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Summary 

The widespread combustion of fossil fuels for various buildings, vehicles, industrial and 

power generation processes leads to harmful greenhouse gas emissions, which may contribute 

to climate change. Moreover, these energy sources are non-renewable and their reserves are 

being rapidly depleted. Air pollution, climate change, and stricter emission standards for 

engines and vehicles result in a constant increase in demand for alternative energy sources 

and more environmentally-friendly technologies and processes. In this framework, high-

performance oxygen storage materials, which can reversibly take up and release a large 

amount of gaseous oxygen, have many potential applications, and their use in various fields of 

technology can significantly reduce emissions or increase the efficiency of devices. Oxygen 

storage materials are already utilized in several industrial applications, including three-way 

catalyst converters, gas-separation membranes, oxygen sensors. However, in order to be able 

to optimize functional properties of an oxygen storage material or remove any serious 

drawbacks, its defect structure must be understood. 

The present work focuses on a family of complex cobalt 114 oxides 𝑅BaCo4O7+𝛿  (𝑅 =

Y, Ca, Gd, Tb, Dy, Ho, Yb), which are believed to be promising candidates for low-temperature 

oxygen storage applications. Polycrystalline and pelletized samples of YBaCo4O7+𝛿 were 

prepared both by a standard solid-state reaction and wet chemical reaction routes, using three 

different complexing agents. The samples were calcined at 1000℃ for 12 hours and sintered 

at 1100℃ for 24 hours. It was found that the solid-state reaction is the most optimal synthesis 

method of YBaCo4O7+𝛿, because it allows to obtain high-purity samples quickly, easily, and 

cost-effectively. Therefore, all the other samples synthesized in this thesis were prepared by 

solid-state synthesis, including the samples utilized for electrical and thermogravimetric 

measurements. 

After sintering, the compounds have been characterized by powder X-ray diffraction to check 

phase purity. Rietveld refinements were performed for YBaCo4O7+𝛿 and related materials to 

determine their cell parameters. The X-ray diffraction patterns for all the samples were 

indexed using the hexagonal 𝑃63𝑚𝑐 space group. The microstructure, morphological 

properties, and ratio of cations were investigated by means of scanning electron microscopy 

and energy dispersive spectroscopy. 



IV 

 

The modeling of the defect structure of YBaCo4O7+𝛿 was based on the structural 

investigations and the analysis of data reported in the literature. Nominally stoichiometric 

YBaCo4O7 phase was chosen as a reference state and considered to have neutral formal 

charge. Since di- and trivalent cobalt ions occupy the same site in the crystal lattice of 

YBaCo4O7+𝛿, Kröger-Vink compatible notation was chosen to describe cobalt defects. By 

using this information the following defects were identified: Oi
//
, vO
••, CoCo

1

4
/
 and Co

Co

3

4
•

. In order 

to test the proposed defect model oxygen partial pressure dependence of oxygen non-

stoichiometry was studied by thermogravimetric measurements in the temperature range of 

450– 1050℃. The curves of oxygen non-stoichiometry versus oxygen partial pressure were 

fitted according to the defect model. The fitting of this model to the experimental data 

allowed for estimating important thermodynamic parameters of YBaCo4O7+𝛿, including 

standard enthalpies and entropies for oxidation and Anion-Frenkel disorder. The resulting 

standard oxidation enthalpy was equal to −46.8 ± 3.2 kJ/mol. This result was consistent with 

the results reported in literature (−45 kJ/mol) and with results obtained in this thesis directly 

from the oxidation process by means of TG-DSC measurements (−50 ± 5 kJ/mol).  

Then, in order to correlate the oxygen non-stoichiometry and electrical conductivity, the latter 

was measured by a standard four-probe method as a function of oxygen partial pressure in a 

wide range of temperature. The mobility of electron holes was estimated by combining these 

data with calculated concentration of electron holes. The temperature dependence of mobility 

was described in terms of a small polaronic hopping model, and the enthalpy of migration of 

the electron hole was calculated to be 19.9 ± 2.1 kJ mol⁄ . 

Temperature dependencies of electrical conductivity and the Seebeck coefficient were 

investigated under equilibrium conditions in the temperature range 25– 1000℃. The obtained 

data revealed that YBaCo4O7+𝛿 exhibits typical p-type semiconductor behavior in the whole 

investigated temperature region. The transport mechanism of YBaCo4O7+𝛿 was verified by 

analyzing the experimental conductivity data by means of different transport models, 

including Arrhenius, Motts 3D variable range hopping and small polaronic hopping models. It 

was found that the latter model provides a better fit to the experimental data than other 

models. Successful fitting of small polaronic hopping model to the electrical conductivity 

versus temperature data allowed to determine activation energy of conductivity in 

YBaCo4O7+𝛿, which was found to be 18.2 ± 0.6 kJ mol⁄ .  
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From the Seebeck coefficient versus temperature data measured in argon, the thermopower 

activation energy of the YBaCo4O7+𝛿 was estimated to be 1.3 ± 0.3 kJ/mol, which is much 

smaller than activation energy for electrical conductivity. This confirmed the hypothesis that 

the conduction mechanism in YBaCo4O7+𝛿 is due to thermally activated hopping in the whole 

temperature range studied. Moreover, by comparing this value with activation energy of 

mobility, it was concluded that only the mobility of electron holes is activated. It was also 

found that Heikes’ formula could only be used to describe the thermopower of YBaCo4O7+𝛿 

at temperatures above 650℃. By means of this formula, the concentration of electron holes as 

a function of temperature was calculated from Seebeck coefficient data. 

Thermogravimetric measurements were also used to investigate the properties of pure and 

substituted 114 oxides which are important for practical applications, including reversibility 

of the low-temperature process, oxygen uptake/release rates, and dynamic oxygen storage 

capacity. Experiments have shown that all the investigated compounds, with the exception of 

Ca0.5Y0.5BaCo4O7+𝛿, can absorb/desorb large amounts of oxygen with relatively fast oxygen 

uptake/release speeds and in a highly reversible manner. It was suggested that the reason for 

the difference associated with Ca0.5Y0.5BaCo4O7+𝛿 is most likely related to the defect 

chemistry of this oxide rather than its structure or unit cell volume as it was reported in the 

literature. 

The thermoelectric performance of YBaCo4O7+𝛿 oxide was evaluated by calculating the 

power factor and comparing its value with that of the best-known thermoelectric oxides, such 

as NaCo2O4, Ca3Co4O9+𝛿, and others. It was suggested that in order for this material to be 

used in applications in the field of thermoelectric power generation, its electrical conductivity, 

and Seebeck coefficient values must be increased by means of doping/substitution. 
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1 Introduction 

1.1 Background and Motivation 

The world population grew from 1 billion in 1800 to 7.3 billion in 2015, and continues to 

grow at an average rate of 1.1% per year [1]. The ongoing growth of the population, 

accompanied by improved quality of life, spurs the growth of the global economy. This 

phenomenon has furthered industrialization, created greater demand for infrastructure, and 

increased the energy consumption by human civilization. Nowadays, the main sources of 

energy are fossil fuels such as oil, coal, and natural gas. In 2015, the share of fossil fuels in 

total world energy consumption was greater than 80%. However, alongside our ever-growing 

demand for fossil fuels is their limited supply. Fossil fuels are non-renewable, their reserves 

are finite, and their use may cause serious environmental problems. Fossil fuel combustion 

alone is responsible for 87% of human carbon dioxide emissions [2], which are one of the 

primary greenhouse gases that directly contribute to the rising average temperatures on Earth. 

The concentration of carbon dioxide in the Earth's atmosphere has increased from 280 ppm in 

1750 to 400 ppm in 2015 [3, 4]. It should be noted that the largest increase was observed in 

the last 15 years with the average annual rate of increase of 2.3%. However, this trend 

changed slightly in 2014. 

According to the International Energy Agency (IEA), for the first time in at least 40 years, in 

2014 energy consumption growth and energy-related emissions that were constantly related 

and moved in parallel in the same direction, started to decouple [4]. The year 2008 witnessed 

a halt, and even a slight drop, in the level of global CO2 emissions, primarily due to the global 

economic recession and the subsequent decline in the global energy consumption. In 2014, 

energy consumption continued to increase and the growth amounted to a total of 3%, while 

energy-related carbon dioxide emissions remained unchanged from the previous year. Figure 

1.1 illustrates the change in the atmospheric concentration of carbon dioxide caused by human 

activities in the period from 1990 to 2014. At first glance, this may seem like a minor change, 

because the total amount of carbon dioxide in the atmosphere remains at a fairly high level; 

however, the fact that the average level of CO2 emissions did not change during 2014 is 

actually an important victory in the fight against global warming. IEA attributed the halt in 

CO2 emissions growth to the shift toward low-carbon energy sources, the increased 
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deployment of renewable energy, and the development of cleaner, more efficient energy 

technologies [4]. 

 

Figure 1.1: Global CO2 emissions in gigatonnes (Gt) by sector in the period from 1990 to 2014 [4]. 

At the end of 2014, oil prices dropped rapidly from 100 to 50 dollars per barrel, and the price 

has hovered around this level until today. A similar, but less dramatic, price decrease has also 

been observed in the coal and natural gas markets [5]. The drop in the prices of fossil fuels 

has inevitably prompted a reduction in planned investments in renewable energy sources. In 

spite of this, the share of renewables in the world energy market continued to grow, but with a 

slight reduction in the growth rate as shown in Figure 1.2. In order to stabilize the 

atmospheric CO2 concentrations at the level of 2014 year, and prevent it from exceeding the 

critical value of 450 ppm, renewable and environmental-friendly energy technologies must be 

continuously developed and improved upon. 

 

Figure 1.2: Development of global renewable power production by energy source and share of total 

capacity additions [4]. 
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It becomes obvious that a complete transition to renewable energy sources will not occur 

quickly, and up to this time the fossil fuels will continue to play an important role in the 

global economy. It is therefore very important not only to develop alternative energy sources, 

but also to research and study more environmentally-friendly methods to use fossil fuels. One 

way to reduce the negative environmental impacts of fossil fuel use is to introduce new 

functional materials into energy technologies. A good example of such functional materials 

that help to reduce emissions and lower energy consumption is oxygen storage materials 

(OSMs). OSMs are already used as oxygen storage promoters in automotive three-way 

catalyst converters for cleaning exhaust gases [6], and exhibit a great potential for application 

in many novel technologies, such as chemical looping combustion, oxygen permeable 

membranes, oxygen sensors.  

1.1.1 Applications of Oxygen Storage Materials (OSMs) 

OSMs are a class of functional materials which can rapidly and reversibly uptake/release a 

large amount of oxygen. OSMs have been extensively studied over the last thirty years due to 

their remarkably diverse properties and their potential applications. Some of the most 

prominent applications of OSMs are briefly discussed below. 

OSMs as Oxygen Storage Promoters in Automotive Three-way Catalyst 

Converters 

The rapid growth in the use of private vehicles worldwide, especially in highly populated 

countries such as China and India, as well as the growth in exhaust pollution that comes with 

it, has become a global problem [4]. The automotive exhaust gas from a gasoline engine 

contains toxic gases and pollutants, including carbon monoxide, nitrogen oxides, and various 

hydrocarbons. These harmful compounds constitute an extreme environmental hazard. For 

instance, nitrogen oxides are precursors to acid rain and smog, while carbon monoxide is a 

toxic, colorless, and odorless gas, which is the most common cause of fatal air poisoning in 

the world. Three-way catalyst (TWC) converters are used to convert these noxious pollutants 

into more benign substances by redox reactions [7, 8]. In this process, carbon monoxide and 

unburned hydrocarbons (e.g. methane, ethane, other hydrocarbons) are oxidized to carbon 

dioxide and water, while nitrogen oxides are reduced to nitrogen and oxygen. Usually, a TWC 

converter consists of a ceramic monolith with a honeycomb structure, a noble metal reduction 
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and oxidation catalysts (Pt, Rh and/or Pd), and oxygen storage promoters supported on a 

porous Al2O3 washcoat, as shown in Figure 1.3. The exhaust gases flow from an engine into 

the TWC converter, where the following reactions take place [9, 10]: 

 2NO𝑥 → N2 + 𝑥O2 (1.1) 

 2CO + O2 → 2CO2 (1.2) 

 C𝑥H2𝑥+2 + (
3𝑥 + 1

2
)O2 → 𝑥CO2 + (𝑥 + 1)H2O (1.3) 

These reactions occur simultaneously and efficiently only when the air/fuel ratio is around 

14.7. This implies that in order to obtain a high-performing reduction and oxidation catalysts, 

the oxygen partial pressure in the TWC converter must be controlled with high precision. 

However, the composition of the exhaust gas alternates between oxygen-rich and oxygen-

depleted, which constantly changes the air/fuel ratio [11]. The main goal of the oxygen 

storage promoters is to achieve the ideal air/fuel ratio necessary to complete conversion of 

harmful gases to harmless gases over catalysts. This can be done by using materials which 

reversibly and rapidly absorb oxygen under oxygen rich conditions and release oxygen under 

oxygen poor conditions [12]. A large oxygen storage capacity of oxygen storage promoters is 

one of the most important functions required for commercial automotive TWC converters 

[13]. Therefore, the OSMs have been utilized extensively in TWC converters as oxygen 

storage promoters [10, 14]. Figure 1.3 illustrates the major components of a TWC converter 

and the working principle of the OSMs within it. However, the main problem with OSMs in 

TWC converters is their operation temperature. 70% of unburned hydrocarbon emissions 

occur during the first 1.5 minutes after a car being started, due to most of the commercial 

oxygen storage promoters not exhibiting oxygen storage/release behavior at temperatures 

below 500℃. Hence, the car engine must first warm up the exhaust gas to a sufficiently high 

temperature before the oxygen storage promoters can begin to regulate oxygen partial 

pressure in the TWC converter [15, 16]. In addition, emission standards and regulations for 

automobiles are getting stricter. Currently, the level of pollutant conversion for a TWC 

converter must be not lower than 96%, and its lifespan at least 260,000 kilometers [17]. In 

this regard, new stable OSMs with large and highly reversible OSC at relatively low 

temperatures (< 400℃) are strongly requested in order to meet the stringent emission 

restrictions. 
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Figure 1.3: Schematic showing the major components of a TWC converter and its working principle. 

OSMs as Catalysts in Production of Syngas 

Syngas is a gas mixture consisting of CO, H2 and CO2. There are three main applications of 

syngas; as a fuel source for gas engines, as an intermediate in the production of other 

chemicals (e.g. methanol, ammonia), and in electricity generation by combustion of syngas. 

Syngas is normally produced via steam reforming or gasification of hydrocarbon feedstock 

(i.e. natural gas, liquid hydrocarbon, biomass or coal). However, this production process is 

not without its drawbacks: it is relatively expensive, generates high CO2 emissions, and is 

often insufficiently efficient. Therefore, nowadays, the development of new syngas 

production methods is a hot topic in the fields of solid-state chemistry and petrochemistry 

[18-20]. Partial oxidation of methane, which is a predominant component of natural gas, is a 

highly promising method for production of syngas. Here, it should be emphasized that the 
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main drawback of this method is the risk of explosion by mixing pure oxygen with methane. 

The OSMs can be used in this process as a source of lattice oxygen for oxidation of methane 

[21]: 

 OSM(oxygen rich) + CH4 → OSM(oxygen depleted) + CO + 2H2 (1.4) 

After this reaction, air, as a source of oxygen, can be used for re-generation of the OSM. The 

use of OSMs makes production of syngas by partial oxidation of methane cheaper and much 

safer. However, only the materials with the specific properties can be used for this 

application, namely large OSC, high oxygen mobility, good thermal stability and high 

catalytic activity [21, 22]. 

OSMs as Membranes for Hydrogen Production by Water Splitting 

Hydrogen, like electricity, is an excellent clean energy carrier that can be used in fuel cells to 

power engines without producing emissions. Hydrogen is usually produced by the same 

methods as syngas: steam reforming/gasification of hydrocarbon feedstock or partial 

oxidation of methane. As before, these methods also produce large amounts of CO2 as a by-

product and require the burning of fossil fuels. Only 4% of all commercially-produced 

hydrogen is produced via electrolysis and other environmentally-friendly production methods 

[23]. This is due to the fact that the water splitting into hydrogen and oxygen via electrolysis 

is a more expensive hydrogen production method than producing it from fossil fuels and the 

overall hydrogen production efficiency is too small. In addition, in electrolysis method, water 

is split by electricity, and the amount of consumed energy exceeds the amount of energy 

obtained from the produced hydrogen. Thus, new, clean, economical, and safe hydrogen 

production methods are strongly required. One such method is thermochemical conversion of 

solar radiation to hydrogen via a high-temperature water splitting [24]. This method is based 

on the use of concentrating solar power to reach high temperatures necessary for the water 

splitting process. It is important to note here that in addition to the hydrogen, pure oxygen is 

produced as a waste product and may be utilized in various applications. The OSMs may be 

used as porous ceramic membranes for separation of reaction products, oxygen and hydrogen 

[25]. 
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OSMs as a Source of Pure Oxygen for Hydrogen Production via Chemical-

looping Reforming 

Another very promising method of producing hydrogen is via a chemical-looping reforming 

(CLR) process [26-28]. In this method, OSMs with high oxygen partial pressure sensitivity, 

good cyclic stability of oxygen uptake/release process and high operation temperature 

(800– 1000℃), are used as a source of pure oxygen for oxidation of hydrocarbon based fuel 

[25, 28]. Figure 1.4 represents a schematic of the CLR system. The CLR system has two 

reactors; a fuel reactor and an air reactor. OSMs continuously move from one reactor to 

another. In the fuel reactor OSMs release oxygen, which is used to partially oxidize the fuel to 

H2, CO, CO2and H2O. In the air reactor, OSMs take up oxygen and its oxygen content returns 

to oxygen-rich values. Hydrogen production via CLR process has several potential benefits 

compared to conventional technologies. For instance, products are not diluted with N2, high-

purity H2 can be produced with high efficiency, while obtained pure stream of CO2 can be 

easily captured in an emission source or utilized [27].  

 

Figure 1.4: Schematic showing CLR system according to the model from Ref. [26]. 

Other Applications of OSMs 

The OSMs can have many other practical applications than the ones mentioned in detail 

above. For instance, efficient OSMs can be used as membranes for oxygen separation from air 

[29, 30], as membranes for direct decomposition of nitrous oxides to nitrogen [31] or as 

oxidizing agents in various anaerobic processes [32]. One possible application of OSMs is in 

the production of high purity oxygen, which is used in many high-temperature production 
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processes, e.g. oxy-fuel combustion process in welding, cutting of steel, or for semiconductor 

device fabrication [33, 34]. According to Abughayada et al. [35], more than 100 million tons 

of pure oxygen is produced globally every year through air separation. The major 

disadvantage of this method is the high price of the produced oxygen, because a high amount 

of energy is required to liquefy air [36]. Using new methods for production of high purity 

oxygen, namely swing adsorption, vacuum swing adsorption or ionic transport membranes 

(ITM) technology, can significantly reduce the production costs. ITM technology is the most 

promising method for oxygen separation from air because it provides the production of 

oxygen with highest purity and with little or no carbon footprint. An efficient ITM material 

must exhibit high mixed ionic–electronic conductivity. Therefore, most of the OSMs are very 

well-suited for ITM technology [25]. For the same reason, OSMs may be utilized as cathode 

materials in solid oxide fuel cells (SOFCs) [37, 38]. Moreover, OSMs exhibit a great potential 

for application as oxygen sensor devices [39, 40]. Currently, there is an intensive search for 

new OSM candidates, which may lead to the discovery of completely new uses and 

applications for OSMs. 

1.1.2 Yttrium Barium Heptaoxocobaltate 

Yttrium barium heptaoxocobaltate, YBaCo4O7+𝛿, is an OSM that has attracted significant 

attention over the last decade. The reason is that YBaCo4O7+𝛿 and related materials (so-called 

114 oxides) possess an attractive combination of oxygen diffusion properties, such as large 

oxygen storage capacity, high reversibility of oxygen uptake/release process at considerably 

low temperatures around 300℃, fast absorption/desorption speeds and many others [41, 42]. 

In addition, these materials also have high mixed ionic and electronic conductivity, high 

electrochemical activity, high concentration of a catalytic metal such as cobalt, low thermal 

expansion coefficients and many others [43-45]. The major drawbacks of these oxides are 

poor phase stability in the temperature range of 600– 900℃ and high costs and toxicity of 

cobalt [35, 46, 47]. However, 114 oxides exhibit high degree of chemical flexibility, and 

hence their functional properties can be improved or serious shortcomings can be removed 

through various cation substitutions. It has been proven that this is an effective method to 

improve the properties of these oxides [16, 48]. Therefore, such a unique collection of 

miscellaneous properties in one system makes 114 oxides promising candidate materials for 

various applications. 
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1.2 Objective of the Thesis 

The 114 oxides are one of the most heavily-researched oxygen storage materials, due to their 

unique oxygen uptake/release properties at relatively low temperatures. Although the oxygen 

uptake/release properties of 114 oxides at low and high temperatures are well-documented, 

the exact mechanism and thermodynamics of these processes are not yet clearly established.  

To the best of our knowledge, the defect structure of YBaCo4O7+𝛿 has not yet been reported 

in the literature. Therefore, the main objective of this thesis is to develop a defect model for 

YBaCo4O7+𝛿, to be able to extract thermodynamic and transport parameters. The 

development of a defect model for these materials could be an important step not only in the 

understanding of the low-temperature oxygen uptake/release phenomena and high-

temperature phase decomposition, but also in optimization of their functional properties for 

practical applications. 

Within the scope of the thesis different synthesis routes will be utilized to prepare 

YBaCo4O7+𝛿, and the obtained samples will then be compared by means of X-ray powder 

diffraction and scanning electron microscopy combined with energy dispersive X-ray 

spectroscopy. Moreover, a series of 𝑅BaCo4O7+𝛿  (𝑅 = Y, Ca, Eu, Sm, Gd, Tb, Dy, Ho, Yb) are 

to be synthesized in order to characterize their oxygen uptake/release properties. The effects 

of different substitutions on the redox properties will be examined by means of 

thermogravimetry. 

At present, there is no systematic study of oxygen partial pressure dependence of electrical 

properties of 114 oxides under equilibrium conditions. Therefore, another important aim of 

this thesis is to study the electrical conduction mechanisms in YBaCo4O7+𝛿 in the temperature 

range of 25– 1000℃. For this purpose, oxygen non-stoichiometry, electrical conductivity and 

Seebeck coefficients will be measured as a function of temperature and oxygen partial 

pressure.  

Several other properties of these oxides, which are important for practical applications, will 

be investigated, including but not limited to reversibility of low-temperature oxygen 

uptake/release process, oxygen storage capacity and thermoelectric power factor. Ultimately, 

this work aims to improve the understanding of the complex relationship between defect 
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chemistry and properties of 114 oxides, which can subsequently aid in the development of 

these oxides and their applications. 
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2 Theory and Methods 

This chapter is divided into two parts: First, a discussion of the basic principles of defect 

chemistry, and second, a presentation of the theory behind its experimental methods. This first 

part begins by introducing different types of defects in elemental and ionic solids, the notation 

system of defects, and some simple rules for writing defect reactions. Next, the 

thermodynamics of defect formation are discussed, and a useful expression for the 

equilibrium coefficient of defect reactions is derived. The second part covers the basic theory 

for experimental methods to be used in this work, including synthesis, diffusion, electrical and 

thermogravimetric measurements, iodometric titration, and X-ray diffraction. 

2.1 Defect Chemistry 

2.1.1 Defects in Crystalline Materials 

Defects play an important role for many properties of crystalline materials (e.g. electrical, 

mechanical, optical properties). Defect chemistry, the description of a material’s defect 

properties, as such allows many crystal and redox chemical phenomena to be understood and 

explained. All materials described in this thesis are crystalline. In an ideal crystalline 

compound, atoms, ions, or molecules would be arranged in a periodic and often highly 

symmetric manner. At finite temperatures, however, there is always some deviation from 

long-range orders in real crystalline compounds. Any deviation from this three-dimensional 

long-range order can be considered a defect. Wagner and Schottky [49] showed that all 

materials at any temperature above 0 K contain defects. 

There are two main types of defects in crystalline solids: structural (ionic) and electronic 

defects. One way of classifying the structural defects is via their dimensionality. Table 2.1 

lists the different types of structural defects, their dimensions, and characteristics, as well as 

providing some examples. The electronic defects include electrons and electron holes.  

There are two reasons for the formation of the electronic defects: internal excitation of 

valence electrons and association with point defects. In response to external perturbations – 

such as heat, radiation, or an electric field – the defect electrons and electron holes may move 
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relatively freely in the material. A material may have all of the aforementioned types of 

defects simultaneously, but only some of these defects will predominate [50]. 

Table 2.1: Types of structural defects in crystalline solids. 

Defect Dimension Examples Characteristics 

point defects 0D 

vacancies; 

interstitial atoms; 

substitutional atoms; 

protons 

limited to one 

structural or lattice 

site; 

randomly distributed 

and isolated 

line defects 1D 

edge and screw 

dislocations; 

row of point defects 

(e.g. row of 

vacancies) 

extended structural 

defects 
planar defects 2D 

grain boundaries; 

stacking faults; 

twinnings; 

antiphase boundaries; 

crystallographic 

shear structures; 

internal and external 

surfaces; 

row of dislocations 

volume defect 3D 

defect clusters; 

voids; 

precipitations or 

inclusions of separate 

phases 

2.1.2 Kröger-Vink and Kröger-Vink Compatible Notations 

The Kröger-Vink (K-V) notation system is used to describe point defects and structural units 

in crystals [51]. The K-V notation consists of 3 parts: the major symbol describing the 

species, the subscript indicating the lattice site that it occupies in a crystal, and the superscript 

corresponding to its effective charge (Figure 2.1). The effective charge can be calculated by 

subtracting the real charge that the perfect crystal would have had from the real charge of the 

defect species. The square brackets around the K-V defect symbol denote the concentration of 
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this structural point defect, whereas the concentration of defect electrons and electron holes 

are denoted by 𝑛 and 𝑝, respectively. 

 

Figure 2.1: Kröger-Vink notation. 

Kröger-Vink compatible notation is a set of conventions that are used to describe and 

calculate the defect structure of inherently disordered, pure, unsubstituted compounds. It was 

proposed by Norby in 2009 [52]. It differs from traditional notation, namely in that K-V 

compatible notation can also define a partially occupied site as a perfect state. This inevitably 

leads to the introduction of fractional effective charges. In the next chapter, it will be shown 

that Co2+ and Co3+ cations are randomly distributed in the cation sublattice in YBaCo4O7+𝛿. 

This has also been firmly established by several research groups [53-57]. Therefore, cobalt 

defects in YBaCo4O7+𝛿 can be expressed by a compatible K-V notation. 

K-V notation can also be used to write equations for the equilibrium reactions of defect 

formation. The rules for writing defect reactions are similar to those of ordinary chemical 

reactions in aqueous solutions, including the requirements of a mass balance (the same 

number and types of atoms) and electroneutrality (the same total effective charge) before and 

after the formation/annihilation of the defect. However, since defect chemistry is closely 

related to the crystal structure of a material, defect reactions have an additional requirement of 

conserving the ratio of regular structure sites in the crystal lattice. This means that the ratio of 

the number of regular anion and cation sites in a crystalline compound must remain constant 

throughout the defect reaction. 

It should also be noted that despite almost all materials contain defects, these materials are 

also electrically neutral due to the crystals’ inability to acquire a charge [58]. The term 

effective charge: 
 

 positive (•) 

 negative (/) 

 neutral (x) 
  

species: 
 

 element symbol 

 vacancy (v) 

 electron (e) 

 electron hole (h) 
 
 lattice site: 

 

 element 
symbol 

 interstitial (i) 
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"electroneutrality condition" refers to the conditions where the sum of concentrations of 

defects with effective positive charges is equal to the sum of concentrations of defects with 

effective negative charges, and can be expressed as such: 

 ∑𝑧[𝑠𝑧]

s

= 0 (2.1) 

where [𝑠𝑧] is the concentration of the species 𝑠𝑧 with the charge ′𝑧′. 

2.1.3 Oxygen Defects in Oxides 

In stoichiometric compounds, the formation of defects occurs internally in the crystal. 

However, near-stoichiometric compounds are very rare, and usually the formation of defects 

occurs through reactions with its surroundings. Such materials are called nonstoichiometric, 

and they contain an excess of a certain type or types of defects.  

Broadly speaking, an oxygen non-stoichiometric material is a material with oxygen excess or 

deficient compared to the parent material. The presence of oxygen non-stoichiometry, makes 

it possible for oxygen ions to be adsorbed and released [59]. This behavior in many 

nonstoichiometric oxides is highly reversible and can be controlled by changing the 

temperature or surrounding oxygen partial pressure. At the same time, oxygenic non-

stoichiometry is usually related to elements showing multiple oxidation states, and hence it 

affects many other properties depending on the redox couples. For instance, many efficient 

superconductive and thermoelectric materials exhibit oxygen non-stoichiometry [42]. 

Therefore, the precise and effective control of the oxygenic non-stoichiometry in materials is 

important to either enhance their properties or to mitigate any serious drawbacks. 

There are four main ways in which oxygenic non-stoichiometry forms in oxides: oxygen 

interstitials (La2NiO4+𝛿 [60], La4Co3O10+𝛿 [61]), cation vacancies (𝐴1−𝑥O (𝐴 = Fe, Co, Ni) 

[50]), oxygen vacancies (YBa2Cu3O7−𝛿 [6], GdBaCo2O6−𝛿 [62]), and cation interstitials 

(Cd1+𝑥O [50]). The first two (i.e. oxygen interstitials and cation vacancies), correspond to an 

overall excess of oxygen, while the latter two (i.e. oxygen vacancies and cation interstitials) 

correspond to an overall oxygen deficiency [42]. The electroneutrality of nonstoichiometric 

compounds is maintained through the formation of point defects that is compensated by 

means of electronic defects. 
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2.1.4 Defect Equilibria and Thermodynamics 

The simplest way to understand the thermodynamics of defect formation and of defect 

reactions is by considering the simple case of formation of 𝑛𝑣 isolated and non-interacting 

vacancies in an elemental solid. The similarity between traditional chemical reactions and 

defect reactions makes it possible to apply statistical thermodynamic approach to this system. 

The Gibbs free energy change (Δ𝐺) of a chemical reaction depends on the enthalpy change 

(Δ𝐻), the absolute temperature (𝑇) and the entropy change (Δ𝑆), which gives: 

 Δ𝐺 = Δ𝐻 − 𝑇Δ𝑆 (2.2) 

The total change in Gibbs free energy associated with the formation of 𝑛𝑣 vacancies has both 

linear and nonlinear dependences of the number of formed vacancies, and can be written as:  

 ∆𝐺 = ∆𝐺𝑙𝑖𝑛 + ∆𝐺𝑛𝑜𝑛𝑙𝑖𝑛 (2.3) 

Figure 2.2: outlines the Gibbs free energy change as a function of 𝑛𝑣. 

 

Figure 2.2: Variation of Gibbs free energy of formation of 𝑛𝑣 vacancies with the number vacancies in 

an elemental solid [58]. 

∆𝐺𝑙𝑖𝑛 has both enthalpy and entropy contributions: the formation enthalpy change (∆f𝐻𝑣𝑎𝑐) 

associated with the energy costs related to the formation of the vacancies and the vibration 

entropy change (Δ𝑆𝑣𝑖𝑏) related to the entropy changes created by vibrations of formed 

vacancies. In turn, ∆𝐺𝑛𝑜𝑛𝑙𝑖𝑛 has only entropy contribution, which is called configurational 

entropy change (∆𝑆𝑐𝑜𝑛𝑓). The configurational entropy change is the major driving force 
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behind vacancy formation and it represents the distribution of the formed vacancies among 

the total numbers of lattice sites [58]. Configurational entropy change for the perfect crystal 

can be expressed by Boltzmann's entropy formula: 

 ∆𝑆𝑐𝑜𝑛𝑓 = 𝑘𝐵 ln(𝑊) = 𝑘𝐵 ln (
(𝑁 + 𝑛𝑣)!

𝑁! 𝑛𝑣!
) (2.4) 

where 𝑘𝐵 is Boltzmann's constant and 𝑊 is the thermodynamic probability corresponding to 

the number of ways 𝑛𝑣 vacancies can be arranged in the total numbers of lattice sites, 𝑁 + 𝑛𝑣. 

In real materials, 𝑁 and 𝑛𝑣 have very large values, and therefore Stirling's approximation can 

be used in order to simplify previous equation: 

 ∆𝑆𝑐𝑜𝑛𝑓 = 𝑘𝐵 (𝑁ln (
𝑁 + 𝑛𝑣
𝑁

) + 𝑛𝑣ln (
𝑁 + 𝑛𝑣
𝑛𝑣

)) (2.5) 

Inserting into equation (2.3) yields: 

∆𝐺 = 𝑛𝑣(∆𝑓𝐻𝑣𝑎𝑐 − 𝑇∆𝑆𝑣𝑖𝑏) − 𝑇 (𝑘𝐵 (𝑁 ln (
𝑁 + 𝑛𝑣
𝑁

) + 𝑛𝑣 ln (
𝑁 + 𝑛𝑣
𝑛𝑣

))) (2.6) 

Next, equilibrium vacancy concentration (𝑛𝑒𝑞) can be determined by finding the minimum in 

∆𝐺 by differentiation: 

 
𝜕∆𝐺

𝜕𝑛𝑣
= ∆𝑓𝐻𝑣𝑎𝑐 − 𝑇∆𝑆𝑣𝑖𝑏 + 𝑘𝐵𝑇 ∙ ln (

𝑛𝑣
𝑁 + 𝑛𝑣

) = 0 (2.7) 

The term in brackets in the expression above corresponds to the inverse of the equilibrium 

concentration of the formed vacancies. According to the mass action law, this concentration is 

equal to site fraction of vacancies in the crystal (𝑋𝑣𝐸) or to activity (𝑎𝑣𝐸), and is expressed by 

so-called equilibrium coefficient (𝐾): 

 𝐾 = 𝑋𝑣𝐸 = 𝑎𝑣𝐸 =
𝑛𝑣

𝑁 + 𝑛𝑣
= e

(
−∆𝐺
𝑘𝐵𝑇

)
= e

(
∆𝑆𝑣𝑖𝑏
𝑘𝐵

)
∙ e
(
−∆𝑓𝐻𝑣𝑎𝑐
𝑘𝐵𝑇

)
 (2.8) 

The equilibrium coefficient is considered a coefficient and not a constant because it depends 

on temperature. If activities use standard states as a reference, standard Gibbs free energy 

change must be used, such that equation (2.8) takes the form: 
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𝐾 = e

(
−∆𝐺0

𝑘𝐵𝑇
)
= e

(
𝛥𝑆𝑣𝑖𝑏
0

𝑘𝐵
)
∙ e
(
−∆𝑓𝐻𝑣𝑎𝑐

0

𝑘𝐵𝑇
)
 

(2.9) 

where ∆𝐺0 is the standard Gibbs energy change, 𝛥𝑆𝑣𝑖𝑏
0  is the standard entropy change, and 

∆𝑓𝐻𝑣𝑎𝑐
0

 is the standard enthalpy change. 

