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„Thoughts without content are empty, intuitions without concepts are blind... The understanding 

can intuit nothing, the senses can think nothing. Only through their union can knowledge arise” 

- Immanuel Kant 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 





 

 

Acknowledgement 
 

First and foremost, I want to express my gratitude to Prof. Dr. Robert Schlögl who offered me the 

opportunity to perform my PhD studies at the Inorganic Department of the Fritz-Haber-Institute of 

the Max-Planck-Society. I have been delighted by the honor to have the chance to work under his 

guidance and to learn from such a savant and professional deontological scientific environment, 

surrounded by passionate and inspiring scientists. Prof. Schlögl has always pushed my work 

forward with numerous inspiring suggestions and remarks by guiding my PhD and I will be always 

grateful for that. 

A very sincere gratitude goes to my scientific supervisor, Dr. Annette Trunschke, who supervised 

and guided me through this journey. She has always been a precious source of support and 

especially motivation during these years, being always able to transmit her passion for 

heterogeneous catalysis to her students and co-workers and thus embodying a source of professional 

inspiration for the future career.  In this regard, I am very thankful as well for her criticism, which 

contributed positively to the outcome of the project and also to my scientific and personal growth. 

I gratefully acknowledge Prof. Dr. Arne Thomas and Prof. Dr. Malte Behrens for having invested 

their valuable time to review this Thesis. In addition, I greatly thank Prof. Dr. Franziska Hess for 

acting as the chairperson of the examination board.  

I would also like to express my gratitude to the colleagues involved in the Perovskite project: 

Gregor Koch and Jinhu Dong, to Gregor Koch in particular. Thank you very much for the scientific 

discussion, the material support and for establishing a magic synergy of team feeling. 

Many thanks go in particular to Frank Girgsdies and to Olaf Timpe for your help, material support 

and guidance to my project. 

I would like to thank also all the other scientists who gave a scientific contribution to my project: 

Spencer James Carey, Peter Kraus, Michael Havecker, Detre Teschner, Sven Richter, Rania Hanna, 

Thomas Götsch, Franz Schmidt, Pierre Kube, Andrey Tarasov, Jutta Kröhnert, Maike Hashagen 

and Jasmin Allan. 

I want to thank especially Lucas Foppa, my theoretical “counterpart” in the following Thesis 

project. It has been a really pleasure to collaborate with you. Thank you for your expertise 

contribution, for the discussion and for the great support. 

Great appreciation goes out to all the other PhD students who worked with me and to those I had 

the pleasure to know, even if only for a short period of time, Leon, Maximillian, Marie, Hamideh, 

Anna, Elisabeth, Lorenz, Samuel, Frederic, Ezgi, Julia and Liseth. 



 

I would like to thank also Cryriac for the personal support during this path and Clara, Matus and 

Daniel for having shared with me the work environment in these last months during the pandemic. 

Finally, I want to thank all my family members, my parents in particular, and friends for their 

unconditional love and encouragements. 

Last but not least, my gratitude goes to Edoardo, for his patience, love and support and most of all 

for being able of taking out the best of my self. 



 

 

Abstract 

 
In the context of the impending oil shortage in the near future, it is vital to find an economical and 

environmental-friendly route to produce alternative building blocks for chemical industry, such as 

propene and acrylic acid. Many attempts have been done in the past decades in order to implement 

an efficient and suitable catalyst for alkane oxidation. However, no real breakthrough has been 

achieved in the catalytic community since the discovery of MoVTeNb M1 phase-pure catalyst 

patented by Mitsubishi Corp. in the early 1990s.  The lack of homogeneity of data presented in the 

literature, regarding the many proposed catalytic systems, addresses the new oxidation catalysis 

research back to fundamental roots, since only a deep understanding and a systematic study of the 

intrinsic nature of the catalyst may constitute the key for the future. To this latter extent, the 

implementation of a catalyst requires the study of relative simple and flexible system, such as 

perovskites, since these bulk oxide catalysts present a high level of flexibility without destroying 

their structure. Mathematical tools, such as high-throughput DFT calculations, machine learning 

(ML) and artificial intelligence, have already been widely employed for accelerating the discovery 

of possible new perovskite-like structures [1-5] and for searching for key-descriptors for the catalytic 

performance.  The present project deals  with the synthesis, characterization and catalytic testing of 

twenty-three phase-pure perovskite-like catalysts (two of them are 97% phase-pure perovskite-like 

catalysts) in order to serve as basis for artificial intelligence analysis. For this purpose, Mn has been 

chosen as B-site cation combined with an other metal belonging to the 3d or 4d row of the periodic 

table (the synergistic effect is claimed to be beneficial to the catalytic performance). The selected 

element at the B-site have similar ionic radius among each other (ionic radii in six coordination: 

Co2+ = 0.65 Å, Zn2+= 0.74 Å, Ni2+=0.69 Å, Fe2+=0.61 Å, Cr2+=0.73 Å, Pd2+=0.86 Å, Cu2+= 0.73 Å 

and Mn3+/4+=0.53-0.64 Å). The A-site cation has been changed between La3+, Pr3+, Nd3+ and Sm3+ 

to tune the structural and electronic properties. Therefore, twenty-one purely phase-pure 

perovskites, among which fourteen present the general formula (La,Pr)Mn(1-x)CuxO3 (with x=0-0.4) 

and other five the general formula AMn0.7B’0.3O3 (with A=Pr, Nd and Sm and B’=Co, Zn, Ni, Fe, 

Cr) and (La,Pr)2CuO4 perovskite-related structures have been synthesized, tested in CO and propane 

oxidation and subjected to different characterization methods in order to obtain numerical values 

of some properties (also known as basic descriptors) for artificial intelligence analysis. As first step, 

the (La,Pr)Mn(1-x)CuxO3 series has been investigated in detail. From the combined analysis of the 

characterization data with those of catalysis, it emerges the high complexity generated by the 

synergistic effect of a double B-site into the catalytic dynamic. Furthermore, the catalytic results 

highlight that also the A-site indirectly influences the catalytic scenario, in particular in CO 

oxidation. This is in contrast to what is generally reported in the literature, where it is claimed that 

the B-site is the responsible element for the catalytic performance. The Artificial Intelligence 



 

analysis performed over the (La,Pr)Mn(1-x)CuxO3 series have highlighted how a single primary 

feature based on chemical intuition is not sufficient to fully describe the properties linked to the 

catalytic performance in CO oxidation. Additionally, the found optimal model has confirmed the 

hypothesis and expectations formulated for the (La,Pr)-based series, where the A-site is indirectly 

involved in the catalytic performance in CO oxidation. Also the AI performed over the whole 

perovskite matrix ((La,Pr)Mn(1-x)CuxO3 series + AMn0.7B’0.3O3 series) confirms the results 

discussed for the (La,Pr)-series in CO oxidation. Many different conclusions can be drawn from the 

AI analysis results of the data deriving from propane oxidation. For instance, they highlight how 

the addition of steam into the reaction feed could affect the catalytic scenario to different extents 

depending on the involved samples. A detailed summary and the final overview of the herein 

presented project are reported in the conclusion part of this work. 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 



 

 

Zusammenfassung 
 

Vor dem Hintergrund der in naher Zukunft drohenden Ölknappheit, gilt es, einen wirtschaftlichen 

und umweltfreundlichen Weg zu finden, um alternative Bausteine, wie Propen und Acrylsäure, für 

die chemische Industrie herzustellen. In den letzten Jahrzehnten wurden viele Versuche 

unternommen, einen effizienten und geeigneten Katalysator für die Alkanoxidation zu entwickeln. 

Seit der Entdeckung des phasenreinen MoVTeNb-M1-Katalysators, der von Mitsubishi Corp. in 

den frühen 1990er Jahren patentiert wurde, wurde jedoch kein weiterer Durchbruch mehr in der 

katalytischen Gemeinschaft erzielt. Der Mangel an Homogenität der in der Literatur präsentierten 

Daten, zu den vielen vorgeschlagenen Katalysatoren, führt die heutige 

Oxidationskatalyseforschung zu ihren grundlegenden Wurzeln zurück, da nur ein tiefes Verständnis 

und eine systematische Untersuchung der intrinsischen Natur des Katalysators der Schlüssel für die 

Zukunft ist. Daher erfordert die Implementierung eines Katalysators die Untersuchung relativ 

einfacher und flexibler Systeme wie Perowskite, da diese Bulk-Oxidkatalysatoren ein hohes Maß 

an Flexibilität aufweisen, ohne ihre Struktur zu verlieren. Mathematische Werkzeuge wie high-

throughput-DFT-Rechnungen, Machine Learning (ML) und künstliche Intelligenz (KI) wurden 

bereits häufig eingesetzt, um die Entdeckung möglicher neuer Perowskit-ähnlicher Strukturen zu 

beschleunigen und nach Schlüsseldeskriptoren für die katalytische Performance zu suchen. Die 

vorliegende der Arbeit beschäftigt sich mit der Synthese, Charakterisierung und katalytischen 

Testung von dreiundzwanzig phasenreinen perowskitähnlichen Katalysatoren (zwei davon sind 

97% phasenreine perowskitähnliche Katalysatoren) als Grundlage für die weiterführende Analyse 

mittels künstlicher Intelligenz. Zu diesem Zweck wurde Mn als Kation der B-Site in Kombination 

mit einem zweiten Metall aus der 3. oder 4. Reihe des Periodensystems gewählt (der synergistische 

Effekt soll der katalytischen Performance zugute kommen). Die ausgewählten Elemente an der B-

Site haben dabei ähnliche Ionenradien (Ionenradien in sechsfacher Koordination: Co2+= 0.65 Å, 

Zn2+= 0.74 Å, Ni2+=0.69 Å, Fe2+=0.61 Å, Cr2+=0.73 Å, Pd2+=0.86 Å, Cu2+= 0.73 Å und 

Mn3+/4+=0.53-0.64 ). Das Kation der A-Site wurde zwischen La3+, Pr3+, Nd3+ und Sm3+ variiert, um 

die strukturellen und elektronischen Eigenschaften zu modifizieren. Um das zu realisieren, wurden 

einundzwanzig phasenreine Perowskite synthetisiert, in CO- und Propanoxidation getestet und 

standardmäßigen Strukturcharakterisierungen unterzogen, um numerische Werte bestimmte 

Eigenschaften (auch als grundlegende Deskriptoren bekannt) für die Analyse der künstlichen 

Intelligenz zu erhalten. Von den einundzwanzig vollständig phasenreinen Katalysatoren, weisen 

vierzehn die allgemeine Formel (La,Pr)Mn(1-x)CuxO3 (mit x=0-0.4) auf, weitere fünf Perowskite 

besitzen die allgemeine Formel AMn0.7B'0.3O3 ( mit A=Pr, Nd und Sm und B'=Co, Zn, Ni, Fe, Cr) 

und zwei Perowskit-ähnliche Strukturen lassen sich durch die Formel (La,Pr)2CuO4 beschreiben. 

Als erster Schritt wurde die (La,Pr)Mn(1-x)CuxO3-Reihe im Detail untersucht. Aus der kombinierten 



 

Analyse der Charakterisierungsdaten und der Katalyse zeigt sich eine hohe Komplexität, die durch 

den synergistischen Effekt einer doppelten B-Site während der Katalyse erzeugt wird. Weiters 

zeigen die katalytischen Ergebnisse, dass auch die A-Site die katalytische Performance indirekt 

beeinflusst, insbesondere bei der CO Oxidation. Das steht im Gegensatz zu den allgemein in der 

Literatur berichteten Behauptungen, dass (ausschließlich) die B-Site das verantwortliche Element 

für die katalytische Performance ist. Die durchgeführte Analyse mittels künstlicher Intelligenz über 

die (La,Pr)Mn(1-x)CuxO3-Reihe hat gezeigt, dass ein einzelnes primäres Merkmal, das auf 

chemischer Intuition basiert, nicht ausreicht, um die katalytische Performance vollständig zu 

beschreiben. Darüber hinaus hat das gefundene optimale Modell, die formulierten Hypothesen und 

Erwartungen für die (La,Pr)-basierte Reihe bestätigt, bei der auch die A-Site indirekt an der 

katalytischen Performance bei der CO Oxidation beteiligt ist. Auch die KI-Analyse über die 

gesamte Perowskitmatrix ((La,Pr)Mn(1-x)CuxO3-Reihe + AMn0.7B’0.3O 3-Reihe) bestätigt die 

(La,Pr)-Reihe diskutierten Ergebnisse in der CO-Oxidation. Im Fall der Propanoxidation, ergibt 

sich eine Vielzahl an Schlussfolgerungen, die aus der KI-Analyse gezogen werden können. Zum 

Beispiel zeigen sie auf, wie die Zugabe von Wasserdampf die Katalyse in Abhängigkeit von den 

beteiligten Proben unterschiedlich stark beeinflussen kann. Eine detaillierte Zusammenfassung und 

ein abschließender Überblick über das hier vorgestellte Projekt werden im Schlussteil dieser Arbeit 

berichtet. 
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1.  Introduction  
 

The objective of this introduction is to endow first an overview on the industrial and environmental 

motivations, which encompass the presented research question (chapter 1.1), followed by the basic 

concepts of heterogenous catalysis (chapter 1.2.1) together with the pillars and correlations, which 

have been developed in selective oxidation so far (chapter 1.2.2). Secondly, perovskites, the tested, 

analysed and discussed system in the present doctoral project, are described in detail (chapter 1.3.1), 

together with their most common industrial applications and academical research topics (chapter 

1.3.3) and with their embryonic structural potentiality to serve as basis for fundamental insights 

into oxidation catalysis to study structure-function relationships and as conceivably promising low-

cost alternative catalyst for many selective oxidation reactions (chapter 1.3.4). Then, the catalytic 

systems, which have been mostly studied, tested and employed in academia and in industry for the 

selective oxidation of alkanes in the last 40 years are presented (chapter 1.4).   Finally, a brief 

summary (chapter 1.5) will point out the research question of the herein presented work.  

 

1.1  Industrial and environmental perspective for the oxidative 

dehydrogenation of light alkanes 
 

In the past decades the proximate worldwide oil shortage has directed the chemical research towards 

the changeover from oil-based feedstock. Since olefins constitute the key building  blocks for the 

(petro)chemical industry, their manufacture process plays a fundamental economical and 

environmental role. [6, 7] Nowadays, olefins are mainly generated by high–temperature processes, 

such as steam cracking, fluid catalytic cracking (FCC) or catalytic dehydrogenation of the 

corresponding alkane. These methods present several limitations, within these the most important 

are: ethylene is the preferred product from steam cracking, while propylene has a current higher 

demand and catalytic dehydrogenation can lead to catalyst deactivation due to cocking. [8] 

In particular, selective heterogeneous catalysis is essential for the well-being of a society, because 

it produces about the 25% of the organic chemicals and intermediates employed by the 

manufacturing processes of industrial products and material goods. [9] Propylene is used for example 

in the production of polypropylene, but it is employed also to produce acrylic acid, acrylonitrile and 

propylene oxide. Acrylic acid constitutes one of the most important intermediates for the production 

of acrylates (mainly used to produce coatings, sealants, adhesives and textile fibers) and polyacrylic 

acid (mainly used to produce superabsorbents) and the economical increasing demand requires a 

yearly enhancement of 4-5% of its production (that currently lies in the range of 6 million tons per 

year). Historically, until the mid-1990s, acrylic acid was manufactured by C-C coupling reactions 
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in processes based on Reppe chemistry. While today, acrylic acid is mainly produced by acrolein 

oxidation derived from propylene oxidation in two stages-processes, which are performed over 

promoted bismuth molybdate and mixed Mo-V-W oxides, respectively, at the reaction temperature 

of approximately 600 K and 523 K, respectively (Figure 1.1). [10] Hence, due to the multistep 

technology and other disadvantages explained above, the alternative way for the oxidation of light 

alkanes to olefins and then to further oxygenates in an environmentally benign integrated route has 

become a key issue in oxidation catalysis research. [11] 

 

Figure 1.1. Schematic illustration of the two stages processes for the production of acrylic acid from propene over 

promoted bismuth molybdate and promoted mixed Mo-V-W oxide catalysts. From Reference [10] 

  

1.2 Fundamental concepts in selective heterogeneous oxidation catalysis 
 

1.2.1 Basic principles 

 

The term “Catalysis” was coined by Berzelius in 1863 and it derives etymologically from ancient 

Greek, literally meaning “loosing down”. Afterwards, the introduction of dehydrogenation in 

catalysis started with the French scientist Sabatier, who formulated the so-called Sabatier’s 

principle, which states as follows: “the interaction between the catalyst and the substrate molecule, 

should be neither too strong or neither too weak.” Finally, a landmark in the history of 

heterogeneous catalysis was signed by Fritz Haber with the discovery of ammonia synthesis starting 

from gaseous N2 and H2 catalysed by F3O4 under high-pressure condition. A catalyst is intrinsically 

defined as a substance, which is able to enhance the rate of realization of a chemical equilibrium 

without itself undergoing into chemical change [12] and the heterogeneous catalysis process is 

believed to occur on the surface, whose chemical properties may deviate significantly from those 

of the bulk. Therefore, the necessity of the surface’s characterization becomes vital in order to 

encode the catalytic properties of the system, being the major obstacle in this regard constituted by 

the so-called “pressure gap” between the real working conditions and the near-working conditions, 

which are established in the in-situ characterization apparatus. To this extent, simplified and well-

defined models, such as single crystals surfaces, can simplify the challenge. [13] The elementary 

steps in heterogenous catalysed reactions can be summarized in: a) molecular chemisorption of 

substrate, which can occur either through a non-dissociative or through a dissociative path, where 

a bond rupture of the substrate molecule occurs b) the formed product desorbs as a result of the 
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thermal activation in case of non-dissociative chemisorption or occurs via recombination of the 

fragments on the surface. Since the catalyst´s surface is a dynamic system, the study of the 

energetics of the interactions between the substrate molecules and the surface becomes essential. 

For this purpose, the formulation and determination of microscopic reaction mechanisms, which 

are able to individualize the elementary steps become indispensable. 

Different reaction mechanisms have been postulated in heterogeneous catalysis, the more regularly 

discussed in ODH is the Mars-van-Krevelen (MvK) model, which assumes that the substrate 

molecule is oxidized by the oxygen of the metal oxide catalyst and that the formed oxygen vacancy 

is then refilled by the oxygen from the gas-phase. 

A second approach to describe the reaction mechanism in ODH is the Langmuir-Hinshelwood 

mechanism, which assumes that the oxygen of the metal oxide does not take part in the reaction 

mechanism and the reaction proceed through the activated absorbed oxygen deriving from the gas-

phase and the absorbed substrate molecules on the catalyst’s surface. Such model is based on the 

assumption that every elementary reaction step can be the rate determining one and all the reaction 

stages are close to the thermodynamic equilibrium. A special case of this latter model is the Eley 

Rideal (ER) model, in which one species reacts directly in the gas-phase without being prior 

absorbed on the catalyst’s surface. 

The reaction mechanism is not unique for each type of reaction or each class of catalyst, it may vary 

both with the surface’s composition, as well with the alkane. 

 

1.2.2   Concepts, pillars and correlations in selective oxidation 

 

In the past, there have been made many attempts to determine key-factors, which aim to gain control 

over the activity and selectivity of catalytic systems. [9, 14-24] The investigated features could be 

divided into three main groups: structural aspects, surface and the electronic structure properties. It 

is generally accepted that the characterization of some of the properties mentioned above for a given 

catalyst and their further correlation with catalysis could lead to a significant breakthrough in the 

knowledge of the reaction process. Nevertheless, in gathering data reported in the literature, a lack 

of homogeneity in these latter ones is evident and hence they cannot really serve as basis for a 

comparison to extrapolate general rules. For this reason, the simplest system which presents the 

potential to fulfill to the most required criteria to be a good oxidation catalyst is unavoidable. 

Recently, Schlögl, Trunschke et al. tried to solve this “selective oxidation labyrinth” addressing 

several efforts to study and characterize the well-defined, phase-pure M1 catalyst. [25-30] 
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From some pioneering experiments on propane oxidation over copper oxide, Grasselli and co-

workers found that the selectivity changes with depletion in abundance of lattice oxygen. [9] From 

this observation, they presented a general design principle for all selective oxidation catalysts: 

controlling the abundance of lattice oxygen through the structure-design can lead to the control over 

the selectivity. The target is to limit the lattice oxygen presence at the surface to avoid over-

stoichiometric oxidations. In order to make this, the isolation between the active sites becomes 

necessary. Grasselli et al. stated that the site isolation should be designed in order to satisfy the 

required abundance of lattice oxygen in a structure which should be chemically isolated from other 

active sites such that no exchange between them can occur. [9]  

Based on this work, Grasselli and co-workers have reported seven important pillars as structural 

key-factors: (1) Lattice oxygen mobility, (2) Multifunctionality of the active sites, (3) Site isolation, 

(4) Phase cooperation (which are independent between each other) and (5) Strength of metal-

oxygen bond (which depends on lattice oxygen, motif of the host structure and the redox properties 

of the cations respectively), (6) Motif of the host structure (which determines lattice oxygen 

mobility, strength of the metal-oxygen bond, redox properties of the cation and site isolation 

respectively) and (7) Redox properties of the cations (which is related to lattice oxygen mobility, 

strength of the metal-oxygen bond and motif of the host structure respectively). These latter 

interdependent “pillars” can be summarized into a unique concept of selecting the best electronic 

structure. [9] The seven “pillars” link the catalytic properties with the material science part of them. 

[31] However, the dynamic nature of the catalyst is not included. Therefore, the seven “pillars” still 

remains a rather formal concept to design a new catalyst, because they are not universally 

applicable, for instance, although the structure complexity generally provides the site isolation, for 

the MoxW1-xO3 catalyst the increase of shear planes leads to a decrease of selectivity. [32] Also the 

motif of the host structure is not universally valid as reported for butane oxidation. [33] 

 Alternative concepts, such as the role of thermodynamic stability of reactants and products in 

oxidation reactions were investigated by Hodnett et al. [16, 34] They mainly gathered literature data 

into a series of selectivity-conversion plots. They used on purpose data from different catalyst and 

operating conditions in order to define benchmarks of performance for every selective oxidation 

reactions. [16] The analysis shows that if the difference between the bond dissociation enthalpy of 

the weakest C-H bond in the reactant and the bond dissociation enthalpy of the weakest C-C or C-

H bond in the selective oxidation product is less than 30 kJ/mol, a very high selectivity is achievable 

at all conversions, whereas for differences greater than 70 kJ/mol, low selectivity is always 

observed. However, unfortunately, this valuable work does not lead to a deeper understanding of 

the reason for different selectivities. Based on this concept, it is, for example, not understandable, 

why maleic anhydride is formed in oxidation of n-butane over (VO)2P2O7 with high selectivity, but 

on MoVTeNb oxide with low one. 
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 Also many combinatorial efforts and the design of libraries are reported for the optimization of the 

M1 phase, [35-38] but they seem to constitute purely statistical concepts rather than chemical insights. 

[31] Any new perspective in chemical reactivity of the surface is opened, as well in the theoretical 

calculations reported by Nørskov and co-workers [18, 21, 22, 39-44] and similar theoretical data reported 

in the literature. [17, 45, 46] They are generally suitable for very simple reaction mechanisms and the 

found correlation among parameters are not useful to understand the chemical selectivity, but only 

the activity (Figure 1.2).  

 

Figure 1.2. Linear correlation found plotting the apparent activation energies for propylene oxidation to acrolein over 

bismuth molybdates vs their Band Gap. From Reference [17] 

 

1.3  Perovskites 

 

1.3.1. The structure. From Reference [47] 

 

Perovskite are originated from CaTiO3, [48] and their name originates from the Russian 

mineralogist Count Lev Aleksevich von Petovski, although this class of minerals was 

earlier discovered in 1839 by the Prussian mineralogist Gustav Rose. Perovskite present 

the general formula ABX3, where the A cation is a large-size cation, generally a lanthanide, 

an alkaline or alkaline-earth cation and B is a medium-size cation, generally a metal 

element belonging to the 3d, 4d or 5d configuration. While, X is constituted by an anion, 

typically O, N or an halogen. The overall structure should maintain the electrical neutrality. 

The idealized (aristotype) perovskite structure is represented by the cubic SrTiO3, wherein 

the larger A cations are coordinated in a cuboctahedral cage-site (12-fold coordination), 

while the smaller B cations present six coordination and are located in the center of 
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octahedral polyhedrons (Figure 1.3). [47] One of most important features of perovskites is 

their structure flexibility, indeed they could accommodate around 90% of the metallic 

elements of the periodic table without destroying the structure. [49]  From a crystallographic 

perspective the ideal perovskite is inflexible, meaning that a change in the composition 

should be accommodated by a change in the lattice parameters, due to the fact that the 

position of the atomic parameter cannot be varied. Starting from the crystallographic 

relations of the ideal cubic structure (
(𝐴−𝑋)

√(𝐵−𝑥)
 =1), Goldschmidt formulated in 1926 the so-

called tolerance factor “t” , which limits the degree of A- and/or B-sites substitution lying  

in the range of 0.75≤t≤1 and it is expressed by the following equation t= 

(rA+rx)/(√2(rB+rx)), where rA, rB and rx are the radii of the A cation, B cation and X anion 

respectively. [50] Despite the simplicity of its formula, the tolerance factor has a reasonable 

predictable power for perovskites structures, especially of the oxides, where ionic radii are 

known with highest precision. Ideally, the t factor is equal to 1, indeed, when it lies in the 

range between 0.9 and 1, the cubic perovskite is a reasonable possibility. While, when “t” 

is larger than 1, it means that B is much smaller with respect to the A-site cation and the 

hexagonal packing of ABX3 layers is preferred. Finally, when “t” is smaller than 1, the 

octahedral frameworks of the B-sites are distorted and close down the cuboctahedral cage 

of the A-site cations, resulting in a crystal structure with lower symmetry than the cubic 

one. Ionic radii have been employed also by Muller and Roy in order to predict in which 

structure the perovskite evolves with the changing of its chemical composition. For this 

purpose they invented Structure-Field maps, which can be considered as the graphical 

equivalent of the tolerance factor (Figure 1.4). [51]  

 

Figure 1.3. a) Cuboctahedral cage for the A-site; b) BO6 octahedral polyhedron framework with the A-site (Sr2+) at the 

center of the cubic cell for SrTiO3. From Reference [47] 
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Figure 1.4. Structure-Field map for A2+B4+O3. From Reference [51] 

 

The BX6 octhaedra are the roots of the many structure variants, which can be envisaged for 

perovskite-like structures. This is because the structural/chemical manipulation is mediated by the 

electronic configuration of  the B-sites, which can be modified themselves by the surrounding 

geometry of the six anions (X). Although their influence cannot be considered negligible, the A-

site cations tend to present a close-shelled structure with fixed valency, thus being less susceptible 

to chemical manipulation. There are three main factors which can lead to structural variations in 

perovskite-like compounds : a) the cation displacement, b) the octahedra tilt or rotation and c) the 

Jahn-Teller-induced distortion of the B-sites. 

The cation displacement is the most elementary change which can be envisaged to maintain the 

BX6 octahedra perfect (or nearly perfect), the B cation simply displace away from the octahedra’s 

centers. This structural adaptation generally occurs when the B-site cations are too small (t<1). 

From an electronic perspective, this mechanism occurs for nonlinear molecules with a 

nondegenerate ground state and a low-energy-lying excited state. In such a situation, the distortion 

(caused by the displacement) occurs because it lowers the ground-state energy by mixing the ground 

state and the excited state. Additionally, it is important to notice that the preservation of the 

maximum degree of the symmetry has the highest priority during the transformation, therefore 

cation displacement has to be along one of the symmetry axes of the octahedra, such as twofold, 

threefold or fourfold axes (Figure 1.5).  



Introduction 

8 
 

Figure 1.5. Cation displacement in BX3 octahedra along a) the fourfold axis; b) threefold axis; c) the twofold axis. From 

Reference [47] 

 

The second structural compensation which can occur in order to preserve the perfect (or nearly so) 

BX6 geometry is the tilt or rotation of the octahedra. This change is generally associated with the 

presence of a too small A-site cation for the cuboctahedra cage, in such a case, the BX6 octahedra 

consequently twist so as to adequately reduce the cavity’s dimension in order to maintain the 

symmetry, accommodating in this way t values <1. As for the cation displacement mechanism, the 

tilt can occur around the twofold, threefold and fourfold axes (Figure 1.6) and can be envisaged 

also as rotation around the x-,y- and z-axes of the parent ideal perovskite structure (Glazer notation). 

[52]  The chemical substitution of A- and B-site may alter the tilt or rotation, for instance the degree 

of octahedral tilting in lanthanoids nickalates (LnNiO3) is directly proportional to the size of the 

lanthanoid cation. [47] Moreover, the tilt or rotation is extremely responsive to the external 

conditions, such as temperature, pressure and strain.  

Finally, the BX6 octahedra themselves can give rise to elongated or flattened octahedra, eventually 

leading to square planar or square pyramidal coordination in some extreme cases. This is the result 

of the interaction of the electronic orbitals of the B-site cation with the surrounding anions. 

According to the crystalline-field theory, in an ideal octahedron the d-orbitals split into t2g (at lower 

energy, a triple degenerate orbitals : dxy, dxz and dyz) and into eg (at higher energy, a double 

degenerate orbitals : dx2-y2 and dz2 ). When a d-metal ion posses an odd number of electrons in the 

eg orbital, such as Mn3+ (d4, t3
2ge1

g) or Cu2+ (d9, t6
2ge3

g), their eg electrons will have the choice of two 

possible energetically equivalent distribution, leading in this way to a degenerate groundstate. The 

degeneracy is removed by the further splitting of the d levels (t2g and eg) and this electronic 

modification is accompanied by a significant structural change stabilization effect, which is 

expressed by an elongation or a compression along the z axis, the so-called “Jahn-Teller distortion”. 

The splitting of t2g orbitals is rather small and does not produce any important change for the 

perovskite structure, while the eg splitting is the responsible factor for octahedra distortion in 

perosvkites, although very frequently happens that the A and B cations are able to remain in the 
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center of the polyhedra despite the distortion and only the crystal symmetry is lowered. Moreover, 

since the Jahn-Teller effect is temperature and pressure sensitive, the structure is generally able to 

return to the ideal cubic symmetry at elevated temperatures and pressures. 

 

 

Figure 1.6. Tilt in BX3 octahedra along a) the fourfold axis; b) threefold axis; c) the twofold axis. From Reference [47] 

 

It is important to emphasize that these three listed above structural modifications are not mutually 

exclusive and they can occur individually or be combined. When the resulting changes affect all 

the octahedra in a similar way, that is a cooperative effect. While, when a non-cooperative effect is 

established, the distortion may cancel out some macroscopic functions, although they are still 

present at microscopic level. 

In the earliest theory of the solid state, it was perceived that all d-electron-containing perovskite 

oxides have metallic behavior, because electrons were considered as a free and non-interacting 

electron gas. But, not all B cations which present partially filled d orbital generate metallic 

perovskites, being many of them antiferromagnetic insulators. The issue was solved in the middle 

of the XX century assuming that the partly filled 3d band, due to the Coulombic repulsion between 

electrons, splits into two sub-bands, a filled and an empty one with a band gap in between, being 

named valence band and conduction band, respectively. Many perovskites in the insulating state 

are semiconductors, because itinerant electrons can be promoted by thermal energy to the empty 

conduction bands and holes are left in the valence band. This loss of conducting state in perovskites 

can occur also because of different factors from the Coulombic repulsion, such as octahedra tilting 

or distortion, particularly  Jahn-Teller distortion, cation ordering or cation displacement ordering 

and cooperative ordering of cation orbitals. [53]  

Changes in the oxygen content of the perovskites are generally linked to changes in the ionic and 

electronic conductivity of these latter ones. Indeed, the conductivity is proportional to the number 

of electrons and to the partial pressure of oxygen as follows : Ω ∝[e‘] ∝p1/4
O2 . This is true when, 

under certain circumstances (during the synthesis, vacuum annealing et cetera), no variation of the 
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valence of the A cation is possible and oxygen poor composition is accompanied by the formation 

of oxygen vacancies. While, when the valency change of the cations is possible, the incorporation 

of free electrons or holes can give rise to electronic conductivity by electron hoping mechanism 

from cation to cation. However, it should not be forgotten that the formation of oxygen vacancies 

may also encourage oxygen ion conduction and the total conductivity of the material is the result 

of multiple components, oxide ion and electron or hole contribution.  

The perovskite structure presents a broad multicolored fan of variegated structure-types, which 

could be subdivided into three main groups: a) ABX3 related structures, b) hexagonal structures and 

c) modular phases. 

The ABX3 class is extended to more chemically complex phases, in which chemical defects play a 

fundamental role. The cation and anions can be distributed randomly over the available site, but 

they can also be ordered in double or even triple perovskite-type unit cells. The distribution and 

valence of these ordered or partly ordered ions is generally clarified by the employment of bond 

valence sums derived empirically from the determination of bond valence distance. Seldomly they 

are clearly apparent in diffraction studies. Among these structures, one of the most common is 

represented by the Rock-salt ordered double perovskite structure, with formula A2(BB’)O6. In the 

double B-site perovskite, the ordering can be seen as a consequence on the energetic level of the 

different sizes and charges of the ions in order to reduce the lattice energy. 

Moreover, the A-site cation can affect the B-site ordering, like in the case of La2CoRuO6-

La0.4Sr1.6CoRuO6 and La0.8Sr1.8CoRuO6-Sr2CoRuO6 where the B-sites are ordered and disordered, 

respectively. Additionally, B-B’ and A-A’ ordering can coexist in the same structure, as in the case 

of NaLaMgWO6 perovskite (Figure 1.7). Differently from the B ions, the A ions ordering takes 

form of layers, presenting non-stoichiometric oxygen deficient structures. In some cases, even the 

oxygen vacancies are ordered, like in the case of BaYMn2O5+δ. In some rare cases the B cations, 

instead of coordinating into octahedra, can be also arranged in sheets, which are perpendicular to 

the cubic and/or pseudocubic axes or even at a diagonal of these latter ones. 
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Figure 1.7. NaLaMgWO6 structure with double ordered A- and B-site cations. From Reference [47] 

 

A further class of A-site ordered perovskites is constituted by the oxides group with general formula 

AA3’B4O12, where A is an alkali, alkaline earth or a lanthanoid metal and A’ is a 3d metal ion, 

which should show a high Jahn-Teller distortion tendency in order to be included into the large A 

cage. Indeed, the AA3’B4O12 compounds reported in the literature present Mn3+ and Cu2+ as A’ site 

and the synthesis can occur only under high oxygen pressure (in the GPa range), which is necessary 

to stabilize the small cation in the twelvefold position of the perovskite. [54] However, recent studies 

have revealed that not only Jahn-Teller active ions can be stabilized at the A’-site, but also cation 

with other ionic states, in which the electrons can be delocalized into both A’ and B-site. [55] 

Regarding the cation deficient phases, it is important to emphasize the the A-site deficient 

perovskites, including in particular the ReO3, WO3 and related structures, where the A-site can be 

empty if the B-site presents a charge of +6. AxWO3 is a class of compound named tungsten 

“bronzes”, in which foreign atoms can fill the A-site vacancy in the WO3 structure. While, the 

anion-deficient phases can be divided into two main groups: the brownmillerites and the 

manganites. The first ones present the general formula A2B2O5, within which the B cations are 

coordinated in tetrahedra and the oxygen stoichiometry is achieved by arranging rows of oxygen 

vacancies along the [110] direction in order to emulate an ideal perovskite. Altough they present 

the same composition of the brownmillerites, the B atoms of the manganites are coordinated into 

BO5 square pyramids. 

Despite of the ideal cubic close packing of the AX3 layers, the hexagonal perovskites are constituted 

by hexagonal close packing of AX3 layers, or by mixed sequence of hexagonal and cubic AX3 close-

packed layers. BaNiO3 (or 2H-BaNiO3) can be considered as the hexagonal analogue of the cubic 

perovskite structure and can be envisaged as a column of face-sharing octahedra parallel to the c 

axis, among which are interleaved chains of Ba2+ ions (Figure 1.8 a). 
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Finally, the so-called modular phases present the peculiarity to be able to accommodate the 

composition variation simply by changing the thickness of the perovskite units. Homologous 

species of the phase are produced when the components are ordered, while when these latter ones 

are disordered, planar-faults are formed, giving rise in this way to non-stoichiometric structures. 

Among these structures, the most frequently studied is the Ruddlesden-Popper phase structure, with 

general formula A(n+1)BnO(3n+2), where the B cation occupies the octahedra units and the A cation is 

located at the center of 4 apical oxygen ions, deriving from the four nearest octahedra, and it is also 

placed directly below the apical oxygen of the nearest octahedra belonging to neighboring layer 

(Figure 1.8 b). This layer structure presents quite often the tilting of the octahedra, lowering so the 

symmetry and influencing the physical properties, and non-stoichiometry, especially when Co, Fe 

or Mn constitute the B cation. Moreover, the Ruddlesden-Popper perovskites can be structured 

according to the T, T’ or T* geometry. The classical T (or T/O) structure is the one described 

previously, while the T’ structure differs from the T one basically from the disposition of the oxygen 

atoms. In this latter one, the B cation sheets are no any longer octahedrally coordinated, but occupy 

the center of square planar pyramids (BO2 layers). Whereas, the T* structure is composed by a 1:1 

intergrowth of the T and T’ geometries.  

