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Kurzzusammenfassung 
Die katalytische Umwandlung von Kohlenwasserstoffen, besonders die der leichten Alkane wie 
Propan, ist sowohl für die Umwelt, als auch für industrielle Anwendungen von großer 
Bedeutung. Oxide, die Edelmetall-Nanopartikel auf ihrer Oberfläche unterstützen, sind 
aufgrund ihrer großen Oberfläche 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 Aktivität, als auch 
Stabilität zeigen, ist daher unumgänglich. Eine reduktive Exsolution ist ein einfacher Weg zur 
Herstellung von Nanopartikeln, welche homogen auf der Oberfläche verteilt sind. Hierbei 
werden die Edelmetall-Ionen aus einer festen Lösung von Oxiden entzogen. Die dadurch 
entstehenden Nanopartikel sind in der Oberfläche des Materials verankert, wodurch eine 
bessere thermische Stabilität gewährleistet wird. Dies macht solche Materialien zu idealen 
Katalysatoren bei hohen Temperaturen, wie zum Beispiel für die vollständige Oxidation von 
Kohlenwasserstoffen. 

Das Material, welches in dieser Arbeit untersucht wird, ist der Perowskit LaFe0.9Ru0.1O3 (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 für die Exsolution ist, führt 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 
ursprünglichen LFRO zu einer geringeren katalytischen Aktivität für 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 fünffach so hohen Aktivität 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. 
Währenddessen wird das freiliegende RuFe–Legierungspartikel in eine aktive oxidische Ru-
Spezies überführt. Hierbei gibt es auch keine Anzeichen einer separaten FeOx-Phase. Die 
Strukturentwicklung von LFRO wird bei verschiedenen Reduktionstemperaturen systematisch 
untersucht, um den RuFe-LaOx Bildungsprozess aufzudecken. Beim Erhitzen von LFRO in 
reduzierender Atmosphäre geformt Ru an die Oberfläche und durchläuft dabei die Zustände 
Ru3+ → Ruβ → Ru0. Hierbei ist Ruβ ein Zwischenzustand, in welchem Ru voraussichtlich 
diffundiert. Die Umwandlung von Ru3+ beginnt bereits bei 300 °C, während die nachfolgende 
Reduktion zu Ru0, welche ein Indiz für die Exsolution ist, eine Temperatur von 400 °C benötigt. 
Wenn die Reduktionstemperatur höher als 500°C beträgt, wird Ru aus dem Volumen geformt 
und es kommt zur gleichzeitigen Separation von LaOx. Ein weiteres Erhöhen der 
Reduktionstemperatur führt zum stetigen Wachstum der Nanopartikel, während das separierte 
LaOx die Nanopartikel umschließt und so die Core-Shell-Struktur entsteht.  

Die Informationen der Strukturentwicklung während der Exsolution von Ru aus LFRO unter 
variierenden Reaktionsbedingungen erlauben einen Einblick in die Exsolution als Strategie für 
die Entwicklung von Edelmetall-Katalysatoren für 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 LaFe0.9Ru0.1O3 (LFRO), in which 10% Fe in 
the B site is replaced by Ru. Reduction in hydrogen at 800 ℃ (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 LaOx 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 ℃, leading to an improved activity which is five times higher 
than the activity of LFRO at 210 ℃. Detailed characterizations including TEM and CO-
DRIFTS indicate that the inert LaOx can be selectively removed by oxidative treatment at 
400 ℃. 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 Ru3+ → Ruβ → Ru0 and Ru is likely to diffuse in the form of Ruβ which 
serves as the intermediate species during this process. The transformation of Ru3+ initiates 
already at 300 °C while subsequent reduction to Ru0 which is the sign for the exsolution requires 
400 °C. When the reduction temperature is higher than 500 ℃, 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 LaOx 
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 H2O and CO2. 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 ℃) 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 1st 2024 to April 30th 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 et al. reported that Ru/γ-Al2O3 catalyst (4.6 wt.% Ru) achieved a turnover 

