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1 List of acronyms 

 

BE Backscattered Electrons 

DESY Deutsches Elektronen-Synchrotron   

EDX Energy Dispersive X-Ray 

EXAFS Extended X-Ray Absorption Fine Structure 

LPG Liquefied Petroleum Gas  

MS Mass Spectrometry 

OER Oxygen Evolution Reaction 

PE Primary Electrons 

PXRD Powder X-Ray Diffraction 

SE Secondary Electrons 

SEM Scanning Electron Microscopy 

TPR-H2 Temperature Programmed Reduction 

XANES X-Ray Absorption Near Edge Spectroscopy 

XAS X-Ray Absorption Spectroscopy 
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2 Structure of the Thesis  

 

This thesis is structured in 8 Chapters. Chapters 1 and 2 present the List of the 

Acronyms and the Structure of the thesis, respectively. Chapter 3 provides an 

introduction to the thesis and presents the research objectives. Chapter 4 presents the 

main topics on which this work is based, including the corresponding state of the art. 

The importance of nanomaterials in modern science is discussed. The main 

characteristics of perovskites are then described, with a focus on ferrites. Thereafter, 

the hydrothermal synthesis is illustrated and the associated mechanism for the synthesis 

of ytterbium ferrite according to the literature is presented, followed by a brief 

presentation of anisotropic particles as a new frontier in materials development. Finally, 

the exsolution process and its advantages in the preparation of catalysts is described. 

The experimental procedures are described in detail in Chapter 5, while characterisation 

methods are given in Chapter 6. In Chapter 7, the results obtained from the 

characterisation of the materials synthesised and processed using the exsolution 

method are presented and discussed. In Chapter 8, the most significant results obtained 

from the research are summarised and future prospects are outlined. 
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3 Introduction 

 

Catalysis is fundamental to change the global energy scenario and the quality of 

human life: with electrocatalysis and photocatalysis it will be possible to convert water 

to hydrogen/oxygen and CO2 to solar fuels. The continuous evolution and optimization 

of catalysis systems is fundamental, and it is driven by rational catalyst design, novel 

discovery methods, and the demand for suitable, cost-effective processes. The fields in 

which catalysis is most involved are pharmaceutical, energy conversion, production of 

fine chemicals and other sectors, including food, petrochemicals and oil refining [1,2]. 

The characteristics that are required for new generation catalysts are high activity, 

stability, selectivity and the replacement of noble metals (Pt, Rh, Ir) with more abundant 

and sustainable metals. An excellent class of materials with encouraging characteristics 

to meet these requirements are perovskite oxides, identified by the formula ABO3.  The 

flexibility of the structure of perovskite, which can accommodate around 90% of the 

natural metallic elements of the periodic table, leads to an immense range of possible 

physico-chemical properties that allow materials to be customised for specific 

applications [3–5]. Nevertheless, the exceptional stability and abundance of forming 

elements make perovskite oxides promising materials for the improvement of 

environmental catalysis [4]. Recently, rare earth orthoferrites (REFeO3) have attracted 

particular attention due to their remarkable thermal and chemical stability, and special 

electrical, catalytic and magnetic properties [6,7]. This catalytic activity can be even 

further enhanced by means of the exsolution method, which represents a sustainable 

approach for the preparation of metal-ceramic composite materials with tuned and 

well-distributed metal nanoparticles. Exsolution leads to the decoration of material’s 

surface by the migrations of B-site metal dopants upon their reduction in the perovskite 

matrix. The nanoparticles obtained by exsolution are “anchored” to the perovskite’s 

support, hence they possess exceptional stability and resistance to sintering and 

poisoning. The use of a perovskite matrix is advantageous because it allows catalysts to 

be designed in terms of the chemical nature, dispersion and adaptability of the dissolved 

nanoparticles simply by varying the composition of the perovskite. Moreover, the 
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catalysts prepared via exsolution exhibit enhanced catalytic activity and improved 

lifetime owing to the reversibility of the process in oxidative conditions [8]. 

The optimisation of the chemical reactivity of surfaces and interfaces is another 

important area of current research, as unique physical and chemical processes can take 

place there. Anisotropic microparticles have attracted considerable research interest in 

light of their unique attributes. Taking advantage of their anisotropic nature, these 

microstructures allow different functions and properties to be combined in a single 

entity [9]. Consequently, the catalytic properties of the nanoparticles are also influenced 

by the orientation of the surface and structure of the host metal oxide [10]. 

Furthermore, it has been outlined that, by precisely adjusting the orientation of the 

crystal planes, it is possible to influence the properties of the material. These include, 

for example, reactivity, catalytic activity, strength and optoelectronic properties related 

to the separation of charge separation.   

Another key and challenging research in contemporary chemistry and materials 

science is the precise architectural manipulation of nanocrystals with well-defined 

morphologies and accurately tunable dimensions. The growing demand for the 

development of new environmentally friendly techniques for the preparation of 

nanostructures has become one of the new frontiers of modern research. One of the 

methods that has proven to be an efficient and economical process for the preparation 

of various inorganic materials with different controllable morphologies and 

architectures is the hydrothermal synthesis [11–13]. Hydrothermal synthesis is an 

heterogenous chemical reaction that takes place in aqueous media, above room 

temperature (normally above 100 °C) and at a pressure greater than 1 atm within a 

sealed vessel [13]. The exsolution of catalytically active nanoparticles on particles with 

different morphologies is a promising and captivating topic in nanomaterial science. 

First of all, the combination of exsolution and facet dependency has not yet been 

thoroughly investigated and understood. In addition, various crystal facets are 

characterised by different surface energies and stability. This has an impact on the 

nucleation dynamics of the exsolution phenomenon leading to “preferential nucleation 

sites” [14]. This makes it possible to specifically modify the chemistry and energy of 

particular facets and prepare nanomaterials with unique and unconventional 

properties.  
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3.1 Aims of the Thesis 
 

The aim of this thesis work was to hydrothermally synthesise anisotropic particles of 

ytterbioferrite (YbFeO3) doped with cobalt. The three different morphologies obtained 

were: cuboids, elongated tetragons and bipyramids. The pure microparticles were 

treated at different temperatures, in the range of 500 to 900 °C, under reducing 

atmosphere of H2 to investigate the behaviour of the material. The Co-doped 

microparticles were then treated in a reducing atmosphere at 500°C and 550°C to 

perform metal exsolution.  Of particular interest was the study of the behaviour of the 

synthesised material under these conditions and the investigation of a possible 

preferential exsolution of nanoparticles on the different faces characterising the 

different morphologies.   
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4 Theoretical Background 

 

4.1 Nanomaterials in contemporary science 
 

Heterogeneous catalysis plays a crucial role in the chemical and energy industries and 

is essential to achieve carbon-neutral operations [15]. The primary goal is to design 

highly active and durable catalytic processes that can have a positive impact on the 

world. The pursuit of rational design in catalysis has become increasingly urgent in 

recent years due to the growing demand for energy, the need for sustainable processes 

and rising CO2 emissions. Catalytic processes are crucial for the production of chemicals 

and represent a significant part of industrial energy use; improving their efficiency offers 

significant opportunities to reduce energy consumption and environmental impact. This 

is particularly important for processes such as CO2 reduction [16], hydrogen production 

[17], methane oxidation [18] and ammonia production [19,20]. In the context of 

heterogeneous catalysis, where the reactions primarily occur at the interface between 

the reaction mixture and the catalyst, increasing the surface area to extend the reaction 

boundaries is fundamental to augment the catalytic activity. Thus, reducing the size of 

the metal particles, ideally to the nanoscale, maximises the surface-to-volume ratio as 

well as ensures superior surface dispersion of nanoparticles through the substrate, draw 

the economic utility out of the final catalyst.  

The field of Nanoscience and Nanotechnology has obtained special importance and 

is revolutionising science and technology, addressing various industrial, electronic, 

security, drug delivery and environmental challenges [21]. Nanomaterials, in particular 

nanoparticles between 1 and 100 nm in size, have broad applications in medicine, 

cosmetics, packaging and electronics due to their unique magnetic, catalytic, 

mechanical, optical and electronic properties. The properties of nanoscale materials are 

highly dependent on surface atoms and can be controlled through methods such as 

concentration limitation and surface functionalisation [22].  

Nanomaterials exhibit high activity in various applications, such as hydrocarbon 

catalysis, electrochemical conversion, and photochemistry. Especially, metal 
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nanoparticles are the key functional component in various nanotechnological 

applications [23]. Supported nanoparticle systems have received increasing attention in 

recent decades due to their potential to achieve high activity levels [24]. Traditional 

methods like impregnation, co-precipitation, or deposition have been employed to 

disperse nanoparticles across a support. However, these methods often result in limited 

control over size distributions and weak interaction between the support and metal 

nanoparticles, leading to disappointing low longevity of the catalytic system. Short 

catalyst’s lifespan is a common concern and is particularly critical in clean energy 

conversion technologies. Nevertheless, their nanoscale nature requires very precise 

designs and construction methods. Recently, a novel material design approach, known 

as “ex-solution”, has emerged. This approach offers a straightforward, single-step and 

highly controllable pathway to create supported nanoparticles spontaneously 

generated directly from the support. The catalysts obtained through this process are 

characterised by high stability against agglomeration and poisoning, and high activity 

across a range of applications [25,26].   

Perovskite-structured oxides represent one of the most promising class of materials 

in the field of heterogenous catalysis due to their acceptable catalytic activities and 

robust thermal stability. However, the utilisation of perovskite oxides is restricted when 

compared to noble metal catalysts because the most stable surface is usually terminated 

with non-catalytically active crystal facets [27]. To address this issue, a recent 

breakthrough in the realm of technology and specialised catalyst design involves the 

innovative combination of anisotropic microparticles and exsolution. This approach 

holds great promise for advancing the field and optimizing catalyst performance.  
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4.2 Perovskite structure and properties: a special 

class of materials  
 

Historically, perovskite, was named after the Russian mineralogist L. A. Perovski 

(1792-1856), identifies a calcium titanate oxide mineral with the chemical formula 

CaTiO3. Characterized by a yellow, brown, or black colour it was first discovered by 

Gustav Rose in 1839 [28]. Nowadays the term perovskite oxides refers to a vast class of 

compounds characterised by the same type of crystal structure as CaTiO3 [29]. This 

family of minerals exists extensively in nature [30], such that some scientists believe 

MgSiO3 to be the most abundant mineral in the mantle of the earth [31]. The basic 

structure of perovskite oxides is ABO3. It consists of a tightly packed arrangement of 

oxygen anions (or halides, in the case of ABX3 perovskites) [32], with two types of sites 

for the cations. “A” can be a lanthanide, alkaline, or alkaline-earth cation and “B” usually, 

is a transition metal cation such as Co, Fe, Cr, Ni, Mn and Ti. The ideal unit cell of 

perovskite oxides is cubic from the space group Pm3m, in which the smaller B-site 

cations are surrounded by an octahedron of X-site anions in a 6-fold coordination, while 

the larger A-site cations occupy the interstitials formed by corner-sharing BX6 octahedral 

and have coordination number of 12 [33]. The material has high structural stability, and 

the A and B sites can be replaced by any metal or semi-metal from the periodic table 

[34] leading to a variety of perovskite oxide solid solutions with general formula 

A1−xA’xB1−yB’yO3±δ. Where “+” denotes oxygen excess and “−“ an oxygen deficiency as a 

consequence of non-stoichiometry introduced with the substitution [35]. A distortion in 

the crystalline structure with respect to the ideal cubic unit cell, and possibly the 

collapse of the perovskite structure, may result from the inclusion of multiple A or B 

cations with different sizes and valences. These deviations are quantified with the 

Goldschmidt tolerance factor (𝑡) [36]:  

 

 

𝑡 =
𝑟𝐴  + 𝑟𝑂

√2 (𝑟𝐵 + 𝑟𝑂)
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with 𝑟𝐴 , 𝑟𝐵 and 𝑟𝑂 being the ionic radii for the A-site cation, B-site cation and oxygen 

respectively. Ideally, 𝑡 should be equal to 1.0, and it has been found empirically that 

when 0.9 < 𝑡  < 1.0, the cubic perovskite structure is stable. When 0.71 < 𝑡 < 0.9 

orthorhombic or rhombohedral unit cells are observed. This occurs when the A-site 

cation size is too small, which leads to a lowering in the symmetry of the unit cell. If the 

A-site cation is too large compared to the B-site cation, the tolerance factor becomes 

larger than the unity. Under these conditions, hexagonal or tetragonal symmetries are 

the most stable. As a consequence of this tilt and rotation of the B-site octahedra there 

is a change in the B—O bond angles and thus the hybridization of the electronic orbitals 

is affected [37]. In addition, some perovskites (e.g. BaTiO3 and KNbO3) show distortions 

when cooled below their Curie temperature. If one of the cations is significantly larger 

than that required for the ideal cubic structure, the displacement of the smallest cation 

can form dipoles, which align within the material when an electric field is applied. This 

property allows high polarisability and permittivity and leads to ferroelectricity [6].  

