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Abstract

Perovskite-related materials of composition LaFe;_.Co,O; prepared by conventional
calcination methods and mechanical milling are shown by temperature programmed
reduction to be more susceptible to reduction in a flowing mixture of hydrogen and
nitrogen by the incorporation of cobalt. X-ray powder diffraction and Mdssbauer
spectroscopy show that in iron-rich systems the limited reduction of iron and cobalt
leads to the segregation of discrete metallic phases without destruction of the perovskite
structure. In cobalt-rich systems, the reduction of Co®" to Co° precedes complete
reduction of Fe** and the segregation of alloy and metal phases is accompanied by
destruction of the perovskite structure. Phases made by milling techniques were of
smaller particle size and are more susceptible to hydrogen reduction than their
counterparts made by conventional techniques. Materials of the type Lag 5Sro sMO; (M=
Fe, Co) made by calcination methods are more susceptible to reduction when the
transition metal M is cobalt as compared to iron.

Perovskite-related oxides of composition Laj.«SrxFe;.yCo,O; have been fluorinated by
reaction with poly(vinylidene fluoride). The materials have been characterised by X-ray
powder diffraction and Mdossbauer spectroscopy. Fluorination induces a reduction in the
oxidation state of iron from Fe*" to Fe’*. The fluorinated materials were magnetically
ordered at 298 K.

Compounds of the type SrFe; ,Sn,O; were found to contain Fe>* and Fe**. Fluorination
resulted in reduction of the transition metal to Fe** and, in iron-rich systems, magnetic

order. The compound Ba;SnO4 which adopts the K;NiF;-type structure has also been



fluorinated by reaction with zinc fluoride. X-ray powder diffraction shows an
enlargement of the unit cell of the fluorinated phase along the c-axis.

Small particle iron- and vanadium- antimonate have been prepared by mechanical
milling methods. The phases have been examined by Mossbauer spectroscopy and can
be formulated M>*Sb** 04 (M = Fe, V). Thermal analysis suggests that the vanadium
animonate formed by milling V,0s and Sb,0O; in an inert atmosphere may be oxygen
deficient. X-ray powder diffraction shows that milling also induces the phase
transformation of the cubic senarmontite Sb,O; form to the orthorhombic valentinite

Sb,0; form and of 0-Sb,04 to B-Sb204.
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Chapter 1

INTRODUCTION
1.1 AIMS

The aims of the work reported in this thesis are to:

1. Prepare by conventional and milling methods perovskite-related phases of the type
La;..SrFe;.,Co,03 and examine their reduction properties,

2. Prepare by solid state reactions oxide fluorides with perovskite-related structures
and examine some structural and properties,

3. Prepare by milling techniques rutile-related phase of the type MSbO4 (M= V, Fe).

1.2 PEROVSKITES
1.2.1 Structure of Perovskite CaTiO;
Perovskites adopt the composition ABOs, for example CaTiOj. The structure is

shown in Figure 1.1.

Figure 1.1 Structure of CaTiO;



Titanium atoms occupy the corners of the unit cell, a calcium atom is at its centre and
the oxygen atoms lie at the mid-points of its edges. Each calcium is 12- and each
titanium 6-coordinated by oxygen neighbours whilst each oxygen atom is linked to

four calcium and two titanium atoms. The unit cell is cubic.

1.2.2 Rare Earth Orthoferrites

Perovskite-related rare earth orthoferrites have been investigated in the past because
of their potential for use as logic-or memory-components or as laser and light
modulators in optical materials *. The solids are also catalytically active for
hydrocarbon oxidation and combustion * and can be used in sensors ** and solid
electrolytes "°. The materials, which contain only trivalent metal ions in the structure,
are amenable systems for isovalent substitution and systems of the type LaFe;.xCo40;
have attracted interest in recent years ''? because of their potential for electroceramic
and catalytic oxidation applications. Applications such as these require operation
under reducing conditions but the nature of the reduced phases in these systems is a

matter of sparse investigation (see 1.2.6).

1.2.2.1 Structure of LaFeO3, LaCo0O;

Lanthanum ferrite of composition LaFeO; normally occurs with the orthorhombic
structure and is usually prepared'*!* by heating La,0; and Fe,0s at 1200 °C. The
orthorhombic LaFeOs structure is shown in Figure 1.2. In this structure, the lanthanum
ion is surrounded by 12 oxygen atoms at a distance of ca.3.5 A. The iron cations are
surrounded by 6 oxygen atoms at ca.2.2 A. The Fe-O octahedra are slightly tilted as

compared with the situation in the cubic perovskite ABOs, such as a CaTiO;.