2.1.5 Defect Structure 

The defect structure of an oxide represents a full description of the structural and electronic 

defects present in the material. Moreover, the overall defect structure of an oxide contains 

equilibrium concentrations of the different point defects in the oxide as a function of 

temperature, partial pressure of different gases, and concentrations of foreign species.  

Defect structures are usually illustrated schematically by sketching van 't Hoff plots and/or 

Brouwer diagrams. Van 't Hoff plots represent logarithmic defect concentrations as a function 

of inverse temperature. The Brouwer diagram is a double logarithmic diagram of defect 

concentrations as a function of activities (e.g. oxygen, hydrogen, water vapour partial 

pressures) of material components or impurity concentrations at a fixed temperature. The 

concentrations of defects can be found by using the equilibrium coefficient expressions 

(mass-action terms) together with an expression for the full or simplified electroneutrality 

condition. 

2.1.6 Defects in YBaCo4O7+δ 

To the best of our knowledge, the defect structure of YBaCo4O7+𝛿 has not yet been reported 

in the literature. However, there are several factors indicating the presence of a large number 

of defects in YBaCo4O7+𝛿, including a wide range of non-stoichiometry, the presence of the 

transition metal with the mixed valence and a complex crystal structure of these oxides. Based 

on a review of the existing literature, there was no information found indicating the presence 

of any significant amount of yttrium or barium defects in YBaCo4O7+𝛿 [47]. At the same 

time, it is well known that YBaCo4O7+𝛿 shows significant variations in oxygenic 

stoichiometry directly related to the variable valence state of cobalt [42, 63]. It is therefore 

logical to suppose that both oxygen and cobalt are directly involved in the formation of 

defects in YBaCo4O7+𝛿. However, these defects cannot be accurately identified without 

selecting a reference state and without deeper study of the transport properties of 
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YBaCo4O7+𝛿. Structural, thermogravimetric, and electrical measurements may provide 

sufficient information to determine the exact defect structure of this material. Thus, the defect 

structure of YBaCo4O7+𝛿 will be gradually developed throughout this entire work. 

Doping or substitution of materials is an effective method to create new defects in a 

controlled manner. Depending on the concentration, dopants/substituents can affect not only 

defect concentrations in the material, but also all defect-dependent properties. In this thesis, 

yttrium in YBaCo4O7+𝛿 will be partly substituted with Ca and Tb. In what follows throughout 

this thesis, a number x will be used to indicate the molar fraction of the substituent in 

Y1−𝑥𝑀𝑥BaCo4O7+𝛿 (𝑀 = Ca or Tb). 

2.2 Theory behind the Experimental Methods 

In this section, the theory behind the main experimental methods utilized in this work will be 

briefly described. 

2.2.1 Synthesis of Inorganic Materials 

In this work, the 114 oxide samples were prepared in pellet and polycrystalline forms by the 

standard solid-state reaction route (SSR) and using the wet chemical reaction route (WCR). 

SSR route is the oldest and the most common method for preparing inorganic materials. This 

method is based on the direct reaction between solid reactants at high temperatures. However, 

the SSR can also be caused by high pressure or applying mechanical forces. This method 

gained widespread popularity because it is simple to use, relies on relatively inexpensive and 

widely-available starting materials (e.g. oxides, carbonates), and its reactions do not involve 

extraneous chemicals. At the same time, the major drawbacks of the SSR synthesis are high 

probability of formation of non-homogeneous products, which is particularly undesirable for 

synthesis of doped materials, possibility of evaporation of volatile constituents, and possible 

reactions between the sample and crucible, associated with the use of high temperature. All of 

these shortcomings can lead to deviations from the exact stoichiometry in the final products 

and to the formation of secondary phases [64]. In spite of this, the SSR route was used in this 

work, and it led to excellent results both for pure and substituted YBaCo4O7+𝛿. Oxides and 

carbonates were chosen as starting components. By assuming that CO2 and O2 to be the only 
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gaseous reaction products, the total chemical reaction that took place in the case of YBaCo4O7 

can be written as: 

1

2
Y2O3(s) + BaCO3(s) +

4

3
Co3O4(s) → YBaCo4O7(s) + CO2(g) +

5

12
O2(g) (2.10) 

The problems associated with poor homogeneity of materials obtained through the SSR route 

can be avoided by using the WCR route. The first step in the WCR synthesis method is to 

dissolve starting materials, usually nitrates or acetates, in water or some organic solvent, 

depending on the solubility of the compounds. This results in the formation of the suspension 

of colloidal particles in a solvent that can be stabilized by introducing a complexing agent into 

the system. The next step is the evaporation of the solvent and formation of gel, which can 

then be combusted into raw ash at elevated temperatures. Subsequently, the obtained raw ash 

cations are mixed at an atomic level. Further calcination and sintering of the raw ash results in 

the formation of highly stoichiometric material [64, 65]. Despite the seeming simplicity of the 

WCR method, it can be very difficult to reproduce even with detailed instructions for a 

particular material. The reason for this is that the successful synthesis of the material by this 

method may depend on many factors, such as the 𝑝H ratio between cations and the 

complexing agent, precipitation before gelation, and many others. 

2.2.2 Relative Density 

Relative density is the ratio of the measured density of a material to its theoretical density 

[66]. In other words, the relative density indicates how dense the obtained sample is compared 

to the reference material. The theoretical density, 𝜌𝑡ℎ𝑒𝑟 , can either be taken directly from the 

literature or calculated from structural parameters by means of the following equation: 

 𝜌𝑡ℎ𝑒𝑟 =
𝑍𝑀

𝑉𝑁𝐴
 (2.11) 

where 𝑍 denotes the number of formula units per unit cell, 𝑀 is the molecular weight of the 

compound, 𝑉 is the unit cell volume and 𝑁𝐴 is the Avogadro constant. Hence, for 114 oxides, 

which have hexagonal symmetry, equation (2.11) can be written as 
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 𝜌𝑡ℎ𝑒𝑟 =
𝑍𝑀

𝑎2𝑐𝑁𝐴 ∙ 𝑆𝑖𝑛(60𝑜)
 (2.12) 

where 𝑎 and 𝑐 are the unit cell parameters.  

The practical density of a material can be calculated from its mass and volume. In this study, 

the samples were prepared in the form of cylindrical pellets, thus their measured density, 

𝜌𝑚𝑒𝑎𝑠, is given by: 

 𝜌𝑚𝑒𝑎𝑠 =
𝑚

𝜋𝑟2ℎ
 (2.13) 

where 𝑚, 𝑟, and ℎ correspond to the mass, radius, and thickness of the pellet, respectively. 

The relative density of the pellet of the material with hexagonal symmetry is thus given by: 

 𝜌𝑟𝑒𝑙 =
𝜌𝑚𝑒𝑎𝑠 
𝜌𝑡ℎ𝑒𝑟 

∙ 100% =
𝑚𝑎2𝑐𝑁𝐴 ∙ 𝑆𝑖𝑛(60

𝑜)

𝜋𝑟2ℎ𝑍𝑀
∙ 100% (2.14) 

It may be noted that the measured and theoretical densities have units of g/cm3, while the 

relative density is expressed as a percentage. 

2.2.3 Diffusion 

Diffusion can be simply defined as the movement of species – such as particles, atoms, ions, 

molecules – through a medium down a concentration gradient. The presence of defects in 

crystalline materials makes diffusion possible. Therefore, the diffusion mechanism in a 

material is directly related to its defect structure. Different mechanisms can be classified 

according to the defects involved in a diffusion. Two of the most common mechanisms for 

diffusion of point defects are vacancy mechanism and interstitial mechanism. The former 

mechanism involves jumping of atoms at regular sites into neighboring vacancies, while the 

latter describes jumping of interstitial atoms between interstitial sites. Both mechanisms are 

illustrated in Figure 2.3. 
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Figure 2.3: Schematic illustration of (a) vacancy and (b) interstitial mechanisms. 

In this thesis, the random walk diffusion approach is used in order to describe the movement 

of charged carriers. The term ‘random diffusion’ means that the movement of individual 

charge carriers occurs in all directions and is independent from all the previous steps. The 

diffusion coefficient, 𝐷, for three-dimensional random diffusion in crystalline solids is given 

by: 

 𝐷 =
1

6
𝑠2
𝑛

𝑡
=
1

6
𝑠2𝛤 (2.15) 

where 𝑠 is the jump distance, 𝑛 is the number of jumps, 𝑡 is the time, and 𝛤 denotes the jump 

frequency. The jump frequency depends on several factors and can be written as: 

 𝛤 = 𝜔𝑍𝑁𝑑 (2.16) 

where 𝜔 is the frequency of sufficiently energetic jump attempts, 𝑍 denotes the number of 

neighboring sites to jump to, and 𝑁𝑑 is the concentration of defects. The defect concentration 

can be expressed in terms of defect formation enthalpy and defect formation entropy, and can 

be written as:  

 𝑁𝑑 = e
(
−∆𝐺𝑑
𝑅𝑇

) = e(
𝛥𝑆𝑑
𝑅
) ∙ e(

−𝛥𝐻𝑑
𝑅𝑇

)
 (2.17) 

where 𝑅 is the gas constant and 𝑇 is the absolute temperature. ∆𝐺𝑑, 𝛥𝑆𝑑, 𝛥𝐻𝑑 represent the 

Gibbs energy, entropy and enthalpy change, respectively, associated with defect formation. 

Every time the species (e.g. atom, ion, or molecule) diffuses from one definite site in the 

crystal to another, it must overcome an energy barrier. The height of such a potential energy 
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barrier is given by the activation energy that the species must overcome during a jump. In 

1951, American physicist C. M. Zener proposed using a complex activated process in which 

the species may be in one of two states: initial or activated. The former corresponds to the 

equilibrium initial state of the species before the jump, while the latter corresponds to the state 

at the top of the potential barrier. In this case, the frequency of sufficiently energetic jump 

attempts from the initial equilibrium site to the neighboring equilibrium site is given by: 

 𝜔 = 𝜈e(
−∆𝐺𝑚
𝑅𝑇

) = 𝜈e(
𝛥𝑆𝑚
𝑅
) ∙ e(

−𝛥𝐻𝑚
𝑅𝑇

)
 (2.18) 

where ∆𝐺𝑚, 𝛥𝑆𝑚, 𝛥𝐻𝑚 are Gibbs energy entropy and enthalpy change of the activated 

process, respectively; 𝜈 denotes the vibration frequency, which can be assumed to be equal to 

Debye frequency. 

The diffusion coefficient in crystalline solids is thus obtained by combining equations (2.15)-

(2.18): 

 𝐷 =
1

6
𝑠2𝜈𝑍 ∙ e(

𝛥𝑆𝑚+𝛥𝑆𝑑
𝑅

) ∙ e(
−𝛥𝐻𝑚−𝛥𝐻𝑑

𝑅𝑇
)
 (2.19) 

Equation (2.19) can take the Arrhenius equation form: 

 𝐷 = 𝐷0e
(
−𝑄
𝑅𝑇
)
 (2.20) 

𝐷0 is called the pre-exponential factor, which in this case is given by: 

 𝐷0 =
1

6
𝑠2𝜈𝑍 ∙ e(

𝛥𝑆𝑚+𝛥𝑆𝑑
𝑅

)
 (2.21) 

𝑄 is called the activation energy for diffusion and it is equal to the sum of defect formation 

enthalpy change and enthalpy change of the activated process: 

 𝑄 = 𝛥𝐻𝑚 + 𝛥𝐻𝑑 (2.22) 

2.2.4 Electrical Conductivity 

There are two types of charge carriers in metal oxides: the ionic (cations, anions, and foreign 

ions) and the electronic (electrons and electron holes) charge carriers. Typically, depending 
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on the temperature and oxygenic pressure, only one type of charge carrier will predominate in 

a metal oxide. The driving forces for the transport of ionic and electronic charge carriers in 

metal oxides are both chemical and electrical potential gradients. Electrical conductivity, in 

turn, describes the ability of a material to transport charge carriers under applied electrical 

field. In this section, the expressions for the electrical conductivity and its temperature and 

oxygen partial pressure dependencies are derived. 

The electrical force, 𝐹, acting on a point charge 𝑧 under applied electrical field, 𝐸, is given 

by: 

 𝐹 = 𝑧 ∙ 𝐸 (2.23) 

Similarly, the force acting on a charge species of type 𝑖 as it moves in solid down the 

electrical potential gradient can be written as: 

 𝐹 = −𝑧𝑖𝑒 ∙
𝜕𝛷

𝜕𝑥
= 𝑧𝑖𝑒𝐸 (2.24) 

where 𝑧𝑖𝑒 denotes the charge of the charge species, and 𝛷 corresponds to the electrical 

potential. 

The driving force gives rise to the net current density, 𝑖𝑖, is defined as: 

 𝑖𝑖 = 𝑧𝑖𝑒𝑗𝑖 = 𝑧𝑖𝑒𝑐𝑖𝜇𝑖𝐸 (2.25) 

where 𝑗𝑖 = 𝑐𝑖𝜇𝑖𝐸 denotes the flux density, 𝑐𝑖 corresponds to the volume concentration of the 

species, and 𝜇𝑖 is the charge carrier mobility. 

Finally, relying on the fact that the net current density is proportional to the partial electrical 

conductivity of the charge species, 𝜎𝑖, through 𝑖𝑖 = 𝜎𝑖𝐸, the expression for the latter can be 

written as: 

 𝜎𝑖 = 𝑧𝑖𝑒𝑐𝑖𝜇𝑖 (2.26) 

The total electrical conductivity, which corresponds to the sum of the partial electrical 

conductivities of all the contributing charge species, may thus be written as: 



Theory and Methods  Jevgenijs Semjonovs 

 

24 

 

 𝜎 =∑𝜎𝑖
𝑖

 (2.27) 

For mixed conductors that exhibit both ionic and electronic conductivities the total electrical 

conductivity is then given by: 

 𝜎 = 𝜎𝑖𝑜𝑛 + 𝜎𝑒𝑙 = 𝜎𝑐𝑎𝑡 + 𝜎𝑎𝑛 + 𝜎𝑛 + 𝜎𝑝 (2.28) 

where 𝜎𝑐𝑎𝑡, 𝜎𝑎𝑛, 𝜎𝑛 and 𝜎𝑝 are the electrical conductivities of cation, anion, electron, and 

electron holes respectively. Despite many oxides exhibiting mixed ionic and electronic 

conductivities, the vast majority of metal oxides are electronic conductors at high 

temperatures. This is due to the electron and electron hole motilities in metal oxides typically 

being several orders higher than the ions’ mobilities. The expression for the total conductivity 

of an electronic conductor can be obtained through a combination of equations (2.26) and 

(2.28), namely: 

 𝜎 = 𝑒𝑛𝜇𝑛 + 𝑒𝑝𝜇𝑝 (2.29) 

where 𝑛 and 𝑝 denotes the charge carrier concentrations of electrons and electron holes 

respectively, while 𝜇𝑛 and 𝜇𝑝 correspond to their mobile nature. The total conductivity may 

have significant contributions from both electron and electron hole conductivities only in 

oxides that are close to stoichiometric. Nevertheless, such materials are quite rare, and hence 

only one type of these charge carriers predominates via differences in mobility. 

The Nernst-Einstein relation expresses the relationship between the random diffusion 

coefficient, 𝐷𝑖, and the electrical conductivity, 𝜎𝑖: 

 
𝐷𝑖
𝑘𝐵𝑇

=
𝜎𝑖

𝑐𝑖(𝑧𝑖𝑒)2
 (2.30) 

2.2.5 Electronic Conduction Models 

The transport mechanism of the electronic charge carried in an oxide depends on several 

factors (e.g. structure, defect structure, composition), and hence can vary from one material to 

another. Thee electronic transport mechanism of an oxide can be tested by measuring the 

electrical conductivity/resistivity as a function of the temperature, then analyzing the results 



Theory and Methods  Jevgenijs Semjonovs 

 

25 

 

in the framework of some electronic conduction model. The latter can be done by the fitting 

of various models to the experimental data. In this section, small polaronic and Motts 3D 

variable range hopping models will be briefly described. 

Small Polaronic Hopping Model 

The movement of an electronic charge carrier through a polar semiconductor or an ionic 

crystal may cause the polarization of the lattice and result in a local distortion of the structure 

and the formation of a quasiparticle. Such a quasiparticle is called a polaron. Polarons can be 

classified according to the strength of the interaction between the electronic charge carrier and 

the surrounding lattice. If the interaction is relatively weak, then the apparent polaron is called 

a large polaron. The only thing that distinguishes large polarons from the free electronic 

charge carriers is their slightly increased mass and the presence of deformation. Such polarons 

are primarily found in highly ionic non-transition metal oxides whose band gap is larger than 

6 eV, and therefore the large polaron conduction mechanism is not of particular interest to the 

current study.  

In contrast, if the interactions between the electronic charge carrier and the surrounding lattice 

are relatively strong, then the apparent polaron is called a small polaron [50]. Small polarons 

have dimensions smaller than the lattice parameter and are more localized than large polarons. 

Another distinctive feature of small polarons is that they follow the traditional diffusion 

mechanism. Thus, the Nernst-Einstein relation can be applied to small polarons in order to 

find the activation energy of hopping and the temperature dependence of their mobility. 

Inserting the Nernst-Einstein relation (equation (2.30)) into equation (2.19) and rearranging 

yields: 

 𝜎𝑖 =
𝑐𝑖(𝑧𝑖𝑒)

2

𝑘𝐵𝑇

1

6
𝑠2𝜈𝑍 ∙ e(

𝛥𝑆𝑚+𝛥𝑆𝑑
𝑅

) ∙ e(
−𝛥𝐻𝑚−𝛥𝐻𝑑

𝑅𝑇
)
 (2.31) 

The above equation represents Arrhenius-type behavior, and thus it can be written in more 

general term as: 

 𝜎 =
𝜎0
𝑇
e
(−

𝐸𝜎
𝑘𝐵𝑇

)
 (2.32) 
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where 𝜎0 is the pre-exponential factor, 𝑇 is the absolute temperature, 𝐸𝜎 corresponds to the 

activation energy for conduction, which is equal to the sum of 𝛥𝐻𝑚 and 𝛥𝐻𝑑, and 𝑘𝐵 is the 

Boltzmann constant. 

Motts 3D Variable Range Hopping Model 

Motts 3D variable range hopping (VRH) is a model describing electronic conduction in 

insulators and semiconductors with randomly distributed localized states of charge carriers 

[67]. Such localization of charge carriers induces a strong disorder of the system. The basis of 

this model is that the electronic states of charge carriers near the Fermi level are generally 

localized [68]. The electronic conduction involving such localized states occurs through the 

phonon-assisted inelastic hopping of charge carriers from full states to neighboring empty 

states. This is due to the fact that the localized states do not carry any current at the 

thermodynamic limit [69].  

The hopping transition probability, 𝑝, between two states of spatial separation 𝑅 and energy 

separation 𝑊 is given by:  

 𝑝 = 𝜈0e
−2𝛼𝑅−(

𝑊
𝑘𝐵𝑇

)
 (2.33) 

where 𝜈0 denotes the attempt frequency, 𝑘𝐵 is the Boltzmann constant, 𝑇 is the absolute 

temperature, and 𝛼 is the decay length. The decay length is inversely proportional to the 

Anderson localization length of exponentially localized states below and above Fermi level, 

which is usually denoted by the Greek letter, 𝜉. The characteristic temperature, 𝑇0, is related 

to Anderson localization length by: 

 𝑘𝐵𝑇
0 =

24

𝜋𝑁(𝐸𝐹)𝜉3
 (2.34) 

where 𝑁(𝐸𝐹) is the density of electronic localized states at the Fermi level. It is believed that 

Motts VRH conduction mechanism is effective at relatively low temperatures. At low 

temperatures, the excitation of the charge carriers across the Coulomb gap is impossible 

because of lack of energy. Therefore, based on the fact that the hopping of charge carriers 

occurs within a small energy region, 𝐸 ≈ 𝑘𝐵𝑇, in the vicinity of the Fermi level, it is possible 

to make a simplifying assumption that 𝑁(𝐸𝐹) has a constant value [70].  
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According to Mott [67], for a constant density of states, the temperature dependence of the 

three-dimensional electronic conductivity, which is closely related to the transition 

probability, is given by: 

 𝜎 = 𝜎0e
(
𝑇0
𝑇
)

1
𝑛⁄

 
(2.35) 

where 𝜎0 denotes the pre-exponential factor, and 𝑛 is the parameter that varies from 2 to 4 for 

different materials. The term 𝑇0 is often interpreted as activation energy of hopping, 𝐸𝜎. The 
1

4
 

exponent has also a physical meaning, and can be understood as the reciprocal of the effective 

dimensionality of 𝑛 [69]. Here, it should be noted that 𝑛 = 4 corresponds to the situation 

when the transition of electronic charge carriers occurs in four-dimensional space: three 

spatial coordinates and one energy coordinate. Motts VRH model with 𝑛 = 2 is also 

sometimes called Efros-Shklovskii hopping (ESH) model, which was named in honor of the 

Soviet scientists who worked with low temperature conductivity of disordered systems [71]. 

2.2.6 van der Pauw 4-point Method 

The van der Pauw 4-point method is used to measure the resistivity and the Hall coefficient of 

a sample of arbitrary shape [72]. In order to measure the resistivity of the material with van 

der Pauw method, four ohmic point contacts should be placed around the perimeter at the 

edges of the sample. Importantly, the contacts must be positioned at approximately the same 

distance from each other to increase the accuracy of the measurements. Figure 2.4 represents 

a schematic of a possible contact placement on a pellet-shaped sample. 

First, the current 𝐼AB is applied into contact A and out of contact B, while the voltage 𝑈CD is 

measured between contact C and contact D (Figure 2.4a). Then the current 𝐼BC is applied into 

contact B and out of contact C, and the voltage 𝑈DA is measured between contact D and 

contact A (Figure 2.4b). Now, the resistance of the material can be obtained by means of a 

conventional Ohm's law: 

 𝑅AB,CD =
𝑈CD
𝐼AB

 (2.36) 
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 𝑅BC,DA =
𝑈DA
𝐼BC

 (2.37) 

If all four ohmic contacts are arranged at absolutely the same distance from each other, the 

values of two characteristic resistances 𝑅AB,CD and 𝑅BC,DA must be identical. However, in 

practice it is very difficult to realize absolute symmetry of contacts. Therefore, van der Pauw 

proposed a simple relation between 𝑅AB,CD and 𝑅BC,DA that can be written as: 

 e
(−
𝜋𝑑
𝜌
∙𝑅AB,CD) + e

(−
𝜋𝑑
𝜌
∙𝑅BC,DA) = 1 (2.38) 

where 𝑑 is the thickness of a sample and 𝜌 is the resistivity of the material. Equation (2.38) 

known as van der Pauw equation and it can be solved numerically for 𝜌. 

 

Figure 2.4: Schematic of a van der Pauw contact configuration used to measure the resistivity of a 

pellet-shaped sample with arbitrarily placed rim electrodes. 

There are several requirements for a sample to be eligible for measurement using this 

technique. First, the sample must have the following physical properties: a large surface 

area/thickness ratio (near-two-dimensional sample), high density, homogeneity, and isotropy. 

Second, van der Pauw measurements are typically used on materials with high electrical 

conductivity, in which the resistance between the electrode and the sample may not greatly 

affect the calculated resistivity. Third, the area of contact between each electrode and the 

sample should be as small as possible.  
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2.2.7 Seebeck Coefficient 

The Seebeck coefficient (or thermopower) is a measure of the thermoelectric voltage, which 

is produced between two points on a material in the presence of a temperature gradient 

between them. The Seebeck coefficient is one of the three parameters determining the 

performance of thermoelectric materials. A good thermoelectric material must have the 

following properties: high Seebeck coefficient, high electrical conductivity, and low thermal 

conductivity. In general, the efficiency of a thermoelectric material is given by expression for 

figure of merit, 𝑧𝑇: 

 𝑧𝑇 =
𝛼2𝜎

𝑘𝑇
∙ 𝑇 (2.39) 

where 𝛼 denotes the Seebeck coefficient, 𝜎 corresponds to the electrical conductivity, 𝑘𝑇 is 

the thermal conductivity and 𝑇 is the temperature. 

The performance of thermoelectric materials can also be evaluated without measuring the 

thermal conductivity. The thermoelectric power factor, which can be calculated only by 

Seebeck coefficient and electrical conductivity, is another quantity used to characterize the 

performance of a thermoelectric device [73]. The thermoelectric power factor, 𝑃, is given by: 

 𝑃 = 𝑆2 ∙ 𝜎 (2.40) 

For good efficiency, thermoelectric materials with maximum value of power factor are 

needed. 

Furthermore, the Seebeck coefficient is widely used for characterization of semiconductors. 

The sign of the Seebeck coefficient provides information about the prevalent type of charge 

carrier in the material. It is negative for electrons and positive for electron holes. It can also be 

used to deduce the Fermi level and to determine the charge carrier concentration. In addition, 

the combination of the results from the Seebeck coefficient measurements and electrical 

conductivity measurements allows to determine the mobility of charge carriers [74]. 

Physically, the Seebeck coefficient can be defined as a measure for the entropy per charge 

carrier, and can be written as: 
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 𝛼 =
𝐽𝑆
𝑞𝐽𝑁

 (2.41) 

where 𝐽𝑆 is the entropy flow, 𝑞 is the charge and 𝐽𝑁 is the particle flow [75]. Furthermore, the 

Seebeck coefficient for a small polaron hopping model can be expressed by means of 

equation (2.41), and the obtained expression is called Heikes’ formula: 

 𝛼 = ±
𝑘𝐵
𝑒
∙ ln (𝛽

𝑐

1 − 𝑐
) (2.42) 

Here, 𝑘𝐵 is Boltzmann's constant, 𝑒 denotes the elementary charge, 𝑐 is the charge carrier 

fraction over all structural sites and 𝛽 is the spin degeneracy term. In the case of YBaCo4O7+𝛿 

the latter is given by: 

 𝛽 =
(2𝑆 + 1)Co

2+

(2𝑆 + 1)Co
3+ (2.43) 

where S is the total spin quantum number [76].  

Furthermore, the thermopower activation energy, 𝐸𝑆, for a thermally activated hopping 

conduction mechanism is given by: 

 𝛼 =
𝑘𝐵
𝑒
∙ (
𝐸𝑆
𝑘𝐵𝑇

+ 𝐴) (2.44) 

where 𝐴 denotes the constant related to the kinetic energy of the charge carriers [77]. 

2.2.8 Oxygen Content Analysis 

The most common redox chemical methods for precisely determining the oxygen content in 

transition metal oxides are iodometric titration, cerimetric titration, coulometric titration, and 

thermogravimetric hydrogen reduction. All of these techniques are based on the reduction of 

transition metals by an appropriate reductant (e.g. H2, I
−

) and the calculation of the oxygen 

content based on one of the following changes during the reduction process: the amount of 

unreacted reductant, the amount of oxidized reductant, or from the general changes in weight 

[78]. 
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Thermogravimetric hydrogen reduction (THR) of the ternary and higher metal oxides into 

binary oxides and metals is the most universal and widespread method for determining the 

oxygen content in oxides. THR implies a direct measurement of the mass of oxygen that is 

lost during reduction. This method is convenient, primarily because it allows us to reduce the 

sample in situ and does not require quenching or slow cooling of the sample from certain 

temperature and oxygen partial pressure. However, the precise oxygen content analysis by 

THR is hampered by the fact that the measurement accuracy in this case is highly dependent 

on the precision of the instrument and on the material itself. For instance, it can be difficult to 

find the reference stoichiometric state of the material. Moreover, the evaporation of some of 

non-oxygen species during the reduction at high temperatures and/or the instrument drift may 

completely distort the results obtained [58]. 

In YBaCo4O7+𝛿 the term 𝛿 is a so-called non-stoichiometry parameter and it indicates the 

changes in oxygen non-stoichiometry. YBaCo4O7+𝛿, with the exact ratio between the atoms 

(1: 1: 4: 7) and a non-stoichiometry parameter equal to 0, can be considered to have 

stoichiometric composition. As mentioned above, the absolute value of the non-stoichiometry 

parameter 𝛿 can also be determined using various wet chemical titration methods. All of these 

titration methods involve dissolution of the material in acidic solution, with subsequent 

reduction of one or more elements within the structure with changeable oxidation state by a 

reductant. In this thesis, the average valence of cobalt ions and the oxygen content were 

determined for the 114 oxides by means of an iodometric titration method. 

Iodometric Titration 

Iodometry is the most widely-used wet chemical titration method for determining he oxygen 

content of transition metal oxides [79]. In this section the accurate oxygen content analysis by 

iodometric titration on the example of complex cobalt oxide will be demonstrated. 

This titration method is based on the reversible iodide/iodine reaction: 

 I2 + I
− ↔ I3

− (2.45) 

in which the amount of liberated iodine is directly proportional to the changes in the oxidation 

state of cobalt, which in turn is closely related to the changes in materials non-stoichiometry. 
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In practice, iodometric titration is done in two steps. The first step consists of dissolving a 

known mass of material in dilute acidic solution containing a significant excess of potassium 

iodide. The resulting redox reactions involve reduction of tri- and tetravalent cobalt ions to 

divalent cobalt ions, and oxidation of iodide to stoichiometric amount of iodine [80]: 

 2Co𝑧+ + 3(𝑧 − 2)I− → 2Co2+ + (𝑧 − 2)I3
− (2.46) 

Afterwards, the resulting iodine can be titrated with a standard sodium thiosulfate solution 

using thiodene (starch) as an indicator. The chemical equation for this reaction can be written 

as: 

 I3
− + 2S2O3

2− → 3I− + S4O6
2− (2.47) 

The end point can be determined visually since the decomposition of the iodine-starch 

complex leads to a color change from dark blue or purple to near-transparent. 

As reported previously [81], the average valence of the cobalt can be then calculated by: 

 �̅� =
4𝑛4+ + 3𝑛3+ + 2𝑛2+

𝑛4+ + 𝑛3+ + 𝑛2+
= 2 +

𝑁𝑡
𝑁𝑤

 (2.48) 

where 𝑛𝑧+ denotes the amount of the cobalt ions with charge of 𝑧 +. 𝑁𝑤 is the total amount of 

the cobalt ions of different charges: 

 𝑁𝑤 = 𝑛
4+ + 𝑛3+ + 𝑛2+ (2.49) 

𝑁𝑡 is the amount of the consumed sodium thiosulfate and it is given by: 

 𝑁𝑡 = 2𝑛
4+ + 𝑛3+ (2.50) 

In the case of YBaCo4O7+𝛿, which contains only tri- and divalent cobalt ions, equation (2.48) 

can be simplified to: 

 �̅� =
3𝑛3+ + 2𝑛2+

𝑛3+ + 𝑛2+
= 2 +

𝑁𝑡
𝑁𝑤

= 2 +
𝑛3+

𝑛3+ + 𝑛2+
 (2.51) 

The average valence of the cobalt in Y3+Ba2+Co4O7+𝛿
2−

 is also proportional to the non-

stoichiometry parameter, 𝛿, by: 
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 �̅� =
2(7 + 𝛿) − 5

4
 (2.52) 

Meanwhile, the total amount of the cobalt ions in YBaCo4O7+𝛿 can be expressed through 

initial mass of the sample, 𝑚𝑖, and molecular weight of nominally stoichiometric 

YBaCo4O7+𝛿 phase, 𝑀114: 

 𝑁𝑤 =
4𝑚𝑖

𝑀114 + (𝛿𝑀𝑂)
 (2.53) 

where 𝑀𝑂 denotes the molecular weight of over-stoichiometric oxygen. Equations (2.49)-

(2.51) can be rearranged with respect to the average valence of the cobalt to yield: 

 �̅� =
𝑁𝑡(2𝑀114 − 9𝑀𝑂) + 16𝑚𝑖

8𝑚𝑖 − 4𝑁𝑡 ∙ 𝑀𝑂
 (2.54) 

Finally, the amount of the consumed sodium thiosulfate counted in moles, 𝑁𝑡, can be replaced 

by the volume of the consumed sodium thiosulfate counted in liters, 𝑉𝑁. In this study, 0.1 

mol/L Na2S2O3 ∙ 5H2O solution was used, which was prepared by dissolving 24.8 grams of 

Na2S2O3 ∙ 5H2O in 1 liter of distilled water. Therefore, the amount of the consumed sodium 

thiosulfate can be written as: 

 𝑁𝑡 =
24.82𝑉𝑁 

𝑀𝑁
 (2.55) 

Inserting into the expression for the average valence of the cobalt (equation (2.54)) and 

rearranging yields: 

 �̅� =
24.82𝑉𝑁 ∙ (2𝑀114 − 9𝑀𝑂) + 16𝑚𝑖 ∙ 𝑀𝑁

8𝑚𝑖 ∙ 𝑀𝑁 − 99.27𝑉𝑁 ∙ 𝑀𝑂
 (2.56) 

All of the quantities in this equation are known and their values are listed in Table 2.2 with 

the exception of 𝑉𝑁, whose value can be derived via an iodometric titration experiment. Thus, 

equation (2.56) can be used directly to calculate the average valence of the cobalt in 

YBaCo4O7+𝛿 from the volume of the consumed sodium thiosulfate, and can be adapted to any 

of 114 cobalt oxides by changing the value of 𝑀114. 
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Table 2.2: Quantities used to calculating the average valence of the cobalt in YBaCo4O7+𝛿 from the 

data obtained by iodometric titration. 

