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Abstract

Non-stoichiometric strontium iron oxide is described by an abbreviated for-

mula SrFeOx (2.5 ≤ x ≤ 3.0) exhibits a variety of interesting physical and
chemical properties over a broad range of temperatures and in different

gaseous environments. The oxide contains a mixture of iron in the triva-

lent and the rare tetravalent state. The material at elevated temperature

is a mixed oxygen conductor and it, or its derivatives, can have practical

applications in oxygen conducting devices such as pressure driven oxygen

generators, partial oxidation reactors in electrodes for solid oxide fuel cells

(SOFC).

This thesis examines the behaviour of the material at ambient and el-

evated temperatures using a broad spectrum of solid state experimental

techniques such as: x-ray and neutron powder diffraction, thermogravimet-

ric and calorimetric methods, scanning electron microscopy and Mössbauer

spectroscopy. Changes in the oxide were induced using conventional thermal

treatment in various atmospheres as well as mechanical energy (ball milling).

The first experimental chapter examines the formation of the ferrite from

a mixture of reactants. It describes the chemical reactions and phase tran-

sitions that lead to the formation of the oxide. Ball milling of the reactants

prior to annealing was found to eliminate transient phases from the reac-

tion route and to increase the kinetics of the reaction at lower temperatures.

Examination of the thermodynamics of iron oxide (hematite) used for the

reactions led to a new route of synthesis of the ferrite from magnetite and

strontium carbonate. This chapter also explores the possibility of synthesis

of the material at room temperature using ball milling.

The ferrite strongly interacts with the gas phase so its behaviour was stud-

ied under different pressures of oxygen and in carbon dioxide. The changes

in ferrite composition have an equilibrium character and depend on temper-

ature and oxygen concentration in the atmosphere. Variations of the oxygen

content x were described as a function of temperature and oxygen partial
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pressure, the results were used to plot an equilibrium composition diagram.

The heat of oxidation was also measured as a function of temperature and

oxygen partial pressure.

Interaction of the ferrite with carbon dioxide below a critical temperature

causes decomposition of the material to strontium carbonate and SrFe12O19.

The critical temperature depends on the partial pressure of CO2 and above

the critical temperature the carbonate and SrFe12O19 are converted back into

the ferrite. The resulting SrFe12O19 is very resistant towards carbonation and

the thermal carbonation reaction does not lead to a complete decomposition

of SrFeOx to hematite and strontium carbonate.

The thermally induced oxidation and carbonation reactions cease at room

temperature due to sluggish kinetics however, they can be carried out at am-

bient temperature using ball milling. The reaction routes for these processes

are different from the thermal routes. The mechanical oxidation induces two

or more concurrent reactions which lead to samples containing two or more

phases. The mechanical carbonation on the other hand produces an unknown

metastable iron carbonate and leads a complete decomposition of the ferrite

to strontium carbonate and hematite.

Thermally and mechanically oxidized samples were studied using Mössba-

uer spectroscopy. The author proposes a new interpretation of the Sr4Fe4O11

(x = 2.75) and Sr8Fe8O23 (x = 2.875) spectra. The interpretation is based

on the chemistry of the compounds and provides a simpler explanation of

the observed absorption lines. The Mössbauer results from a range of com-

positions revealed the room temperature phase behaviour of the ferrite also

examined using x-ray diffraction.

The high-temperature crystal structure of the ferrite was examined using

neutron powder diffraction. The measurements were done at temperatures

up to 1273K in argon and air atmospheres. The former atmosphere protects

Sr2Fe2O5 (x = 2.5) against oxidation and the measurements in air allowed

variation of the composition of the oxide in the range 2.56 ≤ x ≤ 2.81.

Sr2Fe2O5 is an antiferromagnet and undergoes phase transitions to the para-

magnetic state at 692K and from the orthorhombic to the cubic structure

around 1140K. The oxidized form of the ferrite also undergoes a transition

to the high-temperature cubic form. The author proposes a new structural

model for the cubic phase based on a unit cell with the Fm3c symmetry.

The new model allows a description of the high-temperature cubic form of

the ferrite as a solid solution of the composition end members. The results
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were used to draw a phase diagram for the SrFeOx system.

The last chapter summarizes the findings and suggests directions for fur-

ther research.



ADDENDUM 
 

This addendum contains explanations to points raised by examiners. 
 

1. Question concerning x-ray diffraction lines intensity ratio I(150)/I(161) used to 

assess iron contamination in section 3.5.1 of the thesis. 

An intensity ratio of 0.45 for the Fe/Sr=1.01 composition was observed from 

the x-ray diffraction pattern. Experiments were also conducted on several other 

samples with different Fe/Sr ratios. In all cases, increasing iron fraction caused an 

increase in the I(150)/I(161) ratio. Only samples with compositions Fe/Sr=1.01 

and 1.05 were shown in the thesis for the sake of brevity to demonstrate the 

detection threshold. The detection method was designed to screen milled samples 

and discard those contaminated with iron, not to quantify the contamination level. 

SEM examination of Sr2Fe2O5 powders has shown that Sr2Fe2O5 microcrystals 

do not develop facets (see Figure 4.17). As a result, the crystals cannot align 

during x-ray specimen preparation and cause substantial preferred orientation. The 

fraction of Sr4Fe6O13 phase was small and the much larger amount of Sr2Fe2O5 

should diminish potential orientation of Sr4Fe6O13 crystals, which should be 

randomly oriented within Sr2Fe2O5 grains. 

2. Question concerning section 3.5.2 of the thesis. 

During the experimental work the author prepared a variety of Sr-Fe-O 

samples with compositions in the range 1<Fe/Sr<12 in order to confirm the phase 

behaviour of the Sr-Fe-O system found in the literature. These experiments were 

needed to investigate the transient phases occurring during synthesis of SrFeOx 

(see section 3.2). Special emphasis was placed on composition ranges around 

Fe/Sr=1.43 (Sr7Fe10O22) and Fe/Sr=2 (SrFe2O4). The samples were examined 

using x-ray diffraction and simple phase identification, based on the diffraction 

lines, showed that, for these compositions, the Sr-Fe-O system forms only 

mixtures of two phases, not a single phase as claimed in the cited literature. The 

lack of the SrFe2O4 phase was also confirmed by the work of Vogel and Evans 

[A]1 found after submission of the thesis. 

 

 

                                                           
1  The references marked with numerals refer to the bibliography section of the thesis. References 
marked with letters are additional and are collected at the end of the addendum. 
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3. Questions concerning Chapter 6. 

Indexing of the synchrotron diffraction patterns of Sr4Fe4O11 and Sr8Fe8O23 

yielded ambiguous results, pointing at two or three different crystal structures. The 

goodness-of-fit obtained during the indexing procedure was similar for all models, 

making it impossible to choose one structure. Rietveld refinement was not carried 

out since the internal structures of Sr4Fe4O11 and Sr8Fe8O23 are unknown and a 

multiple-parameter fit could lead to a wrong solution, despite a good fit (see 

remarks on the Rietveld method in section 2.3.1). 

The use of high-resolution neutron diffraction to study Sr4Fe4O11 and 

Sr8Fe8O23 may have its advantages because of a different scattering mechanism 

that would enhance structural features associated with oxygen. 

4. Questions concerning the choice of symmetry group (Fm3c over Pm3m). 

The problem of the symmetry group of high-temperature cubic SrFeOx (x<3) 

was addressed because of discrepancies in the literature. Shin et al. [159] 

proposed a perovskite cell for cubic Sr2Fe2O5 but later noticed that the cell 

contains only half the atoms within the oxide molecule (Z=0.5) [165]. The unit 

cell proposed in the thesis (Fm3c) does not overturn completely the previous 

findings but was constructed to incorporate the chemical makeup of the ferrite. 

Atoms building the SrFeOx structure are charged when engaged in forming of 

a chemical compound. The unit cell is usually chosen to contain at least one 

chemical molecule, as illustrated in publications dealing with room temperature 

phases Sr2Fe2O5, Sr4Fe4O11 and Sr8Fe8O23 : the proposed unit cells always contain 

whole numbers of molecules as depicted by chemical formulae not their fractions 

[138,139,160,161]. In the case of high-temperature cubic phases, authors tend to 

use the abbreviated notation SrFeO2.5, SrFeO2.75 and SrFeO2.875 to justify the 

perovskite model [127,128]. However, the only aspect that changes upon the 

transition to the cubic form is the arrangement of atoms not the chemical makeup. 

So, the correct chemical formulae of the high-temperature phases are still 

Sr2Fe2O5, Sr4Fe4O11 and Sr8Fe8O23. 

The analysis of cubic SrFeOx was based on the results of the neutron powder 

diffraction experiments. The analysis began with the Sr2Fe2O5 phase and was then 

extended to the other oxygen deficient phases Sr4Fe4O11 and Sr8Fe8O23. Cubic 

neutron diffraction patterns were indexed and the simplest solution gave the small 

"perovskite" cell with a lattice constant of about 3.9Å. At this stage no assumption 
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was made as to the atomic layout inside the cell. Since the volume of the cell and 

the chemical formula of the compound were known, the next step was to assess 

the number of oxide molecules in the cell. This is a standard procedure in crystal 

structure determination [56,B]. The number of molecules per cell, Z, the density 

of crystal ρ, the molecular weight M of the molecule and the volume of the unit 

cell, V, must fulfill the equation:  

 

where NA is Avogadro's number. This equation was used to determine Z as: 

This procedure is equivalent to the density argument presented on page 137. 

Although the density of the high-temperature phases is difficult to measure,  the 

room temperature values are known (see section 6.2) and the density is not 

expected to change dramatically with temperature (density should decrease due to 

lattice expansion).  Hence, Z was calculated using the room temperature density of 

SrFeOx and the results are presented in the table: 

 

x Formula M 
[g/mol] 

ρ  
[g/cm3] 

VPEROVSKITE
∗ 

[Å3] 
Z Comments 

2.5 Sr2Fe2O5 366.93 4.99 63.14 0.52 Volume  from  
Table A.6, T=1223K 

2.75 Sr4Fe4O11 749.86 5.27 60.28 0.26 Volume  from  
Table A.7, T=838K 

 

The Z values obtained were substantially less than unity and the values were 

very close to ½ and ¼ respectively. Fractional Z values clearly indicate that the 

“perovskite” cell, obtained by the direct indexing, is too small. In fact the 

"perovskite" cell constitutes an asymmetric unit.  

  The bigger cell (Fm3c) was obtained by doubling of the perovskite lattice 

constant as described in the thesis. The Fm3c unit cell contains whole number of 

molecules in the case of daltonian phases, Sr2Fe2O5, Sr4Fe4O11 and Sr8Fe8O23 , and 

assures electrical neutrality of the Sr2Fe2O5 cell (see arguments on page 138). 

                                                           
∗ Volume of the perovskite cell is equal to 1/8 of the Fm3c unit cell volume. 

M
VNZ A ρ

=

VN
ZM

A

=ρ
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 The bigger Fm3c cell was chosen because it gives a proper description of the 

crystal structure and the chemical makeup of the compounds. The proposed cell 

allows a description of phases with intermediate compositions in terms of a solid 

solution of the daltonian phases as described in the thesis. 

The Pm3m cell could be regarded as the unit cell only if we treat atoms as 

colour balls and neglect the fact that they are electrically charged when engaged in 

forming of a chemical compound. 

 

5. Questions concerning Equations (4.14-4.22). 

The experimental data did not allow the oxidation of SrFeOx to be examined over 

the entire composition range 2.5≤x≤3.0 nor an appropriate model to be developed. 

The composition range was limited to x≤2.75. Two cases were examined: a complete 

and a partial oxidation of Sr2Fe2O5 to Sr4Fe4O11 according to the chemical reaction 

(4.14).  

In the case of complete oxidation the reactant and the product of the reaction are 

pure solids for which the activities are unity by definition. The equilibrium constant of 

the reaction is a function of oxygen partial pressure only (Equation (4.16)) [51]. 

However, this treatment of the oxidation reaction is artificial since a departure from 

the equilibrium conditions does not lead to a total conversion of Sr4Fe4O11 back to 

Sr2Fe2O5. This simplification was necessary to estimate the line of constant 

composition x=2.75 on the equilibrium composition diagram (Figure 4.6). This is also 

the reason why the equilibrium constant K given by Equation (4.15) does not go to 

1/pO2 when x→2.75 and activities of the solids are given by Equations (4.20-4.22). 

In the case of partial oxidation we deal with a mixture/solution of two phases 

Sr2Fe2O5 and Sr4Fe4O11, which are in equilibrium with each other and the gas phase. 

Changes to temperature or partial pressure of oxygen only change the concentration 

(activities) of the two solids. In this case it was necessary to incorporate activities of 

solids into Equation (4.15) in order to calculate the equilibrium constant. 

 

6. Question concerning the phrase "Vacant oxygen sites" (p140 lines 11-12). 

The sentence referring to this aspect should be rephrased. The author meant that, 

since the oxygen sites are partially occupied at any given time, there must be an 

unoccupied site(s) somewhere in the crystal lattice. Since SrFeOx is an oxygen 
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conductor, diffusion (hopping) of oxygen between oxygen sites must be easier within 

the (400) plane than in the perpendicular direction where oxygen sites are separated 

by iron.  

 

7. Question concerning a statement (p141 lines 5-7). 

The author meant that crystal structure of any compound can be expressed in 

terms of a lower symmetry group e.g. Triclinic P1 (which is true for every structure).  

This approach is not elegant because we neglect all symmetry relationships in the 

lattice but it is possible to propose. The sentence did not imply that a division of more 

symmetric structures by eight would yield a primitive structure. 
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Chapter 1

Introduction

The topic of this thesis is non-stoichiometric strontium-iron oxide SrFeOx

(2.5 ≤ x ≤ 3.0) commonly called strontium ferrite and the purpose of this

chapter is to familiarize the reader with the background associated with this

material. The compound is complex and exhibits a variety of interesting

properties which become apparent under certain conditions. Obviously the

most interesting are those which can be directly used in our everyday life.

The material becomes an ionic conductor at elevated temperatures. Because

of that, first we are going to briefly describe the history of solid ionic con-

ductors, their applications and possible use of this oxide. This chapter will

also show the oxide from another angle as a member of a family of transi-

tion metal oxides which are interesting because of their magnetic properties

which manifest themselves at room or lower temperatures. The last section

will explain the layout of the thesis.

1.1 A Brief History of Solid Ionics

The studied oxide is an ionic conductor at elevated temperatures so it is

appropriate to briefly describe the history of solid ionics. This is not by any

means a comprehensive history. It is rather a set of dates and important

discoveries that lead to the current state of knowledge. The short treatment

of this subject is also due to the fact that this thesis does not deal with

the electrochemistry of this compound. But, knowledge of applications of

the material makes it easier to understand the motivation behind some ex-

periments described in this dissertation. A comprehensive overview of the

electrochemistry of solids can be found in various textbooks [1].

Liquid electrolytes are solutions of compounds that dissociate in a given
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solvent, however, electrolytes are not confined to the liquid state and some

solids are also capable of ion conduction. Their ionic conductivity, at room

temperature, is approximately 0.1mS/cm while conductivity of most of the

wet electrolytes is usually greater than 100mS/cm. For this reason solid

electrolytes were identified much later and this branch of electrochemistry

developed separately. As it is common in science the solid electrolytes were

discovered by accident and at that time were not understood. A series of

unrelated experiments lead to establishing the pattern among them and a

systematic study from the beginning of the 20th century. The first two solid

ionics were discovered between 1833 and 1838 by Michael Faraday [2, 3].

Who found that the resistivity of silver sulphide (Ag2S) and lead fluoride

(PbF2) significantly decreases at high temperature unknowingly discovering

the first solid state silver Ag+ and fluoride F− conductors. In 1884 War-

burg demonstrated that sodium ions could be transported through glass,

an amorphous material [4]. Another important event took place in 1899,

Nernst found out that yttrium doped zirconia (ZrO2) starts conducting elec-

tricity at sufficiently high temperatures, emitting bright light due to ability

to conduct oxide ions [5]. The ‘Nernst glower’ remains one of the few non-

electrochemical applications of the solid ionics. In 1914 Tubandt and Lorentz

studied the ionic conductivity of silver iodide (AgI) and discovered that the

conductivity just below the melting point was greater than the molten mate-

rial [6]! This behaviour is one of many curiosities found among solid ionics,

where ions have more freedom of movement in a solid matrix than in the

liquid state where they are not constrained by the crystal structure. The

first solid oxide fuel cell (SOFC), based on doped zirconia, was built in 1937

by Bauer and Preis [7]. The theoretical description of ionics was developing

concurrently but was limited to purely ionic conductors. This changed in

the 1950s when Carl Wagner developed a theory of transport in mixed ionic

conductors, materials which exhibit electronic conductivity apart from the

ionic component [8]. The theory was later expanded by W. Weppner. Until

the 1960s the study of ionic conductors was largely confined to doped ZrO2

and Ag+ conductors such as AgI. The late 1960s and beginning of 1970s saw

an explosion of interest in solid state chemistry. The increased interest in this

field was caused by the development of new materials used to manufacture

of very efficient rechargeable sodium/sulphur batteries. They were based on

the solid sodium conductor, sodium β-alumina. The oil crisis in the early

1970s sealed the fate of solid ionics. The fuel deficiency focused attention on
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new energy sources and storage devices and the research of ionics has been

developing very rapidly ever since.

Despite humble beginnings, we now know a large number of solid elec-

trolytes and they are not limited to the crystalline state. Glasses exhibit

quite high ionic conductivity and they are capable of transporting monova-

lent alkali ions Li+, Na+, K+, Cs+, Rb+ as well as Ag+ and F−. Crystalline

electrolytes can conduct monovalent alkali and transition metals (Ag+, Cu+,

Tl+, Li+, Na+, K+), H+, O2−, F− and many divalent and trivalent cations.

The third new and very promising group are the polymer electrolytes. They

are rapidly gaining interest because of their possible application in very pow-

erful batteries [1].

1.2 Applications of Solid Ionics

Several applications of solid ionics have already been mentioned in the previ-

ous section. The electrolytes are mainly used in rechargeable and disposable

batteries. The numbers of portable electric devices is steadily growing, in-

creasing the demand for smaller and more efficient devices. They have a lot

advantages over the liquid ones. To start with there is no problem with elec-

trolyte leakage and evaporation. Solid cells are more compact, robust and

can operate in higher temperatures than the liquid ones and for these reasons

are used in circuits that require high level of reliability such as pacemakers

and backup power sources for computer memories.

The most important quality is their energy capacity and Table 1.1 com-

pares a practical energy density of an ordinary lead-acid battery with solid

electrolyte devices. The capacities of the solid batteries are 3 to 10 times

Table 1.1: Practical energy densities of liquid and solid state batteries.

Battery Energy density [Wh/kg]
lead-acid 40
sodium/sulphur 132
lithium polymer 425

greater than of the traditional cell although, the lead battery is still a cheaper

option. Other, very important applications are fuel cells and oxygen sensors

which will be described later in this chapter. Less known usage of solid ionics

are stabilized zirconia heating elements. The material (stabilized zirconia)
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exhibits large enough electronic conductivity to spontaneously conduct elec-

tricity at about 1373K and this process causes self heating. Being an oxide

the heating elements can operate in oxidizing atmospheres without deteriora-

tion. Furnaces equipped with the ‘Nernst glower’ operate above 2273K and

tests conducted at 2073K have shown the elements can operate in oxidizing

conditions for more than 10,000 h. Another potential application utilizes the

conductivity and high melting point of zirconia as electrodes in experimen-

tal magnetohydrodynamic generators (MHD) working on hot exhaust gases.

The use of these could increase the efficiency of conventional power plants

from 42% to 60% [9]. Other materials, such as WO3 or MoO3, can be electro-

chemically reduced or oxidized by electric current. The process changes their

colour or opacity a feature which is exploited in passive ‘electrochromic’ dis-

plays for portable computers. These are the well known application of solid

ionics. In the next two sections we will concentrate on oxygen conductors to

which the studied ferrite belongs to.

1.3 Oxygen Conducting Devices

The class of oxygen conductors has a very broad range of applications. Ionic

conductors can be divided into two groups according to the conductivity.

The first group comprises of pure ionic conductors having an ionic transport

number tion of almost unity. The transport number is defined as the ratio of

the ionic conductivity σi to the total conductivity σ, where σ = σi + σe and

σe denotes the electronic conductivity. The second group, mixed conductors,

exhibit both ionic and the electronic conductivity. The presence or absence

of the electronic component determines their possible use.

1.3.1 Pure Ionic Conductors

A schematic diagram of an oxygen conducting device based on the pure ionic

conductor is presented in Figure 1.1. It consists of a membrane made of

the solid electrolyte with porous electron conducting electrodes applied on

both sides of the wall. In real devices the electrolyte has the form of a tube,

a crossflow block or a stack made of corrugated electrolyte to increase the

surface area exposed to gas [10].

Assuming, an oxygen partial pressure difference between the sides of the

wall p1 > p2, the setup presented in Figure 1.1 constitutes a galvanic cell
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Figure 1.1: A schematic of a pure ionics electrochemical device described in
the text. The conduction mechanism is not shown.

that can be schematically represented as:

µ′
X/MX/µ′′

X (1.1)

where M and X denote metal and nonmetal of the MX electrolyte respec-

tively. The potential difference E between the electrodes can be found using
the equation:

E = 1

ZXF

∫ µ′′
X

µ′
X

tiondµ = − 1

ZMF

∫ µ′′
M

µ′
M

tiondµM (1.2)

where F denotes the Faraday constant, Z is the valence (number of electrons

transferred per molecule, ZX = 4 for O2) and µ′ and µ′′ are the chemical

potentials of the anode and the cathode respectively. In case of pure ionics

tion = 1 Equation (1.2) simplifies to:

E = µ′′
X − µ′

X

ZXF
= −µ′′

M − µ′
M

ZMF
. (1.3)

The chemical potential of oxygen µ can be expressed as:

µ = µ◦ +RT ln a (1.4)

where a is the activity and µ◦ is the chemical potential of oxygen at unit

activity. If we assume that oxygen behaves like an ideal gas the activity is
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equal to its partial pressure a = p. Therefore, the emf of the cell, calculated

by substituting Equation (1.4) into Equation (1.3), is given by:

E = RT

4F
ln

p1

p2
(1.5)

This formula proves that the oxygen conducting device can be used to gener-

ate electric power. By keeping the constant oxygen partial pressure difference

at fixed temperature we can maintain the potential E . This is done by in-
troducing a gas which reacts with oxygen inside the tube, keeping its partial

pressure low. At zero current there is no transport of oxygen through the

wall. If we start to draw current on the oxygen rich side oxygen is reduced

according to the reaction:

O2 + 4 e
− → 2O2− (1.6)

then it travels through the electrolyte and is oxidized at the oxygen deficient

side:

2O2− − 4 e− → O2. (1.7)

Electrons flow through the external leads. The enormous interest in fuel

cells is due to their very high thermodynamical efficiency as a source of elec-

tric power and very favourable energy to mass ratio. They are considered

to be the power generators for remote places and power sources on space-

crafts (NASA’s spaceships in the Apollo missions were actually equipped

with 1.5 kW alkali fuel cells).

The thermodynamic (theoretical) efficiency factor η for a chemical reac-

tion that binds oxygen is given by:

η ≡ ∆G

∆H
(1.8)

where, ∆G and ∆H are the change of Gibbs free energy and the enthalpy of

the reaction respectively. The maximum efficiency of heat engines is given

by the equation derived for the Carnot cycle:

η ≡ T2 − T1

T2
(1.9)

where, T1 is the temperature of the heat sink and T2 is the temperature of

the heat source. A comparison of the efficiencies of the Carnot cycle and
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Figure 1.2: Theoretical efficiency of a perfect heat engine and fuel cells as a
function of temperature. The efficiency was calculated for different oxidation
reactions and the Carnot cycle as described in the text.

fuel cells completely oxidizing: hydrogen, carbon monoxide and methane is

presented in Figure 1.2 as a function of temperature. The efficiency of the

heat engine was calculated assuming that T1 = 298.15K and the chemical

reactions occur in the gas state according to the equations:

2H2 +O2 = 2H2O (1.10)

2CO + O2 = 2CO2 (1.11)

CH4 + 2O2 = CO2 + 2H2O (1.12)

The theoretical efficiency of fuel cells is much greater than the heat engines

other than for the high temperature range (T > 873K). However, one should

bear in mind that these coefficients are only theoretical and real devices are

less effective. Even though the oxidation of methane gives the highest ef-

ficiency in practice, it causes problems due to coke formation. Real heat

engines (turbines in electric power plants) have efficiencies around 0.42 and

the practical efficiency of fuel cells is greater than 0.60 [11] and makes them

very competitive. However, the solid oxide fuel cells are still in the research
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Table 1.2: Operational modes of the solid oxide fuel cell. The first two
columns show chemical reactions taking place at the electrodes. The FC
and ER denote fuel cell and electrochemical reactor respectively. OD=oxide
decomposition, PO=partial oxidation, OE=oxygen extraction from air.

Electrode 1 Electrode 2 Mode
1
2
O2 + 2 e

− → O2− O2− +H2 → H2O+ 2 e
− FC

H2O+ 2 e
− → H2 +O

2− O2− → 1
2
O2 + 2 e

− ER,OD
1
2
O2 + 2 e

− → O2− O2− + 1
4
CH4 → 1

4
CO2 +

1
2
H2O+ 2 e

− FC
1
2
O2 + 2 e

− → O2− O2− + 2CH4 → C2H6 +H2O+ 2 e
− ER,PO

1
2
O2(N2) + 2 e

− → O2− O2− → 1
2
O2 + 2 e

− ER,OE
1
2
O2 + 2 e

− → O2− O2− + CH4 → CO + 2H2 + 2 e
− ER,PO

and development phase. The prototype SOFCs tested by Westinghouse had

a power of ∼3 kW. Other types of fuel cells based on liquid electrolyte (phos-
phoric acid PAFC and alkali solution AFC) are much more advanced and

their test units reach powers of 11MW and 25 kW respectively. However,

they only operate on hydrogen, do not tolerate carbon dioxide and their

electrodes contain expensive platinum catalyst [12, 13].

The solid oxide fuel cells can also operate in a ‘reverse’ mode as ceramic

electrochemical reactors (CER). The cell can force the oxidation reaction to

proceed in the opposite direction and be used as a high temperature electrol-

ysers to produce hydrogen, decompose gaseous oxides or to extract oxygen

from air (oxygen generators). This is accomplished by applying a potential

equal or greater than the value:

E = −∆G

ZF
. (1.13)

The ceramic reactors can also partially oxidize hydrocarbon to produce other

chemicals. Usually the partial oxidation reactions require a catalyst for the

reaction to proceed. Some possible modes of operation are presented in

Table 1.2 [11, 14].

The devices described so far use an ion flux through the membrane to op-

erate but are still in the research and development stage. The setup shown in

Figure 1.1 is more frequently used as a potentiometric (zero current) probe

to measure oxygen activity in gases or molten metals. In this instance one

electrode is exposed to the environment under investigation and the other

to an atmosphere with known oxygen activity. The reference atmosphere is

usually air but sometimes solid oxygen partial pressure buffers are used (e.g.
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p1
O

2-

e-

p2

Figure 1.3: A schematic of a mixed ionics electrochemical device described
in the text. The conduction mechanism is not shown.

mixture of Cr2O3 and Cr). The oxygen pressure is determined by measure-

ment of the emf E from the Equation (1.5). This device known as a λ-probe is
used in all fuel injected engines to monitor oxygen content in exhaust gases.

1.3.2 Mixed Ionic Conductors

Mixed ionic conductors have an ionic transport number smaller than unity

tion < 1 and the ferrite SrFeOx belongs to this group. The electronic conduc-

tivity renders the oxides useless as materials for fuel cell electrolytes or po-

tentiometric sensors since such devices would have internal electric shortcuts,

although they are still quite attractive. The ionic conductivity of stabilized

zirconia is around 0.1 S/cm at 1273K and the ionic conductivity of mixed

electrolytes is approximately 20 times greater. The schematic diagram of

an oxygen conducting device based on the mixed conductor is presented in

Figure 1.3. The device consist only of the electrolyte membrane and both

oxygen ions and electrons are free to move within the electrolyte. If we as-

sume again that there is an oxygen partial pressure difference on both sides

of the wall p1 > p2, oxygen will spontaneously travel from the rich to the

deficient side. Electrons now travel through the electrolyte in the opposite

direction to compensate the charge.

This arrangement has a few potential applications. It can be used to build

a pressure driven oxygen generator to separate oxygen from air or other gas

mixtures. Since oxygen moves from high to low partial pressure, for the

membrane to work we have to maintain high conductivity by keeping it at

elevated temperature and oxygen partial pressure difference. The pressure

inside has to be lower than 0.21 atm (the oxygen partial pressure in air) which
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can be easily achieved by a basic vacuum pump. Such devices are believed

to be ideal for small scale oxygen generation for medical and aerospace pur-

poses. Another use of these materials are ceramic electrochemical reactors

(CER). Because of the electronic conductivity the materials can not be used

as fuel cells or reduction cells (electrolyzer) but still can operate as catalytic

partial oxidation reactors (see Table 1.2) [14]. Electronic conductivity and

high oxygen permeability makes these materials perfect as a replacement for

precious metal electrodes used in solid oxide fuel cells.

1.4 Complex Transition Metal Oxides

The ferrite can be considered not as an oxygen conductor but as a complex

transition metal oxide as well. It exhibits interesting magnetic, structural and

transport properties at temperatures where its ionic conductivity is negligibly

low. In the 1950s this class of materials came into focus in the search for

new magnetic materials. The compound belongs to the family of oxides that

can be described by the general formulae: A2+B4+O2−
3 or A3+B3+O2−

3 , where

A=divalent alkali metal (Ca, Sr or Ba), or lanthanide a trivalent cation and

B=Mn, Fe or Co. If the site A is occupied by lanthanide the transition

metal in the site B has valence 3+. On the other hand if the lanthanide

is replaced by a divalent alkali metal the transition metal ideally assumes

4+ oxidation state. However, in practice manganese, iron and cobalt in

these compounds exhibit mixture of 3+ and 4+ oxidation states virtually

irrespective of the oxidation state of the ion in site A. This results in a

variable oxygen content, typically different from ABO3 depending on the

preparation conditions [15, 16].

In the 50s the compounds were treated as materials with the ideal com-

position ABO3 since most of them have cubic perovskite structure or its less

symmetric derivative [17]. The oxygen non-stoichiometry was not investi-

gated in a systematic way, but its presence and influence on the physical prop-

erties was realized. In general all of those compounds exhibit some degree

of oxygen non-stoichiometry and their composition is controlled by oxygen

partial pressure and temperature. The effect is by far the most pronounced

in iron and cobalt bearing systems which include SrFeOx, CaFeOx [18–20],

BaFeOx [21–24] or SrCoOx [25,26] and their derivatives. Early investigations

were focused on the magnetism of the materials and the electrical conduc-

tivity at low temperatures [27–29]. The ionic conductivity of the oxides was



1.5 Strontium-Iron-Oxygen System 11

detected much later [30,31]. Today the investigations of these systems are not

confined to simple formulae and usually have the form: A′
xA

′′
1−xB

′
yB

′′
1−yO3−δ,

where A′, A′′ are alkaline metals or mixture of alkaline metal and lanthanide,

B′, B′′ are transition metals, or even more complex systems. The simpler ox-

ides are no longer attractive from the electrochemical point of view but they

again came into focus because of their newly discovered transport properties.

Most of the ABO3 oxides investigated in the 50s and 60s were discarded be-

cause of their impractical magnetic properties and, later, its relatively low

ionic conductivity. But recently they were found to exhibit an interesting

kind of magnetoresistance - colossal magnetoresistance, the greatest changes

in electrical resistivity caused by the magnetic field. So far the materials

known to exhibit colossal magnetoresistance are mainly manganese based

oxides [32–34].

The composition of non-stoichiometric oxides is usually expressed using

the notation ABO3−δ or ABOx. It implies that the oxide can exist in slightly

oxygen depleted form. However, in many cases the possible composition

changes are so large that the oxides form few distinctive different phases.

The abbreviated notation ABOx, very useful for presenting the experimental

data, does not describe the real chemical formula of phases with x < 3.

An improper usage of this notation can be a source of serious errors in the

interpretation of experimental results.

1.5 Strontium-Iron-Oxygen System

This thesis is devoted to only one kind of ferrite (SrFeOx) but it is virtu-

ally impossible to avoid other phases which show up as transient phases or

byproducts in various reactions. For these reason we will briefly describe this

system. The SrFeOx contains iron in an unusual 4+ oxidation state which is

nowhere to be found in pure iron oxides. But, this is not the only strontium

ferrite which possesses this quality. A number of oxides having a strontium

to iron ratio greater than 1 also exhibit oxygen non-stoichiometry and mixed

3+ and 4+ valence. A ternary diagram of Sr-Fe-O system, based on infor-

mation found in the literature, is presented in Figure 1.4. The literature

references pertaining to those oxides are presented in Table 1.3. The table

does not contain references to SrFeOx phase which will be presented further

in this work and only two out of dozens of references on the magnetic phase

SrFe12O19. The diagram is most likely complete. The SrFe12O19 phase is a
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Figure 1.4: The ternary diagram for the Sr-Fe-O system. The references to
the compounds are contained in Table 1.3, the symbols are described in the
text. The investigated SrFeOx system is marked with the bold line.

component of permanent magnets and because of that the entire composi-

tion range was very thoroughly searched in order to find other ferromagnetic

phases. Unfortunately the rest of ferrites are either antiferromagnets or para-

magnets at room temperature and therefore useless for industry. However,

some reported phases are questionable and are marked on the ternary plot

as open circles. During the work on the non-stoichiometric ferrite system

(SrFeOx) some experiments indicated that SrFe2O4 and Sr7Fe10O22 phases

do not exist and are mixtures of two nearest phases on the ternary diagram.

Table 1.3: Literature references to strontium ferrites. The references to the
SrFeOx system are presented in the text.

Oxide References
Sr4Fe3O10−x [35]
Sr3Fe2O7−x, (0 ≤ x ≤ 1.0) [35–40]
Sr2FeO4−x [37, 41, 42]
Sr7Fe10O22 [35, 43]
Sr4Fe6O13 [44, 45]
SrFe2O4 [46, 47]
SrFe12O19 [47, 48]
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1.6 Thesis Layout

Previous sections have demonstrated the wide range of physical properties

exhibited by the ferrite which are temperature and composition dependent.

The compound has been investigated for over four decades and a continuous

increase of knowledge is due to advances in instrumentation.

The knowledge gathered over this time can be divided into four general

groups covering the crystal structure of the compound, transport properties

at low as well as elevated temperatures, the electronic and magnetic struc-

ture and finally the interaction of the material with gaseous species. The

reports published so far deal with all those properties however, they are far

from a complete description and understanding of the oxide and often draw

incorrect conclusions. The work presented in this thesis concentrates on the

properties of the oxide at ambient and high temperatures. This thesis pro-

vides a thorough study of the non-stoichiometric system and insight into

areas previously untouched using a broad range of experimental techniques.

It presents a more complete description of already reported properties with

new interpretation or completely new models of observed phenomena. The

author based the interpretation on experimental results to avoid faults intro-

duced by preconceptions or invalid assumptions. Of course the dissertation

does not provide an answer to every possible question and does not com-

pletely cover all the properties of the material. On the contrary the present

study has indicated aspects of the system which need to be clarified further.