 

 

Figure 1. Ideal cubic (space group Pm3m) perovskite crystal structure [38]. 

 

 

Figure 2. The distorted ABO3 perovskite crystal structures with (a) orthorhombic (space group: Pbnm), (b) 
rhombohedral (space group R3c), and (c) hexagonal (space group: P63cm) symmetry [38]. 
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The flexibility of the perovskite structure offers a way to tailor the electronic 

properties of the material as well as B—X bond length and strength. The replacement of 

the A and B sites with cations of a different nature can lead not only to distortions of the 

crystal lattice, but also to the insertion of extra charges that are counterbalanced by the 

formation of structural defects (oxygen or cationic vacancies). This has fundamental 

consequences on the functional properties of the material since diffusion of species 

(charged and neutral) through crystalline solids depends on the defect structure. 

Therefore, a great variety of perovskite oxides can be synthetised and engineered, with 

different surfaces and morphologies (e.g.  bulk, nanosized and porous) depending on 

the intended use [39].   

When the positions of the B-site cation are mainly occupied by Fe3+ and the symmetry 

of the unit cell is orthorhombic, the perovskites are identified with the name of ortho-

ferrites[7]. Ortho-ferrites are semiconductor materials with magneto-optical, 

ferroelectric and ferromagnetic properties [40–42]. The distorted structure of 

perovskite, in which the magnetic moment of the Fe3+ cation is tilted, makes 

orthoferrites weakly ferromagnetic [42]. The magnitude of magnetism is influenced by 

Fe-O and R-O interactions, which is why the choice of R is assumed to be critical [41]. 

Ferroelectricity results mainly from Fe-Fe, Fe-R and R-R interactions [42].  

Since the beginning of this millennium, rare-earth ortho-ferrites (REFeO3) have 

attracted particular interest due to their special electrical, catalytic and magnetic 

properties [43,44], which make them interesting materials in various research fields 

such as catalysis [45], ferromagnetic and ferroelectric storage [46] and gas sensors [42].  

Rare-earth ortho-ferrites are also distinguished by their non-toxicity and chemical 

stability which, in combination with their electrical properties, make them attractive 

alternatives to conventional absorbers in solar cells [47]. 

YbFeO3 in bulk form occurs in the crystal structure of thermodynamically stable 

orthorhombic perovskite. Furthermore, two metastable hexagonal phases are present 

in the nanostructured thin films, which are of interest for other applications, especially 

in photocatalysis [48]. The cation Yb3+ occupies the A sites of the perovskite structure. 

Being relatively small (ionic radius r = 1.042 Å), due to the f orbitals, the crystal cell 

structure of YbFeO3 is distorted with respect to the cubic system. The reference values 

of the individual lattice parameters vary in the literature to the second or third decimal 
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place. Zhang et al. [49] (work on which part of the synthesis used in this thesis is based) 

report the following lattice parameters: a = 5.2355 Å, b = 5.5686 Å and c = 7.5843 Å. 

Rare-earth orthoferrites are semiconductors[50]. The band gap of YbFeO3 

nanocomposite (47 nm) orthorhombic is 2.15 eV [51]. 

 

4.3 Hydrothermal Synthesis  
 

Historically the word hydrothermal was firstly used by the British geologist, Sir 

Roderick Murchison (1792 – 1871), to describe the formation process of various rocks 

and minerals in the earth’s crust carried out by the action of water at an elevated 

temperature and pressure. This natural phenomenon that leads to the formation of 

many of the minerals found in nature (said to be “of hydrothermal origin”) has aroused 

scientific interest since the beginning of the 19th century, when the first experiments 

began to attempt to reproduce such reaction conditions in the laboratory. Its 

development was soon a success, and the hydrothermal method is now widely 

employed in the large-scale production of piezoelectric, magnetic, optic, ceramic and 

many other materials, both as single crystals and polycrystalline [52].  

In chemistry a hydrothermal reaction is defined as “any heterogeneous chemical 

reaction in the presence of a solvent (aqueous or solvothermal) above room temperature 

and at pressure above 1 atm in a closed system”, according to the Handbook of 

Hydrothermal Technology [53]. This synthesis is carried out in a closed system in which 

a high pressure is reached as a result of heating. Under such conditions, the properties 

of the solvent (ionic product, viscosity, ionic constant and solvating power) change 

significantly [54,55], allowing the reagents, which are otherwise difficult to dissolve, to 

go in solution and subsequently form crystalline structures at relatively low 

temperatures [56]. These synthesis conditions can be achieved using either a common 

autoclave, which subjects the system to externally generated heat and pressure, or a 

bomb autoclave [57]. In this closed vessel, pressure is generated autogenously as a 

response to external heating and is directly proportional to temperature. Inside the 

reaction container a solvent-vapour system persists at higher temperatures than the 

normal boiling point [58]. The volume of the reaction mixture that fills the vessel also 
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plays a crucial role in defining the conditions that will be created within the system. 

Usually, in case of water as solvent with a filling ratio above 32%, as the temperature 

increases, the vapour-liquid interface will gradually rise, expanding the liquid phase until 

it fills completely the entire system. Hydrothermal (or more generally solvothermal) 

synthesis can be carried out in both supercritical, if temperature and pressure in the 

system are greater than their critical values, or subcritical conditions. A quite recent use 

of the hydrothermal method is that for the synthesis of mixed oxides in nanocrystalline 

form [59,60]. The hydrothermal method of crystal growth has several advantages over 

the conventional wet-chemistry techniques. First, the ability to conduct reactions at low 

temperatures is advantageous. Additionally, the closed system enables the investigation 

of the influence of temperature, pressure and compositional variations individually. This 

enables a good control over particle size by adjusting the temperature treatment and 

the composition of the reaction medium.  The steps of crystal formation from a solution 

are the dissolution of the precursors in the liquid phase with the generation of a 

supersaturated mixture, from which the ordered solid structures can slowly precipitate. 

Fundamental in this process are the crystal seed formation (nucleation) and the ordered 

crystal growth around them. Different syntheses are characterised by different kinetics 

of these two steps; accordingly, the resulting material are different. A single large crystal 

will result when the precipitation is slow, while a large number of small crystals will be 

obtained if the formation of the nucleation seeds prevails over their growth.        

In this thesis work, the hydrothermal synthesis under subcritical conditions was 

exploited to prepare a crystalline powder of undoped and Co-doped YbFeO3. The 

formation mechanism of YbFeO3 crystallites can be described with the following 

reactions:  

 

𝑌𝑏3+ +  3𝑂𝐻− ⇄ 𝑌𝑏(𝑂𝐻)3(𝑠)   ;   𝐹𝑒3+ +  3𝑂𝐻− ⇄  𝐹𝑒(𝑂𝐻)
3(𝑠)

 

 

𝑌𝑏(𝑂𝐻)3(𝑠) +  𝑂𝐻− ⇄ 𝑌𝑏(𝑂𝐻)4
−   ;   𝐹𝑒(𝑂𝐻)3(𝑠) +  𝑂𝐻− ⇄  𝐹𝑒(𝑂𝐻)4

−  

 

𝑌𝑏(𝑂𝐻)4
− + 𝐹𝑒(𝑂𝐻)4

− → 𝑌𝑏𝐹𝑒𝑂3(𝑠) ↓  + 𝐻2𝑂  
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Alkalinity plays a crucial role in controlling these processes. The addition of KOH leads 

to the transformation of Yb and Fe ions into amorphous hydroxides, followed by 

dissolution and the formation of hydroxyl complexes such as Yb(OH)4
− and Fe(OH) 4

− by 

the action of the mineraliser. These complexes might act as crystal growth units and 

eventually dehydrate to form crystalline cores, leading to the precipitation of insoluble 

YbFeO3 particles from a supersaturated hydrothermal solution [41]. 

 

4.4 Anisotropic Microparticles 
 

Anisotropic microparticles have gained significant scientific interest due to their 

unique properties, complex components, and versatility in various applications [61]. The 

combination of various functions within a single particle due to the complex 

morphologies and diverse components, unlocks a broad range of possibilities in practical 

applications such as displays, sensing, drug delivery and cell culture [62,63]. Introducing 

anisotropy into any particles for various shapes, sizes and monodisperse morphologies, 

generates different facets with different surface energies. This leads to novel physical 

and chemical properties and allows for tailored applications in areas such as catalysis, 

optoelectronics, and more [9].  

Anisotropic nanomaterials are classified as 1D, 2D, and 3D structures and exhibit 

directional-dependent properties as a result of the motion of electrons in different 

dimensions, influencing properties like reactivity, catalytic activity, resistance, and 

optoelectronics characteristics. Particle shapes are closely linked to crystallographic 

surfaces that enclose the particles, further influencing their properties and potential 

applications [64]. The variation in the number of atoms on the surface of different facets, 

leads to distinct reactivities, with edges and corners often showing enhanced reactivity 

compared to other sites. Controlling the crystal shape and facet of crystals micro- and 

nano-structures has become essential in material design [65]. 

The synthesis of complex nano-catalysts, in particular bimetallic nanoparticles, has 

opened up new possibilities by altering atomic and electronic arrangements. The 

combination of rare elements such as Au, Pt and Pd with more abundant metals like Ni, 

Cu, Co and Fe has improved catalytic activity, selectivity and stability [40]. Perovskite 
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oxides, known for their high thermal stability, could benefit from high-index facet 

tailoring to enhance their activity [40].  

There are numerous chemical and physical methods for producing microparticles and 

they are categorised as either “top-down” or “bottom-up” approaches, with the second 

family being considered to be more straightforward and precise for the production of 

small particles [66]. However, the synthesis of high-quality single crystals with well-

defined shapes and facet control is still a challenge. Solvothermal synthesis is one of the 

possible approaches for the synthesis of anisotropic particles from controlled 

crystallisation of molecular or atomic building blocks from solution. This method allows 

to obtain a wide range of particles in terms of shape, size and composition from the 

nanometre to the micrometre scales [67]. Many studies have been performed to obtain 

anisotropic perovskite-based particles by solvothermal synthesis [68–71]. Extensive 

research has focused on the solvothermal synthesis of the perovskite material BeFeO3, 

resulting in various crystal structures through the manipulation of synthesis parameters. 

These structures exhibit a wide range of properties, extending their use from 

photocatalysis to dielectric applications [11,72]. In the field of the solution synthesis of 

rare-earth ferrites (REFeO3 where RE = lanthanide or Y), Yuan et al. successfully obtained, 

via hydrothermal method, tailored crystal shapes by just adjusting the KOH to urea 

molar ratio [40]. They found that the ratio of mineraliser to urea concentration plays an 

important role in the outcome of the synthesis. In particular, it is the urea (or NH4
+) that 

plays a key role in the control of the preferential exposed facets of the crystals. As a 

matter of fact, without the addition of urea or NH4
+ species, no anisotropy would be 

pursued. The proposed function of the urea is to release NH4
+ upon decomposition. The 

ion, due to its small size, positive charge and tetrahedral symmetrical structure interacts 

with the BO6 octahedral groups of the perovskite structure, via hydrogen bond. This 

coordination can take place through an eclipsed conformation or a staggered 

conformation (Figure 3). In the case of perovskites oxides with distorted BO6 

octahedron, due to the different sizes between the A-site and the B-site cations, the 

staggered conformation is the most stable. In this way the NH4
+ ions act as a capping 

agent blocking the growth of crystals along specific crystallographic directions.  
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Figure 3. Possible coordination ways of NH4+ to BO6 octahedron: a) eclipsed conformation and b) staggered 
conformation. B-site cation in red; O in green; N in yellow; H in grey [40]. 

 

Another study of fundamental importance for this thesis work is the one reported by 

Zhang and co-workers concerning the hydrothermal synthesis of anisotropic YbFeO3 

microparticles with different morphology depending on the base used (KOH or NaOH) 

and the urea concentration [49]. In this work, the influence of the type of the mineraliser 

as well the urea concentration effect on facet growth of YbFeO3 was explored under mild 

hydrothermal conditions (200 – 260 °C for 72 hours). They report how the nature of the 

base as well as the amount of the urea has a crucial impact on the shape evolution of 

the crystal. Mineralisers generate different ions in solution (K+, Na+ and NH4
+), which act 

as stabilisers of the different facets and thus promote the growth of some facets over 

others.  In Figure 4 the six crystal facets groups that were found to mainly compose the 

YbFeO3 microparticles are shown. The {110}, {101} and {220} are charged balanced while 

the {020}, {111} and {021} present strong negative charges due to the exposure of FeO6 

octahedrons.      

 

 

 



19 
 

 

Figure 4. Structures of different crystal facets of YbFeO3 perovskites. Fe in red; Yb in green, O in blue [49]. 