Quantity Symbol Value Units 

Molecular weight of 

stoichiometric 

𝐘𝐁𝐚𝐂𝐨𝟒𝐎𝟕 

𝑀114 573.96 [g mol⁄ ] 

Molecular weight of 

𝐎 
𝑀𝑂 16.0 [g mol⁄ ] 

Molecular weight of 

𝐍𝐚𝟐𝐒𝟐𝐎𝟑 ∙ 𝟓𝐇𝟐𝐎 
𝑀𝑉 248.18 [g mol⁄ ] 

Initial mass of 

𝐘𝐁𝐚𝐂𝐨𝟒𝐎𝟕+𝜹 sample 
𝑚𝑖 0.05 [g] 

2.2.9 Thermogravimetric Analysis 

In this work, the TGA measurements were used to monitor the relative weight change of the 

samples as a function of temperature, oxygen partial pressure and time. In general, weight 

change during TGA experiment can be assigned to a number of different phenomena, such as 

decomposition, dehydration, sublimation, absorption, adsorption, and desorption. However if 

TGA measurements for an oxygen non-stoichiometric material are performed under 

conditions where this material is stable, it is common to assume that all the observed weight 

changes are related to variations in the oxygen stoichiometry. Therefore, the oxygen non-

stoichiometry parameter, 𝛿, of the 114 oxides can be directly calculated from the weight 

change, wt%, obtained by TGA experiments: 

 𝛿 =
𝑀114 ∙ 𝑤𝑡%

𝑀𝑂 ∙ 100%
 (2.57) 

Oxygen Storage Capacity 

Oxygen storage capacity (OSC) is one of the most important parameters of OSMs. OSC is the 

ability of OSMs to reversibly take up oxygen under oxidizing conditions and release it under 

reducing conditions. OSC corresponds to the amount of lattice oxygen that can be reversibly 

exchanged, commonly expressed in moles of oxygen per weight of material. OSC values can 

be estimated from the amount of incorporated/released oxygen, which in turn can be 
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determined experimentally by TGA measurements or using redox chemical methods. For 114 

oxides the OSC can be expressed by: 

 OSC =
𝛿

𝑀114
∙ 106 [μmol(O)/g(material)] (2.58) 

2.2.10 X-ray Diffraction and X-ray Rietveld Refinement 

X-ray diffraction (XRD) is a nondestructive analytical technique used to characterize various 

materials, ranging from the conventional crystalline ionic compounds, such as NaCl and ZnS, 

to thin films and nanoparticles. Two main application areas of XRD relevant to our study are 

the identification of unknown crystalline materials and the determination of their crystal 

structure and the parameters associated with it (e.g. unit cell dimensions) by using Rietveld 

refinement. Additionally, XRD can provide information on phase purity, preferred crystal 

orientations, thermal expansion, phase transitions, crystallite size and strain, percent phase 

composition, residual stress, and many other properties of materials [82]. 

A diffraction pattern generated in a XRD analysis depends on the several factors, such as 

material structural information, instrument geometry, sample characteristics, and so on. Hugo 

Rietveld proposed describing these factors mathematically, as functions of other parameters 

that can be refined. This makes it possible to calculate and simulate diffraction patterns based 

on the theoretical information about the material/sample, instrument and experimental 

conditions. Then, the computed diffraction pattern can be fitted to the experimental data by 

optimizing certain parameters. In practice, this can be done by minimizing the function 𝑀 by 

means of a non-linear least squares algorithm: 

 𝑀 =∑𝑊𝑖 {𝑦𝑖(𝑜𝑏𝑠) −
1

𝑐
∙ 𝑦𝑖(𝑐𝑎𝑙𝑐)}

2𝑁

𝑖=1

 (2.59) 

where 𝑀 denotes the residual function, 𝑁 is the total number of observations, 𝑐 is the scale 

factor, 𝑦𝑖(𝑜𝑏𝑠) and 𝑦𝑖(𝑐𝑎𝑙𝑐) are the intensities of the 𝑖𝑡ℎ profile point of the observed data and 

calculated profile, respectively [83]. 𝑊𝑖 is the weight attributed to each observation and is 

given by: 
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 𝑊𝑖 =
1

√𝑦𝑖(𝑜𝑏𝑠)
 (2.60) 

In order to obtain good structural results from Rietveld refinement the combination of a 

careful sample preparation, precise measurements, and thoughtful refinement is required. The 

statistical quality of the Rietveld fit to XRD data is defined by special quality parameters [84]. 

In this project, three such parameters were used: 

 weighted profile R-factor compares calculated and observed patterns: 

 𝑅𝑤𝑝 = √
𝑀

∑ 𝑊𝑖 ∙ 𝑦𝑖(𝑜𝑏𝑠)2
𝑁
𝑖=1

 (2.61) 

 expected R-factor evaluates the quality of the observed data: 

 𝑅𝐸 = √
𝑁 − 𝑃

∑ 𝑊𝑖 ∙ 𝑦𝑖(𝑜𝑏𝑠)2
𝑁
𝑖=1

 (2.62) 

where 𝑃 is the total number of variables in the refinement. 

 goodness-of-fit parameter compares 𝑅𝑤𝑝 and 𝑅𝐸 and is a measure of how well the 

experimental data are fitted: 

 𝜒2 = (
𝑅𝑤𝑝

𝑅𝐸
)
2

=
𝑀

𝑁 − 𝑃
 (2.63) 

In general, the values of 𝑅𝑤𝑝 and 𝑅𝐸 (𝑅𝑤𝑝  ≥ 𝑅𝐸) should be as low as possible, while 𝜒2 in the 

best case should be equal to unity. In addition, there are many other signs which can be used 

to evaluate the obtained fit, but they are described elsewhere in the literature [85]. 
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3 Literature 

This chapter outlines literature review and is divided into three sections. The first section 

introduces both mixed valence transition metal oxides and cobalt-containing oxides. The 

second section pertains to oxygen storage materials. This includes a discussion of the most 

interesting types of oxygen storage materials and their distinctive features. The third and final 

section presents the so-called “114 oxides” and their key properties, such as crystal structure, 

cation substitutions, oxygen uptake/release properties, phase stability, and electrical 

properties.  

3.1 Mixed Valence Transition Metal Oxides 

(MVTMOs) 

In recent years, several families of mixed valence transition metal oxides (MVTMOs) have 

been the subjects of numerous investigations. MVTMO usually refers to a metal oxide 

containing transition elements of the first series, such as Cr,Mn, Fe, Co, Ni or Cu. MVTMOs 

have captured the interest of many researchers due to their attractive magnetic, electric, 

thermoelectric, structural, and redox properties. The emergence of interesting properties in 

these materials is closely related to the transition elements’ ability to have different oxidation 

states of the same metal atom within the same matrix. The reason for having mixed valence 

can be related to either carrier delocalization or charge ordering [86]. Additionally, these 

materials are interesting because they often show exotic physical phenomena. For example, 

𝑅Ba2Cu3O7−𝛿 cuprates (𝑅 = Y or a rare-earth element) have exceptional superconducting 

properties [87, 88]; 𝑅1−𝑥𝐴𝑥MnO3 manganites (𝑅 and 𝐴 is rare-earth or Y) exhibit colossal-

magnetoresistive properties [89, 90], ferroelectric effects [91], multiferroicity [92] and 

insulator to metal transitions [93]; and Fe3O4 possesses interesting ferrimagnetic properties 

and unique magnetic transitions [94]. 

One of the two most important and investigated classes of MVTMOs is cobalt-containing 

oxides. Cobalt-containing oxides exhibit a variety of physical properties, including (but not 

limited to) superconductivity in LaCo2B2 [95], antiferromagnetic ordering in Co3O4 [96], and 

interesting electrochemical and thermoelectric properties in 𝑅BaCo2O5+δ (𝑅 = Y or a rare-

earth element) [97]. Cobalt can have 3 stable oxidation states (i. e. Co2+, Co3+, Co4+), 
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different spin states (i.e. low-spin, intermediate-spin and high-spin), and different 

coordination polyhedra (e.g. tetrahedral and octahedral) [98]. Therefore, a rich collection of 

interesting physical phenomena of cobalt-containing oxides is related to the ability of cobalt 

ions to change their oxidation states and/or spin states, which are accompanied by adapting 

more stable structure. Moreover, these properties are relatively sensitive to the small changes 

in actual external conditions (namely temperature and pressure) or slight modifications to 

chemical composition and/or crystal structure [99]. Based on the above information, it can be 

concluded that cobalt-containing oxides are promising candidates for next-generation oxygen 

storage materials. 

3.2 Oxygen Storage Materials 

The oxygen storage and release behavior of OSMs is closely related to the changeable and/or 

mixed valence state of elements within the structure and oxygen non-stoichiometry. 

Therefore, many MVTMOs exhibit a great potential for application as OSMs. However, most 

of the oxygen non-stoichiometric MVTMOs exhibit relatively small variations in oxygen 

content, which typically occur at high temperatures. As a result, materials exhibiting large 

OSC at moderate or low temperatures have been the subjects of an intensive search for many 

years [16, 38]. The main challenge in finding new, efficient OSMs stems from OSMs sharing 

very few common characteristics. As mentioned above, the only common characteristic 

across all OSMs is the presence of the element that reversibly changes the oxidation state. 

Remarkably, this element need not strictly be a transition metal, but can also be a non-

metallic element such as sulfur in oxysulfates [100]. In addition, Parkkima [16] reported that 

despite OSMs having such varying structures, all of these structures share some common 

features. The structure of OSMs should be open and flexible: it should have vacant or 

additional positions for oxygen atoms and should tolerate reversible incorporations of large 

amount of oxygen or even reversible phase transitions. Very similar requirements for a new 

efficient OSM have been presented in Ref. [6]. Bearing in mind the crucial role of structure 

and element changeable valence states in the oxygen uptake/release properties of OSMs, the 

most widely investigated and most promising OSMs are summarized and compared to each 

other in this section. 



Literature  Jevgenijs Semjonovs 

 

39 

 

3.2.1 Ceria 

Ceria has received widespread attention due to its wide range of possible applications, such as 

catalyst, an electrolyte in solid oxide fuel cells and many others. On the one hand, ceria 

exhibits reversible and rapid oxygen uptake/release behavior at intermediate temperatures and 

is the most widely-investigated OSM. This behavior is linked to ceria’s ability to create a 

sufficient amount of oxygen vacancies upon acceptor doping [101]. On the other hand, pure 

ceria has low catalytic activity, low thermal stability and relatively small OSC. This makes 

doping of CeO2 necessary in order to improve its catalytic performance [9]. Many different 

ceria-based solid solutions have been synthesized and investigated over the last decades, e.g., 

CeO2–𝑥, where 𝑥 = ZrO2 [102, 103], Al2O3 [10], Cr2O3 [104], Ga2O3 [105] and many others. 

However, ZrO2 is considered to be the most effective dopant for ceria [103]. CeO2–ZrO2 

mixed oxide is widely used as commercial oxygen storage promoter in automotive three-way 

catalyst converters. Oxygen uptake/release behavior of CeO2–ZrO2 is related to the 

changeable valence state of cerium ions [100]: 

 Ce4+ + 1 2⁄ O2−
H2/O2
↔   Ce3+ (3.1) 

Thus the corresponding OSC of this system is limited by 0.25 mol of O2 per 1 mol Ce.  

3.2.2 Oxysulfates 

Another promising group of OSMs is oxysulfates. Rare-earth oxysulfates, 𝑅2O2SO4 (𝑅 =

La, Pr) exhibit eight times larger OSC (2 mol of O2 per 1 mol S) than CeO2-ZrO2 systems, 

due to the redox of sulfur (𝑅2O2SO4/𝑅2O2S) [100]: 

 S6+ + 4O2−
H2/O2
↔   S2− (3.2) 

For instance, La2O2SO4 with 1 wt % Pd as catalyst possesses the record-high OSC of 

9850 μmol(O)/g. To the best of our knowledge, rare-earth oxysulfates have the largest OSC 

among all OSMs and are the only oxygen storage material that utilizes the nonmetallic 

element as a redox site instead of transition metal [100]. 

3.2.3 Perovskites 

Perovskites and double perovskites represent another group of OSMs that has received 

significant attention over the last twenty years, largely due to their oxygen uptake/release 
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properties. The most well-researched OSMs of this group are BaYMn2O5+𝛿, Ca2AlMnO5+𝛿 

and 𝑅MnO3+𝛿 (where 𝑅 = La, Pr, Nd, Sm, Gd, Tb, Dy), as well as their derivatives. These 

materials operate at relatively low temperatures (≤500°C) and their OSC can vary from 600 

to 2400 𝜇mol(O)/g [92, 106-110]. Thus, these materials are potential candidates for various 

applications requiring a high OSC at low or intermediate temperatures. 

3.2.4 Hexagonal Rare-earth Manganites 

Rare-earth manganites can also adopt hexagonal crystal structures. The formation of the 

perovskite or hexagonal structure is defined by the size of the rare-earth element. The 

perovskite structure forms in 𝑅MnO3+δ with large rare-earth elements 

(𝑅 = La, Pr, Nd, Sm, Gd, Tb, Dy), while the hexagonal structure forms in 𝑅MnO3+δ with small 

rare-earth elements (𝑅 = Y, Ho, Er, Tm, Yb, Lu) [25, 111]. Parkkima, et al. [109], found that 

only the two members of these hexagonal rare-earth manganese with 𝑅 = Y or 𝑅 = Ho 

exhibit interesting oxygen diffusion properties at low temperatures. They can adsorb or 

release up to 0.35 extra oxygen atoms per unit cell in the temperature range of 100–300℃. 

Rare-earth manganites have recently attracted significant attention as new potential OSMs, 

and have already been investigated for several applications, e.g., as ITM materials for 

commercial low-cost production of high purity oxygen through air-separation [25], for solar 

water splitting [112], and many others. These materials will be described in more detail in 

later sections. 

3.2.5 Delafossites 

OSMs with a delafossite-type structure and general formula 𝑅MO2+δ have received a great 

deal of researchers' attention due to their high chemical flexibility, relatively large capacity 

for reversible oxygen uptake/release, and wide range of potential applications [9, 113-115]. 

Recently, Kato et al. [9] studied the oxygen release/uptake properties of the copper based 

delafossites Cu𝑀O2+𝛿 (𝑀 = Al,Mn, Fe, Ga). The major drawback of these materials is that 

some members of this family decompose into other phases at elevated temperatures. 

Moreover, they show sufficiently small OSC values at temperatures lower than 600℃. 

Stability, oxygen diffusion, and storage capacity of copper delafossites can be improved by 

surface modification with CeO2. The Cu𝑀O2+δ-CeO2 composite system with 20 mol% CeO2 

shows enhanced oxygen mobility and large weight changes of approximately 6.0 wt%, 

corresponding to an OSC value of 3750 𝜇mol(O)/g, at intermediate temperatures [116].  
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3.2.6 Summary of OSMs 

The OSMs that do not belong to any of the above-mentioned families of materials, but that 

nevertheless exhibit large dynamic OSCs and high oxygen storage rates, have been also 

reported and discussed in the literature. Table 3.1 summarizes the operation conditions (i.e. 

temperature and oxygen partial pressure) and OSC values of the most promising candidates 

for oxygen-storage applications. 

Table 3.1: Comparison of the most widely investigated OSMs reported in the literature with their 

operation conditions and OSC values. The OSMs are sorted according to increasing OSC. 

Material 
Operation 

temperature 
[℃] 

Operation 

𝒑𝐎𝟐 
[𝐚𝐭𝐦] 

OSC  

[
𝝁𝐦𝐨𝐥(𝐎)

𝐠(𝐦𝐚𝐭𝐞𝐫𝐢𝐚𝐥)
] 

References 

𝐂𝐞𝟏−𝒙𝐙𝐫𝒙𝐎𝟐+𝜹 500 1 500 [102] 

𝐋𝐚𝐌𝐧𝟎.𝟗𝟕𝟔𝐑𝐡𝟎.𝟎𝟐𝟒𝐎𝟑+𝜹 400 1 620 [108] 

𝐂𝐮𝐌𝐧𝐎𝟐+𝜹 700 0.5 700 [9] 

𝐂𝐮𝐆𝐚𝐎𝟐+𝜹 800 0.5 775 [9] 

Sr doped 𝐒𝐧𝐎𝟐 500 0.208 800 [12] 

𝐋𝐚𝐌𝐧𝟎.𝟗𝐍𝐢𝟎.𝟏𝐎𝟑+𝜹 500 1 850 [107] 

𝐋𝐮𝐅𝐞𝟐𝐎𝟒+𝜹 300 1 1426 [117] 

𝐂𝐞𝟏−𝒙𝐙𝐫𝒙𝐎𝟐+𝜹 500 0.5 1500 [103] 

𝐂𝐚𝟐𝐀𝐥𝐌𝐧𝐎𝟓+𝜹 300 1 1875 [110] 

𝐏𝐛𝟐𝐂𝐮𝐒𝐫𝟐𝐋𝐚𝐂𝐮𝟐𝐎𝟖+𝜹 450 1 1910 [6] 

𝐓𝐛𝟎.𝟑𝐘𝟎.𝟕𝐌𝐧𝐎𝟑+𝜹  300 1 1927 [25] 

𝐃𝐲𝟏−𝒙𝐘𝒙𝐌𝐧𝐎𝟑±𝜹  

(𝟎 < 𝒙 < 𝟏) 
250 100 2260 [111]  

𝐁𝐚𝐘𝐌𝐧𝟐𝐎𝟓+𝜹 300 1 2375 [106] 

𝐂𝐞𝟐/𝟑𝐂𝐫𝟏/𝟑𝐎𝟐+𝜹 550 1 2500 [104] 

𝐂𝐮𝐌𝐧𝐎𝟐 − 𝟓𝐂𝐞𝐎𝟐 550 1 3750 [116] 

𝐏𝐫𝟐𝐎𝟐𝐒𝐎𝟒 

with 1 wt% Pd 
600 0.2 8000 [118] 

𝐋𝐚𝟐𝐎𝟐𝐒𝐎𝟒 

with 1 wt% Pd 
700 0.2 9850 [100] 
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3.3 114 oxides 

Over the last decade, a group of mixed valence ternary cobalt oxides (MVCOs) with the 

general chemical formula Y1−𝑥𝐴𝑥BaCo4O7+𝛿 (𝐴 = Ca, Zr, In, Bi or a rare-earth element) has 

generated significant interest across the scientific community, as reflected in over 200 

publications on these materials [38, 41, 42, 45, 47, 48, 55, 63, 70, 119-132]. These oxides 

belong to the Y‒Ba‒ Co‒O system with the element ratio Y ∶  Ba ∶  Co ∶  O = 1 ∶  1 ∶ 4 ∶

(7 + 𝛿), and thus are often called “114 oxides”.  

Ever since 114 oxides were first synthesized in Sweden in 2002, they have been studied 

extensively due to their promising physical properties. In particular, a large number of these 

oxides exhibit not only attractive physical properties – such as structural [119, 130, 133-135], 

electrical [122, 136-139], thermoelectric [54, 77, 140], electrochemical [43, 44, 125, 141, 

142], elastic [143, 144], catalytic [145, 146], low temperature oxygen absorption/desorption 

properties [41, 42, 63, 124, 127, 128, 147], – but also complex magnetic behavior, including 

geometrically-frustrated magnetism [148-151] and magnetic transitions associated with 

structural transitions [130, 152, 153].  

3.3.1 Description of the Crystal Structure. 

A number of studies [41, 63, 124, 154] have repeatedly reported that the reasons for 114 

oxides possessing such a wide range of physical properties may be related to their uncommon 

crystal structure.  

Different descriptions of the structure of 114 oxides have been reported in the literature [63, 

119, 120, 129, 131, 149, 155]. This section will focus on the YBaCo4O7+𝛿 structure because 

most of the members of the 114 series have been reported to have the similar structure. In the 

section 3.3.5, the hexagonal YBaCo4O7+𝛿 structure will be briefly compared with the 

orthorhombic CaBaCo4O7+𝛿 and tetragonal YBaFe4O7+𝛿 structures. 

The nominally stoichiometric YBaCo4O7 was first synthesized by a two-step solid state 

reaction by Valldor and Andersson in 2002 [119]. It was found that the crystal structure of 

oxygen stoichiometric YBaCo4O7+𝛿 is isostructural to Ba2Er2Zn8O14 compound previously 

prepared by Rabbow and Müller-Buschbaum in 1994 [156], which crystallizes in the 

orthorhombic space group of 𝐶𝑚𝑐21. Furthermore, the hexagonal YBaCo4O7+𝛿 structure is 



Literature  Jevgenijs Semjonovs 

 

43 

 

also closely related to hexagonal Ba𝑀Zn3AlO7 aluminozincate structure with 𝑀 =

La, Nd, Sm, Gd, Lu (space group 𝑃63𝑚𝑐) [157]. 

The crystal lattice of YBaCo4O7+𝛿 and its analogues can be described as an ordered 1: 1 4H 

stacking of [BaO3]∞ and [O4]∞ close-packed layers that are alternately stacked along the 𝑐 

axis (Figure 3.1). The oxygen atoms are ordered along the [001] direction, and [O4]∞ layers 

have close packing of the 𝑐ℎ𝑐ℎ type. Because of similar effective ionic radii of Ba2+ and O2−, 

every eighth oxygen is substituted for Ba, making 𝑐𝑐𝑐 close packings of [BaO3]∞ layers. 

Thus, the Ba–O structure of 114 oxides can be described as [BaO7]∞ framework. In this 

framework tetrahedral cavities are occupied by the Co2+/Co3+ cations, whereas octahedral 

cavities are occupied by the Y3+ cations. Because of the electrostatic repulsion to Ba2+ cation, 

the octahedral and tetrahedral cavities around this ion are unoccupied [149, 155]. 

 

Figure 3.1: Stacking of the close packed [BaO3]∞ and [O4]∞ layers in the YBaCo4O7+𝛿 structure: (a) 

projection along �⃗⃗� , (b) projection along �⃗� . Solid lines indicate the unit cell. 
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The crystal structure of these compounds can also be described as an open [Co4
[4t]O7]

∞

3

 

framework containing corner-sharing CoO4 tetrahedra [119]. In these tetrahedra, cobalt 

cations are likely to have a mixed oxidation state comprising both Co2+ and Co3+ ions. In a 

nominally oxygen stoichiometric 114 structure (𝛿 = 0), the mean oxidation state of cobalt is 

+2.25. Simple calculations show that 3/4 of the Co atoms are divalent and the remaining 1/4 

of Co atoms is trivalent: 

 3
4⁄ Co

2+ + 1 4⁄ Co
3+ → Co2.25+ (3.3) 

The analysis of the structure has also showed that 3D framework of CoO4 tetrahedra contains 

two distinct crystallographic sites for cobalt cations, indicated as Co(1) (2𝑎 site) and Co(2) 

(6𝑐 site) in Figure 3.2a and Figure 3.2b. In other words, there are two different types of 

cobalt-oxygen tetrahedra, (Co(1))O4 and (Co(2))O4, in the structural framework of these 

oxides [119, 120]. The two kinds of corner-sharing tetrahedra are arranged in an alternating 

1: 1 stacking of tetrahedral layers along the 𝑐-axis of the hexagonal crystal structure. The 

(Co(1))O4 tetrahedra form triangular layers and the (Co(2))O4 tetrahedra form Kagomé 

layers, as shown in Figure 3.2c. Seventy-five percent of all cobalt ions are located in Kagomé 

layers and the remaining 25% of Co ions sit in the triangular layers. In addition, there are 

three unequal O sites in the structure: O(1), O(2) and O(3) (Figure 3.2b). O(1) and O(3) sites 

are two-coordinated, while O(2) sites are four-coordinated. 
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Figure 3.2: Schematic of the layered structure of YBaCo4O7+𝛿 according to the model from Ref. 

[158]: (a) general view (b) structural fragment showing different types of cobalt and oxygen sites 

(oxygen sites are colored differently for better overview) and (c) a side-view structural projection 

along the [01̅0] direction showing the arrangement of the triangular and Kagomé layers. 

The projections of the structure along the [001] direction (Figure 3.3a and Figure 3.3b) show 

that the Kagomé layer is formed by a repeated sequence of three corner-sharing (Co(2))O4 

tetrahedra. Along the [21̅0] direction, these tetrahedra are connected via O(1) and O(2) 

oxygen ions (See Figure 3.3a), while in the triangular layer, (Co(1))O4 tetrahedra are 

separated by relatively large distances, as shown in Figure 3.3b. Along the [001] direction 

(Co(1))O4 and (Co(2))O4 tetrahedra are connected via O(2) and O(3) oxygen ions (Figure 

3.2b). In addition, the octahedrally coordinated Y3+ ions are also arranged in the triangular 

layer, whereas the Ba2+ cations occupy anticuboctahedral cavities between triangular and 

Kagomé layers (Figure 3.3c). Thus, there are 3 types of oxygen coordinations: 

 the tetrahedral (CN = 4): Co(1))O4 and Co(2))O4; 

 the octahedral (CN = 6): YO6; and 
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 the anticuboctahedral (CN = 12): BaO12. 

All of these polyhedra are interconnected by shared corners, edges, or faces to form an 

openwork three-dimensional network (Figure 3.3d). 

 

Figure 3.3: View of the structure along the [001] direction showing (a) triangular, (b) Kagomé layers 

and (c) Ba2+ cations in a given ab-plane in crystal structure of YBaCo4O7. (d) Perspective view of the 

structure showing all interconnected polyhedra in single unit cell. 

It has been reported that (Co(1))O4 and (Co(2))O4 tetrahedra have different average Co − O 

bond lengths, suggesting possible ordering of the cobalt ions in different oxidation states [70, 

119, 120]. Montoya [70] has pointed out that the (Co(2))O4 tetrahedra have the relatively 

larger Co − O bond ((𝑑Co(2)−O = 1.9320 Å) > (𝑑Co(1)−O = 1.8760 Å)), which would mean 

that smaller Co3+ cations should be dominating at the site in triangular layers (2𝑎 site), as 

shown in Figure 3.4. However, according to Huq et al. [133], (Co(1))O4 and (Co(2))O4 

tetrahedra have very similar average Co − O bond lengths. This most likely means that there 
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is no clear charge ordering of cobalt cations in the 114 structure at room temperature, and 

Co2+/Co3+ cations are randomly distributed among triangular and Kagomé layers. The same 

conclusion about the charge ordering of cobalt cations was drawn in [53-57]. Furthermore, 

Khalyavin et al., [57] based on the bond-valence sum (BVS) calculations, have shown that 

Co3+ ions are randomly distributed in both sites.  

 

Figure 3.4: Perspective view of the YBaCo4O7+𝛿 structure according to the model from Ref. [119], 

and (Co(1))O4 and (Co(2))O4 tetrahedra showing their average Co − O bond lengths. 

3.3.2 Oxygen Incorporation into the Crystal Structure 

An oxygen insertion mechanism into the lattice of YBaCo4O7+𝛿 has been under investigation 

since it was first discovered by Valldor and Andersson in 2002 [119]. The main problem for 

researchers was to identify empty locations that the extra oxygen atoms could occupy. 

Although several possible structure models of oxygen-rich YBaCo4O8.𝑥 phases have been 

already reported and described in the literature [63, 129, 148]. All these models suggest that 

the excess oxygen atoms incorporate in an orderly way into the crystal structure of 

YBaCo4O7+𝛿. Valldor [148] was the first who identified three possible sites where additional 

oxygen atoms can be accommodated. All these sites are located in the (2̅10) planes: one site 

is between three (Co(2))O4 tetrahedra in the Kagomé layer and the other two sites are at the 

center of square faces of BaO12 in the triangular layer (Figure 3.5). 
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Figure 3.5: Projection of the YBaCo4O7+𝛿 structure nearly along the [01̅0] direction, showing possible 

sites where additional oxygen atoms can be accommodated according to the model from Ref. [148]. 

The gray rectangles represent a set of equidistant (2̅10) planes. 

Kozeeva et al. [129] have reported that the Kagomé layers in the YBaCo4O7+𝛿 structure form 

large distorted tunnels along the [100] direction, with a triangular cross-section. It has been 

proposed that the extra oxygen atoms that enter the structure can be trapped inside these 

tunnels. In particular, the same conclusion about the precise location of the extra oxygen in 

the Kagomé layers was drawn by et al. [43] based on the measurements of electrical 

properties of these materials. 

Figure 3.6a illustrates the oxygen-rich phase of YBaCo4O7+𝛿 according to the model 

previously proposed by Chmaissem et al. [63]. More details about this structure can be found 

elsewhere [63]. However, a brief description is provided here to ensure clarity and facilitate 

our subsequent discussions below. As shown in the Figure 3.6b-d, the structure of the 

oxygenated YBaCo4O8.1 phase may be still be described as an alternative stacking of the 

triangular and Kagomé layers built up by Co2+/Co3+ and Y3+ cations, and layers of Ba2+ 

cations that occupy cavities between triangular and Kagomé layers. Since Ba2+ and Y3+ 

cations have a fixed oxidation state and no possibility for valence change, the oxygen 

absorption leads to an increase in the average oxidation state of Co cations from +2.25 to 
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+2.8. Moreover, in nominally oxygen stoichiometric YBaCo4O7 Co2+ and Co3+ ions occupy 

only corner-sharing tetrahedra. However, pure tetrahedral coordination for cobalt is very 

rarely observed, because octahedral coordination has larger crystal field stabilization energy 

(CFSE) [159]. Synchrotron X-ray and neutron powder diffraction studies on YBaCo4O7+𝛿 by 

Chmaissem et al. [63] have shown that some of the original corner-sharing CoO4 tetrahedra 

are converted to edge-sharing CoO6 octahedra as a result of oxygen incorporation into the 

lattice (Figure 3.6e). It has been proposed that these octahedra form isolated zigzag ribbons 

along the [001] direction. This means that the introduction of extra oxygen into the crystal 

lattice increases both average oxidation state (up to +3) and coordination number of Co ions 

(up to 6). Furthermore, it is important to note here that this introduction of extra oxygen into 

the lattice results in the lattice distortions in the crystal structure and formation of a new large 

doubled-superstructure unit cell (𝑎 = 12.790(3) Å, 𝑏 = 10.845(2) Å, 𝑐 = 10.149(2) Å and 

𝑉 = 1407.74(50) Å3) [63]. The shrinkage of the effective ionic radius of Co cations upon 

oxidation of divalent cobalt (𝑟Co2+ = 0.580 Å) to trivalent cobalt (𝑟Co3+ = 0.545 Å) [160], 

caused by introduction of extra oxygen into the structure, explains the reduction in the 𝑐-

parameter in the oxygen-rich YBaCo4O8.1 phase compared to oxygen stoichiometric 

YBaCo4O7 phase. Chaissem et al. [63] have reported that the crystal structure of oxygen-rich 

YBaCo4O8.1 phase has been demonstrated to crystallize in an orthorhombic symmetry (S.G. 

𝑃𝑏𝑐21). 
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Figure 3.6: (a) Schematic representation of the orthorhombic 𝑃𝑏𝑐21 crystal structure of YBaCo4O8.1 

according to the model from Ref. [63] (b), (c), (d) View of the structure along the [001] direction 

showing (b) triangular, (c) Kagomé layers and (d) Ba2+ cations in a given ab-plane in crystal structure 

of YBaCo4O8.1. (e) Selected part of the structure of oxygen-stoichiometric phase YBaCo4O7 (left) and 

oxygen-rich phase YBaCo4O8.1 (right), showing the tetrahedral to octahedral transformation and 

considerable displacements of the oxygen sites caused by extra-oxygen intercalation into the unit cell. 
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3.3.3 Oxygen Content Dependence of the Crystal Symmetry 

At room temperature, the structure of oxygen-stoichiometric YBaCo4O7 phase has 

orthorhombic symmetry (S.G. 𝑃𝑏𝑛21) with the following cell parameters: 𝑎 = 6.298 Å, 

𝑏 = 10.939 Å and 𝑐 = 10.228 Å [122]. However, the structure symmetry of the YBaCo4O7+𝛿 

compounds is very sensitive to its oxygen content. Incorporating even a small amount of extra 

oxygen into the lattice (∆𝛿~0.1) results in the 𝑃𝑏𝑛21 → 𝑃63𝑚𝑐 phase transformation. Here, 

it should be emphasized that the YBaCo4O7+𝛿 (𝛿 > 0) structure has initially been determined 

as hexagonal (S.G. 𝑃63𝑚𝑐), based on X-ray powder diffraction data [119]. In contrast, a 

high-resolution neutron diffraction study of the same phase has showed that the symmetry is 

rather trigonal (S.G. 𝑃31𝑐 ) [121, 133]. The most obvious difference between these two space 

groups is a mirror plane that is perpendicular to the 𝑎-axis. 

Although the structure of only one oxygenated phase of YBaCo4O7+𝛿 with 𝛿 = 1.1 has been 

extensively studied to date, several other oxygen-rich phases have also been reported and 

studied using different techniques. Using in situ XRD and ex situ XANES spectroscopy, 

Valkeapää et al. [147] examined the oxygenated phase of YBaCo4O7+𝛿 with 𝛿 = 1.2. The 

crystal structure of YBaCo4O8.2 was described by the orthorhombic space group 𝑃𝑛𝑛𝑎 with 

𝑎 = 10.875 Å, 𝑏 = 10.168 Å and 𝑐 = 12.788 Å. The highly oxygenated YBaCo4O8.5 phase 

was verified using electron diffraction (ED) [154, 161, 162]. As a result of these studies, it has 

been reported that intense electron-beam irradiation has caused high mobility of additional 

oxygen atoms in the structure of this compound. Moreover, Jia et al. [161] reported that the 

oxygenated phase has a mixed hexagonal (𝑎 = 10.904 Å and 𝑐 = 10.026 Å) and 

orthorhombic (𝑎 = 18.904 Å, 𝑏 = 10.905 and 𝑐 = 10.050 Å) structure. The most highly 

oxygenated YBaCo4O8.56 phase has been prepared and reported [127], but, to the best of our 

knowledge, it has not yet been properly studied and fully understood. 

The wide range of oxygen non-stoichiometry and large variation in crystal symmetry of the 

YBaCo4O7+𝛿 compounds is summarized in Figure 3.7. Oxygenated phases of YBaCo4O7+𝛿 

with 0.1 < 𝛿 < 1.1 cannot be stabilized in the undoped YBaCo4O7+𝛿 compound [47]. 

However, some of the phases with intermediate oxygen content have been prepared for Ca-

doped Y1−𝑥Ca𝑥BaCo4O7+𝛿 with 𝑥 = 1.0 and 𝛿 = 0.5 [149, 163, 164]; for Fe-doped 

YBaCo4−𝑥Fe4O7+𝛿 with 0.04 ≤ 𝑥 ≤ 4.0 and 𝛿 = 0.02, 𝛿 = 0.1, 𝛿 = 0.65, 𝛿 = 0.8 and 
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𝛿 = 1.5 [55, 165, 166]; and for Yb-doped Y1−𝑥Yb𝑥BaCo4O7+𝛿 with 𝑥 = 1.0 and 𝛿 = 0.2 

[133]. 