It is also known that that LaFeO; occurs in a cubic form '* as shown in Figure 1.3. In
the ideal cubic LaFeO; perovskite structure the larger lanthanum cation is surrounded

by twelve equidistant oxygen atoms at ca.2.8 A, and the smaller iron atom is at the

centre of an undistorted oxygen octahedron at ca.2.2 A.

Figure 1.2 Orthorhombic structure of LaFeO, Figure 1.3 Cubic structure of LaFeO;

(iron and lanthanum are located with the orange and blue units respectively.)
LaCoOj; normally occurs with the hexagonal structure'® and is usually prepared by

heating La,O3 and CoO at 1000 °C. The hexagonal LaCoOj structure is

Figure 1.4 Hexagonal structure of LaCoO;

(cobalt and lanthanum are located with the deep blue and blue units respectively.)



shown in Figure 1.4. In this structure, the lanthanum ions are surrounded by 12
oxygen atoms at ca.2.9 A. Each cobalt ion is surrounded by 6 oxygen atoms at ca.2.0

A. LaCo0; also occurs with a cubic structure above 800K,

1.2.3 Structure of SrFeO;

The rare earth element in the rare earth orthoferrites can be replaced by an alkaline
earth metal such as strontium to give compounds of the type StFeO; in which iron is

present as Fe**. The cubic structure of SrFeOs'® is shown in Figure 1.5. Each iron

Figure 1.5 The cubic structure of SrFeO;

atom is surrounded by six oxygen atoms at 1.93 A and each strontium atom

surrounded by twelve oxygen atoms at 2.72 A.

Pure SrFeO; is difficult to prepare, and even preparations under oxygen can lead to
some oxygen deficiency such that the Fe*" oxidation state is observed with some
Fe*".'%% Initial investigationss’]9 of materials of the type SrFeO;., by Mossbauer
spectroscopy showed the oxidation state of iron to vary with composition of the
perovskite phase when y < 0.25. The material was cubic for y < 0.12 and tetragonal

for 0.15 <y < 0.25. Subsequently structural studies”'?* have determined



crystallographic features of this system and tentative structural models have been
proposed.

SrFe0,?° is a metallic conductor with a Néel temperature of 134K. The absence of
Jahn-Teller distortion in this high spin 34" state was explained by the high electrical
conductivity where the e, iron orbitals are broadened into an electronic conduction

band.

1.2.4 Lal_xerFeO3

The perovskite series La;,Sr,FeOs_5 (0 < x <1) was first studied by Waugh26 who
observed complex phase changes from orthorhombic at low x through rhombohedral
to cubic as the stoichiometry approached SrFeO; (6 = 0). Since the distortions were
very small, no further structural information was obtained by Waugh although the
complex magnetic properties of these materials were subsequently investigated”’.
Preliminary Mossbauer measurements were undertaken®; at high values of x,
characteristic Fe*" lines were observed with an isomer shift relative to that of >’Co in
stainless steel of 0.1 to 0.2 mm sec™. Lower values of x, however, gave broad and

varying linewidths which were attributed to an intermediate Fe**/Fe*" valence state.

An extensive range of compounds in the La; ,SryFeO;5 (0<x<1,0<6 <0.5)
system was recently reported.'* When & ~ 0 the system is composed of three
crystallographically different regions: orthorhombic for 0 < x < 0.2, rhombohedral for
0.4 <x <0.7, and cubic for 0.8 < x < 1.0. Products were characterized by
thermogravimetric analysis and Mossbauer spectroscopy yielding information on
oxygen stoichiometry and iron oxidation state. At 4.2K, the Mossbauer spectra

showed the coexistence of Fe*" and Fe** in the orthorhombic and rhombohedral, and



Fe*" and Fe* in the cubic region. High resolution powder neutron diffraction data
were collected on samples annealed under high-pressure oxygen, and full structure
refinements were carried out using the Rietveld method. Accurate bond length data
obtained for all phases showed that the iron coordination geometry becomes more
regular with increasing Sr, and hence Fe*", content. A phase diagram for the full range

of lanthanum/strontium and oxygen stoichiometry was proposed.