 

Figure 1.8. a )2H-BaNiO3 hexagonal structure in the [110] projection. Colours: green: Ba2+ ions and blue: NiO6 

hexagonal close-packed octahedra. b) Idealized Ruddlesden-Popper phase in the [110] projection. Colours: blue: A 

cations and green: BO6 octahedra. From Reference [47] 

 

Other layered perovskites phases which deserve to be mentioned are the Dion-Jacobson phase and 

the Aurivillius phase. They can both be defined as variants of the Ruddlesden-Popper phase, with 

the first one presenting the replacement of an A cation (A’A(n-1)BnO(3n+1)). Whereas, in the 

Aurivillius phase, one of the A cation is substituted by Bi2O2 layers, with the resulting formula unit 

being (BiO2)(An-1BnO3n+1). 
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Many cuprate oxides layered perovskites are superconductors. For instance, the Jahn-Teller 

distorted La2CuO4 can be transformed from a room temperature insulator into a superconductor by 

replacement of some La3+ ions with alkaline earth cations, in this way some oxygen vacancies are 

formed upon the replacement in order to maintain the charge neutrality. The most studied oxygen-

deficient cuprate superconductor is YBa2Cu3O(7- δ) (0 ≤δ≤1), which has been discovered as the first 

compound presenting a Tc above the boiling point of liquid N2. Its structure consists of three 

perovskite unit cells stacked on top of the other. In the middle unit cell Y is the A cation, while Ba 

is located in the A-site in the upper and lower unit cells. Cu is the B cation, arranged into two 

different coordination: the square pyramidal and square planar one (Figure 1.9) 

 

Figure 1.9. Idealized YBa2Cu3O7 structure, presenting the CuO5 square pyramids and the CuO4 square planar polyhedra. 

From Reference [47] 

 

1.3.2. Synthesis of nanostructured perovskites 

 

The commonly used proposed preparation method for perovskites was the ceramic one in the 1970s. 

[56] It consists in mixing the starting oxide powders, which react through solid-state diffusion 

resulting then in the desired product. Since the diffusion process in the solid-state is quite slow, 

these routes usually require high reaction temperatures (usually higher than 1000 °C) and long 

reaction time to complete the reaction and to obtain a phase-pure perovskite. [56-59] Due to the high 

synthesis temperature, the specific surface area of the resulting materials is rather low. Moreover, 

although this method can be considered environmentally friendly as the perovskite is synthesized 

directly from oxides without releasing toxic gases, it is necessary to homogenize the metal oxide 

precursors in order to make them react with each other through ion-diffusion. In this respect, 

different homogenization techniques can be employed, being the so-called “ball mill technique” the 

most popular one and most suitable for materials with catalytic properties, due to the fact that the 

resulting materials present an increased surface area. This mechanochemical activation is one of 

the most effective method to obtain highly disperse systems. It consists in grinding the precursors 
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though mechanical shaking in a closed volume employing high grinding bodies (generally it is 

constituted by agate balls into an agate vessel, but depending on the target material, the vessel and 

the balls can be constituted also of zirconia or alumina). [60] The process can be explained on the 

energetic level in occurring of energy accumulation, which proceeds in material destruction, due to 

the appearance of cracks and changing at the boundaries between the phases, resulting in the 

formation of new surfaces with increased energy and corresponding increased surface areas. 

Therefore, the starting materials are transformed into a new material presenting physical and, in 

some cases, even chemical changes with respect to its precursors. [61] This mechanochemical 

activation has preceded the synthesis though ceramic route or has been employed as self-sustaining 

synthesis route for mostly ABO3, A2BO4 and A2B2O6 perovskite- and double-perovskite-like 

structures. [62-67] Additionally, the class of double A-site perovskites presenting general formula 

A3A’B4O12 (see above) can be synthesized only through high-pressure solid-state synthesis route. 

[54, 68-70] The reason lies in the nature of A’ ion, which is a Jahn-Teller distorted metallic ion 

belonging to the 3d electronic configuration, which therefore requires high oxygen pressure and 

high temperature in order to be stabilized into the twelvefold coordination position of the large A-

cage. [54] 

However, in order to be applied in catalysis, the synthesis route should aim to produce a material 

with increased surface area and/or decreased particles size of the perovskite oxides, since catalysis 

belongs to a class of surface reaction. To this extent, an efficient way is represented by soluble 

metal nitrates-based synthesis routes, where the preparation of the perovskite oxides is conducted 

in presence of an organic component (such as glycine or citric acid) able to coordinate, combust 

and disperse the metal oxides formed particles. [71-76] Although the sol-gel and self-combustion 

method can be considered rather advantageous due to their simple preparation process as well the 

considerable catalytic performance, the surface area of the perovskite oxides prepared by these 

routes is still not totally satisfactory. [77]  

Apart from the sol-gel synthesis, other solution-mediated methods which are frequently employed 

for perovskites synthesis are coprecipitation, [78, 79] and complexation. [80, 81] The coprecipitation 

process is one of the oldest technique for the preparation of mixed oxides and consists in simply 

dissolving the desired cations in an aqueous solution, which is subsequently mixed with a second 

solution containing the precipitating agent. The mixing rate, the pH, the temperature and the 

concentration can be considered as the parameters which exert most dominating influence over the 

synthesis control. [82] These soft-chemistry methods are based on dissolving precursors in liquid 

media followed by drying and evaporating the solvent and subsequent calcinations. [83] Since these 

methods make use of liquid media, the phase formation temperature decreases by hundreds of 

degrees with respect to the solid-state reactions because precursors become more homogeneous, 

thus suppressing grain growth and loss of surface areas. [84, 85] 
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The hydrothermal method is a potentially superior route for low cost production of advanced mixed 

oxides, such as perovskites, because the complex oxides powders can be formed directly. [82] It can 

be differentiated by the other solution-mediated processes, such as sol-gel method and 

coprecipitation, by the temperatures and pressures involved. The temperature is between the boiling 

point of water and its critical temperature (374 °C), [86] while the pressure can go as high as 15 MPa. 

[87] The reaction mechanism follows the nucleation model [88] and allows the control over particles 

size, surface areas and phase composition of the target material. [86] Moreover, despite of the other 

solution-mediated methods, the hydrothermal route permits the preparation of nanocrystalline 

metastable phases. [89, 90] The hydrothermal synthesis of perovskites are generally carried out 

between 200-300°C, at autogenous pressure, employing metal nitrates, acetates, metal hydroxides 

or organometallic precursors and in with a pH major than 8. [91-97] 

A novel extension of the hydrothermal synthesis method, which is able to produce nanomaterials 

with high surface area and controlled morphologies, is the so-called “Continuous Hydrothermal 

Flow Synthesis” (CHFS). Despite of the batch-based processes, this continuous flow-based method 

is able to produce inorganic NPs presenting unique structures or combination of particle properties, 

[98] which can lead to metastable or kinetic compositions, characteristics which render this synthesis 

method the most suitable for the synthesis of materials addressed to catalytic application. [99, 100] 

The employed medium is Supercritical water, which is formed when water is heated above 374 °C 

and subject to a pressure, which lies above 22.1 MPa. [101] Once the critical point (374°C, 22.1 MPa) 

is reached, the infinite percolating network of hydrogen bonds breaks apart [102] and consequently 

the dielectric constant decreases drastically, as much as supercritical water can be treated as a non-

polar organic solvent (its dielectric constant approaches the value of six). [103] Together with the 

dielectric constant, also the density and the ionic product of water decrease significantly (Figure 

1.10), giving rise to a much broader pH range. [86] The reaction mechanism can be divided into the 

two classical steps which define the hydrothermal process: a) M(NO3)x + xH2O → M(OH)x + 

xHNO3 and b) M(OH)x  → MOx/2 + 
𝑥

2
 H2O, named hydrolysis and oxalation, respectively. The 

driving force of this hydrothermal flow synthesis with respect to the traditional batch-based ones is 

constituted by the fact that the dehydration step takes place before large hydrous oxide particles are 

grown. Indeed, the smaller the hydrous oxide particles (M(OH)x), the higher the dehydration’s rate, 

which is translated into the formation of fine metal oxides particles with high surface areas. [104] 
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Figure 1.10. Temperature dependence of the (1) dielectric constant, (2) density and (3) ionic product of water at 24 MPa. 

From Reference [86] 

 

Two different reactor geometries are reported for the CHFS method : the counter-current reactor 

[105-107] and the co-current one, [108] being the last one the most recent (Figure 1.11). Many ABO3 and 

layered perovskites, addressed to catalysis and presenting very well-defined morphology and high 

surface areas, have been synthesized with this cutting-edge synthesis method employing both 

reactor configurations. [109-117] 

 

 

Figure 1.11. Configuration of a) the counter-current reactor (Nozzle reactor), from Reference[106] b) the co-current 

reactor, from Reference [108] 

 

An additional promising, versatile and relatively easy bottom-up synthesis technique employable 

for the production of perovskites addressed to catalysis is the Flame Spray Pryrolysis (FSP) method. 
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This route allows the production of very fine nanoparticles with homogeneous morphology and 

size, being the right combination of precursors and solvents the key-issue of a successful synthesis. 

Indeed, the most important parameters are the solubility of the precursors into the solvent and the 

combustion enthalpy of the solvents and precursors. [118] The synthesis set-up is basically composed 

by a syringe-pump, which flows the precursors solution into a flame burner and the powders 

produced by the combustion are generally collected by a filter attached to a vacuum pump or by an 

electrostatic precipitator (Figure 1.12). The reaction mechanism follows the gas-to-particle route, 

where the precursors evaporate at the tip of the needle of the flame burner forming a metal vapour, 

consequently, the gasified metal oxide precursors start to nucleate as result of supersaturation and 

grow by coalescence or sintering. Finally, the particles can create aggregates by hard chemical 

bonds or agglomerates by soft physical interactions.  

  

Figure 1.12. Schematic flow chart diagram oft he FSP set-up. From Reference [118] 

 

Many perovskites have been synthesized by FSP method mainly starting from nitrates, acetates and 

acetylacetonates, propoxides precursors dissolved in organic mixture mostly composed by ethanol, 

methanol, 2-ETA, propionic acid, toluene, xylene and water. [119-131] 

 

1.3.3. Applications 

 

Ceramics are by far the most widely produced and employed materials by the humankind and there 

are only a half of a dozen phases that dominate the human use, especially in terms of technological 

significance. [132] Among these phases, ABX3, A2BX4 and spinel structures emerge, being the 

perovskite-related structure far ahead of the spinel one, due to its flexible composition. Indeed, 

perovskite could accommodate around the 90% of the metallic elements without destroying their 

structure, thus giving rise to a wide fan of different compounds with uncountable material 

properties. The first useful property discovered in perovskites was the high dielectric constant (k), 

which was found in BaTiO3 during WWII and links perovskites to ferroelectricity. Some 

perovskites exhibit electronic conduction, while others are insulator. The mechanism of electric 
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conduction can be either electronic, ionic or mixed conduction of electrons, protons [133] or oxide 

ions. [134] In particular, “relaxors” are a family of substituted perovskites with extraordinary high 

dielectric constants as result of their order-disorder behavior [135] and their symmetry is generally 

the rhombohedral one, due to the slightly distorted lattice parameters. Furthermore, due to their 

high dielectric constant, perovskites are employed to produce dielectric resonator for microwave 

applications. The dielectric constant correlates with the tolerance factor (Figure 1.13 a), which also 

correlates with the peak width and frequency of A1g Raman scattering (Figure 1.13 b), because of 

the dielectric losses of perovskite-like compounds in the microwave frequency region. Moreover, 

some perovskites, such as SrTiO3, [136] CaTiO3  and (RE,Na)TiO3 (RE: La, Nd, Sm, Gd) present a 

quantum paraelectrics behavior, [132] which is a tendency of the material to show an impending 

phase-transition at low temperature, but at such low temperatures, quantum effects are activated 

blocking the impeding phase-transition. The transition between an electronic conductor and a 

semiconductor can occur when the RE cation (RE: rare earth) in RETiO3 is properly substituted. 

[134] Indeed, after having dominated the world of dielectrics for almost 30 years, perovskites have 

conquered also the world of superconductors. Indeed, it was noted that the combination of 4f cations 

in the A-site and 3d cation in the B-site gives rise to rather conducting phases at room temperature. 

Sleight and co-workers developed the highest Tc oxide superconductor in BaBiPbOx in 1975, [137] 

while the first perovskite with a Tc above 30 K was BaLaCuOx. Afterwards, it was the turn of 

cuprates perovskites  in superconductor field with the discovery of YBC superconductor by 

Ashburn [138] and the following identification of YBa2Cu3O(7- δ) (0 ≤δ≤1) as a perovskite which 

presents a TC  above the boiling point of liquid N2 (77 K). [139] Unfortunately, the magnetic property 

of this latter material can not be studied in combination with ist catalytic properties, because of the 

high T at which catalysis is generally performed. Additionally, some perovskite-related structure 

with general formula RE(1-x)AxMnO(3+ δ) (with RE: rear-earth cation and A: alkaline-earth cation) 

exhibit giant magnetoresistance effect (GMR), [140] which consists in a change in the material 

resistance in presence of a magnetic field by more than a factor of ten. GMR oxides find various 

important applications, such as high-pressure pumps, underwater sonar, active vibration control and 

potential applications in magnetic storage technologies. Moreover, superconductivity and high 

mobility in a 2D electron gas have been discovered at the atomically interface between two 

insulating materials, such as SrTiO3 and LaAlO3.
 [141, 142] 
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Figure 1.13. a) Temperature coefficient versus tollerance factor for BNT compounds; b) A1g Raman mode shift versus 

tollerance factor in perovskite structure. From Reference [132] 

 

Starting form the 80s, perovskites have been widely tested in catalysis, mainly in 

(photo)electrocatalysis. [143-145] Perovskites have been discovered to be efficient and low-cost 

alterantive catalysts for OER snd ORR reactions , [146] which play a central role in the effeciencies 

of solar cells (halide perovskites in particular), [147-152] fuel cells, [153-157] metal-air batteries [158-160] 

and (photo)electrochemical water-splitting devices. [161-163] Shao-Horn and co-workers have 

highligthed the importance of the control over the electronic structure of perovskites in order to 

modulate the catalytic activity in ORR reactions, showing the critical influence of σ* orbital and 

metal-oxygen covalency on the competition of different reaction steps as the rate-determining one 

though a descriptor-based approach. They have found a volcano-relationship between the ORR 

activity of 15 A- or B-site substituted perovskites and the eg electrons (Figure 14). [143] 

 

 

Figure 1.14. Potential at 25 µAcm-2
ox as a function of eg orbital in perovskite oxides. From Reference [143] 
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Furthermore, perovskites can be employed for air purification, due to their the capability to catalyze 

several reactions, such as CO oxidation [164-167] and  NOx  [168, 169] and CO2 [170] reduction.  A huge 

variety of other reactions can be catalyzed by perovskite oxides, in particular oxidation reactions, 

which will be discussed in detail in the next chapter (1.3.3.). The most common catalytic 

applications of perovskite oxides are summarized in Table 1.1. 

Table 1.1. Table summarizing the catalytic applications for a given compound and the corresponding oxidation state of 

the B-site cation. 

 

Compound Catalytic application Oxidation state 

of the B-site 

LaVO3 [171] 

LaVO4 [171] 
Isopropanol decomposition 

+3 

+5 

SrMnO3
  [172, 173] 

La(Nd)MnO3
 [72] 

Hydrocarbon combustion 
+4 

+3 

Bi2Sr2CuO6  [174] 

Bi2Sr2CaCu2O8
 [174]

 

BaMnO3 [175] 

Nd2CuO4 
 [176] 

NxO decomposition 

+2 

+2 

+4 

+2 

BaMnO3
 [177]

 Oxygen reduction and oxygen evolution +4 

YBa2Cu3O7 
 [178] CO2 hydrogenation +2/+3 

YBa2Cu3O7
 [97] Methane oxidation +2/+3 

LaVO4 [179] Selective oxidation of H2S to S +5 

LaMnO3 [180] VOCs degradation +3 

SmMn2O5 [167] CO oxidation +3/+4 

SmMn2O5 
[181]

 NO oxidation +3/+4 

LaVO4 [182]
 

PrVO4 
[183]

 

NdVO4 
[71]

 

SmVO4 
[184] 

Oxidative dehydrogenation of propane 

+5 

+5 

+5 

+5 

YBa2Cu3O7- 
[185]

 Partial oxidation of ethanol to acetaldehyde +2.23 

LaMnO3 
[186] Tartrazine oxidation +3 

La2CuO4 [187]
 Oxidation of aldehydes to corresponding carboxylic acid +2 

PrMnO3 
[188] CO and Soot oxidation +3 
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RE2CuO4 
[189] 

RE2Cu2O5 
[189] 

Soot oxidation 
+2 

+2 

LaVO4 [190] Ammoxidation of 2-methylpyrazine to 2-cyanopyrazine +5 

 

1.3.4. Perovskite oxides in Oxidation Catalysis 

 

Many fundamental as well as application studies have been carried out on the oxidative catalytic 

properties of perovskite oxides, since high catalytic performance of these latter materials for CO 

oxidation were reported in 1970s. [191] Although the perovskites have most frequently been applied 

in total combustion catalysis, it is reported in the literature that some of the perovskites and related 

structures are utilized for selective oxidation reactions, such as oxidative dehydrogenation of 

propane [71, 182, 184, 192-197] or the partial oxidation of ethanol to acetaldehyde. [185] For example, when 

the oxidative dehydrogenation of propane is performed over phase-pure rare-earth orthovanadates 

catalysts at the temperature of 500 ° C, the selectivity towards propene achieves up to 75.8% at the 

conversion of 2.86%, 78.3% at the conversion of 2.17%, 47.8% at the conversion of 5.10%, 45.7% 

at the conversion of 16.6% values when LaVO4, PrVO4, NdVO4 and SmVO4 are employed 

respectively. [71, 197] Nonetheless, the only products detected in propane oxidation over perovskite-

like catalysts are propene and CO2. 

 Due to the potential capacity to include several metals within the perovskite structure and the 

stability, perovskites offer a way to link solid state chemistry with catalytic properties. [198] Indeed, 

some basic strategies for designing perovskite-type materials for catalytic applications were 

proposed by Tanaka and Misono in 2001, where they presented five advantages and design 

parameters perovskite-type catalysts: [199] 

1. Selection of the B-site allows control of reactivity 

2. Stabilization of unusual oxidation states is possible  

3. Synergistic effects when two the different B sites are used in one structure 

4. Enhancement of surface area by forming fine particles is often necessary  

5. Perovskites can be used to support precious metals 

Concerning the choice of the B-site element, this latter one is known to influence the catalytic 

activity while the A-site element was discovered to play a secondary role with respect to that 

(especially when A is a rare-earth ions and B belongs to the 3d configuration). [200]  Some studies 

reported that the activity for propane and CO oxidation changes with the B-site or with the 

synergistic effect of a double B-site, while the synergistic effect of a double A-site seems to not 

 Table 1.1 (cont.) 
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influence the catalytic performance [166, 199, 201] because the introduction of cation on the B-site 

increases the Oads/Olatt ratio and oxygen vacancies concentration on the surface. [201] 

However, these attempts to define a structural-function relationship in perovskite oxides present a 

lack of systematicity in the studies. In some cases, CO the activity has been correlated with a 

nominal descriptor, such as the nominal Cu content in LaMn(1-x)CuxO3 (with X=0-0.5), instead of 

an experimental derived one. Since catalysis belongs to a class of surface reaction, the elemental 

surface concentration is far ahead more significant descriptor and in such a case the proposed 

structure-function relationship would not be any longer valid. [166] In other cases, the reported rates 

have been calculated at very high temperature, where the system is no longer in the kinetic regime 

for CO oxidation, which render the presented data unreliable and the B-site substitution has been 

tested on a single A-site within the series, neglecting the possible effect of optimal synergistic 

combination between A and B-site. [166, 201] Indeed, a systematic study on an extended matrix where 

A and B have been individually substituted within the same series is missing. Optimum substituted 

catalysts such as LaxSr(1-x)FeyCo(1-y)O3 have been tested in toluene oxidation after a three layer 

perceptron neural network has been employed for modeling and simulating the catalytic 

performance and material descriptors. [166, 202] Regarding the reaction mechanism of CO and propane 

combustion/oxidation over perovskite-like catalysts, different mechanism have been considered, 

being the interfacial (MvK) one the most reported, [203-209] although the efficiency of  interfacial 

mechanism critically depends from the formation energy of oxygen vacancies. [210] In some cases 

also suprafacial mechanisms, such as L-H and E-R have been proposed. [211-213] 

 

1.4 Classical oxidation catalysts 
 

A high number of multi-metal oxide catalysts has been claimed to be active in selective oxidation 

reactions. They are generally composed by early-transition metal oxides, such as Mo, V, Mn which 

can be mixed with hetero atoms, i.e. non-metals such as P, Bi, Sb, Nb , W or Te, and/or with alkaline 

and alkaline earth ions such as Na+ or Mg2+.  [214-225] For the selective oxidation of propane several 

multi-metal oxide systems are reported in the literature and with respect of their chemical 

composition they can be classified into (a) molybdenum-based mixed oxides, (b) heteropoly acids 

and their salts and (c) phosphates.  

Ni-Co-molybdates catalysts offer a stable catalytic system for oxidative dehydrogenation of alkanes 

and present the possibility to add further elements into the ternary molybdate structure with formula 

Ni0.45Co0.45X0.066MoO4, where X = P, Bi, Fe, Cr, V and Ce. [226] 

MoV-based catalysts show the ability to catalyse several oxidation reactions, like (amm)oxidation 

of propane, [227] oxidation of acrolein to acrylic acid, [228] oxidation of ethane to ethylene or to acetic 
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acid [229, 230] and the ODH of n-butane to maleic acid or anhydride. [228] They differ in composition 

and in crystalline phases, among these the most studied are the tetragonal, the pseudo-hexagonal 

and the orthorhombic structure. Thorsteinson et al. were pioneers to work with molybdenum-

vanadium oxide based catalysts for selective oxidation reactions  and nowadays MoV-based M1 

phase-pure catalysts are the preferred ones for selective oxidation of propane, in particular, The 

Mo, V, Te, Nb multi-metal oxide shows the best performance for propane oxidation to acrylic acid 

(50-70 wt%). [26, 230, 231] In fact, Thorsteinson et al. indicated niobium as the responsible element for 

the stability of the catalyst bulk against oxidation and reduction. [232] Regarding Te, it is reported in 

the literature that it has a beneficial effect on the selectivity to acrylic acid. [233] Afterwards, 

Tellurium was mentioned to play a role in the active ensemble, [234, 235] even if subsequently was 

probed that a significant amount of acrylic acid is produced also over a Te-free M1 catalyst where 

the hexagonal channel is partially filled with vanadium which migrates through the channel to the 

surface. This could explain the major selectivity of MoVTeNb M1 oxide with respect to MoV M1 

oxide: the enrichment of Te at the catalyst surface limits the enrichment of V5+species which in 

accumulation of more than 50 % are cause for the post-combustion of acrylic acid. [30] 

12-Molybdophosphoric acid shows some activity in the formation of acrylic acid which becomes 

enhanced when the protons are exchanged by counterions like Cs+, Fe3+ or Ni2+. [236-238] Also Ga3+ 

seems to be another counterion that affects positively the formation of acrylic acid over Kegging-

type heteropoly oxometalates. [239]
  However, heteropoly compounds are usually not stable under 

reaction conditions and generally transform into mixed oxide or phosphates. [231] 

The VPO system is mainly employed for n-butane oxidation to maleic anhydride, but can be also 

employed for ODP reaction and presents different crystal phases, within these the VPP seems to be 

the best compromise between activity and MA selectivity. [240-243] 

 Although some claim that vanadium is not necessarily required to activate the alkane, [8, 244] 

vanadium has been discussed so far as the key element for selective oxidation of alkane. 

For the selective oxidation of propane a MoVTeNb catalyst was patented by Mitsubishi Corp. in 

the early 1990s. [227] This catalyst shows high yields with respect to the previous employed catalysts 

in propane oxidation, but its productivity is not yet sufficient to compete with the established 

industrial processes. This nanostructured multimetal-oxide catalyst composed of Mo, V, Te and Nb 

presents a selectivity that seldom exceeds the 80% at maximum conversion of 60%, thus the yield 

of 50 % yield has been rarely surpassed. The benchmark yield for applications depends on the raw 

materials prices and the economic situation, but it is usually considered to be above 60%. 

In spite of the considerable efforts reported in the last 20 years literature in order to raise MoVTeNb 

catalytic performance, no breakthrough has really been achieved with respect to the original 

MoVTeNb catalyst patented by Mitsubishi. [227, 231] 
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In the MoVTeNb mixed oxide, like in POMs [245-247] which are its synthesis precursors, the structural 

motif {(M)M5}, where M= Mo, V, Nb is composed of a pentagonal bypiramidal unit MO7 which 

shares the five edges with five MO6 octahedra units. Keplerates {(MoVI)MoVI
5}12(linker)30 and 

Lindqvsit anions (Mo6O19)2- can be considered as donor of {(M)M5} building blocks in the 

hydrothermal synthesis of MoVTeNb mixed oxide with M1 structure. [248] 

Several crystallographic analyses aimed to solve the structure of MoVTeNb oxide [249] and to 

identify the active centers were performed in the past, among these the majority by Grasselli et al 

[45, 234, 250-257] (Figure 1.15). 

It is reported that MoVTeNb M1 oxide exhibits an orthorhombic phase characterized by the length 

of the cell edges in the following ranges: a= 21.1035(1)-21.208 (5) Å, b= 26.5798(19)-26.741 (6) 

Å, c= 4.0016 (6)-4.0189(2) Å, [25, 28, 227, 250, 251, 253, 256, 258, 259] by a cell volume of  2260.3(3)-

2261.89(78) Å3 [255, 260] and by a crystallographic density of 4.4 g/cm3. [261] The pentagonal 

bipyramidal units are occupied by Nb5+ and the distorted squared pyramids around the pentagonal 

center are occupied by Mo5+/6+and the linker sites are occupied by a mixture of Mo5+/6+ and V4+/5+. 

The hexagonal channel is partially filled with Te4+ and the heptagonal channel is usually reported 

to be empty, [249-252, 256] with the exception for two studies within which traces of Te4+ were 

considered to be located also into the heptagonal channels of the M1 structure. [255, 256] 

 

 

Figure 1.15. Catalytically active plane of Mo7.8V1.2Te0.94NbO29 M1 phase in [001] projection. 
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The morphology is mainly needle-like [25, 252, 256] or prismatic, found for the following stoichiometry 

range MoV0.23-0.35Te0.08-0.28Nb0.14-0.45
. [26] 

 Grasselli and co-workers also claimed that “the key paraffin activation phase is M1”. They 

assumed that the catalytically active sites are located on the surface of the M1 basal plane (001) 

(Figure 1.15) and proposed a propane oxidation mechanism where the methylene hydrogen of 

propane is activated and abstracted by V5+=O 4+V∙-O∙ sites at the crystallographic positions M3 and 

M7 (Figure 1.15). Then, once the chemisorbed propylene is formed, the adjacent Te4+-O sites 

abstract the α-H from this latter one and the adjacent O=Mo6+=O centers insert the surface lattice 

O into the chemisorbed π-allylic intermediate. Afterwards, the formed species could desorb as 

acrolein or react with water molecule, further oxidize and desorb as acrylic acid. [262] 

Ueda et al. attribute the activity of the M1 phase to the strain generated by the heptagonal rings. 

The octahedra become distorted or even puckered when the heptagonal ring is introduced. Due to 

of this structural distortion, the probability that the Mo and V octahedra may give rise to active 

oxygen species becomes higher. [263] 

While, by studying the electronic properties of the M1 phase, Schlögl et al. claimed that the 

surface state, which could be simplified as the V5+/V4+
 redox couple, affects the band banding of 

the crystalline M1 structure, thus it could become possible to decouple in time the reaction steps of 

alkane oxidation and oxygen activation. [264] 

 

 1.5 Motivation and scope of research 
 

As reported in chapter 1.1.1., due to impending oil shortage in the near future, it is vital to find an 

economical and environmental-friendly route to produce alternative building blocks for chemical 

industry, such as propene and acrylic acid. Many attempts have been done in the past decades in 

order to implement an efficient and suitable catalyst for alkane oxidation. However, no real 

breakthrough has been achieved in the catalytic community from the discovery of MoVTeNb M1 

phase-pure catalyst patented by Mitsubishi Corp. in the early 1990s.  The lack of homogeneity of 

data presented in the literature, regarding the many proposed catalytic systems, addresses the new 

oxidation catalysis research back to fundamental roots, since only a deep understanding and a 

systematic study of the intrinsic nature of the catalyst may constitute the key for the future. To this 

latter extent, the implementation of a catalyst requires the study of relative simple and flexible 

system, such as perovskites. Designing a new catalyst is a challenging task, particularly when it is 

addressed to the selective oxidation of alkanes. This is because of the numerous consecutive/parallel 

reaction steps which compose the complex reaction network. [25, 265] Anyway, some design 

parameters, such as: (a) phase purity of the bulk which confer structural stability, (b) 
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multifunctionality in order to satisfy the required various reaction steps, (c) semiconducting 

properties of the bulk beneficial to the transfer of a high number of electrons and (d) balanced 

oxygen activation to avoid the total combustion to carbon dioxide are considered to be important. 

[20, 266] Looking into this direction, perovskite-like oxide phase-pure catalyst seems to be the most 

suitable candidate as “starting” catalyst to be improved because it fulfills the most of criteria cited 

above. These bulk oxide catalysts present a high level of flexibility without destroying their 

structure, due to the tolerance factor [50] and  their crystal structure can present lattice distortion, due 

to the tilting of the octahedra, which depends on the temperature and affects bulk and surface 

electronic properties by influencing the charge-carrier dynamics of the bulk. Indeed, perovskites 

act as a chemiresistor where it becomes possible to modulate the electronic structure of the surface 

by tuning the conductivity of the bulk. [267-272] They can be either n-type or p-type semiconductors, 

behaving mostly as p-type semiconductors under oxidative feed. [270, 271] Furthermore, the defect 

chemistry of perovskites, beside of providing a high number of oxygen vacancies, which is 

beneficial to control the oxygen activation during reaction process, [273] can equilibrate with changes 

in the electric conductivity under various temperatures and oxygen activities.  A competition 

between the electronic or ionic compensation can be established when structural defects are present,  

for instance, it is reported that if the valences of the ions are lowered, the substitution is 

compensated by the formation of oxygen vacancies and no contribution to the electronic 

conductivity occurs for LaCrO3 and LaMnO3. [270] Furthermore, also valence and vacancy control 

are considered to be extremely important strategies, particularly when the designed perovskites are 

addressed to oxidation catalysis, due to the fact that the reduction of a metal oxide produces the 

release of lattice oxygen. Withal, because of the tolerance factor, lattice defects are usually 

generated and can affect the catalytic performance. For instance, it was found that the enhancement 

of the catalytic activity in CO oxidation could be attributed to the ease of oxygen removal from 

hole-doped perovskites. [274] Additionally, a lack of knowledge concerning the electronic structure 

of perovskites under near-working-condition is unfortunately present in the literature. Surface 

operando characterization techniques have the potential to encode the active sites present on the 

surface and the interconnection between the surface’s electronic structure with that of the bulk. In 

this regard, a study of the surface electronic structure of (La,Sm)MnO3 perovskites under reaction 

condition in propane oxidation has been reported by Koch et al, where new descriptors with respect 

to the “classical” ones deriving from ex-situ characterization, can be associated to the selectivity to 

propene in wet feed, such as the Mn2+ surface species and OH-absorbed oxygen species. [275]  

Nevertheless, the so-called “pressure-gap” may constitutes an obstacle in the correct examination 

under actual reaction conditions [13] and therefore the most simplified model systems with well 

defined surfaces and variable chemical composition is required for an integrated experimental-

computational research. Indeed, high-throughput DFT calculations, [276-278] machine learning (ML) 

[279, 280] and artificial intelligence [281, 282] have already been widely used for accelerating materials 
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and catalyst discovery.  Machine learning helps to generate new knowledge and to understand 

catalysis better. [283] Machine learning is used for example 

• to develop atomistic potentials that are learned from DFT calculations to be able to probe 

reaction trajectories under realistic reaction conditions, 

• to identify the most likely reaction pathway to a desired product in complex reaction 

networks, [44] 

• for spectra interpretation and image analysis. 

These mathematical tools are already employed for accelerating the discovery of possible new 

perovskite-like structures [1-5] and for searching for key-descriptors for the catalytic performance. 

[143, 146]  The main idea of this project is to synthesize many perovskites, perovskite-like structures 

and other structures composed by Mn as B-site cation combined with an other metal belonging to 

the 3d or 4d row of the periodic table (the synergistic effect is claimed to be beneficial to the 

catalytic performance) and explore their potential in oxidation catalysis, in the oxidation of propane 

and in CO oxidation. The selected element at the B-site have similar ionic radius between each 

other (ionic radii in six coordination: Co2+ = 0.65 Å, Zn2+= 0.74 Å, Ni2+=0.69 Å, Fe2+=0.61 Å, 

Cr2+=0.73 Å, Pd2+=0.86 Å, Cu2+= 0.73 Å and Mn3+/4+=0.53-0.64 Å,). The most utilized metals as B-

site have been Cu and Mn, where Cu is reported to be a promoter in oxidation reaction [10, 284-286] 

and finally Mn is a well-known element in oxidation catalysis [287] and it was also found to be 

selective in alkane oxidation. [288, 289] The A-site cation has been changed between La3+, Pr3+, Nd3+ 

and Sm3+ to tune the structural and electronic properties. Therefore, twenty-one purely phase-pure 

perovskites, among which fourteen present the general formula (La,Pr)Mn(1-x)CuxO3 (with x=0-0.4), 

have been synthesized, characterized and tested in CO and propane oxidation. Additionally, the two 

series have been subjected to operando characterization such as NAP-XPS measurements and 

operando MCPT. Other 6 perovskite presenting the general formula AMn0.7B’0.3O3 (with A=Pr, Nd 

and Sm and B’=Co, Zn, Ni, Fe, Cr, Ru) together with PrMn0.95Pd0.05O3 and (La,Pr)2CuO4 

perovskite-related structures have been synthesized, tested in CO and propane oxidation and 

subjected to standard structural characterizations in order to obtain numerical values of some 

properties (also known as basic descriptors), for instance: crystallographic parameters, M-O 

distances and surface composition. Finally, thanks to a collaboration with the Theory department 

of the FHI der Max-Plank-Gesellschaft, the structural descriptors deriving from catalysts´ 

characterization will be examined and combined with reactivity data employing mathematical tools 

and methods to identify new key descriptors and correlations among them (on the basis of the 

(dis)similarities between data they are grouped in families) in order to rationalize the catalytic 

activity and selectivity and  to predict new  possible perovskite-type structures. In the current 

project, artificial intelligence will be used in terms of developing models for predicting properties 
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of catalysts or for elucidating, which properties of perovskites might be important for activity and 

selectivity in oxidation catalysis. This requires the input of knowledge that has been acquired in the 

field of oxidation catalysis to identify descriptors that are linked to the catalytic properties.  

2.  Experimental Section 

 Catalyst Preparation. [290] Materials. For the synthesis of the catalysts La(NO3)3·6H2O (Alpha 

Aesar, purity 99.9%, LOT: 61800314) , Pr(NO3)3·6H2O (Alpha Aesar, purity 99.9%, LOT: 

61300461), Nd(NO3)3·6H2O (Sigma Aldrich, purity 99.9%),  Sm(NO3)3·6H2O (Across Organic, 

purity 99.9%, LOT: AO413123) Mn(NO3)2·4H2O (Roth, purity ≥98%) Cu(NO3)2·6H2O (Acros 

Organics, purity 99%, LOT: AO374996), Fe(NO3)3·9H2O (Sigma Aldrich, purity 98%),  

Cr(NO3)3·9H2O (Alpha Aesar, purity 98,5%), Ni(NO3)2·6H2O, Co(NO3)2·6H2O  (Merck), 

Zn(NO3)2·6H2O, Pd(NO3)2 solution in diluited HNO3,  ruthenium nitrosyl nitrate sol in diluited 

nitric acid (Sigma Aldrich, Ru 1,5 wt%), glycine (TCI, purity ≥99%) and deionized water, which 

was obtained from a laboratory purification system, were employed. 

Synthesis. [290] The perovskite catalysts were synthesized via self-combustion route, [291] where the 

glycine served both as fuel and as complexing agent. Stoichiometric amounts to obtain 10 g of final 

products of the metal nitrates were dissolved in distillated water together with glycine, being the 

ratio between the glycine and metal nitrates was fixed to 2.66, in order to reach the equal oxygen 

balance. The clear solution was stirred for 30 min, quantitively transferred into an evaporation basin 

and the solvent was evaporated on a hot plate at 95 °C. The obtained foam-like resin was self-

ignited on the hot plate set at 460°C. The produced black powders (yields from 37% until 84%) 

were collected and calcined in a flow consisting of 20% O2 and 80% of Ar at 800°C, with a heating 

ramp of 3°Cmin-1, for 6 hours (the amount of sample lost during the calcination process varies from 

3% until 35%).  PrMn0.65Cu0.35O3 and (La,Pr)Mn0.6Cu0.4O3 were washed with acetic acid sol (5% 

w/w) after the calcination in order to remove traces of (La,Pr)2CuO4 by-phases and, finally, they 

have been subjected to a second calcination process. 