 

 

Figure 5. Effect of NH4
+, K+ and Na+ ions on the crystal growth of YbFeO3 [49]. 

 

Figure 5 represents the stabilisation effect of mineraliser cations during the 

hydrothermal synthesis. The orthogonal YbFeO3 presents two different types of tilting 

between the FeO6 octahedra distinguished by the width of the open space. The large K+ 

(1.38 Å) can easily accommodate in the bigger gap, while Na+ (1.02 Å) and NH4
+ in the 

smaller ones [73]. From this derives the different facets stabilisation and their 

consequent growth speed. Moreover, as discussed above, the non-spherical symmetric 
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cations of NH4
+ bound to the FeO6 via hydrogen bonding not only stabilising the surface 

charge of the faces, but also retarding the growth along the corresponding crystal 

directions. The concentration of ions in the reaction mixture and their ratios, has a 

fundamental role in determining the final shape of YbFeO3 microparticles.  

The hydrothermal synthesis of Co-doped YbFeO3 reported in this work is mainly based 

on the study of Zhang et al. [49] and on previous research carried out in Mascotto’s 

group where the hydrothermal synthesis of anisotropic YbFeO3 was explored and 

promising results were obtained using KOH as mineraliser and different KOH to urea 

molar ratios.   
 

4.5 Exsolution 
 

Exsolution is a remarkable phenomenon that has gained increasing attention in 

recent years especially in the field of material science and catalysis. This process involves 

the selective emergence of metallic nanoparticles from catalytically active cations 

dissolved within an oxide support upon partial reduction. Exsolution follows the classical 

nucleation theory [26]. The key steps of the process include the formation of a solid 

solution phase, exposure to reducing conditions, and the diffusion of ions, oxide ions 

and electrons across the host oxide lattice to initiate nucleation and growth of metallic 

nanoparticles. Essentially, exsolution is a phase decomposition process influenced by 

surface and bulk defects end external conditions. Nucleation primarily occurs at the 

surface, but can also happen within the bulk of easily reducible host lattices. Exsolution 

can occur on various support morphologies, including dense, porous, loose powder and 

thin film. The driving force for the process can be provided by reducing gasses, 

electrochemical forces, or light, with high-temperature reduction being the most 

common method [26]. 

The perovskite (ABO3) lattice is the preferred choice for the exsolution due to its 

versatile properties, as it can accommodate various cations of different sizes, 

coordination numbers and charges [25]. The characteristics of the exsolution depend on 

a very large number of variables and can be controlled by intrinsic (composition and 

structure) and extrinsic (temperature, atmosphere, etc.) parameters. The type of metal 
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involved plays a critical role in determining whether exsolution is thermodynamically 

favourable. Alkaline earth metals (e.g., Ca, Sr, Ba, and La) typically have ΔG of reduction 

values greater than zero, making exsolution less likely, while most 3d transition metals 

(e.g., Fe, Co, and Ni) have negative ΔG values at elevated temperatures, making them 

more prone to exsolution [26].  Additionally, A-site deficiency in perovskites (A1-αBO3) 

has been found to enhance B-site exsolution. This deficiency acts as a driving force to 

bring the perovskite structure back towards a stable ABO3 stoichiometry during metal 

exsolution at site B. The exsolution process involves the introduction of oxygen 

vacancies (δ) during the reduction of an A-site deficient perovskite.  These vacancies 

destabilise the perovskite lattice, leading to the spontaneous exsolution of the B-site 

metal to maintain stoichiometry [33]. This reaction can be expressed as: 

 

𝐴1−α 𝐵𝑂3−δ → (1 − 𝛼)𝐴𝐵𝑂3−δ′ +  𝛼𝐵 

 

Exsolution can be controlled by manipulating the amount of oxygen vacancies (δ), 

which is related to the number of reduced B-site metal ions (BB'). This relationship is 

usually expressed with the Kröger-Vink notation for defects [74]:  

 

2𝐵𝐵
𝑋 + 𝑂𝑂

𝑋 → 2𝐵𝐵
′ + 𝑉𝑂

˙˙ +
1

2
𝑂2 

 

In addition, the exsolution process involves several energy-related aspects, such as 

activation energy, surface energy, strain energy, segregation energy, redox reaction 

energy, and crystal lattice energy, which are crucial for understanding its dynamics and 

thus for tailoring its outcome [25].  
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Figure 6. Schematic illustration of the process a) The exsolution method and b) key processes fundamental to 
exsolution [25]. 

 

The exsolution approach has revealed several advantages compared to deposition 

processes in the preparation of supported nanoparticles. One key advantage is the 

alignment between the host phase and the exsolved nanoparticles, which results in 

“socketed” in the support [75]. This offers unique properties. First, the nanoparticles are 

resistant to sintering and can redissolve into the oxide lattice under oxidative conditions, 

enabling material regeneration, preventing agglomeration and extending the material’s 

lifespan [76]. Second, the partial embedment within the oxide matrix protects them 

from poisoning. Moreover, the exsolved particles are found to be more active than 

deposited counterparts, due to their particular strain they are subject to [25]. This makes 

exsolution an efficient, precise and straightforward process to obtain highly versatile 

and tailorable materials that find application in various fields, including catalysis, energy 

conversion and storage, oxygen transport and exchange and strain engineering.  

The most commonly exsolved elements are Ni, Co, and Fe widely used in applications 

such as electrochemical conversion and hydrocarbon catalysis. It is worth mentioning 

that some great attention has been paid to exsolution of Fe-based perovskites, but it 

resulted to be very challenging to exsolve single metal nanoparticles from Fe-based 

perovskites. Certain metals, such as Fe, might not undergo exsolution if they are the only 

species occupying the perovskite’s B-sites due to their high segregation energy. 
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Exsolution could become possible if they are accompanied by a second metal (often Ni 

or Co) with a lower segregation energy. This is because, in mixed cation systems, the 

presence of both metals increases the total energy of the perovskite system. Thus, the 

Co-Fe bonds, for example, would have lower formation energy than the Fe-Fe bonds 

[77]. These bimetallic systems have raised particular attention since they present 

particular stability and enhanced catalytic activities. Moreover, the exsolution of alloy 

nanoparticles allows to obtain synergic systems with the properties of different metals 

[78]. In particular Fe-Co exsolved nanoparticles have found applications in various solid 

oxide fuel cells (SOFC) for the oxidation of different kinds of fuels (e.g. H2, LPG, C2H5OH 

and CH3OH) [79], OER[77], and they have been successfully used also in electrolysis of 

H2O and CO2 and chemical looping reactions showing high catalytic activity, stability and 

conductivity [80]. 

Various interesting studies demonstrate that the perovskite oxide crystal orientation 

affects exsolution [81]. Neagu et al. conducted a comparative study on the exsolution 

behaviour of various terminations or plan orientations of La0.4Sr0.4Ni0.03Ti0.97O3−δ. 

Orientation (110) is rougher and thus shows priority exsolution over (100) and (111). 

This can be attributed to a reduction in the nucleation barrier resulting from the 

presence of crystal defects [75]. Kim et al. investigated La0.2Sr0.7Ti0.9Ni0.1O3−δ thin films 

with three different crystal orientations [14], and the surface energy of LaCaNiTiO3 

(LCNT) on various crystal facets finding that the exsolution of Ni particles is preferential 

on the facets with lower interfacial energy [82]. These fascinating observations suggest 

that surface orientation and configuration play a key role in modifying the nucleation 

energy barrier, thereby influencing particle size distribution and surface coverage. 

Specifically, the dependence of the energy of segregation (Eseg) on specific orientations 

and terminations appears to correlate with the metal-to-oxygen atomic ratio on the 

surface [83]. This confirm that the design and preparation of perovskite catalysts with 

specific crystalline facets are crucial for enhancing catalytic activity through controlled 

exsolution and uniform distribution of active metals [8,84]. 
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5 Experimental Procedures 

 

5.1 Chemicals 
 

In Table 1 the chemicals employed for the synthesis are listed. 

 

Chemical Molar Mass 

[g/mol] 

% Purity 

 

CAS number Supplier 

Yb(NO3)3 ∙ 5H2O 359.07 99.9 35725-34-9 Abcr 

Fe(NO3)3 ∙ 9H2O 403.99 98+ 7782-61-8 Alfa Aesar 

Co(NO3)3 ∙ 6H2O 291.04 98 10026-22-9 Fisher 

Scientific 

KOH 56.11 99.98 1310-58-3 Abcr 

CH4N2O 60.06 ≥ 99.5 57-13-6 Sigma-Aldrich 

Table 1. List of all the chemicals used for the synthesis. 
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5.2 Hydrothermal Synthesis of YbFeO3 
 

Initially, the hydrothermal synthesis of anisotropic microparticles of ytterbium ferrite 

was performed, based on the synthesis of Zhang et al. [49] and a previous study carried 

out in our laboratory in which the synthesis of this material was optimised by exploring 

various reaction conditions. 

The following synthesis protocol was used. 2.5 mL of a clear, yellow solution of 

Fe(NO3)3 and 2.5 mL of a clear colourless solution of Yb(NO3)3, each at a concentration 

of 0.4 M, were prepared and mixed under stirring with a magnetic stirrer in an 

Erlenmeyer flask.   Also under stirring, potassium hydroxide (KOH) was added, and heat 

developed in the mixture as a consequence of this addition. Once the orange-red viscous 

mixture had cooled to room temperature, urea was added in such quantities as to obtain 

the appropriate mineraliser to urea molar ratio (see Table 2). The reaction mixture was 

left under stirring until it turned completely homogeneous. The mixture was then 

transferred into a 10 mL Teflon liner, which was filled to 80% of the total volume. The 

Teflon liners were placed in a stainless steel reactor in an oven (200 – 230 °C) for 72 

hours. Different temperatures from 200 to 230 °C with variations of 10 °C were explored 

to test their effect on the purity and morphology of the microparticles.  

When the reaction was complete, the aqueous phases with a pungent ammonia 

odour were separated from the reddish solid phase of the product. The solid phase was 

first placed in a pulsed ultrasonic bath with deionised water for 30 minutes (37 kHz, 

100% power at room temperature) for initial cleaning. The next two washing steps of 

the product were performed using a vortex. For each washing step, the solid phase was 

separated from the aqueous phase by centrifugation for 10 minutes (10,000 rpm). The 

resulting powder was dried overnight in a desiccator at 70 °C and then transferred into 

a glass vial. The product was characterised by X-ray powder diffractometry (P-XRD) and 

scanning electron microscopy.  

The microparticle morphology depends on the KOH to urea molar ratio in the reaction 

mixture. The temperature also affects the shape of the microparticles. In Table 2 the 

molar ratios of the mineraliser to urea and the temperatures used for synthetising each 

morphology of YbFeO3 are reported. 
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Morphology 
KOH/ Urea Ratio 

[mol/mol] 

Temperature  

[°C] 

Dwell Time  

[h] 

Cuboids 8.6 200-220 72 

Elongated  7.0 200-220 72 

Bipyramids 7.5 220-230 72 

Table 2. Experimental parameters for the synthesis of each morphology of YbFeO3. 
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5.3 Hydrothermal Synthesis of Co-doped YbFeO3 
 

For the synthesis of Yb ferrite doped with cobalt, two aqueous solutions were 

prepared, both with a 0.4 M concentration, one of Yb(NO3)3 (95% for non-stoichiometric 

Yb0.95Fe0.95Co0.05O3 and 100% for stoichiometric YbFe0.95Co0.05O3) and the other 

consisting of 95% Fe(NO3)3 and 5% Co(NO3)3. The experimental procedure followed is 

the same as that described in the case of the synthesis of pure YbFeO3 particles. 

 

5.3.1 Hydrothermal Synthesis of YbFe0.95Co0.05O3 at different KOH 

to urea molar ratios  
 

Based on the results of the microparticle synthesis of YbFe0.95Co0.05O3 (see Section 7.4 

and 7.5 Results and Discussion Chapter), three synthesis series were carried out. In the 

first two series, the amount of urea added was varied while keeping the amount of KOH 

constant. The variation was 0.05 g (8.32 x 10-4 mol) per addition (up to a maximum of 

0.50 g, 8.33 x 10-3 mol). While the third series consisted of varying the quantity of KOH 

at constant urea amount, with variations of 1.00 g of KOH (1.80 x 10-2 mol) between each 

addition (up to a maximum of 5.00 g, 9.07 x 10-2 mol). 

In Table 3, 4 and 5 the moles and the KOH/urea molar ratios used for each of the 

three series are summarised. All the syntheses were carried out following the procedure 

described in Section 5.2, at 200 °C for 72 hours.   
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KOH 

[mol] 

Urea 

[mol] 

KOH/ Urea 

Ratio 

[mol/mol] 

3.56 x 10-2 4.16 x 10-3 8.54 

3.56 x 10-2 5.00 x 10-3 7.12 

3.56 x 10-2 5.83 x 10-3 6.10 

3.56 x 10-2 6.66 x 10-3 5.34 

3.56 x 10-2 7.49 x 10-3 4.75 

Table 3. Serie 1, variation of urea amount by keeping KOH constant. 