The structure of the thesis is dictated by the experimental work and most

of the presented results are interconnected. The second chapter presents a

brief description of the main experimental techniques and numerical methods

used in the thesis. Chapter 3 deals with the formation of the oxide from a

mixture of reactants and describes the influence of the environment and the

physical state of reagents on the synthesis route and its kinetics. It also re-

ports a new route of synthesis deduced from analysis of the existing one. The

oxide has variable oxygen content which is controlled by temperature and the

composition of atmosphere, and the study of the oxygen non-stoichiometry

is essential for understanding the properties of the oxide at elevated tem-

peratures. Chapter 4 presents the interaction of the material with oxidizing

atmospheres and carbon dioxide. It describes the behaviour of the material

induced by temperature as well as mechanical treatment at ambient tempera-

ture. It also provides practical information on how to measure and adjust the

composition of samples later used for structural studies. Chapter 5 presents
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the results of Mössbauer measurements done at room temperature on samples

with composition altered by annealing and mechanical treatment. It provides

a great help in studies of room temperature phases of SrFeOx presented in

Chapter 6. Finally the last experimental part (Chapter 7) contains a study

of the high temperature crystal and magnetic structures of the oxide. It

makes extensive use of the equilibrium composition of the oxide determined

in Chapter 4. This part of the work proposes a new structural model for the

high-temperature form of the oxide which allows a comprehensive description

of the crystal lattice. The final chapter presents the main conclusions and

recommends directions for further research.



Chapter 2

Experimental

This chapter provides a brief description of experimental methods used in

the thesis. The information is provided in a short form just to refresh the

reader’s knowledge on the subject. Further details can be found in a wide

range of textbooks on inorganic chemistry and physics [49–51] and specialized

monographs cited in the text.

The oxide was studied using a wide range of experimental methods cover-

ing many properties of the material. They can be divided into groups such as

the thermodynamical properties studied using thermogravimetric and calori-

metric techniques. The crystal structure was investigated using x-ray and

neutron powder diffraction at ambient and elevated temperatures. The re-

sults of the scattering experiments were analysed, among other methods, us-

ing Rietveld refinement. The structural study was also enhanced by results

of Mössbauer measurements. The morphology of the material was investi-

gated with scanning electron microscopy and measurements of the specific

surface area of the powders. The analysis was also enriched by magnetization

measurements and some thermodynamical modelling.

2.1 Thermogravimetry

Thermogravimetric analysis provides information about the mass change of

the sample caused by temperature or partial pressure of gaseous species in

the atmosphere. The analyser is an automatic balance. The sample is placed

in a furnace with controlled atmosphere and its mass and temperature are

recorded as a function of time. The mass changes are due to loss or gain of the

gas phase and the device is used to study solid-gas reactions such as oxidation,

reduction, decomposition or investigation of equilibrium compositions. The
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instrument used in this thesis was a computer controlled Shimadzu TGA-50

analyser. The balance allows maximum load of 200mg and the manufacturer

claims it has 1% accuracy. The balance can operate using various gases at

atmospheric pressure over a temperature range from room temperature up

to 1773K [52].

2.2 Calorimetry

The calorimeters used in the thesis were a differential thermal analyser (Shi-

madzu DTA-50) and a differential scanning calorimeter (Shimadzu DSC-50).

The difference between the DTA and the DSC is in the design of the

measuring cell and as a result the temperature range they cover. The DTA

measures the temperature difference using a differential thermocouple and

its signal is measured in microvolts. This design allows measurements in

the temperature range of 273–1773K. The DSC measures the temperature

difference and compensates the energy change between the sample and the

reference using the Peltier effect. This approach makes the heat measure-

ments much more precise. The instrument can operate in the temperature

range from 93K to 973K [53,54].

The sample and the reference are typically heated with constant heating

rate of 5–30K/min in a controlled atmosphere. Ideally the sample and the

reference should have similar heat capacity. The differential signal indicates

a physical or chemical transformation in the sample. All transformations

involve evolution or absorption of heat directly or due to large changes in

the heat capacity. The method is ideal for determination of phase transi-

tion temperatures and temperatures of chemical reactions. It also allows

measurements of the heat of transformation.

The differential signal ∂H/∂τ is proportional to the heat capacity of the

sample Cp and the heating rate ∂T/∂τ :

∂H

∂τ
=

∂H

∂T

∂T

∂τ
= Cp

∂T

∂τ
(2.1)

where, H is the enthalpy and τ denotes time. The total energy of transfor-

mation ∆H is proportional to the area of the transition peak and the heat

is obtained by integration of the signal over time after subtraction of the

baseline:

∆H =
∫ ∂H

∂τ
dτ (2.2)
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However, the raw signal comprises of contributions from the sample, the

difference in heat capacities between the sample and the reference and an

instrumental contribution. The signal from the sample can in theory be

separated by subtracting the results of an empty run in the same conditions.

However, the mechanical make-up of the instruments did not allow such

experiments and they were used only for pinpointing of phase transitions

and establishing of their energies.

2.3 X-Ray and Neutron Powder Diffraction

X-ray and neutron diffraction is extensively used in this thesis not only for

identification of the crystal phases but also in order to solve the crystal

structure of the oxide and extract the information about the crystal size

and strain. This section provides an overview of methods with much more

detailed description given in the rich literature cited in this chapter.

The scattering experiments produce spectra with peaks corresponding to

the characteristic inter-planar distances d in the crystal. The relationship

between the d-spacing and the scattering angle θ is given by the Bragg’s law:

nλ = 2dhkl sin θhkl (2.3)

However, the ultimate aim of crystallography is to determine the electron

density or nuclear and spin density ρ(x, y, z) in the unit cell. This is equiva-

lent to providing the distribution of atoms (ions) in the cell. The density is

given by the formula:

ρ(x, y, z) =
1

V

∑
h,k,l

Fhkle
−2πi(hx+ky+lz) (2.4)

where h, k, l are the Miller indexes of reflection, Fhkl is the structure factor

and V is the volume of the unit cell. The structure factor in the general case

is a complex number and can be expressed in the form of the modulus |Fhkl|
and the phase αhkl:

Fhkl = |Fhkl|e2πiαhkl (2.5)

This allows us to rewrite Equation (2.4) in the form:

ρ(x, y, z) =
1

V

∑
h,k,l

|Fhkl|e−2πi(hx+ky+lz−αhkl) (2.6)
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The measured intensities of the diffraction lines are proportional to |Fhkl|2
but the information about the phases is lost. This shortage of information

constitutes the phase problem, the basic challenge of crystallography [55,56].

The difficulty in determination of the crystal structures lie in reconstructing

the missing phases from the diffraction data and other physical and chemical

properties of the crystal. In the ideal situation the diffraction experiment is

done using a single crystal which yields a large set of observed intensities.

The number of reflections is usually in order of 10,000 and they are not

overlapping. They are subsequently indexed and in favourable cases the

extinction conditions point at one symmetry group. The extracted structure

factors are then used in the structure solution. Over years of experience a

number of methods had been developed to cope with the phase problem.

These are the trial and error method, Fourier synthesis, Patterson functions

or direct methods. The use of a particular solution path is usually dictated by

properties of the specific crystal [55–59]. Once the coordinates of atoms are

found their positions and temperature factors are refined so the calculated

line intensities match the observed values. However, this is the ideal situation

and in many cases, for variety of reasons, it is not possible to grow a single

crystal of sufficient size for the single crystal experiments. The structural

data in this instance has to be extracted from powder diffraction patterns.

The solution of the crystal structure from the powder pattern is in gen-

eral much more difficult. The single crystal techniques control the orientation

of the crystal during the experiment scattering and the reflections are spa-

tially resolved. The powder method on the other hand collects the data from

large number of randomly oriented microcrystals which creates problems.

To start with all (hkl) reflections with the same d-spacing occur at the same

scattering angle 2θ determined by Equation (2.3), moreover in many cases

reflections with similar d-spacing overlap making it impossible to establish

the intensities of all components. The number of lines that can yield reli-

able structure factors is often less than 100. Highly symmetric structures

can be readily solved since the reflections, apart from those with exactly the

same d-spacing, usually do not overlap. Low symmetry structures require

the use of diffractometers with as high as possible instrumental resolution

which usually reduces the severity of the overlap. The structure factors are

extracted using whole pattern fitting procedures devised by Pawley [60] and

Le Bail [61]. Once the structure factors are known the atomic makeup is usu-

ally derived using the same methods as for single crystal data. The diffraction
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data can be additionally enriched with information from other sources such

as knowledge about the bond lengths between specific atoms or the shape

of the molecule obtained from other sources such as spectroscopy. This ad-

ditional information can be incorporated using so called soft restraints and

rigid body refinement [62]. Once the structural model exists the positions

and the temperature factors of atoms are refined using the Rietveld method.

It must be stressed, however, that the structure solution from powder data

is not always successful since due to its nature of the experiment a great

deal of information is lost which often leads to ambiguous results. The pow-

der diffraction method apart from the structural layout provides additional

information about the chemical composition of the sample, its crystal size,

strain and texture [63, 64].

2.3.1 The Rietveld Method

This method was developed over 30 years ago by H.M. Rietveld to analyse

neutron powder patterns [65] and it was soon adapted for analysis of x-ray

powder pattern. However, the technique requires a model of atom distribu-

tion in the unit cell very close to the actual positions. It should be stressed

that it is not a ‘black box’ for crystal structure solution but a very useful

tool for refinement of the structural parameters. The refinements presented

in this thesis were carried out using “General Structure Analysis System”

(GSAS) a well established and tested program [66]. The refinement pro-

gram generates a diffraction pattern using the initial model and modifies the

variables to obtain the best fit by minimizing the residual Sy:

Sy =
∑
i

wi(yi − yci)
2 (2.7)

where yi is the observed intensity at the ith step, wi = 1/yi and yci is the cal-

culated intensity at the ith step. The sum runs over all experimental points.

By its nature the method can handle patterns with very severe line over-

lap. The calculated intensities yci are determined by summing contributions

from neighbouring Bragg reflections and the background using structure fac-

tors Fhkl calculated from the model. The calculated intensities also contain

the factors characteristic for particular instrumental geometry and physical

properties of the sample other than crystal structure (particle shape and size,
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chemical composition):

yci = s
∑
h,k,l

Lhkl|Fhkl|2ψ(2θi − 2θhkl)PhklA + ybi (2.8)

where s is the scale factor, Lhkl contains Lorentz polarization factor and

multiplicity of reflection, ψ represents the profile of the reflection, Phkl is

the preferred orientation function, A is the absorption factor and ybi is the

intensity of the background in the ith step. The least squares minimization

process leads to a set of normal equations involving derivatives of all cal-

culated intensities yci with respect to each adjustable parameter xj . The

solution is obtained by inversion of the normal matrix with elements Mjk

given the formula:

Mjk = −2∑
i

wi

[
(yi − yci)

∂2yci
∂xj∂xk

− ∂yci
∂xj

∂yci
∂xk

]
(2.9)

Since the residual function is non-linear the solution is found by an iterative

procedure which calculates the parameter shifts:

∆xk =
∑
j

M−1
jk

∂Sy

∂xk
(2.10)

The calculated shifts are applied to the initial values and they should, at

least in theory, produce an improved model. The procedure is then repeated

and the refinement is finished when the magnitude of shift changes fulfills the

termination conditions. Because the problem is non-linear incorrect initial

values of the refined parameters can lead to a divergence of the refinement

or in very unfavourable situations to a false minimum. This danger is real

not only for the Rietveld method but for all non-linear fitting procedures.

The false minimum problem can usually be alleviated by using multiple data

sets collected using different techniques or introduction of constraints on the

refined parameters. However, caution should be excised during the refine-

ment to avoid this trap. The method also requires additional information

about the experimental geometry and state of the sample which have to be

properly implemented. For this reason apart from the structural parameters

a number of instrumental variables are simultaneously refined. The refinable

phase and global parameters are presented in Table 2.1 and Table 2.2 respec-

tively. The actual number of refined parameters depends on the specific

instrument geometry and the sample. In many cases some of them can be
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Table 2.1: Refinable phase parameters in the Rietveld method, separate set
required for each phase.

xi, yi, zi Coordinates of ith atom in the unit cell. The coordinates
may be fixed by the symmetry group

Ni Site occupancy parameter
Uiso or umn Isotropic or anisotropic temperature factors. Refinement

from neutron data usually gives more reliable results.
s Scale factor. Can be used for quantitative analysis of

mixtures.
U, V,W... Profile breadth parameters. Contain information about

crystal size and strain.
a, b, c, α, β, γ Lattice parameters. Number depends on crystal symme-

try.
Phkl Preferred orientation

Extinction

Table 2.2: Refinable global parameters in the Rietveld method.

2θ-Zero
Profile asymmetry
Background
Wavelength
Specimen displacement
Specimen transparency
Absorption

neglected without any harm to the result of the procedure.

This is only an overview and now we will briefly describe the most im-

portant components of the refinement. The structure factors are calculated

by the program using the formula below. They make extensive use of the

symmetry group to generate all atom positions in the unit cell.

Fhkl =
∑
j

Njfje
2πi(hxj+kyj+lzj)e−Mj (2.11)

where, xj , yj, zj are the coordinates of of the jth atom in the unit cell, fj is

the scattering factor (scattering length) of jth atom and Mj is the temper-

ature factor (Debye-Waller factor). There are many ways of expressing this

variable, but in this thesis in the isotropic case Mj has the form:

Mj = 8π
2Uiso sin

2 θ/λ2 (2.12)
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When the anisotropic model is used the factor has the form:

Mj = 2π
2(u11h

2a∗2+u22k
2b∗2+u33l

2c∗2+2u12hka
∗b∗+2u13hla

∗c∗+2u23klb
∗c∗)

(2.13)

where Uiso is the anisotropic mean square displacement and uij are the ele-

ments of the matrix for the anisotropic motion, a∗, b∗, c∗ are the reciprocal

lattice constants. The position of the diffraction peaks are generated using

the lattice parameters a, b, c, α, β, γ and the symmetry group of the model.

The shape of the diffraction peaks depends very much on the experimen-

tal geometry and modern refinement programs offer a very broad selection

of profiles. Reflections produced by neutron diffractometers are usually well

described using an asymmetric Gauss function. The peak profile h of other

constant wavelength devices are usually convolutions of two or more compo-

nents arising from the spectrometer itself and the sample:

h(x) =
∫

g(ξ)f(x− ξ)dξ (2.14)

where x = 2θi−2θhkl, g(x) is the instrumental profile and f(x) is the specimen

contribution. They are often simulated using the Voigt function, which is

a convolution of the Gauss and the Lorentz profiles. However, to make

the calculations faster the profile is very often approximated using so called

pseudo-Voigt function which is a sum of the Gauss and the Lorentz profiles.

The profile width varies with scattering angle θ and the width of Gaussian

component σG is usually well modeled using the Caglioti formula [67]:

σ2
G = U tan2 θ + V tan θ +W (2.15)

The Lorentzian width σL is given by the formula:

σL = (X +Xe cos φ)/ cos θ + (Y + Ye cosφ) tan θ (2.16)

where U, V,W,X,Xe, Y, Ye, φ are refinable parameters; they carry information

about the geometry as well as the crystalline size and strain of the sample.

The angle φ allows an introduction of the size and the strain anisotropy

[65, 68–75].

The background is usually modelled using polynomials, Fourier series

or other functions and is not treated as a source of information about the

sample. On rare occasions some information about an amorphous component
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can be derived from the background but the usual approach is just to obtain

the best fit since the background does not carry useful information about the

crystal structure.

Every fitting method requires a quantity which indicates the goodness

of fit. The theory of fit criteria is complicated and beyond the scope of

this chapter. The criteria indicate the minimum however, they should not

be blindly trusted as they make no distinction between the local and the

global minimum. Moreover they cannot make the distinction between right

and incorrect structural models if the wrong model is sufficiently similar to

the correct one. Apart from the numerical criteria the calculated difference

between the observed intensities and the refined model plotted together with

the experimental data usually help avoiding the false minima but still does

not guarantee the correctness of the model. The most frequently used criteria

are ‘R-pattern’:

Rp =

∑ |yi − yci|∑
wiy2

i

(2.17)

and ‘R-weighted pattern’:

Rwp =

(∑
wi(yi − yci)

2∑
wiy2

i

)1/2

(2.18)

The most meaningful from the mathematical point of view is the latter since

the numerator is equal to the residual which is being minimized (see Equa-

tion (2.7)). Discussion of the fit criteria can be found in [76].

Despite its shortcomings the Rietveld method is now a recognized tech-

nique for dealing with powder patterns. It is not perfect but it is the only

one that can cope with overlapping reflections.

2.3.2 Crystal Size and Strain

Powder diffraction techniques also provide information about the size and the

strain of the microcrystals. The size and strain are causes of the diffraction

lines broadening which is superimposed on the instrumental profile. The size

and strain can be extracted from carefully measured peak widths. The line

breadth due to crystal size is inversely proportional to the size ε and cosine

of the scattering angle.

β ∝ 1

ε cos θ
(2.19)
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However, the accuracy of size determination is hampered by the mathemat-

ical nature of this relationship and relatively precise measurements are pos-

sible only if the size is small, say below 500 nm. Above this value even very

small inaccuracy in the breadth determination causes large changes to the

result. The limit for the method is believed to be about 2µm provided that

the measurements were made very accurately. The second contribution to

the line breadth is the strain η defined by the equation:

η ≡ ∆l

l
(2.20)

as the change of length of a stressed body to its initial length. Investigation

of strain is very important especially in metallurgy and metal constructions.

Its contribution to the line breadth is proportional to the strain and tan θ

β ∝ η tan θ (2.21)

However, the measured peak width contains contributions from the size, the

strain and the instrumental profile. The line breadth measurements are done

using very elaborate fitting programs utilizing peak profiles which are some-

times convolutions of several Gauss and Lorentz profiles to accommodate not

only simple stress and size but to allow for a crystal size distribution [77–79].

The strain and stress can be separated using a variety of sophisticated meth-

ods such as Fourier analysis [80–82] or deconvolution of the measured pro-

file [79]. However, the elaborate techniques work well if the material is single

phase and relatively symmetric with little or no peak overlap. In most cases

when only one or two non-overlapping lines are available, the size is evaluated

using the Scherrer formula:

ε =
Kλ

βsize cos θ
(2.22)

where K is a constant depending on the shape of the crystals. The strain is

usually found using the equation:

η =
βstrain
4 tan θ

(2.23)
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Of course the measured width is first corrected to remove the instrumental

contribution. In the case of the size it is done by a simple subtraction

βsize = βmeasured − βinstrumental (2.24)

The true strain breadth is given by the formula:

βstrain = (β
2
measured − β2

instrumental)
1/2 (2.25)

If there are more resolved peaks, the stress and strain can be separated using

Hall’s method [83]:
β cos θ

λ
= η

sin θ

λ
+
1

ε
(2.26)

The experimental data plotted using Equation (2.26) forms a straight line,

the strain and the reciprocal of the size are given by the slope and the inter-

cept of the line.

The instrumental contribution to the peak breadth can be calculated by

analysing the x-ray or neutron optics of the diffractometer or found exper-

imentally. The instrumental breadth b(2θ) of the x-ray diffractometer used

in this thesis was found experimentally by collecting diffraction patterns of

well crystallized elements and compounds. Only results having the smallest

breadth were accepted and are presented in Figure 2.1. The experimental

points were fitted with a parabola:

b(2θ) = 1.960× 10−5 (2θ)2 − 0.002 (2θ) + 0.182 (2.27)

and the polynomial then used to evaluate the instrumental contribution.

Because of the nature of the investigated ferrites only Scherrer and Hall

methods were used to determine the size and strain of the compounds. An

extensive review of the size and strain measurement techniques can be found

in [63, 64].

2.3.3 Phase Identification

Crystalline substances form unique crystal structures and yield sets of powder

diffraction lines of certain positions and intensities. Comparison of line posi-

tion and intensities against a set of patterns of known substances allows their

identifications. Theoretically three well measured lines are enough to identify

the material, however because of the large number of known compounds the
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Figure 2.1: The instrumental breadth (full width at half maximum) of Philips
PW1050 diffractometer, used in this thesis, as a function of scattering angle.
The solid line denotes the parabolic fit described in the text.

analysis has to be supported by the positions of other lines, elemental com-

position of the sample, colour, sample history and other properties. If the

compound forms isomorphs it is necessary to establish the lattice parameters

of the material to unambiguously identify it. In this thesis the diffraction pat-

terns were identified by comparing the lines positions and intensities against

JCPDS-ICDD PDF-2 database (sets 1–42), patterns found in literature and

patterns of substances collected in-house.

2.3.4 Experimental Geometries

Powder diffraction patterns presented in this thesis were collected using x-

rays as well as neutrons in three experimental configurations. Both neutron

and x-ray methods and differences in instrument optics influence the outcome

of the experiment (relative intensities and resolution of the lines). The most

important difference between x-ray and neutron methods is the scattering

mechanism. X-rays are scattered by electron shells of atoms and the scat-

tering intensity is roughly proportional to the atomic number of the element

and decays with scattering angle. Neutrons on the other hand are scattered

by nuclei, the scattering length can be positive or negative and the scattering
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length varies randomly even between isotopes of the same element. Also since

neutrons have a finite magnetic moment they are sensitive to the magnetic

order in the material. Since the investigated material contains strontium,

iron and oxygen, the x-ray method is most sensitive to strontium (Z = 38)

and the least scattering component is oxygen (Z = 8). Of course the ef-

fective scattering amplitudes are slightly different since we are dealing with

ions. The neutron scattering amplitudes of strontium and oxygen are al-

most equal 0.57·10−12 cm and 0.577·10−12 cm respectively, but the scattering

length of iron (0.96·10−12 cm) is 1.7 times greater. The lengths do not depend

on the scattering angle. So the neutron method is almost equally sensitive

to all three elements and allows the thermal parameters of the atoms to be

determined. The last very important feature is the absorption of x-ray and

neutron radiation by the sample. If the absorption is substantial it strongly

affects the outcome of experiments in the Debye-Scherrer geometry. The

investigated oxide strongly absorbs x-rays the linear absorption coefficient

calculated for Sr2Fe2O5 (x = 2.5) is 489 cm
−1∗ while in case of neutrons is

only 0.05 cm−1†. More information about neutron scattering and its com-

parison with x-ray diffraction can be found in [84–87]. The scattering and

absorption factors used in the calculations were taken from the International

Tables for Crystallography [88]

Bragg-Brentano Diffractometer

Most of the x-ray diffraction experiments were performed using a Philips

PW1050 diffractometer utilizing CoKα radiation and operating in the Bragg-

Brentano geometry [89–91]. It is a pseudo-focusing setup in which a flat

sample rotates about the diffractometer axis with half the angular speed of

the detector and the absorption is practically independent of the scattering

angle. The instrument has a radius of 173mm and consists of: primary

Soller slits‡, fixed 1◦ divergence slit, 0.2◦ receiving slit, 1◦ scattering slit, a

graphite diffracted beam monochromator and a proportional counter. The

axial irradiated length of the sample was about 12mm. Typically the sample

was prepared by spreading fine powder on a frosted end of microscope glass

slide with a droplet of alcohol. After drying it leaves a thin uniform layer

of material and is good enough for fixing most of samples. In the case of

∗calculated for CoKα radiation
†calculated for 1.66 Å neutron wavelength
‡unknown acceptance angle
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materials sensitive to water or alcohol the powder was pressed against the

glass with another glass slide. The frosted glass minimizes the influence

of the preferred orientation to which the Bragg-Brentano geometry is very

susceptible to. However, the SrFeOx system does not exhibit pronounced

preferred orientation. The scans were made in the angular range 5–130◦ with

step size of 0.05–0.1◦ for phase identification and 0.01–0.02◦ for structural

studies, the counting time varied between 2 and 10 seconds per step.

Synchrotron Radiation

Selected samples were studied using synchrotron radiation using the Debye-

Scherrer camera at the Australian National Beamline Facility at the Photon

Factory, Tsukuba Japan. The experiments were made using wavelength of

1.95 Å and the patterns were recorded on imaging plates [89,92,93]. The in-

tensity of synchrotron radiation exceeds the brilliance of a sealed x-ray tube

by 9 orders of magnitude [57] and therefore allows formation of a very well de-

fined beam with a very narrow emission width ∆λ without substantial loss of

the intensity. This, combined with large camera (radius=573mm) produces

a low instrumental profile width and therefore much greater resolution. How-

ever, this geometry is hampered by angle dependent absorption. The samples

were prepared by packing fine powder into 0.3mm glass capillary.

Neutron Diffractometer

The neutron scattering experiments were made using the Medium Reso-

lution Powder Diffractometer (MRPD) at the Australian National Science

and Technology Organization in Lucas Heights. The instrument operates

in Debye-Scherrer geometry typically using a neutron wavelength of 1.66 Å

[94, 95]. However, like many constant wavelength neutron devices it suf-

fers from low instrumental resolution. The instrument was used at ambi-

ent temperature and elevated temperatures in controlled atmospheres. The

samples for room temperature studies were packed in thin-walled vanadium

cans, 10mm in diameter and approximately 7 cm3 volume. Samples for high-

temperature studies were in the form of sintered pellets, 15mm in diameter.
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2.4 Electron Microscopy

The ferrite was investigated using a scanning electron microscope (Hitachi

S4500 Field Emission SEM). The studies were limited to investigations of the

morphology of mechanically and thermally treated powders. The samples

were prepared by applying a droplet of alcohol containing dispersed powder

on a graphite tape glued to a sample stab. The samples were then dried and

sputter coated with a thin layer of platinum to prevent charging in the beam.

A transmission technique (TEM) allows study of the crystal structure

using electron diffraction patterns. However, the ferrite especially in the

highly oxidized form is very unstable in the microscope. The sample is bom-

barded with 200–300 keV electrons and the conditions in the beam resemble

high-temperature annealing in an ultra-high vacuum. The ferrite under these

conditions tends to lose oxygen thus changing its composition and the crystal

structure. This feature of the material makes it very difficult to study and

this line of work was not pursued.

2.5 Mössbauer Spectroscopy

The Mössbauer effect involves the recoil-free resonant absorption of gamma

photons by atoms of the same isotope. The photons are absorbed by nuclei

and their energy levels can be probed by changing the energy of the incident

radiation and analysing the spectrum of gamma rays after interaction with

the sample. The method ideally suits the ferrite since it contains significant

amount of iron however, only 57Fe exhibits the effect and its natural abun-

dance is about 2%. But the molar fraction of iron in the sample is large

enough to carry out experiments without enriching the samples with the iso-

tope. The suitable gamma radiation was produced by radioactive decay of
57Co. The nuclear reaction produces 57Fe in its excited state I = 5/2 as a

result of the electron capture.

57Co→ 57Fe(5/2) (2.28)

where, I is the nuclear spin of iron. The ground state is characterized by spin

number I = 1/2 and the excited nucleus can directly return to the ground

state emitting photon of energy equal to 136 keV according to the reaction:

57Fe(5/2)→ 57Fe(1/2) + γ(136 keV) (2.29)
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or via intermediate state I = 3/2 according to the reaction:

57Fe(5/2)→ 57Fe(3/2) + γ(121.6 keV)→ 57Fe(1/2) + γ(14.4 keV) (2.30)

Both reactions are not equally favourable and the direct route Equation (2.29)

makes up only 9% events and the second route is more frequent occurring

in 91% of cases (Equation (2.30))§. The 14.4 keV radiation was utilized for

the experiments. The nuclear energy levels and their degeneration are sensi-

tive to the electron density and magnetic fields in the crystal structure. The

electric and magnetic fields cause the levels to shift or split and therefore

enable us to probe the 57Fe environment. To investigate the energy levels

the energy of the incident spectrum was varied in a controlled manner using

the Doppler shift. The source is mounted on an oscillating holder and the

energy is changing according to the equation:

E(v) = E0
v

c
(2.31)

and the velocity v is in order of millimeters per second. The spectrometer

changes and measures the velocity v of the source and collects the gamma

spectrum after interaction with the sample as a function of the velocity using

a proportional counter. The changes in energy due to the Doppler shift are

very small and to reduce the background, which would obscure the results,

the unused part of the cobalt emission spectrum was removed using an energy

discriminator. The discriminator (known also as a single channel analyser)

passes only the electrical impulses from the detector which correspond to the

energy in the vicinity of the 14.4 keV peak and suppresses everything else.

The description of the instrument used for the experiments can be found

in [96]. The changes of the energy levels of iron are caused by temperature,

the surrounding of iron atom and the magnetic field.

2.5.1 Isomer Shift (IS)

The isomer shift δ is a result of the differences in the electron densities at the

nucleus between the emitting and absorbing atoms. The difference changes

the Mössbauer transition energy and the spectrum is shifted. If we neglect the

relativistic effects the shift δ (in mm/s) can be expressed using the following

§The energy partition among the two energy bands is idealized and in practice there
are several emission lines originating from the interaction of gamma radiation with the
matter.
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formula:

δ = C
∆R

R

(
|Ψ(0)|2a − |Ψ(0)|2s

)
(2.32)

where C is a constant, R is the effective nuclear radius |Ψ(0)|2a − |Ψ(0)|2s is
the difference in electron density at the nucleus in absorber and the source

respectively [97, 98]. The ∆R denotes the difference in the nuclear radius

between the excited and the ground state. Equation (2.32) shows that the

shift is sensitive to the electronic surrounding of the nucleus in particular the

changes affecting s shells which have a finite electron density at the nucleus.

The isomer shift only alters the energy levels and its value is obtained directly

from the position of the absorption line.

2.5.2 Quadrupole Splitting (QS)

The quadrupole splitting ∆ is a result of the interaction of the nuclear

quadrupole moment with the crystal field gradient. The quadrupole mo-

ment Q is characteristic for each state/isotope and is non-zero if the charge

distribution of the nucleus is not spherical. The splitting of the energy levels

can be expressed using the following formula:

∆ = eQVzz (2.33)

where, Vzz is the largest component of the electric gradient. The energy level

split creates a doublet in the Mössbauer spectrum.

2.5.3 Magnetic Splitting

A nucleus with quantum spin number I has 2I+1 degenerated energy levels.

They become separated upon the introduction of an external or internal

magnetic field B due to the Zeeman effect. The 2I + 1 states are described

by quantum numbers mI :

mI = −I,−I + 1, . . . , I − 1, I (2.34)

and their energy are shifted from the zero field value by a value given by the

formula:

∆E = −gµNBmI (2.35)

where, µN ≡ eh̄
2mp

is the nuclear magneton, mp is the proton mass and g is

the Landé factor. The magnetic field splits I = 1/2 state into two energy
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levels and the I = 3/2 state into four separate levels. However, the selection

rule allows only six possible transitions between these levels and the splitting

appears as a sextet instead of an octet in the Mössbauer spectrum.

2.5.4 Experimental Procedure

All patterns were collected at room temperature, the radioactive gamma

source 57Co was embedded in a rhodium matrix and the spectrometer was

calibrated using α-Fe foil. The SrFeOx samples were not enriched with
57Fe

and to obtain satisfactory statistics, the counting was carried out for a period

of 1–2 weeks per specimen. The samples were prepared by spreading a fine

powder on the glue side of a sticky tape and after removal of an excess

material the sample was preserved by sandwiching it with another layer of

tape. The layer of powder obtained that way was slightly translucent.

A numerical analysis of all spectra was carried out by fitting the absorp-

tion lines with Lorentz profiles.

2.6 Ball Milling

Ball milling is a common name for mechanochemistry or mechanical alloying.

This branch of science had been developing quite rapidly for last few decades.

It is not new, the first experiments were carried out at the beginning of the

twentieth century but only recently it gained momentum. Mechanochemistry

deals with chemical reactions or alloying processes induced by mechanical

energy usually at room temperature. The reactions are carried out in a

relatively simple grinding devices ‘mills’ where the kinetic energy is passed

on the material during impact or shearing. Using the technique it is possible

to carry out a range of solid-solid or solid-gas reactions which for variety of

reasons are difficult to conduct at high temperature. This includes formation

of refractory metal alloys, intermetallics and complex chemical compounds.

However, the exact mechanism of the energy transfer is not known and the

experimental reports are usually limited to the description of the reaction

in a particular grinding device. Because the mechanism is unknown it is

difficult to judge what design of mill gives the best result [99–104].

The ball mill used in this thesis consists of a vertical stainless steel drum

(6” in diameter) filled with four 1” ball bearing as grinding media. The

movement of the balls is controlled by an external magnet and the rotation
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speed [105]. The usual load of material is about a table spoon of powder and

the reaction can be carried out in vacuum or gas atmosphere. This particular

design has few flaws limiting its use for investigation of properties of solids.

It cannot be used for milling of materials harder than steel (this includes

some iron oxides e.g. hematite), materials that form alloys with iron (e.g.

gallium) or substances containing elements soluble in steel such as carbon or

boron without substantial iron contamination. The iron contamination often

forms compounds impossible to remove from the product [106] or directly

reacts with the milled material changing its oxidation state [107, 108]. On

rare occasions the iron contamination has a positive effect being a catalyst of

a nitridation reaction [109]. The mill is slow and even though the device was

never directly compared with other mills, a theoretical estimations show that

the milling process takes 300–700 times longer than in vibratory mills [110].

The mill can not be scaled up so it is not possible to make a larger version

with proportionally higher yield.

The use of mill in this thesis was limited chiefly to mixing of the reac-

tants and investigation of the oxidation and carbonation reactions caused by

mechanical energy. Fortunately the materials or their mixtures used in this

thesis did not abrade the mill making the study possible without visible iron

contamination. The milled materials were carefully checked for excess iron

using the procedure described in section 3.5.

The constructors of the mill claim that the energy transferred to the

material can be regulated by speed and position of the magnet. But for all

experiments described in this dissertation the axis of the bar magnet was

inclined at angle of 45◦ to the vertical direction and the speed was set to

produce maximum noise. This ensured the maximum frequency of impact

and corresponded to about 180–200 rpm.

2.7 Miscellaneous Methods

2.7.1 Specific Surface Area

The surface area of powder exposed to gas atmosphere was measured by con-

trolled adsorption of nitrogen onto the powder [51,111]. The method provides

information not only about the specific surface area but also can indicate the

existence of pores and determine their size. Surface plays an important role

in solid-gas reactions since it determines the kinetics of and allows to esti-
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mate the amount of gas adsorbed on the surface. The measurements were

performed using an automatic Gemini II 2370 Surface Area Analyzer [112].

2.7.2 Vibrating Sample Magnetometer (VSM)

The device measures the magnetic moment of sample as a function of an

external magnetic field. The interpretation of the measurements provide

information about magnetic order in the sample and the strength of the

interactions. The operation of the magnetometer is based on Faraday’s law

of induction. The sample is vibrated and induces an electric signal in the

pickup coils. Its magnitude is proportional to the moment and usually the

moment is studied as a function of the external magnetic field [113,114]. The

measurements were made at room temperature using a EG&G Princeton

Applied Research Vibrating Sample Magnetometer, Model 155.

2.7.3 Thermodynamical Calculations

The thermodynamical calculations provide valuable information about the

behaviour of the system at various temperatures and concentration of species.