frequency (TOF) of 0.0035 s⁻¹ for propane combustion at 175 °C and reached full conversion 

at temperatures lower than 200 ℃. However, residual chlorine species from the RuCl3 precursor 

and the pretreatment atmosphere can affect the propane catalytic performance greatly. The 

optimal catalyst is the Cl- free sample treated with H2 and its exceptional activity can be 

attributed to either non-stoichiometric RuxOy nanoclusters or large Ru metal particles coated 

with a thin layer of RuO2. Under oxygen-rich conditions, the highly active RuOx nanoclusters 

tend to sinter into crystalline RuO2 particles when the calcination temperature is enhanced to 

600 ℃, leading to a decrease in activity [12]. To address this issue. researchers have explored 

methods to stabilize RuO2 nanoparticles by introducing additional additives. For instance, 

Adamska and Baranowska et al. incorporated Mo and Re into Ru/Al2O3, producing bimetallic 

Ru-based catalysts. Among these, the Ru-Mo/γ-Al2O3 (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⁻¹ at 165 °C [15]. In another study, Ledwa et al. prepared RuxCe1-xO2-y particles using 

the reverse microemulsion method and then supported them on an γ-Al2O3 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-CeO2 mixed 

oxides and Al2O3 support, Liu et al. synthesized the nano-flower sheet-like alumina (NF-Al2O3) 

featuring abundant unsaturated pentacoordinate Al3+ site. These sites played a role in anchoring 

the Ru-CeO2 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 Al2O3, CeO2 not only 

disperses the RuOx 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 Ce3+ and Ce4+, thereby 

exhibiting superior catalytic performance with the same Ru loading [14,19]. With the well-

defined morphology of CeO2 support, Wang et al. observed that the morphology of CeO2 

support does not significantly affect the chemical states of Ru species but altered the interaction 

between Ru and CeO2, varying the oxygen vacancy concentration in the interface between Ru 

and CeO2 [20]. The catalytic activity of propane combustion on Ru/CeO2 was positively 

correlated with the oxygen vacancy concentration. Ru supported on CeO2-nanorods, which 

predominantly expose CeO2 (110) facet possessing the most oxygen vacancies, exhibited 

superior activity and stability in propane combustion compared to Ru supported on CeO2-

nanocubes and CeO2-nanoctahedrons. Using defect-rich CeO2 nanosheets as the support for Ru, 

a plentiful Ru-O-Ce interface can be achieved in Ru/CeO2, which can efficiently accelerate the 

propane adsorption [21]. Ru/CeO2 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 

CeO2 surface provides the sites for propane adsorption and activation while the Ru in the CeO2 

bulk in the form of Ru-O-Ce can efficiently enhance the oxygen mobility. As a commercial 

catalyst in the Deacon reaction, RuO2/TiO2 has also been investigated in the propane 

combustion reaction [23,24]. Debecker et al. found that the Ru can selectively migrate to the 

rutile TiO2 from anatase TiO2 within the temperature range of 150 to 250 ℃ while further 

increasing the calcination temperature above 300 ℃ led to the irreversible crystallization and 

sintering, resulting in the remarkable decline on the catalytic performance in propane oxidation 

reaction [25]. The RuO2/TiO2 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 TiO2 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 TiO2 seems not to work in the propane combustion reaction, since 

RuO2/TiO2 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 et al. synthesized the Ru-SiO2 core-shell structure and this 

catalyst retained good stability even at temperatures as high as 650 ℃, which could be attributed 

to the protection effect of the amorphous SiO2 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 ℃ [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. 
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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].  

 

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 Ag1+, 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]: 

� =
(�� + ��)

√2 • (�� + ��)
 (0.75 < � < 1.13) ��. � 

where the RA and RB 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. 

 
Figure 1.2 Variations of Gibbs free energy from oxide to corresponding metal in H2 at 300, 600, 900 ℃ [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 (ΔG) 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 
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negative ΔG 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 ΔG 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 ΔG can hardly be exsolved [44].  

