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Preface

The interrelation among composition, microstructure, and properties of stoichiometric 
and nonstoichiometric compounds is a major field of research for both scientific and 
technological reasons. This book focuses on metal oxides, which present a large diversity 
of electrical, magnetic, optical, optoelectronic, thermal, electrochemical, and catalytic 
properties, making them suitable for a wide range of applications. Searching for novel 
approaches and major breakthroughs in materials properties, researchers have con-
ducted many studies on the synthesis, structure, and characterization of stoichiometric 
and nonstoichiometric (metal oxides) compounds. However, there are still questions 
regarding the relationships of all factors affecting the stability and reliability of these 
materials for specific applications.

Because a volume of this size could not cover all topics relevant for this major field 
of study, we have chosen in this book to concentrate on a limited number of chemi-
cal (oxide) systems that exemplify the complex bridging between material structure, 
synthesis, and properties.

An introductory chapter presents an up-to-date view on some important issues whose 
tight integration should provide a better understanding of the complex phenomena 
determining the fundamental properties of a large range of oxide systems. The chapter 
also defines the critical requirements for advances in design and application of next-
generation materials.

Chapters describe various methods of synthesis (each of these methods leaving 
their own mark on the properties of the resulting materials) together with different 
advanced characterization methods. In addition, chapters present several advanced 
techniques for ascertaining stoichiometry. A special focus is on understanding the 
effect of conditions of synthesis on the degree of nonstoichiometry, as these aspects 
provide clues for controlling the evolution of properties. The book also emphasizes 
the role of thermodynamic parameters on the stabilization of the phase and physical 
properties in oxides.

It is hoped that this book brings more awareness about the significance of the relation-
ship among structure, processing, and properties in stoichiometric and nonstoichio-
metric compounds.

As the editor, I would like to thank all the chapter authors for their contributions. 
Without them, it would not have been possible to create such a quality book that brings 
together scientific contributions with special emphasis on the interrelations between 
materials chemistry, processing, microstructures, and properties.

Dr. Speranta Tanasescu
Head of Labororatoy of Chemical Thermodynamics,

“Ilie Murgulescu” Institute of Physical Chemistry of the Romanian Academy,
Bucharest, Romania
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Chapter 1

Introductory Chapter:  
Structure-Processing-Properties 
Relationships in Stoichiometric 
and Nonstoichiometric Oxides
Speranta Tanasescu

1. Introduction

The research in the area of stoichiometric and nonstoichiometric compounds 
has grown considerably in the past decades forming an emerging scientific issue 
with a great impact in the materials science. According to the law of definite 
proportions, stoichiometric compounds (also referred to as daltonides) are chemi-
cal compounds in which atoms are combined in exact whole-number ratios. By 
contrast, nonstoichiometric compounds (also known as berthollides) are chemical 
compounds deviating from stoichiometry, and therefore their elemental composi-
tion cannot be represented by a ratio of well-defined natural numbers [1–4]. The 
nonstoichiometry occurs most often in solids due to defects in the lattice of their 
crystalline structures, and it is most common in the transition metal oxides, but also 
the group of nonstoichiometric compounds includes nitrides, fluorides, hydrides, 
carbides, metal sulfides, tellurides, and so on [2, 4–8].

The focus of the present book is on metal oxides, which present a large diversity 
of electrical, magnetic, optical, optoelectronic, thermal, electrochemical, and cata-
lytic properties, making them suitable for a wide range of applications including 
sensors, solid-state electronic devices, thermoelectric power generation, and energy 
harvesting. This richness of properties is owed to the oxides’ structure flexibility 
(especially of transition metal oxides) that makes them easily distort/adapt to the 
relative sizes of the ions forming the compound [9]. This implies a large chemical 
diversity providing for a complex interplay of intrinsic materials properties (related 
to the constituent elements) and extrinsic (defect-driven) properties (related to the 
presence of impurities and/or dopants).

Recent developments in the solid-state chemistry motivated by the prospect 
of new applications with topics such as colossal magnetoresistance, multiferroics, 
high-entropy stabilization, and superconductivity have uncovered rich complexi-
ties [10–21] that had not previously been recognized. These studies bring up some 
important issues that should be taken into account when the development of new 
multifunctional materials was intended.

The core focus that is implicit in most of today’s studies in this field is firmly 
on the fundamental understanding of the materials chemistry and microstructures 
and how they are related to the thermodynamic, electronic, and transport properties of 
stoichiometric and nonstoichiometric compounds.

Several basic textbooks address this topic in relation to the defect chem-
istry and nonstoichiometry, many of them emphasizing on oxides [22–26]. 
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Nonstoichiometric crystals were first interpreted, as regards their structure and 
their thermodynamics, in terms of the statistical thermodynamics of point defects 
[1, 2]. At small deviations from the stoichiometric composition, an approach 
assuming noninteracting and randomly distributed point defects was used 
[24]. In order to describe the higher deviations from stoichiometry, the interac-
tions between the defect complexes, clustering, and long-range ordering into 
superstructures had to be taken into account [3], and extended defects structure 
models were developed. Particularly, in variable valence transition metal oxides, 
there is a strong coupling between defect structures, charge ordering, and orbital 
degrees of freedom that impacts property evolution. In fact, the transition from 
the point defect concept in highly dilute defect systems to extended defects models 
applicable in highly defective systems reflect the need to better define important 
phenomena in the real world and to determine to a large extend, the fundamental 
properties of a large range of advanced materials used in heterogeneous catalysis, 
fuel cells, sensors, oxygen and hydrogen separation membranes, battery materials, 
electrochromics and so on.

Searching for novel approaches and major breakthroughs in the materials 
properties, important factors that influence materials stoichiometry, e.g., the varia-
tion of the defect structure under controlled conditions (various kinds of doping, 
temperature, oxygen pressure), were excellently addressed in a series of books, 
papers, and reviews, and several key physicochemical descriptors (measured as well 
as calculated ones) showing a good correlation between stoichiometry, structure, 
and properties have been described [27–35].

Providing insights into new possibilities to control and optimize the proper-
ties based on the correlation between the thermochemical stability, the preparation 
routes, and characterization of different oxide-based compositions is also a topic that 
underpins the development of emergent devices and technology.

Besides the classical synthesis approaches based on high-temperature synthesis 
(solid-state reaction, thermal decomposition, high-temperature/high-pressure 
preparation) or on electrochemical methods (anodic electrocrystallization, direct 
current electrolysis), new materials synthesis techniques have evolved, such as 
mechanosynthesis, microwave hydrothermal synthesis, and atomic layer deposition 
[4]. In addition, advances in materials synthesis techniques, such as molecular beam 
epitaxy, reflection high-energy electron diffraction (RHEED)-assisted growth, ion 
implantation, or nanopatterning of defects by focused ion beams, allow the pro-
duction of materials with controlled concentrations of point or planar defects and 
create interstitial doping and local strain fields that can enable patterning of circuits 
and magnetic domains [13, 36–43].

One of the challenging problems related to the understanding and practi-
cal exploitation of the enhanced properties of nanocrystalline materials is the 
thermal stabilization of a nanoscale grain size. The thermal stability of these 
microstructures is essential for adopting nanocrystalline materials in commercial 
processes and applications. Because the refinement in grain size is accompanied by 
a significant increase in volume fraction of grain boundaries, the thermal stability 
involves not only the stability of the grain structure, i.e., microstructure, but also 
the stability of the structure of the grain boundaries in nanocrystalline materials 
[44]. The lowering of interfacial energy with grain refinement and lattice strain in 
nanometer-sized crystallites plays an important role in controlling grain size stabil-
ity during the grain growth in nanocrystalline phases [45, 46].

In parallel with the development of the synthesis methods, the characterization 
of different oxides based compositions is a crucial issue. It was argued that, due to 
the particularities of nonstoichiometric compounds, only after a thorough analysis 
of the composition, structure, and properties one can conclude that the compound 
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is a nonstoichiometric compound rather than a stoichiometric compound [4]. There 
is a complex task for which a combination of different methods is required. The 
results of the classical methods for the composition analysis, e.g., iodometry, cerim-
etry or electroanalysis methods, should be correlated with the crystallographic 
structure and microstructure information coming from application of X-ray 
diffraction techniques, neutron diffraction, high-resolution electron microscopy 
(HRTEM), laser Raman spectroscopy (LRS) and electron paramagnetic resonance 
(EPR), together other advanced technique imaging at the atomic level and allowing 
a detailed study of local defect structures and chemistry, e.g., scanning transmis-
sion electron microscopy (STEM) and in situ electron energy loss spectroscopy 
(EELS) [47–52]. In addition, many advances have come by measuring the physical 
properties such as electrical conductivity, magnetic, optical, and optoelectronic 
properties that strongly depend on stoichiometry and on types and concentration 
of the defects.

The oxide microstructure modification by using different synthetic methods 
and the modification of various compositional variables such as the nature and con-
centration of donor- or acceptor-type dopants are essential for obtaining optimum 
electrical and transport characteristics. Heat treatment is also an important step not 
only to ensure stability but also to control structural defects and grain size, also con-
tributing to sensitivity and selectivity of the new materials. Previous reports on the 
substituted perovskites indicate that the mismatch at the A and B sites in the ABO3 
structure creates strain on grain boundaries which affect not only the electrical but 
also the thermodynamic properties [9], phase stability, and oxygen stoichiometry 
[53, 54]. It was also pointed out that the remarkable behavior of the multiferroic 
and magnetoresistive materials, as well as of the mixed ionic-electronic conducting 
ceramic membranes obtained by substitution of A and B sites, could be explained 
not only qualitatively by the structural changes upon doping but also by the fact 
that the thermodynamic properties are extremely sensitive to the chemical defects 
in oxygen sites [55–57]. An interesting relationship between the energetics of 
growth film conditions and the subsequent materials properties was observed when 
the pulsed laser deposition (PLD) was used in the synthesis of complex oxide films. 
Variations in the energetics of growth process can enable fine-tuning and control 
stoichiometry, dielectric response, thermal and electrical conductivity of films and 
heterointerfaces [58, 59].

The role of the energetic parameters in understanding the physical- and chemical-
modified properties associated with the rise of the surface/volume ratio at a nano-
meter scale is also a topic of paramount importance [60]. Shifts in thermodynamics 
at the nanoscale and the strong interplay between the thermodynamic properties 
and electrical and structural characteristics in the hydrothermally prepared 
perovskite materials have been revealed [61]. In addition, at the nanometric scale, a 
large variety of morphologies and related surface properties can exist for the same 
metal oxide. This means that a great deal of attention must be turned to the ener-
getic parameters which play an important role in the overall properties and behavior 
of materials. Exploring the relationships between morphology and thermodynamic 
properties of nanocrystalline BaTiO3, it was shown that the enhancement of the 
dielectric properties for the BaTiO3 hydrothermal-prepared powders with 1D mor-
phology, comparatively with nanocubes or hollow-type morphologies, is strongly 
correlated with the increase in the binding energy of oxygen in the perovskite 
structure [62, 63].

Computational approaches, such as DFT-based calculations, phase-field model-
ing, molecular dynamics (MD) and Monte Carlo simulations) integrated at dif-
ferent stages of materials development have demonstrated to be important tools 
to address the complexity of based oxides stoichiometric and nonstoichiometric 
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compounds and provide information on phase competition and stability, defect 
dynamics and kinetics and so on. Thermodynamic Databases, such as CALPHAD 
(CALculation of PHAse Diagrams) or Databases including high-throughput DFT 
calculations, read-across and QSAR approaches, together with machine learning 
platforms have been developed contributing to the prioritization and screening of 
materials properties for applications as electronics, fuel cells, multiferroics, piezo-
electrics, magnetocalorics, thermoelectrics [51, 64–73].

Critical advances in discovery and design of next-generation materials are 
expected by applying the concept of the Materials Genome Initiative (MGI) [74, 75] 
that tightly integrates high-throughput experiment (including both synthesis and 
characterization), theory, and computation. The development of advanced materi-
als by using emerging synthetic and processing approaches should be based on the 
understanding of all factors affecting the reliability of these materials for specific 
applications (including a thorough thermodynamic analysis). The development 
of robust experimental methods to quantify microstructure and interfaces and 
to identify descriptors that strongly correlate with rearrangement dynamics on 
multiple lengthscales is also necessary. Multiscale and lifetime modeling should 
be accompanied by designing new tools and data analytics enabling high-content 
analysis and automated data evaluation and thus increasing the ability to under-
stand and tailor the physical properties of materials. The strong interplay between 
these components offers great opportunities to establish support at the different 
tiered workflows directed toward emergent applications.

Driven by this concept, we have chosen in this book to concentrate on a limited 
number of chemical systems that exemplify the complex bridging between materi-
als structure, synthesis, and properties. A special focus is on the role of thermo-
dynamic parameters on the stabilization of the phase and physical properties in 
oxides. Various methods of synthesis are employed, each of these methods leaving 
their own mark on the properties of the resulting materials. The strong structure-
processing-property relationship is emphasized in each of the chapters of this 
book, as can be seen from the brief overview of the main topics developed in these 
chapters: (i) The synthesis and complex characterization of a transitional metal 
oxide extensively used in industry, e.g., nickel oxide, are discussed. The under-
standing of the conditions of synthesis effect on the degree of nonstoichiometry 
provides clues for controlling the properties evolution. (ii) The stoichiometry and 
nonstoichiometry from crystal structure point of view are introduced along with 
some examples relevant for the importance of nonstoichiometry in the application - 
oriented research. Several advanced techniques available to ascertain stoichiometry 
are presented with a special emphasis on neutron diffraction techniques. Finally, 
important results obtained using neutron diffraction and scattering in identifying 
the structural modification which leads to superconductivity in the compounds are 
described. (iii) Particular aspects of the thermodynamic concepts related to associ-
ated phase equilibria in oxides exhibiting variable stoichiometry are emphasized. 
Insights into the equilibrium studies and construction of thermodynamic models 
of nonstoichiometric phases with application in high temperature superconduct-
ing materials are providing. (iv) The scientific and technological importance of 
the stoichiometry variation in the lead-free perovskite-structure materials, such 
as SrTiO3 (ST) and KTaO3 (KT), pure or modified, are defined. The strong rela-
tionship between the grain growth, the Sr/Ti or K/Ta ratio, the phase structure, 
morphology and dielectric response of ST and KT ceramics is overviewed. (v) 
The strong correlation between structure, nonstoichiometry and thermodynamic 
properties of some mixed conducting perovskite-type oxides BaxSr1-xCo1-yFeyO3-δ 
(BSCF) studied as potential high-performance solid oxide fuel cells cathode materi-
als is discussed and the effect of A- and B-site dopants concentration and of the 
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oxygen stoichiometry change on the thermodynamic stability and morphology of 
the BSCF samples was evidenced.

We hope the approach adopted on this book would give an account about the 
significance of the structure-processing-property relationship in stoichiometric 
and nonstoichiometric compounds as an important issue for both scientific and 
applicative reasons.
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Role of Neutron Diffraction 
in Identifying Stoichiometry 
and Nonstoichiometry in the 
Compounds
Som Datta Kaushik and Anil Kumar Singh

Abstract

In this chapter we introduce stoichiometry and nonstoichiometry from crystal 
structure point of view along with some examples. We also discussed about the 
importance of nonstoichiometry in the application oriented research work and 
their use in the technological applications. We further discuss the ways to identify 
stoichiometry through various methods. We then introduce neutron diffraction and 
briefly describe how neutrons and X-ray interacts with matter and the difference in 
their interaction with matter. We then focus upon its (neutron) usability to identify 
nonstoichiometry by using some examples available in the literatures. High-
temperature superconductivity-based research has seen the importance of neutron 
diffraction and scattering in identifying the structural modification which leads to 
superconductivity in the compounds.

Keywords: neutron, interaction with matter, neutron diffraction, neutron scattering, 
oxygen deficiency

1. Introduction

Stoichiometry in plane Google search is defined as “the relationship between the 
relative quantities of substances taking part in a reaction or forming a compound, 
typically a ratio of whole integers.” This points out that stoichiometry has something 
to do with the formation of a compound. Thus in order to define the stoichiometric 
compound, we can consider the compound in which the reactant or constituent ele-
ments of the compound are in integer numbers. It is usually proposed that stoichi-
ometry follows the law of conservation of mass where the total mass of the reactant 
element is equal to the total mass of the product, thus leading us to believe that the 
relations among quantities of reactants and products typically form a ratio of posi-
tive integers. This means that if the amounts of the separate reactants are known, 
then the amount of the product can be calculated. If we take the example of water, 
the chemical formula of which is H2O, thus the total mass of water molecule is the 
sum of the mass of two hydrogen atoms and one oxygen atom. Here, two molecules 
of hydrogen react with one molecule of oxygen gas to yield two molecules of water. 
This particular chemical equation is an example of complete reaction. Stoichiometry 
measures these quantitative relationships and is used to determine the amount of 
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products and reactants that are produced or needed in a given reaction. Defining 
quantitative relationships among substances as they participate in chemical reac-
tions is known as reaction stoichiometry. In the example above, reaction stoichiom-
etry measures the relationship between hydrogen and oxygen as they react to water.

We can further define that stoichiometric compounds are those compounds 
which maintain their stoichiometry or simply maintain the ratio in which they were 
formed. Here we must understand that stoichiometric compounds can still possess 
the defects which are termed as intrinsic point defects. As displayed in Figure 1, 
some of the well-known defects are called Schottky (originating due to cation and 
anion vacancies), Anti-Schottky (due to cation and anion interstitials), Frankel 
(cation vacancies and interstitials), Anti-Frenkel (anion vacancies and intersti-
tials), and Anti-site defects (originating because of cation and anion swap).

Upon the aforementioned analogy, we can describe the nonstoichiometric 
compound as antithesis of stoichiometric compounds. Thus we can describe non-
stoichiometric compounds as chemical compounds, having elemental composition 
whose proportions cannot be represented by integers; most often, in such materials, 
some small percentage of atoms are missing, or too many atoms are packed into an 
otherwise perfect lattice work. In order to define nonstoichiometry microscopically, a 
situation of array of atom (shown by the open circle in Figure 1) in two-dimensional 
primitive cubic crystal can be imagined. In such scenario the absence of the atom from 
the regular place will form vacancy (described as I), displacement of the atom will 
create Frenkel pair (described as II), and substitution of the atom by another smaller 
or larger atom (shown by closed circle) can be referred as nonstoichiometry. Nikolai 
Semenovich Kurnakov along with his students has worked quite significantly on stoi-
chiometry. Kurnakov et al. suggested that the nonstoichiometric compound could be 
allocated in the categories of berthollides and daltonides depending upon the monoto-
nicity in property and composition correlation. The term berthollide was recognized 

Figure 1. 
A two-dimensional arrangement of atoms to describe nonstoichiometry.
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by the International Union of Pure and Applied Chemistry (IUPAC) [1]. The name 
“berthollide” was formed from combination of two well-known chemists of nine-
teenth century, Claude Louis Berthollet and John Dalton, who proposed the substance 
composition theories, albeit these theories were in opposite direction and later Dalton’s 
theory (Law of definite proportions) prevailed with significant exceptions [2].

2.   Example of stoichiometric and nonstoichiometric materials  
and applications

Though it is generally said that nature loves symmetry, it can also be mentioned that 
stoichiometry is more like a concept in chemistry. In the real world, the naturally occur-
ring stoichiometric materials are not often found. There are few examples of stoichio-
metric compounds including NaCl, Mgo, Al2O3, etc. Most of stoichiometry compounds 
are man-made, while on the other hand in nonstoichiometric compounds, in order to 
maintain the overall electrical neutrality, the defects are compensated by alternation in 
the valence state of other atoms present in the solid or by replacing the atom with atom 
of some other elements with a suitable charge. Many oxides and sulfides of metals are 
examples of nonstoichiometric compounds; here a rarely found stoichiometric iron(II) 
oxide, having the formula FeO, is an example of stoichiometric compound; however 
the more common material is nonstoichiometric compound, having the formula 
Fe0.95O. Here one should note that, in nonstoichiometric compounds, the type of equi-
librium defects can vary with attendant variation, thus resulting in the variation in bulk 
properties of the material [3]. Sulfides of iron also known as pyrrhotite are also examples 
of a nonstoichiometric inorganic compound. They have a general formula Fe1−xS (x = 0 
to 0.2). The monosulfides of the transition metals (or better known as 3d elements) 
are often nonstoichiometric. The rare stoichiometric FeS end-member is known as the 
mineral troilite. Pyrrhotite is remarkable in that it has number of poly types, i.e., crystal-
line forms differing in symmetry (monoclinic or hexagonal) and composition (Fe7S8, 
Fe9S10, Fe11S12, and others). Most of the time, the aforementioned materials possess iron 
deficiency owing to the existence of lattice defects, mainly iron vacancies. In spite of the 
presence of these defects, the composition of these materials is normally expressed as a 
ratio of large numbers, and the crystals symmetry is reasonably high. This situation sug-
gests that the iron vacancies in the materials are not randomly scattered over the crystal; 
rather it forms certain regular configurations. The vacancies significantly modify the 
magnetic properties of pyrrhotite: the magnetism gets enhanced with the concentration 
of vacancies and is absent for the stoichiometric FeS [4].

The presence of defects in nonstoichiometric compounds leads to display 
distinctive electrical or chemical properties; for example, when certain atoms are 
missing, electrons can travel through the solid more rapidly. Nonstoichiometric 
compounds are very useful in day-to-day life and found applications in various 
properties, viz., in ceramic and superconducting material, electrochemical (i.e., 
battery) system designs, and catalysis-based processing. Various valuable com-
pounds can be produced by the reactions of hydrocarbons with oxygen in which a 
certain metal oxide acts as catalysis. Under this process transfer of “lattice” oxygen 
to the hydrocarbon substrate takes place, which temporarily generates a vacancy (or 
defect,) and subsequently, the missing oxygen is replenished by O2. Such catalysts 
depend upon the ability of the metal oxide to form phases that are not stoichiomet-
ric [5]. Similar sequence of events describes other kinds of atom transfer reactions 
such as hydrogenation and hydride sulfurization catalyzed by solid catalysts. These 
considerations point out that stoichiometry is determined by the interior of crystals: 
the surfaces of crystals mostly do not follow stoichiometry of the bulk. The complex 
structures on surfaces are termed as “surface reconstruction.”



Structure Processing Properties Relationships in Stoichiometric and Nonstoichiometric Oxides

12

products and reactants that are produced or needed in a given reaction. Defining 
quantitative relationships among substances as they participate in chemical reac-
tions is known as reaction stoichiometry. In the example above, reaction stoichiom-
etry measures the relationship between hydrogen and oxygen as they react to water.

We can further define that stoichiometric compounds are those compounds 
which maintain their stoichiometry or simply maintain the ratio in which they were 
formed. Here we must understand that stoichiometric compounds can still possess 
the defects which are termed as intrinsic point defects. As displayed in Figure 1, 
some of the well-known defects are called Schottky (originating due to cation and 
anion vacancies), Anti-Schottky (due to cation and anion interstitials), Frankel 
(cation vacancies and interstitials), Anti-Frenkel (anion vacancies and intersti-
tials), and Anti-site defects (originating because of cation and anion swap).