Catalysts Characterization. X-Ray Diffraction (XRD). The phase identification of the samples was 

performed using X-ray diffraction (XRD) measurements on a Bruker AXS D8 Advance II θ/θ 

diffractometer using Ni-filtered Cu Kα radiation and a position sensitive energy dispersive LynxEye 

silicon strip detector. The employed geometry was Bragg−Brentano. The sample powder was filled 

into the recess of a cup-shaped sample holder, the surface of the powder bed being flush with the 

sample holder edge (front loading). The powder XRD data were analyzed and the lattice parameters 

calculated using a full pattern fitting, according to the Rietveld method as implemented in the 

TOPAS software (TOPAS version 5, copyright 1999−2014 Bruker AXS).  
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Chemical analysis. The metal content of the perovskites was determined by Inductively Coupled 

Plasma Emission Spectroscopy (ICP-OES) analysis employing an ICP-OES Optima 8300 

spectrometer (Perkin Elmer) equipped with a Zyklon nebulizer. The samples were dissolved 

employing distillated water with conductivity 0.05 µS/cm from ELGA pure water system 

(VEOLIA) and acids in supra-pure quality into PTFE liners in a Multiwave Pr autoclave (Anton 

Paar), which operates maximum at 200°C and 6MPa. Certified standard solutions, single and multi-

element standards have been employed as calibration standards, being each calibration based on 

minimum of two points and forced through zero. The measurements have been recorder in axial 

mode, using water as spectral blank and a sample solution without sample as reagent blank. Spectral 

evaluation is based on three point per peak. Every measurement was repeated at least three times 

for each sample in order to calculate the RSD of metal values. The oxygen content determination 

was repeated three times per sample using a TCH600 setup from LECO by applying the inert gas 

fusion technique and employing 10 mg of each catalyst, which was heated to 3000 °C in a He stream 

in a graphite crucible. CO and CO2 formed by reaction of the oxygen in the sample with the crucible 

were detected by an IR cell. Y2O3 was used for the machine calibration, prior to the analysis. 

 Laboratory X-ray Photoelectron Spectroscopy (XPS). XPS spectra were recorded at room 

temperature, using non- monochromatized Al Kα (1486.6 eV)  or Mg Kα (1253.6 eV)  excitation 

and a hemispherical analyzer (Phoibos 150, SPECS). The binding energy scale was calibrated by 

the standard Au 4f7/2 and Cu 2p3/2 procedure. To calculate the elemental composition, the 

theoretical cross sections from Yeh and Lindau, [292] the inelastic free path of the electrons from 

Tanuma, Powell and Penn [293] and the transmission function of the analyser were used. These fits 

for Cu2p, Mn3s, La3d and Pr3d were based on [294-297]. Gaussian-Lorentzian line shapes with Shirley 

backgrounds were used for all peaks. To analyze the Cu2p and Pr3d, a Pr3d clean spectra was 

acquired measuring PrMnO3, while several Cu2p spectra were recorded measuring La-based series 

with the same filament employed for the Pr-based one. Finally, the spectra for the Pr-based series 

were fitted by scaling the two individual fits for Pr3d and Cu2p with some allowance for energy 

position. Mn oxidation states were estimated from the Mn3s splitting. [298] C1s fits were based on 

standard C-C, C-O, and C=O binding energies. [299] The O1s species have been fitted according to 

the model reported by Koch et al., modified by fixing O1s carbonates species intensity to those of 

C-O and C=O species in C1s fitting and by fixing the Guassian/Lorentian ration to 75.[275] 

Thermogravimetric Mass Spectrometry analysis (TG-MS). Thermoanalyses were performed on a 

NEZTSCH TG 209 F1 Libra analyzer and on NETZSCH STA 449C Jupiter thermoanalyzer 

equipped with an electromagnetic microbalance with top loading and using 10−15 mg of sample 

placed into an alumina crucible (85 μL) without a lid. Evolution of the gas phase during reaction 

was monitored with a calibrated quadrupole mass spectrometer (QMS200 Omnista, Balzers) 
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coupled to STA via a quartz capillary heated to 393K. The experiments were performed with an 

electron ionization energy of 70 eV and a dwell time per mass of 0.2s and thermal decomposition 

was measured from room temperature to 1000 °C, with a heating ramp of 5 °K/min in Ar 

atmosphere (100 mL·min
−1

) and dwell time of 1 h.  

Morphological studies through Scanning Electron Microscopy (SEM) and Energy Dispersive X-

ray (EDX) Mapping.  SEM images were conducted using a Hitachi S-4800 microscope equipped 

with a cold filed emission gun. For imaging 1.5 kV acceleration voltage and 4 mm working distance 

was set to display the image by using both, upper and lower secondary electron detector. 

Additionally, EDX mapping was done setting the acceleration voltage to 15 kV and working 

distance to 10 mm. The energy dispersive QUANTAX 800 EDX spectrometer working with the 

XFlash®6│30 detector has been used to map the elemental distribution. Usually, mapping was 

done for 2 min when sufficient counts were gained (>10 kps). Recorded spectra were analyzed 

considering all found peaks and corresponding elemental ratios were calculated for each 

map/spectrum. Standard deviations were calculated on results of all maps. 

Surface Area Determination. N2 adsorption was performed at −196 °C using the Autosorb-6B 

analyzer (Quantachrome) after outgassing the catalysts under vacuum for 2 h at 150 °C. All data 

treatments were performed using the Quantachrome Autosorb software package. The specific 

surface area was calculated according to the multipoint Brunauer−Emmett− Teller method (BET) 

in the range 0.05 < p/p0 < 0.15 assuming a N2 cross sectional area of 16.2 Å2.  

Temperature-Programmed Oxidation (TPO) and Temperature-Programmed Reduction (TPR). 

TPO/TPR cycles was performed in a fixed-bed quartz reactor using 180 mg of the catalyst. The 

catalysts were first subjected to in-situ calcination at 800°C in synthetic air (20/80=O2/He), 

followed by a pre-treatment in He and by cycles of TPO and TPR performed at 300°C for 2 h 

applying a heating rate of 5 °C min-1 with a concentration of 0.25% O2 and 5%H2, respectively 

(flow rate 50 mL min-1). O2 consumption was monitored with a paramagnetic detector, while H2 

consumption with a thermal conductivity one. The averaged oxygen capacity has been calculated 

starting from the average of the oxygen atoms which have been transferred during TPO and TPR 

cycles with the following formula:  

∆x= (𝑛 𝑜𝑓 𝑂 𝑎𝑡𝑜𝑚𝑠 𝑡𝑟𝑎𝑛𝑠𝑓𝑒𝑟𝑟𝑒𝑑 𝑑𝑢𝑟𝑖𝑛𝑔 𝑡ℎ𝑒 𝑐𝑦𝑐𝑙𝑒 (𝜇𝑚𝑜𝑙))/(𝑛 𝑜𝑓 𝐴𝐵𝑂3 (𝜇𝑚𝑜𝑙))         

Being the number of O atoms transferred during the cycle equal to the integrated area of the signal 

multiplied by a factor of 2 for TPO cycles and by a factor of 1 for TPR cycle, given the reaction  
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                                                            H2 + 
1

2
O2                      H2O. 

Near-Ambient-Pressure X-Ray Photoelectron Spectroscopy (NAP-XPS). Near-Ambient-Pressure 

X-Ray Photoelectron Spectroscopy measurements have been performed at BELChem facility at the 

synchrotron radiation source BESSY II in Berlin, Germany. Pressed pellets of 15 mg were 

measured under vacuum at room temperature at then heated in C3H8/O2/N2/H2O=0/20/80/0 mixture 

to 300°C (heating rate 5°C·min-1). At 300°C the reaction feed was switched to 

C3H8/O2/N2/H2O=5/10/85/0 and finally to wet feed C3H8/O2/N2/H2O=5/10/45/40. The total gas 

pressure under all reaction conditions was 2500 Pa. The gas-phase products were monitored by a 

Thermoscientific 13000 gas chromatograph. The measurements were carried out at photoelectron 

kinetic energy of 143-157 eV for all core levels with a corrected electron inelastic mean free path 

(IMFP) of λ = 1 nm (λ were estimated using the predictive TPP-2M formula by Tanuma, Powell 

and Penn [293] ) by setting the photon energies to 790 eV (Mn 2p), 680 eV (O 1s), 455 eV (C 1s), 

1100 eV (Pr 3d) and 1110eV (Cu2p). The atomic subshell photoionization cross sections and 

asymmetry parameters from numerical calculations by Yeh and Lindau [292] were used for the 

quantitative analysis of the core level intensities, taking the monochromatic photon energy 

dependent photon flux into account. Gaussian-Lorentzian line shapes with Shirley backgrounds 

were used for all peaks. The same fitting procedure described in the XPS chapter has been applied 

to resolve the overlap of Pr3d and Cu2p peaks.  The contribution of carbonates has been explicitly 

included in the O 1s fit based on the C1s carbonates XPS intensity. The sensitivity factor, calculated 

from theoretical cross sections, has been applied to calculate the O 1s carbonate from the C 1s 

intensity. An upper/lower intensity margin has been considered to take into account uncertainties 

of the C 1s intensity assigned to carbonate species.  

Microwave Cavity Perturbation Technique (MCPT). [290] MCPT measurements were performed 

using as a resonator a cylindrical using transverse magnetic TM010 mode at 5 GHz with a height of 

20 mm and a diameter of 68 mm. In order to obtain the quality factor from vacuum experiments 

(Q), which varied between 0,847 and 1,279, the sample was placed in the electric field antinode at 

the resonator’s center. While the employed sample’s mass varied between 12,5 and 42,8 mg. The 

perturbation was related to the relative complex permittivity ε̃ = ε′ − iε′′ and the electrical 

conductivity σ was determined from the imaginary part of the permittivity ε′′ and the angular 

resonant frequency ω according to σ=εωε′′, where ε0 denotes the vacuum permittivity. The 

measurements were performed in propane oxidation by pre-treating the catalyst at 300°C in lean air 

(O2/N2=10/90) at 300°C (5 K/min) for 3 hours (where the reference conductivity σr  has been 

measured) , afterwards the sample was cooled down to 260°C, temperature at which the feed was 

switch to propane feed C3H8/O2/N2=5/10/85 , then the catalyst was heated up until 300°C (steady-

state condition each 10°C) in order to study the temperature dependence of the conductivity. At 
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300°C in propane feed three contact time has been varied and finally the feed was switch to lean air 

again in order to detect the change in conductivity. The simultaneous analysis of reaction product 

was monitored by online gas chromatography (Agilent 7890). 

Catalytic studies. CO oxidation. The catalytic tests were performed into a self-made setup 

employing a quartz plug-flow U-tube reactor, which was loaded with 30 mg (sieved  particles, 250-

350 µm) of catalyst diluted with inert SiC of the same sieved fraction of the catalyst (catalyst/SiC 

ratio: 1/9) employing a flow rate of 50 mL·min-1. The reactant and product concentrations were 

detected with an online gas analyzer (X-STREAM XE, Emerson/Rosemount) which was equipped 

with an infrared and a paramagnetic sensor, for the simultaneous quantification of carbon 

monoxide, carbon dioxide, water and oxygen, respectively. CO gas was purified using a carbonyl 

remover consisting of a tube filled with inert silicon carbide heated up to 300 °C. All catalysts have 

been dwelled in inert atmosphere a T= 150°C prior to the cycling experiments. The CO 

consumption rates in mmol h-1 g-1 have been determined by derivating the linear function :  

XCO = f (
𝑊

𝐹
):  rCO consumption = 

𝑑𝑋𝑐𝑜

𝑑(
𝑊

𝐹
)
 

Where W is the weight of the catalyst (g) and F is the flow rate of the reactants (mL·h-1). 

 Propane oxidation. The catalytic tests were carried out using a setup for partial oxidation 

(Integrated Lab Solutions) with 10 fixed-bed tubular reactors (2 mm inner diameter) in parallel 

employing 100 mg  (sieved particles, 100-200 µm) of catalyst with a flow rate varying from 5 to 

30 mL·min-1. An online gas chromatographer was used for gas analysis (Agilent 7890A). The 

permanent gases CO, CO2, O2 and N2 have been analyzed by a combination of Plot Q (length 30 m, 

0.53 mm internal diameter, 40 μm film thickness) and Plot-MoleSieve 5A columns (30 m length, 

0.53 mm internal diameter, 50 μm film thickness) connected to a TCD detector. While, propane 

and propene have been analyzed by a combination of FFAP (length 30 m, 0.53 mm internal 

diameter, 1 μm film thickness) and a Plot-Q column (length 30 m, 0.53 mm internal diameter, 40 

μm film thickness) connected to a FID detector. Additionally, a methanizer has been installed in 

order to detect CO and CO2 amount also at the FID detector, with higher precision and accuracy 

with respect to the concentrations revealed by the TCD detector. The conversion of propane 

(XC3H8) and the selectivity to products i (Si) in percentages was determined with the following 

equation based on the total amount of carbon atoms in the product and the sum of all products



                                                                                                     Catalysts‘ synthesis and characterization 

33 
 

 formed:  

XC3H8 = 
∑ 𝑁𝑖𝑐𝑖𝑛

𝑖=1

∑ 𝑁𝑖𝑐𝑖+  3𝑐𝐶3𝐻8 𝑜𝑢𝑡𝑛
𝑖=1 

 x 100 

Si = 
𝑁𝑖𝑐𝑖

∑ 𝑁𝑖𝑐𝑖.𝑛
𝑖=1 

 x 100 

Where Ni is the number of carbon atoms in the products, ci is the concentration of the products in 

the gas exiting from the reactor. 

The rates of C3H8 consumption, C3H6 and CO2 formation have been calculated using the following 

equation: 

 XC3H8,C3H6,CO2 = f (
𝑊

𝐹
):  rC3H8 consumption/ C3H6 or CO2 formation = 

𝑑𝑋 𝑜𝑟 𝑆

𝑑(
𝑊

𝐹
)

 

The initial rates of C3H8 consumption and C3H6 or CO2 formation have been calculated by 

extrapolating the rates to the contact time (W/F)=0 and allows us to compare all catalysts among 

each other at the same temperature, decoupled from the contact time. 

3.  Catalysts’ synthesis and characterization 
 

3.1 Self-Ignition Synthesis 

 

All the catalysts have been synthesized starting from metal nitrates and water employing glycine 

both as fuel and as chelating agent. Following the work published by Chyi-Ching et al. [300]  where 

the stoichiometric amount of glycine (ψ) was calculated in order to reach the equal oxygen balance 

as shown in the following general equation for  the AB(1-x)B’xO3 structure (Equation 3.1): 

A(NO3)y·aH2O + (1-x)B(NO3)z·bH2O + xB‘(NO3)w·cH2O ψNH2CH2COOH 

→ AB(1-x)B‘xC2ψH5ψN[y+(1-x)z+xw]+ψO[3y+3(1-x)z+3xw]+2ψ 

→ AB(1-x)B‘xO3 + {[y+  (1-x)z+ xw]/2+ (ψ/2)}·N2 + 2ψ·CO2 + 2.5ψ·H2O + 

[3y +3(1-x)z +3xw – 3+ 2ψ – 2.5ψ – 4ψ]/2O2 

→ AB(1-x)B‘xO3 + {[y+ (1-x)z+ xw]/2+ (ψ/2)}·N2 + 2ψ·CO2 + 2.5ψ·H2O + 

[3y+3(1-x)z+3xw – 3 – 4.5ψ]/2O2 
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→ 0= [3y+3(1-x)z+3xw] – 3– 4.5ψ 

→ ψ=[3y+3(1-x)z+3xw – 3]/4.5                                                             (Eq. 3.1) 

Being x the amount of B’ dopant, y, z and w the stoichiometric coefficient of the of the NO3
¯ group 

in the corresponding nitrates precursors.  

In the self-ignition method, the heating and the evaporation of the solution containing metal nitrates 

and glycine can result in a very exothermic process which leads to self-firing of the starting 

materials. The ignition of the resin intermediate at relatively low temperature leads to the removal 

of the organic material and to the formation of metal oxides, resulting in a fine powder and thus 

representing an efficient synthesis method for catalytic application. Indeed, the synthesis of 

materials addressed to catalysis aims to produce samples with increased surface areas and/or 

decreased particle size, since catalysis belongs to a class of surface reaction. Moreover, together 

with the advantage of the fine particles size, this bottom-up synthesis technique presents several 

advantages, such as the quick, efficient and straightforward preparation process and relative low 

cost of the employed precursors. [291, 300] These are the main reasons of why it is a preferred synthesis 

route for perovskites with respect to the sol-gel/citrate route or the classical solid-state one, where 

the specific surface area of the resulting material is rather low, due to the high required temperatures 

and although this latter route can be considered environmentally friendly, since the perovskite is 

synthesized directly from the starting oxides without the release of toxic gases, it is always 

necessary to homogenize the metal oxide precursors in order to make them react with each other 

through ion-diffusion and, for this latter reason, it becomes rather challenging to produce the 

perovskite in large batches with solid-state synthesis technique. While, the main drawback of self-

ignition synthesis method is the lack of control over the synthesis parameters, such as the reaction 

temperature, which might be different for each synthesized material, since it depends on type of 

nitrate which are employed and on their amount, making also the scaling up and down of the 

perovskite batch not always reproducible.  

Many perovskite-type oxides have been reported to be synthesized with the self-ignition method 

due to the advantages cited above for catalytic purpose [301-306] and given the frequently discussed 

importance of the B-site element [200] and particularly of the beneficial effect of the synergy 

established with a double B-site on the catalytic performance, [166, 199, 201] which could be 

advantageous also because the introduction of a second metal in the B-site introduces structural 

distortion which in turn leads to the creation of defects and vacancies, [307] the presented PhD project 

has started from the self-combustion synthesis of the (La,Pr)Mn(1-x)CuxO3 series (with 0≤x≥0.4), 

taking inspiration from some catalysis studies over the LaMn(1-x)CuxO3 series, where the samples 

have been synthesized either by Pechini method, [308] or citrate method or freeze-drying sol starting 
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from metal acetates, [73, 201, 309-312]  with the addition of the systematic substitution of the A-site to 

study also its influence over the bulk and electronic structure of the catalysts and to enable a 

comparison between La- and Pr-based series. Prior to the synthesis of the described batches for 

(La,Pr)Mn(1-x)CuxO3 series, a preliminary screening over the most suitable calcination T (1000, 800 

and 500 °C) has been performed over the stoichiometry with x=0.1, 0.2 and 0.3 , starting from the 

same batch of sample. Based on this preliminary screening, in which phase-purity and surface areas 

have been evaluated (Table 3.1 and 3.2) in order to decide the optimal calcination temperature for 

the reproduction of larger batches of (La,Pr)Mn(1-x)CuxO3. 800° has been selected as calcination 

temperature for all the samples presented in the Thesis, since it was the best compromise between 

the achievement of the phase-purity of the materials and a feasible surface area in order to employ 

the samples in catalysis (Table 3.1 and 3.2). 

 

Table 3.1. Table with listed: the crystallographic phase from Rietveld Refinement. Being R-3cH: rhombohedral 

symmetry and Pbnm : orthorhombic symmetry. Color-code: orange: La-based samples; green: Pr-based samples. 

 

T calcination 1000°C 800°C 500°C 

XCu La Pr La Pr La Pr 

0.1 R-3cH Pbnm R-3cH Pbnm R-3cH Pbnm 

0.2 Pbnm Pbnm R3cH/Pbnm Pbnm R-3cH Pbnm 

0.3 Pbnm Pbnm Pbnm Pbnm 
Pbnm + La2O3 

+ CuO 

Pbnm + Pr2O3 

+ PrO2 + CuO 

 

 

Table 3.2. Table with listed: the BET areas. Color-code: orange: La-based samples; green: Pr-based samples. 

 

T calcination 1000°C 800°C 500°C 

XCu La Pr La Pr La Pr 

0.1 3.0 2.6 6.3 6.6 15.1 11.8 

0.2 3.7 1.7 6.0 7.2 16.5 12.7 

0.3 2.8 3.4 7.0 3.2 10.6 n.a. 

 

By comparing the data derived from Rietveld refinement of this preliminary screening of samples, 

it becomes evident how the calcination temperature, the A-site and Cu loading amount affect the 

formation of the thermodynamically stable crystallographic phase. The first deduced information 

is that the lower the Cu loading amount, the higher the crystallographic symmetry (Table 3.1). 

Secondly, LaMn0.9Cu0.1O3 presents rhombohedral symmetry at all the three different calcination 

temperatures, while PrMn0.9Cu0.1O3 is the orthorhombic, due to the fact that Pr has a smaller size of 

La and therefore the crystallographic strain is enhanced in Pr-series, leading to lower symmetry.[313] 



Catalysts‘ synthesis and characterization 

36 
 

Although La-based materials present higher symmetry with respect to the corresponding Pr-based 

ones at low Cu content, when the Cu loading is increased within the series, the scenario changes. 

Indeed, LaMn0.8Cu0.2O3 clearly shows the thermodynamic metastable character of the perovskite-

like materials, being orthorhombic at the highest calcination T (1000°C), a phase-mixture of 

orthorhombic and rhombohedral at the medium calcination T (800°C) and rhombohedral at the 

lowest calcination T (500°C) as shown in Figure 1.  In this latter specific case, it is evident that also 

the temperature and not only the amount of Cu or the A-site size has an influence on the 

crystallographic strain. [306] Indeed, the increasing of the temperature leads to the stabilization of 

structure with lower symmetry, such as orthorhombic, probably because thermal treatment at this 

calcination temperature (1000°C) provides sufficient energy to the migration of Mn and Cu cations 

into the orthorhombic structure to create crystalline well defined perovskite phase.  

 

Figure 3.1. Graph showing the XRD diffractogram for LaMn0.8Cu0.2O3 calcined at 1000°C (#29574), at 800°C 

(#29670) and at 500°C (#29686). Color code: black: #29574; blue: #29670; red: #29686; light blue: orthorhombic 

features and green: rhombohedral features. 

Finally, the samples (La,Pr)Mn0.7Cu0.3O3 are orthorhombic even at the highest calcination 

temperature (1000°C)  and the ones calcined at 500°C are not phase-pure, indicating that 500°C for 

8 h is not a sufficient temperature  to form phase-pure perovskite compounds when the Cu loading 

is increased. Interestingly, the calcination temperature has basically no impact on the values the 

<B-O> sigma and <A-O> sigma, which are always higher for Pr-based sample with respect to the 

corresponding La-based ones (since Pr-based series present a higher degree of orthorhombic 

distortion), meaning that the thermal treatment is able to have an impact on the phase-transition and 



                                                                                                     Catalysts’synthesis and characterization 

37 
 

phase stabilization, but not directly on the distortion parameters, which are dominated mostly by 

conformational structural phenomena (such es. A-size cation and amount of B´ loading) (Table 3.3). 

Table 3.3. Table with listed: the crystallographic data from Rietveld Refinement for 0.1≤x≤0.3 stoichiometry at 1000 and 

800°C. Being R-3cH: rhombohedral symmetry and Pbnm : orthorhombic symmetry,  a,b,c: lattice constants; V: 

normalized volume of the unit cell; <B-O> and <A-O>: mean of the interatomic distances and<B-O> sigma and <A-O 

sigma the standard deviations of interatomic distances. Color-code: orange: La-based samples; green: Pr-based samples. 

 

 

In summary, a preliminary screening of the calcination temperatures has been performed among  

1000°C, 800°C and 500°C in order to select the optimal one as a compromise between surface area 

and crystallinity. From the preliminary screening it emerges that the lower the Cu content, the 

higher the symmetry. Additionally, also the A cation size plays a role on the symmetry. Indeed, all 

Pr-based samples, even those with low Cu content (0≤x≤0.1), present the orthorhombic symmetry, 

while the La-based samples with x=0-0.1 show the rhombohedral one. This phenomenon is 

probably ascribable to the smaller size of Pr cation with respect to the La one and thus on the 

consequent enhanced crystallographic strain, which leads to octahedral distorsion. [313] Moreover, 

also the calcination temperature influences the crystallographic strain, [306] as, the higher the 

calcination temperature, the lower the symmetry. Indeed, LaMn0.8Cu0.2O3 compound represents the 

thermodynamic metastable character of the perovskite-like materials (Figure 1), highlighting that 

the thermal treatment at high temperature provides sufficient energy for the migration of Mn and 

Cu cations into the orthorhombic structure to create crystalline well defined perovskite phase. The 

best compromise between phase-purity and surface area is achieved by calcining the perovskites at 

xCu A-

site 

Calcination 

T(°C) 

Lattice 

symmetry 

a (Å) b (Å) c (Å) V/Z  

(Å3) 

<B-O> 

(Å) 

<B-O>sigma 

(Å) 

<A-O> 

(Å) 

<A-O>sigma 

(Å) 

 

0.1 

La 
     1000 R-3cH 5.525 5.525 13.325 58.719 1.965 0.000 2.756 0.204 

800 R-3cH 5.520 5.520 13.329 58.615 1.963 0.000 2.754 0.200 

Pr 
1000 Pbnm 5.461 5.543 7.699 58.262 1.987 0.044 2.767 0.343 

800 Pbnm 5.460 5.538 7.703 58.240 1.986 0.061 2.766 0.340 

 

 

0.2 

 

La 

1000 Pbnm 5.531 5.486 7.775 58.976 1.975 0.006 2.764 0.247 

800 
R-3cH 5.528 5.528 13.321 58.761 1.968 0.000 2.758 0.218 

Pbnm 5.530 5.484 7.774 58.938 1.974 0.051 2.764 0.241 

Pr 
1000 Pbnm 5.463 5.576 7.681 58.507 1.994 0.040 2.774 0.363 

800 Pbnm 5.463 5.547 7.697 58.317 1.989 0.049 2.796 0.349 

 

0.3 

La 
1000 Pbnm 5.530 5.495 7.786 59.144 1.982 0.006 2.769 0.267 

800 Pbnm 5.526 5.485 7.777 58.928 1.976 0.019 2.764 0.252 

Pr 
1000 Pbnm 5.468 5.549 7.697 58.384 1.993 0.038 2.771 0.258 

800 Pbnm 5.465 5.540 7.694 58.230 1.989 0.040 2.768 0.350 
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800°C.  Moreover, the two corresponding Ruddlesden-Popper phase structures (La,Pr)2CuO4 have 

been added to the last cited series to explore materials with similar composition, but very different 

structures in catalysis. Finally, the project has been completed with the synthesis of 

(Pr,Nd,Sm)Mn0.7B’0.3O3 series with B´=Ni, Zn, Co, Fe, Cr, Pd and Ru, in order to focus on double 

B-site perovskites and study the variation of different B´elements belonging to 3 and 4 d 

configuration into the catalyst´s nanostructures and their influences on the catalytic performance.   

 

3.2 Analysis of the structural and electronic properties of  the (La,Pr)Mn(1-

x)CuxO3 series  

 

3.2.1 Crystal symmetry 

 

Fourteen catalysts of the (La,Pr)Mn(1-x)CuxO3 series has been synthesized by self-ignition route and 

calcined at 800°C, being this latter temperature the best compromise between crystallinity and 

surface area.  As evidenced by Rietveld refinement of powder X-ray diffractograms (Figure SI 1), 

all the synthesis products are phase-pure perovskite-like samples, which present either 

rhombohedral or orthorhombic symmetry, being the orthorhombic phase the dominant one among 

the synthesized perovskites (Table 3.4 and 3.5). Generally, the XRD pattern of the LaMn(1-x)CuxO3 

series reported in the literature [166, 309] present rhombohedral symmetry for 0≤x≤0.2 stoichiometry, 

as it is the case for the presented samples and the samples with stoichiometry with 0.3≤x≤0.5 show 

cubic symmetry, while those synthesized in the specific project starting from x≥0.25 are 

orthorhombic (Table 3.4 and 3.5). The replacement of a certain percentage of Cu atoms instead of 

Mn atoms into the octahedral sites should increase the crystallographic strain, leading to lower 

crystallographic symmetry. [307] In this regard, it becomes more intuitive to understand a phase-

transition from rhombohedral to orthorhombic (i.e. where the crystallographic symmetry is 

lowered), as it is found in the presented project, instead of a phase-transition from rhombohedral to 

cubic (i.e. a symmetry enhancement), as reported in some literature. [166, 309] Indeed, some other 

authors report that the introduction of a second B-site (Cu,Fe) into the octahedron of the LaMnO3, 

does not change significantly the intensity or peak shape, but it causes a 2Theta shift, which is 

reflected in a change of the cell unit size. [201] Additionally, the calculated tolerance factor for La-

based perovskite with x>0.2 is more distant to 1 (which is the tobs value for the ideal cubic 

perovskite) with respect to the other La-based samples with lower Cu content loading (x≤0.2), 

indicating that the crystallographic distortion for these latter samples with Cu loading >0.2 is higher 

(Figure 3.2). 
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Finally, due to the lanthanide contraction, the Pr-based perovskites present a higher degree of 

orthorhombic distortion with respect to the corresponding La-based ones, because the perovskite 

has to undergo to higher strain in order to maintain the symmetry by having a smaller A-size cation 

in the large cuboctahedral A-cage. [313] The lowered crystallographic symmetry of Pr-based samples 

is also reflected in the higher distance of their calculated tobs (observed tolerance factor) from the 

one of the ideal cubic perovskite (where t=1), since the higher the distance from the ideal value of 

1 for tobs, the higher the crystallographic distortion (Figure 3.2). While, La-based perovskites present 

a tobs which is closer to 1. The crystallographic stain might also be evaluated in <B-O> sigma and 

<A-O> sigma, being this latter one the standard deviation of the interatomic distance A-O able to 

reflect the amount of the cuboctahedral distortion, while <B-O> sigma reflects that of the octahedral 

with Jahn-Teller one within the structure, being in these specific series dominated from the ratio of 

the two Jahn-Teller ions, such as Mn3+ and Cu2+ (Table 3.4 and 3.5). Indeed, <A-O> sigma and <B-

O> sigma are always higher for Pr-based samples with respect to La-series. Finally, <A-O> sigma 

increases linearly with <B-O> distances, which in turn linearly depends on Cu loading only for La-

based series, indicating that the Jahn-Teller and octahedral distortion is strongly influenced by the 

Cu amount, while it is not the case for Pr-based series. This is probably because in Pr case, the Cu 

induced effect is smeared by the already present crystallographic strain due to the smaller size of 

Pr and therefore, since multiple strain inducing parameters are present simultaneously in the Pr-

based series, it becomes difficult to evidence a clear correlation with Cu loading content and the 

consequent increase in cuboctahedra distortion. 

 

Figure 3.2. Graph showing the observed tolerance factor as calculated from the distances determined by Rietveld 

Refinement over the Cu content determined by ICP-OES analysis. Orange: La-based samples and green:Pr-based 

samples. 
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Table 3.4. Crystallographic data from Rietveld Refinement for the LaMn(1-x)CuxO3 series. Being R-3cH: rhombohedral 

symmetry and Pbnm : orthorhombic symmetry,  a,b,c: lattice constants; V/Z:normalized volume of the unit cell; <B-O> 

and <A-O>:mean of the interatomic distances and <B-O> sigma and <A-O> sigma the standard deviations of interatomic 

distances. 

 

xCu Lattice 

symmetry 

a (Å) b (Å) c (Å) V/Z  

(Å3) 

<B-O> 

(Å) 

<B-O>sigma 

(Å) 

<A-O> 

(Å) 

<A-O>sigma 

(Å) 

0 R-3cH 5.507 5.507 13.340 58.395 1.957 0.000 2.750 0.184 

0.1 R-3cH 5.520 5.520 13.326 58.613 1.964 0.003 2.755 0.204 

0.2 
R-3cH 5.526 5.526 13.326 

58.741 1.969 0.011 2.759 0.224 
Pbnm 5.526 5.485 7.770 

0.25 Pbnm 5.529 5.486 7.777 58.972 1.976 0.039 2.765 0.249 

0.3 Pbnm 5.526 5.483 7.773 58.890 1.976 0.031 2.764 0.252 

0.35 Pbnm 5.526 5.487 7.779 58.969 1.978 0.064 2.766 0.256 

0.4 Pbnm 5.527 5.488 7.779 58.991 1.979 0.057 2.767 0.260 

 

Table 3.5. Crystallographic data from Rietveld Refinement for the PrMn(1-x)CuxO3 series. Being R-3cH: rhombohedral 

symmetry and Pbnm : orthorhombic symmetry,  a,b,c: lattice constants; V/Z:normalized volume of the unit cell; <B-O> 

and <A-O>:mean of the interatomic distances and <B-O> sigma and <A-O> sigma the standard deviations of interatomic 

distances. 

 

xCu Lattice 

symmetry 

a (Å) b (Å) c (Å) V/Z  

(Å3) 

<B-O> 

(Å) 

<B-O>sigma 

(Å) 

<A-O> 

(Å) 

<A-O>sigma 

(Å) 

0 Pbnm 5.460 5.490 7.713 57.805 1.973 0.044 2.754 0.303 

0.1 Pbnm 5.460 5.510 7.703 58.171 1.984 0.064 2.765 0.334 

0.2 Pbnm 5.463 5.548 7.696 58.319 1.990 0.041 2.769 0.353 

0.25 Pbnm 5.464 5.544 7.696 58.286 1.990 0.044 0.353 0.353 

0.3 Pbnm 5.466 5.544 7.695 58.296 1.991 0.041 2.769 0.354 

0.35 Pbnm 5.465 5.532 7.695 58.161 1.988 0.049 2.769 0.347 

0.4 Pbnm 5.465 5.530 7.691 58.109 1.988 0.043 2.766 0.352 
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In summary, the Rietveld Refinement analysis has evidenced how the crystallographic strain is 

affected by the Cu loading and in particular by the A-site. Indeed, a phase-change from 

rhombohedral to orthorhombic occurs in the La-based series with x=0.2 and Pr-based catalysts 

present a higher degree of crystallographic distorsion compared to the corresponding  ones of the 

La-based series, due to the fact that the perovskite has to undergo to higher strain in order to 

maintain the structure by having a smaller A-size cation in the large cuboctahedral A-cage. 

 

3.2.2. Chemical composition, nanostructure and porosity of the catalysts  

 

The bulk and the surface stoichiometry have been determined by ICP-OES (Table 3.6) and XPS 

(Table 3.7), respectively, confirming that the Mn:Cu ratios were very close to the nominal ones 

both for the bulk and the surface within the series. However, some differences in the bulk´s 

elemental distribution are visible within the two series. Indeed, the La-based samples present a 

higher B/A bulk´s content with respect to the corresponding Pr-based ones (Figure 3.3), which 

might be due to the fact that the octahedra of Mn and Cu are better stabilized into the bulk by the 

larger cuboctahedron of La. 

 
Figure 3.3. Graph indicating the bulk´s B/A ratio. Orange: La-based samples, green: Pr-based samples. 

 

 This A-site bulk enrichment in Pr-series, is visible also when the stoichiometry are normalized on 

(A+B)=2 or (B+B´)=1 in Table 3.6 and Table 3.7. Indeed, the stoichiometry have been reported in 

three different normalizations, such as (A+B)=2, A=1 and (B+B´)=1, in order to highlight and 
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compare different aspects of the metal composition simultaneously.  From the comparison, it 

emerges that the La-samples do not present A-site enrichment, neither in (A+B)=2 formula or in 

(B+B´)=1, while for the Pr-based samples it is always the case for each Cu loading. Concerning the 

B-site, it is evident that the Cu is very close to the nominal value in all the three different 

stoichiometry normalizations, indicating that the real Cu content in the two series is effectively 

almost coincident with the nominal loading. While, Mn bulk detected content generally presents a 

deviation from the nominal one, which becomes evident in (A+B)=2 and A=1 normalized 

stoichiometry, especially for Pr-based samples. Moreover, the ICP-OES bulk analysis, as the 

oxygen content determination ones, have been repeated three times for each sample in order to 

determine the relative standard deviations for the value of each detected element in the 

measurements, which range from 0.7 to maximum 4.8 %, indicating that no elements present bulk 

segregation within the series.  

Table 3.6. Table with listed: CO2 mass loss determined by TG-MS, the stoichiometry determined by ICP-OES combined 

with oxygen content determination analysis and the BET surface areas for the LaMn(1-x)CuxO3 series. Purple stoichiometry 

is calculated on the basis of the combined metal chemical analysis (ICP-OES) and oxygen content determination. Oxygen 

content determined values have been corrected by subtraction of O2 amount contained into CO2 molecules. The CO2 

amount has been measured by TG-MS analysis. 

