: 9: 90 and a flow rate of
100 mL-min-1, 20 mg of catalyst and a reaction temperature of 210 °C.
Orange dots indicate the STY values at 210°C during the first light-off
experiment up to 400 °C, while the red dots refer to STY values at 210
°C during the second light-off experiment.

when Fe in the B-sites of the perovskite oxide are partially sub-
stituted by another element with lower segregation energy and
lower reduction potential, such as Ni, Co, or Ru, Fe can partially
co-exsolve [55-57]. Combining in-situ STEM observations and
DFT calculations, Lv et al. demonstrated that Fe migrates into
the exsolved Ru® particle and forms a RuFe alloy instead of a
separate metallic Fe particle [22]. In this study here we observe
also the formation of exsolved RuFe alloy particles, however,
covered by La-based layer.

For LFRO_800R, the core-shell structured nanoparticle dec-
orating the parent matrix is unveiled by HRTEM in Fig. 5(a).
With EDS mapping and the corresponding line scan results in
Fig. 6(d), the coating layer is shown to be composed of La, while
Fe and Ru are homogeneously distributed in the core of the
exsolved particle. The composition of the exsolved particle
determined by EDS (75 at% Ru, 14 at% Fe and 11 at% La) evi-
dences that Ru is the majority species in the RuFe alloy core.
The starting material LFRO is a perovskite oxide with nominal
composition La/(Fe+Ru) = 1. However, after partial exsolution
of B-site elements, the support transforms to an A-site enriched
perovskite oxide (La/(Fe+Ru) > 1) [58]. In our case, the excess
of La is likely to be dissolved in the exsolved particle similar to
Fe. Since even minute concentrations of oxygen in the reducing
atmosphere are able to oxidize La, and the covering layer is
likely to be LaOx that reduces substantially the surface energy
of the metallic RuFe nanoparticle.

The formation of the core-shell structure is at first glance
reminiscent to the classical strong metal support interaction
(SMSI) state of the supported catalyst prepared by convention-

al deposition methods where the metal nanoparticle is covered
by a (partially reduced) support oxide layer [59-61]. However,
if we take the term SMS], i.e. strong metal support interaction,
literally, then the observed LaOx layer on Ru does not belong to
the classic SMSI, because the coating layer is a consequence of
the exsolution process and not due to strong Ru-support inter-
action. But also the underlying process in the formation of the
LaOx covering layer is very different from SMSI. The formation
of the LaOx layer is not just an add-on to the exsolution process,
but rather the formation of the LaOx layer is induced by the
exsolution process, a novel phenomenon. Without exsolution,
the covering LaOy is not formed, even if Ru particles are present
on the surface. For this reason, we designed an additional ex-
periment for Ru particles that are deposited on LaFeOs; and
carried out the very same high temperature reduction (at 800
°C) treatment as in the exsolution process (see Fig. S13). The
activity in the propane oxidation reaction turns out to be not
affected by this reduction step. CO-DRIFTS of Ru/LFO_800R in
Fig. S14(a) reveals overlapping bands in the range of
1900-2050 cm-! due to CO adsorption on the Ru particles. Af-
ter mild oxidative treatment at 400 °C, a noticeable shift is ob-
served in the positions of the adsorbed CO features in Fig.
S14(b), with no discernible change in the intensity. This obser-
vation is further corroborated by the nearly identical light-off
curves of Ru/LFO_800R in two reaction cycles in Fig. S13, col-
lectively excluding self-activation and the presence of a surface
covering layer on the Ru particle in the supported sample.

Fig. S15 provides a typical SEM micrograph of the supported
Ru/LFO_800R and the size distribution of Ru particles. The
wide size distribution of Ru nanoparticles with a mean size of
34 nm suggests that the supported Ru has undergone severe
agglomeration during the preparation. This explains also why
the activity of Ru/LFO is lower than that of exsolved Ru sample
(LFRO_800R_4000).

Different from the classic SMSI in the supported catalysts
such as Au/TiOz [34] or Ru/Mo0s [35], the removal of the cov-
ering LaOx layer by mild oxidation is accompanied by the par-
tial dissolution of the exsolved particle during the
“self-activation” process, meaning that the self-activation is not
only a kind of surface cleaning, but is also accompanied by the
reconstruction of the exsolved particle. To the best of our
knowledge, the removal of the covering layer of exsolved parti-
cles has not been reported in the literature since more atten-
tion has been paid to investigating the reversibility of exsolved
particles at high oxidation temperatures.

When treating the LFRO_800R sample with 10% Oz/Ar at
various temperatures ranging from 200 to 400 °C, the support
retains its perovskite structure, as evidenced by XRD and Ra-
man results in Figs. S10 and S11. However, HRTEM reveals the
deformation and partial removal of the LaOx coating layer de-
pending on the re-oxidation temperature (Figs. 5 and 6), while
element mapping signifies a pronounced decrease in the La
concentration of the exsolved particle from 11% to 3%. These
findings suggest that most of La moves to the support. The re-
sulting oxidized particles, as proven by XPS, are a mixture
composed of oxidic Ru, Fe and residual La (80 at% Ru, 17 at%
Fe, and 3 at% La). Metallic Ru is fully transformed, at least in
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the escape depth of the photoelectrons.

The re-activated LFRO_800R_4000 catalyst exposes uncov-
ered Ru particles so that we can now check for the classic SMSI
by conducting a second reduction treatment at 800 °C for 3 h
(LFRO_800R_4000_800R) and studying the propane oxidation
activity and surface properties of the Ru particles by
CO-DRIFTS. The catalytic activity of the activated sample
LFRO_800R_4000 decreases after another 800R treatment,
revealing a T10 value of 261 °C (Fig. S16), although its catalytic
performance is still substantially higher than that of
LFRO_800R. The broad feature of adsorbed CO of
LFRO_800R_4000_800R in DRIFTS (Fig. S17) verifies the ex-
istence of accessible CO adsorption active sites in the form of
exposed Ru sites. The activity of LFRO_800R_4000_800R is
increased in the second reaction cycle (cf. Fig. S16), indicating
activation of this sample as a result of partial removal of the
covering layer. However, its activity is lower when compared
with LFRO_800R_4000, which is paralleled by lower intensity
of the CO adsorption band of LFRO_800R_4000_800R_4000 in
CO-DRIFTS in Fig. S17.

These experiments of LFRO_800R_4000_800R can be sum-
marized as follows. The exsolution of Ru from LFRO
(LFRO_800R) produces Ru nanoparticles that are fully covered
by a La-based layer. The covering layer can be fully removed by
a 4000 treatment (LFRO_800R_4000: self-activation) produc-
ing Ru particles on LFRO. In a second reduction treatment
(LFRO_800R_4000_800R) the uncovered Ru particles of
LFRO_800R 4000 are only partly covered by a layer that is
partly removed during the second reaction cycle. This latter
process is closer to the classical SMSI, but different from the
self-activation process (LFRO_800R — LFRO_800R_4000).

Recently, it was reported that a RuFe alloy can be exsolved
from the A-site deficient perovskite
(ProsSros)osFeosRuo.1Nbo.103-s when reduced at 900 °C, and Fe
further segregates from the exsolved particles to form a FeOx
shell on a RuFe core [62]. Due to the strong oxygen affinity of
Fe, even small traces of oxygen in the reducing atmosphere are
sufficient to drive Fe diffusion towards the surface of the alloy
particle and its oxidation [63,64]. The selective removal of the
FeOx layer was not reported. Instead, the whole exsolved parti-
cles was dissolved by a high temperature Oz treatment. In our
study, Ru and Fe also co-segregate into the exsolved particle,
but both species stay in the metallic state due to protection by
the LaOx layer. But even if the LaOy capping layer is removed by
mild re-oxidation at 400 °C, Fe stays in the exsolved particles
and is not forming a covering FeOx layer, as expected from its
higher oxygen affinity. Instead, ruthenium oxidizes to RuO: at
400°C and prevents the formation of a FeOx layer. Here, the
LaOx layer protects the Ru particles from FeOx passivation, a
novel process that may allow to form oxidized Ru particles
even in the presence of dissolved Fe in the Ru particle.

We need to bear in mind that HRTEM provides only local
information of some selected exsolved particles. Therefore,
averaging characterization methods are mandatory to general-
ize the observed local changes of the exsolved particle to the
entire sample. In-situ DRIFTS is such a method, where CO is
employed as probe molecule to study the state of the catalyst

surface. As revealed in Fig. 8, the CO adsorption bands do not
alter from LFO to LFRO during the high temperature reduction
treatment. This result is compatible with the presence of an
inert coating layer LaOx. Quite in contrast, new CO absorption
bands emerge with enhanced CO intensity after re-oxidation at
400 °C, corroborating the removal of the coating layer. This
conclusion is supported by the reappearance of the Ru3+ and a
prevailing RuB signal combined with the disappearance of Ru®
in the Ru 3d XPS spectra after oxidation at 400 °C, evidencing
that part of Ru is re-incorporated into the perovskite structure,
while most of the Ru is transformed into the 4+ oxidation state,
forming (partially) RuOz, the active phase in the catalytic pro-
pane oxidation reaction.

3.2.2.  Propane combustion: Structure-performance
relationships

According to Fig. 4, the Ru-free LFO sample reveals poor ac-
tivity and no propane conversion is detected below 210 °C.
When Ru substitutes part of the Fe in the perovskite oxide La-
FeOs, the catalytic performance is considerably improved and
reaches a STY of 4.96 molcoz-h-1-kg-! cat at 210 °C. Obviously,
oxidic Ru species at the surface are the active sites of LFRO for
the propane combustion reaction.