Upon the aforementioned analogy, we can describe the nonstoichiometric 
compound as antithesis of stoichiometric compounds. Thus we can describe non-
stoichiometric compounds as chemical compounds, having elemental composition 
whose proportions cannot be represented by integers; most often, in such materials, 
some small percentage of atoms are missing, or too many atoms are packed into an 
otherwise perfect lattice work. In order to define nonstoichiometry microscopically, a 
situation of array of atom (shown by the open circle in Figure 1) in two-dimensional 
primitive cubic crystal can be imagined. In such scenario the absence of the atom from 
the regular place will form vacancy (described as I), displacement of the atom will 
create Frenkel pair (described as II), and substitution of the atom by another smaller 
or larger atom (shown by closed circle) can be referred as nonstoichiometry. Nikolai 
Semenovich Kurnakov along with his students has worked quite significantly on stoi-
chiometry. Kurnakov et al. suggested that the nonstoichiometric compound could be 
allocated in the categories of berthollides and daltonides depending upon the monoto-
nicity in property and composition correlation. The term berthollide was recognized 

Figure 1. 
A two-dimensional arrangement of atoms to describe nonstoichiometry.

13

Role of Neutron Diffraction in Identifying Stoichiometry and Nonstoichiometry in the Compounds
DOI: http://dx.doi.org/10.5772/intechopen.89461

by the International Union of Pure and Applied Chemistry (IUPAC) [1]. The name 
“berthollide” was formed from combination of two well-known chemists of nine-
teenth century, Claude Louis Berthollet and John Dalton, who proposed the substance 
composition theories, albeit these theories were in opposite direction and later Dalton’s 
theory (Law of definite proportions) prevailed with significant exceptions [2].

2.   Example of stoichiometric and nonstoichiometric materials  
and applications

Though it is generally said that nature loves symmetry, it can also be mentioned that 
stoichiometry is more like a concept in chemistry. In the real world, the naturally occur-
ring stoichiometric materials are not often found. There are few examples of stoichio-
metric compounds including NaCl, Mgo, Al2O3, etc. Most of stoichiometry compounds 
are man-made, while on the other hand in nonstoichiometric compounds, in order to 
maintain the overall electrical neutrality, the defects are compensated by alternation in 
the valence state of other atoms present in the solid or by replacing the atom with atom 
of some other elements with a suitable charge. Many oxides and sulfides of metals are 
examples of nonstoichiometric compounds; here a rarely found stoichiometric iron(II) 
oxide, having the formula FeO, is an example of stoichiometric compound; however 
the more common material is nonstoichiometric compound, having the formula 
Fe0.95O. Here one should note that, in nonstoichiometric compounds, the type of equi-
librium defects can vary with attendant variation, thus resulting in the variation in bulk 
properties of the material [3]. Sulfides of iron also known as pyrrhotite are also examples 
of a nonstoichiometric inorganic compound. They have a general formula Fe1−xS (x = 0 
to 0.2). The monosulfides of the transition metals (or better known as 3d elements) 
are often nonstoichiometric. The rare stoichiometric FeS end-member is known as the 
mineral troilite. Pyrrhotite is remarkable in that it has number of poly types, i.e., crystal-
line forms differing in symmetry (monoclinic or hexagonal) and composition (Fe7S8, 
Fe9S10, Fe11S12, and others). Most of the time, the aforementioned materials possess iron 
deficiency owing to the existence of lattice defects, mainly iron vacancies. In spite of the 
presence of these defects, the composition of these materials is normally expressed as a 
ratio of large numbers, and the crystals symmetry is reasonably high. This situation sug-
gests that the iron vacancies in the materials are not randomly scattered over the crystal; 
rather it forms certain regular configurations. The vacancies significantly modify the 
magnetic properties of pyrrhotite: the magnetism gets enhanced with the concentration 
of vacancies and is absent for the stoichiometric FeS [4].

The presence of defects in nonstoichiometric compounds leads to display 
distinctive electrical or chemical properties; for example, when certain atoms are 
missing, electrons can travel through the solid more rapidly. Nonstoichiometric 
compounds are very useful in day-to-day life and found applications in various 
properties, viz., in ceramic and superconducting material, electrochemical (i.e., 
battery) system designs, and catalysis-based processing. Various valuable com-
pounds can be produced by the reactions of hydrocarbons with oxygen in which a 
certain metal oxide acts as catalysis. Under this process transfer of “lattice” oxygen 
to the hydrocarbon substrate takes place, which temporarily generates a vacancy (or 
defect,) and subsequently, the missing oxygen is replenished by O2. Such catalysts 
depend upon the ability of the metal oxide to form phases that are not stoichiomet-
ric [5]. Similar sequence of events describes other kinds of atom transfer reactions 
such as hydrogenation and hydride sulfurization catalyzed by solid catalysts. These 
considerations point out that stoichiometry is determined by the interior of crystals: 
the surfaces of crystals mostly do not follow stoichiometry of the bulk. The complex 
structures on surfaces are termed as “surface reconstruction.”



Structure Processing Properties Relationships in Stoichiometric and Nonstoichiometric Oxides

14

A very interesting aspect of nonstoichiometric compound has been seen in high-
temperature superconductors (HTSC). Many such HTSC’s are nonstoichiometric. 
For example, yttrium barium copper oxide (YBCO) arguably is the most notable 
high-temperature superconductor and is a nonstoichiometric solid with the formula 
YxBa2Cu3O7−x. The critical temperature (often denoted as Tc, which determines the 
temperature under which compounds become superconductor) of the supercon-
ductor depends on the exact value of x. The stoichiometric species has the value 
of x as zero, but this value can be as high as one. In the subsequent section, we will 
also deal with such examples. Here it is interesting to note that the identification of 
stoichiometry/nonstoichiometry in itself is an interesting science.

3. Techniques to characterize stoichiometry and nonstoichiometry

In order to identify stoichiometry, one has to carefully identify the ratio of 
constituent elements. Previously wet chemical method was employed to identify 
stoichiometry, but nowadays several advanced techniques are available to ascertain 
stoichiometry or otherwise. Some of the prominent techniques include high-
resolution transmission electron microscope (HRTEM), field emission surface 
electron microscope (FESEM), energy-dispersive X-ray spectroscopy (EDS), etc. 
Here we will discuss neutron diffraction, which broadly assists in identifying vari-
ous types of stoichiometry in terms of oxygen deficiencies, anti-site disorder, and 
cation distribution. There are methods which can be used to estimate stoichiometry 
by studying the crystal structure as well. X-ray diffraction and neutron diffrac-
tion are two such methods. Here neutron diffraction is a more powerful technique 
than X-ray diffraction. We will try to understand it in terms of various examples 
explained in subsequent sections. Here before going further, it would be interesting 
to understand how the neutron interacts with the matter.

4.  X-ray and neutron diffraction techniques and neutron interactions 
with matter

X-ray diffraction (XRD) has been a very popular technique to identify the crys-
tal structure due to more accessibility in terms of various parameters such as eco-
nomics, portability, and hassle-free operation and thus has more prominently been 
described in the materials science books than neutron diffraction. Basic principles 
of X-ray as well as neutron scattering and neutron diffraction along with its usage 
in characterization technique of materials have been the subject matter of several 
excellent books which can be consulted for details [6–15]. Broadly neutrons interac-
tion with matter can be defined in variety of ways due to which neutron diffraction 
seems similar to and but different from X-ray diffraction. First of all a neutron is 
a chargeless particle. The chargeless state of neutron assists to penetrate deep into 
the material, approximately up to the atomic nuclei which looks like a point in the 
whole material. In this scenario nuclear scattering takes place at very short distances 
of close to 10−14–10−15 m; due to this scattering form, an ordered crystalline mate-
rial yields coherent Bragg scattering. This Bragg scattering produces the intensity 
in the form of various Bragg’s reflections corresponding either in single-crystal or 
in the powder diffraction pattern. These results are more or less similar to X-ray 
diffraction and provide essentially the same structural information. However, there 
is a point to be noted that the elemental scattering lengths for X-ray and neutron 
are distinctly different. The reason lies in the fact that X-ray diffraction results 
from scattering by the electrons; thus atoms of nearby atomic number exhibit 
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very similar scattering which make practically difficult to distinguish between the 
nearby atoms by X-ray diffraction. On the other hand, neutron scattering depends 
upon the nature of the scattering nuclide, and consequently, atoms of similar 
atomic number often have quite different neutron scattering lengths (Figure 2).

The difference in scattering length is also apparent in Table 1, for some of the 
important transition metals. In addition to this, it is also to be noted that for neutron 
scattering the integrated intensity is independent of scattering angle (θ), while for 
the X-ray scattering, it is highly dependent upon the scattering angle. This differ-
ence can be observed in the angular dependence of the form factor for the different 
scattering processes (Figure 3).

This can be observed in the peak intensity for X-ray diffraction and neutron dif-
fraction pattern. For X-ray diffraction pattern peak, intensity gradually decreases 
as scattering angle increases, while for the neutron diffraction, it is not the case. 
This situation helps in extracting the comprehensive information post analysis of 
neutron diffraction data.

The major factor is the fact that the neutron possesses the magnetic moment, 
because of this, the neutron is also scattered as a result of interaction with magnetic 
ion (in ordered form) present within a material; thus in the resultant coherent 
scattering, the magnetic scattering is superimposed upon the nuclear scattering in 
such magnetic material, though this magnetic scattering may not certainly affect 
the orientation of spin of the neutron, but since the magnetic neutron scattering 
consists of interaction with spin and orbital components of the magnetic moments, 
thus resultant moments originate from all the unpaired valence electrons. Here 
one should note that the magnetic scattering has an angular dependence which is 
similar to that of X-ray scattering by electrons as shown in Figure 3. This situation 
is opposite to the nuclear scattering, where the nuclear scattering is independent of 
scattering angle as displayed in Figure 3 in which the typical angular dependence 
of the spin, orbital, and nuclear form factors for neutron scattering by chromium is 
shown, and for comparison, the form factor for X-ray scattering is also depicted. In 
order to identify the magnetic and nuclear neutron scattering, angular dependence 

Figure 2. 
The elemental scattering length behavior.
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giving the indication is one way in which these can be distinctly identified. Other 
potential methods would be to study the magnetic scattering as a function of 
temperature or the use of polarized neutron scattering.

For certain nuclei the neutron actually interacts with the nuclide and forms a 
short-lived compound nucleus, which results in isotropic incoherent scattering with 
a negative scattering length; such interaction may potentially be associated with 
alteration in neutron spin. Neutron scattering by hydrogen atom falls in a special 
case where incoherent scattering is especially strong because the scattering proton 
can have either the same or opposite spin as compared to the scattered neutron [16]. 

Element Proton Isotope X-ray 
scattering 

(1012bx/cm)

Neutron 
scattering 

(1012bcoh/cm)

Coherent 
cross 

section 
σcoh 

(barn)

Incoherent 
cross section 

σinc (barn)

Absorption 
cross 

section σa 
(barn)

Hydrogen 1 1 0.282 −0.374 1.758 79.7, 80.27 0.33, 0.383

Hydrogen 1 2 0.282 0.667 5.592 2.0, 2.05 0.0005

Boron 5 Natural 0.530 3.54 1.70 767.0

Carbon 6 12 1.69 0.665 5.550 0.0, 0.001 0.0035, 
0.004

Nitrogen 7 14 1.97 0.936, 0.940, 
0.94

11.01 0.3, 0.5 1.9

Oxygen 8 16 2.16, 2.26 0.580, 0.58 4.232 0.0, 0.000 0.00019, 
0.0002

Aluminum 13 Natural 0.345, 0.35 1.495 0.0, 0.008 0.23, 0.231

Silicon 14 Natural 0.42 0.0 0.17

Phosphorus 15 30 3.23 0.510

Sulfur 16 32 4.51 0.280, 0.28

Titanium 22 Natural −0.344, −0.34 1.485 2.87, 3.0 6.09, 6.1

Vanadium 23 Natural −0.038 0.018 5.07 5.08

Chromium 24 Natural 0.364 1.66 1.83 3.05

Manganese 25 55 
(Natural)

−0.373 1.75 0.4 13.3

Iron 26 Natural 0.945, 0.95 11.22 0.4 2.56, 2.6

Nickel 28 Natural 1.03 13.3 5.2 4.49

Copper 29 Natural 0.772 7.485 0.55 3.78

Zirconium 40 Natural 0.716, 0.72 6.44 0.02, 0.3 0.18, 0.185

Niobium 41 93 
(Natural)

0.7054 6.253 0.0024 1.15

Molybdenum 42 Natural 0.672 5.67 0.04 2.48

Cadmium 48 Natural 0.487 3.04 3.46 2520

Tin 50 Natural 0.623 4.87 0.022 0.626

Cerium 58 Natural 0.48 0.0 0.63

Gadolinium 64 Natural 0.65 29.3 151 49,700

Tantalum 73 Natural 0.691 6.00 0.01 20.6

Table 1. 
Neutron scattering length and cross sections of certain elements along with their isotopes.
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These two different types, singlet or triplet scattering, lead to strong incoherent 
scattering by hydrogen. Interestingly, this does not apply to neutron scattering by 
deuterium (which is an isotope of hydrogen), and due to this reason, many neutron 
diffraction studies require the replacement of hydrogen by deuterium.

Another interesting aspect is pertaining to the isotope behavior; for most of the iso-
tope atoms, the neutron scattering lengths and cross sections usually have different val-
ues as compared to their parent atom. This is in fact an added advantage which assists in 
understanding the compound with neutron-absorbing materials or getting the contrast 
in the intensity. Here we have reproduced the scattering lengths and cross section of 
some important atoms along with their isotopes in Table 1. In order to explain it, we 
have considered the case of nickel (Ni); the values for the different isotopes of nickel 
are given in Table 1 along with that of natural abundance nickel. The differences in 
scattering lengths for nickel isotopes given in Table 1 show that different but pure 
isotopes may be utilized to provide contrast with other elements in a compound, such 
contrast in the intensity is not possible to obtain with X-ray diffraction [16].

5.  Neutron diffraction as probe in studying nonstoichiometry  
in superconductivity

The advent of cuprate-based superconductors in the late 1980s and early 1990s 
and the superconductivity in iron-based superconductors in the first decade of the 
twenty-first century created the flurry in the research in such compounds. In some 
of the superconducting series, the oxygen deficiencies created a significant role, 
and neutron diffraction played a significant role in identifying the extent of oxygen. 
Many superconductors are nonstoichiometric. One such example of yttrium barium 
copper oxide superconductor was described in earlier section.

In [17], Rupp et al. have mentioned the importance of neutron diffraction in 
cuprate superconductors. Their neutron diffraction data on YBCO revealed that on 
approaching toward low equilibrium oxygen concentrations, two different structural 
effects occur concurrently: first the Cu-O plane-chain bond length increases without 

Figure 3. 
The scattering length dependence on scattering angle.
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Figure 3. 
The scattering length dependence on scattering angle.
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a significant alteration in the planes or significant vacancies on the O(1) apex atom 
site, and second the O(4) atoms point out toward large anisotropic vibrations per-
pendicular to the b-axis or large static displacements from the ideal position on the 
b-axis. It is also pointed out that the Cu-O planes does not get affected on approach-
ing low oxygen concentrations; it was further emphasized that in YBCO, the whole 
coupled Cu-O plane-chain system is responsible for the superconducting properties.

In another study by Ohshima et al., on [18] TlSr2CuOy, they could model the crystal 
structure of TlSr2CuOy as orthorhombic; they also found that oxygen vacancies are 
formed along the a direction in a CuO2-z sheet, which is consistent with a superstruc-
ture of doubling of the subcell along the b-direction. It was also found out that the 
structure involves CuO6 octahedra and CuO4 square planes alternating along the 
b-direction by sharing their corners in accordance with TlO ordered oxygen vacan-
cies in the CuO2-x layer as has been presented in Figure 4 as suggested by authors. An 
apical oxygen atom in the CuO6 octahedron is closer to a TlO layer than an oxygen 
atom shared by a TlO6 octahedron and the CuO4 plane as has been depicted in Figure 5 
here. The oxidation state of Cu in TlSr2CuOy was evaluated to be 2.12 from the neutron 
diffraction analysis.

In [19] the simultaneous addition of CaO and CuO along with Dy3+ substitution 
in nonsuperconducting La2Ba2Cu4Oz compound started showing the signature of 
superconductivity. Rayaprol et al. used room temperature neutron diffraction in this 
resultant compound La2-xDyxCa2xBa2Cu4+2xOz (or written as La 125 further in the 
text) and ascertained that the holes at La3+ sites are created by substitution of Ca2+ at 
La3+ which led to bring the two CuO2 sheets and hence induced the superconductivity 
in the La-2125 compound. The typical obtained crystal structure is shown in Figure 6.

Tranquada et al. and reference therein in their current perspective on supercon-
ductivity, antiferromagnetism, and neutron scattering [20] have also emphasized 
the importance of neutron scattering in superconductors. They underlined the 
fact that the high-temperature superconductivity in both the copper oxide and the 
iron-pnictide/chalcogenide systems occurs in close proximity to antiferromagneti-
cally ordered states. Neutron scattering has proven to be an essential technique for 
characterizing the spin correlations in the antiferromagnetic phases and for demon-
strating how the spin fluctuations persist in the superconductors. While the nature 
of the spin correlations in the superconductors remains controversial, the neutron 
scattering measurements of magnetic excitations over broad ranges of energy and 
momentum transfers provide important constraints on the theoretical options.

Figure 4. 
Crystal structure of TlSr2CuOy.
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In a recent study on iron-based superconductor, the parent LnOFeAs (Ln = La, 
Sm, Ce, Nd and Gd) was found to show spin density wave below 150 K due to 
Fermi surface associated with tetragonal structure to transform into orthorhombic 
symmetry. Addition of the electron into Ln(O, F)FeAs or a hole in the (La,Sr)
OFeAs layer modify the Fermi surface; thus superconductivity could be introduced. 

Figure 6. 
La-2125 unit cell showing the CuO layer and oxygen atom position.

Figure 5. 
Copper and oxygen arrangement on CuO2-x layer in TlSr2CuOy.
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The neutron scattering study helped in calculating the electron–phonon coupling 
in LaO0.87F0.13FeAs sample; the spin density wave (SDW) could not be detected 
[21]. So with the help of neutron scattering experiment, it could be established that 
the order parameters pertaining to SDW and superconductivity are competing for 
itinerant holes and electrons on the Fermi surface in La(O,F)FeAs compound.

Some more examples: The structure and chemical order of a Ni-Mn-Ga Heusler alloy 
of nonstoichiometric composition were studied using constant-wavelength (1.538 Å) 
neutron diffraction at 363 K, and the diffraction pattern was analyzed. At this tem-
perature the structure is austenite (cubic) with Fm space group and lattice constant of 
a = 5.83913(4) [Å]. The chemical order is of critical importance in these alloys, as Mn 
becomes antiferromagnetic when the atoms are closer than the radius of the 3d shell. In 
the studied alloy, the refinement of the site occupancy showed that the 4b (Ga site) con-
tained as much as 22% Mn; that significantly alters the distances between the Mn atoms 
in the crystal and, as a result, also the exchange energy between some of the Mn atoms. 
Based on the analysis, the composition was determined to be Ni1.91Mn1.29Ga0.8 [22].

In [23], Paulus et al. have used single-crystal neutron diffraction technique 
to understand the structural evolution of electrochemically oxidized La2NiO4 + δ 
crystals as a function of temperature and the oxygen intercalation and to better 
understand the disorder of the apical and interstitial oxygen atoms. The structural 
evidence were found not to attribute a peroxide character between the apical and 
interstitial oxygen atoms situated in exactly (1/4 1/4 1/4) of the F4/mmm unit cell. 
They could also reinvestigate the structural phase transition of stoichiometric 
La2NiO4 crystals at 74 K. It was also observed that the symmetry changes from 
Bmab to Pccn and remains orthorhombic down to 5 K.

6. Conclusion

In summary, we have explained stoichiometry and nonstoichiometry in the com-
pounds along with some of such examples and their applications. These interesting 
compounds are also explained from the structural point of view. The characterization 
of such compound in itself is interesting science. Employing neutron to probe such 
compound has proven to be an effective tool in identifying this phenomenon with 
more clarity. In order to understand the technique, the interaction with matter was 
discussed in brief. The importance of these neutron-based diffraction and scattering 
techniques has been explained with the help of some examples discussed above.
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Chapter 3

On Application of Hyperfree
Energy for the Description of
Thermodynamics of Mobile
Components in Nonstoichiometric
Partially Open Ceramic Systems
Jaroslav Šesták

Abstract

Nonstoichiometric oxides form a new chapter in tailored materials. Founding
and construction of thermodynamic functions related to solid (geologic,
metallurgic) materials is traced showing interactions between Czech Professor F.
Wald and Russians R.S. Kurnakov and D.S. Korzhinskiĭ and further developed by
Czech P. Holba in the initial phase definition and related characterization of par-
tially open systems. A gradual increase in thermodynamic concepts related to solid-
state description is investigated in more detail. For the associated thermodynamic
definition of the mobile component, the previously formulated hyperfree energy
function, which was recently applied to several systems, was used. As a measure
of the material disposition for the absorption of the free component, an innovative
term of plutability is proposed, which allows the introduction of various forecaster
variables such as temperature, pressure, and activity. Examples of practical appli-
cation are examples of high-temperature superconducting materials, where the
Czech school of thermodynamics is emphasized.

Keywords: stoichiometry, ceramics, hyperfree energy, superconductors,
quasimolar, plutability

1. Introduction and historical roots

While preparing a new kind of materials, the scientists often face inquiry of
adjusting new thermodynamic predicaments. The recently emerging subject of
oxides exhibiting variable stoichiometry is included with associated phase equilibria
in relation to its environment. It influenced the new field of thermodynamics of
nonstoichiometric solids, whose field was also promoted by Czech studies and
whose typical cases may be represented by either spinels [1, 2], superconductors
[3–6], magnetoresistance manganites [7, 8] or thermoelectric cobaltites [9–11] and
all of which requiring a new approach to treating interactions between ceramic
material in solid and atmospheric oxygen. It is worth of taking a notice of the core
of the associated innovative thermodynamic approach, was provided by Czech
physical chemists Pavel Holba [12–16], as a continuation of the recognized and
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previously encouraged Czech school of solid-state thermodynamics launched by
Vladinir Šatava (1924–2012) [17, 18], whose worldwide international impact
deserves more attention (Figure 1).

It was well-known that it was Josiah W. Gibbs (1876–1878), who introduced an
important concept of component, chemical potential, and phase along with the
ingeniously declared the phase rule [19] famous with dictum, citing: “the whole is
simpler that its parts,” which was genially extended in the book by Ivo Proks [20].
However, this remarkable inventiveness can be traced back to some Czech-Russian
reflections relating the concepts of phases, compounds, and solutions, as it was first
historically introduced by the Czech chemist František A. Wald (1861–1930). In
particular, Wald’s consideration [21, 22] led in the year 1912, the Russian R.S.
Kurnakov (1860–1941) [23] to develop and publish a definition in which so far
customary compounds were distinguished twofold as daltonides and berthollides
[23–25], the latter factually being nonstoichiometric compounds. This novel idea
was sustained via a more detailed examination of nonstoichiometric oxides by Yu.
D. Tretyakov (1931–2012) [26]. It should be noted that Kurnakov’s student and co-
author of the article in which the name berthollide was first used [24] was A.I.
Glazunov (1888–1951), who after World War I immigrated to former Czechoslova-
kia. Quaintly, he became the Rector of the Czech-Slovak Mining Academy, which
was founded in 1849 in the town of Příbram.

The care for improving iron and steel products associated with various phase-
composition studies of metallic samples has found a significant support in phase-
diagram theory than that developed by H.E. Roozeboom (1854–1907). He was
capable to apply the Gibbs phase rule in the direction of alloys (1900) [27], writing
moreover a fundamental book on phase equilibria [28]. The remarkable Lewis’
important concept of “activity” (1907) [29] brought a more practical form of
chemical strength toward a component as well as a practical depiction of so-called:
“negative common logarithm of H+ activity” suggested, however, by Sørensen
2 years later (1909) [30] as the today’s known pH quantity. In 1923, the subsequent
advancement of improved thermodynamic description was accomplished by Lewis
in his new book [31].