 

Figure 3.7: Schematic showing the oxygen content dependence of the crystal symmetry of the 

YBaCo4O7+𝛿 compounds [47, 63, 119, 123, 161]. 

3.3.4 Cation Substitutions 

YBaCo4O7+𝛿 exhibits great chemical flexibility, which allows for the modification of its 

properties through cation substitution or doping [47, 120]. All of the cation sites in the 

structure can be partially or completely substituted by other chemical elements. A large 

number of such compounds with 1 ∶  1 ∶  4 ∶  (7 + 𝛿) composition have been synthesized 

over time, having the generic formula Y1−𝑥𝐴𝑥Ba1−𝑦𝐵𝑦Co4−𝑧𝐷𝑧O7+𝛿, where 𝐴 =

Bi, Ca, Dy, Er, Eu, Gd, Ho, In, Lu, Nd, Pr, Sc, Tb, Tm, Yb, Zr, 𝐵 = K, Sr and 𝐷 = Al, Ce, Cu, Fe, 

Ga, Li,Mn,Ni, Zn, Zr. Table 3.2 through Table 3.4 summarize all possible cation substitutions 

in YBaCo4O7+𝛿, as well as their solubility limits, effects on oxygen storage capacity, and 

phase stability. 
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Table 3.2: Reported cation substitutions in hexagonal YBaCo4O7+𝛿, their solubility limits, effects on 

oxygen storage capacity and phase stability. 

Element 𝑨 Solubility limit OSC 
Phase 

stability 
Reference 

𝐘𝟏−𝒙𝑨𝒙𝐁𝐚𝐂𝐨𝟒𝐎𝟕+𝜹 

Bi 5% decreases decreases [167] 

Ca 100% decreases decreases [149, 155, 164, 168] 

Dy 100% increases decreases [38, 54, 124, 149, 169] 

Er 100% decreases increases [38, 54, 124, 143, 149] 

Eu 20% - - [140] 

Gd 20% increases decreases [170] 

Ho 100% increases decreases 
[38, 54, 124, 149, 171, 

172] 

In 100% decreases decreases [124, 142] 

Lu 100% decreases increases [38, 54, 124, 129, 149] 

Tb 100% increases decreases [173, 174] 

Tm 100% decreases increases [38, 54, 124, 135, 149] 

Yb 100% decreases increases [38, 54, 124, 133] 

Zr 20% increases increases [175] 

𝐘𝐁𝐚𝟏−𝒚𝑩𝒚𝐂𝐨𝟒𝐎𝟕+𝜹 

Sr 15% decreases increases [48] 

𝐘𝐁𝐚𝐂𝐨𝟒−𝒛𝑫𝒛𝐎𝟕+𝜹. 

Al 25% decreases increases [168, 176] 

Ce 30% increases - [177] 

Cu 5% decreases increases [48] 

Fe 100% decreases increases [125, 165, 178-181] 

Ga 25% decreases increases [38, 59, 182] 

Mn 5% decreases increases [47] 

Ni 5% decreases increases [47, 183] 

Zn 75% decreases increases [44, 59, 126, 141, 180] 

Zr 30% increases - [177] 
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Table 3.3: Reported cation substitutions in tetragonal YBaFe4O7+𝛿, their solubility limits, effects on 

oxygen storage capacity and phase stability. 

Element A Solubility limit OSC Phase stability Reference 

𝐘𝟏−𝒙𝑨𝒙𝐁𝐚𝐅𝐞𝟒𝐎𝟕+𝜹 

Ca 100% decreases - [149, 184] 

Dy 100% - - [185, 186] 

Er 100% - - [185, 186] 

Gd 100% - - [186] 

Ho 100% - - [185, 186] 

In 100% - - [186] 

Lu 100% - - [185, 186] 

Sc 100% - - [186] 

Tb 100% - - [186] 

Tm 100% - - [185] 

Yb 100% - - [185, 186] 

𝐘𝐁𝐚𝐅𝐞𝟒−𝒛𝑫𝒛𝐎𝟕+𝜹 

Ga 17.5% - - [187] 

Li 18.75% - - [188] 

Mn 50% increases - [189] 

Zn 75% - - [179, 190, 191] 
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Table 3.4: Reported cation substitutions in orthorhombic CaBaCa4O7+𝛿, their solubility limits, effects 

on oxygen storage capacity and phase stability. 

Element A Solubility limit OSC 
Phase 

stability 
Reference 

𝐂𝐚𝟏−𝒙𝑨𝒙𝐁𝐚𝐂𝐨𝟒𝐎𝟕+𝜹 

Nd 10% - - [192] 

Pr 10% - - [192] 

𝐂𝐚𝐁𝐚𝟏−𝒚𝑩𝒚𝐂𝐨𝟒𝐎𝟕+𝜹 

K 20% - - [192] 

Sr 10% - - [193] 

𝐂𝐚𝐁𝐚𝐂𝐨𝟒−𝒛𝑫𝒛𝐎𝟕+𝜹 

Al 25% - - [120, 194] 

Fe 100% decreases - [149, 184] 

Ga 25% - - [191] 

Li 2,5% - - [195] 

Zn 50% - - [120, 191] 

3.3.5 Different Crystal Structures 

It is well understood that cation substitutions at the yttrium or cobalt sites usually do not 

change the structure of the 114 oxides, and that most members of the 114 series exhibit 

hexagonal symmetry. However, there are a few exceptions. 

114 oxides in nominally stoichiometric form (𝛿 ≈ 0) can be classified into 3 structural 

categories: hexagonal, tetragonal, or orthorhombic [149, 165]. Both the tetragonal structure of 

YBaFe4O7+𝛿 (S.G. 𝐹4̅3𝑚) and the orthorhombic structure of CaBaCo4O7+𝛿 (S.G. 𝑃𝑏𝑛21) are 

closely related to that of hexagonal structures of YBaCo4O7+𝛿 (S.G. 𝑃63𝑚𝑐) and 

CaBaFe4O7+𝛿 (S.G. 𝑃63𝑚𝑐), as can be seen in Figure 3.8a-c. All of these structures can be 

classified as either as 1: 1 alternate stacking of [BaO3]∞ and [O4]∞ close packed layers or as 

1: 1 alternate stacking of Kagomé and triangular layers of corner-sharing 𝑀O4 (𝑀 = Co, Fe) 

tetrahedra which form large triangular tunnels occupied by octahedral cations [119, 149, 186, 

196]. However, they differ by the relative positions of those layers and tunnels. The triangular 

tunnels are perfectly regular in YBaFe4O7+𝛿 (Figure 3.8c), while in YBaCo4O7+𝛿 (Figure 
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3.8a) and CaBaCo4O7+𝛿 (Figure 3.8b) these tunnels are distorted and have slightly different 

positions. The structure of the CaBaCo4O7+𝛿  oxide, in contrast to all the other members of the 

114 series, has a large orthorhombic distortion characterized by a strong puckering of the 

Kagomé layers, whereas its triangular layers remain almost flat [150, 197]. Additionally, 

Caignaert et al., [150] reported that the CaBaCo4O7+𝛿  structure exhibits charge ordering of 

Co2+ and Co3+ ions in the temperature range of 4 to 400 K, and this phenomena appears to be 

unique to CaBaCo4O7+𝛿 among all 114 oxides. 

 

Figure 3.8: View of the structures of (a) hexagonal YBaCo4O7+𝛿 along the [1̅1̅0] direction according 

to the model from Ref. [158]; (b) orthorhombic CaBaCo4O7+𝛿 along the [11̅0] direction according to 

the model from Ref. [197]; and (c) tetragonal YBaFe4O7+𝛿 along the [110] direction according to the 

model from Ref. [165], showing an alternate stacking of Kagomé and triangular layers and also 

triangular tunnels. 

3.3.6 Oxygen Uptake/Release Properties 

Many researchers [42, 124, 127, 147] have repeatedly reported that 114 compounds exhibit 

unique oxygen absorption/desorption properties that are clearly distinct from those of other 

oxides. Dynamic TGA curves of 114 compounds usually exhibit three humps in the 

temperature range 25– 1000℃ in oxygen-containing atmospheres. The appearance of the first 

hump in a narrow temperature range between 200℃ and 450℃ is related to ability of this 

family of compounds to absorb and desorb a large amount of oxygen at low temperatures. The 
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two other humps at about 600–880℃ and 880– 980℃ correspond to the oxidative phase 

decomposition of 114 phase to more highly oxidized compounds at high temperature [198]. 

The first to discover this unique behavior of YBaCo4O7+𝛿  was a team of scientists 

representing two universities, headed by Maarit Karppinen (Aalto University/Tokyo Institute 

of Technology), a world leader in the study of non-stoichiometric oxides, as well as Helmer 

Fjellvåg (University of Oslo) [42].  

Furthermore, Hao et al., [124] have reported that the oxygen absorption/desorption at low 

temperatures has one order of magnitude lower activation energy than oxidative 

decomposition at high temperatures. The low-temperature oxygen absorption/desorption 

process is accompanied by a first-order phase transition with low activation energy. The 

absorption of oxygen at high temperatures with high activation energy corresponds to a strong 

chemical reaction process, which in turn completely destroys the 114 crystal structure and 

leads to the phase-decomposition. Karppinen et al., [42] also found that the first process at 

relatively low temperature is highly reversible, while the second process at high temperature 

is irreversible. The next section will focus on the oxygen absorption/desorption properties 

only at low temperatures, while the origin of the high-temperature phenomenon is discussed 

in a later section. 

Oxygen Uptake/Release Behavior at Low Temperatures 

The 114 oxides in the metastable state exhibit large capacity for reversible oxygen absorption 

and desorption at relatively low temperatures 200–450℃ under air or oxygen atmospheres. 

However, they do not display this behavior in an inert gas or vacuum, where instead their 

mass remains almost constant throughout the entire temperature range of 25–1100℃. This 

behavior can be explained by the fact that during heating at 200– 350℃, the oxygen-depleted 

sample of 114 oxide rapidly absorbs large amounts of oxygen. Then, during further heating or 

switching to an inert atmosphere at 350–450℃, the oxygen-rich sample desorbs equal 

amount of oxygen even faster, until it returns to its original state. During slow cooling from 

temperatures higher than 450℃, the oxygen-depleted sample begins to absorb oxygen at 

around 400℃, regains its oxygen-rich state by 300℃, and remains in this state until room 

temperature is reached. However, such slow cooling leads to partial decomposition of the 

oxygen-rich phase of the 114 oxide. Hence, the oxygen rich-phase, which is relatively stable 

at room temperature, can be prepared only by annealing the as-synthesized sample in O2 gas 
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flow at temperature between 300℃ and 350℃ for at least 24 hours, with subsequent 

quenching to room temperature.  

In terms of uptake/release capacity, 114 oxides can absorb and release up to 1.2 formula units 

of oxygen at ambient pressure. Even larger amounts of oxygen can be loaded into the sample 

by annealing these materials at high pressures. For instance, Räsänen, et al. [127] found that it 

is possible to charge these materials with oxygen up to 𝛿 ≈ 1.56 by means of ultrahigh-

pressure oxygenation treatment. However, as Waerenborgh, et al. [166] have pointed out, the 

excess oxygen content higher than 𝛿 ≈ 1.5 is most likely related to the surface sorption or 

starting phase separation. The oxygen contents of YBaCo4O7+𝛿 material synthesized by solid-

state synthesis in the air at 1100°C and quenched from temperature higher than 950℃ is equal 

to 𝛿 ≈ 0.13. The nominally stoichiometric YBaCo4O7+𝛿 with 𝛿 ≤ 0.03 can be obtained 

through annealing the as-synthesized material in inert gas (N2 or Ar) at 500℃ for 12 hours 

[127]. Table 3.5 summarizes the excess oxygen contents and the corresponding OSC values 

of YBaCo4O7+𝛿 at different oxygenation conditions that have been reported by Räsänen in 

Ref. [127]. Here, 1.5 extra formula units of oxygen per unit cell corresponds to an OSC value 

of 2610 𝜇mol(O)/g and formation of a charge ordered phase of Y3+Ba2+Co4
3+O8.5

2− with an 

average Co valence of 3 +. Such large reversible changes in oxygen content can be achieved 

by adjusting the temperature or surrounding oxygen partial pressure – that is, via oxidation in 

an oxygen-containing atmosphere and reduction in an inert atmosphere. Therefore, another 

advantage of these materials is that they do not require hydrogen reduction to release all extra 

oxygen. This high and reversible OSC has significant impact on all physical properties of 

these materials, and will be discussed later in this thesis. Other 114 oxides exhibit similar 

oxygen uptake/release behavior to that of YBaCo4O7+𝛿 [47]. 
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Table 3.5: Excess oxygen contents and the corresponding OSC values of YBaCo4O7+𝛿 at different 

oxygenation conditions [127]. 

Temperature, 
[℃] 

Atmosphere 

Oxygen partial 

pressure, 𝒑𝐎𝟐 
[𝐚𝐭𝐦] 

Excess oxygen 

content, 𝜹 
 

OSC value, 
[𝝁𝐦𝐨𝐥(𝐎)/
𝐠(𝐦𝐚𝐭𝐞𝐫𝐢𝐚𝐥)] 

 

25 air 0.208 0.13 226 

340 air 0.208 1.01 1757 

340 O2 1 1.19 2071 

340 O2 100 1.46 2540 

500 N2 10−5 0.03 52 

500 O2 +KClO3 2 ∗ 104 1.56 2714 

Nevertheless, it should be emphasized that the oxygen absorption/desorption properties of the 

YBaCo4O7+𝛿 family of oxides are different from most of the other nonstoichiometric oxides 

[198]. Usually, with increasing temperature in oxygen-nonstoichiometric transition metal 

oxides reduction of metal ions and formation of oxygen vacancies occur. This is consistent 

with the second law of thermodynamics and leads to the release of oxygen from the material 

upon heating [199, 200]. For instance, compounds such as YBa2Cu3O7−𝛿, YBaCo2O6−𝛿 and 

SrFeO3−𝛿 release oxygen gradually as the temperature increases [6, 201, 202]. The oxygen 

storage ability of commercial CeO2-based oxygen-storage materials is also related to the 

formation of oxygen ion vacancies [101].  

Similar Materials 

It is rare to observe low or intermediate temperature oxygen uptake/release ability under 

ambient conditions. Therefore, any material showing such properties quickly draws 

researchers’ attention. Similar oxygen uptake/release behavior at low or intermediate 

temperatures to 114 oxides was, for example, observed in Dy1−𝑥Y𝑥MnO3+𝛿  (0 ≤ 𝑥 ≤ 1) 

[111], 𝑅MnO3+𝛿  (𝑅 = Y, Ho, Er) [35, 109], Ca2(Al𝑥Mn1−𝑥)2O5+𝛿  (0.5 ≤ 𝑥 ≤ 0.67) [110] 

and Pb2Sr2𝑅Cu3O8+𝛿 (𝑅 = Y, La, Nd, Eu, Er, Yb, Lu) [6]. The dynamic TGA curves of 

oxygen content/weight change as a function of temperature for these materials, and are 

illustrated in Figure 3.9a-b and Figure 3.10a-b. In the following subsections, the oxygen 

uptake/release properties of these compounds will be briefly described. 
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Rare-Earth Manganites 

Both Dy1−𝑥Y𝑥MnO3+𝛿  (0 ≤ x ≤ 1) and 𝑅MnO3+𝛿  (𝑅 = Y, Ho, Er) belong to the family of 

rare-earth manganites and crystallize in hexagonal 𝑃63𝑐𝑚 space group (No. 185), similar to 

that of YBaCo4O7+𝛿 (S.G. 𝑃63𝑐𝑚 (No. 186)). These materials have a layered structure, with 

layers of corner-shared MnO5 trigonal-bipyramids alternating with layers of 8-fold 

coordinated rare-earth cations [35, 111]. These hexagonal manganites are usually synthesized 

through solid-state reaction at elevated temperatures (1300℃). Dy1−𝑥Y𝑥MnO3±𝛿  compounds 

exhibit a remarkable ability to absorb and desorb oxygen (−0.2 < 𝛿 < 0.35) at low 

temperatures over a considerably narrower temperature range of 200– 400℃, which 

corresponds to an OSC value of 2260 𝜇mol(O)/g, as shown in Figure 3.9a [111].  

 

Figure 3.9: TG curves for a) Dy1−𝑥Y𝑥MnO3+𝛿 (0 ≤ 𝑥 ≤ 1) and (b) 𝑅MnO3+𝛿  (𝑅 = Y, Ho, Er) 

recorded in oxygen gas flow with heating/cooling rates of 0.1℃/min [35, 111]. 

Ternary Calcium Aluminium Manganites 

Other oxides containing manganese and showing interesting oxygen diffusion properties are 

ternary calcium aluminium manganites Ca2(Al𝑥Mn1−𝑥)2O5+𝛿  (0.5 ≤ 𝑥 ≤ 0.67). According 

to the literature [132], Ca2AlMnO5+𝛿 phase exhibits reversible oxygen uptake/release capacity 

in oxygen-containing atmospheres in the temperature range of 200– 700℃, involving a wide 

range of oxygen nonstoichiometry 0 ≤ 𝛿 ≤ 0.5 (Figure 3.10a). Ca2AlMnO5+𝛿 belongs to B-
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site ordered perovskites and has layered Brownmillerite-type structure with orthorhombic 

𝐼𝑏𝑚2 symmetry.  

Pb2Sr2RCu3O8+δ 

The family of high-temperature superconductors Pb2Sr2𝑅Cu3O8+𝛿 (𝑅 = Y, La, Nd, Eu, Er,

Yb, Lu) was first synthesized by Cava et al. [221], in the United States in 1988. Similarly to 

the aforementioned oxides, Pb2Sr2𝑅Cu3O8+𝛿 have layered crystal structure and exhibit 

interesting oxygen absorption/desorption characteristics. It has been reported [5, 222] that 

these oxides can rapidly take up and then release a large amount of oxygen at moderate 

temperatures in oxygen-containing atmospheres (Figure 3.10b). Unlike the case of 114 

oxides, which contain only one element capable of changing its valence, the Pb2Sr2𝑅Cu3O8+𝛿 

contain two elements with changeable oxidation states: Cu and Pb. This leads to that these 

oxides can take up and release up to two formula units of oxygen. For instance, in the case of 

𝑅 = La phase, two formula units of oxygen correspond to an OSC value of 1910 𝜇mol(O)/g.  

 

Figure 3.10: TG curves for a) Ca2AlMnO5+𝛿 and (b) Pb2Sr2𝑅Cu3O8+𝛿 (𝑅 = Y, La, Nd, Yb) recorded 

in oxygen/nitrogen gas flow with heating/cooling rates of 1 ℃/min [6, 110]. 

Similar oxygen uptake/release properties have also been found in several other compounds, 

such as in a famous high-temperature superconductor YBa2Cu3O7−𝛿 (also known as YBCO or 

Y123) [6], La4Co3O10+𝛿 [61]. However, this feature is less pronounced in these compounds, 

particularly in terms of the OSC values, rates of the oxygen uptake/release process, operation 

temperature, reversibility, and phase stability. 
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3.3.7 Oxygen Content Control 

It is generally well-known that the oxygen diffusion properties of transition metal 

nonstoichiometric oxides depend on a combination of different factors, such as temperature, 

surrounding oxygen partial pressure, chemical compositions, crystal structure, defect 

structure, changeable oxidation state of the transition element, synthesis conditions (e.g. 

sintring temperature, oxygen atmosphere, cooling rate), microstructure, morphology (e.g. 

shape, size and surface area of sample’s grains), and porosity [35, 42, 50, 142]. One of the 

most effective ways to modify the oxygen uptake/release properties of the OSC value is to 

apply cation substitution or doping. Previous studies have verified that the oxygen 

absorption/desorption properties of 114 oxides are strongly dependent on the choice of all 

cations in the crystal structure [38, 48]. 

According to Hao et al. [124], the maximum amount of absorbed oxygen in 

Y1−𝑥𝐴𝑥BaCo4O7+𝛿 at low temperatures increases as the effective ionic radii of 𝐴 increases. 

This trend can be explained by the fact that the increasing lattice volume increases the 

available interstitial volume and leads to an increase in the size of the cavities in the structure. 

Wide cavities, in turn, contribute to a better diffusion of the oxide ions into the crystal lattice 

[48]. However, at a certain point a further increase in the unit cell volume results in a 

destabilization of the 114 structure. According to Avdeev, et al. [134] , it can be difficult, if 

not impossible, to prepare such compounds with large unit cell volume. Furthermore, the 

temperatures of oxygen absorption/desorption and the temperature where the phase-

decomposition reaction starts depend on 𝐴 in a systematic manner [41, 124, 128]. The 114 

oxides with larger ionic radius of 𝐴 start to decompose at lower temperatures, because they 

are less stable than 114 oxides with smaller 𝐴. Absolutely the opposite situation was observed 

for Pb2Sr2𝑅Cu3O8+𝛿 (𝑅 = Y, La, Nd, Eu, Er, Yb, Lu), where phase-decomposition 

temperature increases with increasing size of 𝑅 [6]. 

It has also been reported that oxygen absorption/desorption properties of YBaCo4−𝑧𝐷𝑧O7+𝛿 

oxides are closely related to the mixed valence states of the 𝐷 element [43, 171, 180]. 

However, the only 𝐷 substituents that increase the maximum oxygen content reached during 

the dynamic TGA run are Ce and Zr for YBaCo4−𝑧𝐷𝑧O7+𝛿 and Mn for YBaFe4−𝑧𝐷𝑧O7+𝛿 

[177, 189]. The reasons for the enhanced OSC in these cases have yet to be clarified. 
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3.3.8 Phase Stability 

One of the weakest points of YBaCo4O7+𝛿 is its thermodynamic instability in the temperature 

range 600– 900℃ in an oxygen-containing atmosphere. YBaCo4O7+𝛿 was found to be 

thermodynamically stable only at temperatures higher than 900℃. At temperatures below 

600℃, YBaCo4O7+𝛿 remains kinetically stabilized against oxidation as a metastable phase 

[42]. Therefore, in order to successfully synthesize single phase YBaCo4O7+𝛿 sample, it 

should be quenched from T ≥ 950℃ or synthesized at low oxygen partial pressures. This fast 

cooling rate over the temperature range of 600 − 900oC is required in order to prevent 

sample decomposition. 

As mentioned above, oxygen absorption/desorption at higher temperatures is a complex 

process consisting of two sub-processes. The main sub-process occurs at around 600–880℃, 

and the other at around 880– 980℃. It has been demonstrated [198] that the latter results in 

much deeper decomposition than the former. Moreover, the second sub-process cannot occur 

in isolation and it must follow the first sub-process. This was verified experimentally in TG 

by heating the YBaCo4O7+𝛿 to 880℃ in argon and then switching the atmosphere from argon 

to oxygen – the second oxygen absorption/desorption sub-process did not occur [198]. 

In this connection, there is currently a discussion in the literature about the possible reason for 

this phase decomposition. One possible reason for phase instability in the temperature range 

600– 900℃ could be the instability of trivalent cobalt in tetrahedral oxygen coordination [48, 

126, 203]. As was mentioned above, all Co atoms in the YBaCo4O7+𝛿 structure are 

tetrahedrally coordinated at room temperature. For this reason, at elevated temperatures under 

oxidizing conditions Co3+ ions tend to adopt octahedral coordination. This scenario was also 

discussed by Lindberg et al. [204] as the origin of the phase decomposition observed for 

Sr2Co2O5. This assumption is confirmed by the fact that in the main decomposition products 

of YBaCo4O7+𝛿 (such as BaCoO3−𝛿, Co3O4, CoO) cobalt is predominantly in octahedral 

coordination [126]. Another factor that could influence the phase stability is the lattice 

volume. Several researchers [48, 53, 134] have repeatedly reported that that the deformation 

in the structure increases with the ionic radius of element at yttrium site. However, it is well 

established that substitution of Y by Ca, which has a much larger ionic radius than Y, 

improves the high temperature phase stability of 114 oxides. According to Zhang et al. [163], 

the improvement of the phase stability in Ca-for-Y substituted YBaCo4O7+𝛿 sample is 
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associated with the fact that the incorporation of Ca ions into the lattice structure prevents the 

reduction of Co3+ to Co2+ at high temperatures, which can result in the collapse of the layered 

structure. Furthermore, it is important to note that the phase decomposition leads to both an 

increase in conductivity and a significant volume contraction [125].  

As has been highlighted in a number of reports, the structure of YBaCo4O7+𝛿 exhibits 

sufficient chemical flexibility to make possible different cationic substitutions [47, 48, 120]. 

Partial or full phase stabilization of YBaCo4O7+𝛿 and related phases at elevated temperatures 

under oxidizing conditions may be achieved through cation substitutions at both the yttrium 

and cobalt sites. The main purpose of these substitutions is to completely prevent phase 

decomposition, or to at least shift the decomposition to a higher temperature.  

The Co-site substitution by an element showing a strong tetrahedral-site preference may 

change the situation considerably. For instance, the partial substitution of Co by Zn, Al or Ga 

greatly improves thermal stability of the material [38, 48, 158]. The improved thermal 

stability in this case may be related to the ability of Zn, Al or Ga to suppress the tendency of 

cobalt to adopt octahedral coordination instead of tetrahedral coordination. The solubility 

limits of the elements substituted for Co are lower than 100% [139, 168, 182], such that they 

cannot completely prevent high temperature phase decomposition individually. However, the 

phase stability in the temperature range between 600 and 950℃ under oxidizing conditions 

may be achieved by substituting Co with a mixture of several elements. For instance, the 

phase-decomposition reaction can be fully suppressed for YBa (Co1−𝑥Al𝑥 2⁄ Ga
𝑥
2⁄
)
4
O7+𝛿 with 

𝑥 = 0.1 [38]. 

Another way to enhance the phase stability of YBaCo4O7+𝛿 is through either partial or total 

substitution of Y, although it is not as dominant as the substitution at cobalt sites. The 

substitution of Y by intermediate- or small-sized lanthanides, such as Er, Tm, Yb or Lu, can 

shift the decomposition to higher temperatures [38, 48, 128], but cannot completely suppress 

the phase decomposition at high temperatures. The decomposition temperature increases 

almost linearly with decreasing size of the ionic radius of element at yttrium site. 

Finally, these materials can also be stabilized through simultaneous substitutions at both the 

Co and Y sites [47]. However, this kind of substitution has yet to be researched in depth, and 

there are only a few papers reporting the simultaneous substitutions at both the Co and Y sites. 
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Therefore, there are still plenty of opportunities to further improve the phase stability of 

YBaCo4O7+𝛿 compound at high temperatures by means of various substitutions. 

3.3.9 Electrical and Thermoelectric Properties 

Despite the vast number of publications on 114 oxides, there are quite few publications 

related to the electrical properties of these materials. Tsipis et al. [43, 125, 136] became the 

first to study the electrical properties of 114 oxides. In particular, they studied the oxygen 

partial pressure dependencies of the electrical conductivity and the Seebeck coefficient of 114 

at high temperatures. By means of oxygen permeation and faradaic efficiency measurements 

it was shown that transport is predominantly p-type electronic, and the oxygen ionic 

contribution to the total conductivity at temperatures higher than 700℃ is lower than 0.02%. 

Moreover, it has been reported that except for the variations associated with the phase 

decomposition both electronic conductivity and Seebeck coefficient of YBaCo4O7+𝛿 are 

independent of the oxygen partial pressure in the temperature range of 700– 1000℃. Such a 

behavior is uncommon for p-type semiconducting oxides. Therefore, in this thesis, 𝑝O2-

dependence of electrical conductivity was measured for several 114 oxides at different 

temperatures. 

In 2007, Hao et al. [77, 139] reported results of measurements of the electrical resistivity and 

Seebeck coefficient of 𝑅Ba𝑀4O7 (𝑅 = Y, Dy, Ho, Er;  𝑀 = Co, Zn) in the temperature range 

80–730℃. According to Hao et al., the electronic transport mechanism in 114 oxides is 

dominated by small polaron hopping conduction. It was reported that the conductivity 

activation energy of YBaCo4O7+𝛿 is equal to 19 kJ mol⁄  and thus the band gap is very close to 

0.2 eV. It was also observed change in the transport mechanism for both electrical resistivity 

and Seebeck coefficient at 380℃ due to the oxygen desorption from the material. 

In contrast to the aforementioned success of the small polaron hopping model, several reports 

[70, 138, 205-208] have found that the temperature dependence of electrical conductivity of 

114 oxides at temperatures lower than 25℃ is better described by the Mott variable range 

hopping conduction model rather than by a small polaronic hopping mechanism. That, in turn, 

indicates that below room temperature the conduction of electron holes in 114 oxides occurs 

through hopping mechanism in a band of localized states in the absence of electron-electron 

interactions. 
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According to previous reports [76, 178], Heikes’ model was employed to discuss the Seebeck 

coefficient in 114 oxides. In particular, Maignan et al. [76] studied the effects of the 

degeneracy of local states of tetrahedrally coordinated cobalt ions in YBaCo4O7+𝛿. It was 

reported that there are only two possible transport mechanisms in stoichiometric 

YBaCo4O7+𝛿. The first mechanism involves the electron hole hopping from HS (high spin) 

Co3+ to HS Co2+ in the 𝑒𝑔 orbitals, while the second mechanism is based on electron hole 

hopping from IS (intermediate spin) Co3+ to HS Co2+ in the 𝑡2𝑔 orbitals. The transport 

mechanisms in YBaCo4O7+𝛿 proposed by Maignan are shown in Figure 3.11. Furthermore, by 

considering the average oxidation state of cobalt in stoichiometric YBaCo4O7+𝛿 to be equal to 

+2.25, the spin degeneracy terms, 𝛽, for both mechanisms were calculated. For the first 

mechanism 𝛽 = 4 5⁄ , while for the other, one obtains 𝛽 = 4 3⁄ . Comparing the experimental 

Seebeck coefficent data and Heikes’ formula, it was suggested that the first mechanism better 

describes the YBaCo4O7+𝛿 system. 

 

Figure 3.11: Possible transport mechanisms in YBaCo4O7+𝛿, (a) electron hole hopping from HS Co3+ 

to HS Co2+ in the 𝑒𝑔 orbitals, and (b) electron hole hopping from IS Co3+ to HS Co2+ in the 𝑡2𝑔 

orbitals [76]. 
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4 Experimental Methods 

This chapter describes the experimental methods utilized in this thesis. First, sample 

fabrication methods – including synthesis, pellet preparation and density measurements – will 

be presented. Next, the characterization of the samples by powder X-ray diffraction (XRD), 

scanning electron microscopy (SEM), and energy-dispersive X-ray spectroscopy (EDS) will 

be covered. Moreover, this chapter also includes a detailed description of such instruments as 

ProboStat measurement cell for the electrical sample characterization, gas mixer, iodometric 

titration measurement setup, TG and TG-DSC instruments. The electrical and 

thermogravimetric measurements performed in this work were carried out as a function of 

temperature and oxygen partial pressure. Most of these measurements were focused on three 

samples: YBaCo4O7+𝛿, Ca0.5Y0.5BaCo4O7+𝛿, and Tb0.5Y0.5BaCo4O7+𝛿. Finally, possible 

sources of error and uncertainties related to the utilized experimental methods will be 

discussed, and several ways to reduce or even eliminate them will be briefly presented. 

4.1 Sample Preparation 

In the present work, the 114 oxide samples used for research were prepared by a conventional 

solid-state reaction route (SSR). For comparison, some YBaCo4O7+𝛿 samples were also 

synthesized by wet-chemical reaction routes (WCR) with three different complexing agents. 

4.1.1 Solid-State Reaction Route 

The vast majority of the samples synthesized in this work were prepared by the SSR method, 

following the procedure described by Kozeeva et al. [46]. For SSR synthesis 𝑅2O3/

𝑅4O7 (𝑅 = Y, Sm, Eu, Gd, Tb, Dy, Ho, Yb), 𝑀CO3 (𝑀 = Ba, Ca) and Co3O4 were used as 

starting materials, and their characteristics are summarized in Table 4.2. Before weighing, the 

starting chemicals used in the synthesis were dehydrated and decarbonized in separate 

alumina beakers. Lanthanide, yttrium and cobalt oxides were heated overnight in a high-

temperature chamber furnace at temperatures between 700 and 900℃, while calcium and 

barium carbonates were annealed in a heating cabinet at 300℃ for 12 hours due to their low 

decomposition temperatures. Afterwards, the starting materials were quenched in air and 

immediately moved to a vacuum desiccator. After cooling under vacuum, the required 

amounts of the starting materials were weighed accurately according to the stoichiometric 
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cation ratio on Sartorius ED224S analytical balance. Next, the reactants were thoroughly 

mixed and ground in an agate mortar for one hour, using isopropanol for homogeneous 

mixing. In this study, the conventional mortar-and-pestle grinding and mixing was preferred 

over the mechanical ball milling in order to avoid contamination and phase precipitations. The 

homogeneous reactant mixture was then charged into an alumina crucible, compacted, topped 

with an alumina lid, and placed into a chamber furnace with ohmic heating. After that, the 

intimate mixture was slowly heated at 180℃/h in air up to 1000℃ and calcined at this 

temperature for 12 hours. The polycrystalline powder obtained after calcination was 

quenched in air and characterized by XRD. Figure 4.1 outlines the temperature profile for the 

raw material pre-annealing and calcination. 

 

Figure 4.1: Temperature program profile for the (a) raw material pre-annealing and (b) calcination. 

4.1.2 Wet-Chemical Reaction Route 

In this project, the YBaCo4O7+𝛿 samples were also prepared using three different WCR 

methods, namely ethylenediaminetetraacetic acid (EDTA) complex gel route (ECG), citrate 

method (CM), and glycine-nitrate process (GNP). The main difference between these 

methods is primarily in the use of distinct complexing agents. Here, the WCR synthesis 

procedure for ECG method will be shown, while for CCG and GNP methods only their 

distinctive features will be briefly described. All other starting materials and experimental 

conditions were identical. WCR syntheses utilized in this project are based on the previous 

works by Tsipis [43], Sarkar [184], and Rui [209]. 