The approximately homogeneous distribution of Ru in the
several hundred nanometers-sized particles of LFRO results in
a low atom efficiency for Ru. With the exsolution strategy, the
overall concentration of Ru in the near-surface region derived
from XPS (Table 1) can be enhanced from 8% to 13%. Howev-
er, the activity of the surface Ru-enriched sample LFRO_800R is
surprisingly low with a STY value of 0.27 molcoz-h-1-kgear? at
210 °C. The activity is even lower than that of the original
LFRO, meaning that the surface concentration of accessible Ru
sites is significantly reduced.

The reason for the deactivation of LFRO after reduction at
800 °C is unveiled by HRTEM (Fig. 5(a)) and elemental map-
ping (Fig. 6). After high temperature reduction, mixed RuFe
nanoparticles are exsolved and encapsulated by an inert LaOx
layer, so that adsorption of reactant molecules to catalytically
active ruthenium sites is efficiently suppressed. This finding on
the local scale is confirmed by XPS and DRIFTS experiments for
the entire sample (Figs. 2 and 8). During the second light-off
experiment, the STY reaches 23.5 molcoz-h-1-kgear! cat at 210
°C, manifesting a pronounced effect of self-activation of
LFRO_800R catalyst.

The observed structure-activity correlation is summarized
in Fig. 9. When the LFRO_800R is re-oxidized at 200 to 400 °C,
the activity increases with rising re-oxidation temperature and
reaches virtually always the same STY value in the second
light-off experiment, independent of the applied re-oxidation
temperature. From HRTEM the self-activation process of
LFRO_800R can be understood on the microscopic scale. The
LaOx coating layer on exsolved RuFe particles persists in
LFRO_800R_2000 (0.35 molcoz-h-1-kgearl) with the conse-
quence that a similar STY value is measured as LFRO_800R
(0.27 molcoz.h-1.kg.,-1). After an oxidative treatment at 300 °C,
the deformation and partial removal of the LaOx coating layer
becomes evident in HRTEM, while the activity is increased by a
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Table 5
Comparison of the catalytic activity of LFRO_800R_4000 for propane oxidation with those reported catalysts.
Catalyst The feed gas WHSV (mL-h-1-kg)  Reaction temperature (°C) STY (molcoz-h-1-kgo) Ref.
LFRO_800R_4000 1vol% C3Hs, 345000 210 223 This Work
Ru/LFO 10 vol% Oz, 345000 210 5.5 This Work
Ru/Zr0; 89 vol% N2 345000 210 20 [65]
Ru/Ce02 345000 210 23 [65]
Ru/Al03 345000 210 17 [65]
Ru/Ce02-1 0.8 vol% CsHsg, 2 vol% Oz, 97.8 vol% Ar 150000 170 19 [66]
Pd/CeO2-R 0.2 vol% CsHs, 300000 300 21 [67]
Pd/Ce02-C 2vol% Oz, 300000 300 5.0 [67]
Pd/Ce02-0 97.8 vol% Ar 300000 300 436 [67]
Pt/ Nb2Os 150000 200 19.2 [68]
Pt/Zr0: 150000 200 5.2 [68]
Pt/Zn0: 150000 200 13 [68]
Pt/Sn02 150000 200 0.2 [69]
Pt//Ce02 120000 220 2.0 [69]
Pt//Ce02-0.5PO« 120000 220 5.1 [69]
Pt/TiO2 0.8 vol% CsHs, 9.9 vol% 02, 89.3 vol% N2 180000 250 399 [70]
1Pt/BN 0.2 vol% C3Hs, 2 vol% Oz, 97.8 vol% N2 80000 220 7.0 [41]
2Pt10V/Si02 80000 200 30.1 [71]

factor 10 as quantified by a STY value of 3.2 molcoz-h-1-kger ! at
210 °C. Obviously, the active Ru sites of the RuFe particles start
to be exposed and are accessible for reactants after
re-oxidation at 300 °C. When LFRO_800R is re-oxidized at 400
°C, the inert LaOx layer disappears in HRTEM (Fig. 5(d)), and
the highest STY of 22.3 molcoz-h-1-kgear? is achieved. All
re-oxidized samples reveal similar STY values at 210 °C when
performing the second light-off curve as that of
LFRO_800R_4000, suggesting that a treatment at 400 °C is
necessary for the re-activation of the reduced sample
LFRO_800R, either under an oxidative atmosphere or under
propane combustion conditions. A re-oxidation temperature of
500 °C leads to a catalyst with slightly lower STY at 210 °C of
18.7 molcoz-h-1-kget™?, indicating that an oxidation treatment at
400 °C is at the optimum.

The catalytically active phase of LFRO_800R 4000 consists
of exsolved RuFe particles (with 80% Ru, EDS: Fig. 6) that are
not covered by a passivating LaOx layer (HRTEM, Fig. 5) and
that further oxidize (XPS, Fig. 7). The catalytic activity of
LFRO_800R_4000 is five times higher than that of LFRO since
the surface concentration of accessible Ru species is increased.
It is also compared with other reported catalysts in Table 5
[42,65-71], the benchmark catalysts for 5 mol% Ru supported
on CeOz (30 m2-g-1), y-Alz203 (100 m2-g-1) and ZrOz (35 m2-g-1)
reporting STY values of 23, 20 and 17 molcoz-h-1-kgea! at 210
°C for the same reaction conditions, respectively [65]. A similar
catalytic performance is achieved with LFRO_800R_4000 at
210 °C (22.3 molcoz-h-1-kgear1), although the BET surface area
of 10 m2-g-1 is significantly lower than those of the benchmark
catalysts. In general, the catalytic combustion of short-chain
alkane is conducted with Pd and Pt-based catalysts. However,
Ru-based catalysts have demonstrated to be a promising and
less expensive alternative to Pt and Pd for the elimination of
propane.

4. Conclusions

Careful redox treatment of LFRO allows us to control the
exsolution process of Ru, forming highly dispersed, socketed
Ru-based oxide particles that can be highly active in the total
propane oxidation. The exsolution process is scrutinized by
employing a variety of dedicated experimental techniques.
With HRTEM and elemental mapping the details of the trans-
formation process of single exsolved particles are studied,
while with averaging methods including XRD, XPS, Raman and
DRIFTS the conclusions drawn on local scale can be transferred
to the entire sample. High temperature reduction at 800 °C of
LFRO results in the formation of mixed RuFe nanoparticles that
are covered and hence de-activated by a conforming LaOx
overlayer. Under mild oxidizing reaction conditions at temper-
atures of 400 °C the LaOx layer can be selectively removed like-
ly by re-dissolution of La back into LFRO in the surface-near
region. During this mild oxidation process the peeled RuFe
particles transform into RuO2 with no indication of a separate
FeOx phase. These oxidized exsolved RuFe particles are shown
to be highly active in the catalytic propane combustion with
activities exceeding those of benchmark catalysts and 5 mol%
Ru supported on LFO.
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2.2 Publication 2: Microscopic Insight into Ruthenium Exsolution
from LaFeo9Ru0.103 Perovskite

As demonstrated in publication 1, the high temperature reduction at 800 °C exsolves the Ru
from LFRO (LaFeo9Ruo.103), encapsulated by a confirming LaOx coating layer that can be
selectively removed by oxidative treatment at 400 °C. However, there are still some interesting
questions left. For instance, At which temperature Ru exsolved? At which temperature La
coating layer formed? Are there any correlations between Ru exsolution and La segregation?
In order to answer these questions, LFRO reduced at different temperature range from 300 —
800 °C are systematically investigated in this publication. The in-situ and ex-situ XPS results
confirm that the Ru exsolved already at a reduction temperature of 400 °C. When temperature
lower the 600 °C, Ru exsolution is strictly confined in the near-surface zone (XPS detection
region, about 2 — 3 nm in depth) while further increase the reduction temperature triggers the
exsolution of Ru from bulk as well as the co-segregation of LaOx. At reduction temperatures of
700 °C or higher, the co-segregated LaOx totally covering the exsolved Ru nanoparticles.
Meanwhile, Ru exsolution is revealed to proceeds the sequence of Ru** — RuP — Ru® where

RuP serves as a reaction intermediate with an oxidation state lower than +3.

I designed the concept and performed the experiment under the supervision of H. Over and J.
Gallego. P. Paciok performed the in-situ TEM. L. Pielsticker and W. Hetaba measured the in-
situ XPS. L. Glatthaar carried out the ex-situ XPS measurement. W. Wang, A. Spriewald-
Luciano, M. Ding helped in the data analysis and scientific discussion. I wrote the draft and H.

Over, J. Gallego, Y. Guo and B. M. Smarsly revised and polished the manuscript.

Reprinted with permissions from Wang, Y.; Paciok, P.; Pielsticker, L.; Wang, W.; Spriewald-
Luciano, A.; Ding, M.; Glatthaar, L.; Hetaba, W.; Guo, Y.; Gallego, J.; Smarsly, B. M.; Over,
H. Microscopic Insight into Ruthenium Exsolution from LaFeo9Ruo103; Perovskite, Chem.