1.2.5 K;NiFs—Type Structure

The K,NiF,—type structure is illustrated in Figure 1.6%. Each nickel atom is
surrounded by six fluorine atoms at ca. 2.00 A. Each potassium atom is surrounded
by nine fluorine atoms, which involve one fluorine atom at 2.63 A, four fluorine

atoms at 2.77 A and four other fluorine atoms at 2.84 A.

K F

Figure 1.6 The Structure of K,;NiF;



1.2.6 Synthesis of Perovskite-Related Structures

Perovskite-related oxides have frequently been prepared by conventional solid state
reactions between component oxides at elevated temperatures. For example,
orthorhombic LaFeO; can be made by heating La,0; and Fe,O3 at 1200 et
Precipitation®® and sol-gel*® methods have also been used. More recently, mechanical
milling techniques have been applied to the preparation of perovskite-related phases.

For example, ca. 25 nm CaTiO; was made by milling CaO and TiO,.’’

1.2.7 Milling

The fundamental process in mechanical alloying has been described® as “‘the

repeated welding, fracturing and rewelding of a mixture of powder particles’’. The

milling conditions are generally considered” 3% to have a strong influence on the
TYPE OF MILL
MILLING TIME \
TEMPERATURE OF MILL //”"\“\
\\ / \,\
\
‘\\‘ /
MILLING-MATERIAT, NUMBER OF BALLS
BALL TO POWDER RATIO

\..,\ @ // /
ENVIR KNIENT

DRY MILLING WET MILLING

Figure 1.7 Factors to be considered in a ball milling experiment



properties of the product such as the particle size distribution and the final
stoichiometry. A summary of the main factors which should be considered in carrying
out ball milling experiments is presented schematically in Figure 1.7.

The first comprehensive analysis of the different types of mills which can be used in
mechanically alloying was presented®* in 1990. The majority of the mills used for
experimental research and for the production of small batches of materials are
variants of the ball mill. The main types of mill currently used in the field of
mechanical alloying include attritors, vibratory mills, planetary (vertical) mills and
rotary (horizontal) mills.

Some of the work reported in this thesis was performed in a planetary mill (see Figure

1.8).

Horizontal section

¥ Movement of

the supporting
disk

Centrifugal
force

Rotation of the grinding bowl
_‘.'_\.

Figure 1.8 Schematic representation of a planetary mill.

Milling is performed in sealed bowls into which the appropriate ball charge is placed
together with the constituent powders. Centrifugal forces caused by the rotation of the
supporting disc and the turning of the grinding bowl act on the medium and the
grinding container. Because the turning directions of the supporting disc and the bowl

are opposed, the centrifugal forces are alternately synchronised and opposed. Thus the



grinding balls and the charge alternately roll on the inner wall of the bowl and are
lifted and thrown across the container at high speed. The milling process takes place
mainly as a result of impact and friction. Overviews of the characteristics and

applications of planetary mills in mechanical alloying have been published.*®’

1.2.8 Reduction Properties of Perovskite-Related Phases

Temperature-programmed reduction (tpr) studies have been carried out to investigate
the reduction properties of some perovskite-related materials.”®*' The temperature
representing the maximum of the TPR peak, Tax, 1S an important parameter which
indicates whether or not a material is easy to reduce. Some perovskites®® such as
BaPb,..BixO3, BaPb;.«.,Bi,Cu,03, YBa;Cu30; and Tl,CaBa;Cu;014 have one TPR
peak in the range 473-1000 K, showing that reduction takes place in a single stage.
Other perovskites, such as LaMnO3;, NdMnO3 and SmMnO339, have two peaks in their
TPR profile showing that reduction takes place in two steps. Similar results were
recorded from initial studies of the compounds Lao,SSro,zFeO340 and Lao.SSr0.2C0034°
and other work has shown that lanthanum orthoferrite, LaFeO;, retains its perovskite
structure upon reduction.*! In contrast, LaCoOyj is reported*! to be more easily

reduced to a compound with a K,NiFs-type structure, La;CoOs.