Experimental Methods  Jevgenijs Semjonovs 

 

69 

 

EDTA Complex Gel Method 

The starting materials for all WCR synthesis methods were Y2O3, Ba(NO3)2 and Co(NO3)2 ∙

H2O (Table 4.3). Like in the case of the SSR method, yttrium oxide was preliminarily 

annealed at 900℃ before weighing in order to remove adsorbed gases and water. Then, 

stoichiometric amounts of starting materials were dissolved in a diluted HNO3 solution under 

stirring at room temperature. At the same time, another solution of EDTA in dilute ammonia 

solution was prepared. The amount of EDTA was calculated assuming that the molar ratio 

between the total amount of metal ions and EDTA should be 1: 1.5. Afterwards, the acidic 

solution containing the metal ions was added drop by drop to the EDTA ammonia solution. 

During mixing of solutions, ammonia and nitric acid were used to maintain the 𝑝H of the 

resulting solution around 9. This resulted in a clear deep purple solution without visible 

precipitates. After complete mixing, the EDTA complex solution was heated up to 100℃ on a 

hot plate under magnetic stirring in order to evaporate the solvent. The evaporation process 

took four hours and led to the formation of an amorphous dark purple gel. After that, a beaker 

with the resulting gel was placed in an isolated heating cabinet and heated overnight at 300℃. 

During this heating, the gel was ignited spontaneously through a combustion process. 

However, heating at such low temperature does not always lead to complete combustion 

reaction of the gel. Therefore, in order to avoid damage of the furnace during calcination, the 

resulting black ash was further fired at 500℃. Finally, the raw ash was thoroughly crushed in 

an agate mortar and the powder was transferred to an alumina crucible. The fine powder was 

then calcined at 1000℃ for 12 hours with a heating rate of 180℃/h. 

Citrate Method 

Synthesis of the 114 oxides through citrate method differs from the EDTA complex gel 

method only in that it uses citric acid as a complexing agent instead of EDTA. The molar ratio 

between the total amount of metal ions and the amount of citric acid was 1: 1. 

Glycine-Nitrate Process 

GNP has two distinctive features compared with ECG method. First, in this method glycine 

was used simultaneously as a complexing agent and as a fuel, and the molar glycine-to-

cations ratio was 2: 1. Second, the combustion reaction in GNP is much more exothermic and 

spontaneous compared to above-mentioned WCR synthesis methods. Therefore, heating the 
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gel on a hot plate at 300℃ led to a complete decomposition of organics that was confirmed 

by means of powder XRD. 

4.1.3 Sintering 

After calcination, the powder was reground in an agate mortar in alcohol before a final heat 

treatment. The fine powder was then dried in a heating cabinet, mixed with an organic binder 

consisting of B-60 and B-71 polymers dissolved in ethyl acetate with the quantity of 5–20 

drops per gram of powder and compacted in an evacuable pellet die. After that, the pellets of 

different diameters, from 9 to 25 mm, were cold pressed with a uniaxial pressure of 60 to 

80 𝑀Pa by using Specac GS15011 hydraulic press. This was done in order to maximize the 

density of the green body and thereby reduce the diffusion length. Preliminary experiments 

showed that at temperatures higher than 1000℃, the reaction between the sample and the 

crucible occurs, resulting in a change in the color of the crucible to blue. XRD analysis 

showed that this reaction is associated with diffusion of cobalt into alumina. As a result, the 

cobalt deficiency in the reactant mixture occurred, which greatly affected the formation of the 

stoichiometric 114 oxide. In addition, the final sample was contaminated with aluminum. 

Therefore, in order to prevent direct reaction between the crucible and the green body, the 

bottom of the crucible was covered with a thick layer of reactant powder and the pelletized 

green body was placed on top of the powder. Finally, the green body pellets were sintered at 

1100℃ for twenty-four hours on a massive cold copper cylinder, with subsequent quenching 

of the synthesized samples from 1000℃ to room temperature. Quenching of the samples was 

required to avoid the decomposition of the 114 phase in the temperature range of 700– 900℃. 

This approach resulted in black single-phase pellets of 114 oxides. The temperature profile for 

sintering is represented in Figure 4.2. As reported previously [42, 127, 128], the as-

synthesized samples of 114 oxides had a slight oxygen excess of 𝛿 ≈ 0.13. Therefore, after 

sintering and before further investigations, the as-prepared samples were annealed at 500℃ 

for twelve hours in a nitrogen atmosphere, to obtain oxygen near-stoichiometric samples with 

𝛿 ≈ 0. 
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Figure 4.2: Temperature program profile for the sintering of 114 oxides. 

Table 4.1 summarizes all the samples synthesized in this project, their abbreviated name and 

methods by which they were synthesized. 

Table 4.1: Composition and synthesis method of samples investigated in this project. 

Nominal 

composition 
Abbreviated name Synthesis Method 

𝐘𝐁𝐚𝐂𝐨𝟒𝐎𝟕 Y-114 
SSR, ECG, Citrate 

method, GNP 

𝐂𝐚𝟎.𝟓𝐘𝟎.𝟓𝐁𝐚𝐂𝐨𝟒𝐎𝟕 CaY-114 SSR 

𝐒𝐦𝟎.𝟏𝐘𝟎.𝟗𝐁𝐚𝐂𝐨𝟒𝐎𝟕 SmY-114 SSR 

𝐄𝐮𝟎.𝟐𝐘𝟎.𝟖𝐁𝐚𝐂𝐨𝟒𝐎𝟕 EuY-114 SSR 

𝐆𝐝𝟎.𝟐𝐘𝟎.𝟖𝐁𝐚𝐂𝐨𝟒𝐎𝟕 GdY-114 SSR 

𝐓𝐛𝟎.𝟓𝐘𝟎.𝟓𝐁𝐚𝐂𝐨𝟒𝐎𝟕 TbY-114 SSR 

𝐃𝐲𝐁𝐚𝐂𝐨𝟒𝐎𝟕 Dy-114 SSR 

𝐇𝐨𝐄𝐫𝐁𝐚𝐂𝐨𝟒𝐎𝟕 Ho-114 SSR 

𝐘𝐛𝐁𝐚𝐂𝐨𝟒𝐎𝟕 Yb-114 SSR 



Experimental Methods  Jevgenijs Semjonovs 

 

72 

 

4.1.4 Chemicals 

The starting chemicals used in the SSR and WCR syntheses of the 114 oxides are listed in 

Table 4.2 and Table 4.3, respectively. 

Table 4.2: Chemicals used for SSR synthesis of 114 oxides. 

IUPAC name Chemical formula Assay Manufacturer 

Barium carbonate BaCO3 99.8% Alfa Aesar 

Cobalt (II,III) oxide Co3O4 99.7% Alfa Aesar 

Yttrium (III) oxide Y2O3 99.99% Sigma-Aldrich 

Calcium carbonate CaCO3 ≥99.0% Sigma-Aldrich 

Samarium (III) 

oxide 
Sm2O3 99.8% Sigma-Aldrich 

Europium (III) 

oxide 
Eu2O3 99.9% Sigma-Aldrich 

Gadolinium (III) 

oxide 
Gd2O3 99.9% Sigma-Aldrich 

Terbium (III,IV) 

oxide 
Tb4O7 99.9% Alfa Aesar 

Dysprosium (III) 

oxide 
Dy2O3 99.9% Sigma-Aldrich 

Holmium (III) oxide Ho2O3 ≥99.9% Sigma-Aldrich 

Ytterbium (III) 

oxide 
Yb2O3 99.9% Sigma-Aldrich 
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Table 4.3: Chemicals used for WCR syntheses of Y-114. 

IUPAC name Chemical formula Assay Manufacturer 

Yttrium (III) oxide Y2O3 99.99% Sigma-Aldrich 

Barium nitrate Ba(NO3)2 99.95% Alfa Aesar 

Cobalt (II) nitrate 

hexahydrate 
Co(NO3)2 ∙ 6H2O 98% Sigma-Aldrich 

Ethylenediaminetetraacetic 

acid 
C10H16N2O8 99.4-100.6% Sigma-Aldrich 

Citric acid monohydrate C6H8O7 ∙ H2O 99.5-100.5% Sigma-Aldrich 

Glycine C2H5NO2 99.7% Merck 

Ammonium hydroxide 

solution 
NH4OH 28% VWR 

Nitric acid HNO3 68% VWR 

4.1.5 Density Measurements 

Densities of the pellets were estimated by measuring their dimensions by micrometer 

followed by measuring the mass on analytical balance. The relative mass densities of the 

pellets were then calculated using the theoretical mass densities reported in the literature [99, 

119, 210].  

In order to obtain reliable electrical measurements, relatively dense pellets first had to be 

prepared. In contrast, the pellets for thermogravimetric analysis should be more porous, 

because the presence of a large number of pores in the material enhances the diffusion of 

oxygen and contributes to more rapid equilibration. All of the obtained pellets used for the 

electrical measurements were determined to have 89% or higher relative densities. The pellets 

for the thermogravimetric analysis were cold pressed with lower pressure and sintered with a 

relatively small amount of organic binder (5 drops per gram of powder), and their resultant 

relative densities were lower than 80%. The different types of densities of the synthesized 

pellets are outlined in Table 4.4. All other materials synthesized in this work were used in 

powder form. 
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Table 4.4: The measured, theoretical, refined and relative densities of the sintered pellets. The pellets 

used for the electrical measurement were labeled as Type A, while pellets utilized for the 

thermogravimetric analysis were labeled as Type B. 

Type Compound 

Measured 

density, 
𝝆𝒎𝒆𝒂𝒔  

[𝐠/𝐜𝐦𝟑] 

Theoretical 

density 
𝝆𝒕𝒉𝒆𝒓  

[𝐠/𝐜𝐦𝟑] 

Refined 

density 
𝝆𝒓𝒆𝒇  

[𝐠/𝐜𝐦𝟑] 

Relative 

density 
𝝆𝒓𝒆𝒍  
[%] 

A Y-114 5.09 
5.42 [119] 5.39 

94 

B Y-114 4.33 80 

A CaY-114 4.93 
5.17 [210] 5.16 

91 

B CaY-114 4.03 78 

A TbY-114 5.15 
5.72 [99] 5.71 

89 

B TbY-114 4.24 74 

4.2 Samples Characterization 

4.2.1 X-ray Powder Diffraction 

The structure and phase purity were systematically checked for all the as-synthesized samples 

and samples treated under various temperature and atmospheric conditions by X-ray powder 

diffraction. The measurements were carried out by two different X-ray diffractometers: 

Siemens Bruker D5000 and Rigaku MiniFlex600 benchtop instruments. Bruker XRD 

diffractometer was running in Bragg-Brentano geometry using MoKα radiation (𝜆 =

0.7107 Å). In contrast, MiniFlex600 XRD diffractometer was running in h–2h geometry 

without any monochromator. Thus, both CuKα1 and CuKα2 radiations were employed in this 

case. The former diffractometer was used only for the in situ temperature-dependent 

experiments at ambient atmosphere, while the latter was used to obtain all other powder X-ray 

diffraction data. The investigated diffraction range was 15–120o (2θ) with a scan rate of 

1o/min. 

In this project, special attention was given to the sample preparation for XRD analysis, 

because proper and careful sample preparation is key to producing correct XRD data. Bad 

sample preparation can result in incorrect peak positions, wrong peak shapes, and bad 

intensities. In order to avoid this, the following procedure was performed: 
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1) In order to obtain a random distribution of particle orientations, a small amount of 

pure powder of the different samples (~20 mg) was thoroughly grinded with 

isopropanol in an agate mortar and pestle for ten minutes.  

2) Several drops of the resulting suspension were dripped on an aluminum sample holder 

and dispersed on it with a glass plate. This process was repeated several times until the 

thin uniform film covering the entire surface of the sample holder was formed.  

3) The sample was left for an hour exposed to the air at room temperature, so that all the 

isopropanol would evaporate.  

In the case of sample preparation for the in situ temperature-dependent experiments, a dry fine 

powder was packed tightly in a special alumina crucible for the XRD measurements without 

using an isopropanol. Special care was taken to create a flat upper surface that did not exceed 

the height of the crucible. 

The XRD diffraction data were analyzed with the software DIFFRAC.EVA v4.0 (Mfr. Bruker 

AXS), where the phase identification of crystalline materials was carried out by using the 

Crystallography Open Database (COD). It should be noted that although Y-114 was 

synthesized in 2002, the COD still does not contain its XRD data. However, as mentioned in 

chapter 3, all of the synthesized materials are isostructural to a hexagonal compound 

LuBaZn3AlO7, and thus their powder XRD patterns were indexed in the hexagonal unit cell 

by using LuBaZn3.09Al0.91O7 XRD data as a starting point [211].  

4.2.2 X-ray Rietveld Refinement Analysis 

X-ray refinement analysis was performed to obtain unit cell parameters and structural 

characterization of the samples. Structure refinements were carried by the Rietveld method for 

all the synthesized compounds using the TOPAS v4.0 (Mfr. Bruker AXS) refinement 

program. The following parameters were refined: unit cell parameters, fifth order Chebyshev 

polynomial background function, sample displacement, thermal and zero error parameters, 

peak shapes and positions, scale factor, site occupancies, and crystallite sizes.  

All of the reported space groups [119, 122], i.e. hexagonal 𝑃63𝑚𝑐, trigonal 𝑃31𝑐 and 

orthorhombic 𝑃𝑏𝑛21, were tested to fit the synthesized compound. The refinement with the 

latter space group showed the worst result, while the refinement with both 𝑃63𝑚𝑐 and 𝑃31𝑐 
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symmetry space groups yielded a good fit with low residuals. Therefore, the space group 

𝑃63𝑚𝑐 was chosen and used for all the subsequent refinements. Atomic coordinates obtained 

by Valldor et al. [119, 210] were employed as the starting structure models for structure 

refinement for all the synthesized compounds. 

4.2.3 Scanning Electron Microscopy and Energy Dispersive X-ray 

spectroscopy 

The morphology and microstructure of the samples were studied by means of scanning 

electron microscopy (SEM). In turn, elemental analysis was carried out by energy-dispersive 

X-ray spectroscopy (EDS).  

SEM observations were made using a EI Quanta 200 microscope with a field emission gun 

(FEG). This instrument has three operation modes: high vacuum (HV), low vacuum (LV) and 

environmental SEM (ESEM). In order to study morphological properties of 114 oxides the 

HV mode (10−5 Pa) was utilized, because these materials have a relatively high electrical 

conductivity. The Quanta SEM is equipped with 3 standard detectors, Large-field detector 

(LFD), Everhart-Thornley detector (ETD), and Solid-state detector (SSD). However, only the 

latter two were utilized in this project due to HV mode. In addition, the elemental 

compositions were confirmed by EDS by means of a EDAX Pegasus 2200 detector. The 

analyses were conducted at acceleration voltages between 10 and 20 𝑘V. 

4.3 Apparatus 

4.3.1 Measurement Cell 

Measuring the electrical properties of the 114 oxides was performed using a commercially 

available ProboStat measurement cell (Mfr. NorECs As). This cell can be utilized in a variety 

of atmospheres and temperatures, ranging from room temperature to 1600℃. Moreover, it is 

suitable for samples with different geometries. The ProboStat measurement cell has a number 

of different applications and can be used to test fuel cells, as well as to measure the Seebeck 

thermoelectric coefficient, Van der Pauw conductivity, the kinetics of materials, and more. 

Depending on the application, the cell can have different assemblies and configurations. Here, 

the basic components of the cell will be introduced, while in the next section a detailed 
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configuration of the cell for conductivity and Seebeck coefficient measurements will be 

described. The sketch of ProboStat measurement cell and its basic components is presented in 

Figure 4.3. 

The main part of the cell is the base unit, which is made of Ni-plated brass. The base unit 

contains a pedestal, electrical and gas feedthroughs, a water cooling cylinder, and a connector 

box. The ProboStat measurement cell is also equipped with outer and inner alumina tubes and 

outer tube flange. Additionally, depending on the particular assembly, this cell can have 

different electrodes, thermocouples, and spring loads [212]. 

 

Figure 4.3: (a) Sketch of the ProboStat measurement cell, and (b) cross-section of the base unit. The 

main components of the cell are marked and described at the bottom of the figure. 
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4.3.2 Gas Mixer 

In this work, an in-house build gas mixer was used to control the gas atmosphere around the 

sample in different instruments and to study conductivity and oxygen non-stoichiometry of 

the 114 oxides as a function of oxygen partial pressure. The bottom part of Figure 4.5 

represents a schematic of the gas mixer used during the electrical and thermogravimetric 

measurements. The gas mixer is based on the simple principle of dilution of the initial gas G1 

(e.g. O2) by an inert gas (e.g. Ar, N2, He). Nitrogen and helium was used as G2 for oxygen 

dilution for all the thermogravimetric measurements, while argon was chosen as G2 for all the 

electrical measurements. Thus, the oxygen partial pressure could be controlled in the range of 

1 atm to 10−5 atm, where 1 atm and 10−5 atm correspond to pure oxygen and pure Ar/N2/

 He, respectively. Meanwhile, 𝑝O2values lower than 10−5 atm cannot be obtained because 

any of the aforementioned gases contains some O2 residuals. In addition, due to the large 

number of connections, the gas mixer cannot be 100% hermetically sealed, so it always has a 

certain amount of air leakage. The gas mixer was comprised of nine Sho-Rate 1355 

flowmeters (Mfr. Brooks Instrument), which were separated into four pairs to form four 

mixing stages (M1-M4), plus one single flowmeter connected directly to the measurement 

instrument. In order to obtain low oxygen partial pressure, such as 10−4 atm, very large 

amounts of G2 were required. Therefore, two types of flowmeters, containing either glass or 

tantalum floating balls, were used. The tantalum floating ball was around five times heavier 

than the glass ball. 

The first three pairs of flowmeters were used to dilute oxygen with G2, the fourth pair was 

utilized to control the water vapor partial pressure of the obtained gas mixture, and the last 

single flowmeter determined the gas flow that enters the instrument. Wetting and drying 

stages can be used to humidify or dry the obtained gas mixture. There are two wetting stages 

consisting of two bottles. The first bottle is filled with H2O or D2O, while the second bottle 

contains a saturated solution of KBr(aq). The maximum humidification that can be obtained 

by means of the wetting stage is approximately equal to 0.025 atm at room temperature. The 

drying stage consists of a column filled with P2O5. In the best case, it can provide a water 

vapor partial pressure of at least 3 ∙ 10−5 atm due to gas leakages in the gas mixer. In this 

thesis, all the measurements were carried out under dry conditions. Four bubblers filled with 

dibutyl phthalate (B1-B4) were connected, on the one hand, to the mixing stage, and, on the 

other hand, to the ventilation system. The bubblers were utilized to remove excess gas from 
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the mixing stages and to ensure a certain overpressure in order to push the gas through the 

whole gas mixer. The flowmeters, bottles, bubblers, and the measurement instrument itself 

were connected by copper tubes via Swagelok connectors. The partial pressure of the final gas 

mixture was calculated from the flowmeter readings and thermodynamic data by means of the 

software GasMix v0.5 (Mfr. NorECs As). 

4.4 Electrical Measurements 

The TG measurements were supplemented by electrical measurements to obtain more 

accurate defect structures of the investigated materials. These measurements were taken with 

a ProboStat measurement cell, as described above.  

The electrical conductivity was measured using the in-plane van der Pauw method described 

in chapter 2. Figure 4.4 illustrates the assembly of the ProboStat measurement cell utilized for 

these measurements. For conductivity measurements, the disk-shaped sample with 20 mm 

diameter was placed onto an alumina support plate. Then, four Pt wire electrodes were 

mechanically pressed onto the sample. These electrodes served as current/voltage probes for 

van der Pauw 4-probe method. In order to ensure good contact between the sample and the 

electrodes, they were kept in position by a series of spring loads. The temperature was 

controlled by an S-type thermocouple, which was positioned in the vicinity of the sample. 

Afterwards, the measuring cell was sealed by means of an outer alumina tube and a rubber O-

ring as shown in Figure 4.3. Finally, the upper part of the cell was placed into the heating 

zone of a vertical tube furnace.  
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Figure 4.4: Schematic assemblies of the ProboStat measuring cell used to measure (a) van der Pauw 

surface conductivity or/and (b) Seebeck coefficient. The main components of the cell are marked and 

described at the bottom of the figure. 

For the Seebeck coefficient measurements universal ProboStat measurement cell assembly 

was utilized. Detailed description of this assembly can be found in Ref. [213], while here only 

its most important characteristics will be introduced. This assembly is called ‘universal’ 

because it can be used to measure both conductivity and the Seebeck coefficient, and because 

it has a very similar design to the assembly for measurement of conductivity, as represented in 

Figure 4.4b. The only difference is the presence of additional components that make it 

possible to measure the Seebeck coefficient. First, this assembly contains a resistive 

microheater, which is located inside the inner alumina tube and is used to produce the 

temperature gradient across the sample. Second, it is equipped with three identical 

thermocouples: one is used to control the external vertical tube furnace and two others are 

utilized as both temperature and voltage probes. Third, an additional spring-load system was 

applied in order to ensure both good thermal and electrical contact [213]. This assembly of the 

ProboStat measurement cell has not been used for all the electrical measurement experiments 
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due to instrument availability and time limitation. The thermoelectric voltage was measured 

by changing the temperature across the sample by using the internal heater and 

thermocouples. Then, the Seebeck coefficient was calculated from the slope of the graph of 

the thermoelectric voltage versus temperature. 

As demonstrated in Figure 4.4, both assemblies of the Probostat measurement cell contained 

inner and outer gas supply tubes, so it was possible to supply the sample with a constant flow 

of gas at both sides. This was done by using an in-house-built gas mixer (See section 4.3.2), 

which was directly connected to the cell through quick-connects. Furthermore, the furnace, in 

which the measurement cell had been placed, was equipped with a temperature controller, 

which allowed for the precise controlling of the temperature and the use of various 

temperature profiles. Depending on the experiment, Agilent 34970A multichannel multimeter 

and Agilent E3642A 50W power supply were used to measure or control voltage, 

temperature, current, and resistive heating. The complete electrical measurement setup for 

both assemblies of the measurement cell is illustrated in Figure 4.5. 

In this project, the electrical measurements were carried out under equilibrium conditions 

both isothermally as a function of oxygen partial pressure, and isobarically as a function of 

temperature. 
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Figure 4.5: Electrical measurement setup. The main components of the setup are marked and described 

at the bottom of the figure. 
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4.5 Iodometric Titration 

An iodometric titration method was used to determine oxygen contents and the average 

valence of the cobalt ions in the 114 oxides.  

Before the titration experiment, the following solutions were prepared: 4 mol/L HCl solution, 

10% KI solution, 0.1 mol/L Na2S2O3 ∙ 5H2O solution and 0.5% starch solution. The 

equipment used for iodometric titration experiment is shown in Figure 4.6a, while Figure 4.6b 

demonstrates the color changes of the solution during the experiment. Experimental setup for 

the iodometric titration consists of a burette attached to a retort stand using a double burette 

clamp, a magnetic stir bar and a 250 mL Erlenmeyer flask. For the titration, the sample was 

annealed at temperatures and oxygen partial pressures of interest for 24 hours with subsequent 

air-quenching at room temperature. Then, about 50 mg of the sample were dissolved in 15 mL 

of HCl solution in the 250 mL Erlenmeyer flask, resulting in formation of a dark pink 

solution. Afterward, 15 mL of the KI solution were added under stirring conditions, turning 

the solution into a deep orange hue, due to the redox reaction described by equation (2.46). 

After the redox reaction, the liberated iodine (equation (2.47)) was titrated with Na2S2O3 ∙

5H2O solution using 3 mL starch as an indicator. The adsorption of iodine molecules on the 

starch molecule surface leads to formation of dark blue complexes between starch and iodine. 

In order not to miss the end point of titration, Na2S2O3 ∙ 5H2O solution was added drop by 

drop under strong stirring. The color of the solution suddenly changed from dark blue to 

nearly transparent, marking the full reduction of iodine to iodide. It is important to note here 

that the approximate amount of sodium thiosulfate required for the completion of the titration 

reaction was estimated in advance, and starch was added just before the end of the titration. 

This was done because the premature addition of starch, when the concentration of iodine is 

high, can lead to the formation of strong bonds between starch and iodine, which in turn could 

make the detection of the end point quite difficult [79]. Finally, the volume of the consumed 

sodium thiosulfate during the titration was used to calculate the average valence of the cobalt 

ions by means of equation (2.56). Five parallel experiments carried out for each investigated 

sample signaled that our results had good reproducibility. Titration of the solution without the 

sample demonstrated that oxygen from the atmosphere does not affect the results. 
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Figure 4.6: (a) Sketch of the equipment used for iodometric titration experiment; (b) color changes of 

solution during the experiment: A – 114 oxide dissolved in dilute HCl, B – KI is added, C - small 

amount of Na2S2O3 ∙ 5H2O and starch is added, D - immediately after the end point. The main 

components of the setup are marked and described at the bottom of the figure. 

The chemicals used for the iodometric titration experiments are listed in Table 4.5. 

Table 4.5: Overview of chemicals used for iodometric titration experiments. 

IUPAC name Chemical formula Assay Manufacturer 

Sodium thiosulfate 

pentahydrate 
Na2S2O3 ∙ 5H2O ≥99.5% Sigma-Aldrich 

Potassium iodide KI ≥99.5% Sigma-Aldrich 

Starch C12H22O11 - Sigma-Aldrich 

Hydrochloric acid HCl 37-38% Merck 
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4.6 Thermogravimetric Analysis Measurements 

Thermogravimetric analysis measurements were utilized in this work to study the oxygen 

non-stoichiometry and oxygen uptake/release characteristics of 114 oxides in the temperature 

range of 25– 1100℃. 

4.6.1 Thermobalances 

Thermogravimetric measurements were conducted using 2 different TG instruments: Netzsch 

STA 449 F1 Jupiter and thermobalance based on CI Electronics MK2 microbalance. 

The STA 449 F1 Jupiter is a high-performance thermobalance with a digital resolution in the 

nano range of 0.025 𝜇g. This instrument has vacuum-tight design and is equipped with a 

turbo molecular pump system, the combination of which allows researchers to achieve 

vacuum levels better than 10−4 mbar during the TG experiments. The temperature operating 

range varies from ambient temperature to 1600℃ by means of the silicon carbide furnace. 

The cross-section of the TG instrument STA 449 F1 Jupiter with its main components is 

illustrated in Figure 4.7. TG experiments using this instrument were performed with a 

powdered sample, so sintered pellet was ground and transferred to the TG crucible. The small 

particle size and their large surface area enhance oxygen uptake/release kinetics, so by using 

powdered samples the thermal equilibrium can be achieved much faster than by using 

pelletized samples [214]. Depending on the experiment, the mass of the sample varied 

between 50 to 600 mg. 

Since in TG instrument the sample is in a gas atmosphere, it is exposed to a buoyant force. 

The degree of the buoyancy effect depends on the sample volume and the density of the gas. 

In modern thermobalances, the sample carrier type and the gas atmosphere can be specified, 

allowing the instrument to make adjustments automatically and minimize the buoyancy effect. 

However, the TG measurement results can also be affected by evaporation of water adsorbed 

on the sample holder and other systematic errors. Therefore, in order to get precise results free 

of systematic errors, after each TG experiment the measurement with empty sample holder 

was carried out under the same experimental conditions and temperature profile as normal 

measurement. Afterwards, the blank measurement results were subtracted from the sample 

measurement results. This so-called background correction makes it possible to eliminate any 

effects from the sample holder and the surrounding atmosphere, and to obtain the true mass 
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change of the sample during the experiment. An analysis of the results obtained in TG 

experiments by means of Netzsch thermobalance was carried out using the software Proteus 

Analysis v6.1.0 (Mfr. NETZSCH-Gerätebau GmbH). 

 

Figure 4.7: Cross-section of the TG instrument STA 449 F1 Jupiter. The main components of the 

instrument are marked and described at the bottom of the figure. 

The second experimental setup for the thermogravimetric measurements was composed of a 

CI Electronics MK2 microbalance, a vertical tube furnace, a furnace temperature 

programmer, a gas mixer, and a computer, as shown in Figure 4.8. The pelletized sample was 

hung on one arm of the microbalance with a platinum wire inside a vertical tube furnace. The 

mass of the pellet was between 1 and 2 grams, while its density was below 80%. Then, the 

sample was manually balanced by a counterweight, which was hung on the second arm of the 

microbalance inside a glass tube kept at room temperature. The balance was in an enclosed 
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system, so the atmosphere surrounding the sample could be controlled by means of an in-

house-built gas mixer described in section 4.3.2 [214]. 

 

Figure 4.8: Cross-section of the TG measurement setup based on CI Electronics MK2 microbalance. 

The sample is hanging in the heating zone of a vertical tube furnace. The main components of the 

setup are marked and described at the bottom of the figure. 

For these measurements the buoyancy effect plays an even greater role than in the case of the 

Netzsch thermobalance. This is due to the fact that this experimental setup does not have an 

automatic data correction system, and thus buoyancy, arising from the difference in 

temperature and volume of the sample and counterweight, can significantly influence the 

results. Therefore, after each measurement the calculated weight change associated with the 

buoyancy effect was also subtracted from the sample measurement results in addition to the 

background correction.  
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All of the TG experiments conducted in this work were carried out in a dry atmosphere and 

can be divided into two groups: isobaric (constant 𝑝O2) and isothermal (constant temperature).  

4.6.2 Dynamic TG Measurements 

Several different dynamic TG experiments were carried out in this project.  

First of all, the dynamic TG experiments were performed for all of the successfully 

synthesized 114 oxide samples in the temperature range of 25– 1100℃. These experiments 

helped determine the maximum oxygen content reached by pure or cation-substituted samples 

during the dynamic TG runs in different atmospheres. In addition, such experiments provided 

information about the speed of the oxygen uptake and release processes. 

It has been observed by several authors that the heating/cooling rate during dynamic TG 

measurements of nonstoichiometric oxides greatly affects the results [42, 48, 198]. Therefore, 

the heating/cooling rate on the oxygen non-stoichiometry of Y-114 during the dynamic TG 

run was investigated, compared to the results reported by other authors, and the best rate was 

chosen for all subsequent experiments. 

4.6.3 Oxygen Non-stoichiometry as a Function of Temperature 

The isobaric TG measurements upon isothermal annealing at different temperatures provided 

an opportunity to study the temperature dependence of oxygen non-stoichiometry in Y-114. 

These experiments also are interesting in that they provide equilibrium values of the oxygen 

content at different temperatures, which cannot be achieved during a dynamic TG run. The 

time-temperature profile used to measure the oxygen non-stoichiometry as a function of 

temperature is illustrated in Figure 4.9. In order to be sure about the oxygen stoichiometry of 

𝛿 ≈ 0, the sample was first annealed in nitrogen gas flow (𝑝O2 ≈ 10
−5) at 500℃ for twelve 

hours. The gas was then switched to oxygen, and the gas atmosphere was kept 

constant throughout the remainder of the experiment. Afterwards, the temperature was 

decreased from 500℃ to 230℃ in increments of 30℃ with isothermal annealing at each 

temperature for at least five hours or until equilibrium oxygen content was achieved. The 

same thermal profile was used during heating of the sample back to 500℃. After it was 

confirmed that Y-114 exhibits hysteresis in heating-cooling curves, additional measurements 

at intermediate temperatures, such as 360℃, 370℃, 390℃, 400℃, were noted in order to 
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achieve a more accurate hysteresis curve. In this case, the sample was quenched to room 

temperature and the oxygen content was measured by means of iodometric titration. In order 

to ensure the most reliable TG measurements, the slow heating/cooling rate of 60℃/h was 

selected for all abovementioned experiments. 

 

Figure 4.9: Time-temperature profile used to measure the oxygen non-stoichiometry as a function of 

temperature. 

4.6.4 Oxygen Non-stoichiometry as a Function of Oxygen Partial 

Pressure 

In order to determine the oxygen partial pressure dependence of the equilibrium oxygen 

content in Y-114, isothermal TG experiments were carried out. In these experiments the 

sample was heated to a certain temperature, and held at this temperature throughout the 

experiment. At the same time, oxygen partial pressure was varied within 10−5– 1 atm by 

diluting oxygen gas with helium or nitrogen by means of a gas mixer. Despite the fact that at 

high temperatures the equilibrium was achieved much faster than at low temperatures, in 

average it took approximately 12 hours to achieve equilibrium at a certain oxygen partial 

pressure. Afterwards, the oxygen partial pressure was lowered back to 10−5 atm with larger 

steps just to check for hysteresis. Figure 4.10 outlines the time-𝑝O2 profile used to measure 

the oxygen non-stoichiometry in Y-114 as a function of oxygen partial pressure. Such 
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measurements were performed at the following temperatures: 450℃, 500℃, 550℃, 600℃, 

950℃, 1000℃, and 1050℃. 

 

Figure 4.10: Time-𝑝O2 profile used to measure the oxygen non-stoichiometry in Y-114 as a function of 

oxygen partial pressure. 

4.6.5 Reversibility of the Oxygen Uptake/Release Process 

In order to investigate the reversibility, speed, and stability of the low-temperature oxygen 

uptake/release process of the 114 oxide samples additional TG measurements were 

performed. 

In the first isothermal gas-switching experiment, the sample was first heated from room 

temperature to 350℃ with a heating rate of 60℃/min in a nitrogen gas flow and kept 

isothermally in order to achieve equilibrium oxygen content at this temperature. The 

temperature of 350℃ was chosen because it relates to the maximum oxygen content reached 

during the dynamic TG run. Afterwards, every time the stable weight was observed from the 

TG curve, the atmosphere was switched between N2 and O2, alternately. This isothermal gas-

switching cycle was repeated three times. 

Furthermore, the isobaric temperature-switching experiment was performed by means of a 

special heating program. In this experiment the sample was heated to 450℃ in 40 mL/min 

oxygen gas flow and hold at this temperature for two hours. Afterwards, the temperature was 
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lowered to 350℃ and maintained there until a constant weight was obtained. Then, the 

sample was heated back to 450℃ in order to release over-stoichiometric oxygen. This 

experiment was performed for 3 cycles, and gave information about the efficiency and 

reproducibility of the oxygen uptake/release process in the temperature range of 350– 450℃. 

4.7 TG-DSC 

The most common method of finding the oxidation/reduction thermodynamic parameters is 

curve-fitting of a defect chemical model to the experimental data obtained by means of 

thermogravimetry or coulometric titration. However, such a method contains several 

assumptions and simplifications. For instance, this method assumes that the thermodynamic 

parameters do not vary with temperature and are constant over complete temperature range 

investigated. Moreover, any defect chemical model always includes some simplifications. 

Therefore, in order to obtain more precise information on the defect structure of the material, 

it is advisable to derive the thermodynamic parameters of the oxidation/reduction process 

directly from the measurements [215]. 