Captivatingly, Korzhinskiy nn 1936 assumed the differentiation of two classes of
components useful in geochemical systems [32]. Thus, they were inert components

Figure 1.
The personalities staying behind the development of the so-called Czech thermodynamic school applied to the
solid-state. From left: Pavel Holba (1940–2016), Vladimír Šatava (1924–2012) and Jaroslav Šesták
(1938-).
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whose amounts (e.g., weight or number of moles) remain independent of the
amount of any other component and processes within the system, and entirely
mobile components whose chemical potentials (and/or other intensive parameters)
remain independent of equilibrium. All these concepts formed the basis for a series
of studies on real material systems in a number of fields of chemistry, geochemistry,
metallurgy, hydrochemistry, and material sciences. Further efforts to overcome the
traditional limits on fully enclosed systems were made by Ellingham in 1944 [33].
He formed relationships between decomposition temperatures of various metal
oxides in the renowned graph ΔG vs. T. In 1948, there were Richardson and Jeffes
[34], which improved the traditional Ellingham diagrams by adding a so-called
monographic scale that allowed reading the decomposition temperature of metal
oxide under different types of atmospheres consisting of different gas mixtures
such as O2 + inert gas, CO + CO2 and/or H2 + H2O. It looks like that the so-called
“Richardson diagrams” come into sight 3 years after the foremost publication by
Darken and Gurry [35, 36], dealing with the nonstoichiometry equilibrium of
wüstite describing equilibria for the condensed Fe-O phases under the controlled
gaseous atmosphere. Captivatingly, the experimental process by using a new gas-
mixing technique was pioneering for new incoming techniques. A remarkable result
in this stimulus was an important book by Muan and Osborn [37], which presented
phase diagrams obtained under partially open-system conditions, for example,
either in the air atmosphere or in contact with liquid iron. A distinctive application
that actually surpasses the standard concepts of closed system display was
established by Pourbaix in 1946 [38]. He proposed new diagrams consisting of a
graph of redox potential (E) versus acid–base potential (pH) to appropriately show
the equilibrium of the diluted aqueous solution at room temperatures. The coupled
application has become widely known in hydrochemistry most likely due to Garrels
[39] and Garrels and Christ [40]. In addition to the above-mentioned English-
written books, Korzhinskiĭ has also helped to cultivate a physicochemical basis for
the analysis of mineral paragenesis, which was revealed it in 1957 by a Russian book
[41] also translated into English in 1959 [42].

Worth noting again is the special Korzhinskiĭ’s differentiation of two classes of
components in geochemical systems developed as early as in 1936 [14]. It were
sorted as inert components, whose amounts (such as masses or numbers of moles) are
independent of the amounts of any other component as well as of any processes
inside the system, and perfectly mobile components, whose chemical potentials (or
other intensive parameters) are independent factors of equilibrium [43, 44]. After-
ward, he was making available the concept of thermodynamic potentials for sys-
tems containing entirely mobile components. However, requests for his new
potential were first rejected by geologist Nikolaev [45], but Verhoogen [46] and
Thompson [47], as well as by Palatnik and Landau [48, 49], supported Korzhinski’s
ideas. Later in 1956, Korzhinskiĭ published the derivation of thermodynamic poten-
tials for systems with mobile components in the more internationally respected
Russian journal [50]. It seems clear that over the past 50 years, no stimulating
information on Korzhinsky’s systems has been made to motivate mobile compo-
nents infiltrating the geologist world into the chemistry realms. Bulach [51],
Tretyakov [26, 52], and the Czech textbooks [17, 53] are weighed on Russian books,
where the previous [51] contained a special chapter on “Phase diagrams for open
systems.” In the 1970s, the study of the equilibrium of oxides with the atmosphere
also stimulated industry’s interest in the production of new ceramic materials (e.g.
ferrites [1, 26]) requiring properties consistent with the process of preparing new
high-temperature superconductors. Accordingly, the new thermodynamic school
was developed in cooperation between the Czech Academy of Sciences and the
Institute of Chemical Technology in Prague, which at that time was prevented by
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political repression [54] but revealed in the 1990s [14–16]. Studies of oxide high-
temperature superconductors [3–7] then sustained followed by other attractive
ceramics, most recently the cobaltite sphere [9–11], which is characterized by its
thermoelectric properties. Despite so much work that has been focused on these
innovative systems that are interested in variable solid-solid gas interaction [1–11],
preferably superconductor stoichiometry [5, 55–61], there is neither sufficient
experimental technique nor suitable thermodynamic distinction toward to the the-
ory of partially open systems have become accessible [15, 16], so some real cases are
worth example. First, we will show some unique experimental thermoanalytical
studies as a special future-oriented experimental solution.

2. Special thermoanalytical measurements applied to nonstoichiometric
solids: superconductor example

Alongside ordinary low-temperature magnetic measurements [60] used to
determine basic behavior of superconductivity, another specific thermoanalytical
technique becomes available elucidating special features of structural behavior.
One of such yet unusual diagnostic probe technique is called emanation thermal
analysis (ETA) and is based on the specific measurement of radon release. Such
a treatment becomes purposely beneficial in the determining fine oxygen
changes [61], cf. Figure 2.

Beside the traditional methods based on the mass-changes detection, that is,
thermogravimetry—TG or evolved gas analysis—EGA, (see left, thick curves) and
their capacity to provide rather insensitive global traces, the method of emanation
thermal analysis (upper) brings into play another evaluative possibility. The
sample, which is regularly labeled by radioactive thorium, is acting as a recurring
source for argon that diffuses and escapes finding the easiest path, so that serving
as a well-detected penetrating probe. Argon go-out pathway, forced to march

Figure 2.
Not so common portrayal for a complex analysis of YBa2Cu3OX behavior when exposed to oxidation changes of
variable X. Beside the traditional methods of mass-changes detection (TG-2 or EGA-3, see left, thick curves
bottom), the method of ETA, (upper 1) brings into play another more sensitive evaluative possibility.
Equipment produced by NETZSCH ltd., (Selb, Germany) has been employed in cooperation with the Czech
nuclear research Institute in Řež. The sample is labeled by radioactive thorium, which is acting as a recurring
source for argon that escapes functioning as a penetrating probe (upper left and whole right). Particular
ordering sequences are illustrated by arrows right.
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through the sample bulk, must be receptive and big enough to accommodate such a
spacious atom of argon, which is twice as big as oxygen. The best passage is
certainly provided by range of defects (i.e. cracks, interfaces), but open network
corridors can suit likewise. In this instance where the vacant chains are formed by
O(5) voids, we can see it at the inset structure in the middle of Figure 2. The
continual uptake of the oxygen occupation, which is enlarged along the O(4) voids,
can be seen as the step-wise because the more ordered transitional structures (i.e.
better superstructures) are gradually created. It reveals that the basic structure of
the so-called 123-YBaCu-superconductor stays more complicated, which is closely
related to the environmental conditions (temperature, pressure, or transport
delays). It follows that intermediate configurations can exist between the familiar
fully oxygenated (ortho-) and deoxygenated (tetra-) 123-structures, that is, the
superlattice associates with δ = 6.55 [2/500] and x = 6.85 [1/300] having complete
occupation every two in five and every second chain. Afterward, owing to temper-
ature scattering, oxygen also is inclined to occupy some forbidden O(5) sites,
effectively reducing thus the diffusivity free path for the probing atoms of argon
through the lattice, see left diagram. Such specificity is provided by the so-called
optometric measurements designed to analyze the surface/bulk heterogeneity,
which helps revealing its true fractal-like dimensions [62]. For example, the distri-
bution of pore size for HgBa2Ca2Cu3O8 + δ was calculated from nitrogen adsorption
obtaining over the size range between 1.7 and 300 nm and revealing the related
fractal dimension, the value of which was calculated to lie close to 2.5.

Yet another type of experimental proof of oxygen arrangement is microscopic
observation of the interfacial boundary between 123ortho- and 123tetra-
transformations seen in polarized light. Diffusing oxygen builds up the orthorhom-
bic domains with ordered Cu-O chains growing in the direction |110|, where the
domain density is limited by elastic energy. Upon reaching the critical thickness,
the chains begin to grow in a perpendicular direction, thereby forming a double
structure as shown in Figure 3.

Figure 3.
Direct optical observations in polarized light are an excellent aid, showing evidence of orthorhombic domains
with the ordered Cu (I)-O chains (striated). The direction of its perpendicular direction is vertically changed as
shown by embedded structure, which is under the imperative impact of the energy surface providing a
characteristic twinned morphology. In relation to the previous Figure 2, it discloses a direct evidence of the
elementary processes occurring during the oxygen uptake of YBa2Cu3Ox and O ! T transformation, which is
another rather sensitive area for further research.
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Although we are often able to take care of the so-called off-stoichiometry and
the incidence of a second phases in high-temperature bulk superconductors
(HTSC), we also have to be aware of the peculiarities of composition at interfaces,
where the high curvature YBa2Cu3Ox crystals by depletion of oxygen (x) at the
surface tension points with subsequent formation of weak bonds. Meanwhile, this
can lead to a tail shift of the curve at low temperature, experimentally measured on
a graph of relative conductivity versus temperature. Similar effects were previously
studied due to the electric field that led to a field-controlled oxygen rearrangement
[63] resulting from the movement of mobile charge carriers in the HTSC, which is
therefore a generic property of these superconductors.

When conducting SQUID measurements on YBa2Cu3Ox single crystals [60], an
additional source of curiosity can be created where we can see sequential progres-
sion of a step-wise sequential dimensional transfer from the 2-D to the 3-D
superconducting state. Although the first indication of superconductivity appears at
a temperature of up to 92 K, internal dissipation processes hold its immediate course
up to 85 K. This is because the [CuO2]2- layers are more easily rotated to
superconducting state after cooling (already at T1 = 91.2 K), while by 2 K lower, it is
the same with whole blocks of {[CuO2]2- [Y]3+ [CuO]2} until a total superconduc-
tivity is achieved at even 4 K lower temperature through the Ba-CuO-Ba barrier
tunnel. However, this behavior is not consistent with classical BCS theory [64],
but appears to correlate more with the antiferromagnetic order in a
two-dimensional system.

Whereas in the study of conventional superconductors, the main path was made
possible by physical measurements, that is, discovery of superconductivity alone,
Meissner effect [60, 64], isotope effect, energy gap seen first in specific heat and
later in tunneling, etc. In HTSC, the most important test of new theories was
performed using a large number of materials in which the CuO2 planes are built into
a completely different ionic background. Chainless materials soon eliminated the
very first theories based solely on the superconductivity of CuO chains. Similarly,
materials lacking the putative component eliminated apical oxygen ionization,
orthorhombic distortion, phonon breeze mode, and other binding mechanisms. The
critical test for theories based on the dominant role of the CuO2 planes was the
sensitivity of the critical temperature to the substitution of electronically adjacent
zinc to Cu (2) positions.

Another problematic consequence can be found in the HTSC neighborhood of
super-current channels, where the cationic stoichiometry may not remain stable,
but its intimate bonds can be strongly modified [56, 63]. In this attitude, it can be
conceptually assumed that the actual YBa2Cu3Ox composition at x = 6.85 may
contain both divalent and trivalent copper cations as well as holes (□), such as
YBa2Cu2.6Cu0.4□0.15O6.85. Due to the negative current charge on very thin adjacent
layers, it can cause not only the phase-structure deformation but also some chemical
changes due to possible relocation and absorption of some species, most likely Ba2+

and □2+, which can migrate from the inner body of HTSC. The intact interface
composition can then alter in an oddly wide range of stoichiometry, for example,
YBa3.03–3.09Cu0.392–0.26Cu0.4□0.223–0.226O5.744–5.677.

3. Definition of partly open systems and the application of hyperfree
energy

Lifelong experience with nonstoichiometric materials has always been in search
of new expressions particularly seeking new terminology for partly open systems
consisting of both the free components (proficient of exchange between the solid
system and its surroundings) and conservative components (whose capacity is
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remaining constant). Conditions obligatory of the systems’ isolation from its
surroundings with regard to the exchanging components can be classified in anal-
ogy to the standard thermodynamic pairs: Adiabatic–Isothermal as well as Isochoric–
Isobaric.

Therefore, the new-founded pair would construe as [65]: Isopletic–Isodynamic
(when plethos - πλήθος denotes the Greek amount) and dynamis (δύναμεις) mean-
ing a power, strength or ability.

Making use of the above-mentioned terms, the classification of N-component
systems can be inaugurated. Two different types of components can be
comprehended, that is, C—conservative (permanent) and f—free (mobile), which
are satisfying thermodynamic rules C + f = N. The N-component system with f-free
components and C = (N � f) conservative components can be identified as a quasi-
(C)-component system, for example, the system of three components consisting of
one free component, which can be called as “quasibinary system.”

On continuing, we can say that it was Holba [54–56, 65–72], who implemented
for partly open systems an innovative thermodynamic potential rediscovering and
properly applying the correct meaning of hyperfree energy Z. It is defined as a
Legendre transformation of the standard Gibbs free energy, G, with respect to a
free-component amount.

Z ¼ G–N f μ f via specification Z ¼ f T, p, Ncf g, μ f

n o� �
:

The above symbols are the molar content Nf of free component f in the system,
where μf is its chemical potential. Because the free component f is understood to be
shared with the surrounding atmosphere (factually serving as a reservoir), its
chemical potential in the condensed system is equal to the chemical potential of
surroundings. Thus, it is given as a sum of the standard chemical potential and the
logarithmic term is involving activity (μf = Gf° + RT ln af). Worth noting again is the
primary Korzhinskiy’s idea [44, 50] as to early distinguish between the mobile
(free) components (shared with the surroundings) and the inert (conservative)
components, whose pioneering thermodynamic potential μwas brought into play in
the area of physical geochemistry. Unfortunately, it did not make a way into to the
textbooks of solid-state chemical thermodynamics. This approach is valuable for all
transformations involving interaction with the surrounding commonly studied by
methods of thermal analysis [18, 73].

For a thermodynamic analysis dealing with partly open systems, it is appropriate
to express the composition in terms of quasimolar fractions Yi defined as Yi = Ni /Σc

Nc = Xi/ (1 – Σf Xf). The related hyperfree energy became thus valuable for the
construction of crystal-chemical models allowing the estimation of the relations
between the amount of crystal point effects and the equilibrium content of free
component [65, 72] in addition to the equilibrium behavior of nonstoichiometric
phases [37, 65–76]. In fact, we can observe not only closed systems where each
component is isolated from the environment, but also those systems where one
component (e.g. water) is exchanged with (i.e. can leak) into the environment, but
other components (such as sugar or salt) remain unchanged, which become useful
in our test system during processes of drying or baking.

This concept described above was further extended by deriving the related
Clapeyron-like and Ehrenfest-like equations for partly open systems describing the
mutual variations of predictor quantities (e.g. T-af, p-af, af.-ag) at the boundaries
between the individual phase fields, providing an adaptable mechanism for
constructing corresponding potential phase diagrams. Generally, a distinction can
be made between sharp and partial phase transitions when crossing phase-field
boundaries in this type of phase diagrams, which may be associated with first- and
second-order phase transitions in the original Ehrenfest classification scheme,
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critical test for theories based on the dominant role of the CuO2 planes was the
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Another problematic consequence can be found in the HTSC neighborhood of
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and □2+, which can migrate from the inner body of HTSC. The intact interface
composition can then alter in an oddly wide range of stoichiometry, for example,
YBa3.03–3.09Cu0.392–0.26Cu0.4□0.223–0.226O5.744–5.677.

3. Definition of partly open systems and the application of hyperfree
energy

Lifelong experience with nonstoichiometric materials has always been in search
of new expressions particularly seeking new terminology for partly open systems
consisting of both the free components (proficient of exchange between the solid
system and its surroundings) and conservative components (whose capacity is
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remaining constant). Conditions obligatory of the systems’ isolation from its
surroundings with regard to the exchanging components can be classified in anal-
ogy to the standard thermodynamic pairs: Adiabatic–Isothermal as well as Isochoric–
Isobaric.

Therefore, the new-founded pair would construe as [65]: Isopletic–Isodynamic
(when plethos - πλήθος denotes the Greek amount) and dynamis (δύναμεις) mean-
ing a power, strength or ability.

Making use of the above-mentioned terms, the classification of N-component
systems can be inaugurated. Two different types of components can be
comprehended, that is, C—conservative (permanent) and f—free (mobile), which
are satisfying thermodynamic rules C + f = N. The N-component system with f-free
components and C = (N � f) conservative components can be identified as a quasi-
(C)-component system, for example, the system of three components consisting of
one free component, which can be called as “quasibinary system.”

On continuing, we can say that it was Holba [54–56, 65–72], who implemented
for partly open systems an innovative thermodynamic potential rediscovering and
properly applying the correct meaning of hyperfree energy Z. It is defined as a
Legendre transformation of the standard Gibbs free energy, G, with respect to a
free-component amount.

Z ¼ G–N f μ f via specification Z ¼ f T, p, Ncf g, μ f

n o� �
:

The above symbols are the molar content Nf of free component f in the system,
where μf is its chemical potential. Because the free component f is understood to be
shared with the surrounding atmosphere (factually serving as a reservoir), its
chemical potential in the condensed system is equal to the chemical potential of
surroundings. Thus, it is given as a sum of the standard chemical potential and the
logarithmic term is involving activity (μf = Gf° + RT ln af). Worth noting again is the
primary Korzhinskiy’s idea [44, 50] as to early distinguish between the mobile
(free) components (shared with the surroundings) and the inert (conservative)
components, whose pioneering thermodynamic potential μwas brought into play in
the area of physical geochemistry. Unfortunately, it did not make a way into to the
textbooks of solid-state chemical thermodynamics. This approach is valuable for all
transformations involving interaction with the surrounding commonly studied by
methods of thermal analysis [18, 73].

For a thermodynamic analysis dealing with partly open systems, it is appropriate
to express the composition in terms of quasimolar fractions Yi defined as Yi = Ni /Σc

Nc = Xi/ (1 – Σf Xf). The related hyperfree energy became thus valuable for the
construction of crystal-chemical models allowing the estimation of the relations
between the amount of crystal point effects and the equilibrium content of free
component [65, 72] in addition to the equilibrium behavior of nonstoichiometric
phases [37, 65–76]. In fact, we can observe not only closed systems where each
component is isolated from the environment, but also those systems where one
component (e.g. water) is exchanged with (i.e. can leak) into the environment, but
other components (such as sugar or salt) remain unchanged, which become useful
in our test system during processes of drying or baking.

This concept described above was further extended by deriving the related
Clapeyron-like and Ehrenfest-like equations for partly open systems describing the
mutual variations of predictor quantities (e.g. T-af, p-af, af.-ag) at the boundaries
between the individual phase fields, providing an adaptable mechanism for
constructing corresponding potential phase diagrams. Generally, a distinction can
be made between sharp and partial phase transitions when crossing phase-field
boundaries in this type of phase diagrams, which may be associated with first- and
second-order phase transitions in the original Ehrenfest classification scheme,
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respectively. However, it should be noted that the latter should not be confused
with the critical (or better lambda) phase transition described by Landau. Sharp
transitions taking place in the space of variables involving the activity of free
components are accompanied by abrupt changes in their content, ΔYf. Therefore,
even if the change in hyperfree energy ΔZφ-ψ at the boundary between phase fields
φ and ψ is zero, its derivatives with respect to free-component activities (∂ΔZφ-ψ// ∂
ln af)T,p = ΔYf, are nonzero and we can use the same approach used to derive the
standard Clapeyron equation, for example

d ln a f

d 1=Tð Þ
� �

P
¼ �

∂ ΔZ=Tð Þ=∂ 1=Tð Þð Þa f ,P

∂ ΔZ=Tð Þ
∂

ln a f

� �
T,P

¼ ΔH
R ΔY f

(1)

d ln a f

d ln ag

� �

p,T

¼ �
∂ ΔZ=Tð Þ=∂ ln ag
� �

P,T,a f

∂ ΔZ=Tð Þ=∂ ln a f
� �

P,T,ag

¼ �ΔYg

ΔY f
(2)

A more intricate situation occurs when dealing with partial transitions charac-
terized by the beginning of the precipitation of a new phase, where ΔYf = 0, since Yf
is a continuous but not smooth predictor function at the boundary delimiting a
partial transition, the derivatives of which are subject to sudden changes. In this line
of attack, Holba called for the creation of new specialized variables [65, 72] defining
a change in the composition of the free component relative to the prediction
variables T, p, af, and ag. Analogous to the nomenclature used for similar amounts
such as isothermal compressibility or heat capacity, he proposed a new term called
plutability (derived from the Greek πλούτος = rich, that is, susceptibility to
enrichment by a given component). Based on this characterization, we can obtain
variables as follows:

κff ¼ ∂ Y f=∂ ln a fð ÞT,p, κfT ¼ ∂ Y f=∂ ln Tð Þaf,p and κfp ¼ ∂ Y f=∂ ln pð Þaf,T (3)

which can be, respectively, designated as characteristic expressions, that is
plutability, thermal plutability, and pressure plutability.

Respecting the classical approach by Ehrenfest, we can employ the l’Hospital
rule on the indefinite forms resulting from (1) and (2) and derive Ehrenfest-like
equations involving the changes of plutabilities and other quantities that represent
the second derivatives of the thermodynamic potential (ΔCp, Δα, Δβ standing for
heat capacity, thermal expansion, and compressibility changes)

d ln a f

d 1=Tð Þ
� �

P
¼ ΔCp

R ΔκfT
¼ � TVΔα

R ΔκfP
¼ T2ΔκfT

Δκff
(4)

d ln a f

d ln ag

� �

p,T

¼ �ΔκgT
ΔκfT

¼ �Δκgp
Δκfp

¼ �Δκgf
Δκff

¼ �Δκgg
Δκfg

(5)

4. Practical applicability in Ca-Co-O system

Let us demonstrate the relevance of the above-derived equations on the example
of Ca-Co-O system [10, 74] presented in Figure 4. The phase equilibria in such
three-component system with a single free component (O) can be represented in a
so-called quasibinary (i.e. isoactivity section) phase diagram revealed in Figure 1b.
It exhibits exactly the same topological characteristics as conventional binary phase
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diagrams of closed systems. On the other hand, if we affix the cation composition
and release the free-component activity, we get an isoplethal, that is,T – log af
division presented in Figure 4a, for which Eqs. (1)–(4) can be employed. The upper
shown two transitions, that is, (Ca3Co2O6 + Ca3Co3.9 + xO9.3�□) ! (Ca3Co2O6 +
Ca1�xCoxO) and (Ca3Co2O6 + Ca1�xCoxO) ! Ca1�xCoxO (#1 + #2), stay as the
distinctive sharp transitions, where the Clapyeronian Eq. (1) is relevant. Note that if
ΔYO is constant such as in the latter case, the corresponding borderline must by
linear in (1/T)-representation and hyperbolic in (T)-representation.