 

 

 

KOH 

[mol] 

Urea 

[mol] 

KOH/ Urea 

Ratio 

[mol/mol] 

5.08 x 10-2 5.00 x 10-3 10.17 

5.08 x 10-2 5.83 x 10-3 8.72 

5.08 x 10-2 6.66 x 10-3 7.63 

5.08 x 10-2 7.49 x 10-3 6.78 

5.08 x 10-2 8.33 x 10-3 6.10 

Table 4. Serie 2, variation of urea amount by keeping KOH constant. 
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KOH 

[mol] 

Urea 

[mol] 

KOH/ Urea 

Ratio 

[mol/mol] 

3.56 x 10-2 5.00 x 10-3 7.12 

5.44 x 10-2 5.00 x 10-3 10.90 

7.26 x 10-2 5.00 x 10-3 14.53 

9.07 x 10-2 5.00 x 10-3 18.17 

Table 5. Variation of KOH amount by keeping urea constant. 

 

5.4 Reduction/Exsolution Treatments   
 

The reduction/exsolution treatments of the prepared perovskite oxide powders were 

carried out weighing 0.05 g of the sample and placing it in a U-shaped quartz tube. The 

tube was connected to the gas flow (5% H2/N2) and to the mass spectrometer and placed 

into the oven. Firstly, the gas was let flow into the quartz tube at room temperature 

until it stabilised, then the heating program started with a ramping rate of 10 °C min-1 

to reach the target temperature with a dwell time of 30 minutes, 1 hour or 5 hours. After 

the treatment the sample was quickly cooled down with compressed air keeping the gas 

flowing, afterwards the tube was taken down from the set-up and the powder was 

transferred into a glass vial. The samples were characterised by X-ray powder 

diffractometry (P-XRD), scanning electron microscopy (SEM), mass spectrometry (MS), 

and X-ray absorption near edge spectroscopy (XANES). Table 6 lists the reduction and 

exsolution treatments, carried out on various samples of the ferrite hydrothermally 

synthetised, with their temperature and residence time details.   
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Sample Treatment 

Morphology Formula Temperature [°C] Dwelling Time 

Cuboids YbFeO3 

900 

30 minutes 

700 

600 

550 

500 

500 1 hour 

Cuboids Yb0.95Fe0.95Co0.05O3 

550 
30 minutes 

500 

500 1 hour  

500 5 hours 

Elongated YbFe0.95Co0.05O3 
550 

30 minutes 
500 

Bipyramids YbFe0.95Co0.05O3 
550 

30 minutes 
500 

Table 6. Reduction and Exsolution treatments carried out on various samples. 
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6 Characterisation methods 

 

In the following section, the characterisation methods used in this work are reported 

and briefly discussed. The characterisation methods that will be discussed were useful 

for characterising the synthesised and heat-treated YbFeO3 microparticles. In particular, 

the crystal structure and the crystalline phases constituting the microparticles were 

determined by powder X-ray diffraction (P-XRD); the morphology was determined by 

scanning electron microscopy (SEM); the reduction of the material during heat 

treatments was followed by mass spectrometry (MS); finally, X-ray absorption 

spectroscopy analyses (XAS) allowed a more in-depth analysis of the composition, 

coordination and electronic structure of the elements in the microparticles before and 

after the reduction heat treatment. 

 

6.1 Powder X-Ray Diffraction (P-XRD) 
 

Each crystalline solid has its own characteristic X-Ray diffraction pattern that can be 

used for its identification [85]. X-ray powder diffraction is a non-destructive technique 

based on the interaction of electromagnetic radiation with periodic structures having 

interatomic distances congruent with the wavelength of the incident X-rays. During a 

PXRD measurement, a crystalline sample is irradiated by an X-ray beam, which is 

scattered, or diffracted, by the atomic planes of the crystal; the scattered radiation gives 

rise to constructive interference (diffraction maximum) when Bragg's law is satisfied 

[86]: 

 

2𝑑ℎ𝑘𝑙𝑠𝑖𝑛𝜃 = 𝑛𝜆 

 

Where 𝑑ℎ𝑘𝑙 is the distance between parallel reticular planes (hkl), θ is the angle of 

incidence of the radiation, n is the diffraction order and λ is the wavelength of the 

incident radiation. The positions of the reflections in the diffractogram are thus inversely 

related to the distances between the planes generating them. In a powder sample, the 
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various lattice planes are present in every possible orientation. Therefore, for each set 

of planes, some crystals are always oriented at a Bragg angle (θ) with respect to the 

incident beam and thus diffraction occurs for these planes.  

 Converting diffraction peaks into d-spaces via the Bragg equation allows the 

compound to be identified, as each has a unique set of d-spaces that act as a 

“fingerprint”. This can be done by comparing the d-spaces of the compound with 

standard reference [87]. 

In addition, reflection intensities can be related to particle morphologies [88,89]. The 

larger a crystalline plane is, the more atoms reflect X-rays, so that a higher intensity is 

detected  [90]. However, the connection is not clear, because the reflection intensities, 

especially in the case of anisotropic particles, also depend on the orientation of the 

particles during X-ray diffractometry. Consequently, different measurements of the 

same sample can lead to different reflection intensities [89]. Furthermore, the reflection 

intensities are determined by the electronic densities of the individual atoms. This is 

particularly important for doped samples in which the reflections of the product and the 

dopant are at similar angles. 

Powder X-ray diffractograms were recorded at room temperature in theta-theta 

geometry with CuΚα1 radiation of 1.5406 Å wavelength, with a 45 kV, 40 mA,using an 

X’Pert Pro MPD from PANalytical. The measurement time was 500 s per 724 steps at a 

step width of 0.013° 2θ in the range of 0.5–10° 2θ. The evaluation of the powder X-ray 

diffractograms was carried out using the Match! software package. 

 

6.2 Scanning Electron Microscopy (SEM) 
 

The scanning electron microscope (SEM) can be used to visualise structures of 

objects smaller than 1 μm that are no longer accessible with conventional microscopy. 

With it, surfaces with resolutions down to 1 nm can be visualised. For this purpose, an 

electron beam is used, which is generated by a thermal or field emitter and then 

accelerated and focused on the sample to be analysed. A high energy electron beam is 

used to irradiate the sample and the outcoming electrons/X-rays are analysed. The 

outcome beam is used to visualise surface images of a material. SEM provides qualitative 
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information about the surface features, shape, size and arrangement of the sample’s 

surface [91].  

The measurement chamber of the sample is under high to ultra-high vacuum 

conditions to avoid any interference during the measure. When the electron beam 

irradiates the sample, it interacts with the primary electrons (PE) resulting in elastic or 

inelastic scattering. Elastic scattering involves small variations in energy, but sometimes 

significant directional shifts due to interactions with sample’s atomic nucleus and 

electron shell. In inelastic scattering, excitation or ejection events occur involving 

plasmons, phonons or valence electrons, sometimes leading to the emission of 

characteristic X-rays. Imaging is based on the emitted electrons, mainly secondary 

electrons (SE) and backscattered electrons (BE). The contrast of the image depends on 

the number of SEs emerging from the sample, while BEs come from deeper layers and 

reveal the composition of the material based on the atomic number of the atoms [92]. 

To study the morphology of the prepared samples, Scanning Electron Microscopy 

(SEM) images were obtained on a LEO1550 operating at 2.00 kV. The powder was fixed 

on a standard carbon conductive tab and was investigated without further conductive 

coating. 

 

6.3 Mass Spectrometry (MS) 
 

Mass Spectrometry is an analytical method characterised by excellent sensitivity, 

high detection limits, speed and versatility. Mass spectrometry is based on the vacuum 

separation of ions in the gas phase according to their mass-to-charge ratio (m/z). A high-

energy electron beam (e-), produced by passing a current through a filament (usually 

tungsten), is directed towards the substance of interest, M. The electron beam is 

sufficiently energetic to cause the removal of an external electron from M, thus 

producing a radical-ion, M+. The ionisation process can be described by the following 

equation: 

 

𝑀 + 𝑒−  →  𝑀∙+ + 2𝑒− 
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The produced molecular ion usually undergoes some further fragmentations due to 

high energy level imparted to the ion-radical. The ions enter a mass analyser where they 

are subjected to electromagnetic forces that determine their separation according to 

their mass-to-charge ratio (m/z). The process described above involves a chemical 

reaction between the substance of interest, M, and an electron, e-, followed by further 

non-reversible dissociation reactions. It derives that mass spectrometry is a destructive 

method of analysis. Fortunately, the technique is very sensitive and only a small amount 

of material is required to perform an analysis [93]. This analysis provides a mass 

spectrum as plot of ion abundance versus the mass to charge ratio. The most intense 

peak is called base peak and is assigned the relative abundance of 100% with the others 

being normalised to it.  

 

6.4  Temperature Programmed Reduction by 

Hydrogen   
 

Temperature Programmed Reduction by H2 (TPR−H2) is a sensitive technique based 

on probing the material surface as a function of temperature in a controlled 

atmosphere. It is particularly relevant to obtain qualitative information about the 

reducibility of different components on a oxide catalyst [94]. In a typical TPR- H2 run, the 

catalyst is placed in a reactor, heated under a reducing gas flow, typically H2 diluted in 

Ar or N2. The temperature is increased at a linear heating rate. The set-up includes a 

mass spectrometer to monitor the change in the gas stream. When a reduction of the 

sample occurs, H2 is consumed. The amount of hydrogen consumption with increasing 

temperature gives a measure of the reducibility of the material.  

Since the exsolution process involves the reduction of host oxides [95], the use of 

mass spectrometry during the TPR−H2 treatment is one of the most common techniques 

to follow the exsolution process of a metal. Here the evolution of the water signal is 

followed and gives important insights about the release of lattice oxygen and thus the 

reduction of the metal [96]:  
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𝑀𝑛+ + 𝑛𝑒−  →  𝑀0 

 

𝐻2 + 𝑂2−  →  𝐻2𝑂 + 2𝑒− 

 

Exsolution treatments of the perovskite oxide powders were carried out in a U-

shaped quartz tube with a 4 mm diameter and coupled with a Cirrus2 MKS mass 

spectrometer. 5% H2/N2 (volume ratio 5/95) was chosen as reducing atmosphere with a 

flow rate of 1.2 l∙h-1. The samples were heated with a ramp of 10 °C∙min-1 up to the target 

temperatures and kept there for 30 minutes, 1 hour or 5 hours before cooling down to 

room temperature.   

 

6.5 X-Ray Absorption Spectroscopy 
 

X-ray spectroscopy is a powerful analytical technique that uses X-rays to excite core 

electrons (in the s or p shells) in a molecule or material due to their high energies (500 eV 

to 2000 keV). This method offers intrinsic element specificity, allowing the measurement 

of a single element within a complex matrix. X-ray spectroscopy is bulk sensitive and 

versatile, it is very flexible in terms of the types of materials and systems that can be 

studied. Rapid data collection enables time-resolved experiments and provides unique 

chemical insights [97]. 

In X-ray spectroscopy, light is absorbed through the photo-electric effect [98]. 

Photons excite core electrons in unoccupied orbitals of higher energy, producing a 

spectrum divided into three regions (Figure 7). The “pre-edge” corresponds to the 

excitation of core electrons in bound orbitals, while the “edge transition” occurs at 

higher energy levels as a consequence of electron ionisation. Beyond that, at even 

higher energies, there is Extended X-ray Absorption Fine Structure (EXAFS) region 

characterised by little wiggles. Edges are named based on the origin of the electron 

being excited: electrons excited from the n=1 shell are K-edges; from the n=2 shell are 

L-edges etc. (Figure 8). The edge energy increases with the atomic number of the 

element [99], and each element has absorption edges at unique energies that can be 

selectively probed by XAS, that is why it is an element-selective technique [98]. At most 
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X-ray energies, the absorption coefficient µ has a strong dependence on atomic number 

Z and energy E, according to this formula: 

 

µ ≈
𝜌𝑍4

𝐴𝐸3
 

 

where ρ is the sample density, and A the atomic mass.  

Like many of absorption type spectroscopies, XAS is governed by the dipole selection 

rule. Since the photon has angular momentum (l) of 1, the electron on the absorbing 

atom must undergo ∆l = ± 1 in order to conserve the momentum. As each orbital 

possesses its own angular momentum, only specific electron transitions are allowed. For 

example, an electron from the s-level (l = 0) can be excited into an empty p orbital (l = 

1) [100].  