In this thesis, the standard oxidation enthalpy, ∆𝐻𝑜𝑥
0 , of Y-114 was measured directly by 

using combined thermogravimetric and differential scanning calorimetric (TG-DSC) 

technique. TG-DSC measurements were performed with a simultaneous thermal analyzer 

NETZSCH STA 449C Jupiter. The cross-section of the TG-DSC instrument and its main 

components are illustrated in Figure 4.11. In TG-DSC instruments, the sample carrier system 

consists of two Pt/Rh crucibles, one sample crucible, and another reference crucible. Upon 

reduction/oxidation, the sample powder’s heat and mass exchange is simultaneously 

measured. The DSC curve obtained in the measurements corresponds to the amount of heat 

released or adsorbed by a sample compared to an empty reference crucible [75]. The gas 

atmosphere in the measuring unit was controlled using a smaller gas-mixer than shown in 

Figure 4.5. 
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Figure 4.11: Cross-section of the TG-DSC instrument STA 449C Jupiter. The main components of the 

instrument are marked and described at the bottom of the figure. 

Similarly to TG experiments, the sample was first preannealed at 500℃ for twelve hours in 

flowing nitrogen gas in order to release the absorbed during synthesis oxygen. Then, about 

200 mg of powder sample was put into a Pt/Rh crucible and heated from room temperature to 

the desired temperature at a heating rate of 1℃/min in 40 mL/min oxygen flow. After both 

the TG and DSC signals were stabilized, the atmosphere was switched from oxygen to 

nitrogen. When both signals were stable again, the gas was switched back to oxygen. The 

oxygen uptake/release cycles by switching the atmosphere between oxygen and nitrogen were 

repeated three times in order to increase the statistical significance of the obtained data. After 

each measurement, the TG-DSC background of two empty crucibles was recorded under 

exactly the same experimental conditions. Finally, this background data was subtracted from 

the measured sample data. 
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4.8 Sources of Error and Uncertainties 

The accuracy of the experimental measurements can be limited by several factors, such as 

precision of the instrument, systematic errors, the observer’s skills, uncontrolled changes in 

the environment, and many others. Therefore, any experiment will likely contain errors and 

inaccuracies. The main task of the person who is conducting a lab experiment is to reduce or 

even eliminate these errors. In addition to the several potential sources of error mentioned 

previously, this section summarizes the errors and uncertainties related to the experiments 

conducted in this thesis and further discusses any steps taken to prevent them. 

The first errors can occur early on, during the synthesis of the samples. The analytical balance 

utilized in this thesis has an uncertainty of ± 0.1 mg, which may lead to non-stoichiometric 

amounts of the starting materials for the synthesis during weighing. In addition, some starting 

materials used in this thesis are highly hydrophilic (e.g. rare-earth oxides), which can also 

affect the purity of the synthesized material. However, this source of error was taken into 

account and mitigated against by heating all starting materials overnight at high or 

intermediate temperature before weighing.  

Another potential source of error relates to the limited accuracy of the powder XRD in 

investigating the phase purity of the samples. The systematic errors related to the XRD 

technique include specimen displacement, errors in zero 2θ position, and irregular sample 

surfaces. Moreover, any XRD instrument has a detection limit and, therefore, very small 

amounts of impurities and secondary phases cannot be detected. For instance, an error of each 

peak position for Rigaku MiniFlex600 diffractometer utilized in this thesis is ±0.02°.  

There are also uncertainties associated with the EDS analysis, which was conducted for the 

elemental analysis of the samples. The accuracy of this analysis might be affected by various 

factors, including the microstructure of the sample, the SEM type, the detector type, or the 

EDS quantification software. One of the major problems that can occur during EDS analysis 

and which could affect the quantification of the composition of the different phases is the drift 

of the electron beam, when using the spot function. In order minimize all these uncertainties 

and to increase the statistical significance, ten crystallites were checked for composition in 

each sample. It was found that the composition is well-reproduced between the crystallites. 
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Furthermore, since most measurements in this project were carried out under a controlled gas 

atmosphere, it is important to mention the inaccuracies in the measurements, which may be 

associated with the gas mixer. There are several factors that may affect the calculated values 

of oxygen partial pressure, including leakages in the gas mixer, the accuracy of the 

flowmeters, and purity of the used gases. In order to maximize the accuracy of measurements, 

the experimental set-up was tested for leaks before each measurement. In addition, the gas 

flow rates between 20 and 130 mm at flowmeters were used where possible, because the use 

of higher or lower flow rates can lead to large uncertainties of up to 60% [216]. 

Another inaccuracy, which is common for both TG and electrical characterization 

experiments, is related to the temperature measurements. If the sample is not placed directly 

next to the thermocouple in the tube furnace, a temperature gradient could occur, which 

would affect the measured data. This source of error has the greatest impact on the Seebeck 

coefficient measurements. However, the geometry of ProboStat measuring cell for Seebeck 

coefficient measurements is designed by Schrade et al. [213] in such a way that this source of 

error is almost completely eliminated. 

The potential uncertainties in the iodometric titration measurements should also be 

considered. The main sources of iodometric titration errors are the volatility of iodine, the 

effect of atmospheric oxygen on the measurements, and precipitation of the starch in solution. 

A significant excess of potassium iodide in the solution, high 𝑝O2, and only freshly-prepared 

starch solutions were utilized to reduce the significance of such errors or even completely 

prevent them. 

In the project, several other sources of error were also taken into consideration, including 

buoyancy, the Seebeck coefficent of the platinum wires, and the geometry and density of the 

samples. The effect of these factors on the obtained data was corrected manually or 

automatically in data analysis software. 
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5 Results 

In this chapter, the experimental results from the measurements of 114 oxides will be 

presented. The first section presents the results from the sample characterization by means of 

XRD and SEM. This will be followed by the results from the iodometric titration 

experiments. After that, the results from the TG and TG-DSC measurements will be 

displayed. The final section focuses on the electrical characterization, including the results 

from the measurements of electrical conductivity and the Seebeck coefficient at different 

temperatures and oxygen partial pressures. All of the 114 oxides synthesized in this project, 

their purity, and the experimental techniques, which were utilized for characterization of these 

compounds, are summarized in Table A in Appendix. 

5.1 Sample Characterization 

5.1.1 Characterization of Crystal Structure 

X-ray powder diffraction was utilized to check phase purity and determine the lattice 

parameters of the resultant samples by means of the Rietveld refinement method. All of the 

samples were investigated by XRD both after calcination and after sintering. However, only 

the XRD diffractograms of the sintered samples will be presented here.  

XRD diffractograms measured by a Rigaku diffractometer have relatively high background 

intensity and relatively much noise due to the presence of large amount of cobalt in the 

material. CuKα radiation activates fluorescence from cobalt, which results in angularly 

independent background intensity. This problem is not relevant to Bruker diffractometer, 

because it utilizes MoKα radiation.  

In general, the synthesis of most of the samples in this thesis resulted in the formation of the 

single 114 phase. However, attempts to synthesize EuY-114 and SmY-114 were not 

successful. The most probable reason for this may be the ionic radii of Eu3+ and Sm3+ being 

too large, which would destabilize the 114 structure [134]. 

As described in the previous chapter, the Y-114 samples were synthesized by four different 

synthesis methods, including solid-state reaction route, glycine-nitrate process, EDTA 
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complex gel route, and citrate method. This was done in order to compare the obtained 

samples and choose the best synthesis method for all other samples. The XRD diffractograms 

of Y-114 synthesized via four different methods are displayed in Figure 5.1. All patterns 

match the reference pattern [211] meaning that Y-114 is the dominating phase or the only 

phase in the powder. However, very tiny reflections associated to secondary phases were 

detected in the samples prepared by ECG and GNP methods. By using DIFFRAC.EVA 

program these secondary phases were identified as Y2O3 and Co3O4, while by means of the 

Rietveld refinement, their total amount was determined to be less than 4%. The Y-114 

samples synthesized through SSR and CM were confirmed to be single-phase materials within 

the detection limit of XRD. 

 

Figure 5.1: XRD patterns of Y-114 synthesized by SSR (black), glycine-nitrate process (blue), EDTA 

complex gel route (green) and citrate method (purple). The angular positions of the allowed Bragg 

reflections are indicated with vertical red lines [211]. Impurity phases are marked with pink asterisks. 

Afterwards, the in situ high temperature XRD (HT XRD) of the Y-114 sample was performed 

in order to test the stability of the compound. The measurements were carried out in the 

temperature range between 30 and 1100℃ at ambient oxygen partial pressure with slow 

heating rate of 1℃/min. The corresponding XRD patterns are shown in Figure 5.2. This 

experiment proves that the material is unstable at temperatures between 650 and 900℃, 

which is in overall agreement with the data available in the literature. 
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Figure 5.2: HT XRD patterns of Y-114 measured in the temperature range of 30 − 1100℃ in air. Blue 

patterns denotes the regular 114 phase, and red patterns corresponds to the phase decomposition. 

As shown in Figure 5.3, the only phases that could be identified as decomposition products at 

800℃ were BaCoO3−𝛿 and Co3O4. However, this could not be confirmed because not all of 

the peaks corresponding to these phases appeared in the diffractogram. Based on the 

stoichiometry of Y-114, some other phases should be presented in the decomposed material, 

but they cannot be observed due to a lot of noise presented in the diffraction pattern. 

 

Figure 5.3: XRD pattern of the sample with nominal composition corresponding to Y-114 measured at 

800℃ in air. 
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The unit cell parameters and volume of Y-114 increase monotonically with temperature, as 

shown in Figure 5.4. A possible reason for this may be thermal expansion, which is related to 

the expansion of the metal-oxygen bonds upon heating. It should be noted that unit cell 

parameters and volume have the same linear dependence on temperature throughout the 

whole temperature range, both before and after the decomposition. 

 

Figure 5.4: Evolution of the values of unit cell parameters 𝑎 (black) and 𝑏 (blue), and unit cell volume 

𝑉 (red) of Y-114 upon heating in air. 

Rietveld refinements were performed for some samples synthesized in this project. The 

starting structure models for Rietveld refinements were taken from [119, 210]. Figure 5.5 

through Figure 5.7 show the XRD diffractograms for Y-114, CaY-114 and TbY-114, 

respectively. In these figures, the observed data is indicated with red stars and the calculated 

pattern is drawn with a full black line. The difference between observed and calculated 

diffraction patterns is given as a blue line. The row of vertical green lines shows the Bragg 

positions of allowed reflections for space group 𝑃63𝑚𝑐. In general, all 114 oxides 

synthesized in this project have a hexagonal crystal structure 𝑃63𝑚𝑐 and they are 

isostructural to Y-114 compound. The small difference between observed and calculated 

diffraction patterns indicates good fitting accuracy. 
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Figure 5.5: Rietveld pattern from the structure refinement of Y-114.  

 

Figure 5.6: Rietveld pattern from the structure refinement of CaY-114. 
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Figure 5.7: Rietveld pattern from the structure refinement of TbY-114. 

Table 5.1 summarizes the refined unit cell parameters, volume, and obtained quality 

parameters for all analyzed compounds. The obtained quality parameters of all of the 

analyzed compounds confirm that the fitting quality is good. The unit cell parameters and 

volume listed in Table 5.1 are close to those reported in the literature for high-quality samples 

[99, 119, 210]. 

Table 5.1: Obtained data from Rietveld refinements for Y-114, CaY-114 and TbY-114. 

Compound 
Space 

group 

Unit cell 

parameter, [Å] 
Unit cell 

volume, 

𝑽 [Å]
𝟑
 

Weighted 

profile 

R-factor, 
𝑹𝒘𝒑 [%] 

Expected 

R-factor, 
𝑹𝑬 [%] 

Goodness-

of-fit 

parameter, 

𝝌𝟐 
 

𝑎 𝑐 

Y-114 𝑃63𝑚𝑐 6.31 10.25 353.6 0.94 0.78 1.46 

CaY-114 𝑃63𝑚𝑐 6.32 10.25 353.93 1.01 0.76 1.77 

TbY-114 𝑃63𝑚𝑐 6.32 10.25 354.4 1.33 1.04 1.65 

5.1.2 Characterization of Microstructure 

The morphological properties and elemental analysis were studied by means of SEM coupled 

with EDS. The SEM studies were carried out only for those samples whose phase purity was 

confirmed by means of XRD analysis, or for samples that contained only small amounts of 
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secondary phases. SEM characterization of the samples was performed both on pellets and 

powders attached to the conductive carbon tape. 

Figure 5.8 shows the morphology of Y-114 samples prepared by different synthesis methods. 

Regardless of the synthesis method, all the synthesized samples have many similar features, 

such as irregular grain size in the surface, relatively high density, and well-defined grain 

boundaries. From the SEM images, it is seen that different grains can be observed for all 

samples. However, the samples synthesized via WCR routes have slightly smaller average 

grain size. The average grain size of each sample is summarized below in Table 5.2. 

 

Figure 5.8: SEM micrographs (SSD images, HV mode) taken on pelletized Y-114 samples synthesized 

via (a) SSR, (b) GNP, (c) ECG, (d) CM routes. 

As can be seen from Figure 5.8, all of the samples illustrate pure single phase. However, the 

samples prepared by GNP and ECG synthesis methods contain some darker and brighter 

grains compared to the main phase on the surface of the material, which were identified by 

EDS as the secondary phases. The corresponding SEM micrographs showing the secondary 
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phases in the sample prepared by ECG rout are presented in Figure 5.9a-b. The secondary 

phases are marked with arrows in the figure. It should be noted that these secondary phases 

have very similar composition for both samples. The dark secondary phase has relatively high 

composition of the cobalt, while the bright phase was found to be an yttrium-rich phase. 

These results are consistent with the fact that in this study, the solid-state detector, which 

detects the backscattered electrons, was utilized to take all of the micrographs. Hence, heavier 

yttrium backscatters electrons more strongly than lighter cobalt, and appears brighter in the 

micrograph. It can be assumed that these phases correspond to cobalt and yttrium oxides, 

respectively. These results are consistent with results obtained by XRD analysis, where the 

secondary phases were determined to be Y2O3 and Co3O4. The precipitation of these oxides 

may be associated with BaO loss during sintering. 

 

Figure 5.9: SEM micrographs of Y-114 samples synthesized through ECG method, showing two 

secondary phases, (a) one phase with a darker color and (b) one phase with a brighter color compared 

to the main phase. Secondary phases are indicated with black arrows. 

Ten crystallites were checked for composition in each sample by means of EDS, and the 

average cation content was calculated. Table 5.2 summarizes the average atomic percentage 

of the different elements and average grain size in the different samples. The average grain 

size of the samples was measured using intercept procedure described in [217]. The EDS 

analyses confirm that the cationic compositions of investigated samples are in good 

agreement with the nominal ones, in the limit of experimental errors. Moreover, the EDS 

analyses showed that the cation distribution for all the samples is relatively uniform. In 

general, the Y-114 samples synthesized by WCR route have a smaller average grain size than 

samples prepared by SSR. No definite trend between ionic radii of substituents and average 

grain size was observed. 
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Table 5.2: Average atomic percentage of the different elements from 10 spot analyses and average 

grain size in investigated 114 oxides. 𝐴 denotes the substituent, such as 𝐴 = Ca, Tb or Gd. 

Expected 

stoichiometry 
𝑹 [𝐚𝐭%] 𝐁𝐚 [𝐚𝐭%] 𝐂𝐨 [𝐚𝐭%] 𝑨 [𝐚𝐭%] 

Average 

grain size 
[𝝁𝐦] 

Y-114 (SSR) 15.43 16.8 67.77 - 2.6 

Y-114 (GNP) 14.88 15.37 69.75 - 1.6 

Y-114 (ECG) 14.95 16.78 68.27 - 1.9 

Y-114 (CM) 17.23 17.46 65.31 - 1.6 

CaY-114 9.52 18.57 64.61 7.3 2.8 

TbY-114 7.62 15.18 68.77 8.43 3.0 

GdY-114 11.45 15.63 71.52 1.4 2.8 

Dy-114 15.94 16.86 67.2 - 2.6 

Ho-114 13.42 16.65 69.93 - 2.6 

Yb-114 16.38 17.91 65.71 - 2.1 

Based on the results presented above, it becomes clear why the SSR route was chosen as the 

main synthesis method in this study, as the GNP, ECG, and CM approaches had important 

drawbacks. In the case of GNP and ECG routes, the synthesis of Y-114 was troubled by the 

formation of a small amount of secondary phases. For the CM method, the prepared sample 

was more porous than the sample synthesized by a conventional SSR route. Finally, in the 

case of 114 oxides, the SSR route is easier and takes less time compared to the WCR routes. 

In this regard, all the results of electrical and thermogravimetric measurements in thesis are 

based on the 114 samples synthesized by SSR route. 

5.2 Iodometric Titration 

In this thesis, iodometric titration was utilized to estimate the average valence of cobalt and 

oxygen content in Y-114 samples, which were treated at different temperatures and then 

quenched to room temperature. The results of iodometric titration experiments are 

summarized in Table 5.3. As mentioned in chapter 4, five parallel iodometric titration 

experiments were carried out for each investigated sample. The reproducibility for oxygen 

non-stoichiometry parameter in parallel experiments was better than ±0.005. The results of 
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the iodometric titration experiments were used to construct the plot of oxygen non-

stoichiometry of Y-114 as a function of oxygen partial pressure at different temperatures (See 

Figure 5.14). These data show that the maximum oxygen content of 𝛿 = 0.078 was reached 

for a 114 sample annealed at 450℃ in oxygen. The subsequent increase of annealing 

temperature led to a gradual reduction of the amount of absorbed oxygen. 

Table 5.3: Average valence of cobalt obtained from iodometric titration experiments and 

corresponding non-stoichiometry parameter values of 114 oxide samples, which were treated at 

different temperatures in oxygen and then quenched to room temperature. 

Sample 
Temperature, 

𝑻 [℃] 

Average valence of 

cobalt 

�̅� 

Non-stoichiometry 

parameter, 

𝜹 

𝐘 − 𝟏𝟏𝟒 450 2.289 0.078 

𝐘 − 𝟏𝟏𝟒 500 2.286 0.072 

𝐘 − 𝟏𝟏𝟒 550 2.276 0.052 

𝐘 − 𝟏𝟏𝟒 600 2.272 0.044 

𝐘 − 𝟏𝟏𝟒 950 2.254 0.008 

𝐘 − 𝟏𝟏𝟒 1000 2.253 0.006 

𝐘 − 𝟏𝟏𝟒 1050 2.252 0.004 

5.3 Thermogravimetric Measurements 

In this thesis, the oxygen uptake/release properties and oxygen non-stoichiometry changes of 

pure and substituted 114 oxides were investigated by thermogravimetric measurements. 

5.3.1 Dynamic TG Measurements 

Figure 5.10 shows typical dynamic TG curves of Y-114, revealing the relationship between 

its weight change and the temperature in nitrogen, air, and oxygen. The TG curves shown in 

Figure 5.10a correspond to the heating of the sample from room temperature to 1100℃, while 

Figure 5.10b shows the TG curves measured when the sample was cooled from1100℃ back 

to room temperature. The measurements were performed with the heating rate 1℃/min. It 

can be seen that Y-114 first start to absorb oxygen slightly below 200℃, and the absorption 

of oxygen continues until the maximum oxygen content is not reached at around 350℃. Then, 

the absorbed oxygen is released completely when the temperature rises above 400℃, and the 



Results  Jevgenijs Semjonovs 

 

105 

 

weight of Y-114 sample backs almost to its initial value. Afterwards, the 114 phase 

decomposes to other phases in the temperature range of 660–1000℃, in good agreement 

with XRD data obtained in section 5.1.1. Finally, at temperatures higher than 1000℃ the 

material indeed returns to the original Y-114 phase. Upon slow cooling the observed weight 

change (Figure 5.10b) is associated to the partial decomposition of the sample. The 

corresponding XRD pattern of the partially decomposed sample, which was slowly cooled to 

room temperature, is presented in Figure 5.11. From Figure 5.10, it can be also seen that the 

magnitude of the both humps decreases in air, while in nitrogen the oxygen content remains 

almost unchanged. 

 

Figure 5.10: TG curves recorded (a) upon heating and (b) upon cooling for Y-114 in N2 (blue), air 

(black) and O2 (red). The arrows indicate the direction of the temperature sweep. 

 

Figure 5.11: XRD pattern of Y-114 measured at room temperature after slow cooling from 1100℃ in 

air. The angular positions of the allowed Bragg reflections are indicated with vertical red lines. 
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5.3.2 Heating/Cooling Rate 

When studying OSMs, the choice of heating/cooling rate becomes very important. Typically, 

slow heating/cooling rate in dynamic TG measurements provides data at each temperature, 

which are close to the thermodynamic equilibrium ones. However, this rate cannot be too 

slow, because practical applications typically require OSMs that desorb/absorb large amounts 

of oxygen with rapid heating/cooling rate. Moreover, in some cases the difference between 

the amount of absorbed/released oxygen at different temperatures can be negligible, and 

hence, the use of too slow heating/cooling rate will have no meaning. Therefore, for each 

material (or at least group of materials) the heating rate should be chosen individually. 

Figure 5.12a shows the weight change of Y-114 when heated in oxygen from room 

temperature to 600℃ with different heating rates. In order to quantitatively illustrate the 

effect of the heating rate on the amount of absorbed oxygen, the weight change was plotted as 

a function of the heating rate, as shown in Figure 5.12b. From Figure 5.12b it can be seen that 

the oxygen content is highly dependent on the heating rate, and it increases almost linearly as 

the heating rate decreases. Obviously, the maximum oxygen content of Y-114 cannot be 

achieved during the dynamic TG run with high heating rates. Therefore, in order to estimate 

oxygen storage capacities of 114 oxides, which represent the thermodynamic equilibrium as 

close as possible, slow heating rates should be utilized. However, the maximum oxygen 

contents obtained at the heating rates of 1℃/min and 0.5℃/min are almost identical. Hence, 

the heating rate of 1℃/min is the most optimal for the dynamic TG experiments for 114 

oxides, which is consistent with the literature [47]. This heating rate was used for almost all 

TG and TG-DSC experiments conducted in this project. 
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Figure 5.12: (a) Weight change of Y-114 in the temperature range 25 − 600℃ in oxygen with 

different heating rates. (b) Heating rate dependence of the maximum absorbed oxygen content. 

5.3.3 Weight Change as a Function of Temperature 

In order to examine the equilibrium oxygen content of Y-114 as a function of temperature, 

which cannot be achieved during dynamical TG runs, the relative weight change of the 

sample was monitored under isothermal and isobaric conditions simultaneously. For this 

experiment, the sample was heated to a certain temperature in oxygen, and then maintained at 

this temperature for five hours, or until the equilibrium oxygen content was achieved. A plot 

of equilibrium oxygen content of Y-114 as a function of inverse temperature measured upon 

heating to 500℃ and upon cooling to 225℃ is shown in Figure 5.13. The thermogravimetric 

measurements were done both upon heating and cooling to see if the measurements were 
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reproducible. It can be seen from Figure 5.13 that Y-114 exhibits clear hysteresis between the 

heating and cooling curves in the temperature range of 225–500℃ under oxidizing 

conditions. 

 

Figure 5.13: Equilibrium oxygen content of Y-114 as a function of inverse temperature measured upon 

heating (blue) and upon cooling (red) in a 1 atm O2 gas flow. The arrows indicate the direction of the 

temperature sweep. 

5.3.4 Weight Change as a Function of Oxygen Partial Pressure 

The oxygen-partial pressure dependence of oxygen content was studied by means of 

isothermal TG experiments. These isothermal experiments were carried out only at 

temperatures and oxygen partial pressures where Y-114 oxide is stable, and hence, all the 

weight changes during the TG run can be assigned to the changes of oxygen stoichiometry in 

material. Figure 5.14 shows the oxygen non-stoichiometry changes for Y-114 as a function of 

oxygen partial pressure in the temperature ranges of 450– 600℃ and 950–1100℃. Accurate 

positions of the 𝛿(𝑝O2)-curves were determined by iodometric titration measurements. For 

this purpose, Y-114 sample was annealed at temperatures of interest for 24 hours in oxygen 

with subsequent air-quenching at room temperature. From Figure 5.14 it is clear that oxygen 

non-stoichiometry of Y-114 increases with oxygen partial pressure and decreases with 

temperature.  
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Figure 5.14: Oxygen non-stoichiometry of Y-114 as a function of oxygen partial pressure at different 

temperatures. 

5.3.5 Effect of Cation Substitution on the Oxygen Uptake/Release 

Process 

Additional dynamic TG experiments were carried out in order to investigate the effect of 

(𝑅 = Ca, Gd, Tb, Dy, Ho, Yb) substituting for Y on the oxygen uptake/release behavior of Y-

114 in the temperature range from 100℃ to 1100℃ with a heating rate of 1℃/min. The 

results of these experiments are illustrated in Figure 5.15, including Y-114 curve as the 

reference. All of the samples show very similar oxygen uptake/release behavior, and their TG 

curves exhibit two prominent humps in this temperature range. As mentioned above, the first 

low-temperature hump is related to the unique ability of 114 oxides to take up and release 

large amounts of oxygen, while the second high-temperature hump corresponds to the phase 

decomposition. Nevertheless, despite the visual similarity, TG curves have some obvious 

differences. From the low-temperature hump in Figure 5.15, one can see that the amount of 

absorbed oxygen at low temperatures varies greatly for different 114 oxides. In addition, the 

TG curves differ by the temperatures of oxygen absorption and desorption. 
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Figure 5.15: TG curves for different 114 oxide samples in the temperature range of 100– 1100℃ 

recorded in an oxygen gas flow (heating rate 1℃/min). 

Table 5.4 summarizes the average ionic radii of 𝑅 and different parameters of R-114 oxides, 

which were obtained from dynamic TG runs during low-temperature oxygen uptake/release 

process. 

Table 5.4: Summary of the R-114 samples investigated by dynamic TG runs: average ionic radii of R, 

maximum weight change in the temperature range of 100–500℃, and corresponding oxygen non-

stoichiometry parameter and oxygen storage capacity. 

R-114 oxide 

Average ionic 

radii of 𝑹 
[𝐩𝐦], [160] 

Maximum 

weight change 

at low 

temperature, 
[𝐰𝐭%] 

Oxygen non-

stoichiometry 

parameter, 

𝜹 

Oxygen storage 

capacity 
[𝝁𝐦𝐨𝐥(𝐎)/𝐠] 

Y-114 104 102.81 1.01 1756 

Yb-114 100.8 102.61 1.07 1631 

Ho-114 104.1 102.89 1.17 1806 

Dy-114 105.2 102.97 1.2 1856 

TbY-114 105.15 103.17 1.21 1981 

GdY-114 104.76 103.81 1.4 2381 

CaY-114 107.5 100.92 0.32 575 
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5.3.6 Reversibility of the Oxygen Uptake/Release Process 

The effect of element substitution on the low-temperature oxygen uptake/release behavior of 

Y-114 was investigated both upon redox and thermal cycling. The results presented in this 

section were not corrected by background data. 

First, the isothermal TG measurements were conducted at 350℃ by intermittently switching 

the atmosphere between nitrogen and oxygen, as demonstrated in Figure 5.16. The 

temperature of 350℃ was chosen because, according to Figure 5.10 this temperature 

corresponds to the maximum OSC during a dynamic TG run in oxygen gas flow. From Figure 

5.16 it can be seen that the oxygen uptake/release process of each sample is highly reversible. 

However, both the magnitude and sharpness of this process vary across different samples. 

Partial Tb-for-Y substitution results in larger oxygen absorption capacity and faster oxygen 

uptake/release rate. Additionally, the TbY-114 sample shows better reproducibility of the 

oxygen uptake/release and its amount of absorbed oxygen is almost the same during the first 

and last cycles. In contrast, the maximum oxygen content of the pure Y-114 sample gradually 

decreases in the repeated oxygen uptake/release cycles from 103.84 wt% in the first cycle to 

103.57 wt% in the third cycle. The Ca-substituted sample, in turn, absorbs a much smaller 

amount of oxygen upon switching the atmosphere between N2 and O2. Moreover, this 

material exhibited the slowest rate of oxygen absorption, which makes it impossible to 

achieve the equilibrium oxygen content over the course of ten hours. 

 

Figure 5.16: TG curves of Y-114 (black), TbY-114 (green) and CaY-114 (purple) during switching 

between nitrogen and oxygen at 350℃. Regions with oxygen and nitrogen atmospheres are separated 

by dashed red lines. 
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Furthermore, the effect of Tb and Ca substitutions on the reversibility of oxygen content 

variations in Y-114 was studied by changing the temperature from 350℃ to 450℃ and vice 

versa at a constant 𝑝O2. The results are shown in Figure 5.17 where the solid curves 

correspond to the weight change of the samples upon thermal cycling, and the dashed red 

curve represents temperature changes during the experiment. From Figure 5.17 it can be seen 

that just like in the previous isothermal experiment, Y-114 and TbY-114 take up and then 

release the absorbed oxygen in a single sharp step, while CaY-114 absorbs and desorbs 

oxygen much more gradually. However, a closer look at the TG curves reveals that the 

oxygen absorption in this experiment occurs much faster than in the previous for all of the 

samples. 

 

Figure 5.17: TG curves of Y-114 (black), TbY-114 (blue) and CaY-114 (green) cycling between 

350℃ and 450℃ in oxygen atmosphere. Temperature changes during the experiment are presented 

with a dashed red curve. 

5.4 Direct Investigation of Oxidation 

Thermodynamics 

Figure 5.18 shows typical TG and DSC signals recorded at 350℃ and 450℃ when the 

atmosphere alternated between O2 and N2. As seen from both figures, the first gas switching 

to oxygen resulted in a sharp change in the sample weight of Y-114, which was accompanied 

by an exothermic peak in the DSC signal. Furthermore, after the atmosphere was switched 

back to nitrogen, the weight of the sample decreased almost to its initial value, which in turn 

contributed to the emergence of an endothermic DSC peak. Since Y-114 is stable at a given 

temperature and oxygen partial pressure, the observed peaks during the TG-DSC experiments 
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may be associated with the oxygen uptake/release processes. The only things that are 

necessary to determine the oxidation/reduction enthalpy of Y-114 are the DSC peak area and 

the corresponding weight change of the sample. The weight change can be found directly 

from the height of the TG peak, while the DSC peak area can be calculated by means of peak 

integration, which in this thesis was carried out using the built-in Netzsch Proteus software. 

As mentioned in chapter 4, the oxygen uptake/release cycle was repeated three times at each 

temperature to increase the statistical significance, and the average values of the obtained 

parameters are presented in Table 5.5. For comparison, both the exothermic oxidation and 

endothermic reduction peaks were evaluated. Despite that at a temperature of 350℃ the 

weight changes are approximately 30 times larger than at 450℃ due to the first-order phase 

transition, their standard oxidation enthalpy values have been determined to be very similar. 

Here, it should also be emphasized that the exothermic and endothermic DSC peaks 

correspond to the interstitial oxygen incorporation and depletion processes, respectively. 

 

Figure 5.18: Isothermal TG (black) and DSC (blue) curves of Y-114 obtained in the oxygen 

uptake/release cycle by switching the atmosphere between nitrogen and oxygen at (a) 350℃ and (b) 

450℃. 
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Table 5.5 shows that the oxidation and reduction enthalpies obtained from TG-DSC signals 

have very similar values. This indicates that the oxygen uptake/release process of Y-114 is 

highly reversible, and that oxidation and reduction reactions have similar rates of reaction 

kinetics.  

Table 5.5: Average DSC peak areal, TG peak high and oxidation/reduction enthalpy of Y-114 

obtained by using TG-DSC measurements. 

Parameter Oxidation Reduction 

DSC peak areal [𝐉] 0.93 0.94 

TG peak high [𝐦𝐠] 0.30 0.29  

∆𝑯𝒐𝒙
𝟎 /∆𝑯𝒓𝒆𝒅

𝟎  [𝐤𝐉 𝐦𝐨𝐥⁄ ]  −50 ± 5 +52 ± 4 

5.5 Electrical Characterization 

In this section, the electrical characterization of 114 oxides will be presented. To start, 

measurements for the electrical conductivity of Y-114 as a function of temperature will be 

detailed, followed by the measurements for the electrical conductivity of Y-114, CaY-114 and 

TbY-114 as a function of oxygen partial pressure. Afterwards, the Seebeck coefficient 

measurements of Y-114 will be presented. All data obtained from electrical measurements 

were corrected based on the samples’ densities. In order to obtain the desirable partial 

pressure of oxygen for the isothermal measurements, the oxygen was diluted with argon. 

5.5.1 Electrical Conductivity as a Function of Temperature of Y-114 

By measuring the electrical conductivity as a function of temperature, the difference between 

the electrical conductivity in different atmospheres can be shown, and the information about 

the prevalent type of charge carrier in the material can be obtained. Figure 5.19 shows the 

temperature dependence of electrical conductivity for Y-114 samples in argon (Figure 5.19a) 

and oxygen (Figure 5.19b) measured during the cooling and warming processes. The 

electrical conductivity of Y-114 increases with temperature and shows a typical 

semiconducting behavior in the whole temperature range between 25– 1000℃. By comparing 

the curves recorded in argon and oxygen, it is clear that the conductivity increases with 

oxygen partial pressure, suggesting that Y-114 is a p-type electronic semiconductor. The 

positive values of the Seebeck coefficient, which will be shown later in this chapter, also 
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confirm the dominance of p-type electronic conductivity. Despite this oxide exhibiting mixed 

ionic–electronic conductivity, it has been reported that its oxygen ionic conductivity makes a 

very small contribution (< 0.02%) to the total electrical conductivity [43]. Therefore, the 

total conductivity of Y-114 is predominantly p-type electronic. In fact, p-type electronic 

conductivity is generally characteristic of many cobalt-containing oxides [218]. 

 

Figure 5.19: Temperature dependence of the electronic conductivity of Y-114 upon heating (black) 

and cooling (red), recorded (a) in argon and (b) in oxygen with heating/cooling rate 1℃/min. 

The temperature-dependent curves of electrical conductivity (Figure 5.19b) and weight 

change (Figure 5.10a) measured in oxygen are visually quite similar and have several 

common features. First, both curves show two pronounced humps: one between 200– 400℃ 

and the other between 660– 1000℃. Second, in both cases the high-temperature hump has a 

stepped shape and consists of two parts, corresponding to two decomposition processes. 