If the Gibbs free energy of formation of all components of the system are

known they can be used for predicting the equilibrium composition and indi-

cate whether the particular reaction can proceed or not. However, thermo-

dynamical information about Sr-Fe-O system is very scarce and such calcula-

tions are not possible. But, the thermodynamic properties of strontium and

iron compounds are known and the calculations for these simple substances

are presented in the thesis as auxiliary arguments. Most of the presented cal-

culations were made using a computer program HSC Chemistry v2.03 and

the data were taken from thermodynamical tables [115–118].
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Formation of SrFeOx

This chapter presents a study of the chemical transformations that lead to

the formation of ferrite from a mixture of reactants. There are virtually

no reports concerning the formation of phases in the SrFeOx system. The

barium bearing ferrites BaFeOx, BaFe2O4 [119] and magnetic materials such

as SrFe12O19 [46, 47] and BaFe12O19 [120, 121] are much better researched.

The formation processes are important since the synthesis method affects the

morphology of crystals and therefore their physical properties.

The SrFeOx system is formed during a solid state reaction at elevated

temperature. The process is strongly influenced by many factors such as the

physical state of reactants and the composition of the atmosphere. How-

ever, the most important physical property appears to be the homogeneity

of mixture on the micrometer length scale. The influence of the mechanical

treatment of the reactant mixture on the route and the kinetics of reaction

are shown and the existence of an alternative way of preparing the material

is presented. We explore the possibility of ferrite formation by milling. Since

all milling experiments presented in this thesis were made using a stainless

steel mill, one of the sections describes the influence of iron contamination

and the methods of detecting it. The final section describes the procedure

used to prepare large quantities of the oxide for other experiments.

3.1 Choice of Reactants

The oxide can be synthesized from a variety of iron and strontium bearing

compounds. However, to obtain the required stoichiometry, the chemicals

have to be non-hygroscopic, stable in air and available in pure form. These

requirements are fulfilled by iron (III) oxide (hematite) and strontium carbon-



3.2 The Reaction 36

ate. Additionally these compounds have cations in oxidation states present

in the ferrite which simplifies the synthesis.

Most of the samples were made using hematite (Fe2O3) 99–99.9% pure

and the strontium carbonate (SrCO3) 99–99.9+% pure mixed in the molar

ratio 1:2.

3.2 The Reaction

The formation of SrFeOx was investigated using its oxygen deficient phase

Sr2Fe2O5 in an argon atmosphere. The formation of the oxidized phases

(x > 2.5) is similar but is accompanied by a temperature dependent oxidation

processes described in the next chapter. The overall formation reaction can

be written as follows:

Fe2O3 + 2SrCO3 = Sr2Fe2O5 + 2CO2. (3.1)

However, reports of the formation of another strontium ferrite SrFe12O19

indicate the presence of transient phases during its formation [46, 47] and

these phases are an inherent part of the process.

In order to investigate the formation a mixture of hematite and strontium

carbonate (∼5 g) was hand ground for 30min using a mortar and pestle. The
mixture was subsequently annealed at 1473K for different periods of time.

The materials after annealing were examined using x-ray diffraction and the

results are presented in Figure 3.1. One hour of the heat treatment produced

Sr2Fe2O5 and transient phases in form of Sr4Fe6O13 and SrO. These phases

gradually vanish and convert into the ferrite as shown in the subsequent

patterns. To remove all traces of unwanted phases the thermal treatment

had to be carried out for more than 35 h. The same mixture of hematite

and strontium carbonate was also ball milled for 24 h prior to annealing and

produced only pure Sr2Fe2O5 after 1 h of heat treatment. The absence of the

transient phases (Sr4Fe6O13 and SrO) in the milled mixture indicates that the

formation of the ferrite occurs according to Reaction (3.1) and the transient

phases are the result of the inhomogeneity of the reactant mixture. This was

confirmed by firing of the milled mixtures at lower temperatures down to

773K for 1 h. X-ray examination of the products revealed only Sr2Fe2O5 and

some unspent reactants.

Milling of the reactants prior to annealing also improved the reaction
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Figure 3.1: X-ray diffraction patterns of the hand ground hematite-strontium
carbonate mixture annealed for different periods and a pattern of a milled
mixture fired for 1 h (bottom). The mixtures were annealed at 1473K in ar-
gon. The figures denote annealing time, triangle denote the main diffraction
lines of Sr4Fe6O13, circles mark lines of SrO. The bottom pattern contains
the trace of pure Sr2Fe2O5. The patterns were normalized and are presented
in the linear scale.

kinetics. Figure 3.2 shows thermogravimetric traces corresponding to the

reactions in the unmilled and the milled mixtures. The trace of the milled

material shows higher reactivity at lower temperatures and milling effectively

reduces the temperature needed to carry out the reaction. However, milling

did not shift the onset of mass loss into lower temperatures. The thermody-

namical temperature above which the reaction starts is the same, since it is

characteristic for the particular mixture of reactants and the milling did not

change their chemical makeup (there was no trace of any phase transforma-

tions in milled mixtures of reactants analysed by x-ray diffraction).

Thermogravimetric experiments done on reactant mixtures milled for

longer than 24 h showed that prolonged milling does not improve the kinetics

significantly but it increases the possibility of iron contamination.
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Figure 3.2: Thermogravimetric traces of reactions in the hand-ground (solid
line) and the milled (24 h, dashed line) hematite-strontium carbonate mix-
tures. The samples were heated at a rate of 20K/min in argon.

3.2.1 Morphology

The morphology of the hand ground and the milled samples were examined

using scanning electron microscopy. The images of reactants and mixtures

are presented in Figure 3.3.

Analysis of x-ray diffraction line breadth showed that 24 h of milling re-

duced the average size of hematite crystals from 550 nm to 180 nm and the

crystal size of SrCO3 from 50 nm to 28 nm.

The images show that raw hematite and carbonate form sintered clusters

several micrometers in size. The size of the clusters is a few orders of mag-

nitude larger than the crystal sizes derived from diffraction analysis. In the

case of the carbonate, the rod like particles observed with the SEM consist

of few microcrystals since the size obtained from the x-ray diffraction are

smaller than the average length of the rods (∼ 300 nm).
The mixing by hand does not disperse the clusters well and only brings

them into contact. Milling on the other hand caused the particles to in-

termix and coalesce into larger grains. The milled microcrystals lost their

initial shape which indicates that single grains were broken into parts and

the coalescence brought different phases together.
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Figure 3.3: Scanning electron microscope images of starting materials:
hematite (top row), strontium carbonate (middle row) and the hand-ground
and the milled mixtures of the two (bottom left and right respectively).
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Figure 3.2 suggests a correlation between the crystal size of the reactants

and the kinetics of the reaction. However, the correlation is only coincidental,

solid-solid reactions occur at the interface between the phases and the contact

area plays a decisive role. This area is very difficult or impossible to measure.

The contact area in the hand ground mixtures is defined by the size of clusters

not the microcrystals. In the case of the milled mixture, the compounds are

brought into contact but the crystal size gives only an estimate of the total

surface area of compound and does not provide any information about the

contact area between the species.

3.2.2 Thermodynamics of Hematite and an Alterna-

tive Route of Synthesis of Sr2Fe2O5

Hematite decomposes to magnetite according to the reaction:

6 Fe2O3 = 4Fe3O4 +O2 (3.2)

if the partial pressure of oxygen falls below the equilibrium value at constant

temperature or if the temperature exceeds a critical value at constant pressure

of oxygen. The calculated critical temperature for hematite decomposition

is presented in Figure 3.4 as a function of the partial pressure of oxygen.

Argon used in the synthesis of Sr2Fe2O5 had an oxygen concentration

around 10−6 atm and Figure 3.4 shows that hematite in this atmosphere

decomposes above 1184K. However, the decomposition reaction at this tem-

perature is relatively slow and it takes about an hour to reduce hematite to

magnetite at 1473K.

Figure 3.2 indicates that most of the ferrite formation takes place dur-

ing heating before the reactant mixture reaches the temperature of 1183K.

Above this temperature the formation reaction, indicated by the mass loss,

is still visible (especially in hand ground mixtures). However, magnetite not

hematite is the thermodynamically stable phase of iron oxide under these

conditions (T > 1183K, pO2 = 10
−6 atm). It is an indication that Sr2Fe2O5

can be synthesized from Fe2+ bearing oxide such as magnetite.

Since Sr2Fe2O5 contains only the trivalent iron, Fe
2+ has to be oxidized to

Fe3+. The argon does not contain enough oxygen to carry out the complete

oxidation of magnetite in the time so the only source of oxygen is strontium

carbonate. The synthesis has to be carried out at the expense of evolved
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Figure 3.4: The calculated decomposition temperature of hematite as a func-
tion of the oxygen partial pressure as discussed in the text. The point
marks the decomposition temperature for the argon used in the experiments
(pO2 ≈ 10−6 atm).

carbon dioxide according to the reaction:

6 SrCO3 + 2Fe3O4 = 3Sr2Fe2O5 + 5CO2 + CO (3.3)

However, direct oxidation of magnetite to hematite by carbon dioxide ac-

cording to the reaction:

2 Fe3O4 + CO2 = 3Fe2O3 + CO, (3.4)

is impossible. This fact is well known from steel manufacturing processes

and was confirmed by thermodynamical calculations which yielded a positive

change of Gibbs free energy for this reaction. But it only proves that hematite

is not formed as a step in the synthesis reaction. For the synthesis of Sr2Fe2O5

described by Reaction (3.3) to proceed the change of Gibbs free energy must

be lower than the change of Gibbs free energy for the formation of carbon

dioxide:

2 CO+ O2 = 2CO2. (3.5)

In other words the line corresponding to the formation of Sr2Fe2O5 should lie
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Figure 3.5: Thermogravimetric traces of reactions in the hand-ground (solid
line) and the milled (24 h, dashed line) magnetite-strontium carbonate mix-
tures. The samples were heated at a rate of 20K/min in argon.

below the line corresponding to Reaction (3.5) on the Ellingham plot [51,122].

The only known estimate of the free energy for Sr2Fe2O5 has a value of

−381 kJ/mol at 1273K [14,123]. The energy for the Reaction (3.5) is equal
to −344 kJ/mol at the same temperature so Reaction (3.3) is thermodynam-
ically viable.

The possibility of such a reaction was tested using mixtures of strontium

carbonate and magnetite (Fe3O4, 98% purity) combined in the molar ra-

tio 3:1. The magnetite contained approximately 1.5% of hematite and the

mixtures were hand ground and milled in argon for 24 h. Both specimens

were analysed using the thermobalance and the results are presented in Fig-

ure 3.5. Onset of the reaction observed on the TG curves is approximately

50K higher than for the formation from hematite-carbonate mixture (com-

pare Figure 3.4). X-ray diffraction analysis of the products revealed only

Sr2Fe2O5 in the milled and the hand ground mixtures. The product was also

tested for the divalent iron using the procedure described on page 96. The

test did not detect Fe2+ in the product. The absence of any intermediate

phases might be an indication that Sr2Fe2O5 has the lowest free energy of

formation among all strontium ferrites and other ferrites can not decompose
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Figure 3.6: Scanning electron microscope images of magnetite (top row) and
the hand-ground and the milled magnetite-carbonate mixtures (bottom left
and right respectively).

CO2 upon their formation. But testing of this hypothesis is beyond the scope

of this work. The presence of Sr2Fe2O5 as the product of reaction proves that

the stoichiometry x = 2.5 is the lower limit of the composition range and the

system SrFeOx does not extend into compounds containing divalent iron.

Mechanical processing of the reactant mixture also increased the kinetics

of reaction as in the case of hematite based mixtures. Scanning electron

microscope images of raw and milled materials are presented in Figure 3.6.

Magnetite does not form sintered clusters but milling has similar effect on

the morphology of powders to that found in the hematite-carbonate mixture.

3.3 Heat of Formation

The heat of formation was measured using DTA by heating the milled mix-

tures at constant rate. The endothermic peaks corresponding to the reac-

tions span the temperature ranges found using the TGA for all of the samples

(the temperature range corresponding to the mass loss). However, measured
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values are difficult to interpret because the formation process is always ac-

companied by other phenomena.

The experiments in argon, producing Sr2Fe2O5, yielded 0.52 kJ/g and

0.12 kJ/g for the hematite and the magnetite mixtures respectively. How-

ever, the endothermic reaction peaks were not very well defined and the

product (Sr2Fe2O5) undergoes a phase transition around 1140K which coin-

cides with the reaction peak. The energy corresponding to this transition is

approximately 40.9 J/g as described in detail in Chapter 4 and Chapter 7.

The reaction carried out in air, using the hematite mixture∗, gave 540 J/g

which is, within experimental error, equal to the value for the hematite mix-

ture in argon. However, as in previous cases the endothermic peak spans over

a wide temperature range and in air the product changes its oxygen content

at the same time. So the peak is in fact a superposition of the formation

heat and an oxidation reaction.

The contributions from the phase transitions and other chemical reactions

can not be removed by a simple subtraction since the amount of product

(SrFeOx) increases with temperature.

3.4 Mechanochemical Synthesis

The synthesis of Sr2Fe2O5 involves annealing at high temperature but some

chemical reactions can be carried out at ambient temperature using mechan-

ical energy. Room temperature mechanical reactions of alkali metal carbon-

ates and transition metal oxides are not thermodynamically favourable [124]

(the change of the Gibbs free energy is positive) and the present author did

not observe any signs of reaction in the milled mixtures of strontium car-

bonate and iron oxides. However, alkaline earth oxides are reactive towards

transition metal oxides and reactions can be triggered by milling [124] so the

possibility of a room temperature synthesis using milling was explored.

Since we can not make any theoretical predictions due to lack of thermo-

dynamical data, the reaction:

Fe2O3 + 2SrO = Sr2Fe2O5, (3.6)

was tested experimentally.

∗Magnetite in air, oxidizes rapidly above 473K and converts to hematite before the
formation of ferrite.
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Strontium oxide is very reactive towards water and carbon dioxide so

fresh SrO was prepared by a thermal decomposition of SrCO3 at 1473K in a

flow of dry nitrogen. The oxide was immediately combined with an appropri-

ate amount of hematite and milled in an argon atmosphere. Unfortunately

mechanical processing up to 200 h did not caused any visible reaction. X-ray

diffraction study of the milled mixtures revealed only hematite, SrO, some

SrCO3 and Sr(OH)2 formed by a reaction with moisture and CO2 from air
†.

A thermally induced Reaction (3.6) was studied using the DTA by heating

a mixture of oxides, milled for 12 h, at a constant heating rate of 20K/min

in argon. The result was a small exothermic reaction peak at 1123K with

an area corresponding to energy of 5 J/g. However, this value of energy

is underestimated since the product of reaction undergoes the endothermic

phase transition at 1140K as explained in the previous section.

The high temperature of the thermally induced reaction indicates that

mechanical treatment cannot provide enough energy to trigger the synthesis.

3.5 Iron Contamination

The ball mill used in this thesis can cause problems by contaminating some

milled materials with iron as explained in section 2.6. The iron contamination

affects experiments in two ways: by upsetting the composition of the sample

or by changing the oxidation state of cations in the material. The latter

phenomena does not occur every time but has to be borne in mind since the

ferrite contains Fe4+, Fe3+ and elemental iron can act as a reducing agent:

3 Fe4+ + Fe0 → 4 Fe3+, (3.7)

2 Fe3+ + Fe0 → 3 Fe2+. (3.8)

For example pure hematite can be reduced to magnetite by milling with

iron powder in an inert gas. Using the present mill it takes less than 48 h to

complete the reaction:

4 Fe2O3 + Fe = 3Fe3O4. (3.9)

However, if iron is not added deliberately the same process in the stainless

†The carbonate and the hydroxide were formed during the preparation of the x-ray
specimen and collection of the spectra.
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Figure 3.7: Calculated molar fractions of Sr4Fe6O13 and Sr2Fe2O5 as a func-
tion of the iron to strontium ratio in the sample.

steel mill takes approximately a week depending the amount of hematite

and milling conditions. Iron is introduced into the system by a mechanical

abrasion of the mill [107].

Because of the possibility of the iron contamination all milling experi-

ments presented in this thesis were followed by an assessment of excess iron

as described below. Materials with even minute iron excess were discarded.

3.5.1 Detection Procedure

Direct detection of the iron excess in milled materials can be difficult if its

fraction is small or it had already reacted with the material. However, the

present author found that annealing of the sample at a temperature of 1473K

in argon reduces the ferrite to Sr2Fe2O5 and the excess iron forms Sr4Fe6O13
‡.

This two phase mixture is formed when the molar ratio of iron to strontium

has values from the range 1 < Fe/Sr < 1.5. Calculated molar fractions of

both phases are presented in Figure 3.7 as a function of the average cation

ratio Fe/Sr.

The presence of Sr4Fe6O13 was detected using x-ray powder diffraction.

‡The annealing can be carried out in an oxidizing atmosphere but the interpretation
of results is difficult due to severe overlap of Sr4Fe6O13 and SrFeOx diffraction lines.
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However, in samples with small contamination levels only the strongest diff-

raction line of Sr4Fe6O13 is visible and it overlaps with the (150) line of

Sr2Fe2O5. The presence of iron contamination was determined by compar-

ison of the integrated intensities of the (150) (d = 2.727 Å) and the (161)

(d = 2.170 Å) Sr2Fe2O5 lines. Pure Sr2Fe2O5 yields the intensity ratio

I(150)/I(161) = 0.25§. Departure from the ideal composition causes the

(150) line of Sr2Fe2O5 to intensify. The (161) line of Sr2Fe2O5 was chosen as

the reference since it does not coincide with diffraction lines of other phases.

The sensitivity of the method was tested using mock hematite-strontium

carbonate mixtures with excess iron in the form of hematite. The test sam-

ples were prepared with contamination levels from 1 at.%

(Fe/Sr = 1.01) upwards by thorough mixing of approximately 0.5 g of reac-

tants using a mortar and pestle¶. The mixtures were subsequently fired at

1423K‖ in the argon atmosphere for several hours. Fragments of diffraction

patterns of pure and contaminated Sr2Fe2O5 are presented in Figure 3.8.

The picture clearly shows the increase of the (150) line (2θ = 38.3◦) with

an iron impurity. Above Fe/Sr = 1.05 other diffraction lines of Sr4Fe6O13

become apparent. In the case of the sample with composition Fe/Sr = 1.01

the intensity ratio was I(150)/I(161) = 0.45. Thus the analysis of the line

intensities allows detection of contamination levels smaller than 1 at.%.

3.5.2 Other Strontium Ferrites

Investigation of iron contamination in the SrFeOx system, which required

preparation and x-ray analysis of samples with various compositions, also

showed that certain phases reported as original compounds are not sin-

gle phase species (refer to section 1.5). One of these phases is Sr7Fe10O22

(Fe/Sr = 1.43) reported by Brisi and Rolando [35] and Lucchini et al. [43],

which is in fact a mixture of SrFeOx and Sr4Fe6O13.

Another example is SrFe2O4 (Fe/Sr = 2) reported by Beretka and Brown

[46]. X-ray diffraction analysis of this compound revealed only a mixture of

Sr4Fe6O13 and SrFe12O19.

§The line intensities were determined using the Bragg-Brentano diffractometer de-
scribed on page 27.

¶Small amount of reactants can be well mixed using mortar and pestle so they do not
form transient phases.

‖The annealing was carried out below 1473K since Sr4Fe6O13 melts just above this
temperature.
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Figure 3.8: X-ray diffraction patterns of pure Sr2Fe2O5 and ferrites with
excess iron after annealing. The figures denote Fe/Sr molar ratio, the arrows
mark the positions of the (150) and the (161) Sr2Fe2O5 lines. The spectra
were normalized and are presented in the linear scale.

3.6 Preparation Routine

The following procedure was used to prepare large quantities (> 10 g) of well

crystallized ferrite. Because of experimental convenience and reasons given

in the next chapter, the ferrite was synthesized in its oxygen deficient form

(Sr2Fe2O5).

The reactants (hematite and strontium carbonate) were dried in air at

647K, overnight as a precaution and weighed. The mixture (20–50 g) was dry

milled for 12 h in air and then annealed at 1373K on an alumina combustion

boat in air for few hours. The annealing in air was carried out to reduce

the volume of the powder and remove any traces of transient phases. The

ferrite was then reduced to Sr2Fe2O5 (x = 2.5) by annealing at 1473K for at

least 1 h in a stream of high purity or ultra high purity argon and the final

product was examined using x-ray diffraction.

Even though milling of pure hematite (6.5 on the Moh hardness scale)

abrades the mill, prolonged milling of the hematite-strontium carbonate mix-

ture does not introduce detectable iron excess. The absence of the contam-

ination seems to be a result of dilution of hematite with a large volume of
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substantially softer SrCO3 (3.5–4 on the Moh scale).

3.7 Summary

Strontium ferrite (SrFeOx) is formed directly during solid-solid reaction. Any

transient phases in the formation reaction are due to inhomogeneity of the

reactant mixture. Ball milling of the reactant mixture apart from elimination

of transient phases increases the reactivity at lower temperatures. However,

the thermodynamical onset of reaction remains the same.

The ferrite can be synthesized from a magnetite-strontium carbonate mix-

ture and the ferrite reduces part of the evolved carbon dioxide. The onset of

this reaction occurs at approximately 50K higher temperature than in the

case of hematite-carbonate mixture. The magnetite route does not exhibit

any transient phases even with poorly intermixed reactants. However, the

product does not contain divalent iron which proves for the first time that

the SrFeOx system does not extend into lower than 3+ oxidation states of

iron.

The measured enthalpy of formation is difficult to interpret since the

formation reactions occur at temperatures where the product undergoes a

phase transition or other concurrent chemical reaction (changes of the oxygen

content). The measured heat is different for the hematite and the magnetite

based synthesis reactions indicating different reactions mechanisms.

Ball milling does not provide enough energy to initiate formation of the

ferrite from a mixture of strontium oxide and hematite at room tempera-

ture.



Chapter 4

Interaction with Gaseous

Species

The oxide (SrFeOx) contains iron in two oxidation states and their ratio is

affected not only by temperature but also composition of the atmosphere.

The oxygen content affects the crystal structure and many other properties

of the material so studies of the interaction of the ferrite with the gas phase

are crucial for understanding of the nature of the material.

Since the amount of oxygen in the oxide can vary, the interaction with

oxygen under different partial pressures is the most obvious subject of study

and it has been since the discovery of the material [17, 125–128]. However,

oxygen bearing atmospheres do not exhaust all possibilities and other com-

plex gaseous oxides also interact with the material. Shin et al. [129] reported

a catalytic decomposition of NO by the oxygen deficient phase of ferrite

(Sr2Fe2O5).

This chapter consists of two parts. The first one depicts the interaction

of the oxide with oxygen under different partial pressures and temperatures.

It presents information about the equilibrium composition of the material,

the heat of oxidation and the methods that can be used to measure and ad-

just the composition of the ferrite. The oxidation reactions were induced by

temperature and mechanical energy. The second part presents the interac-

tion of the material with carbon dioxide induced by temperature as well as

mechanical energy. Oxidation of the ferrite by milling and the carbonation

process are completely new and have not been reported in the literature so

far.
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4.1 Composition Determination

Investigation of a non-stoichiometric compound requires a reliable method

of assessing its oxygen content (stoichiometry). During the course of the

experimental work we usually deal with two kinds of situations: (i) determi-

nation of the oxygen content in a given sample, (ii) and determination of the

stoichiometry in situ at elevated temperatures.

Compounds with oxygen non-stoichiometry are analogous with solid so-

lutions which are well known in mineralogy e.g. olivine [130]. Usually some

physical property of the solution such as lattice constant varies with com-

position in a systematic way and this property can be used to calculate the

composition based on a calibration curve. But, this method can only be

applied to the high-temperature, cubic form of the ferrite (see Chapter 7).

However, oxygen is not strongly bound in the crystal structure and the

amount can be determined by means of controlled oxidation or reduction

reactions. The reaction can be carried out at high temperature and the stoi-

chiometry calculated from the mass change or using wet chemistry methods

at ambient temperature. An overview of these methods is presented in the

next sections. Particular emphasis was placed on the high temperature reac-

tions since they were exclusively used for composition assessment, although

wet techniques are also briefly described for the sake of completeness.

4.1.1 Reference Phase

The high temperature method relies on a mass change relative to a chosen

phase of the ferrite, called hereafter the reference phase.

SrFeOx can change its oxygen content in a broad range of 2.5 ≤ x ≤ 3.0
and any phase can be used as a reference material. However it should fulfill

certain requirements. The phase must be easy to identify and prepare in large

quantities. The obvious choice is one of the composition end members. The

fully oxidized SrFeO3 form was dismissed since it is made by high pressure

annealing [126, 127, 131] and therefore difficult to obtain in large quantities.

For this reason the other end member Sr2Fe2O5 (x = 2.5) was used. It is

easy to prepare and contains only the trivalent iron. However, like every

other reference material it should be as pure as possible and in the case of

Sr2Fe2O5 it means oxygen content x = 2.5. Phases with x > 2.5 contain the

tetravalent iron.

The purity of Sr2Fe2O5 was validated using x-ray diffraction. The ox-
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idation of Sr2Fe2O5 also causes change of colour from brown to black (in

powdered form) which is useful indicator. Other chemical methods cannot

be used since there is no known spot test for Fe4+ unlike ferrous and the

ferric which can be detected even in very low concentrations [132]. Physical

methods such as Mössbauer spectroscopy cannot yield conclusive evidence to

the sample’s purity (see Chapter 5). Sr2Fe2O5 is an antiferromagnet and any

absorption line from Fe4+ would be buried under a dozen lines originating

from the magnetic order in the sample. Even though, Sr2Fe2O5 has a char-

acteristic diffraction pattern the excess of oxygen is not straight forward to

determine. The material with composition 2.5 < x < 2.75 forms a mixture

of Sr2Fe2O5 and Sr4Fe4O11 at room temperature.

Any excess oxygen is indicated by the presence of Sr4Fe4O11 and since

its strongest diffraction line overlaps with Sr2Fe2O5 reflection the purity test

relies on changes to the intensity ratio of the diffraction lines. The detection

procedure is the same as for the detection of excess iron in the material

described on page 45. The strongest lines of Sr4Fe4O11 and Sr4Fe6O13 occur

at similar diffraction angle and overlap with the (150) reflection of Sr2Fe2O5.

But, it is easy to distinguish between the oxygen excess and the iron excess

in the system. The intensity ratio of the peaks decreases upon annealing in

argon in the case of oxygen excess but remains unaffected in the case of iron

excess. The diffraction patterns of Sr2Fe2O5 with a slight oxygen excess (e.g.

x = 2.53) are similar to the spectra with small iron contamination presented

in Figure 3.8.

For the purpose of work presented in this thesis the oxygen deficient ma-

terial was prepared by a prolonged annealing of the ferrite at 1473K in a

flow of high purity or ultra high purity argon. The following sections of

this chapter will show that annealing at high temperature resets the oxygen

stoichiometry to 2.5 which can be preserved by fast cooling to room temper-

ature in atmosphere with low oxygen activity. Despite the shortcomings of

the chosen reference phase (Sr2Fe2O5) other phases of the SrFeOx system are

even more difficult to prepare.

4.1.2 Oxygen Assay

The oxygen content of SrFeOx was calculated from mass loss upon reduction

to Sr2Fe2O5 (x = 2.5) at elevated temperature. The material does not require

strongly reducing atmospheres such as hydrogen or carbon monoxide. It is

enough to lower the partial pressure of oxygen below approximately 1 ppm.
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This task was readily achieved using commercially available inert gases such

as high-purity argon or nitrogen. These gases have oxygen partial pressures

pO2 ≤ 1 ppm and annealings were carried out in a stream of gas to maintain
constant oxygen activity.

The sample was placed in a thermogravimetric analyser and annealed at

1473K to constant mass. The procedure can be carried out in a furnace but

TGA is better since the mass is continuously monitored. The sample after

the reduction was inspected using x-ray diffraction for traces of Sr4Fe4O11.

The reduction takes place according to the reaction:

2 SrFeOx = Sr2Fe2O5 + (x− 2.5)O2 (4.1)

and the oxygen stoichiometry was calculated from the mass loss using the

equation:

x = 2.5 +
MSr +MFe

MO

mi −mf

mf
(4.2)

whereMA is the molecular weight of the element A, mi and mf are the initial

and the final mass of the sample respectively.

Sometimes Sr2Fe2O5 is the starting material for an experiment and its

composition after oxidation can be easily determined from its mass gain

using Equation (4.5) described in the next section.

The annealing temperature of 1473K was chosen arbitrarily, it should

be as high as possible but still lower than the melting point of the ferrite

and low enough not to decompose the oxide. Experience showed that the

temperature should not be lower than 1373K but temperatures higher than

1473K did not really cause any further visible changes in the mass.

The alternative to the mass change technique is a chemical analysis which

determines the amount of oxygen by establishing the fractions of tetravalent

and trivalent iron. The method can be applied not only to the ferrite but also

to manganese based oxides [17, 125, 127]. During the procedure the oxide is

dissolved in hydrochloric acid and the solution is combined with an excess of

standardised ferrous salt solution (ferrous ammonium sulphate, the Mohr’s

salt). The tetravalent iron oxidizes ferrous iron to ferric according to the

equation:

Fe4+ + Fe2+ = 2Fe3+. (4.3)

The residual ferrous iron is then titrated with a solution of potassium dichro-

mate or ceric ammonium nitrate in the presence of a redox indicator, usu-
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ally diphenylamine. The amount of the tetravalent iron is then calculated

from the remaining ferrous iron. The total iron content is obtained by a

reduction of all iron in solution to 2+ state and titration with potassium

dichromate. [133, 134]. The knowledge of the tetravalent and the total iron

content is enough to establish the oxygen stoichiometry since the trivalent

iron constitutes the difference between the two measured quantities.

The chemical and mass loss methods deliver the same accuracy [127] and

face the same limitations when applied to the phases with a low oxygen

concentration. However, the method using the weight change is simpler and

faster and its result is only influenced by the weighing error provided that the

reduction product is carefully checked for traces of Sr4Fe4O11. On the other

hand the accuracy of the chemical methods is influenced by other factors such

as cumulative errors made during preparation of solutions and the influence

of oxygen dissolved in water or coming from the atmosphere [125,127] which

can seriously interfere with the ferrous iron titration. For these reasons the

high temperature reduction was exclusively used in this thesis for composition

determination.

4.1.3 In Situ Determination

Composition of the oxide is highly sensitive to temperature and oxygen par-

tial pressure in the atmosphere. The material fairly quickly equilibrates with

the atmosphere making it impossible to study by annealing of the sample and

cooling since the final product will change its oxygen content. One solution

is to equilibriate the sample at a given temperature in a given atmosphere

and to quench it into liquid nitrogen or water hoping that the composition

and possibly the crystal structure will be preserved. The stoichiometry of

the sample is later determined using the methods described in the previous

section. However, the method has a few shortcomings, it is virtually impos-

sible to determine whether or not the sample gained any oxygen during its

fall into the cooling bath, and also it is difficult to establish if the annealing

time was sufficient to reach the equilibrium.

The task is easier with use of a thermogravimetric analyser as the mass

of sample is constantly monitored and it is easy to judge if equilibrium has

been reached. Moreover the recorded mass gives the exact composition at

fixed temperature and oxygen activity.

If the atmosphere is relatively rich in oxygen the equilibrium composition

can be determined by mass gain due to oxidation of the reference phase
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(Sr2Fe2O5). The oxidation reaction can be written:

Sr2Fe2O5 + (x− 2.5)O2 = 2SrFeOx (4.4)

and the oxygen stoichiometry x calculated from the equation:

x = 2.5 +
MSr +MFe

MO

mf −mi

mi
(4.5)

where mi denotes the mass of Sr2Fe2O5 and mf is the equilibrium mass. The

method works well in oxygen rich atmospheres, however its use in low partial

pressures becomes troublesome. In principle, the method is still valid but

in very low oxygen concentrations the equilibration times are impractically

long since the probability of collision of oxygen molecule with the oxide is

very small. The maximum oxygen intake per unit time and surface area is

given by the Hertz-Langmuir [122, 135] equation:

j =
pO2√
2πMRT

(4.6)

where M is the molecular weight of oxygen. The equation gives the maximum

theoretical value which is much lower in practice due to oxygen depletion of

the atmosphere surrounding the sample and the finite supply of the oxidizing

gas.

In many cases completion of the oxidation process would require large

volumes of gas to provide the required amount of oxygen. According to this

formula the rate of oxygen intake at a partial pressure of 1 ppm at 1000K is

about 0.001mol/(h cm2). In this case it is better to use an oxidized sample

of known composition SrFeOy and equilibriate it with the atmosphere. The

composition of the sample should exceed the equilibrium oxygen stoichiom-

etry. The sample is reduced according to the reaction:

2 SrFeOy = 2SrFeOx + (y − x)O2 (4.7)

and the equilibrium composition can be found from the mass loss using the

equation:

x = y − MSr +MFe

MO

mi −mf

mf
(4.8)

This method is slightly less precise since it is based on the earlier determined

composition of SrFeOy but is much faster and indication of the equilibrium
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is clearer.

The last very important factor during the equilibration is maintaining a

constant oxygen activity over the sample. It is easy to achieve by keeping a

high gas flow through the furnace.

4.2 Thermal Oxidation

The experiments were carried out under a total pressure of 1 atm and the

partial pressure of oxygen was regulated by mixing oxygen with inert gas.

The presented results are essential for understanding of the high temperature

crystal structure of the compound described in Chapter 7.

4.2.1 Equilibrium Composition

The equilibrium compositions at elevated temperature were determined in

situ using the thermogravimetric analyser. For experimental convenience the

measurements were made by varying temperature at constant oxygen partial

pressure. The different oxygen activities were achieved using mixtures of

gases.

Simple gases such as oxygen, nitrogen or argon under atmospheric pres-

sure at temperatures above 293K are far enough from the boiling point on

their phase diagrams to be treated as ideal gases. For a mixture of ideal

gases the total pressure p can be expressed as a sum of contributions from

all components, given in the form of Dalton’s law:

p =
∑
i

pi (4.9)

Applying the ideal gas law to Equation (4.9) we find that the partial pressure

of every component pi in the mixture is proportional to its molar fraction xi:

pi = xip (4.10)

and the molar fraction xi is equal to the volume fraction fi of the ith com-

ponent in the mixture:

xi = fi ≡ Vi

V
(4.11)

so the partial pressure of ith component can be expressed by its volume
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fraction:

pi =
Vi

V
p (4.12)

The total volume is the sum of all the components given in form of Leduc’s

law:

V =
∑
i

Vi (4.13)

The Equation (4.12) and Equation (4.13) were used to calculate the oxygen

partial pressure in the gas mixtures used for experiments.

The different mixtures were prepared from oxygen or air combined with

nitrogen using two flowmeters. The measurements were made in the oxygen

partial pressure range from 0.999 atm (oxygen 99.9% purity) to 0.003 atm.

Lower pressures would require use of mixtures of carbon monoxide and carbon

dioxide or hydrogen and steam. Even smaller partial pressures of oxygen can

be obtained using solid buffers, mixtures containing a metal and its oxide

such as Fe-FeO, Co-CoO, Ni-NiO, or zirconia cells [136]. However, oxygen

pressure in the indirect mixtures or buffers is temperature dependent and

because of the sensitivity of the thermogravimetric analyser, measurements

were not carried out below 0.003 atm.

The oxygen stoichiometry x was determined as a function of temperature

by oxidation of Sr2Fe2O5. The equilibrium composition was calculated us-

ing Equation (4.5). During the experiment the temperature was increased

stepwise and kept constant for periods of time to equilibrate the sample. An

example of a raw TGA result is presented in Figure 4.1, showing several

equilibration steps in air atmosphere. Between the steps the temperature

was increased at a rate of 10K/min. It is clear that the material reaches

equilibrium quickly and the mass change during the heating cycle follows the

linear temperature raise. This fast equilibration is the reason why the ox-

ide’s composition has to be studied using the TGA or quenching, otherwise

samples oxidize during cooling.