The prominent edge peak provides information about the oxidation state of the 

absorbing atom. As the oxidation state increases, the edge energy tends to increase, 

making edges valuable probes for oxidation state information. The shape of the edge 

spectrum is influenced, inter alia, by the ligands binding to the metal, and the scattering 

of the photoelectron during ionisation is also important. Heavier atoms tend to shift the 

edge to lower energies. The energy of the edge represents the difference between the 

1s orbital and the continuum (ionised state), so any factor affecting the energy of the 1s 

orbital will have an impact the edge energy [98]. In addition, XAS spectra include lower 

intensity peaks from electron transitions from 1s to 3d orbitals that follow the 

quadrupole selection rule (∆l = ± 2) [97].  These pre-edges transitions are typically 

weaker than dipole allowed. They offer valuable information on the oxidation state of 

the absorbing atom from both the energy and the intensity. The energy and intensity 

tend to increase with increasing oxidation state (due to more empty d orbitals and more 

covalency between metal and ligand, so more p-d mixing is possible). Pre-edges can also 

provide information on the symmetry of the absorbing atom, which results from the 

mixing between p and d orbitals promoted by certain symmetries (e.g., shorter metal-

ligand bonds favour p-d mixing) [97]. 

To transform XAS data into useful information, a three-step process is followed: data 

processing for interpretation, fitting to deconvolve spectra into discrete peaks and 
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collect rigorous statistics, and analysis to extract chemically relevant information, such 

as oxidation state and coordination geometry [98]. XAS data can be collected in two 

main modes: transmission mode, in which the X-rays detected are those passing through 

the sample, and fluorescence mode, in which the fluorescence emitted by the sample is 

monitored [101]. Multiple spectra are often collected on the same sample to improve 

the signal-to-noise ratio, and the intensity axis must be consistent to compare spectra 

from different samples. 

The XAS experiments were performed at the beamline P64 of PETRA III at DESY, 

Hamburg.  

 

 

Figure 7.Example of a XAS spectrum divided in its three main regions [101]. 

 



40 
 

 

Figure 8. Possible transitions of the electrons during a XAS measurement and their labelling [102]. 
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7 Results and discussion 

 

7.1 Hydrothermal synthesis of YbFeO3 
 

Firstly, the pure YbFeO3 was synthetised via the hydrothermal route following the 

procedure described in Chapter 5. In the following section the results from the synthesis 

of three samples, which differs for the molar ratio of KOH and urea used and for the 

temperature treatment, are reported and discussed. The material was analysed by 

scanning electron microscopy (SEM) and powder X-ray diffraction (P-XRD).  

The product obtained was a dark red powder composed of particles in the 

micrometre size range (Figure 9). Cuboids presented edges of approximately 8 µm; 

elongated tetragons of 17 and 6 µm; bipyramids of 11 µm (major base of the pyramid) 

4 µm (minor base of the pyramid) and 8 µm (lateral edges). The XRD patterns, shown in 

Figure 10, revealed that each sample is mainly composed of a YbFeO3 phase [103]. 

However, the presence of a small reflection peak, around 35.5 2θ [°], showed the 

presence of a secondary phase of Fe2O3 [104] ascribed as an impurity. No ytterbium 

oxide signal was observed. This suggests that all the Yb in the reaction mixture was 

incorporated into the final perovskite matrix, resulting in a non-stoichiometric ferrite 

with an excess of Yb. Alternatively, it is possible that the remaining Yb was present in 

the sample as an amorphous phase or in such a minimal amount that the instrument 

could not detect it. By indexing of the XRD data, and by the matching of the reflection 

positions, it could be stated that all the samples of YbFeO3 product coincide with those 

of the orthorhombic space group Pbnm [105].  

From the SEM images of the three samples (Figure 9), the crucial role of the KOH/urea 

molar ratio in the hydrothermal formation of metal oxide crystals was observed. 

Cuboid-shaped YbFeO3 microparticles were obtained with a KOH/urea molar ratio of 8.6, 

at 200 °C for 72 hours (Figure 9 (a)). Decreasing the ratio to 7.0 led to tetragonal 

elongated morphologies (Figure 9 (b)), at the same temperature condition as the 

cuboids. The bipyramidal microparticles required a higher temperature, 220 °C, and a 
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KOH/urea molar ratio of 7.5 (Figure 9 (c)). The experimental parameters are summarised 

in Table 2 (Chapter 5.2).  

Particles with different morphologies are characterised by different sets of crystalline 

facets. These differences, in addition to SEM analysis, can be detected by an XRD analysis 

as they lead to different reflection intensities in the XRD pattern [106]. Here, the 

predominant facets were {110}, {002}, {111}, {020}, {112}, {200} and {220} with different 

ratios and combinations depending on the morphology (Figure 10). The reflections from 

the {110} and the {220} facet are especially pronounced for the elongated tetragons, 

while the {020} and {112} are more exposed for the bipyramids and the cuboids. From 

these analyses, it was possible to confirm the successful synthesis of YbFeO3 

microparticles with the three morphologies of interest. Varying the KOH/urea molar 

ratio, different crystal facets grow. This is due to the stabilising effect of the ions in 

solution (K+ and NH4
+) on the different facets during crystal growth. By varying the 

concentration of these ions in solution, microparticles with different shapes were 

obtained. 

SEM analysis showed that the microparticles of YbFeO3 exhibit a certain degree of 

surface defects such as cracks, holes and dislocations along the edges. In the cuboid 

sample, many multiple growth particles were present as if the particles were embedded 

in each other. All these defects could be caused by incomplete or failed crystal formation 

during the hydrothermal process [107–109] In addition, smaller amorphous particles of 

a lighter colour than the microparticles of YbFeO3 were visible around the crystals. When 

a colour contrast is observed in SEM images, it can be assumed that the chemical 

compositions are different, so the amorphous particles were probably impurities. 

 

 

Figure 9. SEM images of the three different morphologies of YbFeO3 microparticles: (a) Cuboids 
(b) Elongated Tetragons (c) Bipyramids. 
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Figure 10. XRD patterns of the three different YbFeO3 microparticles with Miller indexes. 

 

7.1.1 Effect of the Temperature on the synthesis of YbFeO3 
 

Since the previous results showed a certain degree of iron oxide impurities and a 

coarse particle morphology, higher temperatures of hydrothermal treatment were 

explored in the attempt to improve the synthesis results. The cuboids and the elongated 

tetragons were treated at 220 °C while the bipyramids at 230 °C, maximum temperature 

attainable from the oven used. The synthetic procedure and quantities of reagents used 

did not vary from those employed in the previous synthesis. SEM analysis of the three 

dark red powders (Figure 11) showed that the particles obtained were still in the 

micrometre size range and with similar sizes of the previous sample, so the temperature 

did not affect the size distribution. However, a change in shape could be observed, which 

is preferentially of the bipyramidal type (Figure 11 (a)). This change was also observed 

in the change in the intensity of the reflections of the XRD pattern (Figure 12), compared 

to the samples discussed above. In particular, one can see the decrease in the reflection 

relative to planes {110} and {220}, which were particularly pronounced due to the 

morphology of the elongated tetragons. In addition, upon the synthesis at higher 

temperatures, the main reflexes of all three samples showed comparable intensities in 
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favour of the microparticles having a similar shape. In all samples, amorphous material 

was clearly visible around the microparticles, which also exhibit a large number of 

surface defects, steps along the edges and agglomerations. From the XRD graphs, the 

main phase was YbFeO3 with an orthorhombic crystal system [103], however, a 

secondary hematite phase was still present [104]. As in the previous synthesis, no 

ytterbium oxide signal was observed. Therefore, the same considerations regarding the 

formation of a YbFeO3 with excess Yb or the non-detection of the Yb oxide phase by the 

instrument could be made. These results therefore confirmed that the hydrothermal 

synthesis of YbFeO3 at temperatures above 230 °C did not lead to an improvement of 

the material either in terms of purity or particle morphology.  

 

 

Figure 11. SEM images of the three different morphologies of YbFeO3 microparticles after the treatment at higher 
temperature: (a) Cuboids (220 °C) (b) Elongated Tetragons (220 °C) (c) Bipyramids (230 °C). 

 

Figure 12. XRD patterns of the three different YbFeO3 microparticles after the synthesis at higher temperatures. 
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7.2 Doping with Cobalt: Hydrothermal synthesis of 

Yb0.95Fe0.95Co0.05O3  
 

Having demonstrated the reproducibility of the synthesis of YbFeO3 microparticles, 

the material was doped with 5% w/w cobalt. The synthetic procedure, the amounts of 

reagents used and the reaction conditions to synthesise the desired material were the 

same as those used in the case of YbFeO3 particles and are summarised in Chapter 5.3.   

The synthesised material was intended to be used as a matrix for the exsolution of 

metal nanoparticles. Since it is well known that this process is favoured by the deficiency 

of A-sites in the primitive oxide lattice [110], the synthesis carried out initially was that 

of non-stoichiometric Yb0.95Fe0.95Co0.05O3.  

The product obtained was a red-brown powder, the change in the colour between 

undoped and doped YbFeO3 could be a first confirmation of the change in the chemical 

nature of the material.  

In Figure 13 can be seen that the powders obtained were composed of microparticles 

of different morphologies. The cuboids and the bipyramids samples were similar to their 

undoped counterparts, with the same characteristics of shape, size, particle defects and 

agglomerations. In contrast, a large amount of amorphous material was visible in the 

elongated tetragon sample. The evaluation of the crystalline structure via X-ray 

diffractometry shown that all the samples were composed mainly of orthorhombic 

YbFeO3 with the space group Pbnm, but impurities of Fe2O3 persisted. In the elongated 

tetragons, a third YbO(OH)  phase was also observed. In none of the samples signals of 

a cobalt oxide phase [111] were visible, suggesting that the dopant was incorporated 

into the ferrite crystal lattice.  

 

 

Figure 13. SEM images of the three different morphologies of Co-doped Yb0.95Fe0.95Co0.05O3 microparticles: (a) Cuboids 
(b) Elongated Tetragons (c) Bipyramids.  
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Figure 14. (a) XRD patterns of the three different morphologies of the Co-doped Yb0.95Fe0.95Co0.05O3 microparticles; (b) 
XRD patterns of the undoped YbFeO3 and of the Co-doped YbFeCoO3 with cuboidal morphology; (c) shift of the perovskite 
most intense reflection for the cuboidal morphology.  

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

A comparison of the XRD patterns of YbFeO3 and Yb0.95Fe0.95Co0.05O3 samples might 

give some indication of the successful incorporation of Co into the perovskite matrix. 

Since the doping involves a substitution of certain Fe3+ cation sites with Co3+, the lattice 

parameters of YbFeO3 are altered and this causes a shift of the reflections in the XRD 

pattern. The ionic radii of Co3+ (0.61 Å) is smaller than that of Fe3+ (0.64 Å) [73], so the 

unit cell of Yb0.95Fe0.95Co0.05O3 shrinks [112]. Since the distance between the crystalline 

plane is smaller, the diffraction angle will be greater (shift toward higher 2θ values), in 

accordance with Bragg´s law. This evolution was visible only for the cuboid sample and 

is shown in Figure 14 (c). This could suggest that the chemical composition of the 

material, following the incorporation of the dopant into the B-sites of the perovskite 

matrix, changed only in this sample. While in the case of the other morphologies, the 

product obtained either contains no Co, or Co was present in such low amounts that it 

did not cause significant changes in the crystal structure. However, the shift is minimal, 

and it was difficult to say whether it was really due to the shrinkage of the lattice 

constant as a result of the Co incorporated in the YbFeO3. Nonetheless, in the XRD 

analysis there was no evidence about the formation of any cobalt oxide phase (CoO, 

Co3O4). At this point, it should be mentioned that the formation of Co2O3 is unlikely as 

this oxide was only reported at extremely high pressures (≥ 90 kbar) and temperatures 

(1000 °C) exceeding the conditions of the applied hydrothermal synthesis [113]. For this 

reason, it will not be included in further discussion. The lack of signals related to any 
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cobalt oxide phase could be a consequence of different factors, or a combination of 

them. Firstly, the XRD is a quantitative analysis in which the results depend also on the 

amount of sample used, particularly when the sample size is very small or when the 

material is inhomogeneous. Here the dopant was present in a very small quantity (5% 

w/w) which means a small crystalline volume fraction of the phase [114], and therefore 

it could be that the number of scattering centres were not enough to provide a signal 

detectable by the instrument. In addition, the signal from Co could not be observed due 

to the high intensity of the perovskite reflections. Another reason could be due to the 

structure of the CoO: if it was present as an amorphous compound, it would not produce 

any signal in the XRD pattern. 

To shed light on the local structure and chemical environment of the dopant in the 

material, XAS analysis at the Co K-edge (ECo = 7709 eV) on the sample of the cuboids was 

carried out. The normalized XANES and its first-order derivative are reported in Figure 

15.  

 
 
 
 
 
 

   

  

 

  

 

 

Figure 15: (a) Normalized XANES spectra and (b) first-order derivative of XANES Co K-edge in Co-doped non-
stoichiometric cuboids microparticles of Yb0.95Fe0.95Co0.05O3. 