Third, the curves of electrical conductivity and weight change continue to follow the same 

trend as the curves measured in argon before, between, and after these humps. This implies 

that the electrical conductivity and the oxygen uptake/release properties of Y-114 are directly 

related to each other. According to the p-type electronic conductivity mechanism, oxygen 

release from material reduces the concentration of mobile p-type charge carriers, and 

consequently reduces the electronic conductivity [43].  

By comparing heating and cooling processes in Figure 5.19a, it is seen that there is a minimal 

difference between the electronic conductivity measured in argon upon heating and cooling. 

In contrast, the curves of electronic conductivity measured in oxygen are quite different from 

each other, as shown in Figure 5.19b. In this case, a drastic increase of the electrical 
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conductivity can most likely be attributed to a partial decomposition of 114 phase upon slow 

cooling from high temperature in oxygen-containing atmospheres. 

5.5.2 Electrical Conductivity as a Function of pO2 of Y-114 

In order to investigate the effect of oxygen partial pressure on the electrical conductivity, the 

isothermal measurements were performed. Electrical conductivity was measured as a function 

of oxygen partial pressure in the temperature range of 450– 1050℃, except temperatures 

between 650 and 900℃ in which Y-114 decomposes. The measurements were carried out 

from low to high oxygen partial pressure, and vice versa, to check the existence of hysteresis. 

The results of the measurements are shown in Figure 5.20. The resulting data showed an 

excellent reproducibility upon oxidation and reduction. In general, the electrical conductivity 

increases with increasing 𝑝O2, indicating an increase of the concentration of charge carriers, 

which is accompanied by the incorporation of oxygen into the crystal structure. The 

conductivity values obtained at 𝑝O2 = 10
−5 atm and 𝑝O2 = 10

−4 atm were identical, so only 

the latter were utilized in this thesis. 

 

Figure 5.20: Electrical conductivity of Y-114 as a function of oxygen partial pressure at different 

temperatures. 

Furthermore, the electrical conductivity of Y-114 was also measured at 350℃. The results are 

presented in Figure 5.21. As is clearly seen, the conductivity data collected upon oxidation 
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and reduction show an absence of hysteresis. The most probable reason for this hysteresis is 

the incorporation of a large amount of oxygen into the lattice at this temperature. Except for a 

large hysteresis shift, the electrical conductivity is well reproducible upon oxidation and 

reduction at 350℃. These results are consistent with the TG results obtained by measuring 

equilibrium oxygen content as a function of temperature (See section 5.3.3).  

 

Figure 5.21: Electrical conductivity of Y-114 as a function of oxygen partial pressure at 350℃. 

5.5.3 Electrical Conductivity as a Function of pO2 of CaY-114 and 

TbY-114 

Electrical conductivities of CaY-114 and TbY-114 were measured as a function of oxygen 

partial pressure at different temperatures from 450℃ to 1050℃. Data obtained for CaY-114 

and TbY-114 are given in Figure 5.22 and Figure 5.23, respectively. Both compounds show 

very similar temperature and 𝑝O2 dependencies to those of Y-114. The conductivity increases 

with both increasing 𝑝O2 and temperature. Compared with unsubstituted Y-114, CaY-114 

shows higher conductivity, while the conductivity values of TbY-114 are smaller than that of 

the Y-114 sample. 

 



Results  Jevgenijs Semjonovs 

 

118 

 

 

Figure 5.22: Electrical conductivity of CaY-114 as a function of oxygen partial pressure at different 

temperatures. 

 

Figure 5.23: Electrical conductivity of TbY-114 as a function of oxygen partial pressure at different 

temperatures. 

5.5.4 Seebeck Coefficient as a Function of Temperature of Y-114 

Figure 5.24 shows the temperature dependence of Seebeck coefficient of Y-114 in the 

temperature range of 25–1000℃. The Seebeck coefficient decreases with temperature and 

oxygen partial pressure and has positive values in the whole temperature range. The values of 

Seebeck coefficient at room temperature amounted to 144.2 𝜇V/K and 139.3 𝜇V/K in argon 
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and oxygen, respectively. The temperature-dependent curve of the Seebeck coefficient 

measured in oxygen has similar characteristics to the electrical conductivity and TG curves. 

However, the biggest difference is that, in this case, the oxygen uptake leads to a decrease in 

the Seebeck coefficient. This is because the oxygen uptake in p-type semiconductors 

increases the concentration of both oxygen interstitial ions and electron holes, which in turn 

decreases Seebeck coefficient values. The relationship between the Seebeck coefficient, 𝛼, 

and the electron hole concentration, 𝑝, in semiconductors is approximated by the following 

expression: 

 𝛼 ≈ 𝑟 − ln(𝑝) (5.1) 

where 𝑟 is the scattering factor [77]. Heating the sample in oxygen atmosphere results in a 

drastic decrease of the Seebeck coefficient in the temperature range of 200–400℃. Then, 

like in the case of the electrical conductivity and weight change, the Seebeck coefficient 

values decrease back to more-or-less their initial level. Furthermore, above 600℃ another 

sharp decline in the coefficient values occur, which in this time is related to the 

decomposition of the 114 phase. 

 

Figure 5.24: Seebeck coefficient measurement of Y-114 as a function of temperature in argon (black) 

and oxygen (red). 
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6 Interpretation and Discussion 

In this chapter, the experimental results obtained by iodometric titration, TG, TG-DSC, 

electrical conductivity and Seebeck coefficient measurements, which were presented in the 

previous chapter, will be interpreted and discussed. In the first section of this chapter, the 

defect model for Y-114 and related materials will be developed. Next, the derived defect 

structure will be used to obtain important thermodynamic and transport parameters from the 

non-stoichiometry and electrical conductivity data. After this, electrical conduction 

mechanism in Y-114 will be determined and discussed based on the proposed defect model. 

The effect of acceptor and donor partial substitutions on the transport properties of Y-144 will 

be demonstrated. Finally, possible applications of 114 oxides will be discussed in terms of 

their transport properties. 

6.1 Defect Model of Y-114 

Based on the results obtained above and the literature review, the defect model for Y-114 can 

be developed. The first step in creating a defect model of any material is choosing a reference 

state. Doing so is primarily useful in helping to define the formal charge of different defects 

by means of K-V notation. The nominally stoichiometric YBaCo4O7 was chosen as a 

reference state, because only this phase is formed during sintering and is stable at high 

temperatures. As was shown in chapter 3, in Y-114 with [O] = 7 three divalent Co2+ and one 

trivalent Co3+ disorderly occupy the same site. Therefore, the perfect cobalt ion site is 

statistically occupied 
3

4
 with a divalent cobalt ion and 

1

4
 with a trivalent cobalt ion, and is 

statistically occupied with +2.25 positive charges. By using K-V compatible notation this 

perfect cobalt site can be defined as (
3Co2++Co3+

4
)
+2.25

. However, in this thesis, the perfect 

cobalt site will be denoted as Co+2.25 = (
3Co2++Co3+

4
)
+2.25

 for simplicity. As a consequence, 

Co2+ and Co3+can be denoted as CoCo

1

4
/
 and CoCo

3

4
•
, respectively. In Y-114, which is an oxide 

with distinct redox behavior, electronic defects are localized as valence defects, resulting in 

the electron behaving as CoCo

1

4
/
, while the electron hole behaves as CoCo

3

4
•
. This is due to the 

electronic defects being localized at a cobalt ion on a normal structure site. Using this 
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reference state the following defects were identified: Oi
//
, vO
••, CoCo

1

4
/
 and Co

Co

3

4
•

. Table 6.1 

summarizes these defects and briefly describes them. 

Table 6.1: List of some possible defects for YBaCo4O7, that have been considered based on the 

reference state with [O] = 7. 

Notation Defect 

𝐎𝐢
//

 
Oxygen interstitial with double negative 

effective charge 

𝐯𝐎
•• 

Oxygen vacancy with double positive 

effective charge 

𝐂𝐨𝐂𝐨

𝟏
𝟒/  

Co2+ ion on the perfect cobalt site with 

effective negative charge of 
1

4
/ 

𝐂𝐨𝐂𝐨

𝟑
𝟒•  

Co3+ ion on the perfect cobalt site with 

effective positive charge of 
3

4
• 

Because of mathematical identity, the electronic defects localized at a cobalt ion CoCo

1

4
/
 and 

CoCo

3

4
•
 will be respectively denoted as electrons and electron holes in this thesis. 

Now, the formation of these defects will be described and their defect formation reactions will 

be presented. The formation of oxygen vacancies and oxygen interstitials is one possible 

scenario of point defects in YBaCo4O7. The defect reaction is written: 

 Oo
× + vi

× = Oi
//
+ vO

•• (6.1) 

where Oo
× is an oxygen ion on the regular lattice site, and vi

× is unoccupied (vacant) interstitial 

site. Such a combination of defects is called an anion-Frenkel disorder. The overall formation 

of such disorder within the crystal involves the presence of equal numbers of oxygen 

vacancies and interstitials in a crystal at the point of integer structure ([Oi
//
] = [vO

••]), whereas 

the oxide will be stoichiometric or close to stoichiometric. There are not many materials with 

predominating anion-Frenkel disorder due to the stringent property requirements. One such 

material with predominating anion-Frenkel disorder is UO2±𝛿 [219]. Anion-Frenkel disorder 
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in the anion sublattice tends to dominate when the structure is open because the incorporation 

of large oxygen anions requires a lot of “empty space” in the structure and is difficult to 

achieve for materials with close-packed structures. As will be discussed later in this thesis, 

YBaCo4O7 has a layered, open and, flexible structure that can tolerate reversible 

incorporations of a large number of interstitial oxygen ions. Additionally, in YBaCo4O7 the 

sizes of the cations and anions are quite different, which is also a characteristic of materials 

with predominating anion-Frenkel disorder. In a nonstoichiometric oxide with predominating 

anion-Frenkel defect pair, the oxygen vacancies are considered to dominate at reduced oxygen 

pressures, while oxygen interstitials are considered to dominate at high oxygen partial 

pressure. The composition of the nonstoichiometric 114 oxides with predominating anion-

Frenkel disorder can be written YBaCo4O7±𝛿 . If anion-Frenkel disorder predominates in 

YBaCo4O7±𝛿, the non-stoichiometry parameter for YBaCo4O7±𝛿  is then given by the 

difference between the concentration of oxygen interstitials and oxygen vacancies: 

 𝛿 = [Oi
//
] − [vO

••] (6.2) 

The overall reaction for the incorporation and expulsion of interstitial oxygen ions into the 

114 structure can be written as: 

 YBaCo4O7 +
𝛿

2
O2↔YBaCo4O7±𝛿 (6.3) 

By using the equation (6.3) and Le Chatelier's principle, it becomes clear that the oxygen 

excess of YBaCo4O7±𝛿 oxide should increase with increasing oxygen pressure, and thus the 

interstitial oxygen ions will be the predominant defects in this oxide in high oxygen partial 

pressures. This hypothesis can be tested by measuring the oxygen non-stoichiometry of this 

oxide as a function of oxygen partial pressure. The presence of this phenomenon at low 

temperatures in YBaCo4O7±𝛿 can be explained by the low defect formation energy of 

interstitial oxygen ions. The total defect reaction of the formation of a fully ionized oxygen 

interstitial through the reaction of oxygen with the oxide may be written as: 

 vi
× +

1

2
O2(g)+ 2CoCo

1
4/ = Oi

//
+ 2CoCo

3
4•  (6.4) 

In this reaction an interstitial oxygen atom is formed by transferring an oxygen atom from the 

gaseous state to the interstitial structure site. Simultaneously, upon the incorporation of excess 
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oxygen into the 114 structure, the oxidation of cobalt from Co2+ to Co3+ occurs in order to 

compensate effective the negatively-charged oxygen interstitial. Here, it was assumed that 

oxygen gas is the only gaseous reactant in the defect reactions, since the activity of the metal 

components is very small when compared to the oxygen activity. 

The overall formation of a fully ionized oxygen vacancy at low oxygen partial pressure, 

which involves the transfer of an oxygen atom from a regular oxygen position to the gas 

phase, can be written as: 

 OO
× + 2Co

Co

3
4
•
= vO

•• +
1

2
O2(g) + 2CoCo

1
4
/

 (6.5) 

Le Chatelier’s principle indicates that the concentrations of oxygen vacancies and CoCo

1

4
/
 are 

dependent on the oxygen partial pressure such that, under oxygen reductive conditions, the 

equilibrium will be shifted to the product side and these defects will be the predominant point 

defects. 

As was mentioned in chapter 2, the term ‘electroneutrality condition’ refers to the condition 

when the total numbers of effective positively- and negatively-charged defects are equal. The 

total electroneutrality condition for pure YBaCo4O7±𝛿 with predominating anion-Frenkel 

defect pairs is given by: 

 2[vO
•• ] +

3

4
[Co

Co

3
4
•
] = 2[Oi

//
] +
1

4
[Co

Co

1
4
/
] (6.6) 

The electroneutrality condition contains all predominating defects presented in the material. 

However, depending on the temperature and activities of crystals components the minority 

and majority defects are constantly changing. 

Finally, the site occupancy sums, in terms of molar fraction for YBaCo4O7±𝛿 , are given by 

equations (6.7)-(6.9) below. It is assumed that the cobalt sublattice does not contain structural 

defects and the cobalt site occupancy sum can be written: 

 [Co
Co

3
4
•
] + [Co

Co

1
4
/
] = 4 (6.7) 

The site balance for oxygen vacancy: 
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 [Oo
×] + [vO

••] = 7 (6.8) 

The site balance for oxygen interstitial: 

 [Oi
//
] + [vi

×] = 1.5 (6.9) 

The dilute defect approximation can be used to simplify the equations of the site occupancy 

sum. Nevertheless, the use of numerical computational methods in this thesis allows us to 

solve the defect structure of the YBaCo4O7±𝛿 without simplifying. 

Table 6.2 summarizes all of the equations that describe the defect structure YBaCo4O7+𝛿. For 

the sake of simplicity, in these expressions, the standard partial pressure of oxygen (𝑝O2
0 ) was 

chosen to be equal to 1 bar. 

Table 6.2: Full defect model for YBaCo4O7±𝛿. 

Process Equilibrium coefficient 

Anion-Frenkel 

disorder 
𝐾𝐴𝐹 =

[Oi
//
][vO

••]

[Oo×][vi
×]
= 𝐾𝐴𝐹

0 ∙ e−
∆𝐻𝐴𝐹

0

𝑅𝑇  

Oxidation 𝐾𝑜𝑥 =

[Oi
//
] [Co

Co

3
4
•
]

2

𝑝
O2

1
2 [vi

×] [Co
Co

1
4
/
]

2 = 𝐾𝑜𝑥
0 ∙ e−

∆𝐻𝑜𝑥
0

𝑅𝑇  

Reduction 𝐾𝑟𝑒𝑑 =

𝑝
O2

1
2 [vO

••] [Co
Co

1
4
/
]

2

[OO
×] [Co

Co

3
4
•
]

2 = 𝐾𝑟𝑒𝑑
0 ∙ e−

∆𝐻𝑟𝑒𝑑
0

𝑅𝑇  

Electroneutrality 2[vO
•• ] +

3

4
[Co

Co

3
4
•
] = 2[Oi

//
] +
1

4
[Co

Co

1
4
/
] 

Cobalt site balance [Co
Co

3
4
•
] + [Co

Co

1
4
/
] = 4 

Oxygen vacancy site 

balance 
[Oo
×] + [vO

••] = 7 

Oxygen interstitial 

site balance 
[Oi
//
] + [vi

×] = 1.5 
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It should be noted that only 2 out of the 3 mass-action terms in the Table 6.2 are independent, 

as it can be seen from the following expression: 

 𝐾𝑟𝑒𝑑 =
𝐾𝐹
𝐾𝑜𝑥

 (6.10) 

Thus, only two mass-action terms will be used in this thesis in order to describe the defect 

structure of Y-114. 

6.1.1 Defect Thermodynamics 

The equations given in Table 6.2 can then be used to verify the defect structure model by 

means of fitting to the experimental data on the oxygen non-stoichiometry and electrical 

conductivity of Y-114. To do this, the set of nonlinear equations should be solved, and the 

concentration of each of the defects should be expressed. The obtained expressions contain 

oxygen partial pressure dependency and equilibrium coefficients as parameters. The 

equilibrium coefficients in turn contain temperature dependency, as shown in Table 6.2. 

Therefore, the input variables to the system are temperature and oxygen partial pressure, 

while two equilibrium coefficients are used as fitting parameters. However, the complexity of 

the model makes it difficult to solve the equations analytically. Therefore, the set of nonlinear 

equations was solved and fitted to the experimental data numerically by means of the software 

MatLab R2015a (Mfr. MathWorks).  

In this section, the data from the isothermal TG experiments will be used to determine 

standard enthalpies and entropies for oxidation and Anion-Frenkel disorder. Then, these 

values will be compared to the results obtained directly from the oxidation process by means 

of TG-DSC measurements and to the values reported in literature. 

The results of curve fitting of the defect model to the experimental thermogravimetric data are 

shown in Figure 6.1. 
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Figure 6.1: Oxygen non-stoichiometry of Y-114 as a function of oxygen partial pressure at different 

temperatures. The black curves are calculated by the presented defect structure modeling. 

Figure 6.1 shows that the proposed defect model fits the experimental data quite well. The 

only divergence is the measuring point at 1050℃ and 10−4 atm, which can be explained by 

the fact that the data obtained at low oxygen partial pressures have relatively large standard 

errors. Table 6.3 lists the obtained fitting parameters at different temperatures. These 

parameters correspond to the equilibrium constants of the appropriate defects reactions. 

Table 6.3: Obtained fitting parameters for different temperatures for the presented defect model. 

𝑻 [℃] 𝑲𝑨𝑭 𝑲𝒐𝒙 

450 1.11 ∙ 10−18 9.41 ∙ 103 

500 9.63 ∙ 10−18 8.1 ∙ 103 

550 1.01 ∙ 10−16 5.12 ∙ 103 

600 8.31 ∙ 10−16 3.97 ∙ 103 

950 9.16 ∙ 10−12 6.34 ∙ 104 

1000 3.16 ∙ 10−11 4.5 ∙ 104 

1050 1.26 ∙ 10−10 2.5 ∙ 104 

In order to obtain thermodynamic parameters from the values of equilibrium coefficients, they 

were plotted as a function of inverse temperature, as shown in Figure 6.2. 
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Figure 6.2: Equilibrium coefficients of oxidation (blue) and Anion-Frenkel disorder (red) as a function 

of inverse temperature. Straight black line corresponds to the linear fit. 

The thermodynamic parameters, such as standard enthalpies and entropies for oxidation and 

Anion-Frenkel disorder, derived from the fitting of defect chemical model, and their 

corresponding linear correlation coefficients, are summarized in Table 6.4.  

Table 6.4: Extracted thermodynamic parameters from curve fitting of the defect model for Y-114. 𝑅2 

corresponds to the linear correlation coefficient. 

 𝑲𝑨𝑭 𝑲𝒐𝒙 

∆𝑯𝟎  [
𝐤𝐉

𝐦𝐨𝐥
] 243.8 ± 3.9 −46.8 ± 3.2 

∆𝑺𝟎  [
𝐉

𝐦𝐨𝐥 ∗ 𝐊
] −9.0 ± 4.3 −101.4 ± 3.5 

𝑹𝟐 0.9994 0.9769 

The resulting standard oxidation enthalpy for Y-114, which was extracted from the defect 

chemical modelling by fitting the proposed defect model to the experimental TG data, is equal 

to −46.8 ± 3.2 kJ/mol. To the best of our knowledge, the standard oxidation enthalpies of 

114 oxides were reported only once by Hao et al. in [124]. They were determined by a 

convenient Freemen–Carroll method from the TG and DTG data. The reported ∆𝐻𝑜𝑥
0  values 

for R-114 with 𝑅 = Y, Dy, Ho, and Er at 350℃ are −70,− 63, −45 and −56 kJ/mol, 
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respectively. This means that the extracted value of standard oxidation enthalpy for Y − 114 

is consistent with the oxidation enthalpy value reported by Hao et al. 

In this thesis, the standard oxidation enthalpy of Y-114 was also determined directly from the 

oxidation process by means of TG-DSC measurements (See section 5.4). The resulting 

oxidation enthalpy is equal to −50 ± 5 kJ/mol, which is close to the value obtained from the 

defect model. Once again, this confirms that the chosen model was the correct one. 

After establishing that the proposed defect chemical model can describe the experimental TG 

data quite well, the parameters obtained by a successful fitting procedure can now be used to 

calculate the concentrations of all of the defects in Y-114 defined by the defect structure as a 

function of temperature and/or oxygen partial pressure. Two examples of the Brouwer 

diagram of Y-114 at 450 and 1050℃, which were calculated according to the proposed 

defect chemical model and obtained fitting parameters, are presented in Figure 6.3a and 

Figure 6.3c, respectively. Figure 6.3b and Figure 6.3d demonstrate oxygen non-stoichiometry 

of Y-114 as a function of oxygen partial pressure at 450 and 1050℃, respectively. As can be 

seen from these figures, electron holes and oxygen interstitials are the predominating defects 

at high 𝑝O2. Moreover, the concentrations of Co
Co

3

4
•

 and Co
Co

1

4
/

, as well as oxygen non-

stoichiometry of Y-114 are 𝑝O2–independent in the 𝑝O2 range from 10−20 to 10−3 atm at 

450℃ and from 10−10 to ambient oxygen partial pressure at 1050℃. 



Interpretation and Discussion  Jevgenijs Semjonovs 

 

130 

 

 

Figure 6.3: The defect concentrations against oxygen partial pressure in Y-114 at (a) 450℃ and (c) 

1050℃. Oxygen non-stoichiometry variations in Y-114 as a function of 𝑝O2 at (b) 450℃ and (d) 

1050℃. All calculations were made using the equilibrium coefficients obtained in this thesis by fitting 

the experimental TG data to the defect model.  

6.1.2 Electronic Mobility 

As seen from Figure 5.20, the electrical conductivity of Y-114 increases as oxygen partial 

pressure increases. This behavior starkly contrasts that reported by Tsipis et al. [43]. 

According to Tsipis et al., electron–hole conductivity and Seebeck coefficient of Y-114 are 

𝑝O2-independent between 700 and 1000℃. 

By using the defect concentrations and thermodynamic parameters obtained in the previous 

section and 𝜎(𝑇, 𝑝O2) experimental data, the electrical conductivity can be plotted as a 

function of concentration of Co
Co

3

4
•

, as shown in Figure 6.4. The electrical conductivity 

file:///A:/PERVAJA%20FLESHKA/Dropbox/Masteroppgave_2015_14_01/Master%20thesis---%2063.docx%23_ENREF_1
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increases almost linearly with the concentration of Co
Co

3

4
•

, and the slope increases with rising 

temperatures. It can also be seen from Figure 6.4 that the concentration of Co
Co

3

4
•

 varies 

between 0.25 and 0.29 per formula unit. Therefore, the weak 𝑝O2-dependence of electrical 

conductivity of Y-114 can be partially explained not only by small variations in the oxygen 

stoichiometry, but also by small variations in the concentration of electron holes. 

 

Figure 6.4: Electrical conductivity as a function of CoCo
3
4⁄ • concentration. 

Furthermore, by means of equation (2.26) the mobility of electron holes can be calculated and 

plotted as a function of hole concentration, as shown in Figure 6.5. It should be noted that the 

mobility values were corrected by the relative density of the sample. As in the case of the 

electrical conductivity, mobility increases with temperature. In the temperature range of 

450– 600℃, the mobility remains almost constant with increasing concentration of electron 

holes, while at higher temperatures it slightly increases with hole concentration. This may be 

caused by many factors, but identifying the underlying cause requires an examination of the 

materials’ band structures. 
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Figure 6.5: Mobility of electron holes as a function of electron hole concentration. 

As can be seen from Figure 6.5, the values of mobility ranges between 0.0196 and 

0.0536 cm2/(Vs). These values correspond to the typical mobility values of small polarons, 

which are in the regime of activated hopping. The small polaronic hopping mechanism is also 

confirmed by the fact that the hole mobility of Y-114 increases with temperature. The plot of 

𝜇𝑇 against 1/𝑇 is presented in Figure 6.6. The enthalpy of migration of the electron hole 

calculated from the slope is equal to ∆𝐻𝑚𝑜𝑏 = 19.9 ± 2.1 kJ mol⁄ , while the pre-exponential 

is 𝜇0 = 1.8 ± 0.4 cm
2K/Vs. 

 

Figure 6.6: Small polaronic hopping fit to the mobility. 



Interpretation and Discussion  Jevgenijs Semjonovs 

 

133 

 

6.2 Electrical Conduction Mechanism 

In order to investigate the electrical conduction mechanism presented in Y-114, the curve of 

electrical conductivity versus inverse temperature in argon (Figure 5.19a) was fitted to 

different transport models. The analysis of data was carried out within the framework of 

standard models, such as Arrhenius, small polaronic hopping (SPH), and Motts 3D variable 

range hopping (VRH) models, which have been briefly described in chapter 2.  

The results of the fitting to the different models and the corresponding goodness-of-fit 

parameter (R-squared) are displayed in Figure 6.7. As can be seen from the plots, the VRH 

model is the worst fit to the data. This can be explained by the fact that the VRH mechanism 

normally occurs below room temperature. In contrast, both Arrhenius and SPH models 

provide a good fit to the experimental data for the whole investigated temperature range. In 

both cases, the deviation from linear temperature dependence is minimal and is insufficient to 

determine the exact conduction mechanism. A more detailed analysis shows that the strongest 

correlation is found for the SPH model, which is consistent with the literature [77]. It should 

be noted that the electrical transport of many cobalt-containing oxides occurs via thermally 

activated hopping mechanism [77, 220]. This is related to the tendency of perovskite-type 

cobaltites and manganites to from polarons due to lattice distortions [221]. The activation 

energy, 𝐸𝜎, calculated from the slope of the linear regression of SPH model is equal to 

18.2 ± 0.6 kJ mol⁄ . Similar values of conductivity activation energy are often observed in 

cobalt-containing oxides, and La0.3Sr0.7CoO3 with 𝐸𝜎 = 14.4 kJ mol⁄  is one such material 

[222]. 
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Figure 6.7: Fitting of the conductivity data of Y-114 in argon to the (a) Arrhenius transport model, (b) 

small polaronic hopping model, (c) VRH model with −1 2⁄  temperature dependency and (d) VRH 

model with −1 4⁄  temperature dependency in the temperature range of 25–1000℃. 

6.3 The Seebeck Coefficient 

6.3.1 Conduction Mechanism 

In order to obtain more information about the electrical conduction mechanism in Y-114, 

experimental temperature dependence of the Seebeck coefficient in argon was analyzed.  

The thermopower activation energy, 𝐸𝑆, for a thermally activated hopping conduction 

mechanism can be determined from the slope of the Arrhenius plot, using the following 

expression derived for the equation (2.44): 
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𝛼𝑒

𝑘𝐵
=
𝐸𝑆
𝑘𝐵𝑇

 (6.11) 

An Arrhenius plot of the Seebeck coefficient of Y-114 with linear fit is shown in Figure 6.8. 

The thermopower activation energy of the Y-114 specimen was calculated to be 1.3 ±

0.3 kJ/mol. By comparing this to activation energy of mobility, which was found to be equal 

to 19.9 ± 2.1 kJ mol⁄ , the latter is clearly much larger. The Seebeck coefficient depends 

solely on the concentration of charge carriers, but not on their mobility. Therefore, small 

thermopower activation energy and large mobility activation energy mean that only the 

mobility of charge carriers is activated. Moreover, a large difference between activation 

energy value for electrical conductivity, 18.2 ± 0.6 kJ mol⁄ , obtained in the previous section, 

and thermopower activation energy confirms that the transport of electron holes in Y-114 

occur via SPH mechanism in the temperature range of 25–1000℃ [223]. In this case, the 

conductivity can be written as: 

 
𝜎 = 𝜎0e

[
−(𝐸𝐹−𝐸𝐵+(𝐸𝜎−𝐸𝑆))

𝑘𝐵𝑇
]
 

(6.12) 

where 𝐸𝐹 denotes the Fermi level, 𝐸𝐵 is the edge of valence band, and (𝐸𝜎 − 𝐸𝑆) is the 

hopping activation energy. This means that the movement of electron holes in Y-114 occurs 

through thermally-activated hopping in the localized states at the band edges. These results 

are consistent with a report from Hao et al. [77]. However, both 𝐸𝜎 and 𝐸𝑆 obtained by Hao 

have slightly different values, which may be explained by the different synthesis conditions or 

different geometrical properties of the samples. 
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Figure 6.8: Arrhenius plot of Seebeck coefficient of Y-114 with linear fit (red line). 

It should also be noted that, according to Hao et al. [77], the conductivity of R-114 (𝑅 =

 Y, Dy, Ho, Er) shows different temperature dependencies at low and high temperatures. It has 

been suggested that this change of dependency is related to the change of transport 

mechanism in the temperature region between 350 and 400℃. Hao and his co-workers 

proposed that the most probable reason for the change of conduction mechanism in Y-114 is 

the oxygen desorption from the lattice and the subsequent change in symmetry. In contrast, no 

change in the conduction mechanism is observed in this thesis. According to both electrical 

conductivity and the Seebeck coefficient data, transport mechanism in Y-114 can be described 

by SPH model in the whole temperature range studied (25– 1000℃). This is reasonable, 

because, as demonstrated in the previous chapter, oxygen uptake/release process at low 

temperatures is highly reversible, and after all of the absorbed oxygen is released from the 

lattice at 450℃, the material returns to the original Y-114 phase with hexagonal symmetry. 

This is also confirmed by the fact that Hao et al. [77] were unable to identify the high-

temperature conduction mechanism and to find the accurate reason of the mechanism change 

in their paper. 
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6.3.2 Heikes’ Formula 

There are many models describing the concentration-dependent Seebeck coefficient in 

semiconductors. One of the most common models among the scientific community is Heikes’ 

model. The concentration of electron holes, expressed from Heikes’ formula (equation 

(2.41)), is given by: 

 𝑐 = (1 +
𝛽

e
−
𝛼𝑒
𝑘𝐵

)

−1

 (6.13) 

By considering the transport mechanism in Y-114 based on the electron hole hopping from 

HS Co3+ to HS Co2+ in the 𝑒𝑔 orbitals, the spin degeneracy term equal to 4 5⁄  can be used to 

fit the expression for hole concentration to the experimental Seebeck coefficient data [84]. 

The calculated temperature dependence of the electron hole concentration in Y-114 is 

presented in Figure 6.9. The findings show that, at low temperatures, the concentration of 

electron holes is lower than what would be expected based on the defective model, which was 

calculated from the iodometric titration measurements. However, this finding is reasonable 

because the Heikes’ formula (in the form in which it is presented in this thesis) is well-suited 

to describe the thermopower data of semiconductor materials only in the high temperature 

limit [240]. Its applicability at or near room temperature is highly nontrivial, and this can only 

be done for materials with very strong electron correlation, which is not true for the 114 

oxides [241]. Nevertheless, it can be seen from Figure 6.9 that electron hole concentrations 

obtained at temperatures above 650℃ have reasonable values, which is consistent with the 

proposed defect model and titration data. Hence, it can be concluded that Heikes’ formula can 

be used to describe the thermopower of Y-114 only at high temperatures. 
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Figure 6.9: Electron hole concentration in Y-114 as a function of temperature, calculated from the 

experimental Seebeck coefficient data by menas of Heikes’ formula. 

From Figure 6.10, one can also see that the concentration of electron holes increases with 

increasing temperature. This means that the temperature dependency of the electronic 

conductivity of Y-114 is dominated by concentration of electron hole, but not their mobility. 

6.4 Y-site Cation Substitution 

In this thesis, acceptor and donor partial substitutions at the yttrium site of Y-114 were 

successfully realized. Calcium and terbium were chosen as the aliovalent substituents because 

they have similar ionic radii and electronegativity with yttrium. 

The partial substitution of yttrium in Y-114 with calcium results in the formation of 

negatively-charged CaY
/

. In order to maintain electroneutrality, the CaY
/

 needed to be charge-

compensated by effective positively-charged defects. Here, we have two possibilities for 

compensating the charge of acceptor substituent: by oxygen vacancies or by Co
Co

3

4
•

. The defect 

reaction for trivial normal synthesis of the nominally stoichiometric Y-114 can be written as: 

 
1

2
Y2O3 + BaO +

4

8
Co8O9

YBaCo4O7
↔      YY

× + BaBa
× + 4CoCo

× +7OO
× (6.14) 

It follows that the defect reactions for the acceptor doping are given by either: 
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 2BaO + Co8O9 + 2CaO
YBaCo4O7
↔      2BaBa

× + 8CoCo
× + 2CaY

/
+ vO

•• + 13OO
× (6.15) 

or  

 

3BaO +
3

2
Co8O9 + 3CaO +

3

4
O2(g)

YBaCo4O7
↔      3BaBa

× + 8CoCo
×

+ 3CaY
/
+ 4Co

Co

3
4
•
+ 21OO

× 

(6.16) 

In practice, depending on the properties of Y-114, the temperature, and the oxygen activity, 

only one of these reactions will dominate in the oxide. It should also be noted that the 

acceptor substituent could also be compensated by annihilation of defects of the same 

effective charge, i.e. electrons. However, this seems not to be the case here. In this thesis, 

relatively large amounts of substitution are used, while such compensation is only effective 

for very small amounts of doping. 

In contrast, in Tb4O7 terbium has two oxidation states +III and +IV, and hence, it may 

simultaneously serve as a homovalent substituent and as a donor. When Tb4O7 is dissolved in 

Y-114, two types of defects are formed: neutral TbY
× and effective positively-charged TbY

• . 

The latter can be compensated by effective negatively-charged defects, such as oxygen 

interstitials or Co
Co

1

4
/

. If the compensating defects are oxygen interstitials when Tb4O7 

dissolves in Y-114, the reaction equation for the dissolution is given by: 

 
4BaO + 2Co8O9 + Tb4O7 + vi

×
YBaCo4O7
↔      4BaBa

× + 16CoCo
× + 2TbY

×

+ 2TbY
• + Oi

//
+ 28OO

× 

(6.17) 

Furthermore, if the compensating defects are Co
Co

1

4
/

, the defect equation for the dissolution 

may be written: 

 

4BaO + 2Co8O9 + Tb4O7
YBaCo4O7
↔      4BaBa

× + 8CoCo
× + 2TbY

× + 2TbY
•

+ 8Co
Co

1
4
/
+ 28OO

× +
1

2
O2(g) 

(6.18) 

Similarly to the acceptor substitution situation, the annihilation of intrinsic defects with 

effective positive charge in order to compensate for the dopant most likely do not play any 
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significant role in donor-substituted Y-114. Thus, the defect formation reaction described in 

equations (6.17) and (6.18) can be used to study the effect of donor substitution on the defect 

concentrations and defect-dependent properties in Y-114. 