1.2. 9 Oxide Fluorides

In recent years the insertion of fluorine into high T; copper oxide superconductors to
change structural and physical properties has attracted significant attention.*>** This

has resulted in a resurgence of interest in the syntheses of other and new oxide



fluorides unrelated to superconductivity.** In summary, the fluorination of oxides to
oxide fluorides can result in (i) the substitution of one fluorine for one oxygen; (ii) the
incorporation of two fluorine atoms for each oxygen atom lost; (iii) the insertion of
fluorine into interstitial sites. This results in structural changes [(ii) and (iii)],

electronic changes [(i) and (iii)] as well as either oxidation (iii) or reduction (i) of the

metal ions during fluorination.
1.2.9.1 ABO;-Type Oxide Fluorides

La; «SrxMnOs;.4+5F2« has been made*>*6

in which the fluorine atoms randomly occupy
oxygen positions in the rhombohedral structure. The crystal structures and giant
magnetoresistance properties of fluorinated Ndo_67Sr0_33MnO347and Lag ¢7Cag 33 MnO;»
have been investigated 45,48 Perovskite-type La; xSty FeO3.5X5 (X=F, Cl) catalysts

have also been reported*” and have been found to have good selectivity for the

oxidation of ethane to ethene.

1.2.9.2 K)NiF4~Type Oxide Fluorides

Much work* **°%52 has recently been performed on fluorinating KoNiFs—type
materials. The new oxide fluoride Ba:ZrOsF2 - xH20 has been made from the reaction
of Ba;ZrO4 with NH,4F or transition metal difluorides (CuF,, ZnF,) at low
temperatures (250 °C).5° The fluorination reaction represents a substitution of 1

oxygen atom by 2 fluorine atoms.

A similar result has been achieved with the synthesis of the new oxide fluoride

Sr,TiO3F> from the low temperature reaction of Sr,TiO4 with fluorinating agents
NH,F or transition metal difluorides.>! The compound Sr,CuO,Fs has also been

made by the same method.>? Sr,FeOsF has been prepared and investigated by powder

10



neutron diffraction methods. The structure is one in which the anions are fully ordered
giving iron oxygen square pyramids separated by rock salt type layers of strontium
fluoride. >® The material LaSrMnO,4F>* has been synthesised and shown to have a
staged structure in which the insertion of F atoms into the parent LaSrMnQj structure
occurs only in alternate (La,Sr)O rocksalt blocks. An improved route™ to the
synthesis of K,;NiFy-related inorganic oxide fluorides, such as Sr,TiOsF; and
Ca,CuO,F,, has involved the low-temperature fluorination of precursor oxides with
poly(vinylidene fluoride). A summary of the use of low-temperature fluorinating

agents including gaseous F,, NH4F, XeF,, CuF; and ZnF,, has been published.5 -

1.3 RUTILE

1.3.1 Titanium Dioxide

The rutile structure is illustrated by TiO,. (Figure 1.9)

@ Titanium ion @ Oxygen ion

Figure 1.9 Rutile structure of TiO,

11



In this structure each titanium atom is surrounded by six oxygen neighours, while the
three titanium atoms co-ordinate each oxygen atom in a trigonal plane. TiOx
octahedra share edges in chains along the c-axis, with edge-sharing chains being

linked by vertices. The unit cell is tetragonal.

1.3.2 Metal Antimonates

Rutile-related metal antimonates have been known for many years, for example iron
antimonate of composition FeSbOy4 was first reported *° in 1943 during an
investigation of rutile-related solids of composition ABO4 and VSbO, was
characterised >’ in1951. The materials have normally been prepared by high
temperature calcination of Sb,O3 with either a-Fe,O3 or V,0s, or by the calcination of
precipitates containing the elements at elevated temperatures. The fundamental
properties of the materials have attracted a steady degree of attention over the past
fifty years with, for example, the structural properties normally being associated with
a random distribution of the cations over the cationic sites in oxygen octahedra.
However, more recent studies have shown that the materials are more complex in
nature than previously thought. For example, convergent beam electron diffraction®®
has shown that iron and antimony in iron antimonate are ordered in a triple rutile-
related structure and that the degree of order, as well as the nature of cationic
oxidation states, depends on the method of preparation™. Studies of vanadium
antimonate °*®! have found their nature to be highly dependent on the atmosphere in
which they were made. In oxygen-free nitrogen a rutile-type antimony deficient
compound of composition VSb;_yO4.32y (0<y<0.1) was formed whereas in
commercial nitrogen or in evacuated sealed tubes biphasic products composed of
VSbyyO4.2y (0<y<0.1) and a-Sb,O4 were formed. Materials prepared in oxygen gave

oxidised products of formulation V., Sb;.yO4 (0<y<0.1). The materials have also

12



attracted interest because of their activity as catalysts for hydrocarbon oxidation %°
but new applications now seem possible given recent reports ® which have described
their potential for gas sensing applications. One of the disadvantages of the high
calcination temperatures involved in the conventional synthetic routes is that they

produce large particles with low surface areas.