The thermogravimetric results were corrected to remove a small tempera-

ture dependent drift mainly due to buoyancy and the calculated equilibrium

compositions were plotted in Figure 4.2 as functions of temperature and par-

tial pressure of oxygen. It is obvious that the oxygen content decreases with

temperature and decreasing partial pressure of oxygen in the atmosphere.

The oxygen concentration decreases almost linearly in temperature region

from approximately 673K to roughly 1273K in atmospheres rich in oxygen.

The stoichiometry seems to approach x = 2.5 irrespective of oxygen partial
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Figure 4.1: An example raw thermogravimetric data used for determination
of the equilibrium composition of SrFeOx. The experiment was carried out
in the air atmosphere as discussed in the text.

pressure at sufficiently high temperature. Below, approximately 673K the

rate of composition change decreases with decreasing temperature.

The equilibration times at lower temperatures are strongly affected by the

decreasing oxidation rate. The kinetics of reaction slows down considerably

with decreasing temperature and oxygen partial pressure. This is why the

equilibrium compositions were established only at relatively high temperature

for lower oxygen activities. The low oxidation rate is partially caused by

decreasing ionic conductivity which is responsible for the transport of oxygen

within the crystal [30, 137, 138].

Figure 4.2 contains only equilibrium points, but it is possible to obtain

even higher stoichiometry by prolonged annealing of the oxide at lower tem-

peratures. However, the process takes days and because of very small mass

changes it is difficult to establish if they are the equilibrium compositions.

Nonetheless prolonged annealing or annealing combined with a slow decrease

in temperature is a good method for preparation of highly oxidized samples.

The equilibrium compositions presented in Figure 4.2 were found only for

selected temperatures, but the behaviour of oxide during the heating period

suggests that the material can continuously change its composition within

the composition range 2.5 ≤ x ≤ 3.0. Additional thermogravimetric runs
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Figure 4.2: The equilibrium composition of SrFeOx as a function of tem-
perature under different partial pressures of oxygen. The figures denote the
oxygen partial pressure in atmospheres.

made at constant heating rate did not show any steps in the mass curves

which would indicate the presence of phases with discrete composition.

The gravimetric observations are consistent with other authors findings.

Previous results were obtained using quenching [125, 127] as well as ther-

mogravimetry [126, 128]. However, except for Tofield et al. [126] the results

were presented incorrectly. The lines of equilibrium composition were plot-

ted in form of the equilibrium temperature as a function of composition.

It is improper since temperature defines the composition not the other way

around [125,127,128].

Mizusaki et al. [128] used a thermogravimetric analyser to study the fer-

rite in a broad oxygen pressure range. Their experiments were carried out at

fixed temperatures and variable oxygen partial pressure. However, the oxy-

gen pressure was varied from as low as 10−12 atm up to 1 atm and the group

observed sudden mass gains at certain pressures. The pressures at which the

phenomena occurred were found to increase with temperature and the am-

plitude of the jump decreasing with increasing temperature. The jumps were

interpreted as a phase transitions on a phase diagram, but they are nothing

else than a result of increased reaction kinetics. The constant mass at very

low partial pressures of oxygen was the result of low oxygen concentration
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and created an illusion of an equilibrium state as discussed on page 55.

Thermal treatment under atmospheric pressure cannot produce samples

from the entire composition range. The highest oxygen content attained in

this thesis by slow cooling of the material in oxygen is x = 2.915. There are

some discrepancies over the maximum oxygen content that can be achieved

by annealing under 1 atm of oxygen and the other reports [126, 127] claim

slightly lower values. But, the very slow oxidation reactions are influenced

by many conditions such as powder particle size and the area of the powder

exposed to the gas. These two factors and the annealing time may be the

cause of lower yield.

Materials with close to x = 3 can be produced by high pressure annealing.

However, because of the technical difficulties caused by high-pressure ther-

mogravimetric experiments there are no genuine equilibrium data but only a

list of temperatures and pressures at which the experiments were made and

their outcome. Different authors report different conditions that lead to the

same product [125–127,131,139]. Almost all of these experiments were done

by quenching a pressurized vessel into water. Because of its considerable

thermal mass the cooling process would have been slowed and the material

could gain some oxygen during cooling giving overestimated values for the

given annealing temperature. Another problem is pressure in the vessel which

from the descriptions given in the publications was not kept constant during

the experiment. So the reported annealing conditions should be treated as a

guideline.

Wattiaux et al. [140] reported an interesting electrochemical method of

oxidation. They claim successful oxidation of the ferrite to the composition

SrFeO3. It an indication that the fully oxidized material is not a high pressure

form but that an extreme pressure of oxygen is required to overcome slow

oxidation kinetics at low temperatures.

4.2.2 Equilibrium Composition Diagram

The results shown in Figure 4.2 were used to plot the equilibrium composition

of the oxide as a function of temperature and oxygen partial pressure on a

(T, pO2) plane.

This was done using a simple phenomenological model based on experi-

mentally observed phase relations. The model is applicable to the composi-

tion range 2.5 < x < 2.75. Experimental observations made by the present

author and reported elsewhere [126–128] indicate that in this range the ox-
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ide forms a mixture of Sr2Fe2O5 and Sr4Fe4O11 or a cubic solid solution (see

section 7.4.1). So in this composition range Sr2Fe2O5 and Sr4Fe4O11 coexist

in equilibrium. If the oxygen content does not exceed x = 2.75, the oxidation

reaction can be written:

4 Sr2Fe2O5 +O2 = 2Sr4Fe4O11. (4.14)

The equilibrium constantK for this reaction is given by the following formula:

K =
a2

Sr4Fe4O11

a4
Sr2Fe2O5

pO2

(4.15)

where, aγ is the activity of the γ phase.

When the oxidation is complete (all Sr2Fe2O5 is converted to Sr4Fe4O11)

the equilibrium constant given by Equation (4.15) simplifies to:

K = p−1
O2

. (4.16)

Analysis of Figure 4.2 shows that for every partial pressure of oxygen there

is a temperature at which the oxide has composition equal to x = 2.75∗. For

these pairs of temperatures and pressures the material exists as single phase

Sr4Fe4O11 and it is possible to calculate the change of Gibbs free energy ∆Gf

for the Reaction (4.14) using the formula [51, 122]:

∆Gf = −RT lnK = RT ln pO2 (4.17)

The energy ∆Gf plotted as a function of temperature forms the Elling-

ham plot for Sr4Fe4O11 phase. The Ellingham plot allows comparison of

the chemical stability of Sr4Fe4O11 with the other oxides and calculation of

the equilibrium partial pressure of oxygen as a function of temperature using

Equation (4.17).

The equilibrium temperature for a given partial pressure of oxygen was

extracted from Figure 4.2 by fitting a third order polynomial to the exper-

imental points and solving it for y = 2.75. The plot was constructed using

the pairs of temperatures and pressures and is presented in Figure 4.3. The

experimental points lie on a straight line and value of the energy increases

with temperature which is characteristic for most of known oxides [122,136].

∗The lines for pressures pO2 ≤ 0.005 atm do not reach x = 2.75 due to sluggish kinetics
at low temperatures.
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Figure 4.3: The Ellingham plot of Sr4Fe4O11. The solid line is the best linear
fit as described in text

Fitting of the points with a straight line gave the energy (in kJ/mol) as a

function of temperature:

∆Gf (T ) = 0.23487T − 208.77 (4.18)

Sr4Fe4O11 exists as a single phase when oxygen partial pressure and tem-

perature fulfill the relation given by Equation (4.18). Any departure from

these conditions causes further oxidation or reduction which is clearly il-

lustrated by the results of the thermogravimetric experiments. The Gibbs

energy of formation of Sr4Fe4O11 reaches zero at 889K and above it the com-

pound does not exist as a single phase under atmospheric pressure. Com-

parison with free energies of other oxides [122] shows that Sr4Fe4O11 is very

unstable. Its chemical stability is comparable with noble metal oxides such

as PtO or Ag2O and is significantly less stable than any transition or alkali

metal oxide. The Ellingham plots of the oxides are presented in Figure 4.4.

When the oxidation is only partial, the two phases of the ferrite (Sr2Fe2O5,

Sr4Fe4O11) coexist in equilibrium. The equilibrium constant is now given by

Equation (4.15) and the activities of both phases are needed to evaluate it.

The fractions of both components can be calculated by partitioning oxygen
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Figure 4.4: The Ellingham plots of PtO, Ag2O and Sr4Fe4O11 oxides as
discussed in the text.

between the two phases according to the equation:

SrFeOx = A Sr2Fe2O5 +B Sr4Fe4O11 (4.19)

where A,B are constants. The activities of both phases in the mixture are

equal to their molar fractions. The solution gives us the molar fractions of

both phases and therefore their activities as functions of composition x:

aSr2Fe2O5 =
A

A+B
=
5.5− 2x
3− x

(4.20)

aSr4Fe4O11 =
B

A+B
=

x− 2.5
3− x

(4.21)

aSr2Fe2O5 + aSr4Fe4O11 = 1 (4.22)

The activities of both phases were calculated for every equilibrium compo-

sition x < 2.75 found using the TGA. The logarithm of the equilibrium

constant was plotted in Figure 4.5 as a function of reciprocal temperature.

The experimental points lie on a straight line which indicates that the system

obeys the Gibbs-Helmholtz equation [51]. There is certain amount of noise

in the data mainly due to weighing error of the thermobalance. The influ-
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Figure 4.5: Logarithm of the equilibrium constant as a function of reciprocal
temperature. The figures denote partial pressure of oxygen in atmospheres,
the line is the best linear fit described in the text.

ence of the weighing error is larger at lower temperatures since the activity

of Sr2Fe2O5 is low and even small errors project as huge changes in K due

to the structure of Equation (4.15). The straight line is described by the

formula:

lnK = 2.68593
104

T
− 22.92 (4.23)

The equilibrium constant, by definition, is only a function of temperature.

The parameters of the straight line can be used to calculate activities and

therefore the oxygen stoichiometry for an arbitrary temperature and partial

pressure of oxygen using Equations (4.15), (4.20) and (4.22).

The model describes only half (2.5 < x ≤ 2.75) of the total composition
range (2.5 ≤ x ≤ 3.0) and the (T, pO2) plane has to be divided into two parts,

where the oxide has the oxygen content higher and lower than x = 2.75. The

dividing line was calculated from the Ellingham plot of Sr4Fe4O11 and the

composition of the oxide below this line was derived from the equilibrium

constant K(T ). The calculated lines of constant composition are presented

in Figure 4.6.

The diagram (see Figure 4.6) is missing the part corresponding to the

compositions higher than x = 2.75. However, there are not enough exper-



4.2 Thermal Oxidation 65

673 873 1073 1273 1473
10

-7

10
-6

10
-5

10
-4

10
-3

10
-2

10
-1

10
0

2.505 (0
.01)

2.50005 (0.0001)
2.5005 (0

.001)2.502 (0
.005)

2.52 (0
.05)

2.5
5 (

0.1
)

2.5
8 (

0.2
)

2.
62

 (0
.3

)

2.
64

 (0
.4

)

2.
67

 (0
.5

)

2.
69

 (0
.6

)

2.
71

 (0
.7

)

2.
72

 (0
.8

)

2.
75

 (1
.0

)

p O
2 [

at
m

]

Temperature [K]

Figure 4.6: The equilibrium composition diagram of the SrFeOx system.
The curves join points of equal composition. The figures denote the oxygen
stoichiometry, the numbers in parentheses mark the activity of Sr4Fe4O11 as
discussed in the text.

imental points to carry out the analysis for compositions x > 2.75. This

is due to long equilibration times at low temperatures and oxygen partial

pressures. The experimental points below 673K in Figure 4.2 may not be

completely equilibrated with the atmosphere. But the diagram for x > 2.75

is expected to have a similar form.

The line of constant composition x = 2.75 was plotted only down to

673K because Sr4Fe4O11 undergoes a phase transition at this temperature

(see Figure 7.1) which may change the slope of the Ellingham plot (further

experimental data are required to verify this). The minimum value of oxygen

partial pressure was chosen arbitrarily. From the thermogravimetric experi-

ments we know that the oxygen content of the oxide decreases with decreasing

partial pressure of oxygen at fixed temperature. If we lower the pressure far

enough the oxide will reach the line of constant composition x = 2.5 and this

line is the true lower limit of pressure, below which the ferrite decomposes to

SrO and elemental iron or FeO. Unfortunately, there is no thermodynamical

data for Sr2Fe2O5 and we cannot plot this line. The theoretical estimations,

mentioned in the previous chapter, place the Gibbs free energy value for

Sr2Fe2O5 at −381 kJ/mol at 1273K [14,123]. The energy corresponds to the
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equilibrium partial pressure of 2.3 × 10−16 atm. This estimate gives a wide

safety margin and means that the diagram can be safely used in the given

pressure range.

The thermogravimetric results presented in Figure 4.2 are sections through

the equilibrium composition diagram at constant oxygen partial pressure.

Analysis of the diagram confirms the conclusions drawn from Figure 4.2. The

oxygen content of SrFeOx visibly decreases with decreasing partial pressure

and increasing temperature. Since the lines of constant composition do not

intercept the material at any oxygen pressure, should reach the composition

of x = 2.5 if the temperature is raised high enough. Parts of the diagram cor-

responding to low temperatures or low partial pressures (below ∼ 10−5 atm)

are not experimentally accessible because of the very long equilibration times

due to scarce oxygen and low ionic conductivity of the material. This dia-

gram explains why it possible to set the oxygen stoichiometry close to 2.5 by

annealing it in high purity argon with oxygen pressure around 10−6 atm.

The equilibrium composition diagram also gives us the idea about the ac-

curacy of the oxygen stoichiometry determination by reduction to Sr2Fe2O5.

Annealing at 1473K in argon (pO2 = 10
−6 atm) resets the composition to

about 2.50005 (see Figure 4.6) but in the ideal situation the composition

should be set to exactly 2.5. However, calculated mass loss difference due

to imperfect reduction is only 0.0006% which corresponds to 6µg in 1 g of

material. This accuracy is well within the systematic error of most labora-

tory balances and is certainly below the resolution of the thermogravimetric

analyser used for the experiments.

4.2.3 Heat of Oxidation

Chemical reactions are always accompanied by heat effects. The equilibrium

composition information presented in Figure 4.2 and Figure 4.6 indicate that

the product of Sr2Fe2O5 oxidation varies with temperature and oxygen partial

pressure so the heat of oxidation should change too.

The heat (enthalpy) can be determined using differential thermal anal-

ysis. These experiments usually heat a sample at a constant heating rate

in an oxidizing atmosphere and at a certain temperature the sample ignites.

However, in our case this approach is not appropriate since the product is

temperature dependent. The heat of oxidation was determined as a function

of temperature using the following procedure. A sample of Sr2Fe2O5 was

heated to the desired temperature in an argon atmosphere. When the tem-
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Figure 4.7: An example oxidation peak of Sr2Fe2O5 measured with the DTA
at constant temperature of 1073K in air. The top line shows the result
of a blank run, the drop in the signal is caused by the introduction of air.
The bottom line shows the exothermic oxidation peak superimposed on the
baseline

perature had stabilized, the argon was replaced by an oxidizing gas and the

heat was measured by integrating the exothermic DTA peak. To make sure

that the results were genuine blank runs were made and they caused a step

like change in the baseline. An example of an oxidation peak and a blank

run made at the same temperature are presented in Figure 4.7. However,

use of the DTA has its limitations. This type of calorimeter is only suitable

for detection of fast reactions producing large power (heat per unit time). If

the reaction takes a couple of minutes or hours it is impossible to measure

the heat since its difficult to distinguish between the baseline and the peak.

For this reason the heat measurements were made for narrower temperature

and pressure ranges than the thermogravimetric measurements. Because of

the technical difficulties with suppling gas mixture to the analyser, the de-

terminations were made only in air and oxygen.

The heat of oxidation as a function of temperature and atmosphere is pre-

sented in Figure 4.8. At temperatures below approximately 773K the heat

is almost constant, with the exception of air. But the sudden decrease of

the heat for air atmosphere at 673K is caused by rapidly decreasing reaction
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Figure 4.8: The enthalpy of Sr2Fe2O5 oxidation as a function of temperature
in air and oxygen atmospheres. The lines are guides to the eye.

kinetics and the value is underestimated since the exothermic peak becomes

very broad. Above 773K the oxidation heat decreases with temperature.

This is understandable since the amount of gained oxygen decreases with

temperature at the same time. Both curves experience a sudden increase

around 1123K and then continue to decay with temperature. The oxidation

heat approaches zero with increasing temperature irrespective of the oxygen

partial pressure. Close to zero heat at high temperatures is a direct conse-

quence of the thermogravimetric findings. The oxygen stoichiometry tends

to x = 2.5 if the temperature is high enough, so there is no compositional

change and no oxidation heat.

Since the heat jump occurred in both atmospheres despite yielding differ-

ent products at the same temperature the phenomenon must be associated

with temperature induced changes in the reactant (Sr2Fe2O5).

Indeed, Sr2Fe2O5 undergoes a transformation from the orthorhombic to

the cubic form around this temperature. As it will be explained in Chapter 7

this is a transition from an ordered to a disordered structure.

The enthalpy of oxidation changes because the reactant (Sr2Fe2O5) has

different configurational entropy below and above the transition tempera-

ture. The oxidized form (the product) does not undergo a phase transition
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Figure 4.9: The DTA trace of the phase transition in Sr2Fe2O5 at 1140K.
The curve was obtained by heating at a constant rate of 20K/min in argon.

around 1123K and has a cubic structure (see section 7.4.2). Below the phase

transition in Sr2Fe2O5 (T < 1123K) the oxidation causes a crystal symmetry

change from orthorhombic to cubic. On the other hand above the transition

point there is no symmetry modification. From the energetic point of view

above the transition temperature, energy that would have been spent on the

symmetry change is released as excess heat.

The phase transformation in Sr2Fe2O5 was observed using DTA by heat-

ing the oxide at constant rate in argon. A fragment of the DTA curve is

presented in Figure 4.9. This transformation was regarded as the first or-

der transition [127, 138] mainly due to the peak area which corresponds to

an energy of approximately 40.9 J/g. However, the peak shape does not ex-

hibit the characteristic features of a first order transformation. The onset of

transformation is not well defined and the slope of the baseline starts slowly

changing around 1073K. First order transitions have very sharp onsets of

the peaks followed by steep fall of the DTA signal due to absorption of the

transition heat. For these reasons the first order nature of the transformation

should be dismissed and the peak of heat capacity at 1140K was taken as the

transition temperature. The shape of the heat jump (see Figure 4.8) is not

very steep. A first order transition would cause a discontinuity in the heat
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curve and we observe a relatively slow increase with temperature. This indi-

cates a continuous transformation and coexistence of two phases of Sr2Fe2O5

during the transition. This conclusion will be supported by the results of

neutron diffraction experiments presented in Chapter 7.

4.2.4 Adjustment of Composition

Study of the composition changes with temperature and partial pressure of

oxygen are essential for preparation of phases with different oxygen content

for room and sub-ambient temperature research. The main difficulty with

sample preparation lies in the volatile nature of oxygen as shown in the

previous sections. The difficulties can be overcome, the recipes for different

compositions usually yield materials with stoichiometry close to the desired.

But, it should be born in mind that the oxidation process is affected by a

number of factors that cannot be fully controlled.

The following sections describe techniques which can be used to adjust

the oxygen content and their advantages and disadvantage.

An Ideal Method

The equilibrium composition diagram presented in section 4.2.1 gives an

idea of an equilibration method which should yield samples with the desired

oxygen content x. The method was not used in the thesis but the idea can

be applied not only to SrFeOx but to other non-stoichiometric materials as

well.

The thermogravimetric results presented in Figure 4.2 show that the oxy-

gen content increases if the sample is cooled in atmosphere with constant

oxygen activity. However, a simultaneous reduction of oxygen partial pres-

sure should prevent further oxidation. The composition will be preserved

when during the cooling, the oxygen activity is reduced in such a way that

annealing conditions follow a line of constant composition on the equilibrium

composition diagram. The line of constant composition should be followed

until the oxidation rate becomes unsignificantly low, which in practical terms

is below 473K†. To ensure thorough equilibration the sample should be an-

nealed at the relatively high temperatures and oxygen pressures found using

the thermogravimetric experiments.

†This temperature depends on oxygen partial pressure and should be established using
the TGA.
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The line of constant composition x can be derived from the equilibrium

composition diagram. Its use is advantageous since it gives an analytical

description of the line. But, if the diagram is not known sufficient infor-

mation can be extracted from thermogravimetric experiments in different

atmospheres. This approach requires collection of several equilibrium com-

position curves which cross the desired composition x. It is important to

make the measurements using small intervals of pressure and study the equi-

libration at low pressure since it will help to establish the cutoff temperature.

Intercepts of the curves with composition x give pairs of temperatures and

pressures lying on the line of constant composition. So cooling with discrete

changes of temperature and pressure combined with equilibration at every

point should yield the same result as continuous change. The sample should

be kept at every point to correct possible small deviations from stoichiometry

caused by the stepwise cooling. Of course the more points the better since

the deviation from the composition caused by traveling between them are

smaller.

The apparatus for this procedure is not complicated and can be built rel-

atively easily with current technology. It requires two automatic gas flowme-

ters which dispense gases that form an oxidizing atmosphere of the desired

composition, a zirconia cell to measure oxygen partial pressure and a fur-

nace. These elements combined together and controlled using a computer

can measure and alter temperature and oxygen partial pressure to follow the

constant composition curve.

Other Methods

Without the apparatus described in the previous section it is still possible

to produce different compositions. However, there is less control over the

outcome of the oxidation and the methods require more experimental effort

to get close to desired results.

Since cooling of the material leads to its inevitable oxidation an obvious

choice is to use quenching. Although, the method preserves the composition,

thermal shock may be a source of crystal strain or even structural modifica-

tions.

The oxidation during slow cooling can be used to our advantage. As the

temperature decreases, the reaction kinetics also rapidly slow down. From

the discussion of thermogravimetric results (Figure 4.2) we know that for

different oxygen partial pressures the reactions become slow at different tem-
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peratures and yield different stoichiometries. So, by altering the oxygen

partial pressure in the atmosphere it is possible to prepare different com-

positions by the slow reduction of temperature. The oxygen content of the

product increases with oxygen pressure. However, the disadvantage of this

method is that the final composition depends on the cooling rate and amount

of equilibrated material. The rule of thumb is the smaller the mass and lower

the cooling rate the higher the final oxygen content. This approach allows

relatively large volumes of samples to be produced if the annealing is long

enough. Fortunately the composition variations at constant partial pressure

of oxygen are not large. The time necessary for equilibration can be estimated

by analysis of TGA results using the same partial pressure and temperature.

Oxidation during cooling can also be limited by annealing the powder

in a closed vessel with a fixed amount of oxygen. It will yield a variety of

compositions but this method requires a great deal of experimental effort

and the desired composition has to be obtained on a trial and error basis.

Another possible approach is to partially reduce oxidized samples. Oxi-

dation by slow cooling is very time consuming at the low oxygen partial pres-

sures required for preparation of samples with stoichiometry x only slightly

greater than 2.5. To completely reduce the sample it has to be annealed at

1473K in argon but it can be partially reduced using lower temperatures,

say, 873K. In this case only small volumes can be prepared and the final sto-

ichiometry depends on annealing time which is in the order of a few minutes.

After annealing the sample has to be pulled out of the furnace and cooled in

the inert atmosphere.

The last method was used for preparation of Sr4Fe4O11 in the large quan-

tity (∼ 40 g) required for neutron diffraction studies. The technique is a

variation of the quenching method but does not involve cryogenic liquids. It

is based on relatively slow reduction kinetics. To achieve the desired compo-

sition the ferrite was annealed overnight at 838K in flowing air. Reference to

Figure 4.2 shows that this temperature corresponds to composition x = 2.75

in an atmosphere of air. However, cooling in air would cause immediate oxi-

dation; on the other hand the reduction rate in an argon atmosphere at the

same temperature is relatively slow as shown in Figure 4.10. So, to preserve

the composition the furnace was quickly flushed with argon to remove air

at a rate of approximately two furnace volumes in approximately 2 minutes.

The sample was then allowed to cool outside the furnace but still in the ar-

gon atmosphere. For the operation to succeed the flushing should be done
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Figure 4.10: A thermogravimetric trace of the reduction of SrFeOx (x =
2.81). The sample was heated at a constant rate of 20K/min in argon.

as quickly as possible to minimize the reduction and even higher flushing

rates are recommended. Also to speed up the cooling, the annealing was

carried out in a tube furnace equipped with a thin walled silica tube. As can

be seen from Figure 4.10 the composition does not change significantly once

temperature is below 673K. This technique relies on sluggish kinetics and

can be adapted to produce other compositions. It should be noted that the

method becomes more reliable as the annealing temperature decreases.

Systematic preparation of materials with different compositions should

be based on the results of thermogravimetric experiments. If samples are to

be prepared in large quantities the annealing has to be done in a furnace.

However, to make sure that the conditions are the same, the furnace temper-

ature controller has to be calibrated and the materials annealed in flowing

gases to ensure a constant partial pressure of oxygen. Samples heated at low

temperatures should be well pulverized and spread on a combustion boat to

ensure that a large surface area is exposed to gas. Also for low temperature

annealings it is better to start the process at higher temperature and reduce

the temperature to the desired value since it makes the process faster (the

kinetics of oxidation increases with temperature).

The samples in this thesis were prepared mainly by the slow cooling
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Table 4.1: Composition of SrFeOx samples and annealing conditions used for
their preparation as discussed in the text.

Composition x pO2 Annealing conditions
[atm]

2.915 0.999 573K/2 h, 523K/20 h, 473K/78 h
2.890 0.999 573K/96 h, 523K/48 h, 473K/87 h (∼40 g)
2.884 0.999 598K/21 h
2.823 0.800 TGA
2.846 0.209 598K/23 h
2.810 0.209 673K/224 h (∼40 g)
2.799 0.330 TGA
2.745 0.023 TGA
2.661 0.010 TGA
2.569 0.003 TGA

TGA- denotes free cooling in the thermogravimetric analyser
from 1473K.

method; the examples of compositions and short descriptions of the annealing

atmosphere and conditions are presented in Table 4.1

4.3 Mechanical Oxidation

As discussed above, the thermal oxidation rate becomes negligibly low below

473K. Attempts to oxidize Sr2Fe2O5 at this temperature in air caused only a

change of colour from brown to black on the surface of powder after 3 weeks

of annealing. If the reaction rate changes with temperature according to the

Arrhenius law, at room temperature the oxidation should be few orders of

magnitude slower. In practical terms it means that the material will retain

its composition for years. However, the process can be induced at room

temperature, by mechanical energy. Milling causes the reaction in a matter

of hours but the product differs significantly from the thermally oxidized

materials. The differences are mainly caused by small crystalline size and

the accumulated stress.

4.3.1 Milling

Milling of Sr2Fe2O5 was carried out in the ball mill described on page 32.

The vial was charged with 8 g of the ferrite and milled in oxygen under an
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Figure 4.11: X-ray diffraction patterns of Sr2Fe2O5 milled in oxygen for
different periods of time. Figures denote total milling time with 0h marking
the starting material. The arrows mark the position of an amorphous peak
as discussed in the text. Patterns are normalized and presented on a linear
scale.

initial pressure of 300 kPa. Because of technical difficulties milling was not

carried out at constant pressure although the vial was pressurized to supply

enough oxygen.

The oxide was also milled in argon to investigate a possibility of phase

transitions caused by mechanical energy alone. During the processing small

samples of material were taken for analysis and the vials were refilled with

gases to the initial pressure. Although, pressure drop can be used as a reac-

tion indicator it was not recorded because of unavoidable leaks. Nonetheless,

the pressure never dropped below atmospheric. Milling was carried out at a

constant speed of 200 rpm for up to 213 h.

4.3.2 The Reaction

Mechanical treatment in oxygen introduced changes to both the morphology

and crystal structure of the material. X-ray diffraction analysis revealed that

the material underwent a transition. The diffraction spectra of samples milled

for different periods of time are presented in Figure 4.11. The orthorhombic
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Figure 4.12: The oxygen content of the ferrite as a function of milling time.
The line is a result of the fit described in the text.

starting material, denoted by milling time 0 h, was replaced by another phase

during early stages of the treatment. But, traces of the starting material are

still visible in the 43 h sample. The new phase was indexed as a primitive

cubic structure and it remained in this form until the end of the experiment.

Milling also changed the colour of the oxide from brown to black.

The control sample, milled in argon, did not undergo any transitions

apart from the expected reduction of crystal size and partial amorphisation.

The absence of structural changes in the inert gas proves that observed phe-

nomenon was caused by a genuine oxygen intake.

The results of the X-ray analysis were confirmed by thermogravimetry.

Milled samples were reduced to Sr2Fe2O5 by heating up to 1473K in argon

to constant mass and their oxygen stoichiometry calculated from the weight

loss using Equation (4.2). The results are presented in Figure 4.12. X-ray

examination of the reduction product revealed only Sr2Fe2O5, the absence of

Sr4Fe6O13 suggests that milling in the stainless steel mill did not upset the

strontium to iron ratio in the compound.

Inspection of Figure 4.12 shows that the reaction has at least two stages

with different oxidation rates. The first stage is completed once the stoi-

chiometry reaches approximately 2.9 and then the reaction progresses much
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more slowly. The material after 18 h of milling has an oxygen stoichiometry

x = 2.73 which is very close to the ideal phase Sr4Fe4O11 (x = 2.75). As men-

tioned earlier room temperature phases with stoichiometry 2.5 < x < 2.75

form a mixture of Sr2Fe2O5 and Sr4Fe4O11. The diffraction pattern of the 18 h

shown in Figure 4.11 indicates a large fraction of Sr2Fe2O5 however, in a sam-

ple with the oxygen stoichiometry x = 2.73 the fraction of Sr2Fe2O5 should

be barely detectable by x-ray diffraction. Significant amount of Sr2Fe2O5 in

the 18 h sample indicates that the material contains Sr2Fe2O5, Sr4Fe4O11 and

at least one more phase with oxygen content x > 2.75. The same behaviour

was observed in the 43 h sample, which contains traces of Sr2Fe2O5 while its

overall stoichiometry is x = 2.89. Materials milled for longer times exhibit

only a single phase in their diffraction spectra.

The coexistence of more than two phases indicates that the mechanical

reaction differs from the thermally induced one. Thermal oxidation proceeds

quickly and in the ideal case the whole volume of the material is continuously

exposed to the same conditions. The thermal reaction produces single or two

phase samples in equilibrium with each other and the atmosphere. Thermal

oxidation carried out by small changes in the equilibrium conditions (slow

changes to temperature or oxygen partial pressure) should convert the ma-

terial along the following route:

Sr2Fe2O5 → Sr4Fe4O11 → Sr8Fe8O23 → SrFeO3 (4.24)

On the other hand during mechanical processing the reaction occurs only

during collision of powder with milling media. Since the process is random

not every grain of material undergoes the same treatment and as the result

there are few oxidation reactions occurring concurrently and the borders

between consecutive stages of reaction are smeared across a wide composition

range. This is the reason why the change of the reaction rate occurs around

x = 2.89 while it should take place at the ideal composition Sr8Fe8O23 (x =

2.875). Since the milling conditions were the same for the entire process the

slower oxygen intake above x = 2.89 is an intrinsic property of the material.

Reaction Rate

The kinetics of the two stage mechanical oxidation can be described ana-

lytically. The oxygen content was expressed in terms of a reaction extent

parameter α. The parameter α = 0 when the average oxygen stoichiometry
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x = 2.5 and α = 1 in the case of x = 3.0 (the material is fully oxidized).

Since the reaction was carried out at constant temperature, the rate dα/dt

was expressed in the following manner:

dα

dt
= f(α)k (4.25)

where, f(α) is a function and depends on a reaction kinetics, k is a reac-

tion rate constant. The form of function f(α) is usually determined from

experimental data by fitting several possible models.

For a first order reaction the function has the form (1 − α) and Equa-

tion (4.25) simplifies to:

ln(1− α) = −kt (4.26)

This is equivalent to the formula:

fR = 1− α = e−kt (4.27)

where fR is the molar fraction of the ferrite with oxygen content less than

3.0. The formula (Equation (4.27)) is the well known radioactive decay law

and seems to be very appropriate in this case as the reaction is driven by

random mechanical impacts of balls.

The thermogravimetric results from the Figure 4.12 were replotted using

Equation (4.26) and are presented in Figure 4.13. Despite the small number

of experimental points the two different stages of reaction are obvious and

the first order reaction model appears to fit the experimental points quite

well. The slopes of the fitted lines give the rate constant −k as presented in

Table 4.2. These rate constants were used to calculate the continuous line in

Figure 4.12.

Table 4.2: The reaction rate constants for two stages of the mechanical oxi-
dation of Sr2Fe2O5 discussed in the text.

Reaction step Rate constant k [h−1]
I 0.0353(5)
II 0.01367(25)

The derived rate constants are not true rate constants from the chemi-

cal point of view since the process consists of overlapping reactions but, the

results can be interpreted as an effective oxygen intake. The reaction rate

constant is the ‘effective impact frequency’ and indicates how often the col-
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Figure 4.13: The logarithm of the reactant fraction in the mechanically ox-
idized SrFeOx as a function of milling time. The lines denote the linear fits
described in the text.

lision parameters meet the condition required by the chemical reaction to

proceed. The change of the rate constant by a factor of 2.58 proves that the

second stage of oxidation is more demanding as far as energy supplied by

the mill is concerned. The constant k is determined not only by the material

but is also device dependent. The device contribution is a function of several

factors such as speed, volume of milled material, the geometry of the mill

etc, so the process will take different times to complete in different grinding

devices and the constants are characteristic for a particular mill. However

two oxidation steps should still be observed.

4.3.3 Structure and Morphology

Crystal Structure

The diffraction patterns of the product were successfully indexed as a prim-

itive cubic structure. However, the small crystal size and lattice strain are

responsible for substantial line broadening and the peaks may as well be a

result of overlapping reflections of low symmetry phase or phases indicated

in the previous sections. The peak width (FWHM) of the oxidized phase
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Figure 4.14: The cubic lattice constant of the product of Sr2Fe2O5 oxidation
as a function of milling time. The line is a guide for eye.

exceeds 1◦, the instrumental breadth for the diffractometer used in the ex-

periments is much smaller (see Figure 2.1) and even the use of high resolution

diffraction method would not be able to resolve the reflections since the sam-

ple contribution is overwhelming. Also the absolute amplitude of the diffrac-

tion peaks is much smaller than in the thermally oxidized materials. Since

the integrated intensity remains constant, weak, broad reflections become

indistinguishable from the background. For these reasons it is impossible

to positively identify the phases using powder diffraction. Nonetheless, the

patterns are characteristic for the perovskite structure so the constituting

phases have to be related to this phase.