Mater. 2024, XXXX, XXX-XXX. Copyright 2024 American Chemical Society

Doi: 10.1021/acs.chemmater.4c01084
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ABSTRACT: Metal exsolution is a smart strategy that allows
modification and enrichment of a material’s surface with highly
active catalytic phases, thus offering the possibility to fine-tune the
surface chemical composition. We study the exsolution of Ru from
a perovskite solid solution LaFe,gRuy;0; (LFRO) to form Ru
nanoparticles and their passivation by a conforming LaO, layer by
applying a variety of in situ techniques, including TEM and XPS, in
combination with ex situ infrared and Raman spectroscopy, but
most notably by utilizing the catalytic propane combustion to probe
the formation of the passivating LaO, layer. During the Ru
exsolution process, Ru>* in LFRO is reduced first to the Ru” species
and subsequently into a Ru’ species, evidencing the exsolution of
Ru particle. The transformation of Ru** — Ru” proceeds already
below 300 °C and is correlated with the formation of oxygen vacancies under a reductive atmosphere. The subsequent
transformation of Ru” toward Ru® needs at least a reduction temperature of 400 °C that is likely to be determined by the diffusion of
Ru’* from the near-surface region of LFRO toward the surface. Only above 600 °C ruthenium cations from the bulk of LFRO are
exsolved, leading to the further growth of Ru particles. Around 600 °C, the exsolution of Ru particles is accompanied by the
formation of a covering LaO, layer. We propose that La segregation and precipitation as surface LaO, are driven by the
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overstoichiometry of La in LFRO after Ru exsolution.

1. INTRODUCTION

The exsolution process of precious metal ions from a solid
oxide solution is a promising approach to stabilize catalytically
active nanoparticles (NPs) at the surface via reductive
treatment at high temperatures.'™* Exsolution is able to
control the size distribution of metal nanoparticles (NPs) that
are stabilized against sintering by anchoring the NP into the
parent matrix”® so that catalyst’s lifetime can be significantly
extended in high-temperature reactions, including catalytic
reforming reactions or the anode reaction of solid oxide fuel
cells.”™'°" Sometimes, the exsolution process of the target
element is accompanied by the coexsolution of another
element, forming bimetallic particles on the surface with
unique properties.' "> Upon high-temperature oxidation, the
exsolved NP is able to dissolve back into the solid oxide
solution, a process that can be utilized in the self-regeneration
of the catalyst.">"*

High-temperature reduction in 4 vol % H, at 800 °C of
LaFe,4Ru,,0; (LFRO, LFRO_800R) has shown to lead to
the exsolution of ruthenium particles that are passivated by a
conforming LaO, layer.'> The covering LaO, layer leads to a
substantial activity loss in catalytic propane combustion with

© XXXX The Authors. Published by
American Chemical Society

7 ACS Publications A

respect to LFRO. After reoxidation treatment at 400 °C or a
second reaction cycle in the conversion of propane combustion
up to 400 °C, the LaO, layer is removed (so-called self-
activation) so that the activity of exsolved Ru in catalytic
propane combustion is substantially enhanced."

There are still some important open questions left: At which
temperature does the exsolution of Ru set in, and at which
temperature does the covering passivation layer form? In order
to answer these questions, a series of LFRO samples are
prepared by reducing LFRO at various temperatures ranging
from 300 to 800 °C, and the catalytic activity, together with
other structural and morphological properties, are studied
before and after reoxidation at 400 °C. We employ a variety of
experimental characterization methods to follow the surface
evolution and development of exsolved Ru particles and the
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Figure 1. (a) XRD and (b) Raman results of LFO, as-synthesized, and different temperature-reduced LFRO perovskites (solid lines). Each of the
reduced LFRO samples is subsequently oxidized at 400°C (dashed lines).

formation/removal of the passivating covering LaO, layer,
including in situ TEM, in situ XPS, in situ DRIFTS, and most
notably the catalytic activity in propane combustion serving as
a test reaction. The formation and removal of the passivating
LaO, layer from the exsolved Ru particles lead to pronounced
hysteresis in the repeadly taken propane conversion curves.

From this study, we conclude that reduction of Ru** in
LFRO perovskites to Ru’ commences at 400 °C under
reducing conditions. The Ru exsolution is restricted in the
near-surface zone when reduced at 500 °C, while the bulk
exsolution and LaO, segregation start at 600 °C.

2. MATERIALS AND METHODS

2.1. Sample Preparation. LFRO, a perovskite oxide powder with
a nominal chemical composition of La,FeygRuy,0s, is prepared by
using the citric sol—gel method. The following steps are employed for
the synthesis. 4 mmol of La(NO,);-6H,0, 3.6 mmol of Fe(NO,);:
9H,0, and 0.4 mmol of Ru(NO)(NO,), are dissolved in S0 mL of
distilled water. Subsequently, 12 mmol of citric acid and 24 mmol
ethylene glycol are added to the solution under continuous stirring at
80 °C. The gel containing the LFRO precursor gradually forms during
water evaporation. After drying at 120 °C overnight, the material is
ground and calcined with a heating rate of 3 °C-min™" at 750 °C for 3
h in a muffle oven to obtain the perovskite LFRO.

To evaluate the effect of exsolution temperature on the properties
of LFRO, we produce a series of samples from the same batch by
pretreating the as-synthesized LERO in 4 vol % H, balanced by an Ar
atmosphere at various temperatures ranging from 300 to 800 °C for 3
h. The resulting samples are designated as LFRO_TR, where T
represents the speciﬁc reduction temperature. For example,
LFRO_300R means LFRO perovskite is reduced at 300 °C for 3 h.
With various characterization methods (Section 2.2), the exsolution
process of Ru and the formation of the passivating LaO, layer are
studied. After thorough characterization, all LFRO_TR samples are
mildly reoxidized at 400 °C in 10 vol % O, balanced by Ar for 30 min,
denoted as LFRO_TR_4000, to remove the LaO, layer.

2.2. Sample Characterization. The powder XRD measurement
is performed using an X-ray diffractometer (Panalytical X'Pert PRO)
with a step size of 0.013° using a PIXcel2D 1 X 1 detector. The
diffraction patterns are collected in the 20 range of 20—60° with a
Cu—K, radiation source (4 = 1.5418 A). Raman spectra of the
investigated perovskite are measured with a Senterra spectrometer of
Bruker Optics with a laser wavelength of 632.8 nm at the power of 2
mW. The spectra are collected with 200 coadditions and 8 s of
integration time.

In-situ near-ambient pressure X-ray photoelectron spectroscopy
(XPS) experiments are conducted in an ultrahigh vacuum system
(Specs GmbH) equipped with a Phoibos NAP-150 hemispherical

analyzer and with a monochromatic Al-Ka source. The perovskite

oxide is pretreated in 0.5 mbar O, at 600 °C for 30 min to eliminate
the adventitious carbon. During the reduction process, H, is
introduced into the sample chamber with mass flow control, and
the pressure is controlled at 1 mbar during the measurement. The
sample is kept at each temperature (300, 400, 500, 600, and 700 °C)
for 1 h after which the XP spectra are collected.

Ex situ XPS spectra of the as-prepared LFRO samples, different
temperature-reduced ones, and corresponding reoxidized samples are
collected by a PHI 5000 VersaProbe II instrument (Physical
Electronics GmbH) with Al-Ka radiation (1486.7 €V). During the
data analysis, all of the spectra are calibrated by the adventitious
carbon at a binding energy of 284.8 eV, employing Casa XPS version
2.3.17 software.

Morphological information on the investigated samples is revealed
by scanning transmission electron microscopy (STEM) using a
Thermo Fisher Talos F200X microscope that is equipped with an
FEG electron source operated at 200 kV. EDS mapping is conducted
using 4 in-column Super-X detectors. The powder is suspended in
ethanol by sonication, and a drop is deposited on a lacey carbon TEM

rid.

¢ The environmental STEM Hitachi HFS000 used for the in situ
experiments under reductive gas atmospheres is equipped with an
energy dispersive spectroscopy unit (Oxford Instruments Aztec
Energy TEM Advanced EDX System Ultrim TLE), a postcolumn
energy filter system (CEOS CEFID), and a TVIPS TemCam XF416
camera. A probe-corrected microscope is operated at an acceleration
voltage of 200 kV and a semiconvergence angle of 28 mrad is used.
After drop-casting a catalyst suspension on in situ heating chips
(Norcada, HTN 0101H), the chips are mounted in a Hitachi in situ
heating holder and transferred to the microscope. Before the required
temperature is set at a heating rate of 3 °C-s™, the desired gas is
introduced into the microscope column at 3 mL-min~" using a mass
flow controller.

In-situ diffuse-reflectance infrared Fourier transform spectra
(DRIFTS) of CO adsorption are performed on a Bruker Vertex 70
V, offering a spectral resolution of 4 cm™1' The different
temperature-reduced samples are in-situ treated in 4 vol % H,
balanced by Ar at 300 °C for 30 min. After cooling down to room
temperature, 2 vol % CO balanced by Ar is admitted to the cell with a
total flow of 50 mL-min~" and DRIFT spectra are acquired. The as-
synthesized LFRO and the temperature-reduced samples are in-situ
reoxidized in 10 vol % O, balanced by Ar at 300 °C for 30 min.
Subsequently, another set of CO-DRIFT spectra is acquired.

2.3. Evaluation of Catalytic Performance. To evaluate the
catalytic propane combustion performance of the perovskites, a home-
built flow reactor is used that comprises a gas supply, a quartz reactor,
a furnace, and a nondispersive infrared sensor (Saxon Junkalor
INFRALYT 80)."” The characteristic absorption bands for C;Hg and
CO, are around 2960 and 2349 cm™, respectively, so their
concentration in the outlet gas can be determined using the Beer—
Lambert law. The reactor is fed with a gas mixture containing 89 vol

https://doi.org/10.1021/acs.chemmater.4c01084
Chem. Mater. XXXX, XXX, XXX—XXX



50

Chemistry of Materials

pubs.acs.org/cm

(b)

a
@ Ru 3d;, + C 1s Ru 3ds;,
c.C
700R Ruf
- ! :
. T
600R L |
1 I
[, f L
1
500R | :
-\____.M_
s I
kil .
400R )
.":. ! 1
[ 1
c !
[
£ —
= [300R : Ry
Dignic\ D1
[ . 1 'l ']
i
1
Carbon removal 1 ; :
M
; I :
As loaded : !
COZ '
Vo

©

o

Ru atomic ratio (%)
~ ©

—
& /°\¢~¢~°/°

6
\FRO o000 400R p00R go0R ggoR qof

Samples

(c)100- o e

80

1

40 Ru 9,

204 \

1083 ]
3 804 / Te—0
< 60 RuP o \"
<. 40
S
[4 20: * o/

108

804

Ru’

60
404 e
204 ’

294 292 290 288 286 284 282 280 278

Binding Energy (eV)

RO 0 R R R R ot

Samples

Figure 2. Fitted C 1s + Ru 3d in-situ XP spectra of (a) the as-loaded LFRO adventitious carbon removed LFRO_6000 (pretreated under 0.5 mbar
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Ru state distribution of the corresponding samples.