 

xCu 
CO2 

(wt%) 
(A+B) = 2a A = 1b (B+B´) = 1c 

BET 

surface area 

(m
2
·g-1) 

0 1.88 
La0.99Mn1.01O3.00 La1.00Mn1.02O3.03 La0.98Mn1.00O2.98 

11.7 
La0.99Mn1.01O2.80 La1.00Mn1.02O2.82 La0.98Mn1.00O2.77 

0.1 0.61 
La1.01Mn0.89Cu0.1O3.27 La1.00Mn0.87Cu0.1O3.23 La1.03Mn0.90Cu0.1O3.32 

6.2 
La1.01Mn0.89Cu0.1O3.17 La1.00Mn0.87Cu0.1O3.13 La1.03Mn0.90Cu0.1O3.21 

0.2 1.04 
La1.00Mn0.8Cu0.2O3.01 La1.00Mn0.8Cu0.2O3.01 La1.00Mn0.8Cu0.2O3.01 

6.0 
La1.00Mn0.8Cu0.2O2.87 La1.00Mn0.8Cu0.2O2.87 La1.00Mn0.8Cu0.2O2.87 

0.25 0.86 
La0.97Mn0.79Cu0.24O3.14 La1.00Mn0.81Cu0.25O3.24 La0.94Mn0.76Cu0.24O3.05 

5.5 
La0.97Mn0.79Cu0.24O3.01 La1.00Mn0.81Cu0.25O3.10 La0.94Mn0.76Cu0.24O2.92 

0.3 0.74 
La0.97Mn0.75Cu0.28O2.95 La1.00Mn0.77Cu0.29O3.05 La0.94Mn0.72Cu0.28O2.86 

4.2 
La0.97Mn0.75Cu0.28O2.84 La1.00Mn0.77Cu0.29O2.94 La0.94Mn0.72Cu0.28O2.75 

0.35 0.85 
La0.99Mn0.66Cu0.36O3.12 La1.00Mn0.66Cu0.36O3.16 La0.98Mn0.65Cu0.35O3.09 

9.6 
La0.99Mn0.66Cu0.36O3.00 La1.00Mn0.66Cu0.36O3.03 La0.98Mn0.65Cu0.35O2.97 

0.4 0.49 
La0.99Mn0.59Cu0.41O2.99 La1.00Mn0.60Cu0.42O3.01 La0.99Mn0.59Cu0.41O2.97 

5.9 
La0.99Mn0.59Cu0.41O2.89 La1.00Mn0.60Cu0.42O2.91 La0.99Mn0.59Cu0.41O2.87 

a
 Stoichiometry calculated on the sum of metals equal to two. 

b
 Stoichiometry calculated by fixing the amount of A to one. 

c 
Stoichiometry calculated by fixing the amount of (B+B´) to one. 
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Table 3.7. Table with listed: CO2 mass loss determined by TG-MS, the stoichiometry determined by ICP-OES combined 

with oxygen content determination analysis and the BET surface areas for the PrMn(1-x)CuxO3 series. Purple stoichiometry 

is calculated on the basis of the combined metal chemical analysis (ICP-OES) and oxygen content determination. Oxygen 

content determined values have been corrected by subtraction of O2 amount contained into CO2 molecules. The CO2 

amount has been measured by TG-MS analysis. 

 

xCu 
CO2 

(wt%) 
(A+B) = 2a A = 1b (B+B´) = 1c 

BET 

surface area 

(m
2
·g-1) 

0 1.36 
Pr1.03Mn0.97O2.74 Pr1.00Mn0.95O2.66 Pr1.06Mn1.00O2.82 

9.4 
Pr1.03Mn0.97O2.58 Pr1.00Mn0.95O2.51 Pr1.06Mn1.00O2.66 

0.1 0.39 
Pr1.04Mn0.86Cu0.10O3.15 Pr1.00Mn0.83Cu0.1O3.05 Pr1.07Mn0.89Cu0.11O3.27 

5.4 
Pr1.04Mn0.86Cu0.10O3.08 Pr1.00Mn0.83Cu0.1O2.98 Pr1.07Mn0.89Cu0.11O3.19 

0.2 0.45 
Pr1.03Mn0.77Cu0.20O3.01 Pr1.00Mn0.75Cu0.2O2.93 Pr1.06Mn0.79Cu0.21O3.10 

4.2 
Pr1.03Mn0.77Cu0.20O2.85 Pr1.00Mn0.75Cu0.2O2.78 Pr1.06Mn0.79Cu0.21O2.93 

0.25 0.47 
Pr1.02Mn0.73Cu0.25O2.77 Pr1.00Mn0.72Cu0.25O2.72 Pr1.04Mn0.74Cu0.26O2.82 

9.0 
Pr1.02Mn0.73Cu0.25O2.48 Pr1.00Mn0.72Cu0.25O2.44 Pr1.04Mn0.74Cu0.26O2.53 

0.3 0.94 
Pr1.03Mn0.68Cu0.29O2.83 Pr1.00Mn0.66Cu0.28O2.73 Pr1.07Mn0.70Cu0.30O2.93 

6.1 
Pr1.03Mn0.68Cu0.29O2.58 Pr1.00Mn0.66Cu0.28O2.50 Pr1.07Mn0.70Cu0.30O2.68 

0.35 0.59 
Pr1.02Mn0.64Cu0.34O2.70 Pr1.00Mn0.63Cu0.33O2.65 Pr1.04Mn0.65Cu0.35O2.76 

3.0 
Pr1.02Mn0.64Cu0.34O2.70 Pr1.00Mn0.63Cu0.33O2.65 Pr1.04Mn0.65Cu0.35O2.76 

0.4 0.68 
Pr1.00Mn0.60Cu0.39O2.85 Pr1.00Mn0.60Cu0.39O2.84 Pr1.01Mn0.61Cu0.39O2.87 

2.4 
Pr1.00Mn0.60Cu0.39O2.58 Pr1.00Mn0.60Cu0.39O2.59 Pr1.01Mn0.61Cu0.39O2.59 

a
 Stoichiometry calculated on the sum of metals equal to two. 

b
 Stoichiometry calculated by fixing the amount of A to one. 

c
 Stoichiometry calculated by fixing the amount of (B+B´) to one. 

 

 

Additionally, also the stoichiometry corrected with the subtraction of oxygen content contained in 

CO2 mass loss detected by TG-MS are reported (stoichiometry colored in purple in Table 3.6 and 

Table 3.7) (see TG-MS mass loss plots in Figure 4SI). The metal amount is not affected for any 

sample in each of the three employed normalization by this correction, while a decrease in oxygen 

amount is always resulting, being the highest -7% of oxygen content for LaMnO3 and the lowest -

2% for PrMn0.9Cu0.1O3. Interestingly, the oxygen content only of Pr-based samples is higher when 

the stoichiometry is normalized on (B+B´)=1, followed by (A+B)=2 and finally by A=1, while it is 

not the case for La-based catalysts. The correction of the oxygen values with the subtraction of O2 

content as detected by TG-MS should be possible because the detected mass loss might be estimated 

to be due only to CO2 (m/z=44) mass loss for all the samples, since the other detected species, such 

as O2 (m/z=32), CO (m/z=28), N2(m/z=28) and H2O (m/z=18), do not show a MS peak or if shown, 

it is presented at the same temperature of that of CO2 (see TG-MS mass loss plots in Figure 6SI). 
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Only PrMnO3, LaMn0.75Cu0.25O3 and LaMn0.7Cu0.3O3 present an O2 peak in the mass spectrometer 

(m/z=32) at different temperatures of the CO2 peak. However, the difference between the oxygen 

bulk amount without CO2 correction and those presenting the CO2 corrections do not fit linearly 

with the mass loss for Pr-based catalysts (Figure 3.4). This indicates that the stoichiometry reported 

for Pr-based catalysts with the CO2 correction of oxygen bulk content should not be taken into 

consideration, since the mass loss is probably due to the desorption of further species (release of 

bulk oxygen or N2 deriving probably from glycine residuals which are not fully combusted during 

the synthesis and calcination process), although these latter ones have not been detected by TG-MS 

analysis. Finally, the measured BET surface areas vary from 2.5 until 12 m2·g-1 (Table 3.6 and 

Table 3.7) and are in a similar order of magnitude of LaMn(1-x)CuxO3 compounds synthesized with 

similar synthesis methods. [166, 311, 314] Finally, in contrast with some findings reported in the 

literature, in both the oxygen stoichiometry (with or without CO2 correction) the oxygen content 

does not decrease with Cu loading increasing, reflecting the oxidation of Mn3+ to Mn4+ as a function 

of Cu2+ content. [312] 

 

Figure 3.4. Plot reporting the difference between the not corrected O bulk content and those with CO2 correction over 

the CO2 mass loss detected by TG. Orange: La-based samples, green: Pr-based samples 

 

In summary, ICP-OES analysis have evidenced that the La-based series present a higher B/A bulk´s 

ratio in comparison with the corresponding Pr-based ones, which might be due to the fact that the 

octahedral of Mn and Cu are better embedded into the larger cuboctahedron of La. The difference 

between the oxygen bulk amounts without CO2 corrections and those reporting CO2  corrections 

fits linearly with the mass loss for La-based series, while it is not the case for the Pr-based ones,  
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(Figure 4). This indicates that the stoichiometry reported for Pr-based catalysts with  CO2 correction 

of the oxygen bulk content should not be taken into consideration, since the mass loss is probably 

due to the desorption of further species (release of bulk oxygen or N2 deriving probably from glycine 

residuals which are not fully combusted during the synthesis and calcination process).  

 

3.2.3. Surface composition and surface oxidation state  

 

The surface elemental composition has been calculated employing the core levels of  La3d, Pr3d, 

Mn2p and Cu2p, the theoretical cross sections from Yeh and Lindau, [292] the inelastic free path of 

the electrons from Tanuma, Powell and Penn [293] and the transmission function of the analyser . 

The core levels of La, Pr, Mn, Cu and O are shown in Figure SI 3. The oxidation state of  Mn has 

been calculated from the Mn3s splitting based on the work published by Galakhov et al [298] (Table 

3.8) and the Mn4+/Mn3+ ratio should increase with Cu loading. [201, 315-317] While, in the analyzed 

catalysts it seems not be the case neither for La- or Pr-series, presenting this latter one higher Mn 

ox state in comparison with La, probably due to the higher amount of surface Cu fraction in Pr-

based samples, which causes an increment in Mn surface oxidation state. Since the Cu2p and Pr3d 

spectra have very similar binding energies, in order to analyze the spectra of the PrMn(1-x)CuxO3 

series a Pr3d clean spectra was acquired measuring PrMnO3 (Figure 3.5 a), while several Cu2p 

spectra were recorded measuring La-based series with the same filament employed for the Pr-based 

one. Finally, the spectra for the Pr-based series were fitted by scaling the two individual fits for 

Pr3d according to the literature [297, 318] and Cu2p [296] with some allowance for energy position 

(Figure 5).  The Cu2p region of XPS spectra of all the perovskites display shake-up satellites peaks 

around 10 eV above the major lines in the Cu2p region, revealing the presence of Cu+2 (Figure 3.5 

b). [294] The presence of Cu0 or Cu1+ has generally not been detected by laboratory photoelectron 

spectroscopy, although the NEXAFS experiments over LaMn0.75Cu0.25O3 and LaMn0.7Cu0.3O3 show 

a feature a 3.5 eV higher than the main peak (resonance position of Cu2+ has been fixed at 930.4 

eV), which might be attributable to different oxidation state of Cu or to a feature of Cu2+ 

contribution in the perovskite-like structure (Figure 3.6).  The contribution of Cu3+ is reported to  

display a feature at + 2eV and not 3.5 eV for perovskite samples, [319, 320]  while this feature is 

generally present in the Cu L-edges spectra of perovskite-like samples presenting Cu2+, although 

no different oxidation state from Cu2+ has been discussed. [321-323] Interestingly, a second XPS band 

in Cu2p spectra around 4eV below the major line, typical of the electron donation of Cu with 

lanthana, which should result in more electronegative Cu species shifted to lower BE, [312] is not 

present in La-based samples with highest Cu loading in comparison with those with the lower one.   

Finally La or Pr display always oxidation state 3+. [295, 297] 
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Table 3.8. Table with listed the VB onset averaged on the values measured with Al (Al Kα =1486.6 eV) and Mg (Mg Kα 

=1253.6 eV) filament, Mn3s splitting and Mn ox state calculated from the Mn3s splitting [298] for the (La,Pr)-series. 

 

Catalyst 
VB Onset 

(eV) 

Mn3s Splitting 

(eV) 

Mn Ox 

State 

Catalyst VB Onset 
(eV) 

Mn3s 
Splitting 

(eV) 

Mn Ox 
State 

LaMnO3 0.82 6.10 2.2 PrMnO3 0.51 5.49 2.8 

LaMn0.9Cu0.1O3 0.78 5.42 2.9 PrMn0.9Cu0.1O3 0.63 5.51 2.8 

LaMn0.8Cu0.2O3 0.44 5.71 2.6 PrMn0.8Cu0.2O3 0.77 5.33 3.0-3.3 

LaMn0.75Cu0.25O3 0.51 5.95 2.3 PrMn0.75Cu0.25O3 0.79 5.29 3.0-3.3 

LaMn0.7Cu0.3O3 0.75 6.10 2.1 PrMn0.7Cu0.3O3 0.72 5.30 3.0-3.3 

LaMn0.65Cu0.35O3 0.61 5.89 2.4 PrMn0.65Cu0.35O3 0.72 5.52 2.8 

LaMn0.6Cu0.4O3 0.60 5.38 2.9 PrMn0.6Cu0.4O3 0.67 4.93 3.5 

 

 

 

 

Figure 3.5. XPS fitted spectra for a) Pr3d b) Cu2p and c) resolving of Pr3d and Cu2p overlapped spectra. 

 

 

a) b) 

c) 
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Figure 3.6. Cu L-edges for #30635 (LaMn0.75Cu0.25O3) and #30659 (LaMn0.7Cu0.3O3) recorded in ultra high vacuum at 

room temperature. 

 

The surface composition of (La,Pr)Mn(1-x)CuxO3 series determined by XPS are summarized in Table 

3.9. The surface elemental ratio B:A is rather close to one and in agreement with the surface 

elemental analysis reported in the literature for LaMn(1-x)CuxO3 series, [310] although there are some 

differences between the La- and Pr-series. Indeed, the Pr-based catalysts present always a higher 

B:A ratio in comparison with the corresponding La-based ones (except for xCu=0.4 and 1), which 

is probably attributable to the enhanced crystallographic strain discussed above in Pr-based 

samples, which leads to B-site surface enrichment/segregation. Indeed, although La-based 

perovskites present higher Mn/A and Cu/A ratios than the same perovskites reported in the literature 

synthesized  by citrate route, [312] the Mn/A and Cu/A ratio is always higher for Pr-based catalysts 

in comparison to the corresponding La-ones. This makes Pr-based series more interesting in 

catalysis with respect to La-based ones, since the B-site has generally been considered the 

responsible element for the catalytic performance. [200] The Mn/A and Cu/A ratio presents a linear 

dependence, decreases and increases, respectively, with the nominal loading of Mn and Cu, with 

the exception of PrMn0.9Cu0.1O3 which shows a higher Mn/A ratio with respect to PrMnO3. 

 

 



Catalysts‘ synthesis and characterization 

48 
 

Table 3.9. Table with listed the elemental atomic composition on the surface, the B/A surface ratio, the Mn/A surface 

ratio and Cu/A surface ratio as determined by X-Ray Photoelectron Spectroscopy. 

 

xCu A-site 
A surface 

(at%) 
Mn surface (at%) 

Cu surface 

(at%) 

B/A surface 

(at%) 

Mn/A surface 

(at%) 

Cu/A surface 

(at%) 

0 
La 23.05% 17.59% 0.00% 0.76 0.76 0.00 

Pr 21.17% 19.22% 0.00% 0.91 0.91 0.00 

0.1 
La 22.70% 14.42% 3.07% 0.77 0.64 0.14 

Pr 19.70% 18.85% 3.37% 1.13 0.96 0.17 

0.2 
La 19.74% 12.16% 4.45% 0.84 0.62 0.23 

Pr 20.87% 16.89% 6.18% 1.11 0.81 0.30 

0.25 
La 20.95% 11.30% 6.08% 0.83 0.54 0.29 

Pr 23.41% 14.64% 6.98% 0.92 0.63 0.30 

0.3 
La 22.21% 11.43% 6.88% 0.82 0.51 0.31 

Pr 23.26% 13.83% 7.34% 0.91 0.59 0.32 

0.35 
La 24.58% 10.76% 6.58% 0.71 0.44 0.27 

Pr 24.62% 10.87% 8.45% 0.78 0.44 0.34 

0.4 
La 20.78% 9.78% 11.56% 1.03 0.47 0.56 

Pr 23.70% 10.47% 11.00% 0.91 0.44 0.46 
 

 

Regarding the distribution of each single metal between the bulk and the surface has revealed that 

the A-site (La or Pr) is more enriched on the surface (with the exception of Pr-based samples x= 0, 

0.1, 0.2) (Figure 3.7 a). Concerning the double B-site, Mn shows a depletion on the surface respect 

to the bulk, although Pr-based samples present generally a higher Mn content in comparison with 

the corresponding La-based samples (Figure 3.7 b). Differently from Mn, Cu is distributed more 

towards the surface than the bulk for almost each sample, with the La-based series presenting a 

higher Cu surface content with respect to the corresponding Pr-based one (except La-based sample 

with x=0.35) (Figure 3.7 c).  

        

                                                                                                                    

 

Figure 3.7. Graphs showing the surface Vs the bulk content for a) the A-site, b) Mn and c) Cu. Orange: La-based 

samples and green: Pr-based samples. 

 

 

a) b) c) 
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3.2.4  Morphology and elemental homogeneity 

 

Scanning electron microscopy (SEM) imaging reveals that all the samples of the (La,Pr)Mn(1-

x)CuxO3 series present a macroporous coral-like morphology composed by agglomerates of 

nanocrystallytes, which form hollow tubes in some samples. No by-phases are detected by SEM 

within the series and no particular morphological difference is visible between the La and Pr-based 

corresponding catalysts with the same Cu loading content. While, the presence of the Cu dopant 

seems to increase the tendency to form thinner and more ramified networks (Figure 3.8 c-f) with 

respect to the AMnO3 catalysts (Figure 3.8 a and b). The SEM picture of the remaining catalysts 

are shown in Figure 4SI. The homogeneous distribution of all elements in the μm range has been 

confirmed by EDX mapping (Figure SI 5). The morphology of the LaMn(1-x)CuxO3 series seem to 

present a more regular shape distinguished also by smaller hollow cavity with respect to those 

reported in the literature for the same catalysts (always at 1 μm). [201]  

 

Figure 3.8. SEM images at 1 μm of a) LaMnO3; b) PrMnO3,; c) LaMn0.75Cu0.25O3;d) PrMn0.75Cu0.25O3 ; e) LaMn0.6Cu0.4O3 

and f) PrMn0.6Cu0.4O3. 

 

c) d) 

e) f) 

a) b) 
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While, in order to investigate further the elemental homogeneous distribution in the nm range and 

to check for the presence of possible exsolution process in perovskites samples, occurring this latter 

phenomenon with higher probability in the catalysts with the highest Cu loading, Scanning 

Transmission Electron  Microscopy – Energy Dispersive X-Ray Spectroscopy (STEM-EDX) 

analysis have been performed over (La,Pr)Mn0.6Cu0.4O3 perovskites. The analysis has rarely 

revealed the presence of an exsolution process detecting CuO particles in PrMn0.6Cu0.4O3 sample 

(#31163) (Figure 3.9 b, where a separate peak for Cu and O signal is highlighted in pink within the 

spectrum), while the investigation of LaMn0.6Cu0.4O3 has not detected the presence of elemental 

ununiform distribution within the sample (Figure 3.9 a). The fact that segregated CuO has been 

found only in the Pr-based perovskite with the highest Cu loading and not also in the corresponding 

La-based one, might indicate that the homogeneous embedding of the elements on the surface’s 

structure might be partially influenced by the higher lattice distortion induced by the smaller size 

of Pr with respect to La. In addition, the High Resolution Scanning Transmission Electron 

Microscopy analysis (HR-STEM) performed on PrMn0.6Cu0.4O3 has revealed the presence of a 

layered structure, where three rows of brighter atoms (in this case Pr, since it is the heaviest element 

and thus strongest scatterer) separated by a row of lighter element (probably Cu) were visible 

(Figure 3.10).  This structure is similar to the known layered Pr2CuO4 Ruddlesden-Popper phase, 

but it appears to contain 3 layers of cubically coordinated Pr instead of two. Thus, a different 

structure was proposed containing an additional layer of [PrO8] cubes, generated based on the 

Pr2CuO4 phase. This results in a composition of Pr3CuO6, indicating that the layered by-phase is 

not the classical Ruddlesden-Popper-Phase (The comparison between the two structures is shown 

in Figure 3.11). However, in order to fit the measured data, the unit cell of Pr3CuO6 had to be 

shrinked isotropically to 80%, leading to smaller bond lengths than for Pr2CuO4. Simulated HAADF 

images of Pr3CuO6 in [110] zone axis are shown in Figure 12 for different probe sizes. Despite of 

the detected by-phases with STEM-EDX and HR-STEM (CuO and Pr3CuO4, respectively), 

PrMn0.6Cu0.4O3 has never behaved as outlier in propane oxidation under tested condition, while in 

CO oxidation, it seems to be an outlier with respect to the Pr-series trend. 
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Figure 3.9. STEM-EDX images and spectra for a) LaMn0.6Cu0.4O3 and b) PrMn0.6Cu0.4O3. 

 

 

Figure 3.10. Inverted Bright Field STEM  image of a by-phase in PrMn0.6Cu0.4O3. The image was Fourier-filtered and 

the contrast inverted in order to  improve the visibility of the atomic features. 

a) 

b) 



Catalysts‘ synthesis and characterization 

52 
 

 

 

 

 

Figure 3.11. Structures of a) Pr2CuO4 in 3D view; b) Pr2CuO4 in [110] zone axis; c) Pr3CuO6 in 3D view and d) ) 

Pr3CuO6 in [110] zone axis. 

 

a) b) 

c) d) 
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Figure 3.12. QSTEM simulated HR-STEM images for Pr3CuO6 in [110] zone axis for different probe sizes, corresponding 

to different resolutions (from left to right: 0 Å, 1 Å, 2 Å, 2.5 Å, 3 Å). 

 

3.2.5  Redox Properties 

 

The redox behavior of the catalysts has been investigated through TPO/TPR cycles in order to probe 

the oxygen capacity of the catalysts at 300°C with a heating ramp of 5 K/min, which is the reaction 

temperature employed in propane oxidation. After an in-situ calcination in synthetic air 

(O2/He=20/80) at 800°C for 6 h with a heating ramp of 10 K/min (same calcination performed for 

each sample after the synthesis) in order to remove the presence of adsorbed water and carbonates 

species, an inert pre-treatment (He) at 300°C for 2 h is performed in order to simulate a reducing 

atmosphere at the same reaction temperature of propane oxidation. However, the first TPO signal 

(TPO1 shown by the blue curves in Figure SI 7) for all samples is always zero, indicating that the 

perovskites are saturated with oxygen during the in-situ calcination and that the pre-treatment with 

inert at 300°C does not create oxygen vacancies. In some cases, the cycles are not reversible (Figure 

3.13)  but, generally, the first TPR occurs a different temperature and presents a different shape  

from the second and the third ones, which are almost coincident for all samples (TPRs shown by 

the blue curves in Figure SI 7). Usually, the curves display a small peak between 140 and 220°C 

for La-based series and between 135 and 200°C for Pr-based one, which could be ascribable to the 

excess oxygen due to cationic defects [324] and since the cationic defects could cause the partial 

oxidation of Mn3+ to Mn4+, the first reduction peak was could also be related to the reduction of 

Mn4+ to Mn3+. [325]  A peak indicating the reduction of Cu2+ has never been observed in the curve 

profiles. As mentioned above, the second and third TPR cycles are almost coincident, with the 

exception of PrMn0.9Cu0.1O3 (Figure 3.13), in which, although the difference between the second 

and the third TPR profile for this latter catalyst might be considered moderate, some solid-state 

diffusion mechanism could have played a significant role.  
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Figure 3.13. TPR cycles performed at 300° for PrMn0.9Cu0.1O3 .  Color-code: blue: 1st cycle; orange: 2nd cycle; brown: 

3rd cycle and red dotted line: temperature profile. 

 

Additionally, in order to investigate whether the oxygen content of the catalysts probed at 300°C 

through TPO/TPR cycles could be considered bulk oxygen, a full TPR up to 1000°C has been 

performed for the catalysts showing the highest redox capacity, PrMn0.6Cu0.4O3 (Figure 3.14). The 

integrated area of the TPR experiment performed at 300°C represents the 56% of the area of the 

TPR performed up to 1000°C, clearly indicating that the TPO/TPR experiments performed at 300°C 

probe the bulk oxygen of the catalysts. Concerning the difference displayed by the Cu loading in 

the TPOs and TPRs profile, it seems that the catalysts with lower Cu content show a more smeared 

peak profile than those with the highest loading (Figure 3.15) and that the main peak occurs 

generally at the same time for all the samples, except the TPR profiles of PrMn0.9Cu0.1O3 and 

PrMn0.8Cu0.2O3, which present a different peak profile from all the other catalysts (brown and 

orange curves  in Figure 3.15 d, respectively). 
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Figure 3.14. TPR cycles for PrMn0.6Cu0.4O3  performed at 300° (orange curve) and 1000°C (purple curve).Color-code: 

orange: TPR performed util 300°C and purple: TPR performed until 1000°C. Dotted-lines: temperature profiles. 
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Figure 3.15. Curves of the 2nd TPO cycle for  a) La-based series and b) Pr -based series. Curves of the 2nd TPR cycle for  

c) La-based series and d) Pr -based series. Color-code: red: x=0; brown: x=0.1; orange: x=0.2; yellow: x=0.25; green: 

x=0.3; purple: x=0.35 and light blue: x=0.4. 

 

As evidenced by TPO/TPR cycles, the bulk´s oxygen capacity which is calculated as the amount of 

oxygen atoms which are transferred during either a TPO or a TPR cycle (delta x detailed calculation 

in Section 2) is rather constant for all cycles (except TPO2 for LaMnO3), although it generally 

shows the tendency to slightly decrease over the cycles, especially for the catalysts with x<0.2 

(Figure 3.16). The values of the amount of O2 and H2 consumed during each cycle, from which the 

delta x has been calculated is listed in Table 3.10. Moreover, the higher the Cu content within the 

series, the higher the delta x (i.e. the oxygen capacity), being this latter one even higher for the Pr-

based samples with respect to the corresponding La-ones (except of (La,Pr)Mn0.9Cu0.1O3.) (Figure 

3.16). Indeed, the averaged delta x, which is a value calculated by averaging the individual delta x 

shown in Figure 3.16, by excluding the delta x of TPR1,  since it occurs immediately after TPO1 

which always displays no oxygen absorption by the catalysts and therefore it seems more reasonable 

to not include it into the “redox equilibrium” of the sample (indeed in Figure 3.16 TPR1 shows 

always higher delta x than the rest of the cycles), increases linearly with the Cu bulk content and it 

is always slightly higher for Pr-based sample with respect to the La-based ones (except of 

(La,Pr)Mn0.9Cu0.1O3) as shown in Figure 3.17. This latter mentioned phenomenon could probably 
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be explained by the capacity of Cu1+, presumably the major Cun+ species after reduction, to form a 

linear coordination sphere [326] and to consequently stabilize the formed oxygen vacancies. 

Table 3.10. Amounts of O2 or H2 consumed (μmol) during each TPO/TPR cycle and the averaged delta x calculated by 

averaging the individual delta x for each TPO/TPR cycle for the (La,Pr)Mn(1-x)CuxO3 series. 

 

xCu A-site TPR1-H2 

consumed 

(μmol) 

TPO2-O2 

consumed 

(μmol) 

TPR2-H2 

consumed 

(μmol) 

TPO3-O2 

consumed 

(μmol) 

TPR3-H2 

consumed 

(μmol) 

Averaged 

|Δx| 

0 
La 122.7 32.4 79.4 36.9 73.1 0.10 

Pr 137.0 54.9 104.7 51.2 89.8 0.14 

0.1 
La n.a.* 73.2 144.6 67.3 133.1 0.18 

Pr 154.4 63.4 127.2 59.0 119.9 0.17 

0.2 
La 240.4 107.5 195.1 111.7 190.9 0.28 

Pr 211.0 102.0 204.3 96.7 207.0 0.28 

0.25 
La 243.4 121.1 230.5 116.7 219.7 0.32 

Pr 255.1 129.8 244.0 136.0 238.8 0.35 

0.3 
La 261.5 129.9 254.7 141.1 254.3 0.36 

Pr 282.5 132.5 288.3 145.7 274.2 0.38 

0.35 
La 291.7 136.3 290.9 142.0 290.5 0.39 

Pr 328.1 155.1 330.2 161.6 317.9 0.44 

0.4 
La 368.0 189.0 356.0 169.1 354.6 0.48 

Pr 412.2 201.0 375.5 201.1 370.2 0.53 
 

*During TPR1 a recording problem of the detector occurred, however, the cycle has been performed correctly and 

therefore the following cycles can be considered valid experiments. 

 

 

Figure 3.16. Plot showing the oxygen capacity (delta x) for each sample at each TPO/TPR cycle. Squares: La-based 

samples and triangles: Pr-based samples. Color-code: red: x=0; brown: x=0.1; orange: x=0.2; yellow: x=0.25; green: 

x=0.3; purple: x=0.35 and  light blue: x=0.4 
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Figure 3.17. Plot showing the oxygen capacity (averaged delta x) calculated averaging all the oxygen capacities 

calculated from each TPO and TPR cycle over the Cu bulk content. Orange: La-based samples, green: Pr-based samples. 

 

TPR post-mortem samples have been subjected to XRD in order to investigate the crystallographic 

change upon reduction. The XRD analysis have evidenced that the most of the catalysts have 

maintained the same crystallographic phase upon reduction at 300°C, in agreement with the 

literature [311], while La-based catalysts until x≤0.2 have decreased their symmetry from 

rhombohedral to pure orthorhombic and all the catalysts show a shrinking of the c axis, which leads 

to a volume expansion, in agreement to what is reported in the literature [327] (Table 3.11 and 3.12).  

Table 3.11. Table containing the lattice constants and the normalized volume from Rietveld-Refinement for the LaMn(1-

x)CuxO3 series. 

 

xCu Catalyst´s 

status 

Lattice 

symmetry 

a (Å) b (Å) c (Å) V/Z (Å3) 

0 
Fresh R-3cH 5.507 5.507 13.340 58.395 

Post TPR Pbnm 5.541 5.596 7.783 60.341 

0.1 
Fresh R-3cH 5.520 5.520 13.326 58.613 

Post TPR Pbnm 5.553 5.582 7.815 60.556 

 

0.2 
Fresh 

R-3cH 5.526 5.526 13.326 
58.741 

Pbnm 5.526 5.485 7.770 

 Post TPR Pbnm 5.563 5.546 7.851 60.550 

0.25 Fresh Pbnm 5.529 5.486 7.777 58.972 
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Post TPR Pbnm 5.535 5.499 7.788 59.261 

0.3 
Fresh Pbnm 5.526 5.483 7.773 58.890 

Post TPR Pbnm 5.563 5.536 7.838 60.347 

0.35 
Fresh Pbnm 5.526 5.487 7.779 58.969 

Post TPR Pbnm 5.563 5.545 7.840 60.465 

0.4 
Fresh Pbnm 5.527 5.488 7.779 58.991 

Post TPR Pbnm 5.569 5.551 7.862 60.762 

 

Table 3.12. Table containing the lattice constants and the normalized volume from Rietveld-Refinement for the PrMn(1-

x)CuxO3 series. 

 

xCu Catalyst´s 

status 

Lattice 

symmetry 

a (Å) b (Å) c (Å) V/Z (Å3) 

0 
Fresh Pbnm 5.460 5.490 7.713 57.805 

Post TPR Pbnm 5.453 5.805 7.610 60.219 

0.1 
Fresh Pbnm 5.460 5.510 7.703 58.171 

Post TPR Pbnm 5.449 5.826 7.601 60.324 

 

0.2 

Fresh Pbnm 5.463 5.548 7.696 58.319 

Post TPR Pbnm 5.482 5.696 7.691 60.048 

0.25 
Fresh Pbnm 5.464 5.544 7.696 58.286 

Post TPR Pbnm 5.515 5.580 7.751 59.631 

0.3 
Fresh Pbnm 5.466 5.544 7.695 58.296 

Post TPR Pbnm 5.520 5.588 7.761 59.848 

0.35 
Fresh Pbnm 5.465 5.532 7.695 58.161 

Post TPR Pbnm 5.517 5.612 7.759 60.058 

0.4 
Fresh Pbnm 5.465 5.530 7.691 58.109 

Post TPR Pbnm 5.497 5.629 7.724 59.748 

 

In summary, the TPO/TPR cycles performed at 300°C have evidenced that the cycle reversibility 

is generally achieved after the first TPR for almost all catalysts (see the integrated areas listed in 

Table 3.10), being the calculated bulk´s oxygen capacity from the cycle (delta x) rather constant for 

all cycles, although it generally shows the tendency to slightly decreases over the cycles, especially 

for the catalysts with x<0.2 (Figure 3.16). The averaged delta x, which is the value calculated by 

 Table 3.11 (cont.) 
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averaging the individual delta x excluding those of TPO1 and TPR1 (since the first TPO always 

show no oxygen absorption for all catalysts), increases linearly with the Cu bulk content and it is 

always slightly higher for Pr-based sample with respect to the La-based ones (Figure 3.17). This 

latter mentioned phenomenon is probably ascribable to the tendency of Cu1+, presumably the major 

Cun+ species after reduction, to form a linear coordination sphere [326] and to consequently stabilize 

the formed oxygen vacancies. No trend is observed between the Cu loading and the peak profiles 

feature of TPO/TPR cycles. The perovskite structure is maintained for all samples upon reduction, 

without the segregation of by-phases, as evidenced by XRD post-mortem analysis.  

 

3.3 Analysis of the structural and electronic properties of the (La,Pr)2CuO4 

perovskite-related structures 

 

3.3.1 Crystal symmetry 

 

The (La,Pr)2CuO4 catalysts have been treated independently because of their different structure-

type with respect to the (La,Pr)Mn(1-x)CuxO3 series. The two perovskite-related structure catalysts 

have been synthesized by the self-ignition method and calcined at 800°C in synair (O2/Ar=20/80), 

as all the other catalysts presented in the herein project.  As evidenced by Rietveld refinement of 

powder X-ray diffractograms (Figure SI 2), La2CuO4 is 99% phase-pure (1% of La2O3) and Pr2CuO4 

is 100% phase-pure according to XRD detection limit. These perovskite-related structures are 

named Ruddlesden-Popper-Phase, which are layered structures that present the general formula 

A(n+1)BnO(3n+2) (see Section 1.3.1. for the detailed description of the structure).  La2CuO4 (#33018) 

presents the tetragonal symmetry with orthorhombic distortion, while Pr2CuO4 (#33343) presents 

the tetragonal symmetry with T´geometry. In the T geometry, the B cation occupies the octahedra 

units and the A cation is located at the center of 4 apical oxygen ions, deriving from the four nearest 

octahedra, and it is also placed directly below the apical oxygen of the nearest octahedra belonging 

to neighboring layer. Therefore, the A-site has coordination number 9 in La2CuO4. While, in the T´ 

geometry differs from the T one basically from the disposition of the oxygen atoms. In this latter 

one, the B cation sheets are no any longer octahedrally coordinated, but occupy the center of square 

planar pyramids (BO2 layers) and the A-site has coordination of 8 in Pr2CuO4 structure. The XRD 

results are in agreement with those presented in the literature for Pr2CuO4, reported to be K2NiF4 

structure-type (T´), [305, 328] while La2CuO4 is generally reported to be orthorhombic instead of T 

structure. [166, 309, 329] In the case of the La2CuO4 catalyst presented in this Thesis project, the 

orthorhombic distortion to the T structure might be due to an excess of oxygen between the B 

octahedral and the A-O layers, which could induce the tilting of the octahedra. The calculated lattice 
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constants and the V1 volume (2d-perovskite volume) are in agreement to those reported in the 

literature for the same compounds. [305, 329] The <B-O> sigma value for La2CuO4 is higher than that 

for the corresponding Pr-based sample, indicating that the octahedral Jahn-Teller distortion is 

higher for #33018, as it is reflected in the crystallographic symmetry which is tetragonal with 

orthorhombic distortion. While the <A-O> sigma values can not be compared for these two 

materials, due to the different symmetry with respect to the A-ion (Table 3.13). 

Table 3.13. Table with listed: the crystallographic data from Rietveld Refinement. Being Bmab: orthorhombic symmetry 

and I4/mmm: tetragonal symmetry; a,b,c: lattice constants; V:normalized volume of the unit cell; <B-O> and <A-O>: 

mean of interatomic distances and <B-O> sigma and <A-O> sigma the standard deviations of interatomic distances  for 

the A2CuO4 samples. 

 

A-site Lattice 

symmetry 

a (Å) b (Å) c (Å) V/Z 1 

(Å3)a 

V/Z 2 

(Å3)b 

<B-O> 

(Å) 

<B-O>sigma 

(Å) 

<A-O> 

(Å) 

<A-O>sigma 

(Å) 

La Bmab 5.358 5.400 13.152 95.139 63.426 2.073 0.236 2.658 0.165 

Pr I4/mmm 3.960 3.960 12.222 95.819 63.879 1.980 0.000 2.511 0.173 

a 
Normalized volume calculated by dividing the cell volume by the number of formula units. 

b 
Normalized volume calculated by estimation of the partition of the c axis, i.e. 

2

3
 of the volume belong to the ABO3 motif and 

1

3
   

belongs to the AO rock salt motif. 