As shown in Figure 4.14 the lattice constant of the cubic phase increases

with milling time. This is the opposite what is normally expected in oxi-

dized materials since intake of oxygen in ionic crystals causes the lattice to

shrink. This unusual behaviour is likely to be due to the destructive action

of the mechanical treatment which introduces a lot of crystal defects into the

structure.
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Figure 4.15: The average crystal size and lattice strain of Sr2Fe2O5 and the
product of its oxidation as a function of milling time. Filled and empty cir-
cles denote crystal sizes of the reactant and the product respectively. Filled
and empty squares mark lattice strains of the reactant and the product re-
spectively. The lines are guide for eye.

Crystal Size and Strain

The crystal size and stress were derived from the width of the x-ray diffraction

lines corrected to remove the instrumental contribution. The size and strain

were separated using Hall’s formula described on page 25 and the results are

presented in Figure 4.15.

The starting material had a crystal size of 440 nm and relatively low

lattice strain (0.17%). The mechanical treatment reduced its crystal size to

about 34 nm after 18 h of milling. At the same time the oxidized phase had

a crystal size around 17 nm. Heavily overlapping lines in the 18 h sample,

due to the presence of Sr2Fe2O5, did not allow separation of the size and

the strain. So the crystal size was estimated using the Scherrer formula (see

Equation (2.22)), assuming that there is no strain (η = 0). This approach

leads to an underestimated value. Further milling reduced the crystal size of

the product to 17.8 nm.

The strain decreased with milling time reaching 1.1% after 213 h. Yet still

it was 6.5 times greater than the strain of starting powder. The buildup of

strain in the milled material is due to the nature of method. The interaction

of milling media with the oxide causes the chemical reaction and deforms the
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Figure 4.16: The integrated intensity ratio of the amorphous phase peak to
the (110) cubic line as a function of milling time in mechanically oxidized
Sr2Fe2O5. The ratio was calculated using the x-ray diffraction patterns as
discussed in the text, the line is a guide for eye.

lattice at the same time. Since the process lasts for a fraction of a second

any possible local increase of temperature is short lived, the lattice does not

relax and retains the deformation.

Amorphous Phase

An amorphous peak, centered around 2θ = 35.5◦, appeared after 43 h of

milling. The peak appears as a shoulder next to the strongest x-ray lines in

Figure 4.11. The integrated intensity ratio of the amorphous peak Samorph. to

the cubic (110) strongest line S(110) is presented in Figure 4.16 as a function of

milling time. The almost constant intensity ratio indicates that the fraction

of the amorphous phase was not changing throughout the milling and was

most likely located on the surface of the grains.

The observed peak position corresponds to characteristic interatomic dis-

tance of 2.9 Å. However, it is difficult to judge what exactly the amorphous

phase is made of. Due to the simplicity and similarity of amorphous x-ray

patterns it is not possible to carry out identification like in the crystalline

case [63]. The chemical composition is most likely similar to the composition
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of the crystalline phase. We can exclude the possibility that the amorphous

phase is the product of oxide’s decomposition since Sr2Fe2O5 is stable in

lower oxygen partial pressures. Also we can exclude the formation of car-

bonate from residual carbon dioxide in the gas since the carbonate forms a

crystalline phase. This property will be described in the next part of this

chapter.

Morphology

Figure 4.17 shows scanning electron microscope images of the starting

Sr2Fe2O5 and the milled oxide.

The crystal size of the starting Sr2Fe2O5 obtained from x-ray diffraction

indicate a crystal size of 440 nm. The powder used as the starting material

consisted of large, macroscopic agglomerates. Crushed with a mortar and

pestle and dispersed using an ultrasonic probe the material forms agglom-

erates of several tens of micrometers in size. A representative particle is

presented in Figure 4.17. The sintered fragments appear solid and free of

cracks. Sr2Fe2O5 does not develop crystal facets which would help establish-

ing of the crystal size distribution. Examination of the micrographs indicates

that there are microcrystals smaller than 440 nm but their population is small

since they does not cause a visible x-ray diffraction line broadening. Also it is

feasible to expect crystals larger than 2µm but they are not detectable using

diffraction since their contribution to the line breadth is indistinguishable

from the instrumental breadth.

The milled material has the same appearance irrespective of the treat-

ment duration (see Figure 4.17). The crystal size found by x-ray diffraction

is around 17 nm. However, the milled material forms aggregates several mi-

crometers across consisting of grains approximately 1µm across. The milling

causes crystal fragmentation and simultaneous coalescence.

Surface Adsorption

The small crystal size of the milled material implies a large surface area which

is covered by water and gases. Since the oxygen content was determined

from mass loss upon annealing, desorbed gases would artificially increase the

calculated composition. The maximum mass loss due to loss of oxygen from

the structure is only 4.18% and significant gas adsorption would interfere

with the results.
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Figure 4.17: Scanning electron microscope images of Sr2Fe2O5 milled in oxy-
gen for 0 h (the starting material, top row), 43 h (middle row) and 213 h
(bottom row). The pictures are discussed in the text.
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The microscope images, presented in the previous section, suggest a

porous structure so the surface area of the final product (the 213 h sample)

was measured using nitrogen adsorption and found to be 2.2m2/g.

The theoretical specific area of the final product, assuming that all grains

are divided, was estimated using the crystal size determined by diffraction.

The calculations were simplified assuming a monodisperse crystal size and

that all crystals are spherical. These two simplifications artificially maximize

the result. The specific area s was determined as the ratio of the surface of

spherical microcrystal to its mass derived using the density calculated from

the lattice constant:

s =
6NAV

εMSrFeO3

(4.28)

where, V is the unit cell volume, NA Avogadro number, MSrFeO3 molecular

mass of the fully oxidized material and ε the crystal size. The calculated area

is equal to 61m2/g and the measured value is 27 times smaller than expected.

Therefore gas adsorption does not play an important role in the stoichiometry

determination and the fragments of milled oxide are not porous.

4.4 Thermal Carbonation

Interaction of the ferrite with CO2 is interesting from the scientific point of

view but is also very important from the application perspective since ionic

conductors as part of fuel cells are exposed to this gas.

Decomposition of strontium carbonate is controlled by temperature and

CO2 partial pressure in the atmosphere.

SrCO3 = SrO + CO2 (4.29)

The reaction is similar to the decomposition of calcium carbonate, a well

known example from chemistry textbooks. When, at constant temperature,

the pressure of carbon dioxide drops below a critical value the carbonate

converts into oxide. If on the other hand the pressure is higher the oxide

converts into carbonate. Similar behaviour is observed for constant pressure

of carbon dioxide and variable temperature.

The ferrite is expected to behave in a similar fashion and its temperature

of formation should depend on carbon dioxide concentration. The influence of

carbon dioxide on the formation is not obvious in air or argon atmospheres

since its concentration is low, but it becomes apparent in carbon dioxide
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Figure 4.18: The calculated oxygen partial pressure due to dissociation of
CO2 as a function of temperature.

atmosphere. It should be possible to reverse the formation of the ferrite

described by Reaction (3.1).

4.4.1 Atmosphere Characteristics

The carbon dioxide used in these experiments was a food grade gas of 98%

purity. The behaviour of gaseous oxides is more complicated than simple

oxygen-inert gas mixtures. The dioxide, apart from forming carbonates,

dissociates into carbon monoxide and oxygen and has to be considered an

oxidizing gas as well [141].

The partial pressure of oxygen in CO2 is temperature dependent and

was calculated from the Gibbs free energy of formation assuming that the

dissociation reaction has the following form:

2CO2 = 2CO +O2. (4.30)

The calculated oxygen activity as a function of temperature is presented

in Figure 4.18. The oxygen partial pressure exceeds 10−5 atm only when

temperature approaches 1273K so below this value the oxidation caused by

the dissociation is insignificant.
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However, the gas used for the experiments was only 98% pure. The

remaining fraction was most likely air so this impurity gives rise to an oxygen

partial pressure of approximately 0.004 atm which is much more than the

dissociation contribution and is constant across entire temperature range.

The oxygen contamination causes visible oxidation of the ferrite and should

be borne in mind during the analysis (see the equilibrium compositions for

0.003 atm of oxygen presented in Figure 4.2).

4.4.2 The Reaction

The reaction was tested using the thermogravimetric analyser by heating

Sr2Fe2O5 in CO2 at constant rate. The result was a weak peak around

1142K whose ascending slope corresponds to reaction with CO2 and the

descending one to the decomposition. However, the mass change was very

small (∼ 0.5%) and the peak was barely distinguishable from the baseline.
So the experiment was repeated, with the same heating rate of 10K/min, but

this time the material was kept at 1073K, below the critical temperature, for

1 h. The result is presented in Figure 4.19, the material gained nearly 7% of

mass below and at 1073K substantially more than due to oxidation alone so

the gain corresponds to the CO2 intake.

The shape of the TG curve during the isothermal step of heating sug-

gests that the reaction was not completed (lack of saturation) and increasing

the temperature resulted in decomposition at 1142K. On the cooling cycle

the material gained some mass due to oxidation and carbonation, however

the carbonation reaction is relatively slow therefore the gain was low. X-

ray diffraction examination afterwards revealed signs of oxidation (Sr4Fe4O11

present) and traces of strontium carbonate.

The critical temperature found from the experiments was determined

from the positions of peaks in the thermogravimetric traces. The peaks are

the result of overlap of the carbonation and the decomposition reactions and

it is difficult to assess where the decomposition starts. The value of critical

temperature was clarified by the following experiment.

The reaction of the ferrite with carbon dioxide below the critical temper-

ature should lead to a complete decomposition to strontium carbonate and

hematite. From the thermodynamical point of view the critical temperature

is the same for the decomposition as well for the formation of the ferrite from

Fe2O3 and SrCO3. To establish the precise value of the critical temperature

a milled mixture of hematite and strontium carbonate in a molar ratio 1:2
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Figure 4.19: A thermogravimetric trace of the reaction of Sr2Fe2O5 with CO2

as discussed in the text.

was examined by heating in CO2 in the thermogravimetric analyser and the

result is presented in Figure 4.20. The critical temperature for the formation

(decomposition) of the ferrite in CO2 was derived from the onset of the mass

loss and found to be 1128± 5K.
The observed formation temperature is significantly higher than for the

reaction in argon (approximately 873K, compare with Figure 3.2) and the

onset of reaction is much clearer.

Reaction Route and Kinetics

Investigation of the phases formed during carbonation was carried out using

samples annealed in a furnace at 1073K under a flow of carbon dioxide. The

oxide was placed in small crucibles, the extent of the reaction was established

from the mass gain and the composition determined using x-ray diffraction.

The treatment was carried out for up to 480 h.

X-ray examination revealed diminishing amounts of Sr2Fe2O5 and the

presence of Sr4Fe4O11 due to oxygen contamination. Product of the reaction

at all stages were strontium carbonate (SrCO3) and strontium hexaferrite

(SrFe12O19). The fraction of the oxidized ferrite was also decreasing which

suggests that the presence of Fe4+ does not inhibit the carbonation. The
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Figure 4.20: A thermogravimetric trace of the hematite and strontium car-
bonate mixture heated in CO2 at the rate of 10K/min as discussed in the
text.

material after 480 h of annealing contained strontium carbonate, strontium

hexaferrite and traces of the original ferrite.

Strontium hexaferrite is formed as a strontium deficient phase however,

reference to the ternary diagram for the Sr-Fe-O system (Figure 1.4) shows

that the carbonation process directly forms SrFe12O19 and does not form

Sr4Fe6O13 as an intermediate phase.

Figure 4.21 shows the extent‡ of Reaction (4.31) as a function of annealing

time.

6 Sr2Fe2O5 + 11CO2 = SrFe12O19 + 11 SrCO3 (4.31)

The data shown in Figure 4.21 clearly indicate that formation of the hexafer-

rite has two stages with distinctive different kinetics mechanisms. The first

step takes few hours and produces approximately 40% of the product then

the reaction visibly slows down.

Since the carbonation was not complete the results were analysed to find

an approximate time required for the completion. Several kinetics models

were fitted to the second stage of the reaction however, the results were not

conclusive, indicating a complicated mechanism. However, considering the

‡The extent of reaction α was introduced on page 77.
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Figure 4.21: The extent of Reaction (4.31) as a function of annealing time.
Sr2Fe2O5 was annealed at 1073K in CO2. The solid lines represent two
different kinetics mechanisms of the carbonation reaction as discussed in the
text.

process as a first order reaction resulted in the fit shown as a solid line in

Figure 4.21. Even though the kinetic model was not unambiguously assigned,

the first order gives an estimate of the time needed for the complete conver-

sion to SrFe12O19. The calculation for 99% of completion (α = 0.99) show

that the material would require total of 1500 h of annealing.

The reaction rate cannot be increased by temperature since the annealing

temperature was close to the critical value. The only possibility would be to

increase the pressure of CO2 which would allow an increase in temperature.

Since SrFeOx should in theory decompose to hematite and strontium

carbonate upon exposure to carbon dioxide, the hexaferrite should finally

decompose according to the equation:

SrFe12O19 + CO2 = 6Fe2O3 + SrCO3, (4.32)

so the carbonation reaction of SrFeOx follows the scheme:

Sr2Fe2O5 → SrFe12O19 → α−Fe2O3, (4.33)
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with Sr in the form of SrCO3.

SrFe12O19 and Carbon Dioxide

Since SrFe12O19 is a prominent phase in the carbonation reaction and does

not show evidence of decomposition up to 480 h, its interaction with the gas

was examined.

The absence of hematite in the carbonation reaction of SrFeOx has two

possible causes. Firstly, SrFe12O19 does not decompose until the strontium

rich phase (SrFeOx) vanishes or the second, that SrFe12O19 is very resilient

and its carbonation rate is extremely slow. These possibilities were tested

by annealing pure strontium hexaferrite in CO2 at 1073K for several hours

followed by x-ray examination. It did not show any traces of the carbonate.

However, lack of reaction signs is not a sufficient proof that the compound

is not influenced by the gas. The interaction of SrFe12O19 with carbon diox-

ide was additionally tested using milled mixtures of hematite and strontium

carbonate in a molar ratio 6:1 by annealing in argon and CO2. The anneal-

ing was carried out in the thermogravimetric analyser at constant heating

rate. The experiments yielded onsets of reactions at approximately 883K

and 1088± 5K in argon and carbon dioxide respectively, x-ray examination
of the product revealed only SrFe12O19 as the product. The temperature for

the argon environment could be even lower since the reaction rate in this

temperature range is low and it is difficult to establish a precise onset of

reaction.

However, the radically different temperatures for SrFe12O19 formation in

argon and CO2 show that the compound is affected by the pressure of CO2

and the lack of carbonation is caused by sluggish kinetics, this is the reason

why hematite is not observed in the thermally carbonated samples.

The thermogravimetric experiment experiment in CO2 also demonstrates

that the annealing temperature of 1073K was correctly chosen below the

critical value for the carbonation of SrFe12O19.

Morphology

The carbonated samples were examined using the scanning electron micro-

scope. The images collected are presented in Figure 4.22 and all thermally

carbonated samples look alike irrespective of the treatment time.

The morphology of the starting material (Sr2Fe2O5) was previously de-
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Figure 4.22: Scanning electron microscope images of Sr2Fe2O5 annealed in
CO2 at 1073K for 45 h.

scribed on page 83 (see Figure 4.17) and the ferrite appeared as solid sintered

grains.

Annealing in CO2 did not change the size of particles and the carbon-

ated material consists of sintered grains up to several tens of micrometers

across. However, the grains are now divided by obvious cracks, images taken

at higher magnifications show clearly separated domains of material approx-

imately 1–2µm in size not observed in pure Sr2Fe2O5.

Apart from the ferrite there are elongated crystals visible on the surface

of grains. Even though, the electron microscope was not equipped with an

energy dispersive detector which would facilitate an elemental analysis the

strong scattering of electrons by the rod like crystals (they appear as lighter

on the micrographs) indicate that they contain large fraction of strontium.

Since SrCO3 and SrFe12O19 constitute most of the material the crystals

must be made of the carbonate. Their shape is similar to the pure carbonate

crystals shown in Figure 3.3.

The cracked surface of the grains leads to a likely explanation of the two

different kinetics mechanisms of conversion to SrFe12O19. Figure 4.21 shows

that first stage of reaction was very rapid and produced approximately 40%
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of the product. The initial stages of solid-gas reaction are rapid since the

surface material is consumed. It appears that carbon dioxide can diffuse along

the grain boundaries, effectively increasing the surface area which explains

the initial rate of reaction. The cracks in the material appeared as a result

of molar volume changes between the starting material and SrFe12O19. Once

the material from the surface converts to the hexaferrite it shrinks exposing

the gaps. At the end of the first stage of reaction the ferrite consist of

SrFe12O19 grains with a SrFeOx core. Since the hexaferrite is resistant to

carbonation further reaction is limited by diffusion of Sr through the layer of

SrFe12O19 slowing down the process and changing the rate determining step

from gaseous diffusion to solid state diffusion which is typically much slower.

4.5 Mechanical Carbonation

The carbonation reaction was also carried out using mechanical methods.

Since the critical temperature for carbonation reaction of the ferrite is 1128K

under 0.98 atm of CO2, the formation of carbonate is even more favourable at

room temperature (the change of Gibbs free energy for the reaction is lower

than at elevated temperature).

8 g of Sr2Fe2O5 was milled at 200 rpm under an initial carbon dioxide

pressure pressure of 300 kPa for up to 656 h. Small samples of the material

were taken at different periods for analysis and the vial refilled to the initial

pressure.

Milling was carried out without any liquid although it is possible to use

water which leads to very rapid formation of the carbonate due to the action

of carbonic acid [142,143]. However, this line of experiments was not pursued

for two reasons. First of all, the acid forms a corrosive environment which

attacks the mill [144] and the products of corrosion would spoil the analysis.

The contamination would increase with time due to continuous mechanical

removal of the tarnished layer during milling. Secondly, water is not inert

towards iron oxides and it would most certainly form hydrated forms of the

oxides [143]. The route for the hydration reaction depends on the amount of

added water which would greatly complicate the analysis since there would

be several chemical reactions occurring simultaneously.
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Figure 4.23: X-ray diffraction patterns of Sr2Fe2O5 milled in CO2 for various
periods of time. The arrows denote two strongest lines of hematite, the
figures mark the milling time. The pure Sr2Fe2O5 is denoted by 0 h milling
time. The reflections in the bottom pattern belong to SrCO3 and hematite.
The patterns are normalized and presented on a linear scale.

4.5.1 The Reaction

The milled samples were examined using x-ray diffraction and selected pat-

terns are presented in Figure 4.23. As expected the main product of the

reaction is strontium carbonate; it appeared after just 4 h of milling and its

presence is marked by the strongest line at 2θ = 29.3◦ (the observed line

is actually a doublet). The fraction of carbonate and thus the intensity of

line increased with time as the intensity of Sr2Fe2O5 lines decreased. At

the same time, the lines broadened due to decreasing crystal size and ac-

cumulated strain. The crystal size and strain analysis in this case is very

complicated as a result of severe line overlap. An amorphous phase appeared

after 32 h of milling and persisted to the end of the process.

Formation of strontium carbonate should lead to a simultaneous appear-

ance of a strontium deficient ferrite like SrFe12O19 in the thermally carbon-

ated samples or hematite. However, up to 256 h of milling there were no signs

of any crystalline form of iron compound (apart from Sr2Fe2O5 of course). On

further milling hematite lines become visible but after 656 h the line inten-
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sity ratio of hematite to carbonate was smaller than expected for a mixture

of 2SrCO3+Fe2O3. There was no evidence for SrFe12O19 in the diffraction

patterns, although the samples were slightly magnetic implying its presence.

However, their magnetic nature was not nearly as strong as in the thermally

carbonated ferrite. The lack of an iron compound and the small intensity of

hematite lines indicates that Fe was bound in some metastable compound,

possibly a form of iron carbonate.

The unknown phase decomposed slowly during milling with hematite as

a product. The decomposition to hematite starts before the starting phase

(Sr2Fe2O5) vanishes (the 256 h pattern in Figure 4.23 contains traces of

hematite). However, this overlap may be caused by the randomness of the

milling method discussed in section 4.3. The carbonation reaction appears

to follows the scheme:

Sr2Fe2O5 → Unknown Phase(s)→ Fe2O3 (4.34)

and produces SrCO3 during both stages.

The mechanically carbonated samples were analysed using the thermo-

gravimetric analyser by heating them at constant rate up to 1473K in argon

atmosphere. The results are presented in Figure 4.24 and the traces confirm

the presence of an unknown carbonate in the system. The figure also shows

the reaction trace of a hematite-strontium carbonate mixture (dashed line).

The mixture shows only one stage of reaction which corresponds to decom-

position of SrCO3 and formation of Sr2Fe2O5. On the other hand the milled

samples exhibit an additional low temperature reaction, marked with an ar-

row in Figure 4.24, which commences around 473K and overlaps with the

decomposition of SrCO3. An attempt to separate the stages by decreasing

the heating rate was unsuccessful. Extended annealing in argon and CO2

below 873K did not cause crystallization of the unknown phase.

The mass loss due to the low temperature stage increased significantly up

to 256 h of milling with only a slight increase to 656 h of milling (compare the

curves for 256 h and 656 h in Figure 4.24). It corresponds to the increasing

fraction of the metastable phase. Samples milled for longer than 256 h exhibit

greater total mass loss than expected from Reaction (3.1).
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Figure 4.24: Thermogravimetric traces of Sr2Fe2O5 milled in CO2 for various
periods of time (solid lines) and a trace of hematite-strontium carbonate
mixture (dashed line). The samples were analysed in argon at the constant
rate of 20K/min; the figures denote the milling time.

4.5.2 Nature of the Unknown Carbonate

The unknown carbonate is metastable and decomposes upon annealing and

milling. Since hematite appeared after 256 h of mechanical treatment the

compound must contain a significant amount iron and the presence of some

strontium in the compound cannot be excluded.

X-ray diffraction did not show any unexplained lines that might corre-

spond to the unknown carbonate phase proving, that the carbonate is either

amorphous or its reflections overlap with broad lines of the other phases.

However, intensities of lines characteristic to the particular compounds are

not visibly changed so the former supposition is likely to be true.

There are two known iron carbonates, ferrous carbonate FeCO3 which

occurs in nature as a mineral (siderite) and ferric carbonate Fe2O2CO3 found

and described by Erdös and Altorfer [145]. The starting material contained

only ferric iron so to form siderite, the iron would have to be reduced. The

discussion of iron contamination from the mill presented in section 3.5, shows

that such a reduction is feasible.

The milled materials were tested for divalent iron using a 0.1% water
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solution of o-Phenanthroline (1,10-Phenanthroline Hydrate, C12H8N2·H2O).

A small amount of material was dissolved in hydrochloric acid and a drop

of the solution was quickly transferred onto a spot plate and mixed with a

drop of the reagent. The test did not show the presence of Fe2+ despite a

concentration limit for the test of 1 in 1,500,000 [132]. A negative result was

also returned with potassium ferricyanide as an indicator.

The tests exclude siderite as a potential iron carbonate. Additionally the

materials were examined for excess iron using the procedure described in sec-

tion 3.5. This procedure was carried out because the absence of ferrous iron

does not exclude iron contamination. The surplus iron was sought by x-ray

examination of the samples reduced during the thermogravimetric analysis.

The examination did not reveal any excess iron so it can be safely concluded

that the unidentified carbonate does not contain ferrous iron and the milling

did not change the overall iron to strontium ratio in the compound.

Even though the gas used for experiments contained small amount of

oxygen there was no visible signs of oxidation which would be indicated by

the presence of Sr4Fe4O11. Therefore, the fraction of tetravalent iron has to be

negligibly small and the unknown carbonate has to contain the trivalent iron.

Lack of any structural information does not allow positive identification of

the carbonate as Fe2O2CO3 since its strongest diffraction line at 2θ = 20.24
◦

was not observed in Figure 4.23.

4.5.3 Morphology and Surface Adsorption

The ferrites carbonated by milling were examined using the scanning electron

microscope. However, due to the destructive nature of milling the carbona-

tion products are featureless compared with the thermally carbonated sam-

ples and looked very similar irrespective of the milling time. These images

are presented in Figure 4.25. The material looks similar to the mechanically

oxidized ferrites (compare with Figure 4.17) with the powder consisting of

grains up to several micrometers across formed by a coalescence of smaller

(submicron) crystals.

Although a comprehensive crystal size analysis is difficult due to the

strong line overlap, the crystal size of SrCO3 is approximately 13 nm and

hematite has a crystal size around 40 nm, so even the smallest particles visi-

ble under the microscope are polycrystalline.

The microscopic observations were confirmed by surface area measure-

ments with the specific surface area of the 656 h sample being only 2.66m2/g
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Figure 4.25: Scanning electron microscope images of Sr2Fe2O5 milled in CO2

for 256 h.

which precludes any porosity or a large fraction of loose microcrystals. It also

shows that surface adsorption is not responsible for the mass loss observed

during the thermogravimetric analysis.

4.6 Summary

Both temperature and oxygen concentration in the atmosphere have a pro-

found effect on the composition and chemical reactions of the ferrite. Tem-

peratures above 473K and variation in oxygen partial pressure, under a to-

tal pressure of 1 atm, lead to changes in the composition within the range

2.5 ≤ x ≤ 2.915.
The composition changes with temperature and oxygen pressure have an

equilibrium character (see section 4.2.1) and, as one can imagine, lead also

to changes in the crystal structure and other physical properties.

The composition can be expressed as a function of temperature and oxy-

gen activity to form an equilibrium composition diagram as shown in sec-

tion 4.2.2. This information is indispensable for any in situ studies of the

material, construction of an equilibrium phase diagram and preparation of

samples for ambient temperature research.

The compositional changes in the ferrite can also be induced by me-

chanical energy at room temperature, where thermally induced composition

changes are negligibly slow. Milling in oxygen causes full oxidation however,

the small crystal sizes and the crystal lattice strain of the product hamper

analysis making it difficult to identify phases and fully characterize the ma-

terial. The oxidation process itself is different from the thermal one. It is a

non-equilibrium process and consist of both parallel and consecutive chemical
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reactions.

Oxygen bearing atmospheres are not the only environments that affect the

material. Carbon dioxide at high temperature reacts with the ferrite causing

it to decompose. However, decomposition occurs only below a certain critical

temperature which depends on the CO2 partial pressure and above which the

ferrite forms again.

The thermal carbonation reaction does not have Sr4Fe6O13 as an inter-

mediate phase and directly forms SrFe12O19 which is very resistant to car-

bonation. The carbonation reaction is considerably slower than oxidation at

the same temperature and it is expected that complete conversion of SrFeOx

to strontium carbonate and hematite would take several thousands hours at

1073K.

The carbonation reaction can also be induced by mechanical energy. The

reaction is is faster than the thermal process but the mechanism is consid-

erably different. SrFe12O19 was not formed as an intermediate phase but an

unknown metastable ferric carbonate which decomposes forming hematite

was evident.



Chapter 5

Mössbauer Spectroscopy

The thermally and mechanically oxidized samples of SrFeOx were investi-

gated by Mössbauer spectroscopy at room temperature using the experimen-

tal and analytical procedures described in Chapter 2.

The literature devoted to the Mössbauer effect in the SrFeOx system is

much more plentiful than work concerning any other property of the mate-

rial. Published reports describe room temperature as well as sub-ambient

spectra of the material because of its interesting magnetic properties [127,

131, 140, 146–148]. Since the material undergoes compositional changes in-

duced by temperature and partial pressure of oxygen it was also investigated

at high temperatures [147–151] and pressures [152]. However, in many cases

the interpretation of results is questionable and the overall picture is still

far from being clear. The present author provides an alternative interpreta-

tion of some room temperature results and discusses high temperature data

published by other authors which are relevant to the results presented in

Chapter 7.

5.1 Thermally Oxidized Ferrites

The SrFeOx system has a very broad range of non-stoichiometry ranging

from x = 2.5 to x = 3, however the investigation was limited to samples with

the oxygen content x ≥ 2.75 and Sr2Fe2O5. X-ray diffraction examination of

ferrites with composition 2.5 < x < 2.75 show that the ferrite forms mixtures

of Sr2Fe2O5 (x = 2.5) and Sr4Fe4O11 (x = 2.75) in this composition range.

Selected spectra of oxidized ferrites are presented in Figure 5.1 as a func-

tion of oxygen content and the patterns agree with results published by other

authors [127, 131, 146, 147, 149]. The spectra change with increasing oxygen
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content and inspection of Figure 5.1 indicates that in the composition range

2.75 < x < 2.89 the spectra are the sum of x = 2.750 and x = 2.890 pat-

terns in different ratios. For x ≥ 2.890 the patterns consist of two or three
overlapping lines. The weaker line with positive isomer shift disappears in

favour of a singlet characterised close to zero isomer shift.

5.1.1 Sr4Fe4O11 Phase (x = 2.75)

The Sr4Fe4O11 pattern, presented at the bottom of Figure 5.1, consists of

three overlapping absorption peaks. Fitting with Lorentz profiles showed that

widths of the lines are equal and their relative intensity ratio is approximately

2:1:1. The same width for all lines indicates that there is no other absorption

lines overlapping with the observed ones unless the lines lie very close to each

other.

Sr4Fe4O11 contains equal fractions of iron in tetravalent and trivalent

states. This means that iron occupies at least two different crystallographical

positions in the lattice and the intensity of the tetravalent iron lines are

expected to be equal the intensities of the trivalent lines.

However, without knowledge of the atom distribution in the unit cell the

interpretation of the spectrum is ambiguous. Takeda et al. [127] and Takano

et al. [147]∗ proposed a very elaborate four iron site model to describe the

spectrum. Two of the sites were small in intensity (≤ 9%) and seem to have
been introduced to get the correct calculated oxygen stoichiometry using the

formula:

x = 0.5fFe4+ + 2.5, (5.1)

where fFe4+ is the fraction of tetravalent iron in the compound. The model as-

sumes strongly overlapping lines producing the three observed peaks without

any experimental evidence for such overlap. The spectrum can be explained

in much simpler way.

An obvious interpretation of the pattern as three singlets is not accept-

able. The strong singlet would have to belong to one iron species and

the remaining two weaker lines to the other one to get the correct calcu-

lated composition. In this case the third line would have substantial iso-

mer shift (∼ 1mm/s). The shift is within the range observed in iron com-
pounds [98, 153] but it is characteristic of divalent iron.

∗The two papers report the same room temperature results and were written by almost
the same groups of authors.
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Figure 5.1: Room temperature Mössbauer spectra of thermally oxidized
SrFeOx as a function of composition. The figures denote the oxygen con-
tent x. The points show the observed intensities, the solid lines denote result
of fitting and the components of spectrum described in the text. The spectra
were normalized.
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Table 5.1: The components of the room temperature Mössbauer spectra of
the thermally oxidized SrFeOx. The models used for fitting are discussed in
the text.

Phase 1 (Sr4Fe4O11) Phase 2 (Sr8Fe8O23)
x IS δ QS ∆ Fraction IS δ Fraction

[mm/s] [mm/s] [mm/s]
2.750 -0.280(1) — 0.49 — —

0.525(2) 0.921(3) 0.51 — —

2.776 -0.283(3) — 0.34 -0.10(2) 0.08
0.498(12) 0.932(24) 0.37 0.09(1) 0.13
— — — 0.507(6) 0.08

2.783 -0.281(4) — 0.36 -0.10(5) 0.07
0.540(11) 0.901(23) 0.32 0.01(3) 0.15
— — — 0.475(5) 0.11

2.790 -0.307(22) — 0.19 -0.18(3) 0.15
0.544(8) 0.863(23) 0.20 0.001(15) 0.25
— — — 0.501(6) 0.21

2.810 -0.300(24) — 0.19 -0.17(3) 0.15
0.537(19) 0.90(4) 0.21 0.003(23) 0.28
— — — 0.479(7) 0.17

2.856 -0.234(15) — 0.16 -0.075(13) 0.20
0.611(13) 0.736(28) 0.02 0.054(15) 0.37
— — — 0.455(4) 0.25

2.884† — — — -0.162(14) 0.14
— — — 0.028(6) 0.64
— — — 0.445(5) 0.22

2.890† — — — -0.158(9) 0.14
— — — 0.024(4) 0.66
— — — 0.457(2) 0.20

2.915† — — — -0.136(18) 0.15
— — — 0.047(6) 0.69
— — — 0.428(6) 0.16

†- two phase sample, the contribution from SrFeO3 is unresolved.
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The model adopted in this thesis assumes that the strongest singlet (see

Figure 5.1, x = 2.750) belongs to one iron species and the two remaining

lines form a doublet resulting from quadrupole splitting belonging to the

other valency. The fit resulting from this model is presented as a solid line

in Figure 5.1. The isomer shift of the doublet (Table 5.1) is characteristic

for Fe3+ with spin S = 5/2 and the measured value does not overlap with

shifts of other Fe3+ states [98]. The negative shift of the singlet is close to

the range −0.125 ≤ δ ≤ 0.125mm/s observed for Fe4+ with spin S = 2 in

complex salts such as o-phenylene-bis-(dimethylarsine) [98, 153]. However,

the tetravalent state is rare and departure (∼0.155mm/s) from the reported
values indicates that the isomer shift for this state could have a broader span.

5.1.2 Sr8Fe8O23 Phase (x = 2.875)

Peaks for the Sr4Fe4O11 phase vanished when the oxygen content reached

approximately x = 2.89. The traces of this phase are still visible in sample

with composition x = 2.856 in form of slight shoulders at velocities of −0.3
and ∼ 1mm/s (see Figure 5.1). The room temperature single phases of the
SrFeOx system presented so far are Sr2Fe2O5, Sr4Fe4O11 and SrFeO3 they

correspond to the tetravalent iron fractions equal 0, 1/2 and 1 respectively.

The x = 2.89 composition is close to the ideal composition of x = 2.875 which

corresponds to a tetravalent iron fraction of 3/4 and the formula Sr8Fe8O23.

The present author did not managed to obtain exactly the ideal compo-

sition but samples with oxygen content x = 2.884 and x = 2.890 are close

enough for the analysis. The spectrum of the sample with x = 2.890 appears

as two lines (see Figure 5.1), however numerical analysis indicates that the

stronger line is actually a pair of lines.

The Sr8Fe8O23 phase was previously reported by Takeda et al. [127] and

Takano et al. [147] and the authors assigned the strong singlet to the tetrava-

lent state and two remaining lines were interpreted as a doublet resulting

from a quadrupole splitting. However, if the doublet is to be regarded as the

trivalent iron contribution the model yields an incorrect calculated oxygen

content. Takeda et al. and Takano et al. proposed that the iron correspond-

ing to the doublet is in a 3.5+ oxidation state and results from a fast electron

transfer between Fe4+ and Fe3+. Such an arrangement gives the correct cal-

culated composition although no other experimental evidence to support this

proposal has been presented.

The spectrum of Sr8Fe8O23 can explained in a more straightforward man-
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ner. The new model assigns the tetravalent state to the strongest line and to

the weak singlet with negative isomer shift (see Figure 5.1, x = 2.890). The

weak tetravalent singlet overlaps with the strongest line. The trivalent state

was assigned to the weak peak with positive isomer shift. In the present

model, shown as solid lines in Figure 5.1, there are two distinct crystallo-

graphical sites occupied by Fe4+ and one site occupied by Fe3+. The model

yields the correct calculated composition when applied to the present results

and data published by Takeda et al. and Takano et al. [127,147] as well. The

present author and Takeda et al. and Takano et al. observed that the two

weaker lines belonging to the tetravalent and the trivalent states have almost

equal intensities. The Sr8Fe8O23 phase contains 1/4 of iron in the trivalent

which gives one weak trivalent peak and as a result the other weak line must

also correspond to 1/4 of the total iron. Since there are only three observed

lines, in pure Sr8Fe8O23 iron is partitioned among the sites like
1
4
: 2

4
: 1

4
and

yield relative intensities of the Mössbauer lines in the ratio 1:2:1.