% N, (Linde), 10 vol % O, (Linde), and 1 vol % C;Hy (Nippon
Gases) at a total flow rate of 100 mL-min~' under standard
conditions.

Typically, 20 mg of the Ru-containing perovskite oxide is diluted
with 40 mg of inert quartz sand, achieving a weight hourly space
velocity (WHSV) of 34,500 mL-g~":h™". For the light-off curves
(conversion curves), the sample is heated from room temperature to
400 °C with a ramping rate of 1 °C'min~". After naturally cooling to
room temperature, the sample is heated again in the reaction
environment without removal from the quartz tube; three consecutive
reaction cycles are conducted. The propane conversion, denoted as X,
is calculated using the formula: X = 1-¢(C3Hj)/co(C3H), where
¢(C3H;) represents the volumetric concentration of propane in the
outlet gas and ¢,(C;Hg) represents the maximum volumetric
concentration of propane in the gas mixture. To verify complete
propane combustion, the volumetric concentration of CO, is also
monitored to cross-check the calculated conversion.

3. RESULTS AND DISCUSSION

3.1. Experimental Results. The structure evolution of
LFRO under reductive treatment at different temperatures
(from 300 to 800 °C) is followed by powder XRD (Figure la,
solid lines). For as-prepared LFRO, the diffraction patterns are
consistent with the reported orthorhombic LaFeO; (JCPDS
No. 88-0641), and no other reflections for extra crystalline
phases are discernible (cf. Figure S1). When LFRO is treated
at different temperatures in 4 vol % H, for 3 h, all of the
reduced samples show similar XRD patterns to LFRO, and no
other crystalline phases are detected, corroborating the high
structural stability of the LFRO sample under such reducing
atmospheres. The absence of an exsolved Ru-based phase
indicates its relatively small crystallite size or low concentration

that is below the detection limit of the XRD. In Figure la
(dash lines), we summarize the XRD patterns of the reduced
samples after mild reoxidation treatment at 400 °C (10 vol %
0, for 3 h). Again, no appreciable changes are observed in the
XRD patterns.

Raman spectroscopy (cf. Figure 1b, solid lines) can provide
information about the exsolution process and bulk properties
of LFRO before and after reduction. The Raman spectrum of
LFO (LaFeO,;) is consistent with that reported in the
literature, confirming the successful synthesis of the perovskite
oxide."® The incorporation of Ru into LaFeO, induces lattice
strain associated with inhomogeneous distortion of the FeOg
octahedron, which leads to the blue shift of the spectral feature
at 670 cm™' and a substantial broadening of the signals."
When the sample is exposed to hydrogen at temperatures up to
500 °C, practically no changes are observed in the Raman
spectra. Above a reduction temperature of 500 °C, the Raman
peak shifts gradually to lower wavenumbers, indicating that the
local distortions of the FeO4 octahedrons are partially relieved.
This experiment suggests that noticeable Ru exsolution from
bulk LFRO commences above 500 °C. The Raman spectra of
these reduced samples are not affected by mild reoxidation (cf.
Figure 1b, dashed lines) regardless of the applied reduction
temperature. The reoxidation experiment suggests that the
exsolved Ru species do not dissolve back into the bulk of the
perovskite structure. The potential formation of a covering
LaO, layer is not observable in the Raman experiments.

In situ XPS is conducted to gain information about the near-
surface composition and chemical environment of Ru in LFRO
before and after reduction treatment in 1 mbar H, at various

https://doi.org/10.1021/acs.chemmater.4c01084
Chem. Mater. XXXX, XXX, XXX—XXX
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Table 1. Ex situ XPS-Derived Near-Surface Composition and Ru Oxidation State Distribution of LFRO, after Reduction (4 vol
% H, Balanced by Ar) at Different Temperatures and after Oxidation (400 °C in 10 vol% O, Balanced by Ar) Ones

reduced samples

oxidized samples

atomic ratio (%) Ru” (%) atomic ratio (%) Ru" (%)
samples Ru La Fe Ru** R/ Ru’ Ru La Fe Ru** R/ Ru’
LFRO 8.0 543 37.7 82 18 0 8.0 545 375 85 15 0
LFRO_300R 8.1 539 38.0 54 46 0 83 524 393 82 18 0
LFRO_400R 7.9 544 37.6 37 59 4 8.5 525 39.0 81 19 0
LFRO_500R 8.1 533 385 17 72 11 8.4 531 385 74 26 0
LFRO_600R 8.8 55.1 36.1 7 62 31 9.1 528 380 78 22 0
LFRO_700R 10.8 56.1 33.1 0 46 54 117 529 353 60 40 0
LFRO_800R 12.1 557 322 0 16 84 12.5 533 342 42 58 0

“Determined by ex situ XPS.

temperatures for 1 h (cf. Figures 2 and S2). The adventitious
carbon is eliminated from the calcined LFRO through an in
situ oxidation treatment in 0.5 mbar O, at 600 °C. Three major
signals are apparent in the Ru 3d;/, spectrum at binding
energies of ~282.5, ~281.2, and ~280.1 eV that are assigned
to Ru*, Ru’, and Ru’, respectively; we have to keep in mind
that the spectral feature of Ru 3d;, partially overlaps with C 1s
(fitting parameters are provided in Table S1).***' The Ru**
represents the Ru species in the perovskite structure occupying
the center of the BOg octahedron (replacing Fe that is in the
3+ oxidation state), while Ru® is ascribed to metallic
ruthenium. The lower binding energy of Ru’ compared to
Ru** is indicative of a less oxidative surrounding and is
therefore assigned to a lower oxidation state than 3+. We have
to keep in mind that the Ru 3d;,, of Ru** in RuO, is reported
at a similar binding energy as Ru”*” Under such reducing

conditions, however, the interpretation of Ru” as being due to
Ru** can be safely ruled out.

Figure 2a indicates that part of Ru® is transformed to Ru’
after reductive treatment in 1 mbar H, at 300 °C for 1 h. For a
reduction temperature of 400 °C, Ru** is completely
transformed to Ru’, while still no Ru’ species is formed, thus
confirming Ru” as an intermediate species of the reduction
treatment. Only when Ru®" is completely transformed to Ru”, a
further increase of the reduction temperature leads to the
formation of Ru® that is assigned to metallic ruthenium and
therefore to the formation of exsolved Ru nanoparticles. This
series of in situ Ru 3d spectra clearly shows that the three
different Ru species evolve successively, and Ru slightly
accumulates in the near-surface region after a reduction
treatment at 600 °C (cf. Figure 2b).

When looking at the Ru 3d;, + C 1s region, we can
recognize that the C 1s peak partly returns when the LFRO is
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Figure 4. Ex situ TEM images of the reduced samples: (a) LFRO_600R, (b) LFRO_700R, and (c) LFRO_800R and reoxidized samples. (d)
LFRO_600R_4000, (e) LFRO_700R_4000, and (f) LFRO_800R_4000.

reduced to 500 °C. Likely, carbon segregates from the bulk to
the surface or the near-surface region. Figure S2 displays the in
situ XP spectra for La 3ds,, Fe 2p;,, and O s of LFRO before
and after reduction with 1 mbar H, at varying temperatures for
1 h and after 400 °C reoxidation of LFRO_700R. No
significant changes in the oxidation state are detected for these
elements. However, heating the sample under H, leads to a
noticeable shift of La 3ds,,, Fe 2p;,, and O 1s XP spectra
toward higher binding energy. This shift can be attributed to
an increase in the concentration of O-vacancies that is linked
to the transformation of Ru** to lower Ru oxidation states.

For the in situ XPS experiments, we follow in situ the
temperature-induced reduction process of a single sample.
However, the partial pressure of H, (1 mbar instead of 40
mbar) and the reduction time (1 h instead of 3 h) are different
from the actual preparation experiments of LFRO and its use
in catalytic tests. Therefore, we additionally employed ex situ
XPS to gain systematic information on the exsolution process
under conditions relevant to the activity experiments. We
stepwise increase the reduction temperature from 300 to 800
°C, and for each reduction temperature, we compare the Ru 3d
spectra before and after reoxidation at 400 °C. With this
protocol, the ex-situ XPS experiments mimic the catalytic light-
off curves later shown in Figure 7. The corresponding results
are summarized in Figure 3 and Table 1.