 

3.3.2 Chemical composition, nanostructure, porosity and morphology of the 

catalysts 

The bulk and the surface stoichiometry have been determined by ICP-OES (Table 3.14) and XPS 

(Table 3.15), respectively, confirming that the A:Cu ratios were very close to the nominal ones both 

for the bulk and the surface within the series. However, in contrast to La2CuO4 which shows a B/A 

ratio almost coincident with the nominal one (ideal B/A for A2BO4=0.5), the Pr2CuO4 catalyst 

shows a slight bulk B-site enrichment (Figure 3.18).  
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Figure 3.18. Graph indicating the bulk´s B/A ratio. Orange: La2CuO4 , green: Pr2CuO4. 

This B-site enrichment is visible also in the three normalized stoichiometry listed in Table 3.14, 

where Pr is always minor than 2 and Cu slightly higher than 1 for #33343. Both samples seem to 

present oxygen deficiency in all the three normalizations, being the oxygen content higher for the 

La-based catalyst in comparison to the Pr-based one and this could ascribable to the excess of 

oxygen between the B octahedra and the A-O layers in La2CuO4, which could induce the tilting of 

the octahedra. Moreover, the ICP-OES bulk analysis have been repeated three times for each sample 

in order to determine the relative standard deviations for the value of each metals, which range from 

0.04 to maximum 2.28 %, indicating that no elements present bulk segregation in the two analyzed 

compounds. Also oxygen content determination analysis have been repeated three times for each 

material.  The surface areas reported in Table 3.14 for the two Ruddlesden-Popper phase catalysts 

are rather low and in agreement with those reported in the literature for La2CuO4 synthesized freeze-

drying solutions. [166]  
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Table 3.14. Table with listed: the stoichiometry determined by ICP-OES combined with oxygen content determination 

analysis and the BET surface areas. Color-code: orange: La2CuO4 , green: Pr2CuO4. 

 

A-site 
Space 

group 
(A+B) = 2a A = 1b (B+B´) = 1c 

BET surface 

area (m2·g-1) 

La Bmab La2CuO3.93 La2CuO3.92 La2.01CuO3.94 1.7 

Pr I4/mmm Pr1.98Cu1.02O3.64 Pr2Cu1.03O3.68 Pr1.95CuO3.58 1.6 

a
 Stoichiometry calculated on the sum of metals equal to two (three for A2CuO4 structures). b Stoichiometry calculated by fixing 

the amount of A to one (two for A2CuO4 structures). c Stoichiometry calculated by fixing the amount of (B+B´) to one. 

 

The surface composition of the A2CuO4 catalysts determined by XPS are summarized in Table 3.15.  

The elemental ratio B:A is rather close to 0.5 and in agreement with the surface elemental analysis 

reported in the literature for the same compounds. [310]  As it is the case for the bulk, the La-based 

sample presents a B/A surface ratio which is almost the ideal one, while Pr-based sample presents 

an A-site enrichment. While, regarding the distribution of each single metal between the bulk and 

the surface both A and Cu seem to be enriched in the bulk for both samples, in particular the La-

based one (Figure 3.19). 

 

Table 3.15. Table with listed the elemental atomic composition on the surface and the B/A surface ratio as determined 

by X-Ray Photoelectron Spectroscopy.  Color-code: orange: La2CuO4 , green: Pr2CuO4. 

 

A-site A surface (at%)  Cu surface (at%) B/A surface (at%) 

La 18.87 
 

9.25 0.49 
 

Pr 25.21 11.48 0.46 

 

 

 

        

 

 

 

 

 

 

Figure 3.19. Graphs showing the surface Vs the bulk content for a) the A-site and b) Cu. Orange: La2CuO4 , green: 

Pr2CuO4. 
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By analyzing the XPS spectra the Cu2p region displays shake-up satellites peaks around 10 eV 

above the major lines in the Cu2p region, revealing the presence of Cu+2 [294] (Figure 3.20). 

 

 

Figure 3.20. Graphs showing the Cu2p spectrum for La2CuO4. Color-code: grey : measured curve; red :enveloped curve; 

blue: Cu2p3/2; green: Cu2p1/2 and brown: Cu2p satellites. 

Scanning electron microscopy (SEM) imaging reveals that the two Ruddlesden-Popper Phase 

perovskites (Figure 3.21) present bigger crystals and defined structured networks in comparison 

with the (La,Pr)Mn(1-x)CuxO3  series (Figure 3.6). Also spherical agglomeration of particles are 

displayed the lower magnification SEM images (Figure 3.21 a and b). The morphology is very 

similar from that presented in literature for Pr2CuO4 synthesized with glycine-nitrate combustion 

method, [305] while it differs significantly from that reported for La2CuO4 synthesized by 

hydrothermal route, where either cubes with size distribution of 45-180 nm, or spherical particles 

or even square rods are produced after calcination at 800°C depending on the precursors 

combination.  [330]  
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Figure 3.21. SEM images at 1 μm  of a ) La2CuO4 at 5 μm;  b ) La2CuO4 at 1 μm; c) Pr2CuO4 at 5 μm and d) Pr2CuO4 at 

1 μm. 

 

In summary, (La,Pr)2CuO4 Ruddlesden-Popper phase catalysts have been synthesized by self-

ignition method and calcined at 800°C in synair (O2/Ar=20/80). As evidenced by Rietveld 

refinement of powder X-ray diffractograms (Figure 2SI), La2CuO4 is 99% phase-pure (1% of 

La2O3) and Pr2CuO4 is 100% phase-pure according to XRD detection limit. La2CuO4 presents the 

tetragonal symmetry with orthorhombic distortion, which is also reflected in the higer <B-O> sigma 

value, while Pr2CuO4 presents the tetragonal symmetry with T´geometry. As evidenced by ICP-

OES analysis combined with oxygen determination analysis, both samples seem to present oxygen 

deficiency, being the oxygen content higher for the La-based catalyst in comparison to the Pr-based 

one and this could explain the octahedral distortion adopted by La2CuO4, which could be related to 

the excess of oxygen between the B octahedra and the A-O layers. Concerning the bulk and surface 

elemental composition, La2CuO4 presents an ideal B/A bulk and surface ratio in agreement with the 

nominal one, while Pr2CuO4 shows an A-site enrichment on the surface and a B-site one on the 

bulk. Finally, scanning electron microscopy (SEM) imaging reveals that the two Ruddlesden-

Popper Phase perovskites (Figure 3.21) present bigger crystals and defined structured networks in 

comparison with the (La,Pr)Mn(1-x)CuxO3  series (Figure 3.6). 

 

a) b) 

c) d) 
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3.4 Analysis of the structural and electronic properties of the 

(Pr,Nd,Sm)Mn0.7B’0.3O3 Perovskites  

 

3.4.1 Crystal symmetry 

7 catalysts presenting the general formula (Pr,Nd,Sm)Mn0.7B´0.3O3 (with B´=Zn, Ni, Co, Fe, Cr, Pd 

and Ru) have been synthesized by self-ignition route and calcined at 800°C, being this latter 

temperature the best compromise between crystallinity and surface area, as it was evidenced by the 

preliminary screening performed over the (La,Pr)Mn(1-x)CuxO3 series (Section 3.1). As evidenced 

by Rietveld refinement of powder X-ray diffractograms (Figure SI 8), all the synthesis products are 

phase-pure perovskite-like samples, which present orthorhombic symmetry, with the exception of 

PrMn0.7Ru0.3O3 and PrMn0.95Pd0.05O3, which present around 3% of RuO2 and 2.5% of PdO, 

respectively (Table 3.16). This is probably ascribable to the fact that 4+ is a more common oxidation 

state for Ru with respect to 2+ and Pd is generally coordinated in a square planar geometry, instead 

of an octahedral one. [331, 332] As presented in Table 3.15, the standard deviations of the interatomic 

distances B-O (<B-O> sigma), which reflects the Jahn-Teller distortion, vary across the series in 

major extent with respect to <A-O> sigma (which reflects the cuboctahedral distortion). This is 

simply explainable by looking at the large folding fan of elemental variability for the B site in the 

series in comparison to the A one. Indeed, the only sample presenting an <A-O> sigma value which 

significantly differs from the others is SmMn0.7Cr0.3O3 (#33622), since Sm is the smallest employed 

Lanthanoid. Additionally, SmMn0.7Cr0.3O3 presents also one of the highest <B-O> sigma, due to 

the mismatch between the ionic radii of Mn and of Cr. LaMn(1-x)MxO3 systems (M=Ni, Co) with 

0.2≤x 0.4 have been reported to crystallize in the cubic symmetry after calcination at 700°C, while 

the catalysts calcined at 800°C presented in the following Thesis with B’=Ni and Co posses 

orthorhombic crystal structures. [333] The lower symmetry in comparison with similar structures 

reported in the literature might be attributable to the smaller size of Pr with respect to that of La 

cation, where the BO6 octahedra tilt in order to maintain the perovskite-structure with the smaller 

cuboctahedral A-cage. [313] PrMn0.7Zn0.3O3 presents orthorhombic crystal symmetry, being this latter 

result in agreement with the works found in the literature over the LaMn(1-x)ZnxO3 system, where it 

is reported that when the Zn amount exceeds 0.1 of doping, the structural transition from 

rhombohedral to orthorhombic symmetry is observed. Moreover, it is claimed in this latter cited 

work that zinc doping is responsible for the tilting of MO6 octahedra, influencing in this way the 

Jahn-Teller distortion of Mn3+. [334] Indeed, the calculated <B-O> sigma value for PrMn0.7Zn0.3O3 

shows a higher Jahn-Teller distortion with respect to the materials with B’=Co and Ni. As in the 

cases of Co and Ni substituted perovskites, LaMn0.7Fe0.3O3, it is reported in the literature with higher 

symmetry than the orthorhombic one [334] and, also in this case, the difference is ascribable to the 
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smaller size of Pr with respect to La. While, LaMn(1-x)CrxO3 system shows a phase transition from 

rhombohedral to orthorhombic when the doping amount of Cr exceeds 0.2. [335] Finally, as in the 

case of the material presented in the herein project (#33591), PdO by-phase formation has been 

detected by XRD for LaMnO3 perovskites doped with 7% of Pd in the B-site a synthesized by sol-

gel route. [336] 

Table 3.16. Table with listed: the crystallographic data from Rietveld Refinement. Being R-3cH: rhombohedral symmetry 

and Pbnm : orthorhombic symmetry, a,b,c: lattice constants; V:normalized volume of the unit cell; <B-O> and <A-O>: 

mean of interatomic distances and <B-O> sigma and <A-O> sigma the standard deviations of interatomic distances  for 

the (Pr,Nd,Sm)Mn0.7B’0.3O3 series. 

 

A-site B-site Lattice 

symmetry 

a (Å) b (Å) c (Å) V/Z  

(Å3) 

<B-O> 

(Å) 

<B-O>sigma 

(Å) 

<A-O> 

(Å) 

<A-O>sigma 

(Å) 

Pr Zn Pbnm 5.462 5.526 7.731 58.336 1.991 0.041 2.769 0.350 

Pr Ni Pbnm 5.451 5.488 7.711 57.659 1.978 0.027 2.755 0.331 

Pr Co Pbnm 5.456 5.510 7.719 58.011 1.985 0.040 2.763 0.343 

Nd Fe Pbnm 5.440 5.527 7.708 57.944 1.984 0.071 2.763 0.344 

Sm Cr Pbnm 5.367 5.600 7.602 57.122 1.995 0.113 2.768 0.430 

Pr Pd 
Pbnm +  

2.5% PdO 
5.455 5.528 7.706 58.102 1.985 0.051 2.764 0.342 

Pr Ru 
Pbnm +  

3% RuO2 
5.456 5.564 7.713 58.532 1.995 0.120 2.777 0.368 

 

 

Due to the lanthanide contraction, the SmMn0.7Cr0.3O3 present a higher degree of orthorhombic 

distortion with respect to the Pr-based samples, [313] However, NdMn0.7Fe0.3O3 presents an observed 

tolerance factor which is in the same range of the ones of the Pr-based perovskites. Moreover, the 

B’ site seems to not influence the crystallographic distortion, having all the Pr-based samples 

similar tobs (Figure 3.22). 
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Figure 3.22. Graph showing the experimentally observed tolerance factor as calculated from the distances determined 

by Rietveld Refinement over the Mn bulk fraction. B’ color-code: magenta: Zn; pink: Ni; light blue: Co; green: Cu; 

orange: Fe; violet:  Cr; dull green: Pd and red: Ru. PrMn0.7Cu0.3O3 is inserted for comparison. 

 

3.4.2 Chemical composition, electronic structure and porosity of the catalysts 

 

The bulk and the surface stoichiometries have been determined by ICP-OES (Table 3.17) and XPS 

(Table 3.18), respectively, confirming that the Mn:B’ ratios were very close to the nominal ones 

both for the bulk and the surface. However, some differences in the bulk´s elemental distribution 

are visible within the  AMn0.7B’0.3O3 series. Indeed, the Ni, Zn, Co and Fe-based samples present a 

B-site enrichment, SmMn0.7Cr0.3O3 sample’s B/A bulk’s ratio is almost coincident with the nominal 

one, while Ru, Cu, Pd-based sample present an B-site bulk depletion (Figure 3.23). This might 

indicate that Co, Zn, Ni, Fe and Cr render the stabilization of the (B+B’)-site into the bulk of the 

perovskite structures more favorable with respect to the other employed B’-site metals, such as Cu, 

Pd and Ru. For PrMn0.95Pd0.05O3 (#33591) and PrMn0.7Ru0.3O3 (#33624) the (B+B’)-site depletion 

in the bulk might be due also to the presence of the by-phases, which unbalance the elemental bulk 

distribution. 
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Figure 3.23. Graph indicating the bulk´s B/A ratio over the B’ bulk content. B’ color-code: magenta: Zn; pink: Ni; light 

blue: Co; green: Cu; orange: Fe; violet:  Cr; dull green: Pd and red: Ru. PrMn0.7Cu0.3O3 is inserted for comparison. 

 

 The depletion of the A-site in the bulk for the catalysts containing Co, Ni, Zn and Fe (#33454, 

33366, 33380 and 33621) is visible also by comparing the normalized formulas (A+B)=2 and 

(B+B’)=1 listed in Table 3.17. Indeed, as it was done for the (La,Pr)-series, the stoichiometry have 

been reported in three different normalizations, such as (A+B)=2, A=1 and (B+B´)=1, in order to 

highlight and compare different aspects of the metal composition simultaneously. As expected from 

the B/A ratio (Figure 3.23), all the three different normalizations show identical stoichiometry for 

the SmMn0.7Cr0.3O3 catalyst (#33622), suggesting that Sm, Mn and Cr amounts are almost 

coincident with the nominal ones. The same might be true also for the B’-site in general, which is 

always very close to the nominal value of 0.3 for all the three different normalizations and for all 

the discussed materials, with the exception of the not-phase-pure sample PrMn0.7Ru0.3O3 (#33624, 

red data point in Figure 3.23). Finally, by comparing the Mn content in the three different 

normalizations, it seems that the experimentally determined content is always slightly in excess 

with respect to the nominal one, except the not-phase pure material PrMn0.95Pd0.05O3 (#33591). As 

it was performed also for the (La,Pr)-series, the ICP-OES bulk analysis has been repeated three 

times for each sample in order to determine the relative standard deviations for the value of each 

detected element in the measurements, which range from 0.47 to maximum 5.2 % for the phase-

pure catalysts, (except the two not phase-pure materials #33591 and 33624).  Also the oxygen 

content determination analysis has been repeated three times for each material. N2 physiosorption 

analysis has been performed to determine the specific surface areas, being these latter ones between 

0.01 0.02 0.03 0.04 0.05 0.06 0.07

0.90

0.95

1.00

1.05

1.10

B' Bulk_ICP-OES (at%)

 PrMn0.7Zn0.3O3

 PrMn0.7Ni0.3O3

 PrMn0.7Co0.3O3

 PrMn0.95Pd0.05O3 + PdO (2.5%)

 NdMn0.7Fe0.3O3

 SmMn0.7Cr0.3O3

 PrMn0.7Ru0.3O3 + RuO2 (3%)

 PrMn0.7Cu0.3O3

B
/A

 B
u

lk
_

IC
P

-O
E

S
 (

a
t%

)



                                                                                                     Catalysts’synthesis and characterization 

71 
 

1,6 and 12,7 m
2
·g-1 (Table 3.17) presenting values in the same order of magnitude of those of the 

(La,Pr)Mn(1-x)CuxO3 series and in a similar order of magnitude of AMn0.7B´0.3O3 perovskites 

synthesized with close synthesis method. [166, 311, 314] 

Table 3.17. Table with listed: the stoichiometries determined by ICP-OES and the BET surface areas for the 

(Pr,Nd,Sm)Mn0.7B´0.3O3 series. 

 

A-site B’-site (A+B) = 2a A = 1b (B+B´) = 1c 
BET surface 

area (m
2
·g-1) 

Pr Ni Pr1.00Mn0.70Ni0.30O3.08 Pr1.00Mn0.70Ni0.30O3.09 Pr0.99Mn0.70Ni0.30O3.07        7.0 

 

Pr Zn Pr0.99Mn0.71Zn0.30O3.05 Pr1.00Mn0.72Zn0.30O3.07 Pr0.98Mn0.71Zn0.29O3.02       11.4 

 

Pr Co Pr0.98Mn0.72Co0.30O3.02 Pr1.00Mn0.74Co0.31O3.08 Pr0.96Mn0.71Co0.29O2.96        9.4 

 

Nd Fe Nd1.00Mn0.70Fe0.30O3.23 
Nd1.00Mn0.70Fe0.30O3.2

4 
Nd0.99Mn0.70Fe0.30O3.22       12.7 

 

Sm Cr Sm1.00Mn0.71Cr0.29O3.30 
Sm1.00Mn0.71Cr0.29O3.3

0 
Sm1.00Mn0.71Cr0.29O3.30  10.4 

Pr Pd Pr1.02Mn0.93Pd0.05O3.29 Pr1.00Mn0.91Pd0.05O3.23 Pr1.04Mn0.95Pd0.05O3.36        1.6 

 

Pr Ru Pr1.05Mn0.69Ru0.27O3.28 Pr1.00Mn0.66Ru0.25O3.14 Pr1.10Mn0.72Ru0.28O3.44        4.1 

 

a Stoichiometry calculated on the sum of metals equal to two (three for A2CuO4 structures) 

b Stoichiometry calculated by fixing the amount of A to one (two for A2CuO4 structures) 

c Stoichiometry calculated by fixing the amount of (B+B´) to one. 

 

The surface elemental composition has been calculated employing the core levels of  Pr3d, Nd3d, 

Sm3d, Mn2p, Zn2p, Ni2p, Co2p, Fe2p, Cr2p, Pd3d and Ru3d the theoretical cross sections from 

Yeh and Lindau, [292] the inelastic free path of the electrons from Tanuma, Powell and Penn [293] and 

the transmission function of the analyser . The Mn oxidation state, as evaluated from Mn3s splitting, 

[298] does not vary significantly among the series (Table 3.17) and the values are quite similar to the 

same stoichiometry with Cu as B´-site (Table 3.8), suggesting that all the B´-site element present a 

similar oxidation state. In the case of the Mn oxidation for PrMn0.7Zn0.3O3, the error associated to 

the Mn3s value would be much higher than that reported for the other compounds. This is because, 

although Zn 3p has been fitted according to the literature, [337, 338]  the Mn3s peak overlaps with that 

of Zn3p (Figure 3.24).  After removing the Pr4d satellites, three clear peaks around 83, 89 and 92 

eV were present. The middle larger peak around 89 eV is convoluted Zn3p3/2 and half of Mn3s, 

since the two Mn3s peak were expected at 83 and 88 eV and the two of Zn3p  at 89 and 92 eV.  
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Figure 3.24. Graphs showing the overlap between the Mn3s and Zn3p spectra. Color-code: grey : measured curve; red: 

enveloped curve; blue : Mn3s components and green: Zn3p components. 

 

The surface composition of (Pr,Nd,Sm)Mn0.7B´0.3O3 series + PrMn0.95Pd0.05O3 catalyst determined 

by XPS are reported in Table 3.18.  The elemental B’/A ratios are rather different among each 

others depending on the B´-site metal and differ substantially also from the B’/A values listed for 

the (La,Pr)Mn0.7Cu0.3O3 compounds listed in Table 3.9.  In particular, the catalysts with B´ being 

Zn, Ni and Co show a very low B´/A ratio compared to the other phase-pure catalysts (B’= Fe and 

Cr), whose B’/A ratio is three time higher. Also  LaMn(1-x)NixO3 catalysts reported in the literature 

and synthesized by citric acid route show much higher Ni/A ratio, being between 0.28 and 0.37 for 

0.25≤x≤0.4.  [339] This latter phenomenon might be also connected to the A-site. Indeed, the 

structural strain established by the smaller size of Nd and Sm might be a responsible factor for the 

surface  enrichment of Fe and Cr. [313]  
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Table 3.18. Table with listed the elemental atomic composition on the surface, the B/A surface ratio, the Mn/A surface 

ratio, B´/A surface ratio and the Mn oxidation state from Mn3s splitting as determined by X-Ray Photoelectron 

Spectroscopy. 

 

A-site B’-site A 

surface 

(at%) 

Mn 

surface 

(at%) 

B’ 

surface 

(at%) 

B/A 

surface 

(at%) 

Mn/A 

surface 

(at%) 

B’/A 

surface 

(at%) 

Mn ox 

state 

Pr Ni 22.50 17.01 2.32 0.86 0.76 0.10 3.5 

Pr Zn  21.45 16.67 3.78 0.95 0.78 0.18 n.a.* 

Pr Co 18.09 11.78 2.09 0.77 0.65 0.12 3.4 

Nd Fe 14.44 11.79 6.19 1.24 0.82 0.43 3.2 

Sm Cr 14.37 7.86 6.14 0.97 0.55 0.43 3.5 

Pr Pd 19.11 13.47 2.16 0.82 0.70 0.11 3.4 

Pr      Ru 19.50 8.80 3.35 0.62 0.45 0.17 3.1 

* The calculation of the distance between the two peaks of Mn3s can not provide a reliable value, since 

Mn3s overlaps with Zn3p. 

 

 

 

By analyzing the elemental distribution between surface and bulk of specifically only the 

PrMn0.7B’0.3O3 series it becomes evident how the B’ site may affect this latter one (Figure 3.25 a, 

b, c). Indeed, Co-based catalyst presents an A- site and Mn surface depletion in contrast to Zn- and 

Ni-based catalysts. Concerning the B’-site surface enrichment, it is present only for Pd, Fe and Cr. 

Interestingly, the two not phase-pure samples (PrMn0.7Ru0.3O3 + 3% RuO2 and PrMn0.95Pd0.05O3 + 

2.5% PdO) do not show an uneven distribution between the surface and bulk concentration of the 

A site (they perfectly fall on the line in Figure 3.25 a).  
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Figure 3.25. Graphs showing the surface Vs the bulk content for a) the A-site, b) Mn and c) B’. B’ color-code: magenta: 

Zn; pink: Ni; light blue: Co; green: Cu; orange: Fe; violet:  Cr; dull green: Pd and red: Ru. PrMn0.7Cu0.3O3 is inserted 

for comparison. 

 

3.4.3 Morphology and elemental homogeneity 

 

Scanning electron microscopy (SEM) imaging reveals that all the samples of the 

(Pr,Nd,Sm)Mn0.7B’0.3O3 and PrMn0.95Pd0.05O3 series present a macroporous network morphology 

composed by agglomerates of nanocrystallytes bridged-connected  and presenting holes. The 

variation of the A and B’ is reflected into morphological changes, indeed PrMn0.7B’0.3O3 catalysts 

with B’=Ni and Fe present very similar morphology (Figure 3.26 a,b,c,d), Zn-based catalyst (Figure 

3.26 a) shows the less ramified and most compacted structure, in the Co-based (Figure 3.26 c)  one 

the tendency of the particles is to agglomerate in empty spherical like-particles, in agreement with 

the morphology reported in the literature for LaMn(1-x)MxO3 materials, [333] while SmMn0.7Cr0.3O3 

show a thinner and more ramified coral-like macroporous structure with crystals not larger than 100 

nm (Figure 3.26 e). NdMn0.7Fe0.3O3 sample (Figure 3.26 d) shows holes of smaller dimension with 

respect to those reported in the literature for LaMn0.7Fe0.3O3 synthesized by sol-gel method. [201] No 

by-phases are detected by SEM within the whole series, except for PrMn0.95Pd0.05O3 (Figure 3.26 f 

and g) and PrMn0.7Ru0.3O3 (Figure 3.26 h). PrMn0.95Pd0.05O3 and PrMn0.7Ru0.3O3 present crystals 

which correspond to PdO and RuO2 
[340] as detected by XRD, respectively. For these two latter 

catalysts presenting a considerable amount of by-phases, EDX mapping was performed in order to 

investigate the elemental homogenous distribution in the nm range. The samples present 

homogeneous distribution of all elements, being Pd and Ru segregated in the found crystals (Figure 

SI 9). 

 

 

a) b) c) 
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Figure 3.26. SEM images at 1 µm of a) PrMn0.7Zn0.3O3; b) PrMn0.7Ni.3O3; c) PrMn0.7Co0.3O3; d) NdMn0.7Fe0.3O3 and e) 

SmMn0.7Cr0.3O3 ; f) PrMn0.95Pd0.05O3; g)  PrMn0.95Pd0.05O3 at 500 nm with visible PdO crystals and h) PrMn0.7Ru0.3O3. 

a) b) 

c) d) 

e) f) 

g) h) 
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In summary, seven catalysts presenting the general formula (Pr,Nd,Sm)Mn0.7B´0.3O3 (with B´=Zn, 

Ni, Co, Fe, Cr, Pd and Ru) have been synthesized by self-ignition route and calcined at 800°C in 

order to expand the elemental folding fan from the (La,Pr)Mn(1-x)CuxO3 series for artificial 

intelligence analysis. As evidenced by Rietveld refinement of powder X-ray diffractograms (Figure 

8SI), all the synthesis products are phase-pure perovskite-like samples, which present orthorhombic 

symmetry, with the exception of PrMn0.7Ru0.3O3 and PrMn0.95Pd0.05O3, which present around 3% of 

RuO2 and 2.5% of PdO, respectively. Concerning the crystallographic distorsion, the standard 

deviations of the interatomic distances B-O (<B-O> sigma), which reflects the Jahn-Teller 

distortion, vary across the series in major extent with respect to <A-O> sigma (which reflects the 

cuboctahedral distortion) and this is ascribable to large folding fan of elemental variability for the 

B site in the series in comparison to the A one. Indeed, the only sample presenting an <A-O> sigma 

value which significantly differs from the others is SmMn0.7Cr0.3O3 (#33622), since Sm is the 

smallest employed Lanthanoid. Additionally, SmMn0.7Cr0.3O3 presents also one of the highest <B-

O> sigma, due to the mismatch between the ionic radii of Mn and of Cr. The bulk and the surface 

stoichiometries determined by ICP-OES and laboratory XPS analyses have confirmed that the 

found elemental values are close to the nominal ones both for the bulk and the surface. However, 

some differences in the bulk´s elemental distribution are visible within the AMn0.7B’0.3O3 series. 

Indeed, the Ni, Zn, Co and Fe-based samples present a B-site enrichment, SmMn0.7Cr0.3O3 sample’s 

B/A ratio is almost coincident with the nominal one, while Ru, Cu, Pd-based sample present a B-

site depletion (Figure 3.23). This might indicate that Co, Zn, Ni, Fe and Cr render the stabilization 

of the (B+B’)-site into the bulk of the perovskite structures more favorable with respect to the other 

employed B’-site metals, such as Cu, Pd and Ru. The elemental distribution between the bulk and 

the surface depends on the interplay between the B’-site nature and the A-site size. Finally, 

Scanning electron microscopy (SEM) imaging reveals that all the samples of the 

(Pr,Nd,Sm)Mn0.7B’0.3O3 and PrMn0.95Pd0.05O3 series present a macroporous network morphology 

composed by agglomerates of nanocrystallytes bridged-connected  and presenting holes and that 

the variation of the A and B’ is reflected into morphological changes.  
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4.  Catalysis 
 

4.1 CO oxidation 

4.1.1 (La,Pr)Mn(1-x)CuxO3 series and (La,Pr)2CuO4 perovskite-related structures 

 

CO oxidation over the two perovskite series has been performed measuring 3 cycles from 30-350°C 

(30-420 °C for (La,Pr)MnO3 catalysts) with two different feeds, a more oxygen-rich feed (the 

typical exhaust feed) and a less-oxygen-rich feed, CO/O2/inert = 1/20/79 and CO/O2/inert = 1/2/97, 

respectively (Figure SI 10).     

The results of the cycling experiments show that all the tested catalysts reach the total conversion 

to CO2 within 350°C, with the exception of LaMnO3 sample, which presents lower activity with 

100% conversion at 371°C (Figure  SI 10 c), indicating that the presence of Cu increases the 

catalytic activity for the La-based perovskites. Only the La2CuO4 catalyst is not able to reach 50% 

conversion although it has been tested from 30°C until 420°C in both feeds (Figure SI 10 i and l). 

For this latter catalyst the first cycle is significantly more active than the second and third one 

(which are coincident), indicating that the strong deactivation after the first cycle might be induced 

by crystallographic phase change during reaction condition. However, the Rietveld Refinement of 

the post-mortem CO oxidation La2CuO4 catalyst indicate that no phase change occurred during 

reaction condition (Figure SI 11).  Additionally, all catalysts are generally more active  in the first 

cycle compared to the second and the third one (except for CuO, Mn2O3 and LaMnO3, Figure SI 10 

a,b and c), being these latter ones completely identical in the most of the cases, suggesting that 

some surface carbonates, which are not completely decomposed during the pre-treatment and are 

still present during the first cycle, as evidenced by DRIFT Operando experiments (Figure 4.2), 

might be involved in the reaction process by sintering or surface changes which could induce the 

catalyst´s surface to undergo into a deactivation mechanism after the first cycle, presenting stable 

catalytic performance during the second and the third one. 

Despite of what is generally reported in the literature for LaMn(1-x)CuxO3 series, where it is claimed 

that the B-site is the only element responsible for the catalytic performance , [200, 201] two different 

catalytic behaviours are visible for the La and Pr-based series when comparing their T10, T50 and 

T90 from the second cycle. Indeed, according to a previous study,[308, 310] the La-based series shows 

a trend between the Cu surface fraction and the catalytic activity. The higher the Cu surface fraction, 

the higher the activity both for the oxygen-rich feed and the less-oxygen-rich one (Figure 4.1). 

Moreover, the T10, T50 and T90 measured in the less-oxygen-rich feed are higher (less active) with 

respect to those measured in the oxygen-rich one for each sample of the La-based series (except the 

value of T90 for LaMn0.8Cu0.2O3), indicating that a L-H mechanism may not be excluded. [341, 342] 
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The influence of the feed composition shows the same results also for the Pr-based series, being the 

catalysts measured in the oxygen-rich feed more active than those measured in the less-oxygen-rich 

one (with exception of PrMn(1-x)CuxO3 0.25≤x≥0.35). However, the T10, T50 and T90 recorded for 

the Pr-based series do not show any particular trend depending on the surface metal composition 

(Figure 4.1). 

 

Figure 4.1. Graphs showing the catalytic activity in CO oxidation over the Cu surface fraction. Color code: orange : 

La-based samples and green: Pr-based samples. Squares: T10, circles: T50 and triangles: T90.  Filled symbols refer to 

the first feed, being CO/O2/inert: 1/20/79 and half-filled symbols refer to the second feed, being CO/O2/inert: 1/2/97. 

 

Finally, the rates of CO oxidation have been calculated from steady-state experiments performed at 

130°C after one cycle to 420°C in feed CO/O2/inert: 1/20/79 (Figure SI 12). From these experiments 

is clear that all the catalysts reach 100% conversion at a temperature which is lower than 420°C 

and present stable conversion at 130°C, being at this temperature in the kinetic regime before the 

heat and mass transport phenomena start to occur in the curve (below 10% CO conversion for all 

the catalysts of the series). 

0.00 0.05 0.10 0.15 0.20 0.25 0.30

75

150

225

300

75

150

225

300

0.00 0.05 0.10 0.15 0.20 0.25 0.30

153

204

255

306

153

204

255

306

 

T
 (

°C
)

xCu surface/ (A+B+B')surface (at%)

 

 

T
 (

°C
)



                                                                                                                                                             Catalysis 

79 
 

Previous operando DRIFT experiments in CO oxidation suggest the presence of monodentate 

carbonates since it is reported in the literature that CO adsorption bands over LaMnO3 sample at 

room temperature appear around 1575, 1480 and 1410 cm-1, [343] are decomposed after the first cycle 

at 420°C and therefore it could be assumed that the rates are derived from measurements performed 

in absence of carbonates (Figure 4.2).  

 

 

Figure 4.2. Difference spectra between the one either after the first or the second cycle to the one before each cycle at 

RT for PrMnO3 (left) and for PrMn0.6.Cu0.4O3 (right) from operando DRIFT experiments performed in CO oxidation 

with the first feed CO/O2/inert : 1/20/79. 

 

The rate results shown in Figure 4.3 confirm the ones obtained by the cycling experiments for the 

La-based series: the lower the Mn surface fraction (which could also be read as: the higher the Cu 

surface fraction), the higher the rates, while the Pr-based one seems to show an opposite trend, with 

the exception of PrMn0.6Cu0.4O3, probably due to the presence of segregated CuO on the surface, as 

revealed by STEM-EDX analysis (Figure 3.9 b in Section 3.2.3).   

The CO oxidation results highlight the high complexity generated by the synergistic effect of a 

double B-site into the catalytic dynamics. [199, 309] Indeed, PrMnO3 shows higher activity than 

LaMnO3 in CO oxidation, but the catalysis picture changes drastically when Cu is inserted into the 

matrix, influencing the catalytic activity of (La,Pr)-based series in different extents, while it has 

been generally written that the B-site is the only responsible element for the catalytic performance 

in CO oxidation over perovskite-like catalysts. [200, 201, 310] This latter phenomenon is probably 

ascribable to the fact the structural modifications conferred by the different A-site [313] induce the 

generation of diverse active sites and different active oxygen species on the catalysts´ surface. [344-

346] Moreover, it has been reported that the function of Mn is the oxygen activation and that of Cu 

is CO activation for LaMn(1-x)CuxO3 series. [310] In the case of Pr-based series, this functions´ 

combination could have been altered by the higher amount of surface Mn (Figure 3.7 b), generating 
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in this way a trend which may follow the oxygen activation step as the dominant one instead of the 

CO activation, like in the case of the La-based series. Finally, the two references (La,Pr)2CuO4 are 

almost inactive in CO oxidation, remarking how a different crystal structure-type from the ABO3 

perovskite one might change the catalytic scenario, irrespectively of the employed active sites 

(Figure 4.3). This latter result well correlates with those reported in the literature, where it is claimed 

that La2CuO4 presents a bad catalytic performance owed to its low activity for CO adsorption due 

to the inhibiting effect of the adsorbed CO2, which is ascribable to the Cu ion. [310, 347] 

 

 

Figure 4.3. Graphs showing the rates in CO oxidation over the Mn surface fraction. Orange: La-based samples, green: 

Pr-based samples. 

 

The conflicting correlations between the two series suggest that the surface B-metal composition is 

not a decisive factor for the catalytic performance, which is rather the result of synergistic relations 

between the multifactorial components of the dynamic system and therefore, a descriptor composed 

by a single parameter (for instance only by the metal surface´s composition) is definitely not 

sufficient to encode the catalytic performance of the studied system in CO oxidation. 

 

4.1.2 AMn0.7B´0.3O3 Perovskites  

The same steady-state experiments reported for the (La,Pr)Mn(1-x)CuxO3 series to calculate the rate 

of CO consumption in absence of surface carbonates, have been performed over the AMn0.7B´0.3O3 

series. Indeed, the rates of CO oxidation have been calculated from steady-state experiments 
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performed at 130°C after one cycle to 420°C in feed CO/O2/inert: 1/20/79 (Figure SI 13). Also all 

the catalysts of the (Pr,Nd)Mn0.7B´0.3O3 series reach 100% conversion at a Temperature which is 

lower than 420°C and present stable conversion at 130°C, being at this temperature in the kinetic 

regime before the light off the curve starts (around 10% CO conversion for all the catalysts of the 

series). 

The CO oxidation rates of these second series of catalysts emphasize the results already obtained 

for the (La,Pr)Mn(1-x)CuxO3 series on how the synergistic effect of a double B-site might chance the 

rules into the catalytic scenario. In detail, the highest CO consumption rate is presented by the Pd-

based catalyst, as expected, [205, 348-351] followed then by Co and immediately afterwards by Fe, being 

Ni, Zn and Cu the less active ones. Generally, Fe-based perovskites present much lower activity in 

CO oxidation with respect to Ni- and Co-based ones for ABO3 perovskite-structure. [350, 352, 353] 

While, as shown in Figure 4.4, the synergy established between Mn and Fe seems to be more 

beneficial to the catalytic performance in CO oxidation than those established between Mn and Ni, 

Zn or Cu. Also the role of the structural modifications induced by Nd smaller size with respect to 

Pr on the catalytic performance should not be neglected, because it could potentially generate 

different active sites on the surfaces, [344] although the lattice distortion of NdMn0.7Fe0.3O3 is not 

higher than those of PrMn0.7B´0.3O3 studied catalysts (Figure 3.22). 