The observed intensity ratios (1:4.7:1.4 for x = 2.890 and 1:4.6:1.1 for

x = 2.915) depart from the ideal since the oxygen content in the examined

samples was higher than the ideal x = 2.875. The discrepancies in intensities

are caused by the strong overlap of the tetravalent iron lines and the fact

that above x = 2.875 the samples contain SrFeO3 which yields a singlet with

isomer shift close to zero [127, 131, 140, 147]. The SrFeO3 contribution en-

hances the strongest peak and is impossible to distinguish from the Sr8Fe8O23

tetravalent peak. Takeda et al. and Takano et al. [127,147] examined a sam-

ple with composition x = 2.86 and their line intensity ratio was 1:1.6:1† since

the stoichiometry was less than x = 2.875.

The observed isomer shifts (samples x = 2.884, 2.890, 2.915) are char-

acteristic for Fe3+ in S = 5/2 spin state and Fe4+ with spin S = 2. The

departure of the observed shift of the weak tetravalent line from the reported

values [98, 153] is smaller than in the Sr4Fe4O11 case (see the previous sec-

tion).

5.1.3 Two Phase Regions

Most of the examined samples had oxygen contents far from the ideal com-

positions of Sr4Fe4O11, Sr8Fe8O23 and SrFeO3. As pointed out during the

initial visual analysis of Figure 5.1 the spectra of the intermediate composi-

†The intensities of the weaker lines were assumed to be equal to 1/2 of the doublet
intensity.
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tions contain lines of Sr4Fe4O11 and Sr8Fe8O23. The two phase spectra with

composition 2.75 < x < 2.875 were fitted with models comprising of the ideal

phases (Sr4Fe4O11 and Sr8Fe8O23) and the parameters obtained are presented

in Table 5.1. The refined spectral parameters are also plotted in Figure 5.2

as a function of composition x. However due to severe overlap of the absorp-

tion lines the extracted intensities depart from the values exhibited by the

Daltonian compounds. It is caused by the fact that fitting was unconstrained

and in the least favourable situation the fitting varied up to 16 parameters

(positions, widths and intensities of lines). The discrepancies are visible in

the samples containing a small amount of one of the phases. However, the

isomer shifts and quadrupole splittings of lines remained essentially constant.

The samples with composition 2.875 < x < 3.0 are also two phase however

the contribution from SrFeO3 is impossible to resolve so the patterns were

fitted as single phase materials as explained in the previous section.

5.2 Sr2Fe2O5 Phase (x = 2.5)

The oxygen deficient form of ferrite is the only phase in the SrFeOx system

which exhibits magnetic order at room temperature. The oxidized materials

have ordering temperatures well below ambient [29, 125, 131,154].

The Mössbauer spectrum is presented in Figure 5.3 and consists of 11

absorption lines. The occurrence of eleven lines indicates that there are at

least two iron sites in Sr2Fe2O5 and that two lines overlap. The spectrum was

fitted with two sextets however, the two features did not yield a satisfactory

fit. The material is antiferromagnet and magnetization measurements using

a vibrating sample magnetometer did not show any uncompensated mag-

netic moment at zero external field so the fraction of iron in both sites must

be equal. An exact fit was obtained by an introduction of a singlet which

accounts for 6% of absorption. The single line is broad and has a negative

isomer shift (see Table 5.2 for the results) and the resulting occupancy of

sites corresponding to the sextets are not equal.

Calculated isomer shifts and hyperfine fields in Sr2Fe2O5 are similar to

the values published by Fournes et al. [148]. However, they observed similar

irregularities in the intensities of sextets.

The broad singlet was added just to account for all iron sites and a sin-

gle line might not be a proper description of the phenomenon which causes

the uneven areas of the sextets. The line could be interpreted as a sign of
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Figure 5.2: Refined parameters of the Mössbauer spectra of the two phase
SrFeOx samples as a function of composition in the range of 2.750 ≤ x ≤
2.915. The top and the bottom plots present the parameters of Sr4Fe4O11 and
Sr8Fe8O23 lines respectively as discussed in the text. The dashed line marks
the composition of x = 2.875 (Sr8Fe8O23), the results are also contained in
Table 5.1. The error bars represent standard deviations resulting from fitting
which are smaller than actual error.
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Figure 5.3: Room temperature Mössbauer spectrum of Sr2Fe2O5. The points
show the observed intensities, the solid lines denote result of fitting and the
components of spectrum described in the text.

Table 5.2: Hyperfine parameters of Sr2Fe2O5 at room temperature.

Site IS δ QS ∆ B Fraction Comments
[mm/s] [mm/s] [T]

Sextet 1 0.326(4) -0.336(4) 49.48 0.44 HWHM = 0.20
Sextet 2 0.128(3) 0.299(3) 41.66 0.50 HWHM = 0.20
Singlet 1 -0.17(3) — — 0.06 HWHM = 0.39

oxidation, since the strongest absorption line of Sr4Fe4O11 has negative iso-

mer shift. However, 6% of tetravalent iron would yield oxygen stoichiometry

x = 2.53 which can be readily detected by x-ray diffraction. The isomer

shift of the singlet is characteristic for FexO [155] however tests made on

Sr2Fe2O5, using the procedure described on page 96, exclude the presence of

ferrous iron in the system. The other more feasible possibility is the existence

of structural disorder in Sr2Fe2O5 and the singlet is actually an unresolved

doublet.
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5.3 Mechanically Oxidized Ferrites

Mössbauer spectra of the mechanically oxidized SrFeOx samples, described

in section 4.3, are presented in Figure 5.4. The observed spectra contain two

broad, overlapping lines and additionally the sample milled for 18 h contains

traces of Sr2Fe2O5. The lines are broadened due to the small crystal size

and strain resulting in a distribution of spectral parameters and completely

obscure features which were only partially resolved in the spectra of the

thermally oxidized materials.

Numerical analysis showed that the strongest line contains an additional

absorption peak so the patterns were fitted using a singlet and a doublet

and the results are presented in Table 5.3 and in Figure 5.4 as solid lines.

The doublet was chosen to obtain a better fit however, it can not be directly

assigned to any structural feature. This ambiguity is due to the samples being

mixtures of two or more phases as discussed in section 4.3. The negative

isomer shift of the strongest line in the 18 h sample indicates the presence

of Sr4Fe4O11, in higher oxidized samples (x ≥ 2.89) the line has a shift close
to zero which is characteristic for Sr8Fe8O23 and SrFeO3. The isomer shift

and quadrupole splitting of the doublet remains approximately constant in

samples milled for longer than 18 h but the area of the doublet increases with

milling time from 0.48 after 18 h to 0.58 after 213 h.

The increase in the doublet is consistent with the observed increase in

the lattice constant of the milled material (see Figure 4.14). It indicates that

crystal structure of the mechanically oxidized material is very complex and

the observed cubic pattern (see Figure 4.11) is in fact much more complicated.

The increase in the lattice constant and the fraction of doublet is exactly the

opposite behaviour to the one found in the thermally oxidized ferrites, where

the spectrum collapses into one line upon oxidation (Figure 5.1) and the unit

cell usually shrinks. Highly oxidized samples, after 117 h and 213 h of milling,

exhibit a two line character. It proves that the final product of milling is not

a pure cubic perovskite SrFeO3 which is characterised by a single absorption

line at room temperature [127, 131,140,147].
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Figure 5.4: Room temperature Mössbauer spectra of mechanically oxidized
SrFeOx as a function of milling time. The materials were characterised in
section 4.3 and the spectral fits are discussed in the text. The figures de-
note the measured oxygen content x and milling time. The spectra were
normalized.
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Table 5.3: Components of the Mössbauer spectra of the mechanically oxidized
ferrites at different stages of milling. The spectral models are discussed in
the text.

Milling time Measured IS δ QS ∆ Fraction
[h] Composition x [mm/s] [mm/s]
18† 2.73 -0.248(3) — 0.37

0.406(5) 0.685(7) 0.48

43 2.89 0.026(6) — 0.49
0.157(9) 0.95(2) 0.51

65 2.92 0.042(6) — 0.48
0.165(9) 0.95(2) 0.52

117 2.96 0.047(5) — 0.45
0.160(5) 0.864(12) 0.55

213 3.02 0.05(1) — 0.42
0.17(1) 0.90(2) 0.58

†- sample contains Sr2Fe2O5 responsible for approximately 0.15 of
absorption

5.4 Thermally and Mechanically Carbonated

Ferrites

The carbonated samples, described in section 4.4, were not examined by

Mössbauer spectroscopy as it was anticipated that the spectra would be too

complicated to reach any firm conclusions. The thermally carbonated ma-

terials form mixtures of Sr2Fe2O5, Sr4Fe4O11 and SrFe12O19. Sr2Fe2O5 and

SrFe12O19 are magnetically ordered and have iron in two and five crystallo-

graphical positions [156, 157] respectively and would produce seven overlap-

ping sextets.

The situation with the milled materials described in section 4.5 is similar

since almost all of them would contain spectra from Sr2Fe2O5, antiferromag-

netic hematite and the amorphous iron compound. The analysis would be

complicated by the line broadening as in the case of the mechanically oxidized

ferrites.

5.5 Published High-Temperature Spectra

High temperature experiments were not performed by the author however, a

discussion of published results is relevant to structural studies presented in
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Chapter 7.

Mössbauer spectra provide valuable information about the number of

different iron sites which is very helpful in structure determination. The

relevant experiments were conducted by Gibb [149] and Fournés et al. [148,

150], Takano et al. [147], Wißmann and Becker [151] using oxidized samples

as well as Sr2Fe2O5. The experiments on oxidized materials were made under

equilibrium conditions in an air/oxygen atmosphere [150,151] as well as under

vacuum and in inert gases [147, 149, 150]. Sr2Fe2O5 was studied in vacuum

[147,148]. The data cover a broad range of compositions. Gibb [149] heated

oxidized material in vacuum causing an inevitable oxygen loss and failed to

reconcile this fact during the analysis, however the raw data is the same as

reported by others.

All authors observed a transition in the SrFeOx system from structures

similar to those at room temperature to a singlet‡. The single line indicates

only one iron site in the crystal structure. The oxidized ferrites contain

mixture of Fe4+ and Fe3+ oxidation states and the single line proves that

both states have the same surroundings (the same average number of oxygens

irrespective of the oxidation state). This leads to the conclusion that the

oxygen sites must be disordered. Otherwise two different oxidation states

of iron are expected to form different surroundings (e.g. tetrahedrons and

octahedrons) and yield more complicated Mössbauer spectra.

5.6 Summary

Room temperature investigation of thermally oxidized ferrites showed the

existence of two composition ranges: 2.75 < x < 2.875 and 2.875 < x < 3.0,

where the ferrite forms two phase mixtures of Sr4Fe4O11 and Sr8Fe8O23 and

Sr8Fe8O23, and SrFeO3 respectively. Room temperature spectra of Sr4Fe4O11

and Sr8Fe8O23 were interpreted in a much more straightforward way and the

proposed models were justified on the basis of chemical composition of the

materials. However the interpretation problem is still open and can be fully

resolved only when the crystal structures of these compounds are solved.

Examination of mechanically oxidized ferrites, showed that the fully ox-

idized sample does not form the cubic perovskite. However, full analysis

‡Sr2Fe2O5 is an exception since it becomes paramagnetic on heating and crosses the
Néel point before transition into the singlet. The paramagnetic phase yields two overlap-
ping doublets instead of two sextets observed at room temperature.
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of the results is impossible because of line broadening which obscures fine

details in the spectra as it did in case of x-ray diffraction.

Discussion of published high temperature results shows that the high

temperature cubic form of the oxide has one iron site in the unit cell which

indicates disorder in the oxygen sites.



Chapter 6

Room Temperature Phases of

SrFeOx

This chapter presents information about the room temperature phases of the

SrFeOx system. This knowledge is not important as far as application of

the ferrite is concerned since the ionic conductivity of the oxide is very low

but is presented for the sake of completeness. The literature on the room

temperature crystal structure of the ferrite is extensive [125–127, 131, 138,

139, 147, 158–161] but of crystal structure of some SrFeOx phases has not

been fully explained yet. Apart from x-ray diffraction, this chapter is based

on the results of Mössbauer experiments presented in the previous chapter

and measurements of the density of the ferrite.

6.1 Phase Behaviour

The SrFeOx system, at room temperature, forms phases with an oxygen con-

tent over the entire composition range 2.5 ≤ x ≤ 3.0. However, as explained
in Chapter 4 the changes in oxygen content at room temperature are negli-

gibly small and the oxide’s composition at ambient temperatures is constant

regardless of the oxygen partial pressure. The different room temperature

phases are the result of different thermal history of particular materials (an-

nealing temperatures and composition of atmospheres).

There is a finite number of crystallographically different phases in the

SrFeOx system despite the fact that the composition of the ferrite varies

continuously. The fraction of tetravalent iron in the phases is given by

fFe4+ = n/4, where n = 0, 2, 3, 4. These fractions correspond to the phases:
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Figure 6.1: X-ray diffraction spectra of Sr2Fe2O5 (top pattern), Sr4Fe4O11

(bottom pattern) and ferrite samples with intermediate compositions.

Sr2Fe2O5 (x = 2.5), Sr4Fe4O11 (x = 2.75), Sr8Fe8O23 (x = 2.875) and SrFeO3

(x = 3) respectively. The phase with the tetravalent iron fraction fFe4+ = 1/4

and corresponding composition of Sr8Fe8O21 (x = 2.625) does not exist at

room temperature.

X-ray diffraction of samples with compositions from the range: 2.5 <

x < 2.75 revealed that the ferrite forms mixtures of Sr2Fe2O5 and Sr4Fe4O11.

The examples of x-ray patterns are presented in Figure 6.1 which shows

that Sr4Fe4O11 fraction increases with oxygen content x. Since the ferrite

forms a two phase system, and the only variable is the oxygen content, the

fractions of Sr2Fe2O5 and Sr4Fe4O11 were calculated as a function of the

average composition and presented in Figure 6.2.

Phases with the oxygen content x > 2.75 are more difficult to analyse

with x-ray diffraction since the diffraction patterns of the constituent phases

have reflections with similar d-spacings and thus are difficult to resolve using

the laboratory diffractometer used in this thesis. However, the Mössbauer

measurements presented in the previous chapter have demonstrated that the

ferrite forms two phase mixtures in the composition ranges 2.75 < x < 2.875

and 2.875 < x < 3.0 (see section 5.1.3). In the former range the ferrite

consists of Sr4Fe4O11 and Sr8Fe8O23, in the latter range the oxide is a mixture



6.1 Phase Behaviour 116

2.50 2.55 2.60 2.65 2.70 2.75
0.0

0.2

0.4

0.6

0.8

1.0

Sr
4
Fe

4
O

11

Sr
2
Fe

2
O

5
M

ol
ar

 f
ra

ct
io

n

x in SrFeO
x

Figure 6.2: Molar fractions of Sr2Fe2O5 and Sr4Fe4O11 as a function of the
oxygen content x, calculated for room temperature phases of SrFeOx with
the average oxygen content from the range 2.5 ≤ x ≤ 2.75.

of Sr8Fe8O23 and SrFeO3. The calculated molar fractions of the components

are presented in Figure 6.3 and Figure 6.4.

The changes of the molar fractions with the average composition pre-

sented in Figure 6.3 have similar character (shape) to the changes for the

Sr2Fe2O5–Sr4Fe4O11 mixture presented in Figure 6.2. This similarity is a

result of the fact that the phase with the greater oxygen content in the

mixture contains twice as much iron per molecule (Sr2Fe2O5–Sr4Fe4O11 and

Sr4Fe4O11–Sr8Fe8O23) and the oxidation of two molecules of the oxygen defi-

cient phase in the mixture creates one molecule. The third composition range

(2.875 < x < 3.0) is different since the oxidation of Sr8Fe8O23 creates eight

molecules of SrFeO3. This is the reason why the fraction of Sr8Fe8O23 quickly

decreases with the oxygen content. For instance the sample with composition

x = 2.915 which is not far from the ideal composition of x = 2.875 contains

only 21molar% of Sr8Fe8O23 and for this reason the Mössbauer spectrum of

this sample was predominantly SrFeO3 (see section 5.1.2).
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Figure 6.3: Calculated molar fractions of Sr4Fe4O11 and Sr8Fe8O23 as a func-
tion of the average oxygen content x. These two phases coexist in the com-
position range of 2.75 < x < 2.875 at room temperature.
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Figure 6.4: Calculated molar fractions of Sr8Fe8O23 and SrFeO3 as a function
of the average oxygen content x. These two phases coexist in the composition
range of 2.875 < x < 3.0 at room temperature.
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Figure 6.5: Density of SrFeOx as a function of composition at room tem-
perature. The density was obtained using a pycnometer as described in the
text, the value at x = 2.5 was derived from neutron scattering experiments
described in Chapter 7, the point marked with the triangle represents the
density calculated from data published by Takeda et al. for x = 2.97 [127].
The solid line is calculated density as described in the text. The dashed lines
mark the borders of the composition ranges.

6.2 Density

The densities of oxidized phases were measured using a 10 cm3 pycnometer

and water as the liquid. The measurements were performed only on samples

available in large quantities. The density measurements of powders using

a pycnometer frequently yield underestimated values due to gas trapped in

voids within powder grains. The accuracy of the present measurements is

believed to be no worse than 1%. A test run on sintered hematite, treated

in the same way as the studied ferrite, yielded 0.4% error compared with the

density obtained from x-ray diffraction∗.

The results are presented in Figure 6.5, the density increases with the

oxygen content and ranges from 4.99 g/cm3 at x = 2.5 to 5.54 g/cm3 at

x = 2.97. The results cannot be fitted with a single straight line since the

∗Most of the trapped gas was replaced with the liquid by degassing of the powder in
the bottle partially filled with water using a vacuum pump.
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values from the ranges 2.75 < x < 2.875 and 2.875 < x < 3.0 depart from

the line. The departure is a simple consequence of the phase behaviour

described in the previous section (three two-phase mixtures across the entire

composition range).

Density of SrFeOx as a function of composition was also calculated and

is presented as the solid line in Figure 6.5. The calculations were performed

using the molar fractions of the constituting phases presented in Figures

6.2, 6.3 and 6.4 and their densities. Density of Sr8Fe8O23 was assumed to

be around 5.34 g/cm3 and density of SrFeO3 was taken from Table 7.8 (it

is a value derived from neutron diffraction experiments). Calculated density

increases linearly with composition and the straight lines have different slopes

in each of the composition ranges.

6.3 Crystal Structure

The crystal structure of the composition end-members is known. The fully

oxidized SrFeO3 has a cubic perovskite structure, confirmed by several dif-

ferent groups [127, 139, 140, 147, 158]. The other end-member of the com-

position range Sr2Fe2O5 (x = 2.5) has an orthorhombic crystal structure

[127,131,138,159–161] which will be described in detail in the next chapter.

This structure can be seen as a derivative of the perovskite structure.

The high-resolution x-ray diffraction pattern of Sr4Fe4O11 (x = 2.75),

collected using synchrotron radiation is presented in Figure 6.6. The experi-

mental setup was described in section 2.3.4. This pattern provides much more

detail than patterns collected using an ordinary x-ray laboratory diffractome-

ter (compare with Figure 6.1)†. The structure is related to the perovskite

and main reflections can be indexed as a cubic phase. The symmetry of the

compound is lower and manifests itself as additional peaks and line split-

ting. However, the present author was unable to unambiguously index the

synchrotron diffraction pattern. The indexing solutions point at monoclinic

and orthorhombic structures and the goodness-of-fit to both models is simi-

lar. This precludes any further analysis since the crystal system is unknown.

This ambiguity could possibly be resolved by single crystal diffraction exper-

iments. The measured density of Sr4Fe4O11 (5.28 g/cm
3) indicates that the

†Different relative intensities of peaks are result of strong polarization of synchrotron
radiation and different experimental geometries. The patterns were collected using similar
wavelengths.
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unit cell has a volume which is a multiplicity of 236 Å3 (it is the volume occu-

pied by one chemical formula of the oxide) and the Mössbauer measurements

show the existence of two iron sites of equal occupancy (see section 5.1.1).

The structure of Sr4Fe4O11 was analysed by Takeda et al. [127] and more

recently by Hodges et al. [139]. Takeda et al. indexed a pattern collected

using a laboratory diffractometer but did not compare the measured peak

intensities to any structural models. Hodges et al. [139] collected spectra

of Sr4Fe4O11 using a time-of-flight neutron spectrometer and carried out Ri-

etveld refinement of the structure. However, Hodges et al. [139] also obtained

two indexing solutions pointing at orthorhombic and monoclinic structures

and resolved the ambiguity on the basis of a small difference in the goodness-

of-fit of the models to the observed intensities. However, such an approach

does not guarantee the correct solution since the crystal system should be

unambiguously chosen from the indexing alone.

The crystal structure of Sr8Fe8O23 is even more troublesome. The syn-

chrotron diffraction pattern of a sample containing a significant amount of

Sr8Fe8O23 is presented in Figure 6.7. The oxygen content of this sample is

x = 2.884 which corresponds to 62molar% of Sr8Fe8O23 and the remaining

impurity is cubic SrFeO3. The presence of SrFeO3 was deduced from the

Mössbauer measurements presented in the previous chapter. As in the case

of Sr4Fe4O11 the structure of Sr8Fe8O23 is a perovskite derivative but the

line splitting is even less pronounced. The observed reflections did not allow

successful indexing of the pattern mainly due to the presence of a signifi-

cant amount of the second phase. Because of rapid changes of the Sr8Fe8O23

concentration with the oxygen content (see Figure 6.3 and Figure 6.4) the

samples for the investigation should have stoichiometry as close to x = 2.875

as possible. Samples with x < 2.875 are even more complex since they con-

tain the low symmetry Sr4Fe4O11 as the impurity.

Figure 6.5 indicates that the density of pure Sr8Fe8O23 should be around

5.34 g/cm3 and therefore the unit cell must be a multiplicity of 470 Å3. The

Mössbauer experiments indicate three different iron sites in the structure.

Two sites belonging to the tetravalent iron and one site corresponding to

the trivalent state. The number of iron atoms in the sites forms the ratio

Fe4+:Fe4+:Fe3+ = 1:2:1.

The pattern of Sr8Fe8O23 was indexed by Takeda et al. [127] as a tetrago-

nal structure. Hodges et al. [139] obtained three different indexing solutions

(tetragonal, orthorhombic and monoclinic) and selected the tetragonal struc-
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Figure 6.6: High-resolution synchrotron x-ray diffraction pattern of
Sr4Fe4O11.
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Figure 6.7: High-resolution synchrotron x-ray diffraction pattern of
Sr8Fe8O23. The actual composition of the sample is x = 2.884 and it contains
approximately 38molar% of the cubic SrFeO3.
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ture on the basis of small differences in the goodness-of-fit as in the case of

Sr4Fe4O11.

6.4 Summary

There are four distinct phases in the SrFeOx system at room temperature

with oxygen contents x = 2.5, 2.75, 2.875, 3. The phases with intermediate

oxygen stoichiometry are mixtures of two closest single phases with higher

and lower oxygen concentration.

The density of the ferrite at room temperature increases with the average

oxygen content, however the increase rate is different in all three two-phase

regions.

The fully oxidized form of the ferrite SrFeO3 has the cubic perovskite

structure and all other phases are derivative of this structure. The other

end-member of the composition range Sr2Fe2O5 is orthorhombic. The crystal

structure of the remaining phases is still unclear. Mössbauer experiments and

density measurements show that Sr4Fe4O11 has two different iron sites and

the volume of the unit cell is a multiplicity of 236 Å3. The Sr8Fe8O23 on

the other hand has three different iron sites and its unit cell volume is a

multiplicity of 470 Å3. However, single crystal diffraction experiments are

needed to unambiguously establish the crystal structure of Sr4Fe4O11 and

Sr8Fe8O23.



Chapter 7

High Temperature Crystal

Structure of SrFeOx

The crystal structure of the oxide at elevated temperature constitutes a very

important piece of information from scientific point of view but also if the

oxide is considered to be a material for oxygen conducting membranes. The

oxygen content in the material is strongly influenced by temperature and

composition of the atmosphere and this behaviour was shown in Chapter 4.

So as one can imagine these changes should affect the crystal structure as

well.

Indeed, the composition has a profound effect on the crystal structure. It

has already been investigated by a few groups using x-ray diffraction however,

the results were misinterpreted [127, 128, 138, 159]. The high temperature

structure studies presented in this chapter were made using neutron powder

diffraction and this is the first high temperature neutron investigation of

the SrFeOx system. Due to limited beam-time and existing hardware the

investigation was limited to two cases. The first case is the investigation

of Sr2Fe2O5 in an argon atmosphere (this atmosphere prevents oxidation)

and the second case is the study of the ferrite in equilibrium with an air

atmosphere. The results were analysed using the Rietveld method. The

results presented in this chapter combined with information known so far

(i) allows sketching of an equilibrium phase diagram, (ii) a new structural

model for the cubic phase and (iii) a new interpretation of the cubic phase

in terms of solid solution are proposed. The chapter embodies a significant

amount of numerical information which is presented in the form of tables in

Appendix A.
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7.1 Preliminary Calorimetric Study

Approximate temperatures of phase transitions in the SrFeOx system were

established using calorimetric methods to avoid loss of time on blind probing

of the (T, pO2) plane.

In order to locate the transitions, samples with different oxygen stoi-

chiometry were heated up in the differential thermal analyser up to 773K

at heating rate of 20K/min in argon and the results were examined for en-

dothermic peaks associated with the transformations. However, the oxide is

non-stoichiometric and annealing in argon changes the composition of the

oxidized phases (x > 2.5) since the material is trying to equilibrate. The

mass loss is pronounced above 773K (see Figure 4.10) and for this reason

the DTA scans were limited to this temperature. The only exception is

Sr2Fe2O5 (x = 2.5), since annealing in argon does not affect its composition

the sample was examined in the temperature up to 1473K.

The temperatures of phase transitions are presented in Figure 7.1 as a

function of composition however, the values are only approximate and the

true values have to be derived from scattering experiments made under equi-

librium conditions. Study with the DTA and the more sensitive differen-

tial scanning calorimeter revealed the existence of two phase transitions in

Sr2Fe2O5. Apart from compositions x close to 2.5 the temperature of transi-

tion increases up to x = 2.75 and then falls. This behaviour is accompanied

by similar changes in the energy of the transformation which follows the

temperature trend. However, the endothermic peaks are mostly poorly de-

fined without sharp onsets. The exception is the transition for x = 2.75

(Sr4Fe4O11) indicating a possible first order process. The research conducted

by other authors has already identified the endothermic peaks as signs of

structural transitions [127, 128].

7.2 Structure of Sr2Fe2O5

The scattering experiments presented in this section deal with the crystal

and magnetic structures of the oxygen deficient form of the oxide Sr2Fe2O5

(x = 2.5). The measurements were performed in an argon atmosphere which

preserves the composition of the sample at temperatures from room up to

1123K. The oxide undergoes two phase transitions in this temperature range

and diffraction patterns were collected to explore these changes.
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Figure 7.1: Temperatures of phase transitions in SrFeOx as a function of the
initial composition x, found using DSC and DTA by heating at constant rate
in argon atmosphere. The line is a guide for eye.

7.2.1 Phase Transitions

The phase transition temperatures found using the calorimeters in Sr2Fe2O5

are indicated in Figure 7.1. The fragment of the calorimetric trace containing

the first transition peak is presented in Figure 7.2. The transition causes

very small changes to the heat capacity of the sample and the resulting

thermal effect is barely distinguishable from the background. Sr2Fe2O5 is

an antiferromagnet and magnetic measurements on the compound indicate a

Néel point in the vicinity of this temperature [29,138]. So the observed peak

was assigned to the magnetic transition in the system. Grenier et al. [138]

interpreted the peak as the effect associated with appearance of a tetragonal

phase in the system, however this phase has not been observed by anybody

else. As the antiferromagnet to the paramagnet transition is second order, the

temperature of 662K corresponding to the peak of heat capacity (Figure 7.2)

was taken as the ordering temperature. The second observed transition was

detected around 1140K and the profile of this transition peak was shown in

Figure 4.9 in Chapter 4. This particular transition was believed to be of a first

order due to the energy associated with the transformation [127, 138]. The

area under the peak corresponds to 40.9 J/g. However, as discussed earlier
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Figure 7.2: The DSC trace of Sr2Fe2O5 obtained by heating at constant rate
of 30K/min in argon. The endothermic peak at 662K indicates a phase
transition discussed in the text.

(see page 66) the peak profile is very broad and lacks the distinctive features

of a first order transition. For this reason the peak at 1140K was again

taken as the transition temperature. The temperature of this transformation

observed using the calorimetric methods agrees with the findings of most of

other authors (1103 ≤ T ≤ 1123K) [126, 127, 138] the only exception is the
value reported by Shin et al. [159] (∼ 973K). However, Grenier et al. [138]

pointed out that the discrepancies are due to purity of inert gases used in

the experiments as protective atmospheres.

7.2.2 Sample and Data Treatment

The composition of the sample is controlled by temperature and oxygen par-

tial pressure, the equilibrium composition diagram (see Figure 4.6) indicates

that at temperatures below 1473K the equilibrium composition significantly

exceeds x = 2.5. However, the equilibration time in low partial pressures of

oxygen is extremely long due to scarce oxygen and under these conditions

the material retains its initial composition. Prolonged annealing of Sr2Fe2O5

at low temperatures (773K) in ultra-high purity argon (pO2 < 1 ppm) caused

no visible oxidation after 70 h. This atmosphere will be referred to hereafter
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as ‘argon’.

Neutron diffraction experiments require a considerable volume of the sam-

ple (a few cubic centimeters) in shape of a cylinder. The oxide for this

experiment was prepared using the usual way described in section 3.6 and

pressed into pellets under a pressure of 98MPa. The pellets were subse-

quently sintered at 1473K in an argon atmosphere resulting in cylinders

15mm in diameter, total height of 5.4 cm and mass approximately 33 g. To

protect the material against oxidation during the scattering experiments the

pellets were placed in a large diameter silica tube under a flow of argon. Un-

fortunately the tube introduced a quite complicated amorphous background

and the diffractometer furnace produced a small diffraction peak centered

around 27.4◦. The data were analysed using the Rietveld method. Unfortu-

nately the furnace peak overlaps with the (121) reflection of orthorhombic

Sr2Fe2O5 and for this reason a range from 26.5
◦ to 28.5◦ was excluded from

the refinements. The diffractometer peak profiles were modeled using an

asymmetric Gauss profile and the troublesome amorphous background using

a linear interpolation function (23 coefficients) [66].

7.2.3 Results of Scattering Experiments

Visual inspection of the diffraction patterns and comparison with the room

temperature x-ray spectrum indicate the presence of reflections arising from

long range magnetic order in the sample. The intensity of the magnetic lines

decreased with temperature and vanished in the vicinity of the ordering tem-

perature determined using the calorimeter. However, the magnetic transition

did not cause changes to the crystal structure. There are no new peaks or

missing reflections that would indicate a change of symmetry group. In the

temperature range 723 ≤ T < 1148K the diffraction patterns indicate a

single phase material. However, the measurement at 1148K, in the vicinity

of the second phase transition, yielded a two phase pattern containing the

orthorhombic and a cubic structure. The scans made at higher temperatures

show only a single phase cubic structure.

All structural parameters were extracted using the Rietveld method and

the next part of this section contains a detailed analysis of properties of the

material.
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Table 7.1: Results of the fitting of the orthorhombic lattice parameters of
Sr2Fe2O5 with the polynomials as described in the text.

Lattice Polynomial coefficients
parameter α0 α1 α2

a (5.6638± 0.0009) (89± 27)× 10−7 (2.7± 0.2)× 10−8

b (15.456± 0.005) (4.54± 0.13)× 10−4 (−9.9± 0.9)× 10−8

c (5.516± 0.002) (2.6± 0.5)× 10−5 (3.17± 0.33)× 10−8

V (481.8± 0.2) (0.02044± 0.00026) —

Lattice Parameters

The orthorhombic lattice constants as functions of temperature are presented

in Figure 7.3. The values were reduced by dividing the constants by the room

temperature value, allowing comparison of all parameters. The expansion of

the lattice is anisotropic and the variation of the constants between room tem-

perature and 1073K were satisfactorily described using a parabolic equation:

y(T ) = α2T
2 + α1T + α0. The results of the fitting with the polynomials

are presented in Table 7.1 and plotted in Figure 7.3 as solid lines. The

expansion reaches 1.6% which is comparable with metals such as nickel or

copper in the same temperature range. The expansion along the b axis slows

down with temperature. Above 1073K all three axes expand more rapidly.

The unit cell volume of Sr2Fe2O5 as a function of temperature is presented

in Figure 7.4. Surprisingly, the different rates of expansion of the unit cell

edges yield a linear increase of the orthorhombic unit cell volume between

room temperature and 1073K. For this range it is possible to calculate the

volume thermal expansion coefficient:

α ≡ 1

V

(
∂V

∂T

)
p

(7.1)

using a linear approximation. The result is shown in Figure 7.5, its value

decreases with temperature but above 1073K it is expected to increase how-

ever, there are not enough points to calculate the derivative. The volume

thermal expansion coefficient can be useful for thermodynamical calculations

such as evaluation of the entropy changes (∂S
∂p
)T = V α and comparing the

thermal expansion among different phases of the ferrite.

The values of the orthorhombic lattice parameters depart from the fitted

parabolas above 1073K (see Figure 7.3) and this departure coincides with

the temperature range of the transition peak found at 1140K. The departure
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Figure 7.3: Reduced orthorhombic lattice constants of Sr2Fe2O5 as a function
of temperature. The solid lines represent a polynomial fit as described in the
text

indicates that the second transition in Sr2Fe2O5 spans over wide range of

temperature (approximately 100K). This behaviour excludes the possibility

of the transition being of the first order and is even more obvious from plot

of the unit cell volume as a function of temperature (Figure 7.4). It should

be noted that the volume before the transformation (at 1073K) is almost

equal to the volume of the cubic cell just after the transition (at 1173K).

The increase of the lattice constants and volume with temperature is

consistent with observations by Takeda et al. [127] and Grenier et al. [138].

However, they do not provide an analytical description of the changes so it

is difficult to make a detailed comparison.

Atomic Layout of the Orthorhombic Phase

The refinement of the orthorhombic Sr2Fe2O5 structure was conducted si-

multaneously with the magnetic component using Ib′m′2 Shubnikov group

and Ibm2 group above the Néel point. The choice of the magnetic group will

be described in the next section. It is the first Rietveld analysis of Sr2Fe2O5

at elevated temperatures. Previously the refinement was only carried out

at 4.2K by Greaves et al. [160] using Icmm, Ibm2 and Pcmn symmetry
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Figure 7.4: Unit cell volume of Sr2Fe2O5 as a function of temperature. The
solid line represents the linear fit described in the text, the dashed line in-
dicates a two phase sample. The unit cell volume of cubic Sr2Fe2O5 was
calculated using the new structural model described in section 7.2.3.

groups. However, the Ibm2 group was assigned to the material as a result of

x-ray single crystal diffraction experiments reported by Harder and Müller-

Buschbaum [161]. The initial positions of atoms were taken from this work

and the refinement was carried out assuming isotropic thermal vibrations of

atoms. This is of course a simplification, but it seems that reliable values

of the anisotropic thermal coefficients can only be found by analysing larger

data sets originating from time-of-flight neutron spectrometers. The struc-

ture in this symmetry group is ordered and all sites are fully occupied, the

refinable atom coordinates are presented in Table 7.2.