Initial studies about exsolution are conducted on stochiometric perovskite ABO3 (A/B=1), and 

precious metal cations (ΔG<0) which could be preferentially exsolved is homogenously 

incorporated into the matrix during the preparation. It was reported that Pd in 

LaFe0.57Co0.38Pd0.05O3 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, LaPdO3-y was revealed to form in 

the vicinity of the LaFe1-xPdxO3 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 La0.9925Ba0.0075Al0.995Pt0.005O3 after low-temperature reduction at 600 ℃ 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) 

���� + ��� → ������ + ���
·· + ���� (��. �) 

������ → (1 −  �)���� + �� + ��� (��. �) 
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Figure 1.3. Mechanism of the B-site cations exsolution exemplifies with Ni2+. 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 SrTi0.65Fe0.35O3 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 La0.43Ca0.37Rh0.01Ti0.99O3 revealed a reverse volcano curve as the reduction 

temperature varied from 500 ℃ to 1000 ℃. When the reduction temperature was lower than 

700 ℃, 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 al [56]. The exsolution is significantly affected by 

the oxygen partial pressure (pO2) in the reducing atmosphere. Generally, the low pO2 

atmosphere is more favorable for the formation of oxygen thus facilitating the B-site cations 

exsolution. By varying the pO2, it is further revealed that the lower pO2 favors the high density 

of small particles while the higher pO2 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 

La0.4Sr0.4Sc0.9Ni0.1O3−δ under pure H2 formed larger particles compared to those exsolved in 20 

vol% H2/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 Nv (number of nuclei / (m2/g)) could be expressed as the form in Eq.4, 

�� = −
∆G
kT

 ��. � 

where ∆G 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 pO2 atmosphere 

could also be achieved or modified using CH4, CO, UHV (ultra-high vacuum) or even by the 

introduction of water vapor [58,59]. Interestingly, when the reducing atmosphere shifts from 

H2 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. 

��������� → (1 − �)���� + �� + ��� (�� �) 

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 et al. prepared the A-site 

deficient perovskite La0.52Sr0.28Ni0.06Ti0.94O3 and stoichiometric perovskite 

La0.3Sr0.7Ni0.06Ti0.94O3.09 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 La0.52Sr0.28Ni0.06Ti0.94O3 perovskites thin film while no significant 

surface evolution was observed in the stoichiometric perovskite La0.3Sr0.7Ni0.06Ti0.94O3.09. 

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 MnOx and TiOx in La0.4Sr0.4TiO3 and La0.4Sr0.4Mn0.06Ti0.94O3−δ, 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/La0.3-xSr0.6+xTiO3-δ (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. LaFeO3, 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 La0.9Fe0.9Co0.1O3 after a reduction of 500 ℃ while no 

particle could be found in La0.9FeO3 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 et 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)(Cr0.5Fe0.5-xNix)O3 

perovskites, Papargyriou et al. demonstrated that the oxygen deficiency induced by the high Ni 

doping level could lower the valence of Fe3+/Fe4+ and Ni2+, 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@FeOx 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 CO2 electrolysis. The 

core-shell structured Pd-NiO was also reported to be prepared by the exsolution from LaFe0.9-

xNixPd0.1O3-δ 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 PrBaMn1.7Co0.3O5+δ 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 La0.4Sr0.4Ni0.03Ti0.97O3−δ, 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 

SrTiO3-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 La0.2Sr0.7Ti0.9Ni0.1O3−δ 

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 La0.2Sr0.7No0.1Ti0.9O3-δ 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 La0.6Sr0.4FeO3 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 La0.43Ca0.37Ni0.06Ti0.94O3−δ fuel electrode at a potential of 2 V in 