By contrast, the lower lying borderline represents a partial phase transition
between the solution phase Ca3Co3.9 + xO9.3�□ (misfit phase) and the two-phase
region of this phase and Ca3Co2O6, whose content is vanishing when crossing the
boundary. Hence, the first Ehrenfestian equation must be exploited. Clearly, both
ΔYO and ΔH are zero at the transition, since the phase fraction of MF ξ = 1within the
single phase region and it begin to decrease at the borderline. Hence, differentiating
ΔYO = (ξ – 1) YO + (1 – ξ) (6/5) = 0 with respect to T and to ln pO, we obtain

Figure 4.
(a—upper) T vs. log pO2

phase diagram of Ca-Co-O system for Ca:Co = 3:3.9 (b—bottom) T versus YCo

isoactivity section (pO2
= 0.21) of Ca-Co-O phase diagram (dashed line—isoplethal section shown in (a)),

transferred from Ref. [74].
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respectively. However, it should be noted that the latter should not be confused
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variables as follows:

κff ¼ ∂ Y f=∂ ln a fð ÞT,p, κfT ¼ ∂ Y f=∂ ln Tð Þaf,p and κfp ¼ ∂ Y f=∂ ln pð Þaf,T (3)
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region of this phase and Ca3Co2O6, whose content is vanishing when crossing the
boundary. Hence, the first Ehrenfestian equation must be exploited. Clearly, both
ΔYO and ΔH are zero at the transition, since the phase fraction of MF ξ = 1within the
single phase region and it begin to decrease at the borderline. Hence, differentiating
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ΔκOT ¼ ξ� 1ð ÞκOT þ YO � 6
5
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p,pO

¼ YO � 6
5

� �
∂ξ
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� �

p,pO

, (6)

ΔκOT ¼ ξ� 1ð ÞκOO þ YO � 6
5

� �
∂ξ

∂ ln pO

� �

p,T
¼ YO � 6

5

� �
∂ξ

∂ ln pO

� �

p,T
(7)

and thus

ΔκOT
ΔκOO

¼
∂ξ=∂Tð Þp,pO

∂ξ=∂ ln pO
� �

p,T

(8)

Borderline should be linear in T provided the ΔκOT/ΔκOO ratio was constant,
which, however, is obviously not the case as seen from Figure 4a; the dotted line
corresponds to the integrated Eq. (4) with this ratio taken constant, ΔκOO/ΔκOT = 28 K,
as obtained for pO2

= 0.21 and the respective transition temperature Tt = 1148 K.
Finally, the both ΔκOT andΔκOO are accessible from experiment. Though, ifΔκOT can
be directly evaluated from TGA data recorded at constant pO2

, ΔκOO requires a more
sophisticated device as is TGA with controlled adjustable pO2

or a coulometric titra-
tion. If ΔκOO is not available, one can take use of another relation resulting from
Eq. (4), explicitly

ΔκOT
ΔκOO

¼ ΔCp

RT2 ΔκOT
¼ H MFð Þ �H C3C2ð Þ

RT2 YO � 6
5

� � � H°
O

RT2 (9)

having a need of the knowledge of enthalpies of both involved phases as well as
gaseous oxygen at the transition temperature. This example is supposed to demon-
strate how the presented equations can be applied for the construction of potential
phase diagrams from experimental data or for the assessment of thermodynamic
quantities necessary for the theoretical calculation of phase equilibria.

In conclusion, we can observe from the four new Clapeyronian equations
(Eqs. (1) and (2) and two additional involving pressure), the providence of Holba
who was able to deduce as many as 28 such pioneering Ehrenfest-like equations
published in his last communications [67, 69] and finished just few days before his
passing away. It is great pity that such a gifted thermodynamist could not continue
publishing his concepts thus far capable of additional publications in the form of
future paper.

Concisely, let us highlight that the concept of hyperfree energy and a new class
of Clapeyron and Ehrenfest-like equations can be found useful for the equilibrium
studies and construction of thermodynamic models of nonstoichiometric phases
[65–76]. It became useful for structuring of straightforward phase diagrams
reflecting the equilibrium phase relations under a given controlled atmosphere
[65, 73]. The impact of Holba toward better understanding of a thermodynamic
background of processes [13, 18, 65] and his encouragement of novel thermody-
namic portrayal of partly open system [15, 16, 54] is unlocked to a wider attention
laying emphasis on the fact that he was one of the cofounders of the renowned
Czech thermodynamic school [17, 20, 72, 77, 78], cf. Figure 1. It is investigated in
the early issues of the local Czech journal Silikaty-Ceramics published in Prague
[13, 14, 18]. Holba’s noteworthy legacy throw out becoming prominent within
Russian circles [73, 76] and it gave stimulus for Holba’s awarding the prestigious
Russian Kurnakov medal of the Russian Academy of Science in the sphere of
thermodynamics conferred in memoriam during the XV International Conference
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on Thermal Analysis held in Saint Petersburg 2016. So, this chapter is also devoted
to his commemoration.
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Abstract

Among the lead-free perovskite-structure materials, strontium titanate 
(SrTiO3—ST) and potassium tantalate (KTaO3—KT), pure or modified, are of 
particular importance. They are both quantum paraelectrics with high dielectric 
permittivity and low losses that can find application in tunable microwave devices 
due to a dependence of the permittivity on the electric field. Factors as Sr/Ti and K/
Ta ratio in ST and KT ceramics, respectively, can alter the defect chemistry of these 
materials and affect the microstructure. Therefore, if properly understood, cation 
stoichiometry variation may be intentionally used to tailor the electrical response of 
electroceramics. The scientific and technological importance of the stoichiometry 
variation in ST and KT ceramics is reviewed and compared in this chapter. The dif-
ferences in crystallographic phase assemblage, grain size, and dielectric properties 
are described in detail. Although sharing crystal chemical similarities, the effect of 
the stoichiometry is markedly different. Even if the variation of Sr/Ti and K/Ta ratios 
did not change the quantum-paraelectric nature of ST and KT, Sr excess impedes 
the grain growth and decreases the dielectric permittivity in ST ceramics, while K 
excess promotes the grain growth and increases the dielectric permittivity in  
KT ceramics.

Keywords: nonstoichiometry, perovskite, electroceramics, ferroelectrics, 
crystallographic phase assemblage, grain growth, dielectric spectroscopy

1. Introduction

Considering functional oxides, ferroelectrics are essential materials, being used 
in a wide range of applications [1, 2]. Ferroelectrics are nonlinear dielectric materi-
als and their main characteristic is a spontaneous electric polarisation that can exist 
without an external electric field and can be reversed by the application of the field 
[1, 3]. Ferroelectricity is a temperature-dependent property, inherent to materials 
with a noncentrosymmetric crystal structure that is lost above the characteristic 
temperature designated as Curie temperature (T0), when the material becomes 
centrosymmetric and paraelectric. Although ferroelectric materials hold their main 
functionality in the polar state (below T0), they are also useful above T0, in the 
paraelectric state [4, 5]. In this nonpolar, phase ferroelectrics are normally charac-
terised by a real part of the dielectric permittivity ε′ (or susceptibility χ′ = ε′ − 1), 
which depends on temperature, according to the Curie-Weiss law (Eq. (1)):
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1. Introduction

Considering functional oxides, ferroelectrics are essential materials, being used 
in a wide range of applications [1, 2]. Ferroelectrics are nonlinear dielectric materi-
als and their main characteristic is a spontaneous electric polarisation that can exist 
without an external electric field and can be reversed by the application of the field 
[1, 3]. Ferroelectricity is a temperature-dependent property, inherent to materials 
with a noncentrosymmetric crystal structure that is lost above the characteristic 
temperature designated as Curie temperature (T0), when the material becomes 
centrosymmetric and paraelectric. Although ferroelectric materials hold their main 
functionality in the polar state (below T0), they are also useful above T0, in the 
paraelectric state [4, 5]. In this nonpolar, phase ferroelectrics are normally charac-
terised by a real part of the dielectric permittivity ε′ (or susceptibility χ′ = ε′ − 1), 
which depends on temperature, according to the Curie-Weiss law (Eq. (1)):
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  ε′≈   χ′= C /  (T −  T  0  ) ,  (1)

where C is the Curie constant and T0 is the Curie temperature, above which the 
ferroelectric material is in the paraelectric state [1, 3]. For a second-order phase 
transition, the transition temperature TC = T0, but for a first-order transition TC > T0 
(see Figure 1). As also schematically shown in Figure 1, the second-order transi-
tion is characterised by a smooth increase of the spontaneous polarisation Ps as the 
temperature decreases starting from TC, while for the first-order transition Ps jumps 
for some value at TC with a further slight increase as temperature decreases [3].

Besides the temperature, ε′ depends on the applied electric field, particularly, 
near the phase transition. There are two parameters used for the characterisation of 
the dependence of the dielectric permittivity on the applied DC bias electric field: 
(1) tunability n, defined as the ratio of the dielectric permittivity of the material at 
zero electric field to that at some nonzero electric field and (2) relative tunability nr, 
defined as (Eq. (2)):

   n  r    (E)  =  [ε′ (0)  − ε′ (E) ]   / ε′  (0)  =  (n − 1)   / n,   (2)

where ε′(0) is the dielectric permittivity at zero field and ε′(E) is the dielectric 
permittivity under the applied field E [4]. Thus, permittivity is an important 
parameter in defining capacitors with high capacity to store electrical energy, as 
well as high-performance tunable microwave devices, for example, phase shifters, 
as components in electronically scanned phased-array antennas for communica-
tions and radar applications because of their low dielectric losses and reasonable 

Figure 1. 
Temperature dependence of inverse dielectric susceptibility χ′ and spontaneous polarisation Ps for first-order 
(a) and second-order (b) ferroelectric phase transitions (adapted from Smolenskii [3]).
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tunability [5]. Moreover, the dielectric permittivity is a complex parameter, con-
sisting of a real part ε′ and an imaginary part ε″, while their ratio determines the 
dissipation factor tanδ = ε″/ε′. In this respect, incipient ferroelectrics (or quantum 
paraelectrics), such as perovskite type SrTiO3 (ST) and KTaO3 (KT), are of great 
interest because they do not possess the phase transition into polar phase at any 
temperature, simultaneously presenting very low dielectric losses. Indeed, they 
can possess a dissipation factor tanδ as low as 10−4–10−5 that is very attractive for 
microwave applications [6, 7].

Strontium titanate (SrTiO3, ST) and potassium tantalate (KTaO3, KT) belong to 
the family of incipient ferroelectrics because their dielectric permittivity monoto-
nously increases upon cooling down to near 0 K without any ferroelectric-type 
anomaly [8]. However, since the ferroelectric order in these two materials is sup-
pressed by quantum fluctuations, they can also be called quantum paraelectrics [9, 10], 
while their ε′(T) dependence can be described by Barrett’s relation (Eq. (3)):

   ε ′    (  T )    =   C ___________ 
   T  1   _ 2   coth    T  1   _ 2T   −  T  0  

   +  ε  1    (3)

which is based on the mean-field theory taking quantum fluctuations into 
account [11]. Comparing to Eq. (1) for the Curie-Weiss law, a temperature of 
the crossover between classical and quantum behaviour T1 and a temperature-
independent component of permittivity ε1 are introduced in Eq. (3) for the Barrett’s 
relation. However, in the limit T ≫ T1, the Barrett’s relation transforms into the 
traditional Curie-Weiss law. The low-temperature paraelectric phase is thus unstable 
in quantum paraelectrics, and the ferroelectric state can be induced by the applica-
tion of a high electric field [12], uniaxial stress [13], cation [10, 14–16], or oxygen 
isotope substitutions in the lattice [17].

Structurally, ST and KT are similar and both crystalize with a perovskite-type 
structure [16, 18]. The general chemical formula for the perovskite oxides is ABO3, 
where A and B are cations of very different sizes (A are larger than B), and O is an 
oxygen that bonds to both. As shown in Figure 2, the perovskite unit cell is ideally 
cubic, where A-cations are placed at the cube corners, B-cations are located at the 
body centre, and the position of oxygen ions is at the centre of the faces. The cell 
packaging is characterised by the Goldschmidt tolerance factor (Eq. (4)):

  t =    r  A   +  r  O   _ 
 √ 

_
 2    (   r  B   +  r  O   )   

    (4)

Figure 2. 
Representation of the ideal cubic perovskite unit cell (ABO3).
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where ri (i = A, B, O) denotes the average ionic radii of the constituents of ABO3 
compound in the respective sites [18, 19]. In the case of ST and KT, t is close to 1, 
implying that both A and B ions are closely packed and their excess solubility is very 
limited.

Regarding the cation excess solubility limits for the ST lattice, a presence of TiO2 
second phase was reported for ST ceramics with Ti excess down to 0.5 mol%, in 
agreement with similar high-temperature conductivity behaviour observed for Sr/Ti 
ratio ≥ 0.995 [20]. On the other hand, Sr excess is known to accommodate in the ST 
lattice as a three-dimensional mosaic of single-layered rock-salt blocks, forming the 
so-called Ruddlesden-Popper structures with the formula SrO·(SrTiO3)n instead of 
secondary phases [21]. Concerning the electrical properties, a breakdown strength 
was reported to be higher for ST ceramics with Sr/Ti ratio of 0.996, comparing to 
that for stoichiometric ones, and attributed to smaller grain size [22]. More recently, 
we have also investigated the effect of nonstoichiometry—Sr/Ti ratio from 0.995 
to 1.02—on the high-temperature electrical response of ST ceramics, using imped-
ance spectroscopy [23]. The resistivity of bulk and grain boundaries systematically 
decreased in both Ti-rich and Sr-rich ST, as compared to stoichiometric ceramics. 
The nonstoichiometry effect was found to be much stronger for the grain boundar-
ies as compared to the bulk and attributed to the defect chemistry variation rather 
than to the microstructural development [23].

In the case of KT, in which the dielectric losses can be even lower than those of 
ST, thus exhibiting a dissipation factor tanδ of ~10−4 in the GHz range [6, 7], stoi-
chiometry effect is even more important and, additionally, more difficult to control 
due to the high volatility of the alkali element as potassium [24, 25]. As a result, the 
dielectric properties have been mainly reported for KT single crystals  
[6, 7, 10, 24, 26–29], whereas the studies on polycrystalline bulk are seldom 
reported [24, 25, 30], even though ceramics are simpler and less expensive to 
produce than single crystals. This scarcity is enhanced by the fact that although KT 
melts easily above 1350°C, it is hard to obtain a highly dense monophasic stoichio-
metric polycrystalline KT below this temperature [25]. In addition, according to our 
pioneer thermodynamic studies using oxide melt solution calorimetry, the enthalpy 
of formation of perovskite from oxides becomes less exothermic from pyrochlore 
phases, thus indicating a less stable structure with respect to the constituent oxides. 
The decomposition enthalpy of K2Ta2O6 to KTaO3 indicates that pyrochlore is 
energetically more stable than perovskite, and also confirms that pyrochlore is the 
low-temperature phase [31].

Needless to state that the optimisation of the dielectric response of functional 
materials is evidently associated with the precise control of the composition 
(namely the stoichiometry). Therefore, this chapter is aimed to overview and to 
compare the effect of cationic ratio on the microstructural and dielectric properties 
of ST and KT ceramics.

2. Experimental

2.1 Preparation of ST ceramics

Ceramics of strontium titanate were prepared by conventional mixed oxide 
method [32]. Reagent grades SrCO3 and TiO2 were weighed according to the compo-
sitions Sr1.02TiO3.02, SrTiO3 and Sr0.997TiO2.997. After milling in alcohol for 8 h using 
Teflon pots and zirconia balls in a planetary mill, the powders were dried, and then 
calcined at 1150°C for 2 h. The calcined powders were ball milled under similar 
conditions as the previous ones and dried again to obtain powders with particle size 
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lower than 5 μm. Pellets of 10 mm in diameter were uniaxially pressed at 100 MPa 
and then isostatically pressed at 200 MPa. Sintering was performed in air at 1500°C 
for 5 h with heating and cooling rates of 5°C/min. The density of all the sintered 
samples, reached ~97% of the theoretical density of ST.

2.2 Preparation of KT ceramics

Ceramics of potassium tantalate were also prepared by the conventional mixed 
oxide method [33]. After being dried for dehydration, K2CO3 and Ta2O5 reagents 
were weighed according to the compositions KTaO3, K1.02TaO3.01, and K1.05TiO3.025. 
Once milled in a planetary mill for 5 h using Teflon pots, zirconia balls, and alcohol, 
the powders were dried, and then calcined at 875°C for 8 h. The calcined powders 
were ball milled in alcohol for 5 h and dried again. Pellets of 10 mm in diameter 
were uniaxially pressed at 100 MPa, covered by powder of the same composition to 
decrease the loss of potassium, and sintered in closed alumina crucibles at 1350°C 
for 1 h with heating and cooling rates of 5°C/min. The density of all the sintered 
samples varied from ~87 to 90% of the theoretical density of KT. Through weight 
loss and inductively coupled plasma spectroscopy analysis, the potassium loss was 
about 3–4%.

2.3 Characterisation of the ceramics

Room temperature X-ray diffraction (XRD) analysis (Rigaku D/Max-B, Cu Kα) 
was conducted on some of the grounded sintered pellets with a scanning speed 
of 1 o/min and a step of 0.02°. Lattice parameters were refined by the least-square 
fitting to the observed XRD data, between 2Θ = 20° and 110°, using WinPLOTR 
software. The microstructure of the ceramics was observed on polished and ther-
mally etched sections using scanning electron microscopy (SEM, Hitachi S-4100 
and Hitachi SU-70). The average grain size of the sintered pellets was measured 
on at least 100 grains by AnalySIS (Soft Imaging System GmbH) software. For 
the dielectric measurements, gold electrodes were sputtered on both sides of the 
polished ceramics. The dielectric permittivity and loss were measured at different 
frequencies between 100 Hz and 1 MHz, using Precision LCR Meter HP 4284A and 
a Displex APD-Cryogenics cryostat of He closed cycle during heating in the tem-
perature range from 10 to 300 K.

3. Results

3.1 Structure and microstructure

XRD patterns of the sintered ST ceramics with initial Sr/Ti ratio = 0.997, 1, and 
1.02 are shown in Figure 3 (left). From the XRD analysis, all ST compositions under 
study have a cubic perovskite structure and are monophasic. No systematic varia-
tion of the lattice parameter was observed.

For the sintered KT ceramics with initial K/Ta ratio = 1, 1.02, and 1.05, the XRD 
patterns are shown in Figure 3 (right). The observed X-ray diffraction lines are 
consistent with the cubic perovskite symmetry of stoichiometric KT for all the pre-
cursor compositions. For ceramics with K/Ta = 1.05 and 1.02, no distinct secondary 
phases are detected. Conversely, additional diffraction lines observed in the pat-
terns for K/Ta = 1, evidence the existence of a secondary phase, which was assigned 
to the potassium-poor tungsten bronze structure K6Ta10.8O30 phase. These results are 
in agreement with an homogeneous distribution of both potassium and tantalum 
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and then isostatically pressed at 200 MPa. Sintering was performed in air at 1500°C 
for 5 h with heating and cooling rates of 5°C/min. The density of all the sintered 
samples, reached ~97% of the theoretical density of ST.
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on at least 100 grains by AnalySIS (Soft Imaging System GmbH) software. For 
the dielectric measurements, gold electrodes were sputtered on both sides of the 
polished ceramics. The dielectric permittivity and loss were measured at different 
frequencies between 100 Hz and 1 MHz, using Precision LCR Meter HP 4284A and 
a Displex APD-Cryogenics cryostat of He closed cycle during heating in the tem-
perature range from 10 to 300 K.

3. Results

3.1 Structure and microstructure

XRD patterns of the sintered ST ceramics with initial Sr/Ti ratio = 0.997, 1, and 
1.02 are shown in Figure 3 (left). From the XRD analysis, all ST compositions under 
study have a cubic perovskite structure and are monophasic. No systematic varia-
tion of the lattice parameter was observed.

For the sintered KT ceramics with initial K/Ta ratio = 1, 1.02, and 1.05, the XRD 
patterns are shown in Figure 3 (right). The observed X-ray diffraction lines are 
consistent with the cubic perovskite symmetry of stoichiometric KT for all the pre-
cursor compositions. For ceramics with K/Ta = 1.05 and 1.02, no distinct secondary 
phases are detected. Conversely, additional diffraction lines observed in the pat-
terns for K/Ta = 1, evidence the existence of a secondary phase, which was assigned 
to the potassium-poor tungsten bronze structure K6Ta10.8O30 phase. These results are 
in agreement with an homogeneous distribution of both potassium and tantalum 
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in the grains of KT ceramics with initial K/Ta ratio of 1.05 and 1.02, observed by 
elemental mapping using energy dispersive spectroscopy, while some Ta-rich areas 
were detectable in the ceramics with the initial K/Ta = 1 [33]. Moreover, since no 
secondary phase was detected in the XRD patterns of KT powders after calcination 
(not shown) for all the precursor compositions including K/Ta = 1, it is assumed 
that the sintering process at 1350°C mainly leads to the loss of volatile potassium. 
The lattice parameter values of KT phase deduced from the XRD patterns were close 
to that of 3.989 Å for KT single crystals [26].

Rather dense microstructures and significant difference in the grain size for 
Ti-rich and Sr-rich ST ceramics was observed by scanning electron microscopy 
[32]. The average grain size of ST ceramics with Sr/Ti ≤ 1 was found to be of about 
20 μm, that is, in the range of tens of microns, whereas Sr/Ti > 1 yields ceramics 
with the grain size of about 6 μm, that is, in the micron range (see Table 1). The 
microstructural analysis of KT ceramics revealed cubic-like grain shape and well-
defined porosity [32] in agreement with the ceramics relative density of about 88%. 
Moreover, the grain size was found to grow from submicron to several microns 
range with K/Ta ratio increasing from 1 to >1. Average grain-size values of 0.7, 4.9, 
and 6.5 μm were determined for the ceramics with initial K/Ta ratio of 1, 1.02, and 
1.05, respectively, as also displayed in Table 1.

Thus, the grain-size dependence on the stoichiometry of ST and KT ceramics 
behaves oppositely. The larger grains are formed for excess of B-site cations in ST 
and for excess of A-site cations in KT. Such dissimilarity is based on the unique 
crystallochemistry details of each system, as displayed by their phase diagram. An 
eutectic liquid phase that promotes the grain growth during the sintering exists on 
the Ti-rich side of the SrO-TiO2 phase diagram, when Sr/Ti < 1 [34]. In contrast, 

Figure 3. 
XRD patterns of sintered strontium titanate (SrTiO3, ST) (left) and potassium tantalate and potassium 
tantalate (KTaO3, KT) (right) ceramics, prepared with indicated Sr/Ti and K/Ta ratios (adapted from 
[32, 33]). Reflections of ST and KT phases are marked by their corresponding crystallographic indexes and 
reflections of K6Ta10.8O30 secondary phase are marked by *.
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the KT grain boundaries become wet close to the eutectic temperature that emerges 
for K/Ta > 1 [35]. Then, grain boundary diffusion increases and grain growth is 
promoted in the presence of potassium excess.

3.2 Electrical properties

The low-frequency dielectric measurements data are summarised in Figures 4 
and 5. The temperature dependence of the dielectric permittivity (ε′) for stoichio-
metric and nonstoichiometric ST ceramics, which revealed no considerable fre-
quency dispersion is shown in Figure 4a for the frequency of 10 kHz. No dielectric 
permittivity anomaly was observed, as well. The dielectric permittivity increases 
steeply and levels-off at high values as the temperature approaches 0 K, revealing a 
typical behaviour of quantum paraelectrics [9, 10]. Comparing with stoichiometric 
composition, Sr excess lowers the dielectric permittivity values at low temperatures 
from ~6300 to ~3900, while Ti excess raises it to ~7700, as also listed in Table 1. 
The later value is lower than that of ~20,000, reported for ST single crystals [9], 
due to the contribution of pores and grain boundaries with much lower permit-
tivity than that of ST bulk [36]. However, it is much higher than that of ~5600 for 
conventionally prepared ST ceramics sintered at lower temperature of 1400°C [37] 
and even higher than that of ~6850, reported for higher purity sol-gel derived ST 
ceramics [38].