The results of refinements are presented in Table A.1 and Table A.2 for

the antiferromagnetic and the paramagnetic state respectively. Examples of

refined patterns below and above the Néel point are presented in Figure 7.6.

The most conspicuous feature in the figure is disappearance of the magnetic

reflections. The refined reduced coordinates of atoms are similar to the ini-

tial single crystal values and do not change significantly with temperature.

The only difference is that the z coordinate of O(2) is virtually zero. The

values of the thermal parameters increase with temperature and the thermal
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Figure 7.5: Volume thermal expansion coefficient of orthorhombic Sr2Fe2O5

as a function of temperature.

vibrations of iron Fe(2) and oxygen O(3) are found to be abnormally high

compared with the vibration of other atoms, as previously reported [160].

The increased thermal displacement of Fe(2) and O(3) becomes less signifi-

cant as temperature increases. This is an indication of the short range dis-

order in the structure which was also observed in the Mössbauer spectrum

(see section 5.2).

The distribution of atoms in the crystal structure is shown in Figure 7.15

and will be discussed fully in section 7.2.4. This figure also allows to envisage

bonds and angles between the bonds described below.

Table 7.2: Coordinates of atoms in the orthorhombic unit cell of Sr2Fe2O5

varied during the refinement. (S.G. Ibm2, r = refined)

Wyckoff
Atom notation x y z
Sr 8c r r r
Fe(1) 4a 0 0 0
Fe(2) 4b r 0.25 r
O(1) 8c r r r
O(2) 8c r r r
O(3) 4b r 0.25 r
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Figure 7.6: Examples of refined neutron diffraction patterns of Sr2Fe2O5

collected below (the top spectrum) and above (the bottom spectrum) the
Néel point at temperatures of 573K and 773K respectively. The arrows
show the positions of three strongest magnetic reflections. The short vertical
strokes represent positions of Bragg reflections and the long vertical lines
mark the excluded region. The line at the bottom of the graphs represents
the difference between the observed and the calculated intensities.
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The iron atoms have two different surroundings with iron Fe(1) octahe-

drally and Fe(2) tetrahedrally coordinated. The values of the Fe(1) bond

lengths and angles are presented in Table A.3. Since, oxygen O(1) does not

lie in the same plane with iron Fe(1) the resulting octahedra are distorted.

Also the non-zero x coordinate of oxygen O(2) causes the octahedron (Fe(1)-

O(2) bond) to tilt in the ab plane. The calculated tilt angle decreases with

temperature from 7.4◦ at room temperature to 7◦ at 1073K. The neighbour-

ing rows of octahedrons along the c axis are tilted in the opposite direction.

The structure of Sr2Fe2O5 constructed from the tetrahedra and octahedra is

presented in Figure 7.7 and presents the view along c axis and clearly shows

the tilt. The lengths of Fe(1)-O(1) bonds do not change and only the Fe(1)-

O(2) distance visibly increases with temperature. Also small changes in the

octahedral angles are noticeable.

The tetrahedral surrounding of iron Fe(2) is created by oxygens O(2) and

O(3). The obtuse angles and bonds are presented in Table A.4. Oxygen

atoms do not form an ideal tetrahedron. The lengths of both Fe(2)-O(2)

bonds are equal and constant and only one of Fe(2)-O(3) bonds and the

O(2)-Fe(2)-O(2) angle increase with temperature.

Just for the sake of completeness the bond lengths of the strontium poly-

hedra are presented in Table A.5, it is formed by oxygen atoms closest to the

Sr2+ cation.

The Magnetic Structure

Neutron diffraction is sensitive to the magnetic order in the sample and this

information had to be taken into consideration. Investigation of the mag-

netic structure is hampered by the fast decay of the magnetic form factor

with scattering angle and the fact that we can only observe three reasonably

strong magnetic reflections. A thorough study of this structure should em-

ploy longer neutron wavelengths which allow separation of the overlapping

magnetic reflections.

The magnetic reflections were generated simultaneously with the nuclear

peaks using a Shubnikov group derived from Ibm2 symmetry group. The

Shubnikov groups are extension of 230 space groups by addition of the time

inversion operator. The new symmetry element results in 1651 dichromatic

groups which can be used in description of magnetic structures [162, 163].

The magnetic Ib′m′2 group was selected on the basis of the best fit to the

observed intensities. This group constrains the magnetic moment of the
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Figure 7.7: A view of the Sr2Fe2O5 structure along the orthorhombic c axis
([001̄] direction) drawn using polyhedra. The a axis is horizontal and lies in
plane, the spheres represent strontium atoms.
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octahedral iron Fe(1) along the c axis and allows the magnetic moment of

the tetrahedral iron Fe(2) to assume any direction in the ac plane. But,

the tetrahedral moment was constrained along the c axis too because any

attempts to refine the component along the a axis led to rapid divergence

of the refinement. The resulting magnetic model is the same as used in the

previous investigations of the structure at low temperatures [160, 164]. So

in the model the spins of two iron species are antiparallel and are aligned

along the c axis. The neighbouring layers of iron atoms along the b axis have

opposite magnetization.

However, analysis of the magnetic structure at elevated temperatures is

cramped by the decreasing value of the antiferromagnetic coupling which

manifests itself as a decaying magnetic moment. The resulting weak mag-

netic reflections can yield corrupted results. So, the refinement was stabilized

by an additional constraint: mz(Fe(2))= −mz(Fe(1)). It assures zero net

magnetic moment of the structure and can be introduced since the magnetic

susceptibility measurements [29,138] and magnetization measurements using

a vibrating sample magnetometer (VSM), did not show any net magnetic

moment in the absence of an external field. The values of the refined mag-

netic moment as a function of temperature are presented in Figure 7.8. The

moment decreases as the temperature approaches the Néel point. However,

the ordering temperature found using the calorimeter (Tc = 622K) is un-

derestimated and the long range magnetic order vanishes at slightly higher

temperature. The neutron measurements give the true value of the transi-

tion point since the method is sensitive to the magnetic structure and the

calorimeter can also pick up heat changes caused by other phenomena preced-

ing the transition. The diffraction data does not allow establishment of the

temperature by a simple extrapolation. Molecular-field theory shows, that in

the vicinity of the critical temperature TN the moment should tend to zero

with temperature like (TN − T )β as T → TN , where β = 1/2, more sophisti-

cated theories and other experimental results indicate that β � 1/3 [87]. So
the magnetic moment as a function of temperature close to the Néel point

should vary according to the equation:

mz = A(TN − T )β (7.2)

where, A is a constant. The value of the critical temperature TN and the
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Figure 7.8: The refined magnetic moment of iron in the antiferromagnetic
Sr2Fe2O5 as a function of temperature. The circles denote the present exper-
imental results and the error bars show the standard deviation. The triangle
marks the value found by Takeda et al. [164], its error bar denotes the abso-
lute error. The lines show results of fitting described in the text. The inset
shows the same results in the linear form.

critical index β were found by a non-linear fitting of the equation:

lnmz = β ln(TN − T ) + lnA (7.3)

The results vary depending how many points were used for the calculations.

We should bear in mind that this approximation works only close to the

critical temperature. Fitting of all six points yields the result shown as the

solid line in Figure 7.8, it also contains the value of magnetic moment at

77K found by Takeda et al. [164]. However, this point was not used for the

calculations and is there for the reference only. The same curve was drawn

as a straight line in the inset by recalculating the data using the equation:

(mz)
1/β = B(TN − T ) (7.4)

where B is a constant. It gives an almost perfect fit and β = 0.3105, TN =

691.8K. This result is not physically possible because the derivative ∂mz/∂T

should tend to zero as temperature approaches 0K. Simple calculation of the
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temperature derivative of Equation (7.2) shows that it is negative at 0K. In

other words the moment should saturate and the points at lower temperatures

ought to lie below the calculated curve. The values of the critical temperature

and the critical index, obtained from the six point fit, should be treated as

the low limit of the real values. From the physical point of view the best

solution is obtained by fitting the curve to four points closest to the transition

temperature. It yields, β = 0.3202, TN = 692.8K and the fit is presented in

Figure 7.8 as the dashed line. The the new value of the Néel point is very

close to the number obtained by the six point fit and the low temperature

points lie under the curve. More precise determination of the temperature

and the critical index require collection of more experimental points in the

direct proximity of the transition point and the values just presented should

be seen as the best result that can be obtained from a fairly small data set.

The long range magnetic order vanishes at 692.8K however, some residual

short range ordering remains and manifests itself as a small diffused peak

around 30.9◦ which persists until the structure changes into the cubic.

The Cubic Phase

Sr2Fe2O5 transforms into a cubic form above 1148K. This phase was re-

ported for the first time by Tofield et al. [126] and investigated by other

groups [127, 138, 159]. By analogy to the fully oxidized, cubic perovskite

SrFeO3 the cubic form of Sr2Fe2O5 was regarded as an oxygen deficient per-

ovskite. Shin et al. [159,165] reported a lattice constant of 3.982 Å at 1173K

and the symmetry group Pm3m with disordered oxygen sites. Indeed, the

diffraction patterns can be indexed as the primitive cells and the Mössbauer

measurements indicate the disorder in the oxygen sites (see section 5.5).

However, this choice of a unit cell creates a lot of problems.

One of the problems created by the perovskite model is a density of

material calculated using a unit cell volume obtained from diffraction. If we

assume that the unit cell contains only one chemical formula (molecule) of the

oxide (Sr2Fe2O5), this choice of the unit cell gives unreasonable high density

F = 9.65 g/cm3. The calculated value is almost twice the density of the

material at room temperature. Moreover, it is impossible to accommodate a

nine-atom molecule in the cell and get the perovskite structure. A reasonable

value of density was obtained by Shin et al. [165] but on the assumption that

the unit cell contains only half of the chemical formula Z = 0.5 (SrFeO2.5).

This assumption clearly indicates that the perovskite choice is inadequate
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Table 7.3: Coordinates of atoms in the cubic unit cell of Sr2Fe2O5 used for
the Rietveld refinement. Symmetry group: Fm3c (226), Z=4.

Wyckoff Site
Atom notation x y z occupancy
Sr 8a 0.25 0.25 0.25 1.0
Fe 8b 0 0 0 1.0
O 24c 0.25 0 0 20/24

and the unit cell is too small. However, some researchers are very fond of the

oxygen deficient perovskite model and its disadvantages will be discussed in

more detail.

If we assume that the cubic Sr2Fe2O5 is described by the oxygen deficient

perovskite model the content of the unit cell has the composition SrFeO2.5.

Since we can not have fractions of atoms the entire crystal lattice consists of

two kinds of building blocks with compositions SrFeO3 and SrFeO2. There

are equal fractions of these two cells and they yield the average composition

of SrFeO2.5. The existence of two different building blocks already contradicts

the perovskite being the proper unit cell. Moreover, since Sr2Fe2O5 contains

only the trivalent iron the blocks are oppositely charged. An electrically neu-

tral cell is a combination of SrFeO3 and SrFeO2 blocks however, it produces

a tetragonal cell which is not observed in the scattering experiments. But

combination of four blocks of each kind yields a cube.

The new cell was produced by doubling of the perovskite lattice constant.

This cell has eight times greater volume and if we assume that it contains four

chemical formulas (Z = 4) the calculated density yields the sensible value of

4.83 g/cm3. As the result the primitive Miller indexes (hkl) are multiplied by

two and give a new set of conditions for the observed reflections: hkl: h+k, k+

l, l+h = 2n; hhl: h, l = 2n; 0kl: k, l = 2n, they are fulfilled by the Fm3c (226)

symmetry group. The Mössbauer results presented in section 5.5 indicated

only one iron site in cubic Sr2Fe2O5 which implies disordered oxygen sites.

The atoms were placed in the special positions of the group as outlined

in Table 7.3. The proposed unit cell consists of eight adjacent perovskite-

like blocks. The iron ions are situated in the octahedral sites, however,

statistically four of them have one oxygen missing. The positions of the

atoms in the cell are fixed by the spacegroup and were not refined. The

oxygen atoms in this arrangement are randomly distributed among the 24

available sites.
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Figure 7.9: The refined neutron diffraction pattern of cubic Sr2Fe2O5 at
1223K.

The refinement was carried out with fixed site occupancy and the only

variable parameters were the lattice constant and the anisotropic tempera-

ture factors uij. At the end of the refinement the occupancy factor for the

oxygen was refined, it lead to convergence, however it did not significantly im-

proved the fit. The refined occupancy value corresponded to approximately

19.66 oxygen atoms per unit cell. This implies that the oxide may contain

significant amount (8.5%) of iron in the 2+ oxidation state. The ferrite was

tested for the presence of the ferrous ion using o-Phenanthroline as described

on page 96. The test did not show the presence of the Fe2+, so the oxygen oc-

cupancy was set back to the initial value of 20/24 and kept fixed. The results

of the refinement at different temperatures are presented in Table A.6 and

the example of the refined pattern in Figure 7.9. The off-diagonal elements

uij, i �= j are zero because of the symmetry conditions and for the same reason

the diagonal temperature elements u11 = u22 = u33 = uii of strontium and

iron ions respectively are equal. In effect strontium and iron vibrate isotrop-

ically and only the thermal movement of the oxygen ions is anisotropic. The

u‖ = u11 coefficient corresponds to the movement of oxygen along the [100]

direction between two iron ions. The u⊥ = u22 = u33 coefficient depicts

the oxygen motion in the perpendicular (400) plane. The thermal motion



7.2 Structure of Sr2Fe2O5 140

O

Sr

Fe

Figure 7.10: Thermal motion of atoms in the cubic unit cell of Sr2Fe2O5 at
1223K as discussed in the text. The ellipsoids represent 50% probability
surfaces.

of atoms in the unit cell is presented in Figure 7.10 using ellipsoids. In the

picture all the oxygen sites are occupied and the oxygen and iron atoms are

connected using straight lines. They visualize the ‘Fe-O bonds’, however, the

oxide forms an ionic crystal, at least an ionic mechanism seems to dominate,

and the bonds should be treated as a guide for eye. The strontium ions are

presented as unconnected spheres. All the anisotropic temperature factors

increase with temperature and the vibrations of the strontium and iron ions

are comparable in magnitude and much smaller than the thermal motion of

the oxygen. However oxygens’ thermal displacement between neighbouring

irons is significantly smaller than the vibrations in the perpendicular direc-

tion. The large thermal displacement of oxygen within the (400) plane is

possible since it contains the vacant oxygen sites. The temperature depen-

dence of the cubic lattice constant is presented in Figure 7.11, it increases

with temperature and the increase rate seems to decrease with temperature,

however, more experimental points are needed to confirm this trend.

Since the positions of atoms are fixed by symmetry the angles between the

bonds are constant and the bonds (interatomic distances) are linked to the

lattice constant a by the simple geometrical relations outlined in Table 7.4.
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Figure 7.11: The cubic lattice constant of Sr2Fe2O5 as a function of temper-
ature.

Table 7.4: Bond lengths (interatomic distances) in the cubic form of Sr2Fe2O5

as a function of the lattice constant a.

Bond Length
Fe-O a/4

O-O a
√
2/4

Fe-Sr a
√
3/4

O-Sr a
√
2/4

The structure was refined in Fm3c symmetry however, it is possible to

refine the structure in the improper Pm3m symmetry group with primitive

lattice constant using the parameters outlined in Table 7.5. The refinement

converges and yields the same results since the face-centered cell consists of

perovskite blocks and is mimicked by the less symmetrical Pm3m group. It

should be recalled that every high symmetry structure can be expressed in

terms of a primitive less symmetrical cell.

The perovskite model is not the only one developed to describe cu-

bic Sr2Fe2O5. The disordered perovskite approach was also questioned by

Grenier et al. [138], but for completely different reasons than crystallo-

graphical density, who examined the behaviour of brownmillerite compounds

(A2Fe2O5, A= Ca, Sr) doped with either a transition metal or a trivalent
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Table 7.5: Coordinates of atoms in the unit cell used for the refinement of
cubic Sr2Fe2O5 in the Pm3m symmetry group.

Wyckoff Site
Atom notation x y z occupancy
Sr 1b 0.5 0.5 0.5 1.0
Fe 1a 0 0 0 1.0
O 3d 0.5 0 0 5/6

lanthanide such as: Sr0.8Nd0.2FeO2.6 [166], La1−xCaxFeO3−y (2/3 ≤ x ≤
1; 0.25 ≤ y ≤ 0.40) [167], CaFexMn1−xO3−y [168], Ca2LaFe3O8+z [169] and

SrFe1−xVxO2.5+x [170]. These compounds undergo a similar phase transition

to a cubic form and their high-resolution transmission electron microscope

(HRTEM) study of quenched samples revealed the existence of microdomain

structures containing orthorhombic brownmillerite and giving cubic x-ray

diffraction patterns as the result. The model proposes the same mechanism

for pure brownmillerite Sr2Fe2O5 however, Grenier et al. [138] did not pro-

vide any experimental evidence to support the claim and close analysis of

the reports reveals several important differences between Sr2Fe2O5 and the

doped compounds. Firstly the domains are present only if the material is

doped with tetravalent or pentavalent metal such as Mn4+ or V5+. If the

lanthanide constitutes the impurity the domain structure is observed only if

part of iron is tetravalent or the lanthanide is present in large concentration.

Their x-ray diffraction patterns have cubic symmetry but exhibit signs of

a superstructure such as broadened or diffused reflections. Papers dealing

with high temperature cubic Sr2Fe2O5 do not report such anomalies in x-

ray diffraction spectra [127, 138, 147, 159] and both Grenier et al. [138] and

Takano et al. [147] examined the spectra thoroughly in order to confirm the

microdomain model. The present author did not observed any signs of su-

perstructure in the neutron patterns either despite oxygen having scattering

power comparable with strontium and structural features involving oxygen

would be much more pronounced than in the case of x-ray experiments. Also,

high temperature Mössbauer measurements failed to provide a conclusive ev-

idence for the microdomain structure [147]. The last difference is that when

doped samples were slowly cooled below the transition temperature they de-

composed into two or three phase mixtures while Sr2Fe2O5 remains a single

phase, Nakayama et al. [170] concluded that the microdomain structure ob-

served with the HRTEM is in fact a quenched early stage of phase separation.
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In conclusion, the experimental evidence known so far cannot support the

microdomain model for the cubic Sr2Fe2O5.

7.2.4 Transition to the Cubic Form

The energy of phase transition in Sr2Fe2O5 at 1140K lead Takada et al. [127]

and Grenier et al. [138] to claim it was first order. However, this transfor-

mation is not first order as already discussed in section 4.2.3. Additionally

with the new unit cell model the difference in the volume of the cell before

and after the transformation is only V (1173K)− V (1073K) = 0.098Å3 and

can be accounted for by the thermal expansion of the material. So the trans-

formation is not the main cause of the volume change, a characteristic of a

first order transitions [122].

The diffraction pattern collected at 1148K, just above the peak of on

the DTA trace of Sr2Fe2O5 (see Figure 4.9), is presented in Figure 7.12 and

contains both cubic and orthorhombic phases. The presence of the cubic

phase is not obvious at first but this conclusion can be drawn after careful

examination of the relative peak intensities and comparison with the single

phase patterns (Figure 7.6 and Figure 7.9). The material had been kept at

this temperature for 15min before the measurement so what we are looking at

is most likely an equilibrium state. All cubic reflections overlap heavily with

the orthorhombic peaks however, the Rietveld method allows us to deal with

this situation and the pattern was refined as a two phase spectrum. It yielded

the fractions of the cubic fc = 0.37 and the orthorhombic fo = 0.63 phases

respectively, due to the heavy overlap the refined parameters are less reliable

than for the single phase samples. The volumes of the orthorhombic and

cubic cells are different (see Figure 7.4) but they do not cause large changes

in the volume of the sample. The weighed average cell volume (average

volume occupied by four molecules) is only foVo + fcVc = 505.02 Å
3 which

is not far from the volumes of the single phase samples before and after the

transformation.

The mechanism of the transformation to the cubic form is actually quite

simple with the orthorhombic structure itself containing the distorted cubic

cells. The pseudo-cubic cells can be clearly seen if we divide the crystal into

identical blocks larger than the unit cell. The division is schematically pre-

sented in Figure 7.13, the block has the same height as the b orthorhombic

lattice constant and its base is made out by the diagonals of bases of four

adjacent orthorhombic cells. The pseudo-cell has twice the volume of the
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Figure 7.12: The refined two phase neutron diffraction pattern of Sr2Fe2O5

at 1148K. The top and the bottom row of peak markers denote the cubic
and the orthorhombic reflections respectively.

orthorhombic unit cell and splits at y = 1/2 into two cubic cells upon the

transition. Even though the block is larger than the unit cell it has transition

symmetry and can fill the entire space. The dimensions and angles between

the edges of the block are close to the parameters of the cube. The ratio of the

base edge length
√
a2 + c2 to the half of the height b/2 is close to one and the

acute angle of the rhombus base exceeds 88◦, it is the acute angle between

the diagonals in the base of the orthorhombic cell. The changes of these

parameters with temperature are presented in Figure 7.14. The edge ratio

slowly decreases with temperatures reaching the value of 1.008 at 1103K,

at the same time the angle approaches the value of 88.76◦. The content of

the pseudo-cell derived form the refinement results at 1073K is presented

in Figure 7.15. As previously, the iron and oxygen ions are connected and

the strontium is shown as unconnected spheres. The block consists of layers

of iron in octahedral Fe(1) and tetrahedral Fe(2) sites divided by layers of

oxygen O(2). Oxygen O(1) lying slightly off the plane containing the oc-

tahedral iron. Oxygen O(3) occupies the planes at y = 1/4 and y = 3/4.

The block can be subdivided into 16 distorted perovskite cells all of which

contains strontium in the middle.
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Figure 7.13: A schematic division of the orthorhombic structure of Sr2Fe2O5

into blocks containing two distorted cubic cells.

While doing the comparison of Figure 7.10 and Figure 7.15 one should

remember that there are 24 fully occupied oxygen sites in the former figure

but the latter picture contains only 20 oxygens per cell. This is why there

appears to be less oxygen atoms in Figure 7.15. The transition from the

orthorhombic to the cubic phase is just a matter of small changes to the

positions of atoms.

7.3 Structure of SrFeOx in Air

The second series of experiments explores the crystal structure of the ferrite in

air. Since the composition of the material changes with temperature the data

were collected on equilibrated samples and their composition was determined

using the thermogravimetric methods presented in Chapter 4.
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Figure 7.14: The cell edge ratios and angles of the distorted cubic cells of
Sr2Fe2O5 in the orthorhombic lattice as a function of temperature. The edge
ratios and the angles are defined in the text.

7.3.1 Sample Treatment and Analysis Methods

As in previous experiments the sample had the form of sintered pellets. Be-

fore measurements the sample was annealed at 673K in air for 48 h to adjust

its oxygen content to x = 2.81. Annealing at lower temperatures can increase

the oxygen content above this value but the reaction rate is low and equili-

bration requires several days. The pellets were placed in the furnace without

the protective silica tube and to maintain constant oxygen partial pressure

an air flow was maintained. The measurements were made between room

temperature and 1273K. The sample was equilibrated with the atmosphere

only at 673K and higher temperatures. The equilibration time was esti-

mated from the TGA measurements and varied from 4h at 673K to 0.5 h at

1273K. Patterns at lower temperatures were collected 15min after the tem-

perature reached the desired value. The analysis was carried out using the

Rietveld method using pseudo-Voigt profiles to model the peaks. However,

it was discovered that the Lorentz component in the diffractometer profile is

negligibly small and effectively the peaks were modeled with Gauss profiles.

The background was simulated using a cosine Fourier series (6 coefficients).
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Figure 7.15: Contents of the block obtained by the division of the orthorhom-
bic Sr2Fe2O5 lattice using the schematic shown in Figure 7.13. Positions of
atoms were derived from the refinement of the neutron diffraction pattern
at 1073K. Atoms in each crystallographic position are marked with different
colour: Fe(1) red, Fe(2) orange, O(1) green, O(2) yellow, O(3) gray, Sr blue.



7.3 Structure of SrFeOx in Air 148

673 873 1073 1273 1473
2.50

2.55

2.60

2.65

2.70

2.75

2.80

2.85

x 
in

 S
rF

eO
x

Temperature  [K]

Figure 7.16: The oxygen content of SrFeOx as a function of temperature in
air. The solid line represents the polynomial fit described in the text.

7.3.2 Results of Experiments

The composition of material is temperature dependent and the exact value

is crucial for the analysis so the thermogravimetric results for an air atmo-

sphere, presented in Figure 4.2, were fitted with a third order polynomial

to obtain the composition as a function of temperature. The experimental

points and the polynomial fit is shown in Figure 7.16.

x(T ) = 8.05× 10−10 T 3 − 2.40× 10−6 T 2 + 0.002T + 2.37 (7.5)

The oxygen content was calculated by evaluating the polynomial at the tem-

perature of interest.

The results of calorimetric experiments presented in Figure 7.1 indicated

that the starting material with composition x = 2.81 undergoes a phase

transition at 558K and this was confirmed by the neutron patterns collected

at 523K and 573K which show a transformation from the low symmetry to

the cubic state. All spectra collected above the phase transition have cubic

symmetry and apart from small changes in peak positions and intensities do

not vary dramatically across the entire temperature range. Also there were

no other peaks or diffuse reflections that would indicate the presence of any

superstructure (the small peak at 2θ = 27.4◦ was introduced by the furnace).
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Table 7.6: Coordinates of atoms in the unit cell of cubic SrFeOx used for the
Rietveld refinement. Symmetry group: Fm3c (226).

Wyckoff Site
Atom notation x y z occupancy
Sr 8a 0.25 0.25 0.25 1.0
Fe 8b 0 0 0 1.0
O 24c 0.25 0 0 δ

The cubic form of the oxide in oxidizing atmospheres was regarded as

the oxygen deficient perovskite [127, 128] as it was in the case of Sr2Fe2O5.

However, with the perovskite model we run into similar problems as in the

case of Sr2Fe2O5. The diffraction patterns of the cubic SrFeOx have sim-

ilar peak intensity ratio as the cubic Sr2Fe2O5 and the Mössbauer results

discussed in section 5.5 indicate disordered oxygen sites. The cubic spectra

measured in air were refined with structural parameters given in Table 7.6

using the Fm3c symmetry group. However, in this case the oxygen site occu-

pancy δ is greater than 20/24 and was calculated from the thermogravimetric

measurements using the formula:

δ = x/3 (7.6)

The results of the refinement are presented in Table A.7 and an example of

the refined pattern in Figure 7.17. The thermal motion of atoms in the unit

cell has the same character as in the cubic Sr2Fe2O5, the vibration of stron-

tium and iron is isotropic and the thermal motion of oxygen is again larger

within the (400) plane than in the perpendicular direction. The magnitudes

of the displacements increase with temperature.

Lattice Constant and Density

The crystal lattice expands with temperature however, the increase is not

linear. The temperature dependence of lattice constant is presented in Fig-

ure 7.18 and was successfully fitted with a third order polynomial y(T ) =∑
αnT

n, obtained coefficients are presented in Table 7.7. The lattice expan-

sion rate has a maximum at 1018K. The thermal expansion is more compli-

cated since with increasing temperature the system changes its composition.

Similar non-linear behaviour was observed by Mizusaki et al. [128] but at

lower oxygen partial pressure and the lattice constant was reported using
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Figure 7.17: The refined neutron diffraction pattern of cubic SrFeOx at 873K
in air.

the perovskite model which gives the true lattice constant divided by two.

The volume thermal expansion coefficient was calculated from Equation (7.1)

using the polynomial approximation and is presented in Figure 7.19. The co-

efficient has a much higher value than for Sr2Fe2O5 (Figure 7.5).

The SrFeOx system in equilibrium with air seems to obey Vegard’s law.

The plot of the lattice constant as a function of the tetravalent iron fraction

yields an almost perfect straight line. The plot is presented in Figure 7.20,

the linear correlation coefficient for the fit is equal to −0.99982. The fraction
of tetravalent iron was calculated from Equation (5.1).

The thermal expansion and oxygen depletion of the ferrite cause the den-

sity to decrease with temperature as presented in Figure 7.23. However,

the density of the material in equilibrium with the atmosphere plotted as a

function of composition gives the straight line presented in Figure 7.21. The

non-equilibrium points at 573K, 623K and 648K depart from the line and

are not displayed. The linear fit here is much better than for the lattice con-

stant (Figure 7.20) and the linear correlation coefficient is equal to 0.99995

for the same set of points. The density can be calculated without any knowl-

edge about the actual positions of atoms in the unit cell, so its value is not

biased by the structural model other than the number of molecules (chemical
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Table 7.7: Polynomial coefficients describing the temperature dependence
of the cubic lattice constant and the cell volume of SrFeOx in air. The
polynomials are plotted in Figure 7.18 as solid lines.

Polynomial Lattice parameters
coefficient lattice constant volume

α0 (7.93± 0.02) (499.6± 3.8)
α1 (−7.3± 0.7)× 10−4 (−0.136± 0.013)
α2 (1.02± 0.07)× 10−6 (1.89± 0.14)× 10−4

α3 (−3.4± 0.3)× 10−10 (−6.1± 0.5)× 10−8

formulae) of oxide in the unit cell. The decreasing density with decreasing

oxygen content points at an oxygen vacancy formation mechanism [50] and

the linear dependence show that the same mechanism applies to the entire

investigated composition range (2.56 ≤ x ≤ 2.81). In this sense it is an in-
direct confirmation of the crystal structure model assuming the presence of

disordered oxygen sites. The linear relationship can be used to extrapolate

the density and the cubic lattice constant outside of the measured composi-

tion range. The better linear fit for the density, as indicated by the linear

correlation coefficient, proves that the system slightly departs from Vegard’s

law and for this reason the density plot was used for calculations.

The linear plots do not provide any information about the equilibrium

temperature. But allow the density or lattice constant to be calculated if

the equilibrium composition is known at given temperature. It should be

remembered that the linear approximation was obtained for air and the slope

of the line will most likely change under a different partial pressure of oxygen.

However, it is feasible to assume that lines for different pO2 lines will intercept

in the same point at x = 3.0 or very close to one point since this stoichiometry

exists only at relatively low temperature where thermal expansion is small.

The extrapolated values of densities and lattice constants are presented

in Table 7.8. Takeda et al. [127,171] reported the perovskite lattice constant

of 3.855(3) Å for SrFeO2.97 which is very close to the ideal perovskite SrFeO3.

The calculated perovskite lattice constant aperovskite = a/2 = 3.854 Å ob-

tained by extrapolation of the line in Figure 7.21 to x = 2.97 is within

experimental error that reported Takeda et al.
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Figure 7.18: The lattice constant and the cell volume of cubic SrFeOx as
a function of temperature in air. The solid lines show the polynomial fits
described in the text.

Table 7.8: The extrapolated density and lattice constant of cubic SrFeOx in
the equilibrium with air. The parameters were calculated using the linear fit
shown in Figure 7.21.

Composition Density Lattice constant
x ρ [g/cm3] a[Å]
2.5 4.74 8.011
3.0 5.59 7.690
2.97 5.54 7.708

7.4 Summary and Conclusions

Even though, only two series of experiments were performed and the coverage

of the (T, pO2) plane is far from complete, there are several general conclusions

that can be drawn from this work. They concern the phase behaviour and

the mechanical properties of the material.

7.4.1 Nature of the Cubic Phase

The cubic form of SrFeOx exists over the entire composition range 2.5 ≤ x ≤
3.0 but only fully oxidized material SrFeO3 is stable at room temperature.
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Figure 7.19: The volume thermal expansion coefficient of cubic SrFeOx as a
function of temperature in air.

The crystal structure of SrFeO3 was studied by several groups and led to

the conclusion that it forms a cubic perovskite structure [17, 125, 127, 139].

The high temperature cubic form with an oxygen deficiency was discovered

later [127,159] and by analogy it was assumed to have the perovskite structure

too. However, this model is only suitable for SrFeO3 and does not provide a

satisfactory description of oxygen deficient cubic phases such as Sr8Fe8O23,

Sr4Fe4O11 and Sr2Fe2O5. Using the face-centered cell introduced in this

chapter it is possible to describe the cubic crystal structure for any oxygen

stoichiometry. SrFeO3 can be expressed in terms of this model as a cell

with composition Sr8Fe8O24 consisting of eight ideal perovskite blocks (each

containing only Fe4+). The sole reason why the perovskite cell is used for

SrFeO3 is the crystallographical requirement to reduce the unit cell to the

smallest building block which retains the translation symmetry. The other

end member of the composition range Sr2Fe2O5 (x = 2.5) has a unit cell with

composition Sr8Fe8O20 and contains only Fe
3+. From the thermogravimetric

experiments we know that the composition of the oxide changes continuously

so the cubic material with composition SrFeOx can be seen as a solid solution

of two end members. The formula for the ferrite with the oxygen content x



7.4 Summary and Conclusions 154

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
7.75

7.80

7.85

7.90

7.95

8.00

L
at

tic
e 

co
ns

ta
nt

 a
 [

Å
]

Fe4+ fraction

Figure 7.20: The lattice constant of the cubic ferrite in equilibrium with air
as a function of the tetravalent iron fraction. The solid line shows the linear
fit is described in the text.

can be written in the following manner:

Sr8Fe
4+
8−2yFe

3+
2y O24−y (7.7)

where y = 24−8x. This is a temperature induced analogue of a substitutional
solid solution [130], but instead of replacing iron with other transition metal

tetravalent iron is replaced by trivalent. The replacement causes formation

of oxygen vacancies. This approach assures that for any stoichiometry x

the crystal structure is expressed in terms of two compounds with whole

numbers of oxygen per unit cell, even if the average stoichiometry is not an

integer. However, there are three other phases with whole number of oxygen

atoms per unit cell: Sr8Fe8O21 (x = 2.625), Sr8Fe8O22 (x = 2.75), Sr8Fe8O23

(x = 2.875). They correspond to the tetravalent to trivalent iron ratios of

1:3, 1:1, 3:1 respectively. Sr8Fe8O21 does not exist at room temperature

as a single phase but the rest do. It is therefore possible to treat these

compounds as separate entities and follow the phase behaviour found at

room temperature. In this way a phase with oxygen stoichiometry x can be

depicted as a solution of two nearest phases with integer number of oxygens

per cell. The two interpretations are equivalent and yield the same result.
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Figure 7.21: The calculated density of cubic SrFeOx in equilibrium with air
as a function of its composition. The solid line shows the linear fit described
in the text.

The solid solution representation is impossible in the perovskite model

which has only one phase with a non-fractional number of oxygen atoms per

cell.

7.4.2 Equilibrium Phase Diagram

Figure 7.22 shows a tentative equilibrium phase diagram. So far phase rela-

tions have been presented as a function of the oxide composition [127, 128],

however this is inappropriate since the oxide can have the same composition

over a range of temperatures. These diagrams are nothing else than collec-

tions of phase transitions found using calorimetric methods and results are

similar to those presented in Figure 7.1. The first attempt to draw the equi-

librium phase diagram was made by Mizusaki et al. [128] however, some of

the methods used to derive it and interpretation of certain parts are highly

questionable as discussed on page 59.