 

 

Figure 4.4. Graphs showing the rates in CO oxidation over the Mn surface fraction. B’ color-code: 

magenta: Zn; fuchsia: Ni; light blue: Co; green: Cu; orange: Fe and dull green: Pd. 
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4.2 Propane oxidation 

 

4.2.1 (La,Pr)Mn(1-x)CuxO3 series and (La,Pr)2CuO4 perovskite-related structures 

 

The propane oxidation experiments have been performed from 260 until 300°C measuring in 

steady-state conditions at each 10 °C increment (Figure 4.5) and then applying four different contact 

times (W/F=0.18-1.2 g·s·mL-1) in dry feed C3H8/O2/Ne/N2 = 5/10/2/83 (Figure 4.6) and three 

different contact times (W/F=0.3-1.2 g·s·mL-1) in wet feed C3H8/O2/Ne/N2/H2O = 5/10/2/43/40 

(Figure 4.7). 

As evidenced from the temperature programmed reaction, the activity increases with temperature 

for La-based series, starting from 2% and achieving a maximum of 8%, for the most of the catalysts, 

with the exception of (La,Pr)2CuO4 and LaMn0.75Cu0.25O3 (Figure 4.5). 

Moreover, the higher the Mn content the higher the activity at each temperature for Pr-based 

perovskites (Figure 4.5), reflecting CO oxidation results (Figure 4.3). [354] 

The only detectable products from propane oxidation are propene and CO2, with the selectivity to 

propene presenting a minimum at 14% at 6% conversion for PrMn0.8Cu0.2O3 and being able to reach 

about 45 % at 2.5% conversion in dry feed at W/F=0.18 g·s·mL-1 for LaMn0.75Cu0.25O3. 

Additionally, the selectivity to propene in dry feed for all the catalysts is higher with respect of 

those for the two reference materials, Mn2O3 and CuO, showing how a defective perovskite or 

perovskite-related structures, [201, 346] like in the case of A2CuO4 catalysts, and/or the synergy of a 

double-B site in perovskite-like structures may exert a beneficial effect on the catalytic performance 

(Figure 4.6). [199, 309] 
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Figure 4.5. Conversion of propane as a function of the temperature for all catalyst in dry feed C3H8/O2/inert: 5/10/85 for 

the AMn(1-x)CuxO3 series.. Color-code: red: x=0; brawn: x=0.1; orange: x=0.2; yellow: x=0.25; green: x=0.3; purple: 

x=0.35; light blue: x=0.4 and blue: A2CuO4. Squares: La-based samples and triangles: Pr-based ones. 
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Figure 4.6. Contact time variation (W/F = 0.18-1.2 g·s·mL-1) for all catalysts at 300°C in dry feed. Color-code: red: x=0; 

brawn: x=0.1; orange: x=0.2; yellow: x=0.25; green: x=0.3; purple: x=0.35; light blue: x=0.4; blue: A2CuO4; pink: 

CuO and light green: Mn2O3. Squares: La-based samples and triangles : Pr-based samples. 

 

Figure 4.7. Contact time variation (W/F = 0.3-1.2 g·s·mL-1) for all catalysts at 300°C in wet feed (filled datapoints: dry 

feed, half-filled datapoints: wet feed). Color-code: red: x=0; brawn: x=0.1; orange: x=0.2; yellow: x=0.25; green: 

x=0.3; purple: x=0.35; light blue: x=0.4; blue: A2CuO4; pink: CuO and light green: Mn2O3. Squares: La-based samples 

and triangles : Pr-based samples. 
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DRIFT experiments were performed to check the presence of carbonates during operation 

conditions. These experiments have shown that monodentate carbonates [343] disappear after the pre-

treatment, while other product intermediates are generated during reaction conditions (Figure 4.8).  

The initial rate of propane consumption or propene and CO2 formation were employed to compare 

the catalysts (see Section 2 for initial rate calculation).  

Not only in the case of CO oxidation, but also for propane oxidation the results seem to be in 

contrast with the reported literature, [200] highlighting how the perovskite-like system may response 

differently under catalytic conditions depending on the A-site. Indeed, from the results obtained in 

dry feed, it could be evidenced that only Pr-based samples show a trend with the Mn surface 

fraction, highlighting once again how CO oxidation might work as a probe reaction for propane 

oxidation (Figure 4.3). [354]  Both the rates of propane consumption and CO2 formation show a 

positive trend with the Mn surface content over the Pr-based catalysts (Figure 4.9 a and c), while 

the selectivity to propene is not affected by the surface Mn concentration in dry feed (Figure 4.9 b). 

On the other hand, no trend is observed for the La-based catalysts. The drawn conclusion based on 

the found experimental data for propane oxidation is that the reactivity of each target catalytic 

property seems to be controlled by the interacted interplay of different parameters and a descriptor 

based on a single physicochemical property is not sufficient to fully endcode the catalytic 

performance. Surprisingly and in contrast with the CO oxidation results, the Ruddlesden-Popper 

phase perovskites (A2CuO4), which show very low initial propane consumption and propene 

formation rate, present high CO2 initial formation rate, being Pr2CuO4 the catalyst with the highest 

CO2 initial formation rate among all the tested materials (Figure 4.9 c). This latter result might 

support the hypothesis proposed above (see Section 4.1.1), where it is suggested that the very low 

activity in CO oxidation for A2CuO4 perovskites is due to the inhibiting effect performed by the 

high amount of adsorbed CO2. [310] 

 

Figure 4.8. Difference spectra to the one before each condition at room temperature  for PrMnO3 (left) and for 

PrMn0.6Cu0.4O3 (right) from operando DRIFT experiments performed in propane oxidation with the feed C3H8/O2/inert: 

5/10/85. 
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Figure 4.9. a) Initial rate of propene formation, b) initial rates of propane consumption and c) initial rates of CO2 

formation over the Mn surface fraction in feed C3H8/O2/Ne/N2: 5/10/2/83. Orange: La-based samples, green: Pr-based 

samples. 

 

The catalytic scenario shows some interesting changes when steam is co-dosed into the feed (Figure 

4.10). In this latter case, the conversion decreases and the selectivity increases almost for all the 

catalysts, in particular for those with higher Mn content (Fig. 4.10), [275, 355] although the reference 

material CuO is the most selective one. The catalytic data for dry and wet feed experiments are 

summarized in Table 4.1. 

Table 4.1. Table with listed the activation energies calculated from the temperature programmed reaction performed from 

260 until 300°C in dry feed at W/F=0.18-1.2 g·s·mL-1, the products´ratio in dry feed at 300°C at W/F=0.18-1.2 g·s·mL-1 

and the products´ratio in wet feed at 300°C at W/F=0.3-1.2 g·s·mL-1. 

 

xCu A-site 
Activation Energy in 

dry feed (kJ mol-1) 

Initial rC3H6/initial rCO2 

in dry feed 

Initial rC3H6/initial rCO2 in 

wet feed 

0 
La 80.6 0.143 0.379 

Pr 71.2 0.237 0.665 

0.1 
La 73.9 0.320 0.227 

Pr 65.7 0.203 0.637 

0.2 
La 73.8 0.299 0.371 

Pr 67.4 0.183 0.694 

0.25 
La 78.8 0.837 0.773 

Pr 80.0 0.341 0.217 

0.3 
La 80.4 0.504 0.540 

Pr 73.3 0.345 0.266 

0.35 
La 80.4 0.373 0.325 

Pr 73.3 0.360 0.185 

0.4 
La 71.6 0.287 0.501 

Pr 67.5 0.244 0.242 

1 
La 77.0 0.055 0.034 

Pr 69.6 0.046 0.026 

 

a) 

b) c) a) 
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Figure 4.10. a) Interpolated selectivity to propene at 7% conversion over the Mn surface fraction for La-based catalysts 

in dry feed (orange) and in wet feed (blue) b) Interpolated selectivity to propene at 7% conversion for Pr-based catalysts 

in dry feed (orange) and in wet feed (blue). 

 

Even more surprising, the addition of steam generates a positive catalytic trend between the Mn 

surface fraction and the selectivity only for Pr-based catalysts (Figure 4.11 b). This is likely due to 

the blockage of some active sites, avoiding so the total combustion to CO2. [9]  While, no trends are 

present between the Mn surface fraction and the initial rates of C3H8 consumption or CO2 formation 

in wet feed (Figure 4.11 a and c).  

 

Figure 4.11. a) Initial rate of propane consumption, b) initial rates of propene formation and c) initial rates of CO2 

formation over the Mn surface fraction in feed C3H8/O2/Ne/N2/H2O: 5/10/2/43/40. Orange: La-based samples, green: Pr-

based samples. 

 

4.2.1.1 NAP-XPS measurements in wet feed for Pr-based catalysts 

Since the addition of steam generates a positive catalytic trend between the Mn surface fraction and 

the selectivity only for Pr-based catalysts (Figure 4.11 b), NAP-XPS measurements in wet feed 

have been performed over three Pr-based catalysts with different Mn content, such as 

a) b) 

a) b) c) 
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PrMn0.9Cu0.1O3, PrMn0.75Cu0.25O3 and PrMn0.6Cu0.4O3. Three pressed pellets of 15 mg were tested in 

propane oxidation into the NAP-XPS cell under vacuum at room temperature for 1 and half hour 

and then heated in C3H8/O2/N2/H2O=0/20/80/0 mixture to 300°C under the total gas pressure of 

2500 Pa, then the reaction feed was switched to C3H8/O2/N2/H2O=5/10/85/0 and kept for 1 and half 

hour and finally the feed was switched to wet feed C3H8/O2/N2/H2O=5/10/45/40 always for one and 

half hour. The catalytic performance measured in the NAP-XPS cell is not directly comparable with 

that measured in the plug flow reactor for the three Pr-based catalysts. Indeed, the PrMn0.75Cu0.25O3  

catalyst, which shows the highest selectivity among the other catalysts in dry feed in the plug flow 

reactor measurements, is the less selective one in in the NAP-XPS cell. While, PrMn0.6Cu0.4O3 

shows the highest selectivity among the three tested catalysts in wet feed in the NAP-XPS cell, 

being this latter one the less selective one in the plug flow reactor experiments (Figure 4.12). The 

differences detected between the two measurements are probably due mostly to the pressure gap 

and different measuring conditions, such as the contact time of the plug flow reactor experiments, 

which cannot be reproduced in the NAP-XPS cell. 

 

 

 

 

 

 

 

 

 

Figure 4.12. Catalytic performance measured at 300°C a) in dry feed and b) in wet feed.  Color-code: brown: 

PrMn0.9Cu0.1O3; yellow: PrMn0.75Cu0.25O3 and light blue: PrMn0.6Cu0.4O3. Filled symbols: plug flow reactor 

measurements at ambient pressure with W/F=0.18-1.2 g·s·mL-1. Half-filled symbols: NAP-XPS cell measurements at 0.25 

mbar 

 The surface elemental composition determined under working conditions switching from dry to 

wet feed shows an increase of Pr surface fraction for all samples, which is accompanied by a slight 

decrease of Mn surface fraction, while Cu amount remains mostly unvaried (Figure 4.13). 

Moreover, despite of what is reported in the literature for Cu-free catalysts, where the increase in 

selectivity in (La,Sm)MnO3 perovskites has been attributed to the decrease of Mn oxidation state 

in wet feed, [275] the Mn3s splitting and oxidation states estimated from Mn3s spectra (Figure 4.14) 

shows an increase in Mn oxidation state in wet feed for all the catalysts, as follows : PrM0.9Cu0.1O3 

>  PrM0.75Cu0.25O3 > PrM0.6Cu0.4O3 (Figure 4.15 and Table 4.2). While, the Mn L-edges do not show 

any difference between dry and wet feed for all the samples (Figure 4.16). Changes in the local 
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structure in presence of steam for perovskite-like materials have also not been detected by other 

works, where it has been hypothesized that the high porosity of the studied materials ,might allow 

water to penetrate into the pores without affecting the surrounding electronic structure. [356] By 

fingerprint, the Mn oxidation state as evaluated by NEXAFS shows an opposite order for the three 

samples with respect to that evaluated from Mn3s splitting, being this discrepancy attributable to 

the fact that NEXAFS probes the 3d orbital population and splitting, while XPS probes the surface 

at lower depth and the oxidation state of Mn can differ between the sub-surface and the surface 

region. 

 

 

 

 

 

 

Figure 4.13. Elemental composition under UHV (RT), dry feed (C3H8/O2/N2=5/10/85) at 300°C and wet feed 

(C3H8/O2/N2/H2O =5/10/45/40) for a) Pr; b) Mn and c) Cu. Color-code: brown: PrMn0.9Cu0.1O3; yellow: 

PrMn0.75Cu0.25O3  and light blue: PrMn0.6Cu0.4O3. 

 

 

 

Figure 4.14. Mn3s normalized spectra for a) PrMn0.9Cu0.1O3 ; b) PrMn0.75Cu0.25O3 and c) PrMn0.6Cu0.4O3.  Color-code: 

black: UHV (RT); red: dry feed (C3H8/O2/N2=5/10/85) at 300°C and  blue: wet feed ((C3H8/O2/N2/H2O =5/10/45/40). 
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Figure 4.15. Mn oxidation state as evaluated from Mn3s splitting for UHV (RT), dry feed (C3H8/O2/N2=5/10/85) at 300°C 

and wet feed (C3H8/O2/N2/H2O =5/10/45/40). Color-code: brown: PrMn0.9Cu0.1O3; yellow: PrMn0.75Cu0.25O3 and light 

blue: PrMn0.6Cu0.4O3. 

 

Table 4.2. Exchange splitting and derived Mn ox state from Mn3s spectra for PrMn0.9Cu0.1O3 ; PrMn0.75Cu0.25O3 and  

PrMn0.6 Cu0.4O3 

 

Sample  UHV 

(RT) 

Dry feed 

(300°C) 

Wet feed 

(300°C) 

#31070 PrMn0.9Cu0.1O3 Exchange splitting (eV) 5,07 5,09 4,92 

Averaged Mn3s ox state 3,31 3,28 3,48 

#30637 PrMn0.75Cu0.25O3 Exchange splitting (eV) 5,35 5,21 5,11 

Averaged Mn3s ox state 2,99 3,15 3,26 

#31163 PrMn0.6Cu0.4O3 Exchange splitting (eV) 5,55 5,58 5,23 

Averaged Mn3s ox state 2,76 2,73 3,12 
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Figure 4.16. Mn L-edges for a) PrMn0.9Cu0.1O3 ; b) PrMn0.75Cu0.25O3 and c) PrMn0.6Cu0.4O3.  Color-code: black: UHV 

(RT); red: dry feed (C3H8/O2/N2=5/10/85) at 300°C and blue: wet feed ((C3H8/O2/N2/H2O =5/10/45/40). 

 

The O1s fit has revealed that the O1s species which change from dry to wet feed  are only O lattice, 

O defects and OH, while O surface, O carbonates and O H2O seem to be unvaried. The O1s OH 

species decrease, accompanied by an increase of O defect species and by a decrease of O lattice 

species (Figure 4.18). However, these three O1s components change in different extents for the 

three Pr-based tested catalysts in wet feed. Indeed, the O1s lattice to O1s defect ratio is higher for 

PrM0.9Cu0.1O3 , followed by  PrM0.75Cu0.25O3 and finally PrM0.6Cu0.4O3 , which presents the highest 

amount of defects species (Figure 4.18). 

a) 

b) 

c) 
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Figure 4.17. Fraction of oxygen species obtained from O1s core level fitting of the NAP-XPS of PrMn0.9Cu0.1O3 (brown 

datapoint), PrMn0.75Cu0.25O3 (yellow datapoint) and PrMn0.6Cu0.4O3 (light blue datapoint). The measurements were 

performed in UHV at RT (grey color), in dry feed C3H8/O2/N2= 5/10/85 at 300°C (pink color) and in wet feed 

C3H8/O2/N2/H2O= 5/10/45/40 

 

 

 

 

Figure 4.18. O1s species distribution in wet feed for a) PrMn0.9Cu0.1O3; b) PrMn0.75Cu0.25O3 and c) PrMn0.6Cu0.4O3. 
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 In particular, the enhancement in wet feed for O1s lattice species increases linearly with the 

increasing of Mn surface fraction measured in near working conditions, while the O1s defect and 

OH species show the opposite trend over the Mn surface fraction (Figure 4.19), in agreement with 

the observation that Cu loading introduces defects into the perovskite´s structure. [201] These latter 

results highlight the complexity of the system under near working conditions, showing how an 

increase of lattice species correlates positively with the Mn surface fraction and consequently with 

the selectivity trend measured in the plug flow reactor, while the O1s defects species, which are 

equivalent for all the three catalysts in dry feed in the NAP-XPS cell (Figure 4.17), change to 

different extent in wet feed, rendering the catalysts too active and thus responsible for the total 

combustion path. [9] Moreover, the defect concentration might exert an influence on the formal 

oxidation state of Mn. The Mn oxidation state from L-edges (Figure 4.16) as suggested by 

fingerprint, presents the following order: PrM0.6Cu0.4O3 >  PrM0.75Cu0.25O3 > PrM0.9Cu0.1O3 , which 

is exactly the same order for O defect (Figure 4.17 and 4.19), correlating the increase in selectivity 

in wet feed with Mn ox state reduction. [275, 357]  

 

 Figure 4.19. O1s fraction of lattice oxygen, defect oxygen and OH oxygen species over the Mn surface content in wet 

feed from the NAP-XPS measurements of PrMn0.9Cu0.1O3 (brown), PrMn0.75Cu0.25O3 (yellow) and PrMn0.6Cu0.4O3 (light 

blue). 
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4.2.1.2 Operando Microwave Cavity Perturbation Technique (MCPT) in propane 

oxidation. From Reference [290] 

Since the most of the perovskite crystal structures of the (La,Pr)Mn(1-x)CuxO3 series present lattice 

distortion (Figure 3.2) which affects bulk’s and surface’s electronic structure by influencing the 

charge-carrier dynamics of the bulk [358] , Operando Microwave Cavity Perturbation Technique 

experiments have been performed over the whole (La,Pr)Mn(1-x)CuxO3 series in propane oxidation. 

Operando MCPT measurement protocol has reproduced that of propane oxidation measurements in 

the plug flow reactor, where the catalysts have been pre-treated at 300°C (heating rate 5 K/min) for 

45 min in lean air (O2/N2=10/90), where the reference conductivity has been measured (σr), then, 

in MCPT performed experiments the samples have been cooled down until 260°C and the reaction 

feed has been switch to dry feed (C3H8/O2/N2=5/10/85) and a temperature programmed reaction has 

been performed until 300°C in dry feed measuring each 10°C increment. Finally, after the variation 

of 3 different contact time at 300°C, the feed has been switched from dry feed to lean air 

(O2/N2=10/90) at 300°C in order to measure the change in conductivity (Δσ(ϕ)/σr). 

For all the measured samples, the conductivity normalized on the reference conductivity rises up 

with the increasing of temperature, highlighting the semiconducting behavior of the tested catalysts 

(Figure 4.20). The most of the catalysts behave as n-type semiconductors under testing condition, 

presenting a higher conductivity at 300°C in reducing atmosphere (such as the propane feed) with 

respect to the conductivity measured in lean air at 300°C (always 1) and then reporting a decrease 

in conductivity when  switched to lean air after dry feed. While, (La,Pr)Mn0.6Cu0.4O3 and 

PrMn0.75Cu0.25O3 present p-type behaviour, being their conductivity at 300°C in reducing 

atmosphere lower with respect to the reference one measured in lean air and reporting an increase 

in  the conductivity (positive ∆Ω) while switching from dry feed to lean air. The p-type behavior is  

probably ascribable to a conduction mechanism driven by the hopping of positive holes into the 

perovskite´s d-band, where the charge carriers are localized on Mn4+.[271] Indeed, the increase of 

Cu2+ content is correlated with the increase of Mn4+ fraction in order to maintain the charge 

neutrality into the perovskite lattice, presenting the two catalysts with highest Cu loading 

((La,Pr)Mn0.6Cu0.4O3) the highest amount of Mn4+ fraction.  While, (La,Pr)MnO3 present n-type 

behavior, although LnMO3 perovskites are generally reported to be p-type semiconductors in the 

literature since the  Mn4+ fraction, which is the believed to act a charge carrier center for hopping-

polaron model, might also be formed as a result of native defects. [271, 272] In the specific case of the 

studied catalysts, there might be not a sufficient amount of Mn4+ fraction to present p-type 

conduction behavior, except for the cases with the highest Cu loading (AMn0.6Cu0.4O3), where Mn4+ 

fraction amount increases in order to maintain the charge neutrality. Finally, there  seems not to be 
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any direct correlation either between the absolute conductivity measured at 300°C in dry feed (σ) 

or the activation energy of the conductivity (Ea (σ)) and the Cu content (Table 4.3).  

Table 4.3. Table with listed the absolute conductivity measured at 300°C in dry feed C3H8/O2/N2=5/10/85, the 

conductivity change as a function of the equivalence ration and the activation energies of the conductivity calculated from 

the temperature programmed reaction performed from 260 until 300°C in dry feed. 

 

xCu A-site 

σ (S/m) at 300°C in feed 

(C3/O2/N2=5/10/85) 

 

Δσ(ϕ) (S/m) 

 

Ea (σ) (KJ/mol) 

 

0 
La 30.184 0.038 / n-type 5.79 

Pr 2.306 0.017 / n-type 11.87 

0.1 
La 4.755 0.066 / n-type 13.60 

Pr 10.937 0.014 / n-type 2.00 

0.2 
La 2.234 0.010 / n-type 9.71 

Pr 3.018 0.013 / n-type 8.10 

0.25 
La 2.104 0.043 / n-type 18.30 

Pr 1.514 0.024 / n-type 8.38 

0.3 
La 2.524 0.057 / n-type 16.30 

Pr 4.158 0.014 / n-type 5.02 

0.35 
La 1.285 0.023 / n-type 13.70 

Pr 1.156 0.020 / n-type  2.69 

0.4 
La 6.090 -0150 / p-type 10.02 

Pr 0.891 -0.065 / p-type 6.47 

 

 

 

a) 
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Figure 4.20. MCPT Operando experiments in propane oxidation for a) LaMn0.9Cu0.1O3 (n-type behaviour); b) 

LaMn0.6Cu0.4O3 (p-type behaviour) and c) PrMn0.6Cu0.4O3 (p-type behaviour). Catalytic parameters are reported in the 

lower side of the plot, while the conductivity and catalytic results in the upper side. Lower side plot’s color-code : red 

:propane flow rate; blue: oxygen flow rate; green :contact time variation profile and black : temperature profile. Upper 

side plot’s color-code: blue: propane conversion; grey: conductivity during pre-treatment in lean air; yellow: 

measurements at 260°C; light orange: measurements at 270°C; orange: measurements at 280°C ; red: measurements at 

290°C ;dark red-white-green: measurements at 300°C with contact time variation; light blue: dry feed is switched to lean 

air at 300°C. 

b) 

c) 
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4.2.2 AMn0.7B’0.3O3 Perovskites 

 

The propane oxidation experiments have been performed from 260 until 300°C measuring in 

steady-state conditions at each 10 °C increment (Figure 4.21) and then applying four different 

contact times (W/F=0.18-1.2 g·s·mL-1) in dry feed C3H8/O2/Ne/N2 = 5/10/2/83 (Figure 4.22 a) and 

three different contact times (W/F=0.3-1.2 g·s·mL-1) in wet feed C3H8/O2/Ne/N2/H2O = 

5/10/2/43/40 (Figure 4.22 b). 

The activity increases with temperature for all the catalysts, starting from 2% and achieving a 

maximum of 10%, for most of the catalysts, with the exception of PrMn0.7Ru0.3O3 (+3% of RuO2), 

which shows a very pronounced activity with respect to all the other tested catalysts, laying in range 

which starts from 40% conversion at 260°C and reaches up to 45% conversion at 300°C (Figure 

4.21), highlighting the intrinsic property of Ru for propane oxidation [359-363], which in this specific 

case could to be either  hindered or even pronounced by the presence of around 3% of RuO2, which, 

is reported to boost the activity for propane oxidation with respect to metallic Ru [362, 363]. While, 

the other AMn0.7B’0.3O3 tested catalysts, present the following activity order in the temperature 

programmed reaction: Zn > Ni > Co > Fe > Cr > Pd. The results are in good agreement with those 

present in the literature, indeed, it is generally reported that Ni and Co substitution in LaMnO3 

perovskites leads to an increased catalytic performance in propane oxidation. [364, 365] On the other 

hand, the effect of Fe in AB(1-x)B’0.3O3 is reported to be limited to preserve the structure by inhibiting 

B-site segregation or shifting [366] and although, supported Palladium catalysts  usually present 

excellent activity for propane oxidation, [367-369]  the Pd influence on the catalytic performance seems 

to be drastically decreased when incorporated as metal oxide into the perovskite’s lattice.  

Moreover, from the contact time variation in dry feed (Figure 4.22 a), it is clearly evident that the 

catalytic scenario is dominated by Mn and the comparison between Pr-based catalysts (B’=Zn, Ni, 

Co, Ru and Pd) further highlights the crucial role of the B-site on the catalytic performance, [200] 

presenting the discussed catalysts very  different catalytic performance and having all the same A-

site. As expected, the addition of steam into the reaction feed (Figure 4.22 b, 4.23 b) leads to 

selectivity jump up for all catalysts, especially for PrMn0.7Co0.3O3 and NdMn0.7Fe0.3O3, while no 

beneficial effect is detected for Ru- and Pd-based perovskites, being the Ruthenium-based catalyst 

very active, while it is not the case for the Pd-based one, especially in wet feed. The selectivity to 

propene for these last two mentioned catalysts is always almost 0, irrespective of the feed 

composition. 
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Figure 4.21. Conversion of propane as a function of the temperature for all AMn0.7B´0.3O3 catalysts in dry feed 

C3H8/O2/inert: 5/10/85. B’ color-code: magenta: Zn; fuchsia: Ni; light blue: Co; green: Cu; orange: Fe; violet:  Cr; dull 

green: Pd and red: Ru. 

 

 

 

Figure 4.22. Contact time variation (W/F = 0.18-1.2 g·s·mL-1) for all catalysts at 300°C in a) dry feed and b) wet feed 

(in which filled data points represent dry feed at W/F=0.3 g·s·mL-1 and half-filled data points represent wet feed contact 

time variation at W/F=0.3-1.2 g·s·mL-1). B’ color-code: magenta: Zn; fuchsia: Ni; light blue: Co; green: Cu; orange: 

Fe; violet:  Cr; dull green: Pd and red: Ru. 

 

a) b) 
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The initial rate results confirmed those already presented in temperature programmed reaction and 

in the X-S plots, being the Ru-based perovskite a total combustion catalyst for propane oxidation, 

producing only CO2. According to the literature, propane adsorbs on Ru sites to form isopropyl 

groups for Ru/Al2O3 system, then isopropyl groups are converted to acetone, which is decomposed 

to acetate or formed species, which are further decomposed to CO2 and H2O, as evidenced by 

DRIFT studies [359]. The initial rates of CO2 formation trend among the catalysts follows that of 

propane consumption (Figure 4.23 a and c), indicating that total combustion path might be the 

driving force for propane oxidation, underlying in this way the highly defective nature of the 

examined systems. [9] On the other hand, the initial rate of propene formation plot (Figure 4.23 b) 

resembles very closely the same trend shown in CO oxidation rate plots (Figure 4.4), except for Pd-

based sample, suggesting how CO oxidation might work as probe reaction for propene formation 

in AMn0.7B’0.3O3 perovskites studied system. [354] 

 

Figure 4.23. a) Initial rate of propane consumption, b) initial rates of propene formation and c) initial rates of CO2 

formation over the Mn surface fraction in dry  feed (filled data points) and wet feed (half-filled data point). B’ color-

code: magenta: Zn; fuchsia: Ni; light blue: Co; green: Cu; orange: Fe; violet:  Cr; dull green: Pd and red: Ru. 
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5.  Artificial-Intelligence analysis 
 

It is generally believed that the structural aspects, together with surface and electronic structure 

properties constitute the material’s genome able to encode the catalytic performance. In simple 

words, as the DNA for biological living systems, the physicochemical properties of a material 

contain all the information, which cause and are linked to the macroscopic behaviour of this latter 

one and the encoding of their correlation combined with catalysis data can facilitate the 

understanding and prediction of the catalytic performance, leading in this way towards a significant 

breakthrough in the knowledge of the reaction process. In this context, the most important  “pillars”, 

which have been believed for several years for being the key descriptors of the catalytic 

performance in selective oxidation, are: (1) Lattice oxygen mobility, (2) Multifunctionality of the 

active site, (3) Site isolation, (4) Phase cooperation, (5) Strength of metal-oxygen bond, (6) Motif 

of the host structure and (7) Redox properties of the cation. [9] Although this formula contains all 

the key parameters which account for the best electronic structure, it remains rather a formal 

concept for the design of a new catalyst in selective oxidation, because the dynamic intrinsic 

phenomenological nature of the catalytic process can not be included. Indeed, the identification of 

descriptive parameters is very challenging since the desired reaction product (selectivity to propene 

or oxygenates) in gas-solid catalyzed reactions results from the tangled interplay of multiple 

processes which are not related only to the catalyst itself, but also to reaction condition 

(temperature, reaction atmosphere, contact time et cetera). In addition, the picture is complicated 

by the fact that the reaction mechanism varies across the different catalysts’ surfaces and active 

sites, which means that, even when it could be untangled and explained for a given surface, it should 

be redefined for each different catalyst. Most important, the material itself becomes a “living 

system” under operation condition, due to simultaneous bond-breaking and forming on the surface, 

catalyst’s structure modification in reaction atmosphere and the gas reactants and products diffusion 

within the material. [370] In this regard, careful determination of the electronic structure under 

operando condition constitutes the key-issue towards untangling the reaction mechanism and the 

rational design of a new catalyst. High-throughput DFT calculations [276-278] and artificial 

intelligence [279-282] have already been widely used for accelerating materials and catalyst discovery. 

With respect to artificial intelligence, atomistic DFT calculations are a physical model, however 

computation prohibitive methods would be required for the atomistic model evaluation of large, 

consecutive and multistep reaction networks of the catalytic process. [371, 372] Indeed, the lack of 

reliable methods for identifying the materials´descriptors has always been the key issue which 

shielded efficient material discovery. [373] Given the elements mentioned above, modeling reaction 

processes in selective oxidation by starting from ab initio calculation and atomistic modeling would 

not be a feasible approach for material discovery and therefore in the following project it has been 
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chosen to employ experimental data combined with AI. In this context, Artificial intelligence (AI) 

has shown very promising results because even when applied only to a small number of candidate 

materials, [374, 375] it was able to identify the key physico-chemical properties which are linked to the 

target of the catalytic performance (product selectivity). Nevertheless, it becomes vital to remark 

that the mesoscale, charge-transfer processes and heat and mass transport phenomena and their 

further complex coupling of these latter ones occurring at different time and length scale need to be 

included into AI analysis, however it is not trivial how to represent these phenomena into defined 

variables (primary features) and therefore it becomes challenging for AI to fully withstand with 

kinetic properties and to predict kinetics, which go beyond the classical Sabatier principle of the 

optimal strength between the catalyst and the substrate molecule. [21] AI helps in finding non-linear 

expression which correlate different variables (primary features) with the catalytic performance and 

as a result of finding these expressions, the key primary features are identified by the model 

expressions. These latter models have two main functions: identifying and understanding which are 

the main processes governing catalysis by looking at the relevant primary features and estimate the 

reactivity of new materials. The SISSO-derived final descriptors display physicochemical 

properties (primary features) which need to be correctly interpreted by chemical knowledge 

combined with catalysis phenomena understanding which go far beyond the mathematical 

expressions, it might be compared to DNA encoding process of a new system.  

Due to their tolerance factor, [50] perovskite-type like materials present a high degree of structural 

flexibility and hence it becomes possible to tune the bulk and electronic structure by easily 

substituting the A or B-site metals, [376] rendering perovskites a very suitable base for the 

investigation of structure-function relations. [202] Indeed, many attempts of material discovery 

starting from perovskite-like materials through AI have been widely reported in the literature, [377-

380] although in the most of the cases, the origin of the data collected from the computational 

simulations or performed measurements reported in the literature present incompleteness and 

inconsistency. [381] In some cases, the predicted optimal perovskite-like structures have been 

synthesized and tested in order to validate the found final descriptor, however the input data 

deriving from 18 perovskite materials have been always gathered from literature in the reported 

study. [382] While, in the following project, 21 phase-pure materials synthesized, characterized and 

tested in identical conditions, have been employed as input data for AI. In this context, the 

correlations between the physicochemical properties of the materials and the catalytic performance 

have been identified employing the SISSO approach. [375, 383]  SISSO is the acronym which stands 

for “Sure Independence Screening and Sparsifying  Operator”, which is able to yield a model to 

describe the target property (i.e. selectivity) from a combination of relevant features of the studied 

materials, by facing huge and correlated feature spaces. Indeed, SISSO is a compressed sensing 

based methodology, [384-386] capable of predicting power, yielding models expressed by analytical 
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formula and build from physicochemical features. In details, SISSO is able to identify descriptors 

from the so-called “primary features”, which are complex and non-linear analytical expressions 

deriving on the input parameters and, since in ML jargon these descriptors are representations, 

SISSO might be called a “representation-learning algorithm”. [374] The optimal model with respect 

to the averaged error for a given target property “P” (i.e. the kinetic property which is under 

examination, such as the rate of CO oxidation or the yield of propane oxidation) presents the general 

formula: 

                                             P (SISSO)= 𝑐0 + ∑  𝑐𝑖𝑑𝑖
𝐷
𝑖=1                                                                                              (Eq. 5.1) 

Where di are the components of the descriptor in which the most relevant primary features the 

selected from billions of generated candidates appear, c0 is the intercept, ci the weighting 

coefficients and D is the descriptor dimension. Indeed, the SISSO approach starts from the 

collection of the primary features, which are the input data of the algorithm and are constituted by 

the physicochemical parameters deriving from the characterization of the material, but might also 

be parameters of different nature which could be possibly relevant for the catalytic target property 

of interest (for instance, CO oxidation rates might be employed as primary feature to describe 

propane oxidation, since CO oxidation usually works as probe reaction). Then, by following the 

symbolic regression approach, [384-386] the primary features are combined by SISSO employing 

mathematical operator such addition, (absolute) difference, multiplication, division, exponential, 

power, square and cubic roots, logarithm and absolute value, and this step results in generating 

billions of descriptor candidates. Finally, the SISSO ++ (c++) code selects a reduced amount of 

candidate descriptor per dimension (D), being D typically equal to 1,2, or 3, forming in this way 

the so-called SIS-selected subspaces of the total space of billions of descriptors. Further details 

about this selection step might be found in reference. [387] In the linear combination also the 

coefficient, which are identified by compressed sensing as well, [384-386] play a fundamental role. 

The evaluation of the optimal complexity for a given model is performed through the leave-one-

material-out-cross-validation (CV) approach. In the CV approach one material is removed from the 

training model and its estimation of the target property is done based on the best models for the 

remaining materials. This procedure is iterated until all materials are removed once from the dataset. 

Finally, the performance metric of the model is assessed by the root mean squared errors averaged 

over all cross validation iterations (averaged CV-RMSEs), being the optimal complexity of a model 

the one with the lowest CV-RMSE (Figure 5.1). [374] 

The two parameters which describe the optimal complexity of the model (lowest CV-RMSE) are 

the rung (q), which accounts for the number of times the mathematical operators are simultaneously 

applied to the primary features in order to develop the descriptors and the dimension D, whose 

linear combination yield the best fit for the desired target property, being the final descriptor the 
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vector containing the initial candidate descriptor as individual components (eq. 5.1).  While, the 

training error is the root mean square of the average of each data point from the diagonal shown in 

the model. It is a value which expresses how good the fit is in the linear regression and it posses the 

same unit of the target property. 

The primary features appearing in the optimal model do not have to be considered as the properties 

which improve the reaction process, but rather as properties linked to this latter one, by either 

hindering or controlling the reactivity.  

Moreover, the methodology of the SISSO approach has been extended to a “multi-task-learning” 

approach (MT-SISSO), [383] which is even able to identify a single descriptor for multiple target 

properties of the material or external conditions simultaneously. In this way, it becomes possible to 

identify descriptors at different reaction conditions, thus enhancing the reliability of the descriptor 

itself by increasing the number of the datapoints. For instance, the data deriving from the 

temperature programmed reaction (260-300°C) experiments in propane oxidation might be 

employed in the input dataset, since each temperature becomes a different task. This approach is 

very suitable for heterogeneous catalysis database with low data or in which not all properties are 

reported in the training set for all materials. In the specific project, it has not been applied, since the 

number of materials and primary feature were sufficient to provide reliable models and the fact that 

different phenomena might control the reactivity at different reaction conditions has not to be 

excluded. 

 

Figure 5.1. CV analysis of models calculated by SISSO for the CO oxidation rates at 130°C in feed CO/O2/inert=1/20/79. 