50% H2O/N2 environment at 900 ℃, 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 La0.4Sr0.4Ni0.03Ti0.97O3-γ 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 1.4c) 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 La0.52Sr0.28Ni0.06Ti0.94O3 (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 (La0.6Sr0.4)0.95Ni0.2Fe0.8O3-δ, fabricated by using 

the exsolution strategy, serve as the cathode exhibiting good stability and resistance to coking 

during a100-hours test in the CO2 electrolysis at 850 ℃ [84]. Similarly, Wang et al. reported 

that self-grown Ni-Fe alloy particles prepared by reducing Sr2Fe1.3Ni0.2Mo0.5O6-δ can achieve 

an electrolysis current density of 1257 mA/cm at 850 ℃ at an operating voltage of 1.3 V when 

used as a hydrogen oxidation electrode [85]. 

a) b) 

c) d) 
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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 ℃, 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 LaFe0.57Co0.38Pd0.05O3 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 et al. proposed a possible mechanism for the 

regeneration of Pd catalysts in LaFe1-xPdxO3. The Pd exists in the form of LaPdO3-y stabilized 

by the oxygen vacancies in the near-surface region of LaFe1-xPdxO3, 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 LaFe1-xNixO3 at 600 ℃ could be fully 

recovered by reoxidation at 650 ℃ for 2 h. The Ni particle achieved by the exsolution strategy 

exhibited good activity and highly redox stability in the CO2 hydrogenation reaction [89]. Co-

Fe nanoparticles expelled from La0.3Sr0.7Cr0.3Fe0.6Co0.1O3-x can completely dissolve into the 

perovskite matrix when oxidized at 800 ℃ while they were still on the surface as the transition 

metal oxide when oxidized at 700 ℃ [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 m2·g-1). 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 

Sr2Fe1.4Ru0.1Mo0.5O6−δ, 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 ℃. Upon further increasing the oxidation temperature 

to 800 ℃, dissolution of FeOx 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 ℃ [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 − �)���� + ��� + �� + ���  ↔  ���� (��. �) 

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 

La0.8Ce0.1Ni0.4Ti0.6O3 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 ℃ [94]. By varying 

the oxidation temperature, Jiang et al. observed that exsolved Ru from La0.9Fe0.92Ru0.08-xO3-δ 

was still on the surface but oxidized to RuO2 at 400 ℃, achieving a high OER activity compared 

with the pristine oxides, mainly attributed to the formation of catalytically active RuO2 
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component. Further increasing the oxidation temperature to 550 ℃ 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 Sr2+, Ba2+, La3+, and 

Pb2+ 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 ABO3 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 HNO3 etching, 

forming the γ-MnO2 which exhibited higher activity for CO oxidation compared to pristine 

LaMnO3 and the normal γ-MnO2 [99]. Adjusting the concentration of HNO3 could partially 

preserve the perovskite structure, resulting in the formation of MnO2/LaMnO3 catalysts [100].  

Another interesting example involves using SrIrO3 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 SrTiO3 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 TiO2 with a high specific surface 

area of 317 m2/g by leaching K+ from K2Ti18O17 with formic acid under hydrothermal 

conditions [102]. When the B site is doped with Ru, the high surface area mesoporous Ti1-

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 LaCoO3 could 

be achieved by the selective dissolution of the in-situ formed La2O3 particles from a pre-
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synthesized LaCoO3-La2O3 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 LaCoO3, resulting in the 

dominance of Co-O termination on the perovskite oxide surface, thereby enhancing low-

temperature catalytic performance for simultaneous NO and Hg0 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 La0.6Sr0.4Co0.2Fe0.8O3−δ could preferentially 

dissolve the Sr2+ in the A site due to its high solubility and the extended treatment time led to 

the further dissolution of La3+ [106]. Acid treatment on the perovskites could also introduce the 

secondary phase and alter the catalytic performance. Etching treatment on La3Mn2O7 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. Co3O4 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 CO2+ 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 LaFeO3 (LFO), a perovskite oxide known for its high tunability and 

stability. By partially substituting iron in LFO with ruthenium (resulting in LaFe0.9Ru0.1O3, 

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 
LaFe0.9Ru0.1O3 perovskite during the catalytic total oxidation of 
propane 

 

In this paper we find that the hydrogen reduction of LFRO (LaFe0.9Ru0.1O3) 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. I 

wrote the draft and H. Over, B. M. Smarsly, Y. Guo and J. Gallego revised and polished the 

manuscript. 