The temperature dependence of the dielectric permittivity of KT ceramics, 
with initial K/Ta ratio = 1, 1.02, and 1.05 at the frequency of 10 kHz is shown in 
Figure 4b, revealing too the continuous increase of ε′(T) on cooling. The potas-
sium excess is found to raise the dielectric permittivity monotonously in the range 
of initial K/Ta ratio under study, in spite of the small difference between the 
low-temperature dielectric permittivity for K/Ta = 1.02 and K/Ta = 1.05. For KT 
ceramics with initial K/Ta ratio of 1, the dielectric permittivity is about 2300. It 
is much smaller than that of KT single crystals [7] but close to that reported for 
KT ceramics [24]. Contributions of secondary phases in the ceramics, which are 
less polarisable than crystalline grains of KT, grain boundaries (small grain size), 
and pores (density ~88%) can lead to the observed permittivity decrease. On the 
other hand, the dielectric permittivity of similarly dense KT ceramics with initial 
K/Ta ratio of 1.02 and 1.05 reach a value of about 4000, which is much higher 
than the values, reported for K/Ta = 1 by Chen et al. [24], higher than the value of 
3100, reported for K/Ta = 1.05 by Axelsson et al. [25], and is not much below 5000, 

Ceramics A/B 
ratio

Average grain 
size, μm

ε′max tanδmin, 
%

Barrett relation parameters

T0, K T1, 
K

C/103, 
K

ε1

ST 0.997 20 ~7700 0.40 34 98 112 —

1 20 ~6300 0.33 35 99 92 —

1.02 6.0 ~3900 0.69 32 110 87 —

KT 1 0.7 ~2250 0.34 14 66 38 123

1.02 4.9 ~4000 0.25 12 48 49 58

1.05 6.5 ~4000 0.62 10 48 57 120

Table 1. 
Average grain size and Barrett’s relation parameters for SrTiO3, ST ceramics with initial Sr/Ti ratio of 1, 1.02, 
and 0.997 sintered at 1500°C for 5 h and for KTaO3, KT ceramics with initial K/Ta ratio = 1, 1.02, and 1.05 
sintered at 1350°C for 1 h [32, 33].



Structure Processing Properties Relationships in Stoichiometric and Nonstoichiometric Oxides

44
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the KT grain boundaries become wet close to the eutectic temperature that emerges 
for K/Ta > 1 [35]. Then, grain boundary diffusion increases and grain growth is 
promoted in the presence of potassium excess.

3.2 Electrical properties

The low-frequency dielectric measurements data are summarised in Figures 4 
and 5. The temperature dependence of the dielectric permittivity (ε′) for stoichio-
metric and nonstoichiometric ST ceramics, which revealed no considerable fre-
quency dispersion is shown in Figure 4a for the frequency of 10 kHz. No dielectric 
permittivity anomaly was observed, as well. The dielectric permittivity increases 
steeply and levels-off at high values as the temperature approaches 0 K, revealing a 
typical behaviour of quantum paraelectrics [9, 10]. Comparing with stoichiometric 
composition, Sr excess lowers the dielectric permittivity values at low temperatures 
from ~6300 to ~3900, while Ti excess raises it to ~7700, as also listed in Table 1. 
The later value is lower than that of ~20,000, reported for ST single crystals [9], 
due to the contribution of pores and grain boundaries with much lower permit-
tivity than that of ST bulk [36]. However, it is much higher than that of ~5600 for 
conventionally prepared ST ceramics sintered at lower temperature of 1400°C [37] 
and even higher than that of ~6850, reported for higher purity sol-gel derived ST 
ceramics [38].

The temperature dependence of the dielectric permittivity of KT ceramics, 
with initial K/Ta ratio = 1, 1.02, and 1.05 at the frequency of 10 kHz is shown in 
Figure 4b, revealing too the continuous increase of ε′(T) on cooling. The potas-
sium excess is found to raise the dielectric permittivity monotonously in the range 
of initial K/Ta ratio under study, in spite of the small difference between the 
low-temperature dielectric permittivity for K/Ta = 1.02 and K/Ta = 1.05. For KT 
ceramics with initial K/Ta ratio of 1, the dielectric permittivity is about 2300. It 
is much smaller than that of KT single crystals [7] but close to that reported for 
KT ceramics [24]. Contributions of secondary phases in the ceramics, which are 
less polarisable than crystalline grains of KT, grain boundaries (small grain size), 
and pores (density ~88%) can lead to the observed permittivity decrease. On the 
other hand, the dielectric permittivity of similarly dense KT ceramics with initial 
K/Ta ratio of 1.02 and 1.05 reach a value of about 4000, which is much higher 
than the values, reported for K/Ta = 1 by Chen et al. [24], higher than the value of 
3100, reported for K/Ta = 1.05 by Axelsson et al. [25], and is not much below 5000, 
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Table 1. 
Average grain size and Barrett’s relation parameters for SrTiO3, ST ceramics with initial Sr/Ti ratio of 1, 1.02, 
and 0.997 sintered at 1500°C for 5 h and for KTaO3, KT ceramics with initial K/Ta ratio = 1, 1.02, and 1.05 
sintered at 1350°C for 1 h [32, 33].
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which was reported for KT single crystals [7]. In parallel to our work, Glinšek et al., 
obtained monophasic KT ceramics with relative density ≥95% using hot-pressing 
of mechanically activated powders at 1250°C and 25 MPa for 2 h [30]. However, the 
maximum permittivity of the ceramics prepared from single calcined powder was 
still about 2500. Just by using a double calcination, a dielectric permittivity up to 
4080 and a dissipation factor between 0.001 and 0.016 at 1 kHz were reported for 
these dense hot-pressed KT ceramics [30].

Figure 5a presents the temperature dependence of the dielectric losses, tanδ at 
10 kHz for stoichiometric and nonstoichiometric ST ceramics. For stoichiometric 
ST, a strong loss peak is evident at 70–105 K for the frequency range 102–106 Hz. 
Such a peak observed also in nominally pure ST single crystals can be attributed to 
the slowing down of polar modes at unavoidable defects within ferroelastic domain 
walls [39, 40]. ST ceramics with Sr/Ti = 1.02 show the concomitant suppression of 
the loss peak in contrast to the ceramics with Ti excess that have a very weak effect 
on the dielectric loss behaviour of ST. The minimum dissipation factor values are 
listed in Table 1.

From the temperature dependence of the dielectric loss at 10 kHz for KT 
ceramics with initial K/Ta ratio = 1, shown in Figure 5b, up to five peaks around 
27, 49, 62, 127, and 214 K, can be detected. For K/Ta ratio = 1.02, similar but less 
intense peaks (below 0.007) are observed as well. Moreover, another low intense 
peak emerges at about 89 K. For K/Ta ratio = 1.05, the later peak grows, becoming 

Figure 4. 
Temperature dependence of the real part of the dielectric permittivity ε′ of strontium titanate (SrTiO3, ST) 
(a) and potassium tantalate (KTaO3, KT) (b) ceramics with indicated Sr/Ti and K/Ta ratios at frequency of 
10 kHz (adapted from [32, 33]). The fit curves of the experimental data to the Barrett’s relation are shown  
as well.
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a dominant one and shifting to 83 K. All the other peaks mostly transform into 
shoulders. Therefore, potassium excess first decreases the dielectric loss down 
to 0.0025 (see also Table 1), reducing the peak intensities, but then strongly 
increases the loss up to 0.0237, inducing a strong peak close to 83 K. Thus, even 
compared with double calcined hot-pressed KT ceramics [30], close permittivity 
and lower losses could be obtained by conventional method just using 2% excess of 
potassium.

4. Analysis and discussion

The temperature dependences of the dielectric permittivity for both ST ceram-
ics with Sr/Ti = 0997, 1, 102 and KT ceramics with K/Ta = 1, 1.02, and 1.05 were 
fitted by Barrett’s relation (Eq. (3)). As shown in Figure 4, the fitting curves match 
well the ε′(T) data points. The fitted parameters of the Barrett’s relation for these 
experimental data are indicated in Table 1. T0 values of 32–35 K for ST ceramics and 
of 10–14 K for KT ceramics as well as T1 values of 98–110 and 48–66 K for ST and 
KT ceramics, respectively, are in agreement with those for corresponding ceramics 
and single crystals reported in the literature and summarised in Table 2.

As also seen from Table 1, whereas nonstoichiometry does not tend to change 
the transition temperature T0 both for ST and KT, C parameter increases from 
87 × 103 to 112 × 103 K with decreasing Sr/Ti ratio in ST and from 38 × 103 to 

Figure 5. 
Temperature dependence of the dissipation factor tanδ of strontium titanate (SrTiO3, ST) (a) and potassium 
tantalate (KTaO3, KT) (b) ceramics with indicated Sr/Ti and K/Ta ratios at frequency of 10 kHz (adapted 
from [32, 33]).
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a dominant one and shifting to 83 K. All the other peaks mostly transform into 
shoulders. Therefore, potassium excess first decreases the dielectric loss down 
to 0.0025 (see also Table 1), reducing the peak intensities, but then strongly 
increases the loss up to 0.0237, inducing a strong peak close to 83 K. Thus, even 
compared with double calcined hot-pressed KT ceramics [30], close permittivity 
and lower losses could be obtained by conventional method just using 2% excess of 
potassium.

4. Analysis and discussion

The temperature dependences of the dielectric permittivity for both ST ceram-
ics with Sr/Ti = 0997, 1, 102 and KT ceramics with K/Ta = 1, 1.02, and 1.05 were 
fitted by Barrett’s relation (Eq. (3)). As shown in Figure 4, the fitting curves match 
well the ε′(T) data points. The fitted parameters of the Barrett’s relation for these 
experimental data are indicated in Table 1. T0 values of 32–35 K for ST ceramics and 
of 10–14 K for KT ceramics as well as T1 values of 98–110 and 48–66 K for ST and 
KT ceramics, respectively, are in agreement with those for corresponding ceramics 
and single crystals reported in the literature and summarised in Table 2.

As also seen from Table 1, whereas nonstoichiometry does not tend to change 
the transition temperature T0 both for ST and KT, C parameter increases from 
87 × 103 to 112 × 103 K with decreasing Sr/Ti ratio in ST and from 38 × 103 to 
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tantalate (KTaO3, KT) (b) ceramics with indicated Sr/Ti and K/Ta ratios at frequency of 10 kHz (adapted 
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57 × 103 K with increasing initial K/Ta ratio in KT ceramics. The increase of C 
reflects the increase of the ε′(T) amplitude. In the case of KT, such increase might 
be explained by two reasons. On one hand, there is a strong increase of the grain 
size and decrease of the weak grain boundary contribution to the dielectric permit-
tivity for K/Ta > 1. On the other hand, there is a reduction and final disappearance 
of the less polarisable potassium-poor secondary phase with increasing K/Ta 
ratio. In the case of ST, the increase of permittivity for Ti-rich ST can be related 
to the enhanced polarisability of the lattice, fully packed by Ti4+ ions. Ti4+ ions are 
the most polarisable in ST [41], while their collective off-central displacement is 
responsible for ferroelectricity establishment and therefore permittivity increase in 
titanates. On the other hand, the excess of Sr fully accommodates in the perovskite 
ST lattice forming interlayers within the RP structure. Such interlayers are expected 
to be less polarisable than the perovskite lattice [42], thus contributing to the lower-
ing of the dielectric permittivity observed in the present work for Sr-rich ST. The 
reduction of the grain size in these compositions is another factor that can also 
contribute to such a decrease [36].

5. Conclusions

The effect of Sr/Ti ratio (0.997–1.02) and initial K/Ta ratio (1–1.05) on the 
phase morphology and dielectric response of ST and KT ceramics, respectively, is 
overviewed. Whereas no second phases were detected for the studied ST ceram-
ics, initial excess of potassium was shown to be necessary to yield single-phase 
KT ceramics by solid state reaction process. Moreover, potassium excess favours 
the grain growth in KT ceramics, whereas Sr excess impedes the grain growth in 
ST ceramics and thus decreases the dielectric permittivity. On the contrary, Ti 
excess promotes the increase of the dielectric permittivity values of ST ceramics. 
Combination of the absence of secondary phases with increased grain size in KT 
ceramics with initial potassium excess results simultaneously in the increase of the 
lowest temperature dielectric permittivity value. Furthermore, the variation of 
Sr/Ti and K/Ta ratios did not change the quantum-paraelectric nature of ST and 
KT, respectively. Fitting the Barrett’s relation to the experimental data revealed 
just considerable dissimilarities in the Curie-Weiss constants in agreement with the 
highest permittivity variation with A/B ratios, while characteristic temperatures 
did not change significantly.

Composition Type T0, K T1, K C/103, K ε1 Ref.

SrTiO3 SC 35.5 80.0 80.0 — [9]

CER 25.0 84.0 81.0 — [37]

CER 43.2 110.0 78.0 — [38]

KTaO3 SC 12.9 54.2 55.8 — [28]

SC 13.1 56.9 54.5 47.5 [24]

SC 8.0 48.3 61.8 48.0 [24]

CER 5.2 60.0 48.6 49.0 [24]

CER 15.0 56.0 51.0 64.0 [30]

SC, single crystals; CER, ceramics.

Table 2. 
Parameters of the Barrett’s relation reported in literature for the quantum paraelectrics, SrTiO3, ST and 
KTaO3, KT.
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contribute to such a decrease [36].

5. Conclusions

The effect of Sr/Ti ratio (0.997–1.02) and initial K/Ta ratio (1–1.05) on the 
phase morphology and dielectric response of ST and KT ceramics, respectively, is 
overviewed. Whereas no second phases were detected for the studied ST ceram-
ics, initial excess of potassium was shown to be necessary to yield single-phase 
KT ceramics by solid state reaction process. Moreover, potassium excess favours 
the grain growth in KT ceramics, whereas Sr excess impedes the grain growth in 
ST ceramics and thus decreases the dielectric permittivity. On the contrary, Ti 
excess promotes the increase of the dielectric permittivity values of ST ceramics. 
Combination of the absence of secondary phases with increased grain size in KT 
ceramics with initial potassium excess results simultaneously in the increase of the 
lowest temperature dielectric permittivity value. Furthermore, the variation of 
Sr/Ti and K/Ta ratios did not change the quantum-paraelectric nature of ST and 
KT, respectively. Fitting the Barrett’s relation to the experimental data revealed 
just considerable dissimilarities in the Curie-Weiss constants in agreement with the 
highest permittivity variation with A/B ratios, while characteristic temperatures 
did not change significantly.

Composition Type T0, K T1, K C/103, K ε1 Ref.

SrTiO3 SC 35.5 80.0 80.0 — [9]

CER 25.0 84.0 81.0 — [37]

CER 43.2 110.0 78.0 — [38]

KTaO3 SC 12.9 54.2 55.8 — [28]

SC 13.1 56.9 54.5 47.5 [24]

SC 8.0 48.3 61.8 48.0 [24]

CER 5.2 60.0 48.6 49.0 [24]

CER 15.0 56.0 51.0 64.0 [30]

SC, single crystals; CER, ceramics.

Table 2. 
Parameters of the Barrett’s relation reported in literature for the quantum paraelectrics, SrTiO3, ST and 
KTaO3, KT.
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Chapter 5

Thermodynamic Stability and
Microscopic Behavior of
BaxSr1-xCo1-yFeyO3-δ Perovskites
Florentina Maxim, Alina Botea-Petcu, Florina Teodorescu,
Ludwig J. Gauckler and Speranta Tanasescu

Abstract

The mixed conducting perovskite-type oxides BaxSr1-xCo1-yFeyO3-δ (BSCF) are
intensively studied as potential high-performance solid oxide fuel cell cathode
materials. The effect of different compositional variables and oxygen stoichiometry
on the structure and thermodynamic stability of the BaxSr1-xCo1-yFeyO3-δ (x = 0.2,
0.4, 0.5, 0.6, 0.8; y = 0.2, 0.4, 0.6, 0.8, 1) perovskite-type compositions were
investigated by solid electrolyte electrochemical cells method and scanning electron
microscopy (SEM). The thermodynamic quantities represented by the partial molar
free energies, enthalpies and entropies of oxygen dissolution in the perovskite
phase, as well as the equilibrium partial pressures of oxygen were obtained in the
temperature range of 823–1273 K. The in situ change of oxygen stoichiometry and
the determination of thermodynamic parameters of the new oxygen-deficient BSCF
compositions were studied via coulometric titration technique coupled with
electromotive force (EMF) measurements. The effect of A- and B-site dopants
concentration correlated to the variation of oxygen stoichiometry on the
thermodynamic stability and morphology of the BSCF samples was evidenced.

Keywords: BSCF, perovskite-type compounds, oxygen stoichiometry,
thermodynamic data, electromotive force measurements, scanning electron
microscopy, cathodes SOFC

1. Introduction

The series BaxSr1-xCo1-yFeyO3-δ (BSCF) perovskites are well known for their good
oxygen catalytic activity and mixed ionic-electronic conductivity (MIEC) and gained
attention as promising electrode materials for solid oxide fuel cells (SOFCs) and
oxygen-permeable membranes. Depending on temperature and oxygen partial
pressure the BSCF perovskites exhibit high oxygen non-stoichiometry (0.3 < δ < 0.8
at 873 < T < 1073 K) [1–4]. This extraordinary ability to host oxygen vacancies and to
transport a significant amount of oxygen anions via oxygen vacancies (with an
oxygen diffusion coefficient of about 10�6 cm2/s and ionic conductivity of 0.018 S/cm
at 973 K) has been reported for Ba0.5Sr0.5Co0.8Fe0.2O3 � δ [4–8]. However, significant
differences were observed in the structural characteristics and the electrochemical
performance of the BSCF solid solutions as a function of temperature (T), atmosphere
(inert [9], oxidizing [10–12] and reducing [13, 14]), as well as of the nature and
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concentration of A- and B-sites substituents [15–18]. As consequence, there are ques-
tions regarding the long-term stability and performance of such highly defective
material under the operating conditions of an intermediate temperature solid oxide
fuel cell (IT-SOFC) of 873–1073 K. At low oxygen partial pressures (under 10�5 atm)
and in reducing conditions the structural changes through different pathways was
shown [16, 17, 19]; the variation of the oxidation state of the Co ion was suggested as
the driving force for these changes [14]. The formation of non-cubic phases might
limit the performance of the oxygen ion conduction, by increasing the lattice stress
and decreasing the oxygen vacancies mobility.

Despite the interest and the research effort in this field, many aspects of finding
appropriate processing parameters and, above all, the fundamental understanding
of the correlations between all the factors that ensure the optimization of the SOFC
cathodes are not yet elucidated.

The aim of the study is to evidence the effect of the composition, and oxygen
stoichiometry change on the thermodynamic properties and morphology of
perovskite-type oxides in the BaxSr1-xCo1-yFeyO3-δ (x = 0.2, 0,4, 0.5, 0,6, 0.8;
y = 0.2, 0.4, 0.6, 0.8 and 1) (BSCF) system. In addition, the correlative effect of
temperature and defect structure on the thermodynamic behavior of the samples
was discussed based on the evolution of the thermodynamic quantities of the
oxygen dissolution in the perovskite structure. The partial molar thermodynamic
properties of oxygen dissolution in the perovskite phase, as well the equilibrium
partial pressures of oxygen have been obtained by using solid electrolyte electro-
chemical cells method. The influence of the oxygen stoichiometry change on the
thermodynamic properties was examined using the data obtained by a coulometric
titration technique coupled with EMF measurements.

2. Materials and methods

The details of the sample preparation method are presented elsewhere [13].
Briefly, powder specimens of BSCF were obtained by solid state reaction starting
from barium carbonate, strontium carbonate, iron oxide and cobalt oxide raw
materials. In order to reach the phase equilibrium of the desired perovskite, the
powder mixture was ground and calcined for several times at 1273 K for 10 h. The
X-ray diffraction analysis of the as prepared powder samples (shown elsewhere
[13]) demonstrates the formation of a predominant cubic phase for all the BSCF
investigated compositions, although small amounts of hexagonal phase could be
present in the BSCF 8282 sample [20, 21].

The morphology of BSCF powders was analyzed by SEM using a FEI Quanta 3D
equipment operated at low acceleration voltage (maximum 5 kV) and using the
backscatter detector in beam deceleration mode. This SEM mode enables high
resolution imaging and high surface sensitivity [22], and it was used in this study to
evidence the surface features of the BSCF particles.

The electrochemical cell method was employed to obtain the thermodynamic
properties of the BSCF samples. The experimental setups as well as theoretical
aspects were described in detail in previous papers [23–25]. The electrochemical cell
contains a yttria stabilized zirconia solid electrolyte and an iron- wüstite reference
electrode:

(�) Fe, wustite/ZrO2 (Y2O3) /BSCF (+)
where BSCF denotes the BaxSr1-xCo1-yFeyO3-δ (x = 0.2, 0.4, 0.5, 0.6, 0.8; y = 0,

0.2, 0.4, 0.6, 0.8, 1) perovskite-type samples.
Measurements were performed in vacuum at a residual gas pressure of 10�5 atm.

The EMF was measured with a Keithley 2000 multimeter, at 50 K intervals between
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823 and 1273 K, each time waiting until equilibrium conditions were obtained.
Equilibrium conditions were achieved when EMF values for increasing and
decreasing temperatures agreed within �1 mV within a-30 minutes interval.

The solid-state coulometric titration technique was used to accurately change
the oxygen stoichiometry of BSCF pellets. The titrations were performed in situ, in
vacuum at 1123 K by using a Bi-PAD Tacussel potentiostat. The mass change Δj mj
(g) of the sample is associated to the transferred charge Q A � sð Þ, in agreement to
Faraday’s law.

Δj mj ¼ 8:291 ∙ 10�5 Q (1)

For every new composition obtained, the equilibrium EMF’s values at 50 K
intervals between 1073 and 1273 K are recorded in the open circuit condition.

3. Results and discussions

The BSCF samples with different cation compositions analyzed in this study are
listed in Table 1. In order to study the effect of the A- and B- site composition of the
perovskite structure on the thermodynamic properties and particles’ morphologies,
the samples were grouped in two sets corresponding to the variation of Ba (x) and
Fe (y) concentration, respectively.

3.1 A-site effect: Ba/Sr variation

The micrographs of the as prepared BSCF powders obtained for increasing Ba
content, a) x = 0.2, b) x = 0.4, c) x = 0.5, d) x = 0.6 and e) x = 0.8 are presented in
Figure 1. There are two categories of morphologies specific to different composi-
tions analyzed in this study. The first type is the well-defined particles with similar
shape and size (2–5 μm) that are formed in powders with the lowest and the highest
concentration of Ba (BSCF 2882 - Figure 1a and BSCF 8282 - Figure 1e, respec-
tively). The second category of morphology is represented by particles with round
tip branches and with nanoscale features at their surface. Particles with such surface
characteristics are observed for the BSCF 4682, BSCF 5582, and BSCF 6482 samples
(Figure 1b–d). However, these particles are different in size and in shape
depending on the Ba content. The powders with the BSCF 4682 (Figure 1b) and
BSCF 6482 (Figure 1d) compositions have particles with dimensions exceeding
10 μm in length, while particles with 50% of Ba are around 3 μm in size (Figure 1c –
BSCF 5582). Moreover, there are also differences in the shape of these surface
microstructures. The particles with BSCF 4682 composition have spherical features
on the surface (Figure 1b), while for the BSCF 6482 sample (Figure 1d) the
nanoscale surface structures are elongated and the tendency to agglomerate at the

BaxSr1-xCo8Fe2O3-δ Abbreviation Ba0.5Sr0.5Co1-yFeyO3-δ Abbreviation

Ba0.2Sr0.8Co0.8Fe0.2O3-δ BSCF 2882 Ba0.5Sr0.5Co0.8Fe0.2O3-δ BSCF 5582

Ba0.4Sr0.6Co0.8Fe0.2O3-δ BSCF 4682 Ba0.5Sr0.5Co0.6Fe0.4O3-δ BSCF 5564

Ba0.5Sr0.5Co0.8Fe0.2O3-δ BSCF 5582 Ba0.5Sr0.5Co0.4Fe0.6O3-δ BSCF 5546

Ba0.6Sr0.4Co0.8Fe0.2O3-δ BSCF 6482 Ba0.5Sr0.5Co0.2Fe0.8O3-δ BSCF 5528

Ba0.8Sr0.2Co0.8Fe0.2O3-δ BSCF 8282 Ba0.5Sr0.5FeO3-δ BSCF 5501

Table 1.
The BSCF compositions analyzed in this study and their corresponding notations.
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X-ray diffraction analysis of the as prepared powder samples (shown elsewhere
[13]) demonstrates the formation of a predominant cubic phase for all the BSCF
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The morphology of BSCF powders was analyzed by SEM using a FEI Quanta 3D
equipment operated at low acceleration voltage (maximum 5 kV) and using the
backscatter detector in beam deceleration mode. This SEM mode enables high
resolution imaging and high surface sensitivity [22], and it was used in this study to
evidence the surface features of the BSCF particles.
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properties of the BSCF samples. The experimental setups as well as theoretical
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823 and 1273 K, each time waiting until equilibrium conditions were obtained.
Equilibrium conditions were achieved when EMF values for increasing and
decreasing temperatures agreed within �1 mV within a-30 minutes interval.