The CV errors shown on the primary y axis (left one) corresponds to the averaged RMSE across the leave-out-one-

material-CV-iterations. The optimal complexity in the specific case is shown by rung q=1 and dimension D=2. The 

secondary y axis (right one) displays the CV-RMSE as a fraction of the standard deviation of the rates of CO oxidation 

among the whole training set. Color-code: grey: rung=1 and blue: rung=2. Continuous lines: calculated prediction and 

dotted lines: training. 
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5.1 CO Oxidation 

 

Although its seemingly aspect of a simple catalyzed chemical reaction, CO oxidation hinders a 

multitude of different and still untangled facets which reflect the complexity and richness of 

Heterogeneous Catalysis. Indeed, despite it is believed to be one of the best known heterogeneous 

reaction and it is generally employed as benchmark for other catalyzed oxidation reactions, CO 

oxidation reveals in some cases the incompleteness of the deep understanding of its own 

mechanism. [354] The reaction mechanism of CO oxidation is generally reported to follow  the LH 

(Langmuir-Hinshelwood) kinetic and has mainly be studied over noble metal catalyst. [388, 389] 

While, with metal-oxides the kinetic scenario becomes more intricated. Among the literature both 

interfacial MvS (Mars van Krevelen) and suprafacial (LH) mechanisms have been reported for CO 

oxidation over perovskite-type oxides. In most of the cases it is reported to be interfacial, [205, 210, 390, 

391] although in some works it has been claimed to be suprafacial. [342, 392] Some other studies report 

that the type of mechanism depends on either on the reaction temperature [205] or on the adsorption 

site.[393] The critical issue is the lack of control and the knowledge of how the “aristocracies of 

atoms”, as named by Taylor, [394] (which compose the active sites) influence the gas phase reactants 

under reaction condition, playing the local structure of the binding sites a major role on chemical 

properties. Moreover, the hypothesis that the reaction product CO2 is inert and no further reacts, 

remains valid until no reducing species, which neutralizes the oxygen on the surface, are not 

chemisorbed. [166, 347] In this context, the identification of geometric and electronic property for 

reaction kinetic in CO oxidation for isolated clusters has been identified by the comparison between 

experiments and theory. But, when it comes to more extended systems, the reaction dynamic is 

controlled by competing adsorbate phases which limit the free space for the reaction on the surface 

and the knowledge of the charge state of the adsorbate-substrate formed complex and of the charge-

transfer process become crucial key issues to encode the chemical activation and interaction which 

compose the kinetic mechanism. The idea is thus to extend the strategy pioneered by Ertl et al. of 

the fundamental investigation on single crystals to more complex system with the support of 

alternative methods, such as Artifical Intelligence, in order to investigate CO oxidation beyond its 

prototype role, at defined temperature and pressure, employing a broad number of rather complex 

catalysts with different physico-chemical properties.  
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5.1.1 (La,Pr)Mn(1-x)CuxO3 series  

 

CO oxidation has been extensively studied over LaMn(1-x)CuxO3 series and perovskite material of 

similar composition and some conclusions has been drawn on the responsible parameters which 

drive the reaction process. [166, 199, 200, 308, 317, 395, 396] However, a lack of homogeneity is present for 

the CO oxidation data reported in the literature for the specific La-based series (such as:  different 

reaction temperatures, contact times, pre-treatment et cetera) rendering thus the drawn models not 

generalizable and even partially incorrect. Indeed, for instance, some studies claim that Cu is the 

responsible element among the two B-site metal in the LaMn(1-x)CuxO3 series for the catalytic 

performance in CO oxidation, [166] while other studies report that Cu doping might boost the 

catalytic performance by creating more oxygen vacancies, [201] but Mn has a higher catalytic activity 

compared to Cu. [308] Additionally, the effect of the substitution of the A-site in the above mentioned 

series in CO oxidation has never been object of investigation, although the influence on the surface 

composition and geometry induced by the crystallographic structural strain which is established by 

changing the A-site metal is well known. [313, 344] In order to solve the intricated labyrinth, La has 

been systematically substituted at the A-site by Pr in the AMn(1-x)CuxO3 series, the materials have 

been calcined, characterized and tested in identical conditions and SISSO calculation has been 

performed in order to find the most relevant physicochemical properties of the materials coupled to 

the kinetic process. The 14 candidate materials and the 30 employed primary features for the 

training set are listed below in Table 5.1 and 5.2, respectively. 

Table 5.1. Table with listed the nominal Cu loading, the A-site, the ID number and the CO oxidation rates measured at 

130°C, in W/F=0.036 g·s·mL-1, in CO/O2/inert : 1/20/79 (mmol/gh) of the materials employed for the SISSO analysis in 

CO oxidation over the (La,Pr)Mn(1-x)CuxO3 series. Color-code: orange: La-based samples and green: Pr-based ones. 

 

Nominal 

XCu 
A site Sample’s ID # 

Target property: CO oxidation 

rate (mmol/gh) 

0 
La 30649 104.045 

Pr 31345 257.075 

0.1 
La 30867 122.430 

Pr 31070 204.485 

0.2 
La 31180 177.307 

Pr 31021 152.567 

0.25 
La 30635 246.023 

Pr 30637 74.223 

0.3 
La 30659 306.832 

Pr 30934 115.668 
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0.35 
La 30624 168.872 

Pr 31176 81.004 

0.4 
La 31285 348.617 

Pr 29908 166.230 

 

Table 5.2. Table with listed the symbols, the unit, the description and the characterization technique of the primary 

features used for the SISSO analysis in CO oxidation over the (La,Pr)Mn(1-x)CuxO3 series. 

 

Symbol Unit Description Technique 

V Å3 
Normalized unit cell volume for formula unit 

(ABO3) 
XRD 

a* Å Cubic root of V XRD 

D Å 

Deviation parameter for the unit cell able to 

capture the deviation of the reduced lattice 

parameters from a* 

XRD 

<BO>μ Å Mean value of B-O interatomic distance XRD 

<BO>σ Å 
Deviation of single B-O values from the mean. It 

reflects the octahedral and Jahn-Teller distortion 
XRD 

<AO>μ Å Mean value of A-O interatomic distance XRD 

<AO>σ Å 
Deviation of single A-O values from the mean. It 

reflects the cuboctahedral distortion 
XRD 

<OO>μ Å Mean value of O-O interatomic distance XRD 

<OO>σ Å Deviation of single O-O values from the mean XRD 

<BOB>μ 2Theta 
Mean of the BOB angles’ values. It is related to the 

mean tilt of the octahedra 
XRD 

<BOB>σ 2Theta 
Absolute deviation of single O-B-O angles’ values 

from the ideal octahedral values a 
XRD 

BOBRMS,dev 2Theta 
Root mean squared of BOBσ. It reflects the amount 

of angular distortion in BO6 octahedra 
XRD 

T_obs adimensional Observed tolerance factor b XRD 

Abulk  at% Amount of A-site in the bulk ICP-OES 

Bbulk  at% Amount of B-site in the bulk ICP-OES 

B’bulk  at% Amount of B’-site in the bulk ICP-OES 

Otot (bulk+surfacce)  at% Amount of oxygen in the material 

O2 

determination 

analysis 

 Table 5.1 (cont.) 
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Asurface  at% Amount of A-site on the surface XPS 

Bsurface at% Amount of B-site on the surface XPS 

B’surfcae  at% Amount of B’-site on the surface XPS 

Osurfacce  at% Amount of oxygen on the surface XPS 

Olattice surf % O1s surface species from fitting XPS 

Odefects surf % O1s surface species from fitting XPS 

 Osurface surf % O1s surface species from fitting XPS 

Ocarbonates surf % O1s surface species from fitting XPS 

OOH surface % O1s surface species from fitting XPS 

OH2O surface % O1s surface species from fitting XPS 

Ooxy surface % O1s surface species from fitting XPS 

Centroid O1s peak eV Centroid of the binding energy of the O1s peak c XPS 

VB onset eV Onset of valance band relative to Fermi level XPS 

SBET m2/g Surface area N2 adsorption 

a
: The distortion of O-B-O angles will be mostly cancelled out due to geometric reasons and therefore they can not be 

simply averaged like the interatomic distance. Because of this, the deviations have been calculated as absolute ones from 

the ideal octahedral values, which are: 90° for cis angle and 180° for trans angles. 
b

: The tolerance factors have been calculated from the experimental data as follows: tobs=
<𝐴−𝑂>𝜇

<𝐵−𝑂>𝜇∗ √2
 . 

c
: The centroid of the O1s peak’s function, which indicates the center of the spectrum mass, has been employed as primary 

feature of the O1s peak, in order to feed SISSO with an O1s parameter which is independent from the O1s fitting. 

 

Only primary features present for all the analyzed dataset might be included in the calculation, 

because SISSO is not able to work with missing data among the dataset.  

SISSO calculations have been performed using rung from 1 to 3 and the best model, where the 

optimal complexity presents the lower CV error is defined by rung q=1 and dimension D=2 (Figure 

5.2). Rung=3 analysis have been performed employing 15 primary features, which have been 

previously selected by analysis with q=1 and 2, by following the same approach reported in a 

previous work. [374] 

 Table 5.2 (cont.) 
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Figure 5.2. CV analysis of models calculated by SISSO for the CO oxidation rates at 130°C in feed CO/O2/inert=1/20/79 

over the (La,Pr)-series. The CV errors shown on the primary y axis (left one) corresponds to the averaged RMSE across 

the leave-out-one-material-CV-iterations. The optimal complexity in the specific case is shown by rung q=1 and 

dimension D=2. The secondary y axis (right one) displays the CV-RMSE as a fraction of the standard deviation of the 

rates of CO oxidation among the whole training set. Color-code: grey: rung=1, blue: rung=2 and green rung=3. 

Continuous lines: calculated prediction and dotted lines: training. 

 

The fitted model, where finally the La- and Pr-based series follows the same trend in contrast to 

what shown in Figure 4.3, where the rates are plotted over the B-site surface fraction, is displayed 

in Figure 5.3, presenting the general equation:  

 

rCO oxidation 
SISSO (mmol·g-1·h-1) = 1230 + 21.43* [(B´ surface) / (D)] - 2655*(A_surface + A_bulk)    

                                                                                                                                               (Eq. 5.2) 

 

The found descriptor fits linearly almost all the materials, with LaMn0.7Cu0.3O3 presenting the most 

scattered datapoint. The primary features involved in the model with the optimal complexity (lowest 

CV error) for CO oxidation steady-state experiments over the (La,Pr)Mn(1-x)CuxO3 series performed 

at 130°C in feed CO/O2/inert: 1/20/79 are : the concentration of Cu on the surface (at%) derived 

from laboratory XPS analysis, the parameter D (Å) derived from Rietveld Refinement, which is an 

expression for the deviation of the reduced lattice parameters (a/√2, b/√2 and c/√2) from the cubic 

root of the normalized unit cell volume (a*), and the concentration of the A-site (La or Pr) on the 

surface and on the bulk (at%). 

The found model with the optimal complexity (Equation 5.2) confirms that a single primary feature 

based on chemical intuition is not sufficient to fully describe the properties linked to the catalytic 
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performance, highlighting the still untangled facets of CO oxidation mentioned above in Section 

5.1. In this specific context, it seems that AI (artificial Intelligence) has functioned as a suitable 

support to encode the experimental data, by fulfilling the hypothesis and expectations discussed in 

Section 5.1.1. Indeed, the indirect influence of the A-site´s size on the catalytic performance 

discussed in Section 4.1.1, by tuning the structure and consequently the electronic and defective 

properties of the materials, [313, 344] seems to be a passepartout in order to solve the opposite trends 

always shown between the La- and Pr-series when plotted over a descriptor composed by a single 

physico-chemical property (Figure 4.3). Beside of the amount of the A-site both on the bulk and on 

the surface (at%), the presence of D in the SISSO equation, which might be related to the structural 

strain established by the A-site size, is a further confirmation of the previously discussed indirect 

influence exerted by the structural modifications. Finally, matching the most counted and accepted 

conclusions drawn in oxidation catalysis over the element responsible for the catalytic activity in 

perovskite-like structures, [166, 200, 201, 308] the B´ amount (which is strictly correlated also to the B 

amount) plays a fundamental role as well in defining the best descriptor for the catalytic 

performance of CO oxidation over the (La,Pr)Mn(1-x)CuxO3 series.  

 

Figure 5.3. Graphs showing the rates in CO oxidation measured at 130°C in feed CO/O2/inert: 1/20/79 over the 

descriptor calculated by SISSO employing the data reported in Table 13 and 14 as dataset. Orange: La-based samples, 

green: Pr-based samples. 

 

In addition, as mentioned above, the avoidance of overinterpretation of the displayed physico-

chemical parameters becomes a crucial point. In this regard, it might be useful to check if the 
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primary features which are considered physically meaningful are present in the equations with 

similar training RMSE errors (Table SI 1).  In this specific case, it seems that the hypothesis 

formulated to encode the catalytic performance by using the Eq. 5.2 are validated. Indeed, a primary 

feature accounting for the amount of the A-site and a crystallographic parameter related to structural 

strain/distortion is always present in each train model (from 0 to 9) of dimension D=2 and rung r=1. 

Finally, also the primary feature which accounts for the amount of either B or B´ is displayed in all 

the descriptors for each training, except of that of training 9, the one with the highest training error. 

 

5.1.2. (La,Pr)Mn(1-x)CuxO3 series plus (Pr,Nd)Mn0.7B’0.3O3 catalysts 

 

In order to expand the elemental folding fan of the input matrix from the (La,Pr)Mn(1-x)CuxO3 series, 

double B-site perovskites containing different B’-site (B’=Ni, Zn, Co and Fe) and presenting the 

general formula AMn0.7B’0.3O3 have been inserted into the input dataset for SISSO calculation. 

PrMn0.95Pd0.05O3 and PrMn0.7Ru0.3O3 have been excluded from the dataset since they present around 

the 3% of by-phases according to XRD detection limit (Figure SI 7), while (La,Pr)2CuO4 structures 

have been left out as well due to the fact that the data of the O1s surfaces species for these two 

catalysts are not available and SISSO can not calculate descriptor from incomplete input dataset. 

Different metals have been substituted at the medium loading content of the series (x=0.3), in order 

to investigate how different metals in synergy with Mn may affect the catalytic performance and to 

which extent. [199, 200] All the employed B´metals have been chosen according to the possible easy 

generation of oxidation state 2+ (Cu is 2+ in (La,Pr)-series) and due to their know catalytic 

properties. Co and Ni are very well know active element in oxidation catalysis, [352, 364, 365, 397-399] Zn 

is less studied in oxidation catalysis with respect to the last mentioned one, but it still reported to 

be an active element both for CO [400, 401] and propane oxidation, [402, 403]while Fe is generally reported 

to be less active than the other employed metals. [353] However, the studied system reveals that the 

synergistic effect of Fe combined by Mn is able to boost the catalytic activity to a higher degree 

than Mn-Zn or Mn-Ni in CO oxidation (Figure 4.4). The intrinsic reason of this phenomenon might 

be elucidated through the support of AI, by identifying which physicochemical properties might 

change by combining Mn with very different 3d metals.  

The 18 candidate materials are listed below in Table 5.3, while the 30 employed primary features 

for the training set are the same of the SISSO calculation over the (La,Pr)-based series reported in 

Table 5.2.  
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Table 5.3. Table with listed the nominal composition, the ID number and the CO oxidation rates measured at 130°C, in 

W/F=0.036 g·s·mL-1, in CO/O2/inert: 1/20/79 (mmol/gh) of the materials employed for the SISSO analysis in CO 

oxidation over the whole perovskite matrix. 

 

Nominal 

Formula 

Sample’s ID # Target property: CO oxidation 

rate (mmol/gh) 

LaMnO3 30649 104.045 

LaMn0.9Cu0.1O3 30867 122.430 

LaMn0.8Cu0.2O3 31180 177.307 

LaMn0.75Cu0.25O3 30635 246.023 

LaMn0.7Cu0.3O3 30659 306.832 

LaMn0.65Cu0.35O3 30624 168.872 

LaMn0.6Cu0.4O3 31285 348.617 

PrMnO3 31345 257.075 

PrMn0.9Cu0.1O3 31070 204.485 

PrMn0.8Cu0.2O3 31021 152.567 

PrMn0.75Cu0.25O3 30637 74.223 

PrMn0.7Cu0.3O3 30934 115.668 

PrMn0.65Cu0.35O3 31176 81.004 

PrMn0.6Cu0.4O3 29908 166.230 

PrMn0.7Zn0.3O3 33380 106.126 

PrMn0.7Ni0.3O3 33366 128.899 

PrMn0.7Co0.3O3 33454 346.542 

NdMn0.7Fe0.3O3 33621 248.289 

 

 

Also with this input dataset, SISSO calculations have been performed using rung from 1 to 3, but, 

differently from the (La,Pr)-series, in this latter case the best model is defined by q=3 and D=1 

(Figure 5.4).  
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Figure 5.4. CV analysis of models calculated by SISSO for the CO oxidation rates at 130°C in feed CO/O2/inert=1/20/79 

over the whole perovskite matrix. The CV errors shown on the primary y axis (left one) corresponds to the averaged 

RMSE across the leave-out-one-material-CV-iterations. The optimal complexity in the specific case is shown by rung 

q=3 and dimension D=1. The secondary y axis (right one) displays the CV-RMSE as a fraction of the standard deviation 

of the rates of CO oxidation among the whole training set. Color-code: grey: rung=1, blue: rung=2 and green rung=3. 

Continuous lines: calculated prediction and dotted lines: training. 

 

The fitted model, where all the perovskite of the matrix present a linear correlation is displayed in 

Figure 5.5, presenting the general equation:  

 

rCO oxidation 
SISSO (mmol·g-1·h-1)= 42.30 + 0.509 * [(VB_onset * O OH surface)/ |B´surface - A surface|] / 

 

                                                   [(D / O tot (bulk+surface)) * A surface
2]                                    (Eq. 5.3) 

 

This model for CO oxidation steady-state experiments over the whole perovskite matrix (Table 5.3) 

performed at 130°C in feed CO/O2/inert: 1/20/79 might be generally seen as an expansion of the 

one calculated only over the (La,Pr)-series (Eq. 5.2). Indeed, it contains all the primary features 

already identified with Eq. 5.2, such as:  the surface concentration of the A-site, that of the B´-site 

and the deviation parameter D. Additionally, it identifies as master key physicochemical properties 

the total amount of oxygen (at%), the surface OH groups from O1s fitting (%) and the valence band 

onset (eV).  The correlation between surface OH groups and Mn-site is the most intuitive, since 

many studies report the formation of Mn-OH groups in wet feed condition. [275, 404]  On the other 

side, the amount of total oxygen (bulk+surface) might be directly interpreted as the major role that 

the bulk oxygen has on reaction mechanism in case it belongs to interfacial class and also on its 

correlation with oxygen vacancies formation, which are known to be fundamental to control the 
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catalytic activity. [9, 201, 405-407] In some cases, it was even reported that CO oxidation mechanism 

over a perovskite like catalysts proceeds through LH mechanism, where the molecular O2 from the 

gas phase favorably adsorbed and dissociated on the oxygen vacancies sites. [213] Finally, the valance 

band onset is a parameter which basically explains the elemental diversity in the matrix, since it 

accounts for the electronic density which is different from atom to atom, by affecting the physical 

electronic structure and the binding site. [408] 

 

Figure 5.5. Graphs showing the rates in CO oxidation measured at 130°C in feed CO/O2/inert: 1/20/79 over the 

descriptor calculated by SISSO employing the data reported in Table 16 and 14 as dataset. 

It can be concluded that the major outcome from the both calculated SISSO models for CO 

oxidation over perovskite-like catalysts (Eq. 5.2 and 5.3) is the confirmation of the discussed 

hypothesis in the following Thesis (Section 4.1), which states that not only the B-site plays a major 

role for the catalytic performance, but also the A-one, due to the structural and electronic 

modifications indirectly induced by its different size. [313, 344]  
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5.2 Propane Oxidation 

 

The selective oxidation of propane belongs to a very important class of catalytic reactions for the 

changeover from oil-based feedstock in (petro)chemical industry, where the challenge still remains 

in finding an environmental benign integrated route to produce oxygenates from alkanes. Its three 

most relevant target products are propene, which constitutes one of the main building-block of 

petrochemical industry, followed by acetaldehyde and finally by acrylic acid (AA), which is one of 

the most important intermediate in the production of acrylates. The reaction starts with the 

activation of propane by the nucleophilic oxygen of the catalysts, [409]  which breaks a C-H bond of 

propane (this step is also called alpha-abstraction), while it is believed that electrophilic oxygen for 

oxygen insertion is then required in order to proceed with the reaction process to oxygenate products 

(acetaldehyde) and finally to acrylic acid. [11]  In order to perform all the reaction step to AA, an 

aristocracy of atoms (or active sites) as named by Taylor [394] should be composed by  multimeric 

units capable of regeneration upon reduction. The nature of these ensembles of atoms together with 

the deep understanding of their functioning under dynamic conditions is still largely unknown for 

many catalysts, although some empirical findings, such as site-isolation and surface termination, 

have been elucidated for some materials. [410] Multiple parallel and consecutive reaction steps 

compose the entire complex and intricated network of the reaction mechanism of propane oxidation 

rendering in this way the deep understanding of the active sites’ nature and their role in each step 

very difficult. On this subject, isotope labelled studies  over V-based catalysts  (M1 phase and 

6V/SBA-15) have revealed a multitude of parallel and consecutive reaction steps with dozens of 

intermediates as detected by GC, where the rate limiting step has been identified to be the alpha 

abstraction of the methylene group of propane molecule and that of methyl and methylene group 

simultaneously for 6V/SBA-15 and M1, respectively. [371] The identification of the physicochemical 

properties which are responsible for the selectivity, limiting the production of environmentally 

harmful undesired by-products, such as CO and CO2, becomes the crucial issue of the whole 

designing process of a new catalyst. In this regard, alternative approaches to the classical ones, 

which are described previously in the following Thesis, for modelling and designing are urgently 

needed and AI might decipher the feature which encode the catalytic performance. 

 

5.2.1 (La,Pr)Mn(1-x)CuxO3 series  

 

Propane oxidation has been largely studied over perovskite-like structures, [192-194]  but not in 

particular over the AMn(1-x)CuxO3 series,  where propene and CO2 are the only detected products. 

In the literature, it is generally emphasized the central role of the B-site element for the catalytic 
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performance in the selective oxidation [199, 200] and the benefical synergistic effect which is 

established when Mn is partially substituted by Cu. [309] These findings have been confirmed also 

in the following Thesis (Figure 4.6), although they seem to be incomplete to explain the whole 

catalytic scenario, especially when La is substituted by Pr. Indeed, the substitution of the A-site 

seem to change the catalytic trend for the (La,Pr)Mn(1-x)CuxO3 series, as it was the case for CO 

oxidation (Figure 4.9 and 4.11). In detail, the Pr-based presents a linear correlation in propane 

oxidation, where CO oxidation seems to work as probe reaction (Figure 4.3 and 4.9 c), [354] while 

the La-based series does not display any particular trend in each reaction conditions (Figure 4.19 

and 4.11). Although the concentration of the two B-site for La- and Pr-based series is slightly 

different on the surface, this latter reason can not fully explain such a different catalytic 

performance. The A-site size has probably some more extended influence on the material than just 

increasing the surface concentration of one element with respect to a second one. Indeed, as 

discussed above, the structural distortion is able to induce electronic and charge transfer 

modifications into the catalysts, affecting thus the active ensembles and their cooperation under 

working conditions. [344]  This aspect has never been discussed in the literature for LaMn(1-x)CuxO3 

so far and from the findings presented in the following Thesis project (Chapter 4.2), it results 

evident that the interplay of the underlying processes is rather intricated and for this reason AI has 

been chosen as supporting tool to identify the most relevant primary features and to elucidate better 

the connection among these latter one for the catalytic performance.  In order to do so, the initial 

rate of propane consumption, the initial rate propene and CO2 formation and the 

initial rate of propene formation

initial rate of CO2 formation
 ratio have been chosen as target properties in dry 

(C3H8/O2/Ne/N2=5/10/2/83) and in wet feed (C3H8/O2/Ne/N2/H2O=5/10/2/43/40).  The initial rates   

(see initial rate calculation in Section 2), instead of the rates at each contact time, have been 

employed as target properties in order to use a catalytic value which is independent from the contact 

time variation applied in propane oxidation at 300°C (see Section 2 for propane oxidation details), 

avoiding so to perform the SISSO calculation for a single catalytic condition. The 12 candidate 

materials and the 33 employed primary features for the training set are listed below in Table 5.4 

and 5.5, respectively. 

Table 5.4. Table with listed the nominal Cu loading, the A-site and the ID number of the materials employed for the 

SISSO analysis in propane oxidation over the (La,Pr)Mn(1-x)CuxO3 series. Color-code: orange: La-based samples and 

green: Pr-based ones. 

 

Nominal XCu A site Sample’s ID # 

0 La 30649 

0.1 
La 30867 

Pr 31070 
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0.2 
La 31180 

Pr 31021 

0.25 
La 30635 

Pr 30637 

0.3 
La 30659 

Pr 30934 

0.35 
La 30624 

Pr 31176 

0.4 La 31285 

 

 

Table 5.5. Table with listed the symbols, the unit, the description and the characterization technique of the primary 

features used for the SISSO analysis in propane oxidation over the (La,Pr)Mn(1-x)CuxO3 series. 

 

Symbol Unit Description Technique 

V Å3 Normalized unit cell volume for formula unit (ABO3) XRD 

a* Å Cubic root of V XRD 

D Å 

Deviation parameter for the unit cell able to capture 

the deviation of the reduced lattice parameters from 

a* 

XRD 

<BO>μ Å Mean value of B-O interatomic distance XRD 

<BO>σ Å 
Deviation of single B-O values from the mean. It 

reflects the octahedral and Jahn-Teller distortion 
XRD 

<AO>μ Å Mean value of A-O interatomic distance XRD 

<AO>σ Å 
Deviation of single A-O values from the mean. It 

reflects the cuboctahedral distortion 
XRD 

<OO>μ Å Mean value of O-O interatomic distance XRD 

<OO>σ Å Deviation of single O-O values from the mean XRD 

<BOB>μ 2Theta 
Mean of the BOB angles’ values. It is related to the 

mean tilt of the octahedra 
XRD 

<BOB>σ 2Theta 
Absolute deviation of single O-B-O angles’ values 

from the ideal octahedral values a 
XRD 

BOBRMS,dev 2Theta 
Root mean squared of BOBσ. It reflects the amount 

of angular distortion in BO6 octahedra 
XRD 

T_obs adimensional Observed tolerance factor b XRD 

Abulk  at% Amount of A-site in the bulk ICP-OES 

 Table 5.4 (cont.) 
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Bbulk  at% Amount of B-site in the bulk ICP-OES 

B’bulk  at% Amount of B’-site in the bulk ICP-OES 

Otot (bulk+surfacce)  at% Amount of oxygen in the material 

O2 

determination 

analysis 

Asurface  at% Amount of A-site on the surface XPS 

Bsurface at% Amount of B-site on the surface XPS 

B’surfcae  at% Amount of B’-site on the surface XPS 

Osurfacce  at% Amount of oxygen on the surface XPS 

Olattice surf % O1s surface species from fitting XPS 

Odefects surf % O1s surface species from fitting XPS 

 Osurface surf % O1s surface species from fitting XPS 

Ocarbonates surf % O1s surface species from fitting XPS 

OOH surface % O1s surface species from fitting XPS 

OH2O surface % O1s surface species from fitting XPS 

Ooxy surface % O1s surface species from fitting XPS 

Centroid O1s peak eV Centroid of the binding energy of the O1s peak c XPS 

VB onset eV Onset of valance band relative to Fermi level XPS 

SBET m2/g Surface area N2 adsorption 

Averaged ∆x adimensional 
n of O2 atoms transferred during the TPO/TPR 

cycle/ n of ABO3 

TPO/TPR 

cycling 

CO2 amount wt% 
Amount of CO2 released by heating the sample up to 

1000°C (dwell of 1h) 
TG-MS 

Rate of CO 

consumption 
mmol·g-1·h-1 

Rate of CO consumption measured in steady-state 

experiments at 130°C in feed CO/O2/inert: 1/20/79 

CO oxidation 

catalytic 

measurements 

a
: The distortion of O-B-O angles will be mostly cancelled out due to geometric reasons and therefore they can not be 

simply averaged like the interatomic distance. Because of this, the deviations have been calculated as absolute ones from 

the ideal octahedral values, which are: 90° for cis angle and 180° for trans angles. 
b

: The tolerance factors have been 

calculated from the experimental data as follows: tobs=
<𝐴−𝑂>𝜇

<𝐵−𝑂>𝜇∗ √2
 . 

c
: The centroid of the O1s peak’s function, which 

indicates the center of the spectrum mass, has been employed as primary feature of the O1s peak, in order to feed SISSO 

with an O1s parameter which is independent from the O1s fitting. 

 

In the following calculation, two catalysts are missing with respect to the dataset employed for CO 

oxidation SISSO analysis (Table 5.1), such as PrMnO3 and PrMn0.6Cu0.4O3. This is a consequence 

of the choice to use the rate of CO oxidation as primary feature. Indeed, the steady-state experiments 

in CO oxidation where performed over the batches #31345 and 29908, while propane oxidation 
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was measured over #30650 and #31163, for PrMnO3 and PrMn0.6Cu0.4O3, respectively. 

Additionally, a second primary feature has been added with respect to those employed in the SISSO 

calculation for CO oxidation (Table 5.2), the amount of CO2 as detected by TG-MS experiments 

(see Section 3.2.2 and Figure SI 6). 

 

5.2.1.1 (La,Pr)Mn(1-x)CuxO3 series in dry feed experiments (C3H8/O2/Ne/N2=5/10/2/83) 

 

The fitted models calculated with q=1,2 are reported below in Table 5.6 and Figure 5.7, 

respectively. Both the SISSO calculated models for initial rates of both propane consumption and 

propene formation present optimal complexity having q=2 and D=1 (Figure 5.6 a and b). While, 

for the initial rates of CO2 formation and the products ratio, the optimal complexity is defined by 

q=1 and D=1 (Figure 5.6 c and d).  

 

 

 

 

Figure 5.6. CV analysis of models calculated by SISSO for initial rates in propane at 300°C in dry feed 

C3H8/O2/Ne/N2=5/10/2/83 over the (La,Pr)Mn(1-x)CuxO3 series. The CV errors shown on the primary y axis (left one) 

corresponds to the averaged RMSE across the leave-out-one-material-CV-iterations. The secondary y axis (right one) 

displays the CV-RMSE as a fraction of the standard deviation of the rates in propane oxidation among the whole training 

set. Color-code: grey: rung=1 and blue: rung=2. Continuous lines: calculated prediction and dotted lines: training. 

 

 

b) a) 

d) c) 
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Table 5.6. Table with listed optimal models for each target property and the equation number for the SISSO calculation 

performed in propane oxidation in dry feed (C3H8/O2/Ne/N2=5/10/2/83) at 300°C  over the (La,Pr)Mn(1-x)CuxO3 series. 

 

Target property 

 (mmol·g-1·h-1) 

Equation 

# 

Calculated SISSO descriptor 

Initial rate of propane 

consumption 

5.4 3.020 + 3.399 *[(B´bulk / surface area) / (O H2O surface – O surface surface)] 

 

Initial rate of propene 

formation 

5.5 1.350 -6.149 * |(averaged ∆x * O surface surface) – (O OH surface – O defect 

surface)| 

 

Initial rate of CO2  

formation 

5.6 1.071 + 1.689 * O surface surface / averaged ∆x 

Initial rate of 

propene/initial rate of CO2 

5.7 0.203 + 3.998 * (O H2O surface * <BOB>σ) 

 

 

Among the found descriptors listed in Table 5.6, the one which presents the highest train RMSE 

(0.340) is Eq. 5.6, plotted in Figure 5.7 c. While, the initial rates seem to present a rather good linear 

correlation with the optimal SISSO calculated descriptors (Figure 5.6 a-c). From the SISSO analysis 

in propane oxidation in dry feed it emerges that the oxygen species from O1s fitting, are present in 

each model, emphasizing the primary role of surface oxygen in propane oxidation (Eq. 5.4-7). 

Indeed, the oxygen mobility on the surface has widely been reported to be strictly connected to the 

catalytic performance of perovskite-like catalysts in propane oxidation, [207, 275, 364, 411] since also the 

oxygen vacancies are involved into its functioning under dynamic conditions. In particular, a close 

parallel has been found between the catalytic activity in propane oxidation and the oxygen species 

adsorbed on the vacancies sites, suggesting that propane oxidation proceeds through a suprafacial 

mechanism over the La(1-x)CaxCoO3 material. [411] Interestingly, the presence of oxygen surface 

fraction is frequent among the found descriptors, appearing in the optimal models for the initial 

rates of propane consumption, propene formation and CO2 formation (Eq. 5.4-6). This O1s species 

is believed to be related to electrophilic oxygen on the surface, which has generally been attributed 

to be responsible for oxygen insertion step in propane oxidation (from propene to acetaldehyde), 

[11] but more recent studies over perovskite catalysts have evidenced how this species seems to 

synergistically cooperate with OH species for the selectivity to propene, in contrast to oxygen defect 

concentration which shows a depletion in parallel to the selectivity’s increase (which is always 

displayed in Eq. 5.5 for the selectivity to propene together with oxygen surface species). [275] In 

moderate contradiction with the general beliefs in catalysis, [207, 412-414] the surface area is seemingly 

not particularly relevant for the catalytic performance according to SISSO analysis, since it appears 

only in one optimal model (Eq. 5.4). In agreement with the expectations, O1 species related to Mn 

as adsorption site (O1s OH and H2O) [275, 404] and Cu are displayed between the relevant primary 

features for the catalytic activity (Eq. 5.4 and 5.5), confirming the key-role of the B-site metals for 
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the catalytic performance. [199, 200] Instead of the Cu amount, in the models for the selectivity to 

propene and to CO2 it is presented the averaged delta x (see delta x calculation in Section 2) deriving 

from the TPO/TPR cycling experiments performed at 300°C (same temperature of propane 

oxidation experiment). The averaged delta x accounts for the oxygen capacity of the material since 

it basically represents the amount of oxygen which is exchanged either during TPO or during TPR 

cycles and in the studied systems it is linearly correlated with Cu bulk amount as shown in Figure 

3.17 in Section 3.2.4. The bulk oxygen capacity is a property which is also strictly related to the 

lattice oxygen mobility and the motif of the host structure, [9] being always slightly higher for Pr-

samples in comparison with the corresponding La-based ones (as shown in Figure 3.16 and 3.17 in 

Section 3.2.4), probably ascribable to the fact that the enhanced crystallographic strain induced by 

Pr’s size is partially influencing also the bulk vacancies by tuning the oxygen lattice structure. 

Finally, the only structural parameters which appears among the relevant primary feature is 

<BOB>σ, which is related to the octahedral tilting and thus indirectly also to the crystallographic 

strain and the A-site size. [313] 

In conclusion, the SISSO calculations performed in propane oxidation in dry feed over the 

(La,Pr)Mn(1-x)CuxO3 show results that also in this case (like it was for CO oxidation) are in line with 

the formulated hypothesis in Section 4.2.1.  The explained role of some primary features might 

present a lower degree of reliability, since it is largely based on the interpretation and comparison 

with literature, like for instance the association of OH and H2O species to Mn and the electrophilic 

nature of oxygen surface species, [275, 404]  while other interpretation, like the cited relation between 

the averaged delta x with the Cu bulk amount, are supported by experimental evidence (Figure 

3.17). Finally, in spite of the SISSO results presented in Eq. 5.2 and 5.3, the A-site is not present in 

any of the discussed Equations (Eq. 5.4-7). Some other primary features indirectly related to it 

rather appear, such as the <BOB>σ and maybe the averaged delta x, since it always shows a 

difference between Pr and La samples, as shown in Figure 3.16 and 3.17. The lack of the direct 

correlation of a primary feature representing the A-site in propane oxidation can be perfectly 

contextualized in the catalytic results presented in Section 4. Indeed, differently from CO oxidation, 

where it is clearly evident that the La-based samples present an inverse correlation of reaction rate 

with respect to the Pr-based ones (Figure 4.3), in propane oxidation two opposite trends between 

the two series are never generated (Figure 4.9). The calculated models indicate that the influence 

of A-site size has less importance in propane oxidation with respect to CO oxidation, as it was 

already suggested by analyzing the catalytic trends (Figure 4.3 and 4.9). 
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Figure 5.7. Graphs showing the initial rates of a) propane consumption, b) propene formation, c) CO2 formation and d) 

the product ratio measured at 300°C in dry feed C3H8/O2/Ne/N2: 5/10/2/83 over the descriptor calculated by SISSO 

employing the data reported in Table 16 and 17 as dataset. Orange: La-based samples, green: Pr-based samples 

 

5.2.1.2 (La,Pr)Mn(1-x)CuxO3 series in wet feed experiments 

(C3H8/O2/Ne/N2/H2O=5/10/2/43/40) 

 

The fitted models calculated with q=1,2 are reported below in Table 5.7 and Figure 5.9, 

respectively. All the SISSO calculated optimal models are defined by rung=1, being D=2 in each 

case, except for the model of the initial rate of propene formation (Figure 5.8 b, 5.9 b).  

b) a) 

d) c) 
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Figure 5.8. CV analysis of models calculated by SISSO for initial rates in propane at 300°C in dry feed 

C3H8/O2/Ne/N2/H2O=5/10/2/43/40 over the (La,Pr)Mn(1-x)CuxO3 series. The CV errors shown on the primary y axis (left 

one) corresponds to the averaged RMSE across the leave-out-one-material-CV-iterations. The secondary y axis (right 

one) displays the CV-RMSE as a fraction of the standard deviation of the rates in propane oxidation among the whole 

training set. Color-code: grey: rung=1 and blue: rung=2. Continuous lines: calculated prediction and dotted lines: 

training. 