We start with the discussion of the reduction experiments
(cf. Figure 3a). Similar to the in situ experiments in Figure 2,
we identify three different Ru species: Ru**, Ru”, and Ru’. For
the as-prepared LFRO, 82% (in atomic ratio) well-coordinated
Ru (Ru** in the center of BOg octahedron that is coordinated
to six oxygen) and 18% Ru’ can be derived after the peak
fitting of the Ru 3d spectrum (detailed fitting parameters are
compiled in Table S2). When LFRO is treated in 4 vol % H, at
300 °C for 3 h, 28% of Ru* is reduced to Ru’. As the
reduction temperature goes up to 400 °C, this transformation
continues, but it is also accompanied by the emergence of 4%
Ru’ due to the further reduction of Ru’. The Ru’ signal

dominates the XP spectrum of LFRO_SO0R and reaches a
concentration of 729%, whereas only 17% Ru** and 11% Ru” are
left in the near-surface region of the sample. After reductive
treatment at 600 °C for 3 h, the Ru distribution changes to 7%
Ru*, 62% Ru”, and 31% Ru®. For reduction at 700 °C, the
Ru’* species vanishes, establishing a distribution of 46% Ru”
and 54% Ru’. The intensity of Ru’ is enhanced as the
reduction temperature increases to 800 °C, accounting for 84%
of the area in the Ru 3d spectra of LFRO_800R. All of these
numbers clearly indicate that exsolved metallic Ru particles are
formed, a process that already starts at about 500 °C.

The XPS-derived fractions of various Ru species are
summarized in Figure 3c,d as a function of reduction
temperature before and after reoxidation. The total Ru atomic
content (Figure 3c) is found to be nearly constant (~8%) up
to a reduction temperature of 500 °C, while Ru** transforms to
R’ and finally to Ru’. This finding tells us that the exsolution
process is mostly restricted to the near surface (region probed
by XPS). The total Ru content in the near surface starts to
increase above a reduction temperature of 500 °C: 8.8, 10.8,
and 12.1% calculated for LFRO_600R, LFRO_700R, and
LFRO_800R, respectively (Figure 3b and Table 1). Ru starts
to diffuse from the bulk to the surface above 500 °C and
leading to the observed enrichment of Ru in the near-surface
l'egl()n.

For all of the reduced samples LFRO_TR, the total Ru
content in the near-surface region is preserved upon
reoxidation treatment in 10 vol % O, at 400 °C (Figure 3c).
However, upon mild reoxidation, the Ru® component trans-
forms completely to oxidic species, namely, Ru** and Ru” as
displayed in Figure 3b. For LFRO_300R_4000 and
LFRO_400R 4000, the Ru’/Ru* intensity ratio remains
practically constant, while the ratio of Ruw’/Ru** increases for
reduction temperature exceeding 400 °C (cf. dashed lines in
Figure 3d).

The morphology evolution of LFRO during the exsolution
process is visualized with ex situ TEM in Figures 4 and S3. In
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Figure S. In-situ secondary electron (SE)TEM micrographs of LFRO (a) at room temperature and (b) at 500 °C under H, after 20 min; (c) the
particle diameter and interparticle distance distribution; and (d) schematic illustration of Ru agglomeration from a hemispherical depletion zone

below the Ru particle.

(a)

‘u _700R
M
M
M
AN

Normalized intensity (a.u.)

LFRO

(b)

w/w
JM/M
ka
JLM

“, LFRO_4000

Normalized intensity (a.u.)

2200 2100 2000 1900 1800 2200 2100 2000 1900 1800
Wavenumber (cm™) Wavenumber (cm™)

(c) (d)
o 60 Reduced samples 60 Reoxidized samples

©
g 50 g 50
o
g4 g 8 40 "o
T30 B30 ¢
2 £ ¢
5 20 520 o’ -

(] -
10 20 o

o— _o--"%
— o o--

0 300 400 500 600 700 800
Reduction temperature (°C)

0 300 400 500 600 700 800
Reduction temperature (°C)

Figure 6. CO-DRIFT spectra using gaseous CO intensity as the reference of (a) LFRO, the different temperature-reduced perovskites, and (b)
reoxidized samples. The integrated intensities of adsorbed CO are shown in panel (¢, d).

these micrographs, it is possible to observe that part of the Ru
already exsolved at 500 °C, as signified by the appearance of
about 1 nm small particles in LFRO_S00R in Figure 3c. When
reduced at elevated temperatures (T > S00 °C), the exsolved
particle can be easily distinguished from the parent matrix with
a clear boundary in the bright field images in Figure S4 and
Figure 4a—c. As the reduction temperature increases, the
ongoing exsolution of Ru from the parent perovskite leads to
the growth of exsolved particles with mean particle diameters
of 2.4, 4.9, and 8.3 nm for LFRO_600R, LFRO_700R, and
LFRO_800R, respectively (cf. Figure S4). More interestingly,
exsolved particles of LFRO_700R and LFRO_800R are
entirely encapsulated by a coating layer with a thickness of

~1 nm (cf. Figure 4b,), while a covering layer is not
discernible for LFRO_500R and LFRO_600R in Figure 4a.
Upon reoxidation at 400 °C, the covering layer on the exsolved
particles of LFRO_700R and LFRO_800R is removed (Figure
4d—f). The EDS mappings of LFRO_800R in Figure SS
suggest that the exsolved particle is composed of Ru, La, and a
low amount of Fe with Ru being the dominant element. Since
the line scan on La is wider (about 1 nm on each side) than
that of Ru (cf. Figure S5f), the exsolved particle consists mainly
of a Ru core, while the particle is covered by a La compound,
likely to be LaO,. Fe is located in the particle core, and there is
practically no Fe in the LaO, layer so that metallic Fe is alloyed
with metallic Ru in the core of the exsolved particle. The LaO,

https://doi.org/10.1021/acs.chemmater.4c01084
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Figure 7. Light-off (conversion) curves of (a—g) as-prepared and LFRO perovskites reduced at various temperatures ranging from 300 to 800 °C
in three consecutive reaction cycles. The samples reduced at temperatures within 500 °C reveal a similar T10 temperature while the activation
phenomenon can be observed in the samples reduced at temperatures higher than 500 °C. (h) T10 values in the first two successive propane
combustion reaction tests of unpretreated LFRO and after thermal reductive treatment at different temperatures (from 300 to 800 °C).

signal in Figure S6 (La in the shell) greatly decreases after mild
oxidation at 400 °C, implying that La dissolves back to the
support instead of into the exsolved particle.

Using in situ TEM with a secondary electron detector, we
tracked the exsolution process at S00 °C (LFRO_SO00R) while
analyzing the same spot (cf. Figure S). This allows us to
monitor the growth of Ru nanoparticles and to estimate their
size distribution and surface density, particularly at the
beginning of the reductive Ru exsolution process (cf. snapshots
summarized in Figure S7). The particle on the surface could be
observed after reduction at 500 °C for 20 min in Figure Sb,
corroborating that the exsolution of Ru starts already at 500
°C. The surface of LFRO is homogeneously decorated by Ru
nanoparticles approximately 1 nm in diameter. The average
distance between the particles is 3.5 nm (as showcased in
Figure Sc). From these values, we can estimate the total
amount of exsolved Ru from the particle size and density.
Assuming a mean concentration of 5 mol % Ru in LFRO, the
exsolution of a 1 nm big Ru NP needs practically all Ru that is
present in a 2 nm hemisphere of the LFRO sample centered
underneath the Ru particle (cf. Figure Sc). According to our
model (cf. Figure S8 for more details), the exsolved particles
collect all of the available Ru atoms from a 2 to 3 nm thick slab
of LFRO. This model is consistent with in-situ XPS
experiments, where the Ru concentration is not changed up
to 500 °C reduction (cf. Figure 2).

XPS interrogates both the surface and the near-surface
region (in a depth of 2 to 3 nm, the escape depth of the
photoelectrons).”* However, the topmost layer exposed to the
reaction mixtures determines the catalytic performance. This
information is accessible to CO-DRIFTS, where infrared
spectroscopy of CO molecules probes the status and chemical
nature of the topmost layer of the catalyst, thus providing
information about the exsolved Ru particles and on the LaO,,
coating layer. The CO-DRIFT spectra in Figure 6a are

dominated by the gaseous CO species serving as intensity
reference for the spectra, and, in addition, showcase adsorbed
CO in the spectral range of 1900 to 2100 cm™. For LFRO and
LFRO_300R, only tiny spectral features of adsorbed CO are
observable. When the LFRO sample is reduced at 400 °C,
some overlapping bands of the adsorbed CO appear in the
range of 1900 to 2100 an”} evidencing the presence of
additional active sites for CO adsorption. The intensity of
adsorbed CO bands increases dramatically for LFRO_S500R
(cf. Figure 6¢), which coincides with the exsolution of Ru.
Upon reductive treatment in 4 vol % H, at 600 °C for 3 h, the
intensity of these features declines (cf. Figure 6¢), indicating
that the CO adsorption capacity has significantly decreased.
This finding can be attributed to the formation of the covering
layer. The similarity of the CO-DRIFT spectra of LFRO_S50R
and LFRO_500R in Figure S9 suggests that the LaO, covering
starts to grow only above 550 °C. For LFRO_700R and
LFRO_800R, the CO adsorption signals are almost completely
suppressed, suggesting that exsolved Ru particles are now fully
covered by a passivating LaO, layer.

The DRIFTS area of adsorbed CO of LFRO_300R,
LFRO_400R, and LFRO_S500R is greater than those after
mild reoxidation at 400 °C (Figure 6ab). This behavior is
indicative of the oxidation of the Ru particles to RuO,.** For
LFRO_600R, where the CO adsorption band decreases with
respect to the sample LFRO_SOOR, reoxidation leads to
slightly higher intensities of adsorbed CO bands. DRIFT
spectra of LFRO_700R and LFRO_B800R indicate no
adsorbed CO bands, while mild reoxidation of these samples
leads to strong bands of adsorbed CO (cf. Figure 6b,d). This
behavior is fully compatible with the removal of the covering
LaO, layer and is reflected by the intensity increase in Figure
6d.