The solid-state coulometric titration technique was used to accurately change
the oxygen stoichiometry of BSCF pellets. The titrations were performed in situ, in
vacuum at 1123 K by using a Bi-PAD Tacussel potentiostat. The mass change Δj mj
(g) of the sample is associated to the transferred charge Q A � sð Þ, in agreement to
Faraday’s law.

Δj mj ¼ 8:291 ∙ 10�5 Q (1)

For every new composition obtained, the equilibrium EMF’s values at 50 K
intervals between 1073 and 1273 K are recorded in the open circuit condition.

3. Results and discussions

The BSCF samples with different cation compositions analyzed in this study are
listed in Table 1. In order to study the effect of the A- and B- site composition of the
perovskite structure on the thermodynamic properties and particles’ morphologies,
the samples were grouped in two sets corresponding to the variation of Ba (x) and
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10 μm in length, while particles with 50% of Ba are around 3 μm in size (Figure 1c –
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particle tip. The peculiar nanoscaled features on the BSCF particles surface were
also observed by other authors for powders prepared by coprecipitation [26] and by
solution combustion synthesis [27], and further calcined at temperatures as high as
1273 K. It was claimed that the surface nanostructures induced the high oxygen
conductivity of BSCF powders [26]. Another postulated hypothesis is that these
nanoscaled features on the surface of BSCF powders appear due to minor amounts
of oriented hexagonal phase present as secondary phase [27, 28]. However, BSCF
powders prepared by the solid state reaction method used in this study are expected
to have a predominantly cubic perovskite structure [20].

The variation of partial molar free energy (Δ�GO2 ) and oxygen partial pressure
(pO2

) with temperature is presented in Figure 2 for the five selected BSCF compo-
sitions corresponding to different Ba/Sr ratios with x ranging from 0.2 to 0.8.

Figure 1.
SEM micrographs of the BSCF powders with increasing Ba content (x): a) BSCF 2882, b) BSCF 4882,
c) BSCF 5582, d) BSCF 6482, e) BSCF 8282; scale bar for the main images is 2 μm, while for the inset in
b) and d) is 5 μm.
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The variation of Δ�GO2 and log pO2 with temperature is not monotonous. In the
temperature range of 823–923 K, the BSCF 5582 and BSCF 2882 exhibited the
highest values of partial molar free energy, while in the domain 923–1223 K, the
highest partial molar free energy values were noted for BSCF 6482. For instance, in
this temperature range, Δ�GO2 value for BSCF 6482 is up to 30 kJ mol�1 higher
compared to that of the BSCF 5582 sample. BSCF 5582 exhibited the flattest varia-
tion of Δ�GO2 with temperature in the entire temperature domain 823–1273 K. The
highest oxygen vacancy concentration is expected for the BSCF 6482 composition,
as high Δ�GO2 values were recorded. A higher oxygen vacancy concentration means
more carriers for oxygen transport. Therefore, a higher oxygen ionic conductivity is
envisaged for BSCF 6482 above 923 K. This statement is consistent with the electri-
cal conductivity and improved electrochemical performance reported for the BSCF
6482-based cathode material at these temperatures [29]. High oxygen conductivity
and oxygen permeability at intermediate temperatures were also reported for the
BSCF 5582 composition [16, 30]. Doping with 50–60% Ba stabilizes the lower
oxidation states of the B-site cations, holding the perovskite-structure more effec-
tively and thus contributing indirectly to the enhanced electrochemical perfor-
mance for these compositions [31, 32].

To get insights into the energetics of oxygen vacancy formation, the partial
molar enthalpy and entropy of oxygen dissolution in the perovskite lattice (Δ�HO2

and Δ�SO2 , respectively) were calculated in the temperature domains in which the
partial molar free energies are linear functions of temperature. For each sample,
these particular temperature domains are: 973–1123 K and 1123–1223 K for BSCF
2882; 973–1073 K and 1073–1173 K for BSCF 4682; 973–1073 K and 1073–1223 K for
BSCF 5582; 923–1023 K and 1023–1173 K for BSCF 6482; 923–1023 K and 1023–
1123 K for BSCF 8282 (Figure 3a). The thermodynamic investigation pointed out
that the temperature of structural transformations (Ttr) decreases as Ba (x) content
increases, being 1123 K for x = 0.2; 1073 K for x = 0.4 and x = 0.5; 1023 K for x = 0.6
and x = 0.8.

Figure 2.
Variation of a) Δ�GO2 and b) log pO2

with the Temperature and Ba-content (x).
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of oriented hexagonal phase present as secondary phase [27, 28]. However, BSCF
powders prepared by the solid state reaction method used in this study are expected
to have a predominantly cubic perovskite structure [20].

The variation of partial molar free energy (Δ�GO2 ) and oxygen partial pressure
(pO2

) with temperature is presented in Figure 2 for the five selected BSCF compo-
sitions corresponding to different Ba/Sr ratios with x ranging from 0.2 to 0.8.
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b) and d) is 5 μm.
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envisaged for BSCF 6482 above 923 K. This statement is consistent with the electri-
cal conductivity and improved electrochemical performance reported for the BSCF
6482-based cathode material at these temperatures [29]. High oxygen conductivity
and oxygen permeability at intermediate temperatures were also reported for the
BSCF 5582 composition [16, 30]. Doping with 50–60% Ba stabilizes the lower
oxidation states of the B-site cations, holding the perovskite-structure more effec-
tively and thus contributing indirectly to the enhanced electrochemical perfor-
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The variation of Δ�HO2 and Δ�SO2 with Ba content is depicted in Figure 3b. At
temperatures lower than Ttr, the Δ�HO2 and Δ�SO2 for the samples with 20, 40 and
50% of Ba are in the similar range. As the Ba concentration increases, the partial
molar enthalpy and entropy values drastically decrease, reaching values as low as
�792 kJ mol�1 and -627 J mol�1 K�1, respectively, for the BSCF 8282 composition.

This decrease of Δ�HO2 and Δ�SO2 is associated with an increase of the binding
energy of oxygen and an increase of order in the oxygen sublattice of the
perovskite-type structure, respectively. At temperatures higher than the points of
transitions, both Δ�HO2 and Δ�SO2 increased as the Ba-content increases. For BSCF
5582 and BSCF 6482 specimens these values are similar. Thus, besides the oxygen
vacancy concentration, the ordering of the oxygen vacancy has a remarkable influ-
ence on the entropy values being an indication that the oxygen vacancies are
distributed randomly on the oxygen sublattice.

In the intermediate temperature range below 1173 K the variations of the ther-
modynamic data show some anomalies, which could be correlated with the transi-
tion to the cubic BSCF structures [32]. These structural transformations are
connected to the charge compensation mechanism. Crystal structure and electrical
conductivity of several selected compositions in the Ba–Sr–Co–Fe–O system indi-
cate that doping with more Ba into the system increases the ability for lattice
oxygen exchange [13, 20, 21, 33]. A reversible phase transition from cubic to mixed
phase of cubic and hexagonal at 973–1173 K for the BSCF 5582 compositions was
pointed out both experimentally (employing coulometric titrations and thermal
analysis [14, 20, 21, 32–35] and theoretically, by applying the density functional
theory calculations [36, 37].

Keeping in mind the key role of oxygen vacancy ordering on the crystalline
phase formation, the less symmetrical non-cubic phases are expected to have highly
ordered oxygen vacancies. When the temperature increases above 1023 K, the
vacancy ordering starts to disappear, the oxygen vacancies become more mobile
and the crystalline phase of the material tends to exhibit higher symmetry, but
lower stability. Both, the thermodynamic data and the phase symmetry results let us
conclude that low symmetric BSCF perovskites, like BSCF 5582, BSCF 6482 and
BSCF 4682 are thermodynamically more stable than the high symmetric BSCF
perovskite.

Figure 3.
a) Variation of Δ�GO2 with temperature and Ba content (x) - linear fit in the selected temperature domain; b)
Δ�HO2 and Δ�SO2 versus Ba content (x) before and after Ttr defined in a).
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3.2 B-site effect: Co/Fe variation

The morphological evolution of the as prepared BSCF powders with increasing
Fe content, is shown in Figure 4 for a) y = 0.2, b) y = 0.4, c) y = 0.6, d) y = 0.8, and
e) y = 1.0. Well defined nanoscale features are shown in Figure 4a for the BSCF
5582 sample (see also Figure 1c). In contrast, smooth surfaces formed on the
particles in the BSCF 5546 and the BSCF 5564 compositions (Figure 4b and c). The
BSCF 5528 and the BSCF 5501 powders have a rough surface showing the incipient
formation of the nanostructured features on the surface (Figure 4d and e). It is
therefore expected that these samples to contain a very small quantity of the hex-
agonal secondary phase [27], not detectable by X-ray diffraction [20].

In Figure 5, the variation with temperature of the partial molar free energy (a)
and of the oxygen partial pressure (b) is shown for the BSCF compositions with
variable Fe content (0.2 ≤ y ≤ 1).

Figure 4.
SEM micrographs of the BSCF powders with increasing Fe content (y): a) BSCF 5582, b) BSCF 5564, c)
BSCF 5546, d) BSCF 5528, e) BSCF 5501; scale bar for the images is 2 μm, except for e) where it is 1 μm.
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BSCF 5528 and the BSCF 5501 powders have a rough surface showing the incipient
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therefore expected that these samples to contain a very small quantity of the hex-
agonal secondary phase [27], not detectable by X-ray diffraction [20].
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The heated samples exhibited a complex behavior in the entire investigated
temperature domain. One can observe that, in the intermediate temperature range
from 823 K to 973 K, the BSCF 5501 sample has the highest recorded values for both
Δ�GO2 and log pO2

, while, in the high temperature range from 1073 K to 1273 K, the
highest values were obtained for the BSCF 5564 composition. This suggests the
highest concentration of oxygen vacancies in the specified temperature ranges for
these samples. The results could be correlated to the high oxygen non-stoichiometry
[1], high ionic conductivity [38], as well as with the lattice expansion (volume
effect) of the crystalline structure [39] reported for these compositions. For the
BSCF 5582 it has been reported that about 60% of the Co3+ ions are oxidized to Co4+

(rCo4þ ¼ 0:67 Å), while, at the same time, all the Fe3+ ions are into high valence state
(Fe4+ with rFe4þ ¼ 0:73 Å), thus this effect has to be compensated by oxygen
vacancy formation [40, 41]. Increasing iron content in the heat-treated samples at
1173 K and 1223 K, the decrease of the non-stoichiometry and of the total electrical
conductivity is expected [1, 40]. This effect was also evidenced for various
substituted ABO3 perovskites solid solution series (e.g. La1-xSrxCo1-yFeyO3-δ
[42, 43] and La1-xSrxMn1-yFeyO3-δ [44]) where the formation of oxygen vacancies
decreased with Fe content.

The values for the partial molar enthalpy and entropy, Δ�HO2 and Δ�SO2 , respec-
tively, were calculated in the temperature ranges in which the partial molar free
energies are linear functions of temperature (Figure 5a). These specific tempera-
ture domains are 973–1073 K and 1073–1223 K for BSCF 5582; 973–1273 K for BSCF
5564; 923–1023 K and 1023–1123 K for BSCF 5546 and 923–1173 K for BSCF 5501.
The temperatures of transition (Ttr) were established at: 1073 K for y = 0.2, 1023 K
for y = 0.6 and 1023 K for x = 0.8. The variation of Δ�HO2 and Δ�SO2 with Fe content,
below and above Ttr. are depicted in Figure 6b. At temperatures below the transi-
tion temperature, Δ�HO2 and Δ�SO2 values of the BSCF compositions having 20, 40
and 60% Fe slightly decreased, and then increased again for the 80 and 100% of Fe
concentrations. Our results correlate well with the parabolic variation in ionic

Figure 5.
a) Δ�GO2 and b) log pO2

with the temperature and Fe content (y).
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conductivity versus iron content (with the identification of a minimum ionic con-
ductivity at around 50% Fe-content) noted for Ba1 � xSrxCo1 � yFeyO2.5 system [45].
This behavior is ascribed to the largest amount of oxygen vacancy trapped around
Sr and Co ions for the composition containing �50% iron. Above the Ttr, both Δ�HO2

and Δ�SO2 increased with the Fe-content increasing, except the values obtained for
BSCF 5528. The increase of the partial molar enthalpy and entropy values with Fe
content follows the order: BSCF 5582 < BSCF 5564 < BSCF 5546 < BSCF 5501 and
suggests the decrease of the binding energy of oxygen in the lattice and a random
distribution of the oxygen vacancies in the oxygen sublattice of the perovskite-type
structure with the iron content. This mean that the thermodynamic stability of
Ba0.5Sr0.5Co1-yFeyO3-δ increased in the following order y = 1 < y = 0.6 < y = 0.4
< y = 0.2, the specimen BSCF 5582 being the most stable composition for tempera-
ture ≥ 1023 K. This finding can be explained by the relative redox stability of the B3+

ions which seems to modify both the mobility and the concentration of the oxygen
vacancies, at the same A-site composition. Moreover, the substitution of Co by Fe
induces a stabilization of cubic perovskite structure [20, 46].

The BSCF 5528 sample has a distinct thermodynamic behavior which is further
discussed. At temperatures lower than 1023 K, the values of enthalpy and entropy
of 264 kJ mol�1 and 362 J mol�1 K�1, respectively were obtained (Figure 6b). In the
interval 1023–1123 K a strong decrease of the partial molar enthalpy and entropy
was observed to values as low as �215 kJ mol�1 and -58.9 J mol�1 K�1, respectively.
In this temperature domain the BSCF 5528 sample exhibits high thermodynamic
stability. Between 1173 and 1223 K, the variation of the partial molar free energy is
observed (Figure 5a), which can be due to further structural transformation related
to the charge compensation mechanism. The result is in accordance with the litera-
ture indicating the presence of secondary phases in the X-ray diffraction patterns of
the samples following the thermal cycle at 1173 K [39]. At the same time, a sharp
decrease in the permeation flux was reported for BSCF membranes with the
increase of iron concentration from 60 to 80% [1]. The results suggest that the
increase of iron concentration in BSCF might be hindered more by the slow oxygen
bulk diffusion than by the surface exchange kinetics of the oxides. This could also
explain the behavior of the BSCF 5528 sample at 1273 K for which the partial molar
free energy increases with �40 kJ mol�1 above the values corresponding to all the
other investigated samples.

Figure 6.
a) Partial molar enthalpy Δ�GO2 with temperature and Fe content (y) - linear fit in the selected temperature
domains; b) partial molar enthalpy and entropy Δ�HO2 and Δ�SO2 as a function of Fe content (y) before and
after Ttr defined in a).
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3.3 Oxygen non-stoichiometry effect

In order to further evaluate the previous results, the influence of the change of the
oxygen stoichiometry on the thermodynamic properties was examined by solid state
coulometric titration technique coupled with EMF measurements. The oxygen stoi-
chiometry was modified by decreasing the stoichiometry with the same relative
deviation ofΔδ = 0.01 for all the BSCF compositions. Further, the effect of the oxygen
non-stoichiometry was correlated with the influence of the A- and B-site dopant.

Two sets of data representing the Δ�GO2 change before and after the isothermal
titration experiments, in the temperature range 1123–1273 K, for BSCF composi-
tions are plotted in Figure 7(a) (for the samples with Ba-content increasing) and
Figure 7(b) (for the samples with variable Fe concentration).

After titration, the decrease of Δ�GO2 values with the stoichiometry change is
observed for all the investigated compositions with various Ba- and Fe-dopant
concentrations, except for the sample BSCF 5528 containing 80% Fe. The obtained
results suggested that the energy of vacancy formation decreases with increasing
non-stoichiometry while for BSCF 5528 an opposite behavior is estimated.

Considering the partial pressure of oxygen as a key parameter for the thermo-
dynamic characterization of the materials, the variation of the log pO2

with the
temperature and the concentration of the dopants at the same deviation from
stoichiometry was analyzed. The results are presented in Figure 8.

A decrease of log pO2
with the relative non-stoichiometry change (δ) is observed

for both series of BSCF compositions enriched in Ba (Figure 8a) and Fe
(Figure 8b), excepting BSCF 5528 specimen. The obtained results for the BSCF
analyzed compositions confirmed that at temperatures from 1123 K to 1273 K, the
oxygen vacancies are generated at the expense of electron holes. The charge imbal-
ance caused by the B-site substitution starts to be compensated by the formation of
the oxygen vacancies. After oxygen coulometric titration, the highest deviation in
the log pO2

values with the stoichiometry is obtained for the sample containing
100% of Fe (BSCF 5501). This, in turn, is accompanied by the highest decrease in
the concentration of oxygen vacancies comparing to the other compositions.

Figure 7.
Δ�GO2 vs. temperature for BSCF compounds with a) Ba-content (x) and b) Fe-content (y) variance showing
the effect of the oxygen non-stoichiometry; solid symbols in each graph represent the values recorded before
titration, while empty symbols indicate the corresponding values after titration.
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The changes of Δ�HO2 and Δ�SO2 with the oxygen non-stoichiometry were evalu-
ated for the BSCF compositions (Figure 9). For BSCF 6482 and BSCF 5528, the
values of enthalpy and entropy were not included in Figure 9a and 9b, respectively
due to the deviation from linearity of the energy values obtained in the temperature
domain 1123–1273 K. For both BSCF series with Ba- and Fe- compositional varia-
tions, the values of enthalpies and entropies decreased with stoichiometry change
suggesting an increase in the binding energy of oxygen and change of order in the
oxygen sublattice of the perovskite-type structure.

The Δ�HO2 and Δ�SO2 did not indicate a clear tendency of variation with barium
concentration at the same deviation of stoichiometry, our results being consistent
with the results of Girdauskaite et al. [47].

For the BSCF series with different Fe-content, a strong decrease of partial molar
enthalpy with δ and with increasing of Fe-content was recorded, particularly for the
sample with the highest Fe content. This result along with the negative enthalpy
values indicated that the thermodynamic stability increased in the following order
BSCF 5582 < BSCF 5564 < BSCF 5546 < BSCF 5501. Regarding the entropy, an
abrupt decrease for the samples containing 20, 40 and 60% iron was observed,
while for the composition containing only Fe in B-site, a slight Δ�SO2 diminution with
δ was noticed. The values of partial entropies of oxygen dissolution for y = 0.2, 0.4,
and 0.6 are negative, which is an indicative for a metal vacancy mechanism
[48, 49]. Due to the large decrease in Δ�SO2 for the samples with y = 0.2; 0.4 and 0.6,
it is considered that the oxygen vacancies would not randomly distribute on all of
the oxygen sites but they would be distributed to some particular oxygen sites. This
means that the total number of sites employed by oxygen vacancies is decreased. It
is also possible that the vacancy distribution is related to some crystallographic
distortions or ordering of metal sites. The result is in agreement with previous
reports noting the formation of partially ordered oxygen vacancies in highly defec-
tive perovskite-type oxides [42, 50, 51].

The thermodynamic data showed that, after titration, BSCF 5501 is the most stable
composition, exhibiting an increased binding energy of oxygen in the lattice but a

Figure 8.
Variation of log pO2

with temperature for BSCF compounds with a) Ba-content (x) and b) Fe-content (y)
variance showing the effect of the oxygen non-stoichiometry; solid symbols in each graph represent the values
recorded before titration, while empty symbols indicate the corresponding values after titration.
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random distribution of oxygen vacancies within the oxygen sublattice. The result is
consistent with the morphological investigation as well as with the high stability of
cubic perovskite phase evaluated for Sr- and Fe- rich compositions [20, 46].

The thermodynamics of solid solutions containing a mixture of cobalt and iron
on the B-site is complex. Further details and measurements of the energy and the
entropy of oxygen incorporation into BSCF at different values of non-stoichiometry
δ are necessary in order to make clear the effect of the stoichiometry change on the
vacancy distribution within the oxygen sublattice.

4. Conclusions

The thermodynamic behavior of BSCF compounds with different Ba and Fe
contents, using an electrochemical cell with yttria-stabilized zirconia as solid elec-
trolyte was investigated. The EMF measurements performed in a wide temperature

Figure 9.
Δ�HO2 and Δ�SO2 as a function of a) Ba and b) Fe content and illustrating the effect of the oxygen non-
stoichiometry at temperatures above 1123 K.
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range (823–1273 K) and at pressures of 10�5–10�6 Pa confirm the instability of the
BSCF-perovskite phases at temperatures lower than 1123 K.

With the help of the thermodynamic data, the points of phase transformations
associated with the charge compensation mechanism were highlighted, the
results being important for the assessment of the long-term stability of such
nonstoichiometric materials used as cathodes in IT-SOFCs. The temperature associ-
ated to the structural transformations decreases with the increase of Ba-content. The
thermodynamic investigation evidenced that for the system BaxSr1-xCo0.8Fe0.2O3-δ,
low symmetry BSCF-perovskites (BSCF 5582, BSCF 6482 and BSCF 4682) are ther-
modynamically more stable than high symmetry BSCF-perovskites (BSCF 2882 and
BSCF 8282). In the case of Ba0.5Sr0.5Co1-yFeyyO3-δ with different iron-content, at
temperatures ≥1023 K, thermodynamic stability increased following the order y = 1
< y = 0.6 < y = 0.4 < y = 0.2, the composition BSCF 5582 being the most stable in the
series, while the composition with y = 0.8 exhibited a peculiar behavior.

The BSCF compounds exhibited a significant variation of the thermodynamic
parameters with the oxygen non-stoichiometry change, this variation being highly
dependent on temperature and dopant concentration. The thermodynamic data
evidenced that after decreasing the oxygen stoichiometry with the same relative
deviation of Δδ ¼ 0:01, the specimen BSCF 5501 was the most stable composition
within 1123–1273 K temperature range. The results of the thermodynamic study of
BSCF compounds, at temperatures of interest for the application in IT-SOFC help
us to explain why the BSCF 5582 composition exhibits the highest ionic conductivity
and the highest oxygen catalytic activity.