 

The obtained XANES spectrum is characterised by a main absorption peak at 7728 eV 

that presents two shoulders: one on the low energy flank, around 7723 eV, and the 

other on its right side at the energy of 7734 eV. These results are compared with a cobalt 

oxide references (CoO, Co3O4) from the literature [115]. Both, the shape and the 

characteristic (main peak and shoulders positions) of the XANES spectra coincide with 

that of CoO. In support of this there is the shape of the first derivative of the XANES 
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which is identical to the one of CoO excluding other chemical environments around the 

cobalt absorber, e.g. Co3O4. The edge energy of the most intense peak is 7721.0 eV, 

slightly lower than that of Co2+ (7722.5 eV) of the reference. The edge position suggests 

an average oxidation state (n) lower than +2, which is not reasonable for Co. This small 

difference in the energies (1.5 eV) could be due to a non-perfect normalisation of the 

XANES spectrum here reported. From this analysis there is a reason to believe that Co3+ 

was not incorporated into the perovskite B-site (octCon+) but was present in the sample 

as Co2+, in particular as CoO. Furthermore, the possible formation of a spinel phase 

(CoFe2O4) was investigated. In this regard, the comparison was based on the Fe K-edge 

spectrum (Figure 36) of pristine doped Yb0.95Fe0.95Co0.05O3 and revealed a lower energy 

of the absorption edge (7130 eV) as compared to spinel oxide (7135 eV) ruling out the 

formation of this phase [116]. It is reasonable to assume that the analysis of the results 

made on this sample is also representative for the other morphologies since the 

crystalline structure was identical for all the samples as well as the synthesis conditions.  

 

7.2.1 Effect of the Temperature on the synthesis of 

Yb0.95Fe0.95Co0.05O3  
 

The effect of higher temperatures was also explored in the case of the synthesis of 

Yb0.95Fe0.95Co0.05O3 microparticles: 220 °C was the treatment for the cuboids and the 

elongated tetragons batches, while 230 °C for the bipyramids. SEM images and XRD are 

reported in Figure 16 and 17 respectively. It seemed that the obtained powders were 

formed by orthorhombic YbFeO3 with no significant impurities. As observed in the case 

of the pure ferrite, higher temperatures led to the generation of bipyramidal 

microparticles. In the case of the bipyramids (Figure 16 (c)) and the cuboids samples 

(Figure 16 (a)), the presence of many non-uniform morphologies, clusters and 

agglomerations, not present in the case of elongated tetragons, were visible. For the 

last-mentioned sample, the particles had a bipyramidal elongated shape. Cracks, holes 

and uncomplete edges were still present on the surfaces of the particles. XRD results 

showed that the hydrothermal synthesis of Yb0.95Fe0.95Co0.05O3 at higher temperatures 

apparently led to a purer product. SEM analysis, however, showed that there was no 
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Figure 17.  XRD patterns of the three different Yb0.95Fe0.95Co0.05O3 
microparticles after the synthesis at higher temperatures. 

definite morphology (Figure 16 (a) and (c)), and the elongated particles were no longer 

tetragons but more “rectangular” bipyramids.  

 
 

 

Figure 16. SEM images of the three different morphologies of Yb0.95Fe0.95Co0.05O3 microparticles after the treatment 
at higher temperature: (a) Cuboids (220 °C) (b) Elongated Tetragons (220 °C) (c) Bipyramids (230 °C). 
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7.3 Relationship between iron oxide impurities and 

hydrothermal synthesis 
 

Hydrothermal synthesis is very sensitive to several parameters such as temperature, 

solvent, pH, residence time, nature and concentration of reagents, and presence of 

chelating agents. Even the slightest change in any of these parameters can alter the 

result of the synthesis. The exact mechanism that leads to the formation of oxide crystals 

during the hydrothermal process is not known [117]. The most popular theory is that 

the process is divided into an initial in-situ transformation stage followed by 

precipitation and growth. Initially, there is the dissolution of the precursors in the 

reaction mixture and the subsequent formation of the oxides and hydroxides from the 

combination of metal ions with the hydroxyl groups generated from the ionization of 

water at high temperature. Due to the low solubility of the final product in the liquid 

phase, the formation of nucleation crystals takes place, which act as seeds for crystal 

growth. The mineralizer acts as a catalyst for the dehydration reaction of the metal 

hydroxides, thus allowing the crystallisation process to take place at lower temperatures 

[118]. Zhou et al. performed the hydrothermal synthesis of multiferroic rare-earth 

orthoferrites, proposing a dissolution-precipitation mechanism for the formation and 

growth of REFeO3 [41]. The result of this synthesis really depends on the kinetics of the 

two phases: when precipitation occurs at slow rate, it leads to the formation of a single 

large crystal. Conversely, if the solute precipitates rapidly, the kinetics of crystal seed 

formation (nucleation) will prevail over growth kinetics, resulting in the formation of 

numerous small crystals, typically with a narrow size distribution [119]. In the case of 

this work, basing on the previous statement, it can be assumed that the crystal seed 

formation had the faster kinetics, since the product was obtained as a fine powder. 

Furthermore, based on the results obtained, it could be said that hydrothermal synthesis 

under the employed conditions led to the formation of monodisperse single crystals 

with different morphologies depending on the KOH/urea molar ratio. A trend common 

to all the results reported so far was that the obtained microparticles presented many 

surface defects (holes, cracks, incomplete edges and angles) and the occurrence of 

secondary particles. Moreover, the final product was never completely pure but always 

co-exist with an impurity phase of Fe2O3. The first effect could be explained by 
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considering that the crystal formation process in hydrothermal synthesis results from  

complex and interplaying phenomena. It is likely that the defects observed are formed 

during these stages. The incomplete growth could lead to formation of pits and 

fragmented edges, while agglomerates could originate from competition between the 

dissolution-precipitation and nucleation mechanisms. Zhou and coworkers in their study 

about hydrothermal synthesis of REFeO3, reported that also the alkalinity plays a crucial 

role in the formation of ferrites. The pH affects the solubility of the precursors: the 

concentration of the ions should give an ion product below the value of the solubility 

product constant (Kps), in order for the solution to remain unsaturated. If the 

concentration of OH− groups in solution is too low the hydroxyl complexes will not form 

and the precipitation of crystalline Fe2O3 will occur after the hydrothermal treatment 

[41]. In the case of the synthesis of A-site deficient microparticles, with formula 

Yb0.95Fe0.95Co0.05O3, an excess of iron precursor was employed. An oxide structure with 

A-site deficiency is less stable, which means that it requires a higher energy for its 

formation than the stoichiometric equivalent. It could be assumed that the 

hydrothermal synthesis did not yield the A-site deficient system, and instead, the more 

stable stoichiometric system was formed. Thus, the incorporation of the excess iron into 

the crystal lattice of the perovskite does not occur, and it will react with the hydroxyl 

groups to form the corresponding oxide or hydroxide. Basing on this hypothesis, the 

synthesis of stoichiometric YbFe0.95Co0.05O3 was carried out in an attempt to minimise 

the secondary phase in the target product.  

The incomplete incorporation of Co into the perovskite host lattice could be a result 

of two factors. Firstly, the lack of dissolution of Co(OH)3 as a hydroxyl complex (see 

reactions in Section 4.3, Hydrothermal synthesis). As hydroxides are amorphous solids, 

they are not detected by XRD measurements, and this would be in line with the fact that 

no secondary phase of Co was visible in the diffractograms of the doped samples. Added 

to this hypothesis is the assumption that pure YbFeO3 was the most stable compound 

and therefore the only one formed under the hydrothermal conditions employed in this 

work. 
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7.4 Doping with Co: hydrothermal synthesis of 

YbFe0.95Co0.05O3 

 

The synthesis of stoichiometric YbFe0.95Co0.05O3 was carried out following the same 

procedure used for the other samples. As observed for all the previous samples, the red-

brown powder was composed of microparticles of orthorhombic YbFeO3. The XRD 

patterns (Figure 19) revealed the existence of two additional phases, one composed of 

Fe2O3 and the other of YbO(OH) particularly evident in the cuboid and bipyramid 

samples. Notably, star-shaped particles could be observed in the SEM of the cuboid 

sample Figure 18 (a)), believed to be impurities. All the samples had the shape of 

bipyramids (Figure 18), slightly distorted for the cuboids batch. This was quite surprising 

since in the case of Yb0.95Fe0.95Co0.05O3 the three morphologies were achieved. Perhaps 

the different stoichiometry affected the stability of the individual crystalline facets, 

favouring those of bipyramidal morphology during the crystallisation process of the 

microparticles. An attempt was made to improve the cuboid sample by carrying out the 

synthesis in a 25 mL Teflon liner and leaving the reaction mixture under stirring for 1 

hour after the addition of urea in order to achieve optimal homogeneity of the reagents. 

However, no improvement in product purity or morphology was obtained.  

 

 

 

Figure 18. SEM images of the three different morphologies of stochiometric Co-doped YbFe0.95Co0.05O3 microparticles: 
(a) Cuboids (b) Elongated Tetragons (c) Bipyramids. 
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Figure 19. XRD patterns of the Co-doped YbFe0.95Co0.05O3 microparticles with different morphologies. 

 

7.5 Synthesis optimization 
 

Since the results of the hydrothermal synthesis of the stoichiometric material did not 

lead to good quality microparticles and were not reproducible, it was decided to explore 

the effect of the KOH/urea molar ratio with the aim of trying to optimise the synthesis. 

In the following paragraphs are reported and discussed the results obtained by varying 

the amount of urea, with constant KOH, and vice versa. 

 

7.5.1 Effect of urea in Hydrothermal synthesis of YbFe0.95Co0.05O3 

 

Firstly, the effect of urea was studied. Two series of syntheses were carried out in 

which the amount of urea added was varied while keeping the amount of KOH constant. 

The obtained material was analysed via SEM and XRD and the results are reported in 

Figure 20-21 and 22 respectively.  
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Figure 20. SEM images of the effect of the amount of KOH/urea molar ratio in Series 1: (a) KOH/urea 8.54 (b) KOH/urea 
7.12 (c) KOH/urea 6.10 (d) KOH/urea 5.34 (e) KOH/urea 4.75. 

Figure 21. SEM images of the effect of the amount of KOH/urea molar ratio in Series 2: (a) KOH/urea 10.17 (b) 
KOH/urea 8.72 (c) KOH/urea 7.63 (d) KOH/urea 6.78 (e) KOH/urea 6.10. 
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Figure 22. XRD patterns of (a) Serie 1 and (b) Serie 2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

The first observation that was made is that as the amount of urea increased, which 

means a decreasing KOH/urea molar ratio, the shapes were more elongated, eventually 

becoming fibrous when the ratio was less than 6. No specific correlation was observed 

between the formation of secondary phases (Figure 22) and the ratio between the 

bases. The most interesting results regard the second series, especially for the sample 

with a KOH/urea molar ratio of 7.63 (Figure 21 (c)) which had an elongated morphology 

and a pure phase of YbFeO3.  

 

7.5.2 Effect of KOH in Hydrothermal synthesis of YbFe0.95Co0.05O3 

 

In the case of the tests by varying the amount of KOH, first of all it can be seen that 

the microparticles obtained were all bipyramidal in shape (Figure 23). As no synthesis 

with a KOH/urea molar ratio below 6 was performed, no fibrous forms of the material 

were observed. Also in this synthesis, as in the previous tests, there was no correlation 

between impurities (Figure 24) and molar ratio between the bases. The most interesting 

result from this series was the last one, from a KOH/urea molar ratio of 18.17 (Figure 23 

(d)), which was composed of a pure phase of the perovskite with the morphology of 

bipyramids.  
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Figure 24. XRD patterns of KOH effect at constant urea. 

Figure 23. SEM images of the effect of the amount of KOH/urea molar ratio: (a) KOH/urea 7.12 (b) KOH/urea 10.90 
(c) KOH/urea 14.53 (d) KOH/urea 18.17. 

 

 

 
 

 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In order to clarify whether or not the incorporation of the dopant in the perovskite 

crystal structure of the stoichiometric material was successful, XAS measurements at 

the Co K-edge (ECo = 7709 eV) were performed. Here is reported and discussed the 
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XANES spectrum of the stoichiometric elongated microparticles, obtained from a 

KOH/urea molar ratio of 7.63 (see Section 7.5.1), (Figure 25).  

 

 

 

 

The XANES spectrum of the stoichiometric material was compared with the non-

stoichiometric one, already analysed and discussed in the previous subchapter 7.2. In 

Figure 25 it is clearly visible how the two spectra overlap almost perfectly suggesting 

that the introduction of A-site deficiency in the material did not affect the state and the 

environment of the Co in the sample. Also, the first derivatives are superimposable and 

present the same value of edge energy at 7721.0 eV. Therefore, the same conclusions 

drawn for the stoichiometric material also apply to the non-stoichiometric one. In 

conclusion, there is much evidence to assume that Co was not in the octahedral 

environment typical of the B-site positions of the perovskite as Co3+ but rather, it was 

present as Co2+ in its oxide Co(II) form (CoO).    