In a previous study,"® conversion curves (light-off curves) of
propane combustion up to 400 °C showed that LFRO_800R is
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Figure 8. Schematic illustration of structure evolution of LFRO, including the Ru exsolution and LaO, covering layer evolution during the
exsolution process (from 300 to 800 °C). The chemical processes are summarized using Kroger—Vink notation in eqs S1 to S12 in the Supporting

Information.

deactivated, while a second conversion curve reveals self-
activation of the catalyst (hysteresis). The deactivation was
traced to the formation of a LaO, layer that had been removed
during the first conversion curve when reaching 400 °C or
alternatively by mild reoxidation at 400 °C. Here, we utilize the
hysteresis behavior of conversion curves as a diagnostic tool to
identify the formation of the LaO, layer. In doing so, we
prepared LFRO and reduced LFRO at various temperatures.
For each of these samples, we measure three consecutive
conversion curves for propane combustion from 100 to 400
°C, whose results are summarized in Figure 7a—g. For all of
the samples, propane can be fully converted to CO, and H,0
when the reaction temperature is increased to 400 °C.
Identical light-off curves of the second and third cycles
indicate that all samples run stationary after the first cycle.

As a measure of activity, T10 (temperature at which 10%
propane conversion is achieved) is extracted for each sample
(reduction temperature) and is summarized in Figure 7h. The
T10 of LFRO in the first run is 247 °C and slightly increases to
250 °C when this sample is measured for the second and third
time. When the reduction temperature increases to 400 °C,
improved catalytic activity is observed by a decrease of T10 to
240 °C. The lowest T10 value in the first conversion curve
among different reduction temperatures is achieved with
LFRO_SO00R with a T10 value of 232 °C. When the reduction
temperature exceeds 500 °C, the catalytic activity in the first
cycle decreases with T10 values of 247, 277, and 293 °C for
LFRO_600R, LFRO_700R, and LFRO_B800R, respectively.
This activity trend goes on for LFRO_900R with a T10 value
of 310 °C (cf. Figure S10).

The T10 values of the second cycle slightly increase with
respect to the first cycle when the reduction temperature is
lower than 500 °C. However, for reduction temperatures of
600 °C and higher, the T10 values in the second cycle are
lower than those in the first cycle and the decline in the T10
values between the first and second cycle becomes more
pronounced with a higher reduction temperature (cf. Figure
7h). Since the catalytic activity is mainly determined by the
number of exposed Ru sites, the observed self-activation
process is due to the removal of the LaO, layer, or in other
words, the LaO, covering layer commences to form after
reduction at 600 °C.

3.2. Discussion. 3.2.1. Near-Surface Ru Exsolution at
Low Temperatures. In this study, we systematically investigate

the physicochemical surface modifications of LaFe,oRu,;0;
(LFRO) during the reductive exsolution process of Ru, whose
various elemental processes are summarized by the schematics
in Figure 8. Heating the system in the presence of H, leads to
the formation of oxygen vacancies (eq 1). Simultaneously, the
released electrons from this redox reaction are transferred to
the most reducible element within the structure, resulting in
the partial reduction of Ru** toward R’ (eq 2) as
experimentally observed by XPS (Figures 2 and 3). Increasing
the temperature facilitates the reduction process, finally leading
to the complete reduction of Ru** to zero valence (Ru’). These
reduced Ru atoms agglomerate, creating Ru nanoparticles, as
observed using in situ TEM (Figure S), and iron vacancies (eq
3).

0% + H, - V5 + 2~ + H,0 (1)
Ruj, + (3 - fle” > Rul @
R, + (B)e” — Ruj, = Ruf, puriae + Vie (3)

During the exsolution process, the cations in B sites are
reported to diffuse in the partially reduced form inside the
perovskite matrix toward the surface and subsequently being
reduced to zero oxidation state.”*”* Similarly, the migration of
Ru takes place probably in the form of Ru’. During the
extraction of oxygen and Ru, the parent oxide forms an
equivalent amount of oxygen and ruthenium vacancies (xVg;
2/3xVy,). The formation of these vacancies couples, so-called
Schottky defects, provides potential diffusion pathways for ions
located in the deeper bulk, as reported by Han et al.**

Reduction at 300 °C leads to the partial transformation of
Ru** to Ru’, while further reduction at 400 °C initiates the
transformation Rv’ toward Ru’ (ex situ XPS, Figure 3),
although neither in situ nor with ex situ STEM (Figures 4 and
5) is able to image exsolved Ru particles. However, DRIFTS
experiments in Figure 6 showcase a steep increase of the
concentration of active Ru sites for CO adsorption already at
400 °C. Conversion curves for propane combustion indicate an
increase in activity for LFRO that is reduced at 400 °C. All of
the experimental evidence therefore suggests that reductive Ru
exsolution at the surface begins at approximately 400 °C under
4 vol % H, for 3 h. This finding indicates that the Ru” species
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is more stable than Ru** in RuO, in a reductive environment.
Ru** can easily reduce to Ru® at 200 °C in H,.*’

Upon reaching a reduction temperature of 500 °C, a
significant fraction of Re/ undergoes transformation to the zero
oxidation state, with nanoparticles appearing on the LFRO
surface (in situ TEM, Figure S) and a clear spectral feature of
Ru’ in the Ru 3d XP spectrum (in situ and ex situ, Figures 2a
and 3a). From quantitative analysis of Ru 3d XP spectra, no
discernible changes in the total amount of Ru in the near-
surface region are observed for LFRO up to a reduction
temperature of 500 °C, which is in good agreement with the
Raman results in Figure 1. This means that for reduction
temperature up to 500 °C, Ru from bulk LFRO is not able to
diffuse toward the surface. Evaluation of in situ STEM of
LFRO indicates that the total amount of exsolved Ru by
reduction under H, at 500 °C is equivalent to the Ru content
from a 2 to 3 nm thick surface layer of LFRO as outlined in
Figure Sd. After 20 min, both the number and the size of
exsolved Ru particles (cf. Figure S7) are stable. Therefore, we
conclude that the near-surface region of LFRO is maximum
depleted in Ru that cannot be (partially) restored by bulk
diffusion of Ru. Note that deactivation is not observed for
LFRO reduced at 500 °C, whereas CO-DRIFTS reveals the
strongest bands of adsorbed CO for LFRO_SOOR. Both
observations exclude deactivation of the exsolved Ru particles
due to a covering LaO, layer for reduction temperatures up to
500 °C.

3.2.2. Ru Exsolution from the Bulk and La Precipitation.
From the hysteresis observed in the conversion curves of
propane combustion (cf. Figure 7), deactivation of the Ru
particles is concluded to commence at a reduction temperature
of 600 °C. A similar conclusion can be drawn from the CO-
DRIFTS experiments shown in Figure 6. Vibrational bands of
adsorbed CO decrease substantially for LFRO reduced at 600
°C compared to those of LFRO_S00R and LFRO_SS50R
(Figure S9). Altogether, these findings support the deactivation
of Ru particles by a partially covering LaO, layer. At the same
temperature of 600 °C, XPS (cf. Figure 3c) evidences that the
total Ru content within the probing depth of XPS starts to
increase due to diffusion of Ru from the bulk toward the
surface and the exsolved Ru particles undergo further growth.

The process of Ru exsolution leads to an A-site enriched
surface-near region of LFRO with La/Fe > 1 (eq S10) that
may not be stable and may transform to a thermodynamically
more stable state via segregation of excess La as LaO, while
restoring the ABO; stoichiometry (eq S12). The high degree
of disorder (cationic and anionic vacancies) facilitates diffusion
required for the La segregation process.”’ Recently, it was
reported that La;_,Fe,_,O_;,/_3,, leads to either Fe oxide
(when La/Fe is less than one) or La,0; (when La/Fe is
greater than one) segregation at high temperatures.>"** Similar
results were reported for the supported Ni/La, ¢St FeO,_s
catalyst, where Sr was shown to segregate from the perovskite
structure toward the surface forming SrO, nanorods on the Ni
particles in a static hydrogen atmosphere.*

In the case of LFRO, the amount of precipitated LaO, is
correlated with the amount of exsolved Ru, which in turn
depends sensitively on the reduction temperature. Once La
segregates to the surface of LFRO, it can migrate onto the
surface of the exsolved Ru particles to reach a stable state by
decreasing the surface energy of the exsolved Ru. This is
reported as the classical strong metal support interaction
(SMSI).*** In a previous study, we demonstrated that a LaO,

layer covers the Ru particles, thereby reducing their reactivity
for propane oxidation after reduction at 800 °C."* In the
present work, employing surface-chemically sensitive techni-
ques, such as CO-DRIFTS, together with operando propane
total oxidation reaction and comprehensive physicochemical
characterization, we observe that Ru undergoes exsolution
already at a reduction temperature of 400 °C, whereas La
precipitates as LaO, on the surface of LFRO only above 600
°C and covers (partly) the exsolved Ru particle. At
temperatures higher than 700 °C, exsolved Ru nanoparticles
are fully encapsulated by a LaO, layer as visualized by high-
resolution TEM (cf. Figure 4).