Knowing the specific thermodynamic quantities of BSCF compositions, it is
possible to find new routes to modify the properties of these materials by suitable
substitution and formation of oxygen vacancies in oxygen lattice. The evaluation of
thermodynamic quantities is mandatory to understand the complex relationships
between the defect chemistry and the material properties.
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Chapter 6

Stoichiometric and
Nonstoichiometric Compounds
Paras Dubey and Netram Kaurav

Abstract

This chapter gives a general overview of synthesis and recent development of
nickel oxide as a nonstoichiometric compound. We establish the synthesis chemis-
try of nickel oxide as a nonstoichiometric material, and hence successively intro-
duce definitions and classifications of nonstoichiometric compounds as well as their
point defects. The samples of nonstoichiometric nickel oxide are synthesized by
thermal decomposition method. The nonstoichiometry of samples was then studied
chemically by iodometric titration, and the results are further corroborated by
excess oxygen obtained from the thermo-gravimetric analysis (TGA). X-ray dif-
fraction (XRD) and Fourier transformed infrared (FTIR) techniques are used to
analyze structural phase of nonstoichiometric nickel oxide. The change in oxidation
state of nickel was studied by X-ray photoelectron spectroscopy (XPS) analysis.
The shift in antiferromagnetic ordering and transition temperature due to
nonstoichiometry is studied by magnetic and specific heat capacity analysis.

Keywords: nonstoichiometry, defect study, nickel oxide, thermo-gravimetrical
analysis, iodometric titrations

1. Introduction

In solid-state chemistry, the study of compound has been expanded to the
crystal structure level. The law of definite proportions, the law of constant compo-
sition, and the law of conservation of mass state that a chemical compound always
contains exactly the same proportion of elements by mass. All chemical compounds
obeying these laws are called as stoichiometric compounds. While
nonstoichiometric compounds are the chemical compounds deviated from stoichi-
ometry, namely their elemental composition cannot be represented by a ratio of
well-defined natural numbers, and therefore violate the law of definite proportions,
hence a nonstoichiometric compound is a type of special solid-state compound with
definite structure and thermodynamic characteristics, which differs from its stoi-
chiometric counterpart and a mixture. Due to defect structure in a continuous
manner, these compounds are different with stoichiometric compounds. Beside
some unusual information on solid-state chemistry, stability, and dynamics can be
explore through their structure and characteristic. These nonstoichiometric com-
pounds exhibit different properties such as conductivity, magnetism, catalytic
nature, color, and other unique solid-state properties, which have important
technological applications.
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Experimental and calculated results demonstrate that the migration of anion and
cation vacancies and the formation of insulating vacancy clusters near the vicinity
of the interface are the fundamental switching mechanism [1]. The enhancement in
photoconduction under below-band gap light illumination is attributed to the tran-
sition from defect levels (e.g., oxygen vacancies) [2]. The unique properties are
determined by their solid phase composition, thermodynamic properties, and crys-
tal defect structure. These properties depend upon the structure and phase of the
crystal; hence, the unit cell parameter plays an important role in nonstoichiometric
compound, which varies in a definite manner. The microscopic structural and
macroscopic thermodynamical properties also vary with phase and unit cell param-
eters. The X-ray diffraction study reveals that as the composition of the
nonstoichiometric compound changes, the cell parameter and other property con-
tinuously changes, which is different from crystalline stoichiometric compound.
Hence, X-ray diffraction and chemical analysis are important tools to investigate
the nonstoichiometry [2]. The lattice defect can be analyzed by their different
properties [2]. Hence, nonstoichiometry plays very important role in the solid
compounds of transition metals and becoming a challenge and new opportunity in
chemistry. Therefore, study of the nonstoichiometric compounds has become an
interesting field in solid-state chemistry and defect chemistry.

There are significant structural changes that are seen in nonstoichiometric com-
pounds. The phase of matter changes as external conditions such as pressure,
temperature, or chemical composition are varied. Due to sudden change in these
external thermodynamical conditions, the crystalline structure also changes. Thus,
an abrupt change in thermodynamical conditions, such as specific volume, entropy,
or specific heat, also changes the derivatives of free energy. Therefore, these
parameters can be used as a helpful indicator of phase transitions. The abrupt
changes can identify them as driven by a pseudo phase transition that is a result of a
sharp switch of predominant defect species [3]. The defect that is introduced by
sudden change in conditions, changes the physical properties of a material. It is
quite different from the abrupt variation in physical properties that arises from
symmetry or ordering change in a conventional phase transition. Therefore,
according to the conventional classification, a defective state of a material cannot be
labeled as a distinct physical phase compared with the perfect one.

In this chapter, we tried to understand the effect of change in stoichiometry of
nickel oxide compound. We have prepared the samples of nickel oxide with thermal
decomposition method. The samples were analyzed by different characterized
methods and found to nonstoichiometric. The effect of nonstiochiometry on oxida-
tion state, bonding between oxygen and nickel, magnetic property, specific heat,
and structural property were studied.

2. Classification and point defect formation in nonstoichiometric
compounds

The compounds with uniform physical phase in which unit cell parameters vary
with its composition in a continuous manner are nonstoichiometric. The free energy
of such compounds is function of composition and temperature of the system. The
chemical potential depends on the composition of solid, and due to microscopic and
macroscopic characteristics, the structural and thermodynamical property changes.
Different parameters of crystallography cell, obtained by X-ray diffraction analysis,
change due to nonstoichiometry. This parameter continuously varies with its
composition [3].
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Element composition is the main criteria to classify the nonstoichiometric com-
pounds. These compounds exist only in the condensed state. Transition metal
oxides are generally nonstoichiometric, some nitrides and sulfides also comes under
such category [4–6]. Most nonstoichiometric compounds have compositions that
are close to those of stoichiometric compounds and can be expressed by formulas
such as WO3�x, Co1�xO, Zn1+xO, and Ni1�xO, in which x is a positive quantity
much smaller than 1. In the first case, an oxygen vacancy would be formed, and in
some cases, there is metallic deficiency that is seen. Due to deviation from stoichio-
metric composition, it would result in the formation of some lattice imperfections.
Hence, in some nonstoichiometric compounds, there are anionic vacancies and in
some, there are cationic vacancies. These vacancies are formed due to defects in the
lattice structures of crystalline substances, such as the absence of ions from sites
that would normally be occupied. The crystallographic point defects are the main
defects in which interstitial atoms and vacancies resulting from excess or deficiency
of a component element. Point defects are an important cause of formation
of the nonstoichiometric compounds. There are two main point defects in
nonstoichiometric compounds namely Frenkel defect and Schottky defect. The
Frenkel defect explains a defect in the molecule, where an atom or ion (normally,
the cation) leaves its own lattice site vacant and instead occupies a normally vacant
site, while the Schottky defect forms when vacancies are created when oppositely
charged ions leave their lattice sites. Formation of theses vacancies in stoichiometric
system helps in maintaining an overall neutral charge in the ionic solid. These
created vacancies are filled by the movement of surrounding atoms, due to which
new vacancies are formed. The formation of defects in the crystal will lead to a
decrease in the density of the crystal or metal. This can be understood by Figure 1.

3. Nonstoichiometry in nickel oxide

Nickel oxide is an antiferromagnetic [7] and Mott-Hubbard insulator [7]. Nickel
oxide (NiO) has been among some of the transition metal oxide, which is most
thoroughly studied by the researchers. It can be easily synthesized and is very low in
preparation cost, the nature of this material is such that it has low toxicity and it is
environmental friendly. These properties of nickel oxide attracted considerable
interest of the researchers. Due to its versatility, nickel oxide is useful in number of
applications, such as transparent conductive film [8], chemical sensors [9], and

Figure 1.
Schottky and Frenkel defects.
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resistive random access memory [10]. The positive electrode in batteries [11] and in
quantum dot light emitting devices as a hole transport layer [12] are some of the
very latest and important applications of nickel oxide material. The condition of
synthesis of the material plays very important role in the applications. If the condi-
tion of sample preparation changes, then the oxygen content of the sample also
changes, and NiO of different stoichiometry (Ni1�δO) can be obtained. In such
samples, the composition ratios between nickel and oxygen are not exactly 1:1.
Because of excess oxygen and vacancies on Ni site, nickel oxide thus becomes a p-
type metal-deficit semiconductor [8]. The findings of investigations done by
authors suggest that Ni vacancy is the most dominant point defect present in the
system, rather than oxygen interstitial [13, 14]. The distribution of vacancy over a
particular volume is an important issue. Due to difference in the nature of surface
and bulk, the defect formation and hence distribution of vacancy will be different.
The charge transport in NiO, as in other transition metal oxides, is of the thermally
activated hopping type, and electron holes are localized at cation lattice sites. The
nature of defect clusters and complexes in metal-deficit NiO, as well as the role of
specific impurities, influence remarkably the different characteristic properties of
nonstoichiometric NiO. This specific vacancy distribution has its strong effect on
the overall electrical [15], optical [16], and thermal [17] properties, depending
strongly on its stoichiometry.

The main reason for changes in properties could be the excess oxygen present in
the samples. This excess oxygen also changes the oxidation state of nickel, which
produces a vacancy at the metal side to produce cation vacant nickel oxide. As the
temperature of sintering of precursor increases, the excess of oxygen decreases. Due
to increase in the excess of oxygen, densities of nickel oxide and activation energy
of electrical conductivity decrease, but the lattice parameter of such samples is
unaffected [18]. The diffusion of vacancies to the crystal surface is the main reason
for the decrease in vacancies [19].

NiO adopts the NaCl structure, with octahedral Ni(II) and O2� sites. The con-
ceptually simple structure is commonly known as the rock salt structure. Like many
other binary metal oxides, the nonstoichiometry is accompanied by a color change,
with the stoichiometrically correct NiO being green and the nonstoichiometric NiO
being black. Bulk material of NiO has a cubical crystal structure, and it shows
antiferromagnetic behavior below Neel temperature, and above it, the structure is
transformed into a cubic one with paramagnetic behavior [20]. The change in the
particle size is attributed to the excess oxygen present in nonstoichiometric nickel
oxide. Scientist suggested that due to the change in oxygen content of the sample,
the complexity of the disordered arrangement, volume distribution, and random
orientation of the magnetization vector changes; hence, thermal, optical, electrical,
magnetic, and many other properties of sample change. Due to the change in the
particle size of antiferromagnetic materials sintered at different temperatures, the
surface to volume ratio becomes sufficiently large. Because of their large surface
area, the existing uncompensated spins give a nonzero net magnetic moment.

4. Synthesis of nonstoichiometric nickel oxide

Preparation of compound plays an important role in its characteristic properties.
Nonstoichiometric compounds, whose composition and structure are known, are
very important as they have unique optical, electrical, magnetic, thermal, and
mechanical properties. The selection of precursor for design and tailoring the mate-
rials of different stoichiometry for desirable performance is of great interest. By
means of effective and precise control of the composition, defect, and structure, the
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nonstoichiometry can be created. Depending on the conditions of preparation, the
sintering temperature, in particular, NiO samples of various surface areas, colors,
and degrees of nonstoichiometry can be prepared. Nickel oxide can easily be pre-
pared via several methods, including chemical route, evaporation [12], sputtering
[8], chemical deposition [21], oxidation of nickel [22], sol-gel method [23], and
thermal decomposition [24]. Thermal decomposition method is a typical powder
preparation method, which is simple, low-cost, and fast endothermic process.

Nonstoichiometric nickel oxide was obtained by thermal decomposition of
nickel nitrate hexahydrate [25]. Typically, about 5 g Ni(NO3)2.6H2O was
decomposed thermally in open air for 3 hours at 400°C to produce nickel oxide
sample with a particular content of oxygen (Ni1�δO). The product thus obtained
was pure and contains no other mixture. This exothermic reaction is noncatalytic
and does not require any other substance to initiate the reaction. The output mate-
rial obtained by breaking down the precursor is nickel oxide and gaseous parts,
which are escaped from the system freely. The decomposition mechanism of this
process takes the minimum time-temperature condition. This sample was denoted
as NiO400. Similarly, seven other samples were prepared at 500, 600, 700, 800,
900, 1000, and 1100°C. They were denoted NiO500, NiO600, NiO700, NiO800,
NiO900, NiO1000, and NiO1100, respectively.

5. Characterization of nonstoichiometric nickel oxide

The study of compositions, substance phase, and defect are main parameters to
characterize nonstoichiometric compounds. The effect of nonstoichiometry on
composition, structure, and other properties is studied while characterizing these
types of solids. These properties highly depend on the defects in the crystal. In the
present study, composition can be determined by means of chemical analysis by
iodometric titration, which was corroborated by thermo-gravimetric analysis
(TGA). Phase and structure can be examined through X-ray diffraction, XPS ana-
lyses, and relationship of the composition, structure, and properties can be detected
using FTIR, magnetic measurement, and specific heat measurement. So, we can
categorically confirm that the nickel oxide is a nonstoichiometric compound rather
than a stoichiometric compound. Furthermore, this FTIR also confirms the bonding
of oxygen with metal ions, and shift in the FTIR peaks indicates change in
stoichiometry of the as prepared samples.

Oxidation sate along with chemical nature and binding state were analyzed by
X-ray Photoelectron Spectroscopy (XPS). This method is a surface analytical
method, hence all the properties that change with composition were studied by this
method. The behavior of transition temperature with change in stoichiometry
was studied by temperature dependence of magnetic susceptibility (c) and heat
capacity (Cp).

5.1 Structure determination of nonstoichiometric nickel oxide

To confirm the phase structure of polycrystalline powder sample, X-ray diffrac-
tion technique is one of the most important methods. This method can be used for
the determination of the phase structure and unit cell parameters. The XRD mea-
surements of the nonstoichiometric nickel oxide samples are conducted with the
help of Bruker D8 Advance X-ray diffractometer. Cu Kα radiation (0.154 nm) is
used for the analysis, and measurements were done in the angle ranging 10–90°.
Silicon strip technology is used to detect the scattered X-ray radiations.
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nonstoichiometry can be created. Depending on the conditions of preparation, the
sintering temperature, in particular, NiO samples of various surface areas, colors,
and degrees of nonstoichiometry can be prepared. Nickel oxide can easily be pre-
pared via several methods, including chemical route, evaporation [12], sputtering
[8], chemical deposition [21], oxidation of nickel [22], sol-gel method [23], and
thermal decomposition [24]. Thermal decomposition method is a typical powder
preparation method, which is simple, low-cost, and fast endothermic process.

Nonstoichiometric nickel oxide was obtained by thermal decomposition of
nickel nitrate hexahydrate [25]. Typically, about 5 g Ni(NO3)2.6H2O was
decomposed thermally in open air for 3 hours at 400°C to produce nickel oxide
sample with a particular content of oxygen (Ni1�δO). The product thus obtained
was pure and contains no other mixture. This exothermic reaction is noncatalytic
and does not require any other substance to initiate the reaction. The output mate-
rial obtained by breaking down the precursor is nickel oxide and gaseous parts,
which are escaped from the system freely. The decomposition mechanism of this
process takes the minimum time-temperature condition. This sample was denoted
as NiO400. Similarly, seven other samples were prepared at 500, 600, 700, 800,
900, 1000, and 1100°C. They were denoted NiO500, NiO600, NiO700, NiO800,
NiO900, NiO1000, and NiO1100, respectively.

5. Characterization of nonstoichiometric nickel oxide

The study of compositions, substance phase, and defect are main parameters to
characterize nonstoichiometric compounds. The effect of nonstoichiometry on
composition, structure, and other properties is studied while characterizing these
types of solids. These properties highly depend on the defects in the crystal. In the
present study, composition can be determined by means of chemical analysis by
iodometric titration, which was corroborated by thermo-gravimetric analysis
(TGA). Phase and structure can be examined through X-ray diffraction, XPS ana-
lyses, and relationship of the composition, structure, and properties can be detected
using FTIR, magnetic measurement, and specific heat measurement. So, we can
categorically confirm that the nickel oxide is a nonstoichiometric compound rather
than a stoichiometric compound. Furthermore, this FTIR also confirms the bonding
of oxygen with metal ions, and shift in the FTIR peaks indicates change in
stoichiometry of the as prepared samples.

Oxidation sate along with chemical nature and binding state were analyzed by
X-ray Photoelectron Spectroscopy (XPS). This method is a surface analytical
method, hence all the properties that change with composition were studied by this
method. The behavior of transition temperature with change in stoichiometry
was studied by temperature dependence of magnetic susceptibility (c) and heat
capacity (Cp).

5.1 Structure determination of nonstoichiometric nickel oxide

To confirm the phase structure of polycrystalline powder sample, X-ray diffrac-
tion technique is one of the most important methods. This method can be used for
the determination of the phase structure and unit cell parameters. The XRD mea-
surements of the nonstoichiometric nickel oxide samples are conducted with the
help of Bruker D8 Advance X-ray diffractometer. Cu Kα radiation (0.154 nm) is
used for the analysis, and measurements were done in the angle ranging 10–90°.
Silicon strip technology is used to detect the scattered X-ray radiations.
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XRD analysis was employed to investigate the crystallinity and purity of the
solid product obtained by thermal conversion in air of the polycrystalline com-
pounds. Figure 2 shows XRD patterns of Ni1�δO samples, NiO400, NiO500,
NiO700, NiO1100 and NiO600, NiO800, NiO900, and NiO1000. XRD peaks
match well with the standard XRD of with no other impurity peaks, showing that
these samples were of a single phase in nature in each of them. The XRD data show
the presence of the characteristic peaks for NiO at 2θ in the range of 10–90°, in
accordance with JCPDF File 47-1049. The lattice parameters were obtained from
the following relationship analytically: sin2θ = C (h2 + k2 + l2), where C = λ2/4a2. The
results of the X-ray structural analysis are given in Table 1.

On comparing peaks obtained in X-ray analysis with standard JCPDF File
47-1049, we conclude that the precursor salt is transformed to NiO. Hence, data
from analytical and structural analysis corroborate with the experimental data. This
indicates that the NiO obtained by thermal conversion in air of the poly-nuclear
coordination compounds is face-centered-cubic phase, also known as the bunsenite
structure (lattice constant a of cubic unit cell, 0.4177 nm). Phase of the NiO pre-
pared by thermal decomposition method is stable, as no other peaks were seen in
the structural analysis.

Further, Sherrer formula: L = kλ/βcos(θ) is used to calculate the mean crystallite
size of the NiO sample where L is the crystallite size, k is the Sherrer constant,
usually taken as 0.89, λ is the wavelength of the X-ray radiation (0.154056 nm for
Cu Kα), and β is the full width at half maximum (FWHM) of diffraction peak
measured at 2θ.

The deduced values of crystallite size of the analyzed NiO samples are reported
in Table 2, which indicates that as the sintering temperature of precursor increases
the crystallite size of NiO changes.

Figure 2.
X-ray diffraction patterns of different nonstoichiometric samples.

Intensity (%) 2θ Sin2 θ h2 + k2+l2 C (hkl) a(Å) a(Å)

61.69 37.279 0.1022 3 0.034 (111) 4.1772 4.1775

100 43.472 0.1365 4 0.034 (200) 4.1727

44.83 62.901 0.2722 8 0.034 (220) 4.1772

15.68 75.416 0.3741 11 0.034 (311) 4.1772

Table 1.
Crystallographic data using analytical analysis for NiO samples.
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XRD patterns were profile-refined using the Full-Prof software package
(http://www-llb.cea.fr/fullweb/). Figure 3 gives the representative Rietveld profile
fit for NiO400 and NiO700 samples along with different patterns obtained by using
Fm3m (225) space group. The XRD analysis indicates that samples of nickel oxide
have only one face-centered-cubic (fcc) phase. Table 2 gives the parameters of
samples found in the characterization. XRD study reveals all the peaks of NiO
that are present, and the calculation indicates unit cell volume changes with
stoichiometry.

5.2 Stoichiometry and defect analysis of nickel oxide

In nonstoichiometric compounds, there exist defects in the lattice structures of
crystalline substances. As there are no absolute defect-free crystals at T > 0 K, hence
these defects are related to nonstoichiometry. To determine oxygen content, that is,
change in vacancy of nickel oxide formed by thermal decomposition method, the
redox iodometric titration is the suitable method. For iodometric titration, stan-
dardized sodium thiosulfate and potassium iodide solution were used as a titrant
and titrand, and starch solution is used as an endpoint indicator. The result obtained
from iodometric titration was matched by the results of thermo-gravimetric analy-
sis (TGA). The TGA system with the top of the line METTLER TOLEDO ultra-
micro balance with unique built-in calibration weights ensures an accuracy of
0.1 mg was used.

For iodometric titrations, 0.0025 g sample was dissolved in KI and HCl solution.
The concentration of KI was 0.1 mol�1 and concentration of HCl was ca. 0.1 mol�1,
titration was carried out using sodium thiosulfate (2.023 � 10�3 mol�1) as a titrant.
The starch solution was added prior to the end-point being reached as it acts as

Compounds a (Å) V (Å3) Rf factor Bregg’s R-factor Rp Rwp Re χ2 L (nm)

NiO (400°C) 4.176 72.82 2.39 3.94 24 16.7 14.9 1.26 240

NiO (500°C) 4.174 72.74 4.44 4.33 29 19.6 16.7 1.38 290

NiO (700°C) 4.172 72.64 4.04 4.51 22 15.8 13.3 1.16 350

NiO (1100°C) 4170 27.58 20.4 31.7 56 37.4 22.3 2.67 460

Table 2.
Rietveld parameters of different NiO samples.

Figure 3.
Rietveld profile fit for NiO400 and NiO700 samples.
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indicator. Table 1 shows the results of excess oxygen in NiO samples obtained by
iodometric titration. The oxygen content of the samples indicates that the ratio of
oxygen concentration to nickel concentration is greater than 1 for those samples,
which were prepared below 700°C, and as the temperature increases above 700°C,
the O/Ni ratio becomes nearly equal to 1.

The result of iodometric titration indicates that, on sintering, the precursor
below 700°C nickel oxide having different oxygen contents can be prepared. As the
sintering temperature is raised above 700°C, the excess oxygen present in the
samples evolved, and the sample becomes stoichiometric. It can also be inferred
from the above results that the oxidation state of nickel ions is also affected by
sintering temperature. This titration also gives the amount of Ni3+ present in the
samples, and hence the percentage of excess oxygen can also be determined. This
can be obtained by considering that two Ni3+ ions correspond to three ions of O2�.

The excess oxygen content of the samples was also calculated by TGA. The TGA
analysis was performed in the inert atmosphere, in which the change in weight of a
sample was analyzed with respect to temperature. TGA characterizes the materials
according to its compositions. For our samples, by obtaining the weight loss with
respect to increase in temperature, the weight of the excess oxygen is determined
directly. Figure 4a gives the information about the thermogravimetric (TG) curve
and its differential curve for NiO400 sample. Between 200 and 300°C, the sudden
change in the mass of the sample is observed, and this indicates the amount of
excess oxygen released in the heating process. This change in weight can also be
associated with the desorption of oxygen from sample, which confirms
nonstoichiometry. The other peak seen in the curve can be associated by the

Figure 4.
TGA curves of nonstoichiometric Ni1�δO samples for (a) NiO400, (b) NiO500, (c) NiO700, and (d)
NiO1100; heating rate of 5°C per min. The curves indicate the change in oxygen content of different samples as
the sintering temperature increases.
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evaporation of the physically bound water. Hence, this change in the weight does
not have any contribution to the estimation of excess oxygen.

Unlike NiO400 TG and DGA curves for three more samples, that is, NiO500,
NiO700, and NiO1100 were plotted and shown in Figure 4b–d. It is clear from the
graphs that the loss in weight decreases as the sintering temperature for sample
preparation increases. The change in mass for NiO500 sample is less than that of
NiO400 sample and is negligible for the sample prepared above 700°C. The change
in weight of samples directly indicates about excess oxygen present in the sample,
which can be directly obtained from above TG curves and is shown in Table 3.
Comparing the calculated excess oxygen in these nonstoichiometric samples by two
different methods, it is understood that both results are similar to each other.