All of the defect reaction equations listed in the Table 6.2 remain the same for both acceptor- 

and donor-substituted Y-114. The only difference lies in the fact that the expression for the 

electroneutrality condition in these cases contains an additional term: the concentration of 

substituent. Thus, the total electroneutrality condition for acceptor-substituted CaY-114 can 

be written as: 

 2[vO
•• ] +

3

4
[Co

Co

3
4
•
] = 2[Oi

//
] +
1

4
[Co

Co

1
4
/
] + [CaY

/
] (6.19) 

while for donor-substituted TbY-114, the total electroneutrality condition is given by: 

 [TbY
• ] + 2[vO

•• ] +
3

4
[Co

Co

3
4
•
] = 2[Oi

//
] +
1

4
[Co

Co

1
4
/
] (6.20) 

Thus, both CaY-114 and TbY-114 can be successfully described with the defect model 

presented in section 6.1. 

6.4.1 Electrical transport in CaY-114 and TbY-114 

The effect of acceptor and donor partial substitutions at the yttrium site on transport properties 

of Y-144 was investigated by measuring the electrical conductivity as a function of oxygen 

partial pressure in the temperature range from 450℃ to 1050℃. From Figure 5.22 and Figure 

5.23, one can see that the 𝑝O2-dependence of electrical conductivity for both CaY-114 and 

TbY-114 is very similar to that of Y-114. The only difference is in the average values of the 

electrical conductivity, which increases in the following sequence: 𝜎𝑇𝑏𝑌−114 < 𝜎𝑌−114 <

𝜎𝐶𝑎𝑌−114. This can be explained by the defect structures of these oxides. According to 

equations (6.19) and (6.20), the concentration of electron holes increase upon acceptor 

substitution (CaY
/
) and decreases upon donor substitution (TbY

• ). These results thereby 

support the proposed defect chemical model. 
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6.5 Low-temperature Oxygen Uptake/Release 

Behavior 

In this thesis, the low-temperature oxygen uptake/release behavior of Y-114 was studied by 

TG under equilibrium conditions in the temperature range 225– 500℃ under oxygen gas 

flow. As shown in Figure 5.13, Y-114 exhibits clear hysteresis between the heating and 

cooling TG curves. It can also be seen that the equilibrium oxygen content varies between two 

limiting compositions: nominally stoichiometric with 𝛿 ≈ 0 and oxygen-rich phase with 

𝛿 ≈ 1.19. 

As mentioned in chapter 3, the oxygen uptake/release behaviors of most OSMs are associated 

with the filling of oxygen vacancies without any considerable changes in structure. In 

contrast, the 114 oxides do experience a significant structural reordering during the low-

temperature oxygen uptake/release process, which leads to a change in the symmetry. A 

similar temperature dependence of equilibrium oxygen content at low temperatures shown in 

Figure 5.13 was also reported by Alekseev et al. [224]. It has been suggested that the low-

temperature oxygen uptake/release process of Y-114 has the form of a first-order phase 

transition. By means of ex situ and in situ structural synchrotron studies Alekseev 

demonstrated that this process is accompanied by a thermal hysteresis, drastic oxygen 

displacement, tetrahedral to octahedral cobalt transformation, and prolonged relaxation 

processes. However, in contrast to our results, it has been reported that the equilibrium 

oxygen content of the oxygen-rich phase is equal to 1.4, which was obtained upon slow 

stepwise TG measurements in air. This value seems to be too high, because according to 

Räsänen [127], the maximum equilibrium oxygen content that can be achieved during TG 

measurements in air is 𝛿 ≈ 1.01, while more than 1.2 oxygen atoms per formula unit can be 

absorbed by Y-114 only upon an ultrahigh-pressure oxygenation treatment (𝑝O2 > 100 atm).  

Furthermore, the results obtained in this thesis show that the intermediate phases with 

0.2 ≤ 𝛿 ≤ 1.0 most likely do not exist and consequently cannot be equilibrated. This is 

another difference between our results and the results obtained by Alekseev et al. [224], 

which managed to equilibrate the weight change of Y-114 for several intermediate phases 

upon cooling in the temperature range between 325 and 275℃. 
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There exists significant disagreement in the scientific community regarding the low-

temperature oxygen uptake/release behavior of Y-114, largely due to high complexity of the 

process, which is uncommon for most nonstoichiometric oxides [124]. One of the 

assumptions of the nature of this behavior is the unique layered crystal structure of these 

materials with large distorted tunnels, which allow easy oxygen diffusion and ensure high 

mobility of interstitial oxygen ions. The uncommon oxygen uptake/release phenomenon of Y-

144 can also be attributed to its metastable state and large activation energy of kinetic 

stabilization at low temperatures, which can suppress the energetically preferred oxygen 

release upon heating [6, 38]. However, the exact reasons for this phenomenon remain to be 

determined with certainty. 

As was shown in chapter 3, similar low-temperature oxygen uptake-release behavior was 

reported for several other oxides, including Dy1−𝑥Y𝑥MnO3+𝛿  (0 ≤ 𝑥 ≤ 1), 𝑅MnO3+𝛿  (𝑅 =

Y, Ho, Er), Ca2(Al𝑥Mn1−𝑥)2O5+𝛿  (0.5 ≤ 𝑥 ≤ 0.67) and Pb2Sr2𝑅Cu3O8+𝛿 (𝑅 =

Y, La, Nd, Eu, Er, Yb, Lu). Unlike most OSMs, the oxygen uptake/release behavior of all of 

these oxides does not attribute to the formation of oxygen vacancies as the temperature 

increases, but rather to the reversible phase transitions [25, 110].  

For instance, the oxygen uptake/release process in Ca2AlMnO5+𝛿 is related to the topotactic 

transformation/oxygenation of AlO4 tetrahedra into AlO6 octahedra. Motohashi et al. [110], 

showed that this transformation, like that of 114 oxides, is associated with the first order 

phase transition between oxygen-stoichiometric (𝛿 ≈ 0) and oxygen-rich (𝛿 ≈ 0.4) phases. 

However, the main difference between 114 oxides and calcium aluminum manganites is that 

in the latter the absorbed oxygen is coordinated to Al, while the oxidation state change upon 

oxidation occurs in Mn [110]. In contrast, extra oxygen in 114 oxides is coordinated to Co 

[63] and the oxygen incorporation into the lattice is also associated with increasing average 

oxidation state of cobalt. 

Furthermore, it has been reported that, similar to the case of 114 oxides, the low-temperature 

oxygen uptake/release properties of both 𝑅MnO3+𝛿 and Pb2Sr2𝑅Cu3O8+𝛿 are strongly 

influenced by the size of the rare-earth cation [25, 109]. In particular, Abughayada et al. [35], 

showed that OSC and thermal stability of the rare-earth hexagonal manganites increase with 

increasing ionic radii of the 𝑅 ion. Remarkably similar, the OSC and stability of 

Pb2Sr2𝑅Cu3O8+𝛿 can be greatly enhanced by using large-sized lanthanides, such as Nd and 
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La [6]. In contrast, 114 oxides exhibit inverse dependence on the size of rare-earth, and the 

high-temperature stability of these oxides can be improved by the Y-site substitution by 

intermediate- or small-sized lanthanides, as was shown in chapter 3. Moreover, such 

substitutions in Y-114 are relatively ineffective and they reduce the OSC, which has led to 

Co-site substitutions being commonly used to improve the stability of these materials. 

The exact cause of this oxygen uptake/release phenomenon for all of the above-mentioned 

oxides is not yet fully understood. Therefore, further research on the topic is required. 

6.6 Applicability of 114 Oxides 

Although defect structure and transport properties are the primary subjects of this work, it 

may be useful to discuss some of the possible applications of 114 oxides with the goal of 

demonstrating the versatility of these materials. In fact, these materials have already been 

investigated for several applications, for example as cathode materials for SOFCs [44, 125, 

126, 141, 142, 182, 203, 225-234], as thermoelectric materials for power production [54], as 

ceramic membranes for oxygen separation [163], as oxygen sensors [235], as sorbents for 

oxygen-enriched carbon dioxide stream production [209], as absorbents for oxygen removal 

from nitrogen [159] and as catalysts in H2O2 oxidation of cyclohexene [145]. In this section, 

some of the properties of 114 oxides important for practical applications will be described 

based on the defect model and transport properties that were considered in the previous 

sections. Special attention will be paid to the utilization of 114 oxides as OSMs and as 

thermoelectric materials. 

6.6.1 114 Oxides as OSMs 

As it was demonstrated in chapter 1, OSMs have many potential applications ranging from 

oxygen storage promoters in automotive TWCs to oxygen sensors. It was shown that 

depending on the application, the importance of a particular property can vary. However, 

there are some characteristics that are important for most of the applications of OSMs. One 

such property is the reversibility of the oxygen uptake/release process. 
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Reversibility of the Oxygen Uptake/Release Process 

The cyclic performance of Y-114, TbY-114 and CaY-114 in repeating oxygen uptake/release 

processes was studied by means of two TG cycling experiments. After three cooling/heating 

and nitrogen/oxygen cycles each sample was quenched to room temperature and investigated 

by means of XRD and SEM. The XRD analysis showed that all the investigated samples have 

114 structure and no additional peaks were observed from XRD patterns. The SEM 

investigations confirmed the high stability of 114 oxides upon oxygen charging/discharging 

cycling, and no degradation of the samples was found. This means that these oxides have 

stable and flexible structures that can tolerate reversible incorporations of large amounts of 

oxygen with good reproducibility. However, from Figure 5.16 one can see that the 

experimental absorption capacity of Y-114 slightly decreases with every new cycle. The 

biggest difference in the amount of absorbed oxygen is seen between the first and second 

cycle. This can be explained either by the degradation of the sample or the release of water 

that was desorbed during the synthesis. The stability of a material in the oxygen 

uptake/release cycles is a very important factor for practical applications, and hence, this 

phenomenon needs to be investigated in more detail. 

By comparing Figure 5.16 and Figure 5.17, it is evident that oxygen saturation under the 

temperature heating-cooling cycles can be achieved within thirty minutes and one hour for 

TbY-114 and Y-114, respectively, which is several times faster than upon switching the 

atmosphere between N2 and O2. In addition, in the case of Y-114 the oxygen 

charging/discharging process occurs without any degradation. Despite the advantages, one 

drawback faced by the isobaric cycling between 350 and 450℃ is a reduction of the 

maximum amount of absorbed oxygen for pure and Tb-substituted Y-114 samples. 

Nevertheless, the average reduction of maximum OSC is approximately 20%, which in 

principle does not play a big role for many potential practical applications. The results point 

to temperature switching as the more effective way to charge/discharge 114 oxides with 

oxygen, rather than the changing the surrounding atmosphere. Similar conclusions were also 

reached by Karppinen, Zhang and Song studying the oxygen uptake/release properties of pure 

and Zr-substituted and Tb-substituted Y-114 samples, respectively [42, 173, 175]. Karppinen 

et al. reported that the most likely reason for this is that the complete replacement of oxygen 

with nitrogen around the sample (and vice versa) requires more time than the heating or 

cooling of the sample. 
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The oxygen uptake/release low-temperature behavior of CaY-114 significantly differs from 

that of Y-114 and TbY-114 in several ways. First, CaY-114 exhibits a much smaller 

maximum OSC than the latter two oxides. Second, the oxygen uptake/release rate of CaY-114 

is also much lower both upon switching the atmosphere between N2 and O2 and by changing 

the temperature from 350℃ to 450℃, and vice versa. TbY-114 oxide, in contrast, shows 

much higher OSC, better reproducibility, higher sensitivity to the changes in surrounding 

conditions and higher oxygen uptake/release rates than Y-114 during multiple absorption and 

desorption cycles. This can be explained by the defect model proposed in this thesis. 

According to equation (6.20), donor substitution will decrease the concentration of Co
Co

3

4
•

 

defects and simultaneously increase the concentration of oxygen interstitials in Y-114. 

Increasing the number of oxygen interstitials in Tb-substituted Y-114 leads to the rise of 

oxygen permeation rate. That is why this material takes up and releases oxygen faster and in 

larger amounts than pure Y-114 under oxidizing conditions. 

The situation with Ca-substituted Y-114 is completely different, because the introduction of 

calcium cation on yttrium site is electronically compensated by the formation of either Co
Co

3

4
•

 

or oxygen vacancies, which will decrease the amount of absorbed oxygen and oxygen 

uptake/release rates. 

Dynamic Oxygen Storage Capacity 

Large oxygen storage capacity is certainly an important factor for almost all applications of 

OSMs. In this thesis, dynamic TG measurements in the temperature range 25– 1100℃ in 

oxygen flow were utilized to investigate the impacts of various cation substitutions at the 

yttrium site on the oxygen uptake/release properties of 114 oxides. 

In general, all samples demonstrated large excess of oxygen content at relatively low 

temperatures of 150–450℃. According to several previous reports [48, 124, 128], both 

dynamic and equilibrium oxygen contents of R-114 oxides increase with increasing average 

ionic radii of the cations at the yttrium site. This trend was simply explained by the larger size 

of the cavities in the 114 oxides with larger unit cell volume, which contributes to an easier 

diffusion of oxygen ions into the crystal lattice. However, this is too simple an explanation, 

and the results obtained in this thesis cast doubt on this argument. Certainly, the unit cell 
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volume has an influence on the oxygen storage capacity of 114 oxides at low temperatures, 

but this effect is most likely not determinative, and the main reason may instead be related to 

the defect structure of these materials. This hypothesis is confirmed by the fact that although 

CaY-114 had the largest average ionic radii of all the investigated materials, it exhibited the 

lowest oxygen storage capacity (575.02 𝜇mol(O)/g), which is four times lower than OSC of 

GdY-114 (2381.34 𝜇mol(O)/g), as shown in Figure 5.15 and Table 5.4. The reason for this 

was discussed in the previous section. 

Furthermore, the results obtained upon dynamic TG measurements indicate that regardless of 

the size and charge of 𝑅, all of the 114 oxides exhibited very similar oxygen uptake/release 

behavior at high temperatures. As was shown in section 5.1.1, the high temperature hump in 

dynamic TG plot corresponds to the oxidative phase decomposition of 114 phase to more 

highly-oxidized compounds. Therefore, it can be concluded that yttrium-site cation 

substitution is ineffective for improving the stability of these materials at high temperatures, 

which is consistent with the literature [47]. 

Comparison to Other OSMs 

The best way to determine whether 114 oxides are suitable for oxygen storage applications is 

to compare them with other OSMs. For this purpose, the OSMs described in chapter 3 and 

summarized in Table 3.1 will be utilized. Here, TbY-114 will be used as a representative of 

114 oxides, because this compound showed high OSC and fast oxygen uptake/release speeds 

both upon the isobaric cycling between 350 and 450℃ (OSC ≈ 2240 𝜇mol(O)/g) and upon 

dynamic TG measurements (OSC ≈ 1981 𝜇mol(O)/g). 

OSMs with Similar Oxygen Uptake/Release Behavior 

First of all, it can be interesting to compare the oxygen storage performance of TbY-114 to 

other oxides that exhibit similar low-temperature oxygen uptake/release behavior, such as 

those presented in section 3.3.6. 

Large OSC value of 2260 μmol(O)/g for rare-earth manganites, Dy1−𝑥Y𝑥MnO3+𝛿  (0 ≤ 𝑥 ≤

1) and 𝑅MnO3+𝛿  (𝑅 = Y, Ho, Er), can be obtained only at extreme redox-condition variation, 

corresponding to oxidation under high pressures of oxygen followed by hydrogen reduction. 

Under ambient conditions, these materials have an OSC value of 1233 𝜇mol(O)/g) – almost 
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two times lower than that of TbY-114. Nevertheless, hexagonal rare-earth manganites have 

one distinct advantage: they have a lower operation temperature than that of the 114 oxides. 

Other clear advantages of the rare-earth hexagonal manganites over 114 oxides are their high 

thermal stability up to at least 1100 °C in air, their non-toxicity, and their relatively lower 

price (e.g. Mn is cheaper than Co). In addition to large and reversible OSC and the 

aforementioned properties, hexagonal manganites have also high 𝑝O2 sensitivity [16, 92]. 

However, one serious drawback of these materials is that in order to reach significant oxygen 

content during the dynamic TG run, they require a very slow heating rate (≤ 0.1 ℃/min), as 

shown in Figure 3.9a. For comparison, Y-114 can absorb a similar amount of oxygen at a 

much more rapid heating rate of 10 ℃/min (See Figure 5.12).  

In the case of Ca2(Al𝑥Mn1−𝑥)2O5+𝛿 (0.5 ≤ 𝑥 ≤ 0.67), two obvious disadvantages of these 

oxides compared to TbY-114 are lower OSC and higher operation temperature. However, 

these materials also present several advantages over 114 oxides. In particular, the major 

benefit of these materials is that they contain only cheap elements that are abundant in the 

earth's crust, in contrast to the case of 114 oxides. Moreover, the fabrication process of 

Ca2AlMnO5+𝛿 is faster and cheaper than that of 114 oxides [236]. 

The last class of materials which was found to exhibit similar oxygen uptake/release behavior 

is Pb2Sr2𝑅Cu3O8+𝛿 (𝑅 = Y, La,Nd, Eu, Er, Yb, Lu). Like in the case of TbY-114 oxide, 

Pb2Sr2𝑅Cu3O8+𝛿 shows the sharp drop of oxygen content upon heating or switching the 

atmosphere from oxygen to nitrogen, which corresponds to fast oxygen uptake/release speeds. 

Another common feature of Pb2Sr2𝑅Cu3O8+𝛿 and TbY-114 oxides is that both are 

thermodynamically unstable and decompose above 600℃. However, in the interest of 

possible applications of these materials as OSMs, the “safety window” between oxygen 

release and oxidative phase decomposition for Pb2Sr2𝑅Cu3O8+𝛿 is much narrower than for 

114 oxides. In addition, the oxygen uptake/release capacity of Pb2Sr2𝑅Cu3O8+𝛿 is slightly 

smaller than that in TbY-114. Another important advantage of TbY-114 oxide over 

Pb2Sr2𝑅Cu3O8+𝛿 for practical applications is that it has a lower operation temperature [6]. 

Other OSMs 

Furthermore, TbY-114 should be compared to the conventional and the most widely-

investigated OSM, CeO2– ZrO2. TbY-114 has a number of advantages over CeO2– ZrO2, such 
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as larger OSC, higher 𝑝O2-sensitivity and lower operation temperature [103]. Therefore, TbY-

114 has the potential to replace this material in the commercial oxygen storage promoters in 

automotive three-way catalyst converters.  

Among all of the OSMs listed in Table 3.1 rare-earth oxysulfates, 𝑅2O2SO4 (𝑅 = La, Pr), 

have the largest OSCs. In fact, the OSC of La2O2SO4 which is equal to 9850 𝜇mol(O)/g, is 

the largest OSC value published to date. At the same time, these compounds also have some 

serious drawbacks, including high operation temperature (≥ 600℃), low cyclic stability of 

oxygen uptake/release process (due to sulfur evaporation), strong reducing environments 

(e.g., H2), and high costs [100, 118, 237]. Despite their much larger OSC, rare-earth 

oxysulfates are less attractive for practical applications than TbY-114 due to the 

abovementioned disadvantages. 

As can be seen from Table 3.1, the characteristics of BaYMn2O5+𝛿 are very similar to TbY-

114 both in the overall magnitude of OSC and in the operation temperature. However, TbY-

114 has one big advantage over BaYMn2O5+𝛿: the full release of oxygen in TbY-114 occurs 

in inert gas, while BaYMn2O5+𝛿 requires reducing environment to achieve high OSC. 

Finally, it should be noted that both Ce2/3Cr1/3O2+𝛿 and CuMnO2-5CeO2 also have very 

large OSCs, but they operate at higher temperatures and cannot be compared directly with 

TbY-114.  

Overall, it can be concluded that TbY-114 has one of the best combinations of large OSC and 

low operation temperature among the materials for oxygen-storage applications discussed in 

this thesis. 

6.6.2 114 Oxides as Thermoelectric Materials 

The thermoelectric power factor was calculated from the electrical conductivity and Seebeck 

coefficient data measured in nitrogen by means of equation (2.40). The data obtained were 

plotted as a function of temperature, as shown in Figure 6.10. The thermoelectric power factor 

of Y-114 increases almost linearly with temperature and at 1000℃ it is equal to 

0.48 𝜇W (cmK2)⁄ . This value is certainly lower than for the best reported thermoelectric 

materials, such as 40 𝜇W (cmK2)⁄  for the state of-the-art thermoelectric material Bi2Te3, 
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50 𝜇W (cmK2)⁄  for NaCo2O4, 5.2 𝜇W (cmK2)⁄  for Ca3Co4O9+𝛿, and 

28 − 36𝜇W (cm ∗ K2)⁄  for Sr1−𝑥La𝑥TiO3 (0 ≤ 𝑥 ≤ 0.1) [238-240].  

 

Figure 6.10: Temperature dependence of thermoelectric power factor of Y-114 in argon. 

Despite thermoelectric power being such an important parameter in characterizing the 

effectiveness of thermoelectric materials, there are several other parameters that can be used 

to evaluate a material for thermoelectric applications. One such parameter is thermal 

conductivity, which for an efficient thermoelectric material has to be as low as possible to 

minimize the flow of heat between the warm and cold sides [241]. However, to the best of our 

knowledge, the thermal conductivity for Y-114 has not yet been reported. The only 

information that could be found in the literature was the thermal conductivity for R-114 

(𝑅 = Dy, Ho, Er, Tm, Yb, Lu), which was measured by Wong-Ng et al. [54] by means of DSC 

and the laser flash methods. It was reported that the thermal conductivity of 114 oxides at 

room temperature lies in the 400–700 𝜇W (cm ∗ K)⁄  range. Due to very similar crystal 

structures and physical properties, it can be presumed that the thermal conductivity of Y-114 

has a similar value. For comparison, the thermal conductivity values of NaCo2O4 and 

Ca3Co4O9+𝛿 are 1500 and 2100 𝜇W (cm ∗ K)⁄ , respectively [238, 239]. This means that Y-

114 has lower thermal conductivity than that of the best-known thermoelectric oxides. 

It can therefore be concluded that, in order to improve the thermoelectric performance of Y-

114, both Seebeck coefficient and electrical conductivity must be increased. In practical 

terms, this can be achieved through doping/substitution. However, in order to better 
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understand the performance of Y-114 as thermoelectric material further investigations are 

required. 

6.6.3 Drawbacks 

In discussing the practical applications of 114 oxides, one should not forget any possible 

drawbacks related to using these materials. One of the main challenges with 114 oxides is 

their thermodynamic instability at high temperatures in oxygen-containing atmospheres, 

which was described in detail in chapter 2. This instability leads to the decomposition of the 

114 phase and significant volume changes, which, in turn, makes it difficult to use these 

materials for practical applications. However, as it was mentioned above, these oxides have a 

flexible structure, which can accommodate various cation substitutions. After many repeated 

attempts scientists were able to fully suppress phase changes and to increase stability [48]. 

Therefore, the problem associated with instability of 114 oxides has lost much of its urgency 

today. 

Furthermore, the stability of 114 oxides during the low-temperature oxygen uptake/release 

process spurred many disagreements in the literature. Many researchers [38, 42, 47, 198] have 

repeatedly reported that despite the fact that the incorporation of large amounts of oxygen into 

the lattice at low temperatures is accompanied by first-order phase transition and crystal 

structure change, this process is highly reversible and 114 phase remains thermodynamically 

stable at low temperatures. On the other hand, according to several other reports [46, 224, 

242], the low-temperature oxygen uptake/release process is also accompanied by a variation 

of unit cell volume. This causes large mechanical stress in the lattice of 114 oxides that, in 

turn, leads to the cracking of the sample. In this thesis, the stability of 114 oxides at low 

temperatures was investigated by means of TG cycling experiments in combination with XRD 

and SEM analyses. All of the investigated samples showed good stability without any 

decomposition or degradation. However, the experiments conducted in this thesis were too 

short to draw any definitive conclusions. 

Moreover, cobalt has a relatively high cost and toxicity, which is another drawback of 114 

oxides. However, a partial solution to this problem has already been proposed [47]. Partial 

aluminum substitution at cobalt sites not only has positive impacts on the high-temperature 

stability of 114 oxides, but also reduces the cost and toxicity of the material. 
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Without doubt, further investigations are needed in order to optimize properties of 114 oxides 

before they will be widely used for practical applications. 

6.7 Outlook 

The main objectives of this project were met with success. However, the results of this study 

has not only opened new vistas, but also posed many new questions. The main issue that 

emerged from this study is: Can defect models, which were derived in this thesis, be used to 

describe defect-dependent properties of other 114 oxides? It would be especially interesting 

to test this model on 114 oxides with non-hexagonal symmetry, such as tetragonal 

YBaFe4O7+𝛿 or orthorhombic CaBaCo4O7+𝛿. 

A natural continuation of this work would be to study the effect of acceptor and donor doping 

on the defect structure of Y-114. In particular, it would be interesting to investigate both 

acceptor- and donor-doped Y-114 on both yttrium and cobalt sites. From the SEM study 

performed in this work, it seems interesting to investigate Y-114 samples prepared by 

different synthesis methods by Transmission electron microscopy (TEM). Such investigation 

can provide more information about the samples’ purity and microstructure. 

Based on isothermal electrical conductivity and non-stoichiometry measurements, it can be 

seen that their 𝑝O2-dependencies increase with increasing 𝑝O2. Therefore, fitting the defect 

model to the TG data obtained at ultra-high-pressures should be performed to get more 

accurate thermodynamic and transport parameters. In order to get even more information 

about the defect structure of Y-114 and to get a deep understanding of its oxygen 

uptake/release behavior, density functional theory (DFT) calculations are required. 

In this thesis, it was shown that Heikes’ formula can be used to describe the thermopower of 

Y-114 oxide only at high temperatures. Therefore, another extension of this study would 

include further investigations of the Seebeck coefficient and a search for a model that can be 

used for a quantitative analysis of the Seebeck coefficient at relatively low temperatures. This 

could be elucidated, for instance, by measuring the Seebeck coefficient as a function of 𝑝O2 at 

different temperatures. It would also be very interesting to measure the thermal conductivity 

of Y-114 and check the effect of different cation substitutions or doping on its thermoelectric 

properties. 
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The temperature dependence of the equilibrium oxygen content of Y-114 was compared to 

that of the materials showing similar low-temperature oxygen uptake/release behavior. It was 

shown that for all the materials this behavior is accompanied by first order phase transition. 

However, the reason for this behavior still remains unclear, and particularly the diffusion 

mechanism during oxygen uptake/release process remains a very challenging issue. 

Therefore, further investigation is required to better understand this phenomenon. It is even 

possible that investigation of the cause and nature of this phenomenon might inspire 

completely new applications of these non-stoichiometric oxides. 

In addition to the unanswered questions related to the fundamental understanding of 114 

oxides and their physical properties, many interesting questions associated with the 

applicability of these materials can also be asked. In order to investigate the long-term cyclic 

stability of 114 oxides, which is important for commercial oxygen storage applications, much 

longer oxygen charging and discharging experiments should be performed. Moreover, it 

might be interesting to combine the reduction-oxidation and thermal cycles that can make the 

oxygen uptake/release process even more effective. 
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7 Conclusions 

In this work, 𝑅BaCo4O7+𝛿  (𝑅 = Y, Ca, Eu, Sm, Gd, Tb, Dy, Ho, Yb) samples were synthesized 

by solid-state reaction route at 1000℃. According to the XRD and SEM analyses, single-

phase samples with similar morphology were obtained for all the compositions, with the 

exception of SmY-114 and EuY-114. It has been suggested that the reason for this is the ionic 

radii of Eu3+ and Sm3+ being too large. For comparison, Y-114 samples were also 

synthesized by three different wet chemical reaction routes, but these methods proved to be 

less effective. Furthermore, the Rietveld refinement showed that all materials crystallize in the 

hexagonal symmetry with the space group 𝑃63𝑚𝑐. Dynamic TG and high temperature in situ 

XRD measurements in the temperature range between 25 and 1100℃ confirmed that Y-114 

is unstable at temperatures between 650 and 900℃. 

Based on the experimental results and their analysis, a defect model for Y-114 was proposed. 

It was shown that this model can describe the experimental TG data quite well. By modeling 

the temperature and 𝑝O2-dependencies of oxygen non-stoichiometry based on the proposed 

defect structure, estimations were presented for the equilibrium coefficients, standard 

enthalpies and entropies for oxidation, and Anion-Frenkel disorder. Moreover, the 

concentrations of the different relevant defects were calculated as functions of temperature 

and 𝑝O2. 

TG-DSC technique was used to evaluate the oxidation thermodynamics of Y-144 directly 

without fitting the curve of the thermogravimetric data. Standard oxidation enthalpies 

measured at 350℃ and 450℃ were found to have very similar values, and the average value 

of the obtained enthalpies was −50 ± 5 kJ/mol. This ∆𝐻𝑜𝑥
0  value was found to be consistent 

with the prediction made from defect model by fitting procedure and with available literature 

value measured by TG-DTG technique. 

Based on the derived defect model and measurements of electrical conductivity as a function 

of 𝑝O2, it was found that the concentration of electron holes varies from 0.25 to 0.29 per 

formula unit in the 𝑝O2 range between 10−4 and 1 atm. The electron hole mobility were 

estimated to be in the range of 0.0196– 0.0536 cm2/(Vs), while the enthalpy of mobility was 

calculated to be 19.9 ± 2.1 kJ mol⁄ . This value corresponds to the enthalpy of charge carriers, 

which migrate via an activated hopping mechanism. 
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The results of the electrical conductivity and the Seebeck coefficient measurements in the 

temperature range of 25–1000℃ supported the claim that Y-114 is a predominantly p-type 

electronic conductor. These measurements also confirmed that the electrical transport in Y-

114 occurs via small polaronic hopping mechanism, as indicated by two factors. First, the 

conductivity data was best fitted with ln(𝜎 𝑇⁄ ) versus 1 𝑇⁄ , corresponding to SPH model. 

Second, the thermopower activation energy of Y-114 was estimated to be much smaller than 

activation energy for electrical conductivity, which also suggests that the conduction 

mechanism favors SPH model. However, it was found that only mobility of electron holes is 

activated, but not their concentration. Moreover, it was shown that the concentration-

dependent Seebeck coefficient can be described with Heikes’ formula at relatively high 

temperatures. 

From the measurements of the equilibrium oxygen content of Y-114 as a function of 

temperature, it was concluded that at low temperatures the oxygen non-stoichiometry in this 

oxide varies between two limiting compositions: 𝛿 ≈ 0 and 𝛿 ≈ 1.19. Moreover, it was 

shown that the intermediate phases with 0.2 ≤ 𝛿 ≤ 1.0 cannot be equilibrated. 

Furthermore, 114 oxides were evaluated as candidates for potential applications, including 

thermoelectric and oxygen storage materials. For this purpose, several key properties of 114 

oxides – such as thermoelectric power factor, OSC, and oxygen uptake/release reversibility – 

were evaluated and compared to that of the most promising candidates for thermoelectric and 

oxygen-storage applications. The thermoelectric performance of Y-114 was found to be worse 

than that of the best currently commercially-utilized thermoelectric materials. However, its 

structure exhibits good chemical flexibility that allows different cationic substitutions/doping, 

which can significantly improve the thermoelectric properties and the potential application 

prospects of this oxide. 

It was found that all investigated 114 oxides except CaY-114 absorb large amounts of 

oxygen, up to 20% of the total oxygen content, at relatively low temperatures during dynamic 

TG runs. The reversibility of the low-temperature oxygen uptake/release phenomenon was 

evaluated by means of different isobaric and isothermal experiments. By using dynamic 

reduction-oxidation and thermal cycles it was demonstrated that the oxygen uptake/release 

process of all the investigated 114 oxides is highly reversible and can be controlled only by 

modest changes in external conditions. In comparison to other OSMs, 114 oxides were found 
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to have one of the most attractive combinations of high OSC, low operation temperature, and 

fast absorption/desorption speeds. Therefore, it can be concluded that such a combination of 

performances makes these materials promising candidates for various existing as well as new, 

future applications. 
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Appendix 

Table A summarizes 114 oxides synthesized in this thesis, their purity and the experimental 

techniques used to characterize them. 

Table A: Overview of the experimental techniques used for characterization of 114 oxides, wich were 

synthesized and investigated in this project. 

Nominal 

composition 
Purity XRD 

Rietveld 

refinement 
SEM/EDS 

Iodometric 

titration 
TG 

TG-

DSC 

Electrical 

Conductivity 

Seebeck 

coefficient 

𝐘𝐁𝐚𝐂𝐨𝟒𝐎𝟕 (SSR) Good X X X X X X X X 

𝐘𝐁𝐚𝐂𝐨𝟒𝐎𝟕 (GNP) 
Some 

impurities 
X  X      

𝐘𝐁𝐚𝐂𝐨𝟒𝐎𝟕 (ECG) 
Some 

impurities 
X  X      

𝐘𝐁𝐚𝐂𝐨𝟒𝐎𝟕 (CM) Good X  X      

𝐂𝐚𝟎.𝟓𝐘𝟎.𝟓𝐁𝐚𝐂𝐨𝟒𝐎𝟕 Good X X X  X  X  

𝐓𝐛𝟎.𝟓𝐘𝟎.𝟓𝐁𝐚𝐂𝐨𝟒𝐎𝟕 Good X X X  X  X  

𝐆𝐝𝟎.𝟐𝐘𝟎.𝟖𝐁𝐚𝐂𝐨𝟒𝐎𝟕 Good X  X  X    

𝐒𝐦𝟎.𝟏𝐘𝟎.𝟗𝐁𝐚𝐂𝐨𝟒𝐎𝟕 Bad X        

𝐄𝐮𝟎.𝟐𝐘𝟎.𝟖𝐁𝐚𝐂𝐨𝟒𝐎𝟕 Bad X        

𝐃𝐲𝐁𝐚𝐂𝐨𝟒𝐎𝟕 Good X  X  X    

𝐇𝐨𝐄𝐫𝐁𝐚𝐂𝐨𝟒𝐎𝟕 Good X  X  X    

𝐘𝐛𝐁𝐚𝐂𝐨𝟒𝐎𝟕 Good X  X  X    
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