 

 
  

a b 

Figure 25. (a) Normalized XANES spectra and (b) first-order derivative of XANES Co K-edge in Co-doped non-stoichiometric 
Yb0.95Fe0.95Co0.05O3 cubic and stoichiometric elongated tetragons microparticles of YbFe0.95Co0.05O3. 
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7.6 Exsolution behaviour of anisotropic YbFeO3 

microparticles 
 

7.6.1 Investigation of the behaviour of the undoped 

microparticles to find the best temperature treatment 
 

First of all the exploration of different temperatures for the reduction treatment was 

carried out on the undoped YbFeO3 to understand how the material behaved in such 

conditions. The aim of this study was to find the optimal temperature to perform the 

exsolution of Co from the doped perovskite, while avoiding the formation of secondary 

phases. This investigation was performed on the YbFeO3 with cubic morphology in the 

temperature range from 500 to 900 °C with treatment time of 30 minutes, under a 

reducing atmosphere of hydrogen.  It was assumed that the observations made for 

cuboids could be extended to the other two shapes, as the chemical characteristics of 

the materials were the same.      
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Figure 26. (a) XRD patterns of reduced YbFeO3 at different temperatures for 30 minutes; (b) XRD patterns of reduced 
YbFeO3 at 550 °C for 30 minutes and 1 hour; (c) increasing intensity of the reflection of metallic α-Fe with increasing 
temperature; (d) Temperature Programmed Reduction (TPR) of the reduction treatments of YbFeO3. 

 

 

 

 
 

For a more complete understanding of the reduction events occurring in the 

materials, SEM, XRD, in situ mass spectrometry (MS) during reduction and XANES 

measurements were carried on the samples after each treatment. Thanks to the XRD 

analysis, reported in Figure 26 (a), the evolution of crystalline phases in the materials 

due to changes in the temperature could be observed. It could be stated that the 

material remained stable up to 550 °C, as the orthorhombic YbFeO3 phase was 

preserved. Starting from 600 °C, the more intense and characteristic reflection of cubic 

Yb2O3 (at 30 2θ°) [120] began to appear and became more intense as the temperature 

increased, eventually completely replacing the perovskite phase following the 

treatment at 900 °C. The disappearance of the Fe2O3 Signal at 34.5 2θ° and the 

appearance of a new reflection at 44.6 2θ°, attributed to the metallic α-Fe phase [121], 

a b 

c d 
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were evident already after the treatment at 500 °C. The variation of the dwelling time 

was also explored with a one-hour treatment at 500 °C. No notable differences with the 

30-minutes treatment were discernible (Figure 26 (b)).    

To monitor the reduction process, mass spectrometry (MS) was employed since it 

provides valuable insights into the material’s reduction when subjected to high-

temperature treatment with hydrogen. The reduction of Fen+ is directly related to the 

release of lattice oxygen. Therefore, the evolution of the water signal, shown in 

Figure 26 (d), was closely tracked because it provides insights into the diffusion and 

release of oxygen from the host perovskite. Coupling this measurement with the XRD 

results enabled a comprehensive understanding of the reduction mechanism. In the 

lower temperature range, between 150 and 500 °C, the water release patterns 

overlapped, suggesting a consistent behaviour of the materials. The first peak, around 

230 °C, represents the desorption of weakly adsorbed water, volatile substances or the 

OH moieties formed on the oxide surface produced by the hydrothermal synthesis [122]. 

At 370 °C, the second surface species release event began, followed by a more intense 

water signal at 480 °C. Zao et. al [123] studied the reduction events of LaFe1-xCoxO3 

observing a first water release peak between 400 °C and 600 °C which was related to 

the reduction of Fe4+ to Fe3+ upon the consumption of adsorbed oxygen. The 

temperature differences of the reduction events between the TPRs reported here and 

the literature [124] are probably due to the different type of material and the synthesis 

by which it was obtained. In the case of the material discussed in this work, it could be 

that it was particularly poorly resistant to high temperatures and therefore easily 

reducible. This would explain the reduction of iron oxide to metallic iron as observed in 

the diagrams. A prominent water release signal, characterising the treatment at 900 °C, 

extends from 700 °C to the plateau. This was associated with the decomposition of the 

YbFeO3 in the two phases of Yb oxide and Fe0, as shown in the XRD results. The onset of 

this event was also visible during the treatment at 700 °C, although the peak was 

truncated probably due to the temperature not being sufficiently high to fully 

accomplish the reduction event. The same hypothesis could be advanced regarding the 

small signal that starts around 600 °C in the equivalent treatment. In the TPR profiles of 

the three highest temperature treatments, a modest water release was formed in the 

range between 600 and 700 °C, likely associated with the initial stage of the reduction 
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of Yb3+ to Yb2+, which ultimately led to the complete decomposition of the perovskite. 

This was confirmed by the XRD patterns, where the coexistence of three crystalline 

phases (YbFeO3, Yb2O3 and Fe0) characterised the material treated at 600 and 700 °C.  

The XANES measurements at the Fe K-edge (EFe = 7112 eV) are reported in Figure 27 

and this data is consistent with the XRD results. The gradual reduction of the material as 

a result of the increase in the temperature treatment was demonstrated by the shift of 

the absorption edge towards lower energies and it was a confirmation of the progressive 

decrease in the oxidation state of the Fe [125]. The shape of the spectrum of the pristine 

material was in accordance with the literature [126]. The pre-edge peaks, around 

7114 eV and 7115 eV were related respectively to the transitions to spin down states 

due to the Fe-O bonds, and to the spin up states as a consequence of Fe-Fe next 

neighbour hybridization states [127]. The maximum of the absorption was at 7129 eV 

and was followed by two shoulders in the higher energy flank. This information 

suggested the Fe3+ being in the octahedral coordination typical of the perovskite B-sites. 

The gradual change in the shape of the XANES of the various materials reflects the 

change in the coordination environment of Fe. At 900 °C the shape of the XANES 

spectrum completely changed and resembled to the one of the Fe foil indicating the 

reduction to the metallic state [128]. This was related to the complete decomposition 

of the material which was furthermore corroborated by the XRD results, showing the 

loss of structural integrity at this temperature. Even at temperatures as low as 500 °C 

iron was marginally reduced. In fact, temperatures beyond 600 °C revealed exsolution 

of iron to a larger extent, which could be seen both in the increasing intensity of the Fe0 

reflection in the XRD (Figure 26 (c)) and in the progressive decreasing of the absorption 

edge in the XANES (Figure 27). This observation was supported by the fact that iron 

reduction between 500 and 600 °C remained almost unaltered.  

SEM images of the samples (Figure 28) were particularly interesting for the high 

temperature treatments (900 °C and 700 °C) where the effect on the overall structure 

of the material could be seen. The morphology and the average size distribution of the 

microparticles remained unchanged, while some spheric nanoparticles started to 

appear on the surfaces after 700 °C, especially along the edges, and became even more 

present on the sample upon 900 °C treatment: here the surfaces were more blurred and 

rougher. This was associated with the phase separation shown in the XRD and the 
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Figure 27. Normalized XANES spectra (a) in the 7050-7400 eV energy range and (b) in the 7100-7200 eV energy range of XANES Co K-
edge in Co-doped non-stoichiometric cubic microparticles of YbFeO3 treated under different reduction conditions.   

reduction evidenced in XANES results. The observed decomposition of the perovskite 

matrix driven from the formation of Yb2O3 and metallic Fe as indicated by the merging 

reflections of the respective phases. This result is quite surprising since the cuboidal 

morphology was retained even though the perovskite phase completely disappeared 

from the XRD pattern. With regard to the SEM of the material treated at mild 

temperatures (Figure 28 (b)-(e)), no nanoparticles were visible on the surfaces which 

could be due to the low resolution of the instrument and to the fact that usually iron is 

not easy to exsolve due to its low co-segregation energy [129].  

From all these results it could be stated that the optimal temperature range for 

carrying out exsolution on the Co-doped YbFeO3 was between 500 and 550 °C (mild 

temperature range) since the reduction of the material already occurred while 

preserving the perovskite matrix. 

  

a b 
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Figure 28. SEM images of: (a) pristine YbFeO3 microparticles and the same sample after reduction treatment (b) at 
500 °C for 30 minutes; (c) at 550 °C for 1 hour; (d) at 550 °C for 30 minutes; (e) at 600 °C for 30 minutes; (f) at 700 °C 
for 30 minutes and (g) 900 °C for 30 minutes. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

7.7 Exsolution of Co-doped YbFeO3 
 

Having established that the best temperature to preserve the perovskite structure 

during heat treatment of Yb microparticles was between 500 and 550 °C, the exsolution 

of Co from the doped material was performed at this temperature. From the various 

synthesised samples, those with the lowest degree of secondary phases and the best 

quality in terms of shape and surface were selected. Mass spectrometry, XRD, XANES 

and SEM analyses were used to study and follow the exsolution process. The results are 

reported and discussed below by discriminating on the morphology of the 

microparticles. 

 

7.7.1 Cuboids 
 

The cuboids were treated for 30 minutes at 500 °C and 550 °C. As phase separation 

was observed at temperature above 600 °C, treatments with longer dwell times at low 

temperatures were also explored: 1 hour and 5 hours at 500 °C. The XRD, reported in 

Figure 29 (a), showed that the perovskite phase was completely retained up to 1 hour 

treatment while, after 5 hours, the phase separation began with the appearance of the 

characteristic reflection of Yb2O3 at 30 2θ°. A slight shift of the reflections of the reduced 

diffractogram toward smaller angles was notable, as a consequence of the exsolution 



64 
 

process leading to a shrinkage of the cell. In addition, the presence of a new reflection 

at 44.8 2θ° was noted in the diffractograms of the material after reduction. This signal 

was related to a Co/Fe alloy and increased in intensity with increasing treatment time 

and it was a confirmation of metal reduction [130]. No particular differences could be 

seen between the 500 and 550 °C treatments. 

The water release signal is showed in the TPR plots in Figure 29 (c) and (d). The perfect 

overlapping of the plots suggested that the oxygen released from the material was 

consistent, that means that the reduction events that occurred in the material were 

always the same in every treatment. The first water release signal, around 200 °C, was 

due to desorption of surface species, like residual water or carbonates. This peak is 

followed by another shoulder at 370 °C circa, which was not visible in the case of 

undoped material. This suggested that doping enhance oxygen diffusion. The most 

prominent water release signal starts at 430 °C. This hydrogen consumption events are 

close in temperature to those observed for the undoped YbFeO3 microparticles and 

could therefore be related to the progressive reduction of Fe to lower oxidation states, 

as demonstrated by the XRD reflection. Roseno et al. report TPRs of LaCoO3, LaFeO3 and 

LaCo0.5Fe0.5O3 [124] and Brackmann et al. [131] studied the reduction of LaCoO3, both 

suggesting that the reduction of Co3+ to Co2+ happens in the range between 300 and 

500 °C, followed by the one that leads to metallic Co between 500 and 600 °C. This 

allowed us to assume that the shoulder to the right of the most intense signal, at about 

one hour of treatment and at 500 °C, was due to the complete reduction of Co, in 

accordance with the diffractograms.  
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Figure 29. XRD pattern of non-stoichiometric Co-doped cuboids microparticles (a) after 500 °C reduction at different 
treatment times and (b) after 500 and 550 °C reduction at 30 minutes; TPRs of the exsolution treatments (d) at 500 °C 
for different dwelling times and (e) at 500 and 550 °C for 30 minutes.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 

7.7.2 Elongated microparticles 
 

The elongated tetragons were treated at 500 and 550 °C for 30 minutes. From the 

XRD results (Figure 30 (a)) it could be said that the material was preserved after both 

treatments since no phase separation occurred. The pristine material presented a lower 

amount of both Fe2O3 and YbO(OH) impurities and the first one disappeared after the 

in 
in 

a 

b 
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Figure 30. (a) XRD patterns of stoichiometric elongated YbFe0.95Co0.05O3 microparticles after 500 and 550 °C reduction 
treatments; (b) TPR plots of the exsolution of stoichiometric YbFe0.95Co0.05O3 elongated microparticles at 500 and 
550 °C. 

exsolution treatment. The reflection at 44.8 2θ°, ascribed to the Co/Fe alloy, appeared 

already upon the 500 °C processing, meaning that the reduction process occurred.  