 

Table 5.7. Table with listed optimal models for each target property and the equation number for the SISSO calculation 

performed in propane oxidation in wet feed (C3H8/O2/Ne/N2/H2O=5/10/2/43/40) at 300°C over the (La,Pr)Mn(1-x)CuxO3 

series. 

 

Target property (mmol·g-

1·h-1) 

Equation 

# 

Calculated SISSO descriptor 

Initial rate of propane 

consumption 

5.8 1.054 -6.529* |O carbonates surface – O surface surface| - 50.01 * 

(averaged ∆x)6 

Initial rate of propene 

formation 

5.9 0.960 – 19.010 * (A surface / Mn 3s splitting) 

Initial rate of CO2  

formation 

5.10 -722.6 + 0.001 *(surface area / O H2O surface)+ 1.362 *(centroid 

O1s + VB onset) 

Initial rate of 

propene/initial rate of CO2 

5.11 0.718 + 5.851 * |O carbonates surface -O surface surface| -730.5 *(O 

carbonates surface /r CO consumption) 

 

 

 

b) a) 

d) c) 
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The SISSO results for wet feed experiments over the (La,Pr)Mn(1-x)CuxO3 series reflects how the 

steam addition change the catalytic scenario in propane oxidation (Figure 4.7, 4.10 and 4.11 in 

Chapter 4.2.1). Carbonates species on the surface appear in the optimal models for the rate of 

propane consumption and the products ratio (Eq. 5.8 and 5.11), while it was never present in the 

models calculated for dry feed (Eq. 5.4-7). It is difficult to believe that O1 carbonates are directly 

involved in the catalytic activity, since also their amount seems to be very close to 0 in wet feed at 

300°C, as detected in NAP-XPS measurements for three Pr-based catalysts (Figure 4.17). It is more 

intuitive to address the relevance of O1s carbonates species to surface sites on which they might 

likely adsorb and block their function, such as electrophilic sites and Lewis-acid sites. [406] If, on 

the one hand it seems easy to determine the nature of these sites by the following approach, on the 

other hand its exact determination becomes very challenging. Indeed, it could be either the A-site 

surface termination, or the B-metal one, or the oxygen vacancies on the surface or a combination 

of them. However, the involvement of surface adsorbed carbonates species into the catalytic 

performance should not be neglected, since in some cases it has been reported to exert an influence 

on catalysis or even to boost the activity. [415, 416] The averaged delta x, i.e. the oxygen capacity and 

the O1s surface species (probably electrophilic oxygen) are displayed as relevant primary features 

for the rates of propane consumption (Eq. 5.8) in wet feed, as it is in dry one (Eq. 5.4). This latter 

result highlight how the redox property of the material are important for propane conversion, 

indicating that probably the engine of the reaction mechanism of propane oxidation is not highly 

depended on the feed composition. The Equation 5.9 for the selectivity in wet feed can be 

interpreted as a confirmation of the results presented in Chapter 4.2.1. Indeed, only Pr-based 

samples present a positive trend between the Mn surface content and the selectivity (Figure 4.11 b) 

and the Mn oxidation state as evaluated by Mn3s splitting, increases in wet feed, following the same 

order of the selectivity among the catalysts (Figure 4.11 b, 4.14, 4.15 and Table 4.2). Therefore, the 

primary features display in Eq. 5.9 posses physical and cross-checked experimental sense. Once 

again, the surface area is seemingly not a decisive parameter to describe all the target properties, 

appearing only in CO2 formation rates (Eq. 5.10), where also the centroid of O1s peak (the only 

primary feature for O1s which is independent from the fitting model) and the valance band onset, 

which account for the electronic density, appear. It seems that the properties which count most for 

the total combustion path can be summarized into the surface electronic function of the material 

combined with Mn amount or other electrophilic adsorption sites for water and the surface area. 

Finally, the rates of CO consumption are displayed as relevant primary feature in the found 

descriptor of the products’ ratio (Eq. 5.11), highlighting how CO oxidation might partially works 

as probe reaction for propane oxidation.  However, other primary features needs to be involved in 

the model in order to fit the catalytic data, such as the carbonates and surface species, whose nature 

and identification still remains not fully elucidated. 
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Figure 5.9. Graphs showing the initial rates of a) propane consumption, b) propene formation, c) CO2 formation and d) 

the products’ ratio  measured at 300°C in wet feed C3H8/O2/Ne/N2/H2O: 5/10/2/43/40 over the descriptor calculated by 

SISSO employing the data reported in Table 16 and 17 as dataset. Orange: La-based samples, green: Pr-based samples 

 

5.2.2 (La,Pr)Mn(1-x)CuxO3 series plus (Pr,Nd)Mn0.7B’0.3O3 catalysts 

 

As it was done for CO oxidation SISSO analysis (Section 5.1.2), it has been chosen to implement 

the elemental variability also for the SISSO calculation in propane oxidation and in order to do so, 

the catalysts series including different B´-site has been added to the dataset (Table 5.8). By 

analyzing the measured data in propane oxidation, it seems that the activity seems to be dominated 

principally by Mn (Figure 4.21 and 4.22), although from the Temperature programmed reaction it 

emerges some differences can be detected among the Mn-based catalysts following the order : Zn 

> Ni > Co > Fe (Figure 4.21 b) . The found results in propane oxidation are coherent with what is 

generally reported in the literature, where it is claimed that Co and Ni boost Mn-based perovskites 

activity [364, 365] and that the influence of Fe is limited to preserve the structure by inhibiting B-site 

segregation or shifting. [366] However, the selectivity plot, clearly shows how the synergistic effect 

of a double B-site [309] might change the rules into the catalytic game. Indeed, NdMn0.7Fe0.3O3 

b) a) 

d) c) 
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presents higher initial rate of selectivity formation in comparison with Ni and Zn-based catalysts 

(Figure 4.23 b). Additionally, it seems that the selectivity order among the catalysts strongly 

resemble the one created for CO oxidation rate (Figure 4.4 and 4.23 b), highlighting how the 

processes which control CO oxidation might influence also the selectivity to propene and not only 

for the conversion, as it was speculated just by looking at the (La,Pr)Mn(1-x)CuxO3 catalytic data 

(Figure 4.3 and 4.9 a, c). AI analysis can help to better individuate the relevant primary feature able 

to encode the differences presented in the catalytic performance of the (Pr,Nd)Mn0.7B´0,3O3 samples 

(Section 4.2.2), but most important, they can elucidate whether the results found for the 

(La,Pr)Mn(1-x)CuxO3 series are still valid and therefore generalizable for similar compounds. Also 

for this calculation the initial rate of propane consumption, the initial rate of propene and CO2 

formation and the 
initial rate of propene formation

initial rate of CO2 formation
   ratio have been chosen as target properties 

in dry (C3H8/O2/Ne/N2=5/10/2/83) and in wet feed (C3H8/O2/Ne/N2/H2O=5/10/2/43/40). The 16 

candidate materials and the 31 employed primary features for the training set are listed above in 

Table 5.5 and below in Table 5.8 (minus CO2 amount, Mn3s splitting and averaged delta x), 

respectively. 

Table 5.8. Table with listed the nominal composition, the ID number, the A-site metals and the B´-site one of the materials 

employed for the SISSO analysis in propane oxidation over the whole perovskite matrix. 

 

Nominal 

Formula 

Sample’s ID # A-site B´-site B´ loading amount 

LaMnO3 30649 La Cu 0 

LaMn0.9Cu0.1O3 30867 La Cu 0.1 

LaMn0.8Cu0.2O3 31180 La Cu 0.2 

LaMn0.75Cu0.25O3 30635 La Cu 0.25 

LaMn0.7Cu0.3O3 30659 La Cu 0.3 

LaMn0.65Cu0.35O3 30624 La Cu 0.35 

LaMn0.6Cu0.4O3 31285 La Cu 0.4 

PrMn0.9Cu0.1O3 31070 Pr Cu 0.1 

PrMn0.8Cu0.2O3 31021 Pr Cu 0.2 

PrMn0.75Cu0.25O3 30637 Pr Cu 0.25 

PrMn0.7Cu0.3O3 30934 Pr Cu 0.3 

PrMn0.65Cu0.35O3 31176 Pr Cu 0.35 

PrMn0.7Zn0.3O3 33380 Pr Zn 0.3 

PrMn0.7Ni0.3O3 33366 Pr Ni 0.3 
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PrMn0.7Co0.3O3 33454 Pr Co 0.3 

NdMn0.7Fe0.3O3 33621 Nd Fe 0.3 

 

5.2.2.1 (La,Pr)Mn(1-x)CuxO3 series + (Pr,Nd)Mn0.7B’0.3O3 catalysts in dry feed 

experiments (C3H8/O2/Ne/N2=5/10/2/83) 

 

The fitted models calculated with q=1,2 are reported below in Table 5.9 and Figure 5.11, 

respectively.  All the calculated models present optimal complexity with q=1 and D=1, except the 

rate of propane consumption, which has q=2 (Figure 5.10 a).  

 

 

Figure 5.10. CV analysis of models calculated by SISSO for initial rates in propane at 300°C in dry feed C3H8/O2/Ne/N2 

=5/10/2/83 over the whole Perovskite matrix. The CV errors shown on the primary y axis (left one) corresponds to the 

averaged RMSE across the leave-out-one-material-CV-iterations. The secondary y axis (right one) displays the CV-

RMSE as a fraction of the standard deviation of the rates in propane oxidation among the whole training set. Color-code: 

grey: rung=1 and blue: rung=2. Continuous lines: calculated prediction and dotted lines: training. 

 

b) a) 

d) c) 

 Table 5.8 (cont.) 
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Table 5.9. Table with listed optimal models for each target property and the equation number for the SISSO calculation 

performed in propane oxidation at 300°C  in dry feed (C3H8/O2/Ne/N2=5/10/2/83) over the whole Perovskite matrix. 

 

Target property (mmol·g-

1·h-1) 

Equation 

# 

Calculated SISSO descriptor 

Initial rate of propane 

consumption 

5.12 3.247 + 1.044 * [(VB onset * B´surface)/ (O H2O surface – O surface surface)] 

 

 

Initial rate of propene 

formation 

5.13 0.139 + 2.016 * (O OH surface + O carbonates surface) 

 

Initial rate of CO2  

formation 

5.14 -34.770 + 869.2 * (O defect surface * A surface) 

 

Initial rate of 

propene/initial rate of CO2 

5.15 0.125 + 5.110 * (O H2O surface * <BOB>σ) 

 

 

There seems to be a lot of similarity between the calculated optimal models for the whole matrix  

(Eq. 5.12-15) and their corresponding calculated models for the (La,Pr)Mn(1-x)CuxO3 series (Eq.5. 

4-7), suggesting that the results of the analyses discussed in Section 5.2.1.1 might be considered 

rather generalizable beyond the specific analyzed dataset. For instance, Eq. 5.15 shows exactly the 

same relevant primary features of Eq. 5.7, enforcing the result that an adsorption site for water 

(probably Mn or some structural pores)[275, 356] and the octahedral tilting due to the A-site size cation 

[313] play an influence to the product yield in propane oxidation performed in absence of steam. Also 

in the case of the descriptor for the rate of propane consumption (Eq. 5.12) there are a lot of 

analogies with that calculated for the (La,Pr)-series (Eq. 5.4). The B´amount together with oxygen 

surface and H2O species appear again as relevant primary features, highlighting how H2O 

adsorption sites or maybe even H2O itself which block some active sites, surface electrophilic 

oxygen [275] and B´content play a central role for propane consumption. While, the best models for 

the initial rate of propene and CO2 formation (Eq. 5.13 and 5.14) are rather dissimilar to those 

calculated for the (La,Pr)-series (Eq. 5.5 and 5.6), indicating that expanding the elemental folding 

fan on the input dataset makes a difference on the best model. By using the whole perovskite matrix 

as dataset, in the selectivity models  carbonates and OH species are displayed as primary features. 

It seems that the selectivity is mainly governed by electrophilic and Lewis-acidity adsorption sites 

on the surface, such as A-site cation surface termination or oxygen vacancies. [406]  Also Mn could 

be involved into the model since OH preferably adsorb on Mn. [404] Finally, CO2 formation rate 

seems to depend on the defect concentration, which renders the catalyst  too active, leading in this 

way to the total combustion path, and depends also on the A-site concentration of the surface, which 

might be indirectly responsible for the formation of active sites. [344] 
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Figure 5.11. Graphs showing the initial rates of a) propane consumption, b) propene formation, c) CO2 formation and 

d) the products’ ratio  measured at 300°C in dry feed C3H8/O2/Ne/N2: 5/10/2/83 over the descriptor calculated by SISSO 

employing the data reported in Table 20 and 17 (-CO2 amount and averaged delta x) as dataset. 

 

5.2.2.2 (La,Pr)Mn(1-x)CuxO3 series + (Pr,Nd)Mn0.7B’0.3O3 catalysts in wet feed 

experiments (C3H8/O2/Ne/N2/H2O=5/10/2/43/40) 

 

The fitted models calculated with q=1,2 are reported below in Table 5.10 and Figure 5.13, 

respectively.  All the calculated models present optimal complexity with q=2 and D=1, except the 

rate of propane consumption, which has q=1 (Figure 5.12 a).  

 

b) a) 

d) c) 
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Figure 5.12. CV analysis of models calculated by SISSO for initial rates in propane at 300°C in wet  feed 

C3H8/O2/Ne/N2/H2O=5/10/2/43/40 over the whole Perovskite matrix. The CV errors shown on the primary y axis (left 

one) corresponds to the averaged RMSE across the leave-out-one-material-CV-iterations. The secondary y axis (right 

one) displays the CV-RMSE as a fraction of the standard deviation of the rates in propane oxidation among the whole 

training set. Color-code: grey: rung=1 and blue: rung=2. Continuous lines: calculated prediction and dotted lines: 

training. 

 

Table 5.10. Table with listed optimal models for each target property and the equation number for the SISSO calculation 

performed in propane oxidation in dry feed (C3H8/O2/Ne/N2/H2O=5/10/2/43/40) at 300°C over the whole Perovskite 

matrix. 

 

Target property (mmol·g-

1·h-1) 

Equation 

# 

Calculated SISSO descriptor 

Initial rate of propane 

consumption 

5.16 1.577 - 1.151 * (O lattice surface / VB onset) 

 

Initial rate of propene 

formation 

5.17 0.0935 - 0.029 * [(B´surface – Mn bulk) * (r CO consumption * <AO>σ)] 

 

Initial rate of CO2  

formation 

5.18 0.580 + 79.160 * ||B´surface – B´bulk| - (B´surface – B´bulk)| 

 

 

Initial rate of 

propene/initial rate of CO2 

5.19 0.155 – 0.393 *[(O H2O surface * <BOB>σ ) / (O H2O surface – O carbonates 

surface)] 

 

 

b) a) 

d) c) 
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In spite of dry feed results for SISSO analysis, where many analogies between the optimal models 

for the whole perovskites matrix and those for the (La,Pr)-series have been found, the results of 

SISSO analyses over the whole matrix in wet feed (Eq. 5.16-19) are very different from those 

obtained by using the (La,Pr)-series as input dataset (Eq. 5.8-11). This might indicate that the steam 

addition into the reaction feed could affect the catalytic scenario to different extent depending on 

the involved sample. In the rate of propane consumption, the lattice oxygen species and the VB 

onset are displayed as relevant chemicophysical properties (Eq. 5.16). The lattice oxygen might 

account also for Mn surface amount, since the amount of  lattice oxygen species on the surface 

increases linearly with that of Mn on the surface in wet feed, as evidenced by NAP-XPS 

measurements performed over three Pr-based catalysts (Figure 4.19). However, it could also be that 

the lattice oxygen on the surface itself is involved into the catalytic activity in wet feed. As expected 

from the analysis of CO and propane oxidation data (Figure 4.4 and 4.23 b), CO oxidation works 

as probe reaction for the selectivity to propene (Eq. 5.17). [354] Apart from CO consumption rates, 

it seems that also bulk Mn amount and surface B´ one play a central role for the selectivity, but it 

is not only about the B-site, since also the cuboctahedral distortion induced by the A-site size 

appears in the equation. [344] Interestingly, the B´-site distribution between surface and bulk seems 

to be the most important parameter for the selectivity to CO2 (Eq. 5.18). This latter result suggests 

that B´ concentration exerts a huge role on the structure of the material, by tuning the defects amount 

[201] and consequently affecting the total combustion path. The reason why this phenomenon 

becomes clear only using wet feed data as input dataset and B´concentration does not appear in the 

model for CO2 selectivity in dry feed (Eq. 5.14), needs further elucidation. Finally, the model for 

the product yield in wet feed for the whole matrix (Eq. 5.19) strongly resemble that for dry feed  for 

(La,Pr)-series and for the whole matrix (Eq. 5.7 and 5.15, respectively). This latter result indicates 

that water addition does not affect the product yield of the reaction for the whole matrix samples, 

rendering the drawn conclusion about the relevant primary features for the examined target property 

rather generalizable for Mn-based perovskite sample in propane oxidation. Indeed, it could be 

concluded that by regulating the amount of adsorption sites for water (probably Mn or some 

structural pores) [275, 356] and by tuning the the A-site size [313] , the control over the product yield in 

propane oxidation employing Mn-based perovskites catalysts might become feasible. 
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Figure 5.13. Graphs showing the initial rates of a) propane consumption, b) propene formation, c) CO2 formation and 

d) the products’ ratio measured at 300°C in wet feed C3H8/O2/Ne/N2/H2O: 5/10/2/43/40 over the descriptor calculated 

by SISSO employing the data reported in Table 20 and 17 (-CO2 amount and averaged delta x) as dataset. 

 

 

 

 

 

 

 

 

 

 

 

 

b) a) 

d) c) 
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6.  Conclusions 
 

The selective oxidation of light alkanes plays an important role in heterogeneous catalysis, since 

olefins constitute the key building  blocks for the (petro)chemical industry and their manufacture 

process has a fundamental economical and environmental role. [6, 7] Due to impending oil shortage 

in the near future, it is vital to find an economical and environmental-friendly route to produce 

alternative building blocks for chemical industry, such as propene and acrylic acid. Many attempts 

have been done in the past decades in order to implement an efficient and suitable catalyst for alkane 

oxidation. However, no real breakthrough has been achieved in the catalytic community from the 

discovery of MoVTeNb M1 phase-pure catalyst patented by Mitsubishi Corp. in the early 1990s.  

The lack of homogeneity of data presented in the literature, regarding the many proposed catalytic 

systems, addresses the new oxidation catalysis research back to fundamental roots, since only a 

deep understanding and a systematic study of the intrinsic nature of the catalyst may constitute the 

key for the future. In the past, there have been made many attempts to determine key-factors, which 

aim to gain control over the activity and selectivity of catalytic systems. [9, 14-24] The investigated 

features could be divided into three main groups: structural aspects, surface properties and the 

electronic structure/properties. It is generally accepted that the characterization of some of the 

properties mentioned above for a given catalyst and their further correlation with catalysis could 

lead to significant breakthrough in the knowledge of the reaction process. Nevertheless, in gathering 

data reported in the literature, a lack of homogeneity in these latter ones is evident and hence they 

cannot really serve as basis for a comparison to extrapolate general rules. The “seven pillars” of 

heterogeneous selective oxidation provide a useful framework for the development of complex 

selective oxidation catalysts and link the catalytic properties with the material science part of them. 

[31] However, the dynamic nature of the catalyst is not included. Therefore, the seven “pillars” still 

remains a rather formal concept to design a new catalyst, because they are not universally 

applicable. Designing a new catalyst is a challenging task, particularly when it is addressed to the 

selective oxidation of alkanes. This is because of the numerous consecutive/parallel reaction steps 

which compose the complex reaction network. [25, 265] Anyway, some design parameters, such as: 

(a) phase purity of the bulk which confer structural stability, (b) multifunctionality of the active 

sites in order to satisfy the required various reaction steps, (c) semiconducting properties of the bulk 

beneficial to the transfer of a high number of electrons and (d) balanced oxygen activation to avoid 

the total combustion to carbon dioxide, are considered to be important. [20, 266] Looking into this 

direction, perovskite-like oxide phase-pure catalyst seems to be the most suitable candidate as 

“starting” catalyst to be improved because it fulfills most of criteria cited above. These bulk oxide 

catalysts present a high level of flexibility without destroying their structure, due to the tolerance 

factor [50] and  their crystal structure can present lattice distortion, due to the tilting of the octahedra, 
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which depends on the temperature and affects bulk and surface electronic properties by influencing 

the charge-carrier dynamics of the bulk. Indeed, perovskites act as a chemiresistor where it becomes 

possible to modulate the electronic structure of the surface tuning the conductivity of the bulk. [267-

272] They can be either n-type or p-type semiconductors, behaving mostly as p-type semiconductors 

under oxidative feed. [270, 271] Furthermore, the defect chemistry of perovskites, beside of providing 

a high number of oxygen vacancies, which is beneficial to control the oxygen activation during 

reaction process, [273] can equilibrate with changes in the electric conductivity under various 

temperatures and oxygen activities. The present Thesis aims to implement the fundamental 

knowledge in oxidation catalysis through the so-called descriptor-based approach. For this purpose 

twenty-three phase-pure perovskite-like catalysts (two of them are 97% phase-pure perovskite-like 

catalysts) have been synthesized, characterized and tested in CO and in propane oxidation in order 

to serve as basis for artificial intelligence analysis. The main idea of this project is to synthesize 

many perovskites, perovskite-like structures and other structures composed by Mn as B-site cation 

combined with an other metal belonging to the 3d or 4d row of the periodic table (the synergistic 

effect is claimed to be beneficial to the catalytic performance). The selected element at the B-site 

have similar ionic radius between each other (ionic radii in six coordination: Co2+ = 0.65 Å, Zn2+= 

0.74 Å, Ni2+=0.69 Å, Fe2+=0.61 Å, Cr2+=0.73 Å, Pd2+=0.86 Å, Cu2+= 0.73 Å and Mn3+/4+=0.53-0.64 

Å,). The most utilized metals as B-site have been Cu and Mn, where Cu is reported to be a promoter 

in oxidation reaction [10, 284-286] and finally Mn is a well-known element in oxidation catalysis [287] 

and it was also found to be selective in alkane oxidation. [288, 289] The A-site cation has been changed 

between La3+, Pr3+, Nd3+ and Sm3+ to tune the structural and electronic properties. Therefore, twenty-

one purely phase-pure perovskites, among which fourteen present the general formula (La,Pr)Mn(1-

x)CuxO3 (with x=0-0.4) and other five with general formula AMn0.7B’0.3O3 (with A=Pr, Nd and Sm 

and B’=Co, Zn, Ni, Fe, Cr) and (La,Pr)2CuO4 perovskite-related structures have been synthesized, 

tested in CO and propane oxidation and subjected to standard structural characterizations in order 

to obtain numerical values of some properties (also known as basic descriptors) for artificial 

intelligence analysis. As first step, the (La,Pr)Mn(1-x)CuxO3 series has been investigated in detail. 

From the combined analysis of the characterizations data with those of catalysis, it emerges the 

high complexity generated by the synergistic effect of a double B-site into the catalytic dynamic. 

Despite of what is generally reported in the literature where it is claimed that the B-site is the 

responsible element for the catalytic performance, [200, 201, 310] the catalytic results highlight that also 

the A-site indirectly influences the catalytic performance, in particular in CO oxidation, where the 

oxidation rates present two opposite correlations over the Mn surface content (Figure 4.3). This is 

probably due to the fact the structural modifications conferred by the different A-site [313] induce 

the generation of diverse active sites and different active oxygen species on the catalysts´ surface. 

[344-346] Also in propane oxidation the difference between the La- and the Pr-based series is present, 

in particular in the selectivity to propene in wet feed, where Pr-based samples generate a positive 
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trend with the selectivity and La-based samples do not (Figure 4.11 b). As next step, NAP-XPS 

studies over three Pr-based catalysts with different Cu loading have been performed in order to 

investigate the catalysts’ surface and subsurface regions under reaction conditions in propane 

oxidation. From the near-working-conditions measurements it emerges that the lattice oxygen 

species correlates positively with Mn surface content in wet feed, which in turn correlates positively 

also with the selectivity to propene, as measured in the plug flow reactor. The Artificial Intelligence 

analysis performed over the (La,Pr)Mn(1-x)CuxO3 series, where the optimal model is defined by q=1 

and D=2 (Figure 5.3), have highlighted how a single primary feature based on chemical intuition is 

not sufficient to fully describe the properties linked to the catalytic performance in CO oxidation. 

Additionally, the found optimal model has confirmed the hypothesis and expectations formulated 

for the (La,Pr)-based series, where also the A-site is indirectly involved in the catalytic performance 

in CO oxidation. Indeed, in the reported model in Eq. 5.2 appear the following primary features: 

the Cu surface content, the distorsion parameter D (which is an expression for the deviation of the 

reduced lattice parameters from the cubic root of the normalized unit cell volume) and the 

concentration of the A-site both on the surface and on the bulk. Indeed, beside of the fundamental 

role of the B-site for the catalytic performance, [166, 200, 201, 308] the indirect influence of the A-site´s 

size on the catalytic scenario discussed in Section 4.1.1, which acts by tuning the structure and 

consequently the electronic and defective properties of the materials, [313, 344] seems to be a 

passepartout in order to solve the opposite trends always shown between the La- and Pr-series when 

plotted over a descriptor composed by a single physico-chemical property (Figure 4.3). Beside of 

the amount of the A-site both on the bulk and on the surface (at%), the presence of D in the SISSO 

equation (Eq. 5.2), which might be related to the structural strain established by the A-site size, is 

a further confirmation of the previously discussed indirect influence exerted by the structural 

modifications. Also the SISSO analysis performed over the whole perovskite matrix ((La,Pr)Mn(1-

x)CuxO3 series + AMn0.7B’0.3O3 series) presented in Eq. 5.3 confirms the results discussed for the 

(La,Pr)-series in CO oxidation. Indeed, among the primary features appear the content of B and A 

on the surface, the distorsion parameter D and in addition the valence band onset, the total oxygen 

content and the amount of OH species on the surface. The optimal model for the whole matrix in 

CO oxidation could basically been interpreted as an expansion of the model for the (La,Pr)-series, 

where the valence band onset is a parameter which basically explains the elemental diversity in the 

matrix, since it accounts for the electronic density which is different from atom to atom, by affecting 

the physical electronic structure and the binding site. [408]  Additionally, it identifies also the OH 

surface species as master key physicochemical property which is generally correlated to the 

presence of Mn-OH surface groups in presence of steam. [275, 404]  On the other side, the amount of 

total oxygen (bulk+surface) might be directly interpreted as the major role that the bulk oxygen has 

on the reaction mechanism, in case this latter one belongs to interfacial class, and also on its 

correlation with oxygen vacancies formation, which are known to be fundamental to control the 
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catalytic activity. [9, 201, 405-407]  Finally, it can be concluded that the major outcome from the 

calculated SISSO models in CO oxidation is the confirmation of the formulated hypothesis that also 

the A-site plays a role on the catalytic performance, due to the structural and electronic 

modifications indirectly induced by its different size. [313, 344] Different conclusions can be drawn 

from the SISSO analysis performed over the data deriving from propane oxidation. First of all, as 

expected, they highlight how the steam addition changes the catalytic performance in propane 

oxidation and more important, it emerges how the addition of steam into the reaction feed could 

affect the catalytic scenario to different extents depending on the involved samples. Indeed, in spite 

of dry feed results for SISSO analysis, where many analogies between the optimal models for the 

whole perovskites matrix and those for the (La,Pr)-series have been found, the results of SISSO 

analyses over the whole matrix in wet feed (Eq. 5.16-19) are very different from those obtained by 

using the (La,Pr)-series as input dataset (Eq. 5.8-11). As mentioned above, the SISSO results for 

the (La,Pr)Mn(1-x)CuxO3 series might be considered rather generalizable beyond the specific 

analyzed dataset. For instance, Eq. 5.15 shows exactly the same relevant primary features of Eq. 

5.7, enforcing the result that an adsorption site for water (probably Mn or some structural pores)[275, 

356] and the octahedral tilting due to the A-site size cation [313] play an influence to the product yield 

in propane oxidation performed in absence of steam. Also in the case of the descriptor for the rate 

of propane consumption (Eq. 5.12) there are a lot of analogies with that calculated for the (La,Pr)-

series (Eq. 5.4). The B´amount together with O1s surface and H2O species appear again as relevant 

primary features, highlighting how H2O adsorption sites or maybe even H2O itself which block 

some active sites, surface electrophilic oxygen [275] and B´content play a central role for propane 

consumption. While, the best models for the initial rate of propene and CO2 formation (Eq. 5.13 

and 5.14) are rather dissimilar to those calculated for the (La,Pr)-series (Eq. 5.5 and 5.6), indicating 

that expanding the elemental folding fan on the input dataset makes a difference on the best model. 

The relevant primary features linked to the selectivity seem to depend strongly on the feed 

composition and on the catalysts used for the employed input dataset. Indeed, the selectivity for the 

(La,Pr)-series in dry feed is linked to the averaged delta x, the oxygen surface, defects and OH 

species (Eq. 5.5). The oxygen surface species is believed to be related to electrophilic oxygen on 

the surface, which has generally been attributed to be responsible for oxygen insertion step in 

propane oxidation (from propene to acetaldehyde), [11] but more recent studies over perovskite 

catalysts have evidenced how this species seems to synergistically cooperate with  OH species for 

the selectivity to propene, in contrast to defect oxygen concentration which shows a depletion in 

parallel to the selectivity’s increase .[275] While, employing the whole perovskite matrix as input 

dataset, the results are slightly changed and the selectivity is linked to OH and carbonates surface 

species (Eq. 5.13), suggesting that the selectivity is mainly governed by electrophilic and Lewis-

acidity adsorption sites on the surface, such as A-site cation surface termination or oxygen 

vacancies. [406]  Also Mn could be involved into the model since OH preferably adsorb on Mn. [404] 
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Finally, it seems that the rates of CO oxidation is a relevant primary feature for the selectivity in 

wet feed for the whole perovskite matrix (Eq. 5.17), highlighting how CO oxidation might work as 

probe reaction for propane oxidation.  

In conclusions, in the herein doctorate project, different perovskite-like catalysts have been 

synthesized, characterized and tested in CO and propane oxidation in order to better elucidate the 

structure-function relations with the support of artificial intelligence. This latter one has proven to 

be a suitable tool in many analyses able to identify the relevant properties linked to the catalytic 

performance, since, in many cases, the optimal models have fulfilled the expectations hypothesized 

by chemical intuition (especially in the case of Eq. 5.2 and 5.3). However, the relevant primary 

features appearing in the optimal models need to be correctly interpreted by chemical knowledge 

combined with catalysis phenomena understanding which go far beyond the mathematical 

expressions, it might be compared to DNA encoding process of a new system (as it is the case in 

Eq. 5.5, 5.7 and 5.13 for instance).   
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Figure S1.  Rietveld Refinement for (La,Pr)Mn(1-x)CuxO3 series. Color-code: Red: measured pattern, Blue: 

fitted pattern orthorhombic, green: fitted pattern rhombohedral and grey difference between measured and 

fitted pattern. 
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Figure S2.  Rietveld Refinement for (La,Pr)2CuO4 samples. Color-code: Red: measured pattern, Blue or 

green or yellow: fitted pattern and grey difference between measured and fitted pattern. 
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Figure S3.  Core levels spectra for (La,Pr)Mn(1-x)CuxO3 series with x=0, 0.25 and 0.4. a) La3d spectra for 

La-based series; b) Cu2p spectra for La-based series; c) Pr3dCu2p spectra for Pr-based series; Mn2p 

spectra for d) La-based series and e) Pr-based series. O1s spectra for f) La-based series and g) Pr-based 

series. Color-code: red : (La,Pr)MnO3; yellow: (La,Pr)Mn0.75Cu0.25O3; light blue: (La,Pr)Mn0.6Cu0.4O3; dark 

blue: Pr3d  fit and pink: Cu2p fit. 

a) b) 

c) 

d) e) 

f) g) 
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Figure S4. SEM images at 1 μm  of a) LaMn0.9Cu0.1O3; b) PrMn0.9Cu0.1O3,; c) LaMn0.8Cu0.2O3;d) 

PrMn0.8Cu0.2O3 ; e) LaMn0.7Cu0.3O3; f) PrMn0.7Cu0.3O3;  g) LaMn0.65Cu0.35O3 and h) PrMn0.65Cu0.35O3. 

 

a) b) 

c) d) 

e) f) 

g) h) 

a) 
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Figure S5. EDX maps and corresponding spectra of a) LaMn0.9Cu0.1O3; b) PrMn0.9Cu0.1O3,; c) 

LaMn0.75Cu0.25O3;d) PrMn0.75Cu0.25O3 ; e) LaMn0.6Cu0.4O3 and  f) PrMn0.6Cu0.4O3. 

f) 
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Figure S6. Plot representing TG-MS results for all the samples of (La,Pr)-series. Color-code : green : TG 

mass loss; blue: water signal in the MS; brawn: CO or N2 signal in the MS; purple: O2 signal in the MS and 

red: CO2 signal in the MS. The total mass loss after 1 h of dwelling at 1000°C is reported in Table 3.6 and 

Table 3.7. 
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Figure S7. TPO and TPR cycle performed at 300°C. Color-code : blue: 1st cycle; orange: 2nd cycle; brown: 

3rd cycle and red dotted line : Temperature profile. 
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Figure S8.  Rietveld Refinement for (Pr,Nd,Sm)Mn0.7B’0.3O3 samples. Color-code: Red: measured pattern, 

Blue: fitted pattern,  grey difference between measured and fitted pattern and yellow: PdO and RuO2 by-

phases for PrMn0.95Pd0.05O3 and PrMn0.7Ru0.3O3, respectively. 

 

 

 

 

 

a) 
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Figure S9. EDX mapping of a) PrMn0.95Pd0.05O3 and b) PrMn0.7Ru0.3O3. 
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b) a) 

f) e) 

d) c) 
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Figure S10. X_T curve measured in feed CO/O2/inert: 1/20/79 for a) CuO; b) Mn2O3; c) LaMnO3; d) 

PrMnO3; e) LaMn0.75Cu0.25O3; f) PrMn0.75Cu0.25O3; g) LaMn0.6Cu0.4O3 ; h) PrMn0.6Cu0.4O3 ; i) La2CuO4 and 

l) La2CuO4 measured in feed CO/O2/inert: 1/2/97. 

h) g) 

l) i) 
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Figure S11. Overlapped XRD diffractograms of the fresh La2CuO4 catalyst (#33018) and the CO oxidation 

post-mortem one (#33593). SiC fragments are present in the CO ox  post-mortem sample because SiC is 

employed in the catalytic bed. Color-code: black: XRD pattern of the  fresh catalyst (#30018) and red: XRD 

pattern of the post-mortem one (#33593). 
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Figure S12. Staedy-state experiments for rate determination in CO oxidation  measured in feed CO/O2/inert: 

1/20/79 for a) LaMnO3; b) PrMnO3; c) LaMn0.75Cu0.25O3; d) PrMn0.75Cu0.25O3; e) LaMn0.65Cu0.35O3 ; f) 

PrMn0.65Cu0.35O3 . 

 

b) a) 

f) e) 

d) c) 
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Figure S13. Staedy-state experiments for rate determination in CO oxidation  measured in feed CO/O2/inert: 

1/20/79 for a) PrMn0.7Ni0.3O3; b) ) PrMn0.7Zn0.3O3; c) PrMn0.7Co0.3O3; d)  NdMn0.7Fe0.3O3; e)  

PrMn0.95Pd0.05O3. 

 

b) a) 

e) 

d) c) 
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Table S1. Table with listed the  training RMSEes and the corresponding descriptors found for the trainings 

from 0-9 in the SISSO calculation performed for CO oxidation over the (La,Pr)Mn(1-x)CuxO3 series. 

Training RMSE Descriptor 

0 26.778 c0 + a0 * [(B´surface) / (D)] + a1 * (A_surface + A_bulk) 

 

1 26.921 c0 + a0 * [(B´surface) / (D)] + a1 * [(A_surface) * (A_bulk)] 

 

2 26.940 c0 + a0 * [(O surface) * (A_surface)] + a1 * [(O defect surf * (D)] 

 

3 27.626 c0 + a0 * [(B´ bulk) / (D)] + a1 * (A_surface + A_bulk) 

 

4 28.250 c0 + a0 * [(B´ bulk) / (D)] + a1 * [(A surface) * (A_bulk)] 

 

5 29.447 c0 + a0 * (A_surface)^3 + a1 * [(B bulk) * (D)] 

 

6 30.210 c0 + a0 * (A_surface)^2 + a1 * [(B bulk) * (D)] 

 

7 30.420 c0 + a0 * [(A_surface) * (<BOB>μ)] + a1 * [(B bulk) * (D)] 

 

8 30.464 c0 + a0 * [(A_surface) / (O tot (bulk+surface))] + a1 * [(B´bulk) / (D)] 

 

9 30.493 c0 + a0 * [(A_surface) * (A_bulk)] + a1 * |<AO>μ - (D)| 
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