We have also prepared another sample of nickel oxide at 400°C, and the main
difference is that this sample was prepared in the presence of oxygen. This sample is
synthesized to understand the essential feature of excess oxygen in these
nonstoichiometric samples. Figure 5 shows the TG and DGA curves of this sample.
The curves shown in Figure 4a and in Figure 5 are almost similar. Hence, the
samples of NiO400 prepared in air and in oxygen atmosphere are identical to each
other. The weight of excess oxygen of sample prepared in presence of oxygen is
slightly less as compared to NiO400 sample, which was prepared in air. The

Samples Excess oxygen in iodometric
titration (%)

Excess oxygen in thermogravimetric
analysis (%)

NiO400 7.2 7.8 (6.4)*

NiO500 2.5 2.8

NiO600 1.4 1.6

NiO700 1.1 1.2

NiO800 0 0

NiO900 0 0

NiO1000 0 0

NiO1100 0 0
*% excess oxygen calculated for NiO400 sample prepared in presence of oxygen.

Table 3.
Excess oxygen calculated from iodometric titration and TGA.

Figure 5.
TGA curve of NiO400 prepared in oxygen atmosphere.

79

Stoichiometric and Nonstoichiometric Compounds
DOI: http://dx.doi.org/10.5772/intechopen.89402



indicator. Table 1 shows the results of excess oxygen in NiO samples obtained by
iodometric titration. The oxygen content of the samples indicates that the ratio of
oxygen concentration to nickel concentration is greater than 1 for those samples,
which were prepared below 700°C, and as the temperature increases above 700°C,
the O/Ni ratio becomes nearly equal to 1.

The result of iodometric titration indicates that, on sintering, the precursor
below 700°C nickel oxide having different oxygen contents can be prepared. As the
sintering temperature is raised above 700°C, the excess oxygen present in the
samples evolved, and the sample becomes stoichiometric. It can also be inferred
from the above results that the oxidation state of nickel ions is also affected by
sintering temperature. This titration also gives the amount of Ni3+ present in the
samples, and hence the percentage of excess oxygen can also be determined. This
can be obtained by considering that two Ni3+ ions correspond to three ions of O2�.

The excess oxygen content of the samples was also calculated by TGA. The TGA
analysis was performed in the inert atmosphere, in which the change in weight of a
sample was analyzed with respect to temperature. TGA characterizes the materials
according to its compositions. For our samples, by obtaining the weight loss with
respect to increase in temperature, the weight of the excess oxygen is determined
directly. Figure 4a gives the information about the thermogravimetric (TG) curve
and its differential curve for NiO400 sample. Between 200 and 300°C, the sudden
change in the mass of the sample is observed, and this indicates the amount of
excess oxygen released in the heating process. This change in weight can also be
associated with the desorption of oxygen from sample, which confirms
nonstoichiometry. The other peak seen in the curve can be associated by the

Figure 4.
TGA curves of nonstoichiometric Ni1�δO samples for (a) NiO400, (b) NiO500, (c) NiO700, and (d)
NiO1100; heating rate of 5°C per min. The curves indicate the change in oxygen content of different samples as
the sintering temperature increases.

78

Structure Processing Properties Relationships in Stoichiometric and Nonstoichiometric Oxides

evaporation of the physically bound water. Hence, this change in the weight does
not have any contribution to the estimation of excess oxygen.

Unlike NiO400 TG and DGA curves for three more samples, that is, NiO500,
NiO700, and NiO1100 were plotted and shown in Figure 4b–d. It is clear from the
graphs that the loss in weight decreases as the sintering temperature for sample
preparation increases. The change in mass for NiO500 sample is less than that of
NiO400 sample and is negligible for the sample prepared above 700°C. The change
in weight of samples directly indicates about excess oxygen present in the sample,
which can be directly obtained from above TG curves and is shown in Table 3.
Comparing the calculated excess oxygen in these nonstoichiometric samples by two
different methods, it is understood that both results are similar to each other.

We have also prepared another sample of nickel oxide at 400°C, and the main
difference is that this sample was prepared in the presence of oxygen. This sample is
synthesized to understand the essential feature of excess oxygen in these
nonstoichiometric samples. Figure 5 shows the TG and DGA curves of this sample.
The curves shown in Figure 4a and in Figure 5 are almost similar. Hence, the
samples of NiO400 prepared in air and in oxygen atmosphere are identical to each
other. The weight of excess oxygen of sample prepared in presence of oxygen is
slightly less as compared to NiO400 sample, which was prepared in air. The

Samples Excess oxygen in iodometric
titration (%)

Excess oxygen in thermogravimetric
analysis (%)

NiO400 7.2 7.8 (6.4)*

NiO500 2.5 2.8

NiO600 1.4 1.6

NiO700 1.1 1.2

NiO800 0 0

NiO900 0 0

NiO1000 0 0

NiO1100 0 0
*% excess oxygen calculated for NiO400 sample prepared in presence of oxygen.

Table 3.
Excess oxygen calculated from iodometric titration and TGA.

Figure 5.
TGA curve of NiO400 prepared in oxygen atmosphere.

79

Stoichiometric and Nonstoichiometric Compounds
DOI: http://dx.doi.org/10.5772/intechopen.89402



difference in loss of weight percentage is calculated, and the values are reported in
Table 3. Hence from iodometric and TGA analysis, it can be understood that due to
rearrangement of atoms at high temperature, the defects of atoms get heals up and
the sample that was nonstoichiometric at low temperature becomes stoichiometric.
This is due to change in oxidation state with respect to change in temperature of
sintering of precursor.

5.3 FTIR study of nonstoichiometric nickel oxide

FTIR spectroscopic study of Ni1�δO samples provides valuable information
about the phase composition and the way in which oxygen is bonded to metal ions.
Figure 6a–d show infrared (IR) transmission spectra of NiO400, NiO500, NiO700,
and NiO1100 samples having different stoichiometry in the range between 400 and
4000 cm�1. We observed a prominent peak in spectrum between 440 and
460 cm�1. The slight shift in this peak for different samples is observed. This shift
in the peak is noticed for all those samples that were sintered below 700°C. The
reason of such peak shift can be attributed to stoichiometry of the samples. The
observation of such peak in the long wavelength region, analogous to previous
reports [26], could be assigned to the Ni–O stretching vibration mode, and the
shifting is an indication of the nonstoichiometry present in these samples. In fact, in
this long wavelength transverse optical mode, in which the sublattice of Ni2+ ions
moves 180° opposite to the sublattice of O2� ions for bulk NiO has been reported to
lie between 390 and 405 cm�1 [27].

Some more peaks at 1032, 1383, and 1612 cm�1 in nonstoichiometric samples
sintered below 700°C are seen prominently, which indicates the presence of
hydroxide ions, nitrate ions, and some organic compounds. It is instructive to
mention that the thermal analysis evidently identifies that the Ni(NO3)2.6H2O was
decomposed completely to NiO at temperatures higher than 600°C [28]. The

Figure 6.
FTIR of nonstoichiometric Ni1_dO samples for (a) NiO400, (b) NiO500, (c) NiO700, and (d) NiO1100.
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samples that are sintered till 600°C may contain some organic molecules. Further,
some of the bands found to be disappeared as the decomposition temperature
increases as TGA data indict that at higher sintering temperature excess oxygen
decreases [28]. Some carbon impurities are also present in the spectra, indicated
by 2924 and 3456 cm�1 peaks in the spectrum. Hence, FTIR data shown in
Figure 6a–d, TGA data shown in Figure 4a–d, and iodometric analysis data are
corroborating each other and indicate that the samples are nonstoichiometric in
nature. Analyzing the data obtained by the vacancy model, the concentration of
hole in nickel oxide indicates that there is deficiency of metal in Ni1�δO. Cationic
vacancies of nickel in NiO are formed at nickel side due to the presence of
excess oxygen. These vacancies can be ionized to create Ni3+ ions via the following
reaction:

2NixNi þ
1
2
O2 ! 2NiNi þOx

O þ V 00
Ni (1)

one ionized nickel vacancy (V00
Ni) and two Ni3+ ions (Ni:Ni) will produce when

two Ni2+ ions (NixNi) will react with oxygen to produce in the NiO crystal. The holes
are donated by each created Ni3+ ion, which also alters the conductive NiO. The
results of iodometric titration, TGA, and FTIR analyses indicate that
nonstoichiometric nickel oxide is nickel-deficient. Hence, nonstoichiometric nickel
oxide behaves as p-type semiconductor because according to Eq. (1), we argue that
an increase in number of nickel hole concentration increases as Ni3+ ions increase.

The majority of defects in nonstoichiometric nickel oxide is electron holes,
which creates the vacancies. The vacancy model crated by holes is confirmed by a
Seebeck coefficient [29], electrical conductivity [30], and other measurements. The
kinetic measurements of the rate of oxidation of nickel metal to nickel oxide are also
given by vacancy model [31]. The physical and chemical properties of
nonstoichiometric nickel oxide are altered by the defect processes, and hence excess
oxygen becomes prominent role player in such crystals.

By calculating inter atomic potentials, the energies of defect formation, migra-
tion, and substitution can be calculated by the atomistic simulation [32]. In the
present case, the potential describing interionic interactions is represented by ionic
pair-wise potentials of the form Eq. (2) Here, the first term represents long-range
Coulomb, the second term corresponds to Hafemeister and Flygare form of short-
range repulsive energies [33], and Van derWaals multipole are represented by third
and fourth terms, respectively.

ð2Þ

The symbols: cij and dij are the Van der Waals coefficients, and βij is the Pauling
coefficient, respectively. Zm is the modified ionic charge and parametrically
includes the Coulomb screening effect, while b and r are short-range parameters.
Thus, the effective interionic potential contains only three free parameters (Zm, b,
and r), which can be determined from the crystal properties [34]. The short-range
potential parameters assigned to each ion-ion interaction were derived by empirical
fitting to observed structural properties. In the context of the Columbic term,
integral ionic charges are presumed, that is, 2+ for Ni and 2� for O, which enables a
straight forward definition of hole states as Ni3+ or O�. The deduced potential
parameters are listed in Table 4 for all the samples. It is clear from the calculated
parameters as the sintering temperature of precursor increases, the nature of
ordering in systems in which ions occupy sites on a face-centered-cubic (fcc) lattice
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samples that are sintered till 600°C may contain some organic molecules. Further,
some of the bands found to be disappeared as the decomposition temperature
increases as TGA data indict that at higher sintering temperature excess oxygen
decreases [28]. Some carbon impurities are also present in the spectra, indicated
by 2924 and 3456 cm�1 peaks in the spectrum. Hence, FTIR data shown in
Figure 6a–d, TGA data shown in Figure 4a–d, and iodometric analysis data are
corroborating each other and indicate that the samples are nonstoichiometric in
nature. Analyzing the data obtained by the vacancy model, the concentration of
hole in nickel oxide indicates that there is deficiency of metal in Ni1�δO. Cationic
vacancies of nickel in NiO are formed at nickel side due to the presence of
excess oxygen. These vacancies can be ionized to create Ni3+ ions via the following
reaction:

2NixNi þ
1
2
O2 ! 2NiNi þOx

O þ V 00
Ni (1)

one ionized nickel vacancy (V00
Ni) and two Ni3+ ions (Ni:Ni) will produce when

two Ni2+ ions (NixNi) will react with oxygen to produce in the NiO crystal. The holes
are donated by each created Ni3+ ion, which also alters the conductive NiO. The
results of iodometric titration, TGA, and FTIR analyses indicate that
nonstoichiometric nickel oxide is nickel-deficient. Hence, nonstoichiometric nickel
oxide behaves as p-type semiconductor because according to Eq. (1), we argue that
an increase in number of nickel hole concentration increases as Ni3+ ions increase.

The majority of defects in nonstoichiometric nickel oxide is electron holes,
which creates the vacancies. The vacancy model crated by holes is confirmed by a
Seebeck coefficient [29], electrical conductivity [30], and other measurements. The
kinetic measurements of the rate of oxidation of nickel metal to nickel oxide are also
given by vacancy model [31]. The physical and chemical properties of
nonstoichiometric nickel oxide are altered by the defect processes, and hence excess
oxygen becomes prominent role player in such crystals.

By calculating inter atomic potentials, the energies of defect formation, migra-
tion, and substitution can be calculated by the atomistic simulation [32]. In the
present case, the potential describing interionic interactions is represented by ionic
pair-wise potentials of the form Eq. (2) Here, the first term represents long-range
Coulomb, the second term corresponds to Hafemeister and Flygare form of short-
range repulsive energies [33], and Van derWaals multipole are represented by third
and fourth terms, respectively.

ð2Þ

The symbols: cij and dij are the Van der Waals coefficients, and βij is the Pauling
coefficient, respectively. Zm is the modified ionic charge and parametrically
includes the Coulomb screening effect, while b and r are short-range parameters.
Thus, the effective interionic potential contains only three free parameters (Zm, b,
and r), which can be determined from the crystal properties [34]. The short-range
potential parameters assigned to each ion-ion interaction were derived by empirical
fitting to observed structural properties. In the context of the Columbic term,
integral ionic charges are presumed, that is, 2+ for Ni and 2� for O, which enables a
straight forward definition of hole states as Ni3+ or O�. The deduced potential
parameters are listed in Table 4 for all the samples. It is clear from the calculated
parameters as the sintering temperature of precursor increases, the nature of
ordering in systems in which ions occupy sites on a face-centered-cubic (fcc) lattice
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Samples b (10�12 erg) P (Å) F (eV)

NiO400 39.51 0.388 39.592

NiO500 39.46 0.388 39.602

NiO600 39.40 0.388 39.612

NiO700 39.38 0.388 39.623

NiO800 39.40 0.388 39.612

NiO900 39.41 0.388 39.612

NiO1000 39.57 0.388 39.518

NiO1100 39.41 0.388 39.612

Table 4.
Interatomic potential parameter of nickel oxide sintered at different temperatures as discussed in Eq. (2).

Figure 7.
High-resolution XPS spectra of the Ni (2p) core levels of the Ni oxides decomposed at a temperature of (a) 500°
C and (b) 700°C. The XPS spectra were decomposed using Voigt peak function fittings.
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changes and the nearest-neighbor (NN) and next-nearest neighbor (NNN)
exchange interactions also get altered. This happens in such a manner that the
structure of NiO undergoes a week cubic-to-rhombohedral distortion as a result of
the magnetostriction effect in the presence of excess oxygen in the samples [35].
The NN and NNN exchange interactions and the antiferromagnetic (AFM) struc-
ture of NiO are altered due to the presence of excess oxygen in the samples. Since
the radius of Ni3+ ions is smaller than that of Ni2+. The Ni3+-O2� bond distance will
be short for those samples whose oxygen content is higher. In due course,
interatomic potential parameters and bond length change as the sintering tempera-
ture changes, the magnetic ordering transition temperature is expected to change
as we will discuss in later sections.

5.4 XPS studies of nonstoichiometric nickel oxide

The chemical properties and stoichiometry of nickel oxide were studied by XPS
analysis. For NiO500 and NiO700, XPS spectra of Ni (2p) core level are shown in
Figure 7a and b, while the XPS spectra for NiO400 and NiO1100 are shown in
Figure 8.

In both the spectra, distinct peaks for different binding energies can be observed
clearly along with the double peak features. These double peak features represented
for the Ni (2p) core levels are observed in all samples. Voigt peak fitting function is
used to analyze the double peak features of Ni(2p3/2) and Ni(2p1/2). These peaks
were fitted within the Shirley background. The binding energy of 853.7 (�0.2),
855.5 (�0.2), 860.6 (�0.2), 865.9 (�0.2), 871.4 (�0.2), 873.3 (�0.2), 877.9 (�0.2),
and 880.7 (�0.2) eV represented by a, a0, b, b0, c, c0, d, and d0 are associated with all
eight peaks, which are perfectly fit. The peaks marked as a, a0, c, and c0, represent
core levels of Ni2+(2p3/2), Ni3+(2p3/2), Ni2+(2p1/2), and Ni3+(2p1/2), respectively. The
decomposed shake-up satellite peaks (marked as b, b0, d, and d0) were observed at
�7.1(�0.2) or 10.2(�0.2) eV and �6.3(�0.3) or �7.1(�0.2) eV higher in binding
energy than that of Ni2+(2p3/2), Ni3+(2p3/2), Ni2+(2p1/2), and Ni3+(2p1/2) peaks,
respectively. The magnetic chemical state of Ni2+ and Ni3+ ions can be associated
with the double peak features of Ni(2p). The consecutive shake-up satellite peaks
also give information of the same [36]. The positions of the XPS peaks obtained in
different nonstoichiometric samples are analogs to previous studies [37]. The O(1 s)
XPS spectra of the samples obtained were similar to each other. Figure 8 shows the
O(1 s) spectra Voigt peak fitting function within the Shirley background. The
binding energy of 529.3 and 531.1 eV with FWHM of 1.2 and 1.7 eV are clearly
observed in the figure for oxygen spectra. Hence, two peaks are clearly obtained for
O(1 s) spectra. The lower binding energy peak observed at 529.3 eV corresponds to
the O(1 s) core level of O2� anions associated with Ni-O chemical bonding. How-
ever, higher binding energy peak observed at 531.1 represents the surface
contamination or presence of hydroxyl (�OH) groups [37].

The close analysis of decomposed XPS spectrum revealed that the intensity of
the peaks assigned to core levels of Ni3+(2p3/2) and Ni3+(2p1/2) is larger than that of
core levels Ni2+(2p3/2) and Ni2+(2p1/2) at decomposition temperature of 400 and
500°C. However, the intensity of the peaks of Ni2+(2p3/2) and Ni2+(2p1/2) core levels
has increased than that of the peaks of Ni3+(2p3/2) and Ni3+(2p1/2) core levels after
the decomposition temperature of 700°C and is continued to increase for the tem-
perature of 1100°C. The intensity ratio obtained for the peaks of the Ni2+(2p3/2) and
Ni3+(2p3/2) core levels (i.e., Ni2+/Ni3+) has increased from 0.85 (�0.03) to 1.23
(�0.03) with an increase in the temperature from 400 to 1100°C.

It is evident that for the samples prepared at 500 and 700°C have more promi-
nent variation of intensity, and hence the Ni2+ and Ni3+ are more easily bifurcated at
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these temperatures because the conversion of Ni3+ ions into Ni2+ ions is fast. And
the binding energy difference (ΔE) of 17.7 (�0.1) eV between the Ni(2p3/2) and Ni
(2p1/2) peaks is very close to that of 17.8 eV for oxidized Ni and significantly larger
than that of 17.2 eV for metallic Ni [38]. Hence, all the nickel is converted into oxide
form, and there is no nickel present in the metal form. This can be confirmed by
XPS investigation that the nonstoichiometric NiO400 contains Ni3+ ions in higher
quantity as compared to NiO1000. The XPS analysis also corroborates with our
TGA analysis for nonstoichiometric nickel oxide. Hence, the oxygen content of the
samples can be controlled by controlling the temperature of preparation of samples.
Hence, nonstoichiometry in nickel oxide can be created by controlling temperature
of preparation.

5.5 Magnetic properties measurements of nonstoichiometric nickel oxide

The magnetic characterization of nonstoichiometric samples was performed to
obtain the magnetic susceptibility (χ). These measurements were done for selected

Figure 8.
High-resolution XPS spectra of the Ni (2p) core levels of the Ni oxides decomposed at a temperature of (a) 400°
C and (b) 700°C. The XPS spectra were decomposed using Voigt peak function fittings.
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samples of NiO400 and NiO1100. Temperature-dependent magnetic susceptibility
(χ) is shown in Figure 9. This measurement was performed at an applied magnetic
field of 7 Tesla. Both zero-field-cooled (ZFC) and field-cooled (FC) conditions were
employed to measure the susceptibility (χ) of nonstoichiometric nickel oxide sam-
ples. We observed a reversible behavior with negligible hysteresis of χ for different
stoichiometry. It is interesting to describe that sample shows paramagnetic (PM) to
antiferromagnetic (AFM) transition. This transition is observed at the Néel tem-
perature TN. But the transition temperature at which transition takes place is dif-
ferent in both the samples. The values are 480 and 530 K for NiO400 and NiO1100
samples, respectively. TN and the absolute value of χ for NiO400 sample are lower
than that of NiO1100 sample. However, PM to AFM transition width appears to be
broader for the NiO1100 sample. This can be understood as TN changes with
stoichiometry, which could be attributed to the effect of the partial destruction of
Ni2+–O–Ni3+ exchange interaction network because of the reduction of the oxygen
vacancies and the weakening of Ni2+–O–Ni3+ interaction arising from the decrease
of the bandwidth of, for example, electrons due to the change in Ni–O bond length
and Ni–O–Ni bond angle [39].

5.6 Specific heat measurement

Figure 10 shows the change in specific heat with respect to temperature of
nonstoichiometric NiO. The irregularity or the change in specific heat for different
samples is found in the vicinity of TN. This shows that AFM ordering of these
samples is affected by oxygen content of the samples. A shift in anomaly is probed
as the stoichiometry of sample changes. Change in heat capacity of different sam-
ples, due to stoichiometry, also alters the transition temperature. Hence, as the
sintering temperature increases,TN will change and finally attain a fixed value. It is
observed from the heat capacity graph that the transition temperature for NiO500,
NiO700, and NiO1100 samples are 510, 519, and 525 K, respectively. It is under-
stood that due to excess oxygen in the different ratios in NiO400 and NiO500
samples, change in specific heat anomaly is observed. Further, the observed transi-
tion temperature reaches to 525 K as reported for stoichiometric NiO [40]. An
irregular behavior in Cp at TN is due to Ni-spin ordering as suggested by Néel [41]
wherein due to the thermal agitation spin-lattice of the particle could reverse
coherently and randomly.

Figure 9.
Magnetization for ZFC and FC curves of nonstoichiometric Ni1�δO samples for NiO400 and NiO1100 in 7 T
applied field as a function of temperature.
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Consequently, the net moment of uncompensated surface spins would fluctuate
accordingly and in turn, significant downshift the TN in samples due to both the
change of magnetic ions as well as their disorder. Probably due to change in excess
oxygen, magnetic inhomogeneity in nonstoichiometric samples increases, and Néel
temperatures eventually shift.

6. Conclusion

The samples of different oxygen contents of nickel oxide were synthesized by
thermal decomposition method. The structure of these samples was characterized
by X-ray diffraction spectroscopy, and full-proof refinement was used for indexing.
The nonstoichiometry of these samples was recognized by iodometric titration and
thermogravimetric analysis. Both these techniques give the excess oxygen content
of samples, which was found to be similar. Different phases of nickel oxide were
confirmed by the FTIR studies. The shift in FTIR pattern indicates about the
nonstoichiometry of samples. The change in stoichiometry of sample is also
responsible for the defect creation in the samples, as XPS results indicate that nickel
vacancy can be created in samples with varying sintering temperatures. Those
samples that were sintered at low temperature have high defect as compared to
sample sintered at high temperature. The ZFC and FC curves are nearly identical to
each other but the susceptibility changes with stoichiometry. The observed specific
heat anomaly in the vicinity of TN is associated with the magnetic ordering, indi-
cating a gradual transformation between two magnetic phases, and the observed TN

shifted toward lower temperatures as excess oxygen content increases. The shifting
of Néel temperature is presumably due to magnetic inhomogeneity arising from the
excess oxygen in samples.
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Figure 10.
The temperature variation of specific capacity of nickel oxide samples sintered at different temperatures. Curve
shows shifting in TN due to different oxygen contents of the samples.
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