The TPR of the two treatments (Figure 30 (b)) showed a similar behaviour to the 

cuboids, with a big water release peak that starts at 400 °C, preceded by a shoulder at 

slightly lower temperatures which could be related to the reduction of Fe, and followed 

by another shoulder after 500 °C due to Co reduction.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

7.7.3 Bipyramids  
 

As for the previous sample, the bipyramids were kept at 500 °C and 550 °C under 

reducing atmosphere for 30 minutes to study the exsolution behaviour. From the 

diffractograms (Figure 31 (a)) is visible how the crystalline phase of the material changed 

after the treatment. In this case, the microparticles seemed to be stable up to 500 °C 

because, after the higher temperature treatment, a modest reflection of Yb2O3 started 

to appear. Also in this case, as observed for the other two morphologies, the Co/Fe 

signal showed up at 44.8 2θ°. The mass spectrometry analysis (Figure 31 (b)) showed an 

intense water signal that starts at 440 °C with a left shoulder around 400 °C probably 

a 

b 
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Figure 31. (a) XRD patterns of stoichiometric bipyramidal YbFe0.95Co0.05O3 microparticles after 500 and 550 °C reduction 
treatments; (b) TPR plots of the exsolution of stoichiometric YbFe0.95Co0.05O3 bipyramidal microparticles at 500 and 550 °C. 

Figure 32. SEM images of (a) cubic pristine Yb0.95Fe0.95Co0.05O3 microparticles and the same sample after the exsolution 
treatments at (b) 500 °C for 30 minutes; (c) 500 °C for 1 hour; (d) 500 °C for 5 hours; (e) 550 °C for 30 minutes. 

related to Fe reduction. The right shoulder after 500 °C is not visible in the TPR of the 

lower temperature treatment, while is present in the one at 550 °C. 
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Figure 33. SEM images of (a) elongated pristine YbFe0.95Co0.05O3 microparticles and the same sample after the 
exsolution treatments at (b) 500 °C for 30 minutes and (c) 550 °C for 30 minutes. 

Figure 34. SEM images of (a) bipyramidal pristine YbFe0.95Co0.05O3 microparticles and the same sample after the 
exsolution treatments at (b) 500 °C for 30 minutes and (c) 550 °C for 30 minutes. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The SEM images of the samples (Figures 32, 33 and 34) present all the same 

characteristics, so they are described and discussed in a general way. First of all, no 

exsolved nanoparticles were visible on the surfaces of the microparticles, due to the low 

resolution of the instrument used. Exsolved nanoparticles are usually between 10 and 

50 nm in size [80,96], and rarely exceed hundreds of nm [132]. The highest magnification 

of the used microscope did not exceed a resolution of 2 µm thus unable to resolve the 

expected nanoparticle size. The reduced microparticles exhibited no significant 

differences compared to the pristine material, except for the presence of some 

agglomerates, which became more conspicuous with temperature increase. This was 

also observed in the undoped YbFeO3, likely attributed to the temperature-induced 

agglomeration and crystallisation of some materials. Regarding bipyramids, some cracks 

were visible already after the 500 °C treatment. This suggests that this sample was more 



69 
 

delicate and temperature sensitive as also shown by the phase separation in the XRD, 

though the images did not confirm particle formation at the surface after exsolution. 

Wang et al. investigated the effect on the parent host oxide after exsolution revealing a 

surface reconstruction concerning a highly Fe-deficient near-surface layer, and a 

partially polycrystalline surface [133].  A change in surface chemistry and structure 

generally characterises the exsolution [84] and could therefore also be extended to this 

work, even though there was no visible evidence from SEM images. Some studies 

investigate the exsolution of CoFe alloy nanoparticles on various perovskites [77,78,134] 

showing that, after reduction, the exsolution of CoFe alloy nanoparticles occurs leading 

to a perovskite substrate with cation vacances. It can be assumed that the formation of 

oxygen vacances due to the release of oxygen was accompanied by the formation of 

metallic Co and Fe, as shown in the XRDs (and confirmed by XANES).  

It is also worth discussing the difference that can be seen in the reduction trends 

recorded for the various morphologies (Figure 35). The release of water during the 

thermal treatment is directly related to the oxygen release from the perovskite host and 

thus to the reduction of the metals. Firstly, the diverse oxygen diffusion paths that 

oxygen could take within the lattice and on the surfaces of the microparticles varies with 

their shapes, thus different signal will be generated. The morphology of the 

microparticles seemed to exert a discrete influence on the reduction kinetics of the 

material. Indeed, it could be seen that the cuboids exhibited a delayed reduction. A 

hypothesis could be formulated based on the SEM image of the undoped cuboid 

microparticles post-reduction at 700 °C (Figure 28 (f)), suggesting that the reduction 

might originate from the edges. Taking this observation into consideration, it became 

rational to assume that elongated and bipyramidal microparticles, characterised by 

more edges, experienced a faster reduction.  Furthermore, the surface terminations, 

composition, surface area and defect configurations of perovskite oxides are very 

important for exsolution [122]. The different morphologies were characterised by 

various orientations and terminations and tush different metal-to-oxygen ratio on the 

surface. This led to different oxygen release and, in turn, strongly influenced the 

segregation energy of the nanoparticles  [83].  
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Figure 35. Comparison of the TPR of the exsolution treatments for all the three morphologies at (a) 500 °C and 
(b) 550 °C for 30 minutes.  

Figure 36. Normalized XANES spectra of XANES Co K-edge and Fe K-edge in Co-doped non-stoichiometric cuboids and 
stoichiometric elongated and bipyramidal microparticles of YbFeO3 treated under different reduction conditions. 
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The XANES of Fe–K (EFe = 7112 eV) and Co–K (ECo = 7709 eV) edges in a series of Fe-

and Co-containing samples characterized by different morphologies were measured in 

transmission mode and florescence mode, respectively, and are reported in Figure 36. 

The Co-doped microparticles were treated at 500 °C and 550 °C to make the exsolution 

happen. Within the mild temperature range used, iron was reduced from the doped 

material as demonstrated by the decreasing of the white line as well as the shift to lower 

energies as was observed in the undoped material. No substantial changes were 

observed for the increase of temperature, as evidenced by the XANES spectra that result 

superimposable for the 500 and 550 °C 30 minutes treatment across all the samples. 

However, the increase of the reduction time (from 30 minutes, to 1 hour and finally to 

5 hours) led to an enhanced exsolution, clearly visible from the gradual decrease of the 

absorption Fe-edge peak in the XANES spectra of the cuboids (Figure 36) ascribed to the 

decrease of the oxidation state and to the variation of the chemical environment of the 

absorber. The main difference regards the 500 °C treatment at 5 hours. This was 

congruent with the XRD results, with the progressive increase intensity of the Fe0 reflex 

and the emergence of the secondary phase of Yb2O3, observed for the longer time 

treatment. As regards the XANES measured at Fe K-edge (7112 eV), the sharpness of the 

peak had vanished compared to the undoped sample. This was due to the presence of 

Co in the samples. The dopant, which has a negative reduction potential, was introduced 

in the perovskite matrix to favour the reduction of Fe, which has a slight positive ∆G (for 

Fe2+ → Fe0 reduction) [25,80]. The resulting mixed cation system was more easily 

reducible than the undoped counterpart and this led to an attenuation of the XANES 

absorption edge.  

The shape of the XANES spectra for Co-edge was the same for all morphologies and 

exsolution treatments. Comparing these trends with the references of metallic Co found 

in the literature [115], it was assumed that the metal was completely reduced to its 

fundamental state after each heat treatment at mild temperature.  
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8 Conclusions and Outlooks 

This thesis work provided interesting experimental results concerning the 

hydrothermal synthesis of crystalline microstructures of YbFeO3, pure and doped with 

Co, with controlled morphology simply by varying the molar ratio of the bases used for 

the reaction (KOH and urea). The obtained powders were composed of microparticles 

in the micrometre size region (with edges sizes varying from 7 to 17 µm depending on 

the shape). The study at high temperature in a reducing atmosphere shed light on the 

exsolution behaviour of the synthetised material and on the relationship between 

microparticle shape and reduction. 

In the first part of the work reported in this thesis, the hydrothermal syntheses of 

YbFeO3 microparticles with three different morphologies (cuboids, elongated tetragons 

and bipyramids) were successfully performed. The obtained shapes depended on the 

concentration ratio between the bases used for the reaction: KOH and urea. This was 

followed by the hydrothermal synthesis of YbFeO3 microparticles doped at 5% at Co, 

maintaining the same protocol followed for the synthesis of pure ferrite. Since 

microparticles were synthesised in order to study their behaviour under exsolution 

conditions, the first doped material to be synthesised was non-stoichiometric, 

specifically with A-site deficiency and with formula Yb0.95Fe0.95Co0.05O3 (although just 

nominally, since the A-site deficiency was not demonstrated). SEM images showed that 

the obtained microparticles were characterised by surface imperfections and multiple 

facets growth of the particles. In addition to the main orthorhombic phase of YbFeO3, a 

secondary phase of iron oxide was also present in the sample. Thus, hydrothermal 

synthesis at higher temperatures was explored to improve the phase purity. It was seen 

that temperature had no positive effect on either particle morphology or purity, and at 

high temperatures the bipyramidal morphology was favoured.  

In order to avoid the formation of the secondary phase of iron oxide in the doped 

particles, an attempt was made to synthesise stoichiometric microparticles (more stable 

than non-stoichiometric) in which no excess iron was present in the reaction 

environment. The synthesis of stoichiometric microparticles with formula 

YbFe0.95Co0.05O3 was then conducted, but without obtaining an improvement of the 

results. An attempt was therefore made to optimise the synthesis of the doped material 
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by varying the KOH to urea molar ratio. Two series were prepared in which the amount 

of urea was varied while keeping the amount of KOH constant.  This study showed that, 

as the amount of urea increased, the particles grew more and more elongated until they 

became fibrous. The molar ratio of 7.63 led to the interesting result of elongated 

morphology and pure phase of YbFeO3. Exploration of the effect of KOH was carried out 

in a series of syntheses at constant urea concentration. In this case, the best result was 

for a KOH/urea molar ratio of 18.17, which resulted in pure bipyramidal particles. The 

sample of A-site-deficient cuboids was analysed by XAS technique. An important result 

was obtained, suggesting the presence of Co2+ oxide and, that the dopant was not fully 

incorporated into the B-sites of the perovskite matrix. From the performed analyses 

(XRD, XANES and SEM), it was reasonable to assume that stoichiometric ytterbium 

ferrite would therefore appear to be the most stable and preferred form from this 

hydrothermal synthesis.  

In the second part of this thesis, the as prepared ytterbium ferrite was treated at high 

temperatures and in a reducing atmosphere to study the exsolution of metals from the 

host perovskite. The pure material with cuboidal morphology was treated first. Various 

temperatures in the range of 500 to 900 °C were explored as a function of time. At 

temperatures above 600 °C, phase separation of the perovskite began, while at 900 °C, 

the complete decomposition of the crystal structure occurred. Thanks to this study, it 

was possible to determine that the optimum temperature for reduction treatment was 

between 500 and 550 °C, for 30 minutes (mild conditions). In this interval, the YbFeO3 

phase was preserved. The three doped microparticle morphologies were then treated. 

All samples were analysed by SEM, XRD, MS and XAS (XANES). From these analyses, it 

could be seen that the Fe and Co metals in the perovskite matrix were reduced at 

temperatures as low as 500 °C, and that the reduction extent increased with increasing 

temperature and treatment time. It was also observed that the reduction appeared to 

start at the edges of the microparticles. The most interesting result was that the 

reduction kinetics of the material was influenced by the morphology of the 

microparticles. Cuboids showed a delayed reduction compared to elongated 

microparticles and bipyramids, the latter also showing cracks on the surfaces already 

after treatment at 550 °C. The resulting reduction trend may be related to the 
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preferential reduction along the edges, which were more pronounced in the case of 

elongated and bipyramidal particles than in cuboids.  

In conclusion the findings of this thesis have shed light on the hydrothermal synthesis 

of rare earth ferrites and the exsolution behaviour of Co-doped YbFeO3 microparticles. 

Looking ahead, it is clear that there are many possibilities for future exploration and 

development in this field. While this research has provided valuable insights, there is 

still room for further investigation in this area. To achieve a complete understanding of 

this topic, it is essential to undertake further research focusing on the structure of the 

material and its fine composition before and after the reduction treatment. To address 

this, more in-depth analyses are required. High-resolution SEM would make it possible 

to observe the surfaces more closely and investigate their changes; Energy Dispersive X-

ray Spectroscopy (EDX) could be used to determine the exact composition of the 

samples, and X-ray Photoelectron Spectroscopy (XPS) to probe the chemical 

environment on the surfaces. The practical applications of this work are noteworthy, 

particularly in the technology of sensors, as absorbers in solar cells and in catalysis 

especially as photocatalysis and electrocatalysis. Based on previous studies in the 

literature, the obtained material could be a good cathode candidate for intermediate-

temperature solid oxide fuel cells [112]. Therefore, studies on the catalytic activity of 

exsolved microparticles could lead to new and exciting developments.   
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