Reprinted with permissions from Wang, Y.; Gallego, J.; Wang, W.; Timmer, P.; Ding, M.; 

Spriewald-Luciano, A.; Weber, T.; Glatthaar, L.; Guo, Y.; Smarsly, B. M.; Over, H. Unveiling 

the Self-Activation of Exsolved LaFe0.9Ru0.1O3 Perovskite during the Catalytic Total Oxidation 

of Propane. Chin. J. Catal. 2023, 54, 250– 264,  

DOI: 10.1016/S1872-2067(23)64547-4.  

Copyright © 2023 Dalian Institute of Chemical Physics, the Chinese Academy of Sciences. 

Published by Elsevier 
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2.2 Publication 2: Microscopic Insight into Ruthenium Exsolution 
from LaFe0.9Ru0.1O3 Perovskite 

As demonstrated in publication 1, the high temperature reduction at 800 ℃ exsolves the Ru 

from LFRO (LaFe0.9Ru0.1O3), encapsulated by a confirming LaOx coating layer that can be 

selectively removed by oxidative treatment at 400 ℃. 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 ℃ 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 ℃. When temperature 

lower the 600 ℃, 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 ℃ or higher, the co-segregated LaOx totally covering the exsolved Ru nanoparticles. 

Meanwhile, Ru exsolution is revealed to proceeds the sequence of Ru3+ → Ruβ → Ru0 where 

Ruβ 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 LaFe0.9Ru0.1O3 Perovskite, Chem. 

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

Doi: 10.1021/acs.chemmater.4c01084 
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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 ℃ 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 ℃ to 400 ℃, the LaOx coating layer is observed to break up and 

disappear at 300 ℃ and 400 ℃, respectively. Meanwhile, the exsolved Ru is totally oxidized 

to RuO2 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-LaOx core-shell structured nanoparticles formation is 

systematically studies by varying the exsolution temperature of LFRO from 300 to 800 ℃. The 

in-situ XPS results indicate that the Ru exsolution is processing through Ru3+ → Ruβ → Ru0, 

where Ruβ serves as a reaction intermediate with an oxidation state lower than +3. The 

formation of Ruβ species is correlated to the reduction induced oxygen vacancies, while the 

emergency of Ru0 signifies Ru ex solution. The transformation from Ru3+ to Ruβ starts already 

at 300 ℃ while the further reduction to exsolved Ru0 requires at least 400 ℃. 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 ℃. 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 ℃ and totally encapsulates 

the Ru particles when reduced at 700 ℃. 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 LaFe0.9Ru0.1O3 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 ℃, 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 LaFe1-xRuxO3 when exposed to elevated temperature (T > 600 ℃) 

in the oxidative atmosphere.  

2. The amount of exsolved Ru is in parallel with the reduction temperature (T≤800 ℃), 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 

LaFe1-xRuxO3. 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.  

3. 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. 

4. 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. 

5. The Ruβ which is confirmed as the intermediate species plays an important role in the during 

the Ru exsolution. Ruβ can be induced by heating LFRO in reducing atmosphere at 

temperature lower than 400 ℃. 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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4. Appendix 
4.1 Supporting Information of Publication 1 
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4.2 Supporting Information of Publication 2 
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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  LaFeO3 

LFRO LaFe0.9Ru0.1O3 

LFRO_800R LaFe0.9Ru0.1O3 reduced at 800 ℃ 

LFRO_800R_400O LaFe0.9Ru0.1O3 reduced at 800 ℃ and then oxidized at 400 ℃ 

LPG liquid petroleum gas 

NA-XPS near ambient X-ray photoelectron spectroscopy 

NDIR nondispersive infrared 

NPs nanoparticles 

pO2 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 



88 

UHV ultra-high vacuum 

VOCs volatile organic compounds 

WHSV weight hourly space velocity 

XPS X-ray photoelectron spectroscopy 

XRD X-ray diffraction 
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