The diagram contains data obtained by neutron, x-ray diffraction and

Mössbauer experiments performed by the present author (circles), Mizusaki

et al. (triangles) and Wißmann and Becker [151] (star). The empty sym-

bols denote a low symmetry structure and the filled markers denote a single
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Figure 7.22: A phase diagram of the SrFeOx system. Solid and empty
symbols represent the cubic and lower symmetries respectively. The cir-
cles and triangles represent the experimental points collected by the author
and Mizusaki et al. [128] respectively. The star represents the result of a
Mössbauer experiment of Wißmann and Becker [151]. C and BR refer to
the cubic phase and the orthorhombic Sr2Fe2O5 (brownmillerite, x = 2.5)
respectively. R1 and R2 indicate different regions of the diagram discussed
in the text. The x parameter is the oxygen content of the ferrite and the ‘a’
line separates the cubic phase area from the low symmetry parts.

phase cubic structure with bold lines representing phase boundaries. The

line ‘a’ shows the border of the cubic phase (C) determined by neutron diff-

raction experiments in argon and air. The boundary was additionally guided

by results of Mizusaki et al. for intermediate partial pressures of oxygen.

The temperature of the transition to the cubic form decrease with increasing

partial pressure of oxygen. Mizusaki et al. indicated the existence of a re-

gion containing the orthorhombic brownmillerite Sr2Fe2O5 (BR) denoted by

BR+C(x = 2.75). Mizusaki et al. interpreted this region as a single phase

area, however reference to Figure 4.6 shows that the equilibrium composition

in this range exceeds x = 2.5 and to makeup the stoichiometry, the brown-

millerite phase has to be accompanied by an oxygen rich phase. Although

Mizusaki et al. [128] did not show full diffraction patterns, the published

fragments indicate the presence of the second phase. Since for compositions
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2.5 < x < 2.75 the ferrite at room temperature forms a mixture of Sr2Fe2O5

and Sr4Fe4O11 the second phase should be a cubic form of Sr4Fe4O11 marked

by C(x = 2.75). The two phase character of the BR+C(x = 2.75) area was

confirmed by Mössbauer measurement, denoted as the star on the diagram,

which showed the coexistence of Sr2Fe2O5 and the second phase.

The brownmillerite (BR) disappears with decreasing temperature since

the material gains oxygen. This was noted by Mizusaki et al. on the diffrac-

tion pattern taken at T = 673K and pO2 = 2 × 10−5 atm. Since Sr2Fe2O5

vanishes when the stoichiometry reaches 2.75, the line corresponding to the

composition x = 2.75 should form the other border line of this area. The

x = 2.75 line was calculated from the Ellingham plot for Sr4Fe4O11 presented

on page 62. It is marked at lower temperatures than the cubic point reported

by Mizusaki et al. , but the discrepancy is most likely due to an error in the

temperature measurement during the x-ray diffraction experiments. The

strip heaters commonly used in high temperature x-ray cameras suffer from

gradients of temperature and the surface of the oxide which contributes to the

diffraction pattern can be tens of degrees cooler than the heater itself. The

temperature gradients are especially troublesome at low temperatures. In the

two phase area BR+C(x = 2.75) the amount of the cubic phase decreases

with partial pressure of oxygen. The present neutron diffraction experiments

at pO2 < 10−6 atm do not show any traces of the C(x = 2.75) phase. The

two phase mixtures of Sr2Fe2O5 and Sr4Fe4O11 observed in samples prepared

by quenching or by fast cooling under low oxygen pressure (10−4−10−2 atm)

most likely originate from this region (see Table 4.1).

At temperatures lower than given by the x = 2.75 line the x = 2.875

line is expected corresponding to a single phase Sr8Fe8O23. It is marked by

a dashed line because this composition was only attained in a pure oxygen

atmosphere and there are not enough data to draw its exact position.

Both the x = 2.75 and the x = 2.875 lines divide the diagram into two

regions R1 and R2. The region R1 should contain a mixture of cubic SrFeO3

and Sr8Fe8O23, while the region R2 should contain a mixture of Sr8Fe8O23 and

Sr4Fe4O11. Another phase transition line in the R2 region corresponding to

the transition of Sr4Fe4O11 to the cubic phase is expected before it crosses line

‘a’. However, it is doubtful if the regions R1 and R2 will ever be completely

explored due to very long equilibration times and the necessity to use high

resolution diffraction techniques for phase identification. On the other hand

it should be possible to draw the ‘a’ line more precisely in the vicinity of
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Figure 7.23: The calculated densities of cubic SrFeOx in air and Sr2Fe2O5 in
argon as a function of temperature.

the intersection with the x = 2.75 line. Also the expansion of the diagram

into the oxygen pressures exceeding 1 atm should be interesting and possible

using neutron powder diffraction.

7.4.3 Density and Thermal Expansion of the Ferrite

The wide range of composition and structure changes in the ferrite system

cause substantial changes to its density. The calculated density as a function

of temperature for air and argon atmospheres are presented in Figure 7.23.

The discontinuity in the argon series is due to the phase transition and cor-

responds to the two phase sample however, the weighted average density is

in the middle between the two points. The graph clearly shows the differ-

ence in the density changes caused by an ordinary thermal expansion and

the process that involves oxygen vacancy formation (air). The difference in

density is probably even larger in higher oxygen partial pressures. This in-

formation is very important if the oxide is to be considered as a material for

electrochemical devices. The large difference in the density (unit cell volume)

can give a raise to mechanical instability of a membrane subjected to oxygen

partial pressure or temperature gradients. The difference in the cell volume

creates stress which may cause spontaneous fracture.
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Very different volume thermal expansion coefficients in different atmo-

spheres (compare Figure 7.1 and Figure 7.19) can have similar effect during

heating or cooling since different parts of the membrane will dilate at different

rates. The effect of the stress is obviously smallest at very high temperatures

where the densities and cell volumes are comparable since the equilibrium

composition of the oxide approaches x = 2.5 irrespective of the oxygen partial

pressure.



Chapter 8

Conclusions

8.1 Summary of the Most Important Find-

ings

This thesis has examined a broad spectrum of the properties of the SrFeOx

system.

Examination of the formation of the ferrite showed that the oxide is

formed in a direct reaction without any other transient phases as inher-

ent steps in the process. The reported occurrence of the transient phases

is caused only by inhomogeneity of the reactant mixture. The formation

reaction requires high temperatures (> 873K) to proceed. Attempts to syn-

thesize the material using mechanical energy at room temperature from a

mixture of hematite and strontium carbonate were not successful. The fer-

rite was not formed from the mixture of hematite and strontium oxide at

ambient temperature either despite of high reactivity of SrO towards other

transition metal oxides.

The oxygen deficient phase Sr2Fe2O5 (x = 2.5) can be formed thermally

from Fe2+ bearing iron oxide (magnetite). Sr2Fe2O5 reduces CO2 to CO upon

its formation from the magnetite-strontium carbonate mixture to oxidize the

divalent iron. This is the first report a new route for ferrite preparation.

The synthesis of Sr2Fe2O5 from magnetite also proves that phases with the

oxygen content x < 2.5 do not exist the SrFeOx system.

The formation from magnetite is chemically different from the hematite-

strontium carbonate route and the former reaction requires higher tempera-

ture to initiate the reaction. The magnetite route does not exhibit any tran-

sient phases during formation even in poorly mixed reactants. This indicates
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that Sr2Fe2O5 phase could have the lowest Gibbs free energy of formation in

the entire Sr-Fe-O system.

The oxygen content x in SrFeOx depends on temperature T and the oxy-

gen partial pressure pO2 . The dependence has an equilibrium character and

the material assumes the same composition if exposed to the same condi-

tions (T, pO2). Study of the oxidation reaction at different temperatures and

oxygen partial pressures proved that the SrFeOx system obeys the Gibbs-

Helmholtz equation and the oxygen content was described as a function of

temperature and oxygen pressure x = f(T, pO2). The plot of this function

yields the equilibrium composition diagram an indispensable tool in studies

of all properties of the material at elevated temperature. The plot also pro-

vides information that aids preparation of samples with controlled oxygen

content.

The heat of oxidation of Sr2Fe2O5 was measured as a function of temper-

ature and oxygen partial pressure. The heat was found to decrease with tem-

perature and decreasing concentration of oxygen in the atmosphere. How-

ever, the heat exhibits a jump around 1140K which is associated with a

phase transition in Sr2Fe2O5 around this temperature. The examination of

the temperature dependence of the heat showed that the phase transition in

Sr2Fe2O5 has a continuous character and occurs over a 100K temperature

range.

Thermal oxidation ceases below 473K under pressure of 1 atm. However,

SrFeOx can be oxidized at room temperature using mechanical energy. The

study of milled materials are difficult due to the small crystalline size and

the lattice strain. The mechanical oxidation differs from the thermally in-

duced one. In the case of the mechanical process there are few concurrent

chemical reactions which yield a mixture of more than two phases while the

thermal process produces a single phase or two phase products. The ther-

mal oxidation under 1 atm of oxygen can increase the oxygen content up to

x = 2.915, milling on the other hand covers the entire range of compositions

(2.5 ≤ x ≤ 3.0). Milling produces a powder with relatively small specific

surface area despite the small crystalline size.

The ferrite also reacts with other gaseous oxides such as carbon dioxide.

The reaction of SrFeOx with CO2 leads to its decomposition to strontium

carbonate and a strontium deficient ferrite (SrFe12O19). The carbonation re-

action is controlled by temperature and CO2 partial pressure. For fixed pCO2

there is a critical temperature below which the ferrite decomposes. Above
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this temperature the material converts back to SrFeOx. The presence of the

tetravalent iron in the ferrite does not inhibit the carbonation process. The

product of carbonation (SrFe12O19) is very resistant to further carbonation.

The reaction producing SrFe12O19 has two stages with different kinetics. The

first stage takes a few hours and is a solid-gas reaction that occurs on the

surface SrFeOx and along the grain boundaries. It is followed by much slower

stage, in which Sr2+ diffuses through the layer of SrFe12O19 built on the sur-

face of grains. The surface stage is responsible for formation of cracks in the

bulk of the SrFeOx which appear as a result of change of molar volume.

Mechanical carbonation of SrFeOx is also possible and as in the case of

the mechanical oxidation the analysis is hampered by the small crystalline

size and the strain. The mechanical carbonation is different from the ther-

mal reaction and leads to complete decomposition of the ferrite to SrCO3

and hematite without SrFe12O19 as the transient phase. But the carbonation

reaction forms an unknown metastable carbonate which contains Fe3+ and

possibly some strontium. The unknown carbonate causes a higher than ex-

pected mass loss of milled samples examined by heating in TGA but it can

not be positively identified using x-ray diffraction.

Various phases of SrFeOx were examined using Mössbauer spectroscopy.

Collected room temperature spectra of the SrFeOx are the same as pub-

lished in the literature which indicates good quality of the prepared ferrites

and reproducibility of experiments. However the patterns of Sr4Fe4O11 and

Sr8Fe8O23 were interpreted in much more straight forward manner. The new

interpretation avoids the introduction of spectral features which are difficult

to justify from the experimental results (low intensity lines not observed di-

rectly in the spectrum) and the introduction of fractional iron valency. The

new interpretation is based on the information deduced from the chemical

composition of the ferrite. In the case of Sr4Fe4O11 the Mössbauer spectrum

was described in terms of two iron sites using a singlet belonging to the

tetravalent state and a doublet associated with the trivalent iron in the high-

spin state. For Sr8Fe8O23 the spectrum was described in terms of three iron

sites. Two singlets were assigned to two different crystallographical positions

of tetravalent iron and the remaining singlet was assigned to the trivalent

iron. The new interpretation yields correct calculated oxygen content when

applied not only to the present results but also to the data published in the

literature.

Examination of spectra belonging to composition range 2.75 ≤ x < 3.0
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indicates that the SrFeOx system forms a mixture of Sr4Fe4O11 and Sr8Fe8O23

in the 2.75 < x < 2.875 range and a mixture of Sr8Fe8O23 and SrFeO3 in the

range 2.875 < x < 3.0.

The high temperature Mössbauer spectra published in the literature in-

dicate that the high-temperature cubic form of the ferrite has only one iron

site despite the existence of two different oxidation states. This indicates the

disorder among oxygen sites.

The high-temperature crystal structure of the SrFeOx system was investi-

gated both in argon and air atmospheres. The measurements on the oxygen

deficient phase Sr2Fe2O5 (x = 2.5) were carried out in argon to prevent oxida-

tion. This phase undergoes two phase transitions between room temperature

and 1223K. The first is the magnetic transition from the antiferromagnetic

to the paramagnetic state (Néel point) at 668K and the other transition is a

change of the lattice from orthorhombic to cubic at around 1140K. Neutron

diffraction gave a better estimate of the Néel temperature and in the case

of the second transformation it revealed the coexistence of the orthorhombic

and the cubic phases. It is an indication that the transition around 1140K is

not first order and the neutron measurements are consistent with the findings

from measurements of the oxidation heat of Sr2Fe2O5.

The cubic phase of Sr2Fe2O5 was described using a new structural model

with the unit cell having the Fm3c symmetry.

In air the oxygen content x in SrFeOx varied in the range 2.56 ≤ x ≤ 2.81.
The unit cell of the cubic SrFeOx was described using the same unit cell as in

the case of Sr2Fe2O5. The oxidized ferrite in the cubic form obeys Vegard’s

law and its density increase linearly with the oxygen content. The new unit

cell with the Fm3c allowed interpretation the cubic SrFeOx as a solid solution

of Sr8Fe8O24 and Sr8Fe8O20 cells across the entire composition range.

The structural measurements and the equilibrium composition diagram

were used to construct the phase diagram for the SrFeOx system.

8.2 Application of the SrFeOx System

The prospects of use for pure SrFeOx in oxygen conducting devices are rather

poor. The system is very interesting from the scientific point of view but the

variety of phases and transitions make the material useless since it would

be mechanically unstable. The information gathered in Chapter 7 shows

that the oxide has a high expansion rate. The volume expansion coefficients
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and densities of the oxygen deficient (Sr2Fe2O5) and oxidized materials are

different. These differences would cause a mechanical strain in a ceramic

membrane exposed to temperature or oxygen partial pressure gradients and

during heating of the membrane to the operational temperature. Moreover,

the reactivity of SrFeOx towards CO2 excludes the material as electrodes in

fuel cells utilizing hydrocarbons as fuel. However, further research into more

complicated systems based on SrFeOx may lead to a commercially viable

material.

8.3 Directions for Future Research

The list of experiments that can be done on the SrFeOx system is long but

and it is impossible to exhaust all possibilities. However, the major obstacle

in studies of the SrFeOx system is the lack of single crystal specimens. Single

crystals are difficult to produce because of high melting point of the ferrite,

reactivity of the molten oxide towards most ceramic materials (crucibles)

and the fact that it is difficult to obtain the desired composition x. However,

it is worth trying to grow single crystals using fluxes, such as B2O3–Na2O,

NaCO3, PbO–PbF2, below the melting point of the ferrite. These compounds

allow to control the size of crystals and gave very encouraging results in the

case of BaFe12O19 and other spinels [172, 173]. The composition of resulting

crystals could be then adjusted using the procedure described on page 70.

The single crystals would resolve ambiguities in the crystal structures of

Sr4Fe4O11 and Sr8Fe8O23 at room temperature.

All phases of the SrFeOx system exhibit magnetic ordering however, only

Sr2Fe2O5 has a high ordering temperature. The other phases become mag-

netically ordered at subambient temperatures and their magnetic properties

have only been studied using Mössbauer spectroscopy and magnetic suscep-

tibility∗ [29,125,154]. The single crystals would allow precise studies of their

magnetic structures using single crystal neutron experiments and many other

properties such as transport, optical, mechanical properties, phonon excita-

tions etc.

The phase diagram of SrFeOx could be extended into the high oxygen

pressure region using high pressure cells for neutron powder diffraction or di-

amond anvils in the case of x-ray diffraction. These measurements could be

∗Sr2Fe2O5 and SrFeO3 are exceptions and were studied using neutron diffraction [158,
160].
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combined with equilibrium composition studies using high-pressure thermo-

gravimetric analysers which are capable of reaching pressures up to 60MPa

and temperatures of 2300K [174].

The temperature dependence of the heat capacity as a function of temper-

ature from nearly 0K would facilitate calculation of the Gibbs free energy of

formation of various SrFeOx phases and thus thermodynamical calculations

of chemical stability of the SrFeOx system in the presence of other species

(compounds) at elevated temperature.



Appendix A

Results of Rietveld Refinement

This appendix contains the results of Rietveld refinements carried out on the

high-temperature neutron diffraction patterns of SrFeOx. The explanation

of symbols and detailed analysis are presented in Chapter 7. The numbers

in parentheses are standard deviations as given by the refinement program.
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Table A.1: Results of Rietveld refinement of Sr2Fe2O5 spectra in the temperature range 293–678K. The results are discussed
in section 7.2.3.

293K 473K 573K 623K 648K 678K
a [Å] 5.66850(35) 5.6739(4) 5.6780(4) 5.6803(4) 5.6807(4) 5.6822(4)
b [Å] 15.5823(8) 15.6470(8) 15.6830(9) 15.7019(9) 15.7096(9) 15.7203(9)
c [Å] 5.52653(32) 5.53580(33) 5.5422(4) 5.54587(35) 5.5469(4) 5.5488(4)
V [Å3] 488.15(5) 491.46(5) 493.52(5) 494.64(5) 495.01(5) 495.65(5)
mz [µB ] 3.92(3) 3.28(3) 2.72(3) 2.25(3) 1.99(3) 1.38(4)

Sr x 0.0163(7) 0.0152(7) 0.0150(8) 0.0148(8) 0.0141(8) 0.0152(8)
Sr y 0.10890(19) 0.10930(21) 0.10936(23) 0.10989(22) 0.10986(22) 0.10993(22)
Sr z 0.4989(27) 0.4995(24) 0.5005(23) 0.5011(23) 0.5008(24) 0.4985(23)
Sr U 0.64(9) 0.95(9) 0.97(10) 1.18(10) 1.19(10) 1.18(10)

Fe(1) U 0.88(9) 1.33(10) 1.65(11) 1.71(11) 1.78(11) 1.84(11)
Fe(2) x 0.9355(8) 0.9359(8) 0.9367(8) 0.9367(8) 0.9369(8) 0.9382(8)
Fe(2) z 0.9833(24) 0.9756(23) 0.9715(24) 0.9702(24) 0.9700(24) 0.9675(23)
Fe(2) U 2.49(13) 2.55(15) 2.48(15) 2.46(15) 2.57(16) 2.24(15)
O(1) x 0.2574(24) 0.2545(26) 0.2510(29) 0.2480(29) 0.2438(25) 0.2438(24)
O(1) y 0.99123(29) 0.99158(31) 0.99176(33) 0.99185(32) 0.99215(34) 0.99181(33)
O(1) z 0.2537(35) 0.2589(33) 0.2586(35) 0.2528(36) 0.2513(35) 0.2529(33)
O(1) U 0.09(12) 0.45(13) 0.63(13) 0.79(11) 0.96(12) 0.75(12)
O(2) x 0.0500(8) 0.0506(8) 0.0500(9) 0.0485(9) 0.0486(9) 0.0490(9)
O(2) y 0.14109(26) 0.14127(28) 0.14115(29) 0.14126(29) 0.14109(30) 0.14119(30)
O(2) z 0.0010(36) -0.0041(36) -0.0029(35) -0.0006(33) -0.0060(36) -0.0054(34)
O(2) U 1.03(11) 1.64(12) 1.84(13) 2.18(13) 2.23(13) 2.39(13)
O(3) x 0.8568(15) 0.8600(17) 0.8586(17) 0.8566(17) 0.8579(17) 0.8556(17)
O(3) z 0.6224(29) 0.6236(30) 0.6228(31) 0.6205(30) 0.6196(30) 0.6208(29)
O(3) U 1.39(20) 2.22(23) 2.29(25) 2.41(24) 2.56(25) 2.69(26)

Rwp [%] 4.37 4.23 4.18 4.01 4.06 3.93
Rp [%] 3.39 3.36 3.26 3.12 3.20 3.15
U = 100Uiso [Å2]
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Table A.2: Results of Rietveld refinement of Sr2Fe2O5 spectra in the temperature range 723–1148K. The results are discussed
in section 7.2.3.

723K 773K 823K 873K 973K 1073K 1103K 1148K†
a [Å] 5.6839(4) 5.6864(4) 5.6892(4) 5.6918(4) 5.6973(4) 5.7037(4) 5.7068(4) 5.7149(5)
b [Å] 15.7354(9) 15.7488(9) 15.7626(10) 15.7769(9) 15.8016(10) 15.8292(10) 15.8401(10) 15.8528(13)
c [Å] 5.5522(4) 5.5556(4) 5.5590(4) 5.5632(4) 5.5707(4) 5.5805(4) 5.5853(4) 5.5896(5)
V [Å3] 496.58(5) 497.53(6) 498.51(6) 499.57(6) 501.51(6) 503.84(6) 504.89(6) 506.41(7)
Sr x 0.0137(8) 0.0146(8) 0.0147(8) 0.0156(8) 0.0143(9) 0.0142(9) 0.0133(9) 0.0139(12)
Sr y 0.11004(22) 0.10962(22) 0.10985(22) 0.11040(22) 0.11075(24) 0.11135(23) 0.11152(24) 0.11113(35)
Sr z 0.4985(23) 0.5029(24) 0.5021(26) 0.5027(24) 0.5038(25) 0.5024(24) 0.5037(26) 0.5017(34)
Sr U 1.29(10) 1.57(11) 1.62(11) 1.75(11) 1.97(12) 2.29(12) 2.40(13) 2.47(18)
Fe(1) U 1.99(11) 2.23(11) 2.21(11) 2.53(12) 2.70(13) 3.14(13) 3.26(14) 3.14(20)
Fe(2) x 0.9376(8) 0.9374(8) 0.9368(9) 0.9393(9) 0.9396(9) 0.9394(9) 0.9396(9) 0.9400(12)
Fe(2) z 0.9689(24) 0.9748(25) 0.9762(26) 0.9707(25) 0.9708(26) 0.9684(24) 0.9712(27) 0.9690(33)
Fe(2) U 2.50(15) 2.55(15) 2.71(15) 2.79(16) 2.72(17) 2.81(17) 2.79(17) 2.86(23)
O(1) x 0.2484(30) 0.2569(26) 0.2573(27) 0.2417(23) 0.2412(24) 0.2380(21) 0.2418(25) 0.2439(39)
O(1) y 0.99219(34) 0.99185(33) 0.99176(35) 0.99216(35) 0.99230(38) 0.99196(37) 0.99241(39) 0.9913(5)
O(1) z 0.2532(37) 0.2545(36) 0.2542(39) 0.2486(34) 0.2501(37) 0.2486(35) 0.2465(38) 0.254(6)
O(1) U 1.11(12) 0.96(13) 1.21(14) 1.40(12) 1.50(13) 2.07(14) 2.14(14) 2.29(21)
O(2) x 0.0477(9) 0.0487(9) 0.0482(10) 0.0482(10) 0.0469(11) 0.0474(11) 0.0465(11) 0.0486(15)
O(2) y 0.14121(30) 0.14178(29) 0.14146(31) 0.14165(30) 0.14161(33) 0.14140(33) 0.14103(34) 0.1428(5)
O(2) z -0.0031(35) 0.0029(32) 0.0003(36) -0.0017(33) -0.0034(37) -0.0037(35) 0.0030(36) -0.005(5)
O(2) U 2.61(13) 2.45(14) 2.66(14) 2.69(14) 3.25(16) 3.71(16) 4.04(18) 4.23(24)
O(3) x 0.8577(17) 0.8595(18) 0.8589(18) 0.8571(17) 0.8573(19) 0.8544(18) 0.8546(19) 0.8581(27)
O(3) z 0.6210(31) 0.6242(31) 0.6254(33) 0.6222(30) 0.6241(32) 0.6271(31) 0.6333(34) 0.623(5)
O(3) U 2.98(27) 3.20(27) 3.21(27) 3.30(28) 3.61(32) 4.10(33) 4.40(34) 5.22(50)
Rwp [%] 3.76 3.82 3.81 3.67 3.80 3.56 3.51 2.97
Rp [%] 2.95 2.99 3.00 2.88 2.95 2.81 2.84 2.40
†-two phase pattern; U = 100Uiso [Å2]
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Table A.3: Octahedral bond lengths (in angstroms) and angles (in degrees)
in Sr2Fe2O5 as a function of temperature. The figures in the square brack-
ets denote the number of bonds if they have equal length. The results are
discussed in section 7.2.3.

T [K] Fe(1)-O(1) Fe(1)-O(1) O(1)-Fe(1)-O(1) O(1)-Fe(1)-O(1)
293 2.028(17) 1.94(17) 92.5(9) 88.301(27)
473 2.039(18) 1.933(18) 90.7(9) 88.316(33)
573 2.025(20) 1.951(20) 89.9(9) 88.344(33)
623 1.991(21) 1.986(20) 90.5(9) 88.395(22)
648 1.969(19) 2.009(19) 89.9(9) 88.436(25)
678 1.976(18) 2.004(18) 89.5(8) 88.419(27)
723 1.996(21) 1.984(21) 90.5(9) 88.44(23)
773 2.037(18) 1.946(18) 92.1(10) 88.446(29)
823 2.039(19) 1.947(19) 92.3(10) 88.453(31)
873 1.954(18) 2.033(18) 89.9(8) 88.506(26)
973 1.961(19) 2.031(19) 89.4(9) 88.541(29)
1073 1.945(18) 2.053(18) 89.0(8) 88.587(31)
1103 1.953(20) 2.047(20) 90.3(9) 88.59(29)
1148† 1.996(30) 2.011(30) 89.1(13) 88.47(4)
T [K] Fe(1)-O(2),[2] O(1)-Fe(1)-O(2) O(1)-Fe(1)-O(2)
293 2.217(4) 88.3(8) 90.9(6)
473 2.229(4) 88.3(8) 92.7(6)
573 2.232(5) 88.3(8) 93.4(6)
623 2.235(5) 88.4(8) 92.7(5)
648 2.234(5) 88.4(9) 93.3(5)
678 2.237(5) 88.4(8) 93.7(5)
723 2.239(5) 88.4(9) 92.7(5)
773 2.25(5) 88.4(8) 91.0(6)
823 2.247(5) 88.5(9) 90.8(7)
873 2.252(5) 88.5(8) 93.1(5)
973 2.254(5) 88.5(9) 93.5(5)
1073 2.255(5) 88.6(8) 93.8(5)
1103 2.25(6) 88.6(8) 92.5(5)
1148† 2.28(8) 88.5(12) 93.9(8)
†-two phase pattern



1
7
0

Table A.4: Tetrahedral bond lengths (in angstroms) and angles (in degrees) in Sr2Fe2O5 as a function of temperature. The figure
in the square brackets denote the number of bonds or angles if they have equal value. The results are discussed in section 7.2.3.

T [K] Fe(2)-O(2),[2] Fe(2)-O(3) Fe(2)-O(3) O(2)-Fe(2)-O(2) O(2)-Fe(2)-O(3),[2] O(3)-Fe(2)-O(3)
293 1.820(5) 2.044(13) 1.827(10) 137.7(4) 107.5(4) 102.3(4)
473 1.825(5) 1.995(13) 1.868(10) 137.6(4) 107.1(4) 103.6(4)
573 1.830(5) 1.983(13) 1.875(11) 137.8(5) 106.2(4) 103.6(4)
623 1.829(5) 1.992(13) 1.863(10) 138.0(5) 105.72(34) 103.4(4)
648 1.830(5) 1.995(13) 1.869(10) 138.5(5) 106.2(4) 103.3(4)
678 1.829(5) 1.980(13) 1.874(10) 138.5(5) 105.6(4) 103.3(4)
723 1.829(5) 1.985(13) 1.879(10) 138.7(5) 105.52(35) 103.5(4)
773 1.825(5) 1.998(14) 1.881(11) 138.1(5) 105.87(34) 103.4(4)
823 1.829(5) 2.000(14) 1.875(11) 138.5(5) 106.2(4) 103.4(4)
873 1.825(5) 1.995(13) 1.886(10) 139.0(5) 105.4(4) 103.0(4)
973 1.824(6) 1.988(14) 1.895(11) 139.7(6) 105.3(4) 103.1(4)
1073 1.833(6) 1.965(14) 1.895(11) 139.4(6) 104.9(4) 103.6(4)
1103 1.839(6) 1.948(15) 1.907(12) 139.6(6) 104.2(4) 103.9(4)
1148† 1.816(9) 1.988(21) 1.910(16) 138.9(8) 105.6(6) 103.2(6)
†-two phase pattern
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Table A.5: Strontium polyhedron bond lengths (in angstroms) in Sr2Fe2O5 as a function of temperature. The results are
discussed in section 7.2.3.

T [K] Sr-O(1) Sr-O(1) Sr-O(1) Sr-O(1) Sr-O(2) Sr-O(2) Sr-O(2) Sr-O(3)
293 2.658(14) 2.584(15) 2.644(13) 2.563(14) 2.804(21) 2.826(21) 2.509(5) 2.473(7)
473 2.648(13) 2.571(14) 2.676(12) 2.596(13) 2.840(20) 2.800(21) 2.514(6) 2.469(7)
573 2.645(14) 2.568(15) 2.686(13) 2.609(14) 2.841(19) 2.804(20) 2.520(6) 2.472(7)
623 2.662(14) 2.584(15) 2.683(13) 2.607(14) 2.832(18) 2.813(19) 2.529(6) 2.467(7)
648 2.653(14) 2.575(14) 2.691(13) 2.618(13) 2.861(19) 2.786(19) 2.532(6) 2.463(7)
678 2.644(13) 2.565(14) 2.705(12) 2.632(12) 2.845(18) 2.803(19) 2.524(6) 2.476(7)
723 2.660(14) 2.581(15) 2.696(13) 2.619(14) 2.834(19) 2.817(20) 2.541(6) 2.470(7)
773 2.691(15) 2.616(16) 2.661(13) 2.580(14) 2.830(19) 2.830(19) 2.534(6) 2.474(8)
823 2.696(16) 2.619(17) 2.666(14) 2.583(15) 2.840(20) 2.820(21) 2.536(6) 2.477(8)
873 2.671(13) 2.600(13) 2.694(12) 2.630(13) 2.855(18) 2.807(18) 2.532(6) 2.471(7)
973 2.678(14) 2.601(14) 2.707(13) 2.637(13) 2.873(20) 2.794(20) 2.548(7) 2.468(8)
1073 2.685(13) 2.598(13) 2.731(12) 2.654(12) 2.870(19) 2.804(20) 2.546(7) 2.476(8)
1103 2.706(13) 2.625(14) 2.711(12) 2.636(13) 2.842(20) 2.834(21) 2.555(7) 2.481(9)
1148† 2.692(21) 2.592(23) 2.742(20) 2.648(21) 2.885(28) 2.807(29) 2.550(9) 2.470(12)
†-two phase pattern
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Table A.6: Rietveld refinement results for the cubic Sr2Fe2O5 phase at dif-
ferent temperatures. The results are discussed in section 7.2.3

1148K† 1173K 1198K 1223K
a [Å] 7.9512(5) 7.95779(23) 7.96275(24) 7.96388(23)
V [Å3] 502.68(6) 503.938(26) 504.882(26) 505.096(25)
Sr 100uii [Å2] 4.42(22) 4.30(6) 4.52(6) 4.48(6)
Fe 100uii [Å2] 4.46(18) 4.14(5) 4.35(5) 4.38(5)
O 100u‖ [Å2] 4.1(4) 4.98(13) 5.32(13) 5.16(13)
O 100u⊥ [Å2] 8.06(30) 8.05(10) 8.16(10) 8.26(10)
Rwp [%] 2.97 2.85 2.99 2.78
Rp [%] 2.40 2.29 2.36 2.24
†-two phase pattern
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Table A.7: Results of Rietveld refinement of cubic SrFeOx at different temperatures in air. The results are discussed in
section 7.3.2.

T [K] δ a [Å] V [Å3] Sr: 100uii [Å2] Fe: 100uii [Å2] O: 100u‖ [Å2] O: 100u⊥ [Å2] Rwp [%] Rp [%]
573† 0.93546 7.78716(13) 472.212(14) 1.539(32) 0.970(26) 1.59(6) 2.83(5) 4.31 3.23
623† 0.93546 7.79345(14) 473.357(15) 1.621(35) 1.050(28) 1.63(7) 2.90(5) 4.51 3.44
648† 0.93546 7.79802(14) 474.191(14) 1.678(34) 1.062(28) 1.76(7) 3.00(5) 4.39 3.29
673 0.93546 7.80367(14) 475.223(15) 1.733(35) 1.151(28) 1.88(7) 3.14(5) 4.41 3.31
723 0.93087 7.81453(14) 477.210(15) 1.885(35) 1.302(29) 2.00(7) 3.46(5) 4.31 3.24
773 0.92520 7.82593(14) 479.300(15) 2.091(34) 1.515(28) 2.27(7) 3.81(5) 4.01 3.10
838 22/24 7.84204(14) 482.266(15) 2.367(34) 1.782(28) 2.52(7) 4.26(6) 3.81 3.01
873 0.91137 7.85220(15) 484.144(16) 2.57(4) 1.963(30) 2.68(7) 4.59(6) 3.90 3.06
973 0.89560 7.88224(16) 489.720(18) 3.08(4) 2.467(34) 3.20(9) 5.42(7) 3.84 3.04

1023 0.88748 7.89798(18) 492.661(19) 3.35(4) 2.79(4) 3.64(10) 5.82(8) 3.92 3.10
1073 0.87948 7.91504(19) 495.861(21) 3.57(5) 3.14(4) 4.12(10) 6.35(8) 3.90 3.06
1103 21/24 7.92473(21) 497.684(22) 3.76(5) 3.33(4) 4.18(11) 6.69(9) 4.00 3.15
1173 0.86463 7.94503(22) 501.518(24) 4.15(6) 3.76(5) 4.61(12) 7.27(10) 3.96 3.08
1223 0.85819 7.95844(25) 504.063(27) 4.37(6) 4.03(5) 4.96(13) 7.65(11) 4.10 3.12
1273 0.85266 7.97115(23) 506.481(26) 4.71(6) 4.40(5) 5.29(13) 8.26(10) 3.72 2.91
†-sample not in equilibrium with the atmosphere
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2. T. Luciński, F. Stobiecki, D. Elefant, D. Eckert, G. Reiss, B. Szymański,
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Eisenkarbonat Als Korrosionproduct Von Stahl. Werkstoffe und Kor-
rosion, 27:304–312, 1976.

[146] B.C. Tofield. Studies on Non-Stoichiometric Strontium Ferrate,
SrFeO3−x. In J Wood, O. Lindqvist, C. Helgesson, and N.-G. Van-
nerberg, editors, Reactivity of Solids, pages 253–259, New York, 1977.
Plenum Press.

[147] M. Takano, T. Okita, N. Nakayama, Y. Bando, Y. Takeda, O. Ya-
mamoto, and J.B. Goodenough. Dependence of the Structure and
Electronic State of SrFeOx (2.5 ≤ x ≤ 3.0) on Composition and Tem-
perature. J. Solid State Chem., 73:140–150, 1988.

[148] L. Fournes, Y. Potin, J.C. Grenier, and P. Hagenmuller. Ensemble
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[174] Rubotherm Präzisionsmeßtechnik. http://www.rubotherm.de. Bochum,
Germany.