4. CONCLUSIONS

When the perovskite solid solution LaFe,oRu,;0; (LFRO) is
reduced in hydrogen at elevated temperatures, ruthenium is
extracted and forms anchored nanoparticles on the LFRO
surface. From a recent study, it was reported that this
exsolution process is accompanied by the formation of a
passivating covering LaO, layer."”” Employing various exper-
imental techniques, including in situ XPS, environmental TEM,
and online activity experiments for the catalytic propane
combustion reaction in combination with ex sifu character-
ization (DRIFTS, XPS, Raman), we gain a detailed atomistic
view on the exsolution mechanism of LaFe,oRu,,0; (LFRO).
Most importantly, the hysteresis in repeated conversion curves
of propane combustion turns out to be a powerful diagnostic
tool to identify the reduction temperature at which the
passivating LaO, starts to cover the exsolved Ru particles. The
exsolution process of Ru proceeds sequentially Ru*>* — Rv/ —
Ru’, where Ru” serves as a reaction intermediate with an
oxidation state lower than +3. The Ru” species is formed by
hydro§en-induced O-vacancy formation, while the formation
of Ru’ indicates the exsolution of Ru. The exsolution of Ru
commences at a reduction temperature of 400 °C, where Ru
stems exclusively from the near-surface region of LFRO. At
reduction temperatures higher than 600 °C, the bulk Ru of
LFRO segregates toward the surface and participates in the
ongoing growth of exsolved Ru particles. Only at a reduction
temperature of 600 °C and higher, passivation of exsolved Ru
particles by a covering LaO, layer is observed. La segregation is
thermodynamically driven by the over stoichiometric concen-
tration of La/(Fe+Ru) > 1 of LFRO in the surface-near region
after Ru exsolution, whereas a temperature of 600 °C is
required to surmount the activation barrier for La segregation.
The observed evolution of the La—Fe—Ru perovskite surface
structure/morphology during reductive Ru exsolution can aid
the design of materials with tailored physicochemical proper-
ties, specifically for catalytic applications.
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3. Conclusions and Outlook

This thesis presents studies the surface structure evolution of Ru exsolved LFRO perovskites
(LFRO_800R) in the oxidative atmosphere and the microscopic structure evolution during the

Ru exsolution process.

LFRO, where Ru is fully incorporated into the perovskite structure, is chosen as the starting
material for preparing Ru-exsolved perovskite. As supported by SEM and the quantification
results of XPS, Heating LFRO at 800 °C in a reducing atmosphere results in the migration of
Ru from bulk to the surface in the form of particle. The Ru-exsolved sample initially exhibits
low propane activity but can be activated in successive propane oxidation reaction test. High
resolution TEM and EDS mappings reveal the exsolved Ru is alloyed with a slight amount of
Fe in the core that are encapsulated by an inert LaOx covering layer, which impedes the
adsorption of reactant molecular to the active Ru species. By gradually varying the oxidation
temperature from 200 °C to 400 °C, the LaOx coating layer is observed to break up and
disappear at 300 °C and 400 °C, respectively. Meanwhile, the exsolved Ru is totally oxidized
to RuO; without phase segregation of FeOx, matching well with the DRIFTS results that using
CO as a probe molecular. The correlations between the exsolved particles morphology and its
catalytic performance in propane oxidation is established. These activated exsolved RuFe
particles are shown to be more active in propane combustion compared to those bench mark

supported catalysts.

The mechanism of Ru enriched RuFe-LaOy core-shell structured nanoparticles formation is
systematically studies by varying the exsolution temperature of LFRO from 300 to 800 °C. The
in-situ XPS results indicate that the Ru exsolution is processing through Ru** — Ruf — Ru®,
where RuP serves as a reaction intermediate with an oxidation state lower than +3. The
formation of RuP species is correlated to the reduction induced oxygen vacancies, while the
emergency of Ru® signifies Ru ex solution. The transformation from Ru’* to Ru® starts already
at 300 °C while the further reduction to exsolved Ru’ requires at least 400 °C. The quantification
by ex situ XPS results suggests that only the Ru in the near surface region (XPS detection region,
in a depth of 2-3 nm) could be exsolved at a reduction temperature of 500 °C. Further enhancing
the reduction temperature, the Ru staying in the bulk will be extracted to the surface, leading to
the growth of exsolved particle. The CO-DRIFTS, HR-TEM and consecutive propane
combustion reaction test reveal that the LaOx in the emerges at 600 °C and totally encapsulates

the Ru particles when reduced at 700 °C. La segregation is thermodynamically driven by the
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over-stoichiometric La/(Fe+Ru) >1 in the near-surface region after Ru exsolution, with a

temperature of 600 °C necessary to overcome the activation barrier for La segregation.

Overall, the findings of this thesis offer a detailed microscopic understanding of the structural

evolution during Ru exsolution and under propane reaction conditions. According to the above-

mentioned investigations on the exsolution of Ru from LaFeo9Ruo.10s3 and its structure

evolution in the oxidation atmosphere, together with the novel feathers of perovskite oxides

mentioned in Chapter 1 (reversibility, surface tunability with acid), some interesting points

may deserve further investigation:

1.

Ru can be transferred into volatile RuO3 and RuO4 when it exposed to oxidizing atmosphere
at temperature higher than 600 °C, which limits the application of Ru-based catalyst in high
temperature oxidation reaction. However, with the reversibility of perovskite during the
redox treatment, the Ru could be well preserved by dissolving back into the perovskite
structure in the form of LaFei.xRuxO3 when exposed to elevated temperature (T > 600 °C)

in the oxidative atmosphere.

The amount of exsolved Ru is in parallel with the reduction temperature (T<800 °C), while
the growth of Ru particle leads to the decrease of the active site. With the reversibility of
perovskite structure, Ru could be selectively enriched in the near-surface in the form of
LaFeixRuxOs. In this case, the low reduction temperature is enough to exsolved the Ru due
to the relatively short diffusion path. It may be a facile way to prepare high density small

exsolved particles by re-exsolving the perovskites at low temperature.

For the Ru doped perovskite LFRO, the top-most layer is dominated by the La-O layer,
which blocks the active site for propane oxidation reaction. It is reported that acid etching
could selectively remove La-O termination while retain the perovskite structure, exposing

more active Ru species. It is promising to prepare a good oxidation catalyst by acid etching.

The surface of perovskite oxide is relatively low due to the high calcination temperature
during the sample preparation and limits the exsolution. It would be interesting to

investigate the correlations between the surface area and Ru exsolution behavior.

The RuP which is confirmed as the intermediate species plays an important role in the during
the Ru exsolution. Ruf can be induced by heating LFRO in reducing atmosphere at
temperature lower than 400 °C. However, the understanding of this Ru species is not enough.

The further investigation on this species with advanced characterization may be interesting.
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1. Absence of heat transfer within the low propane conversion region.

The heat transfer effect for propane with conversion below 15% can safely be neglected

—AHrpyRE
2
hT?Rg

if Cy = <0.15, the Mears’ criterion, which is actually fulfilled:
_ —AHr,psppRE _—(—2217.8)%(2.176x107%)x(5.12x10%)x (1x1077)x109

Ch =
M hTZR (6.5X10~2)x (4832)x(8.314x10~3)
g

=2.13x 103 <<0.15

Parameters used in Mears Criterion for estimating mass transfer limitation in the propane
combustion reaction.

Symbol Parameters, unit value

AH Reaction heat, kJ/mol -2217.8

r Reaction rate, mol/(kgcar's) 2.176x10°
Po Bulk density of catalyst, kg/m’ ~5.12x10°
R Catalyst particle radius, m ~107

Activation energy, kJ/mol 109

h Heat transfer coefficient, kJ/(m?s-K) 6.5x102
Rg Gas constant, kJ/(mol'K) 8.314x107

T Reaction temperature, K 483
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Figure S1. (a) XRD patterns and (b) magnified XRD patterns of the LaFe,«RuxOs3 (x=0-0.5) perovskites.
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Figure S2. Williamson-Hall plots of Ru free sample (LFO), Ru doped sample (LFRO), and exsolved sample
(LFRO_800R) obtained from the separable (002), (121), (004), and (123) reflections.
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Figure S3. (a) Raman spectra of LFO, 10% Fe is substituted per Ru (LFRO) after calcination at 750 °C, and LRFO
after reduction at 800 °C in 4% H, (LFRO_800R). (b) Correlations between micro strain and the Raman shift of peak
C for these samples.

Figure S4. SEM micrographs of (a) LFO, (b) LFRO, and (c) LFRO_800R.
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Figure S5. TEM pictures of (a) LFRO and (b) LFRO_800R.
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Figure S6. The light-off curve of LFRO_800R_5000. LFRO_800R_4000 is presented for comparison reasons.
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Figure S7. (a) STY and (b) corresponding Arrhenius plots of the studied samples during two reaction cycles. The
propane combustion reaction is measured at a reaction mixture of C3Hs: O»: Ar = 1:10:89 (in volumetric fraction), at
a flow rate of 100 mL/min (standard conditions), and 20 mg of catalyst diluted with 40 mg of inert quartz sand.
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Figure S8. Light-off curve of the supported Ru/LFO catalyst with 5 mol % Ru loading.



67

1.0
P-9-0-0-0-0-0-0-0-0-0-0-9-9-0-0-0-0-90-9-¢

= 0.8

£ LFRO _800R_4000

f* - oy

5 6] T255°C

=

=}

~

2 0.4

<

=

=}

St

A<0.21

0.0 . . . .

0 2 4 6 8 10

Reaction time (h)

Figure S9. Stability of LFRO 800R_4000 in the catalytic propane combustion reaction at 255 °C.
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Figure S10. (a) Overview and (b) enlarged XRD patterns of exsolved sample (LFRO_800R), and re-oxidized samples
of LFRO_800R_2000, LFRO_800R 3000 and LFRO_800R_4000. LaBs is applied as an internal standard.
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Figure S11. Raman spectra of the reduced sample LFRO _800R and re-oxidized samples LFRO_800R_2000,
LFRO_800R_3000 and LFRO_800R_4000.
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Figure S12. SEM images and corresponding exsolved particle size distributions of (a) LFRO_800R, (b)
LFRO_800R_2000, (c) LFRO_800R_3000 and (d) LFRO_800R_4000.
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Figure S15. (a) SEM picture of Ru/LFO_800R and (b) corresponding particle size distribution.
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Figure S16. Light-off curves of LFRO_800R_4000_800R in two reaction cycles. The light-off curves for
LFR10_800R in two reaction cycles are shown for comparison.
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Figure S17. CO-DRIFTS spectra of LFRO_800R_4000_800R and LFRO_800R_4000_800R_4000. The DRIFT
spectra of LFRO_800R and LFRO_800R_4000 are also provided for comparison.
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Figure S1. XRD patterns of LFRO, LFRO_800R and standard LaFeO3; (JCPDS NO.88-0641).
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Figure S2. In-situ XPS of La 3d, Fe 2ps, O 1s spectra of the LFRO, LFRO_6000 (pretreated under 0.5 mbar O; at

600 °C for 1h), different temperature reduced ones (from 300 °C to 700 °C under 1 mbar H; for 1 h) and subsequent
oxidized LFRO_700R_4000 (oxidized at 400 °C under 0.5 mbar O; for 1 h).
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Figure S3. HAADF images of LFR10_300R, LFR10_400R and LFR10_500R.
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Figure S4. Low magnification TEM images of (a) LFR10_600R, (b) LFR10_700R and (c) LFR10_800R and
corresponding size distribution in the right panel.
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Figure SS. (a) HAADF-STEM image, (b-e¢) EDS mapping images and (f) the line scan results of LFRO_800R. The
position for the line scan is presented in (e) with an arrow confined in a green frame.
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Figure S6. (a) the HAADF-STEM image, (b-¢) EDS mapping images and (f) the line scan result of LFRO_800R_4000.
The position for the line scan is shown in (e) with an arrow confined in a green frame.

S7



80

90 min

Diameter (nm)

30 60 90 120 All
Time (min)

Figure S7. (a-e) In-situ SE-STEM images of LFRO collected after exposing to the reductive atmosphere for different

time at 500 °C and (f) corresponding size distribution. No obvious change on the density and size distribution of the
exsolved particles could be observed as the increasing reduction time.
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Figure S8. The model used to calculate the Ru-depleted oxide radius.

The mass of Ru in the 1 nm exsolved spherical particles should be equal to the mass of Ru in the
hemispherical parent oxide.

14 3 _ 4 3
PRuX§X§XTTT1 = PLrro X W X gxm”z

32X713 X pry 32X (5%x10710)3 x 12.36 x 103
2= = =22nm
PLFRO X W 6.732 x 103 x 0.04

In order to exsolve a 1 nm sized Ru particle, the Ru in a radius of 2.2 nm hemispherical should be
extracted.

Parameters used in the particle size calculation.

Symbol Parameters, unit value

n Exsolved Ru particle radius, m 5x10710

I Radius of Ru depleted oxides, m ~

PRu Metallic Ru density, kg/m? 12.36x10°
PLERO Ru density, kg/m? ~6.73x10°
® Ru weight fraction in perovskite, none 0.04
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Figure S9. CO-DRIFT spectrum of LFRO_550R. The CO-DRIFTS spectra of LFRO_500R and LFRO_600R are
also provided for comparison.
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Figure S10. Three consecutive Light-off curves of LFR10_900R perovskites in three reaction cycles.
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Table S1. Fitting parameters of Ru 3d in the in-situ XPS.

Ru''3d,, R’ 3d,, Ru” 3d,), Ru’ 3d,), Ru’3d,), Ru’3d,),
ILine shape I LF(0.4,1,45280) LF(0.8,1,45,280) I LF(0.4,145280) LF(0.6,1,45280) LF(0.8,1,45,280) ILF(1.01,1.25,500,50)I
I3 T T T 1
(]:5) FWHM (]3\1;:) FWHM (E\E) FWHM (]:\Fj) FWHM (]:5) FWHM (]35) FWHM

I LFRO ' 2822 I 1.15 I 286.4 I 1.38 I 281.1 I 0.95 I 2853 115 - I - I - - I

LFRO 6000 2822 130 286.5 1.75 281.1 090 2853 140 - - - -

LFRO 300R 2823 1.17 286.4 142 281.1 1.25 2853 1.50 - - - -

LFRO_400R - - - - 281.1 121 2853  1.30 - - - -

LFRO 500R - - - - 2809 1.10 285.1 1.50 280.1 09 2843 1.01

LFRO 600R - - - - 281.0 1.10 2852 1.50 280.0 092 2842 1.20

LFRO 700R - - - - 2812 0.90 2853 1.59 280.0 1.20 2842 1.30
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Table S2. Fitting parameters of Ru 3d in the ex-sifu XPS.

Ru''3d,, Ru’3d,, Ru’ 3d,), Ru’ 3d,), Ru’3d,), Ru’ 3d,),
fine shape ' LE(0.3,1,45,280) ' LF(0.8,1,45,280) ' LF(0.4,1,45,280) ' LF(0.6,1,45,280) ' LE(0.8,1,45,280) ' LF(1.01,1.25,500,50) '
' Samples ' BE FWHM ' BE FWHM ' BE FWHM ' BE FWHM ' BE FWHM ' BE FWHM '

@) @) 5% 5% @) @)

) LFRO ' 2824 ' 1.02 ' 286.6 ' 1.30 ' 281.2 0.92 ' 2853 ' 1.40 ' - ' - ' - ' - '
LFRO 300R 2823 1.04 286.5 1.25 281.1 093 2853 1.50 - - - -
LFRO_400R 282.3 1.15 286.5 125 281.0 1.02 285.2 1.45 280.1 0.77 284.3 0.89
LFRO 500R 2823 1.20 286.4 125 2809 1.20 285.1 1.48 280.1 0.62 284.3 0.90
LFRO 600R 2823 1.15 286.4 1.25 280.9 1.10 285.1 1.50 280.1 0.89 2843 0.90
LFRO 700R - - - - 281.0 1.10 2852 1.50 280.1 0.92 2843 1.03
LFRO_800R - - - - 281.2 0.90 285.3 1.59 280.0 093 284.2 1.13
LFRO_300R-4000 282.4 1.12 286.5 1.37 281.1 0.75 285.3 1.40 - - - -

LFRO 400R 4000 2824 124 286.5 1.44 281.1 0.67 2853 1.40 - - - -
LFRO 500R-5000 2824 1.10 286.5 143 281.1 0.67 2853 1.40 - - - -
LFRO_600R_6000 282.3 1.10 286.4 1.36 281.1 0.72 2853 1.40 - - - -
LFRO_700R-7000 282.4 1.35 286.5 1.40 281.1 0.96 2853 1.40 - - - -
LFRO_800R_8000 282.3 1.35 286.6 1.50 281.1 093 2853 1.29 - - - -
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Chemical reactions occurring during reductive ruthenium exsolution using Kroger-Vink notation:
0% surface + Hz = Visurrace + 2~ + Hy0 Eq. S1
Oxygen extraction as water and source of electrons to conduct the Ru reduction.

05, puk + V(%surface = 03 surface T V& buik Eq. S2

Oxygen migration from the bulk to the surface

Rufe surface + 3 — Ple™ - RulS Ay Eq. S3

Fe,surface

first Ru reduction step at the surface to produce RuP

Rugy oy ace + (BYe™ = RUZ qurace Eq. S4
second reduction step to produce Ru®

Rttty somperee — Bty + Vg sunfre Eq. S5
Ru migrates from the iron position to grow as clusters and nanoparticles

Ruf pic + (3 — Ble™ = Rufa B0 Eq. S6
Ru reduction at the bulk to produce RuP

Rul(?a;,_bi)l’k + Vge,,surface - Ru}(i‘i:;il’face + Ve putk Eq. 87
Ru migration from the bulk to the surface through the iron vacancies (exsolution)
Lajg1Fefe1053 Eq. S8
Stoichiometric perovskite

Lafa@Fege,o.gRu?e,m 05,3 Eq. S9
Ru substituted iron perovskite

Lal),ca,lFeIJTCe,O.‘JVI?e(,O.l 05,2.85‘&%0.15 Eq. S10
Parent-oxide after complete exsolution of Ru

x X 37 % 2 X X X 37 X 37 X 2-
Lagg 1Fere0.9Vre0100285Y0015 = (LaLa,Z 00,3)0_05 + Lagg09Via,01F€re09VFe010027Y003
Eq. S11

Lanthanum precipitation
Laf, 0oV 01Fele0oVin010%27,Y803 = (Lafy1Fefo1083) (Vir1Via1VEs) Eq. S12
La,0.9V1La,011 €Fe,09VFe,0.1Y0,2.7Y0,03 = La,17€Fe1Y0,3)gg\VLa,1YFe,1V0,3) 4 q.

Parent oxide after Ru exsolution and lanthanum precipitation
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4.3 List of Abbreviations

CA citric acid

DFT density functional theory

DRIFTS diffuse reflectance infrared Fourier transform spectroscopy
EDS energy dispersive spectroscopy

HAADF high-angle annular dark-field imaging

LFO LaFeO;

LFRO LaFeo9Ruo.103

LFRO 800R LaFeo.9Ru.103 reduced at 800 °C

LFRO 800R 4000 LaFeo9Ruo.103 reduced at 800 °C and then oxidized at 400 °C

LPG liquid petroleum gas

NA-XPS near ambient X-ray photoelectron spectroscopy
NDIR nondispersive infrared

NPs nanoparticles

02 oxygen partial pressure

SEM scanning electron microscopy

SMSI strong metal support interaction

SOFC solid oxide fuel cell

STEM scanning transmission electron microscopy
STY space time yield

TEM transmission electron microscopy

TOF turnover frequency
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UHV

VOCs

WHSV

XPS

XRD

ultra-high vacuum

volatile organic compounds
weight hourly space velocity
X-ray photoelectron spectroscopy

X-ray diffraction
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