13
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2.1 X-RAY POWDER DIFFRACTION (XRD)

XRD has been used routinely for the characterisation of crystalline solids for many years.
The theory of X-ray diffraction has been understood since the early part of the 20th
century and the use of X-ray diffraction as a structural technique has been explained in

detail in standard textbooks!™.

2.1.1 Theory of XRD

When an X-ray beam strikes an atom, the interaction between the X-radiation and the
electrons in the atom results in a scattering of X-rays in all directions. If the diffracted
X-rays are in phase then constructive interference can occur and if they are out of phase
then destructive interference will occur. An incident X-ray beam will be diffracted by a
crystal if Bragg’s Law is obeyed.

Bragg’s approach was to consider the crystals as being built in layers, or planes, such that
each acts as a semi-transparent mirror. The planes allow some of the X-ray beams to be

reflected at the same angle as the angle of incidence (Figure 2.1).
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Figure 2.1 Schematic representation of derivation of Bragg’s law

The incident beams1 and 2 are reflected by planes A and B to form beams1’ and 2’, the
condition under which these beams are in phase with each other is approached as follows.
Beam 2 2’, shown in Figure 2.1, has to travel a further distance, xyz as compared to 1 1°.
For 1’ and 2’ to be in phase with each other xyz must equal n4, where n is an integer and A
is the wavelength. The perpendicular spacing, d, and angle of incidence, 6, called the

Bragg angle, are related by:

xy =yz=d sinf (2.1)
= xyz = 2dsinf (2.2)
Since xXyz =nl (2.3)
=> niA =2dsinf (2.4)

When the above equation, (2.4) Bragg’s Law, is satisfied the reflected beams are in phase

and thus constructively interfere. If the angle is not correct, then usually interference of a
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destructive nature will occur. It can be seen that many solutions are possible i. e. n = 1, 2,

3.

2.1.2 The Powder Method

The basic principle of the powder method is shown in Figure 2.2. A monochromatic
beam of X-rays strikes the powdered sample which contains crystallites arranged
randomly such that every orientation is possible. As a result, for every diffraction plane,
there are some crystallites correctly oriented at the Bragg angle and hence diffraction

occurs. The diffracted beam can be detected by one of two means, a photographic plate

detector
{film or movable counter)

sample
source

{ »
O -

Figure 2.2 A schematic representation of the powder method

surrounding the sample, or a moveable detector, connected to a computer. The original

photographic method, called the Debye-Scherrer method, is little used in modern X-ray

diffraction pactices. A modern diffractometer can collect accurate positional and intensity
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data both quickly and easily. This can enable the phase composition to be determined in
less than an hour, with the recorded pattern being matched against standard patterns.

2.1.3 Diffractometer

The collection of X-ray powder diffraction data is routinely carried out on a

diffractometer, such as shown in Figure 2.3.

Detector
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\\\\ Recorder

Collimation e

Shts

Figure 2.3 Schematic representation of a standard X-ray diffractometer.

The X-rays are generated in an X-ray tube, where electrons are bombarded against a
metal target, usually copper. This bombardment results in the evolution of X-rays, which
are collimated into a pencil like beam. The beam then passes through the sample, which

is rotated around a central axis, and is diffracted. This diffracted beam passes through a
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further set of collimation slits to remove X-ray scattering. The X-rays are counted in a

detector moving around the central axis, at an angle of rotation twice that of the sample.

2.1.4 Unit Cell Sizes

The calculation of unit cell parameters is usually carried out using computer modelling
techniques and one of a variety of programs, an example of such a program is Powder
Cell”.

Since the calculation of unit cell parameters is dependent upon the the d-spacing, highly
accurate data are required. As a result, X-ray powder diffraction patterns for determining
unit cell size parameters are measured over a long period of time (ca.12 h) with fine step
sizes. Coupled to the higher resolution is an increased counting time to increase signal to

noise ratio.

2.1.5 Peak Intensities

There are many factors which can affect the peak intensity, the main factors are described
below.

1) Structure Factor
The peak intensity is influenced by the position of the atoms in the unit cell and the atom
type. If an atom has a high atomic number then it will scatter X-rays better than an

element with a low atomic number, e.g. Cs scatters better than Li giving greater intensity.

i1) Multiplicity Factor
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For a cubic system, lattice planes such as (013), (03 1), (103), (130) all have the same d-
spacing where a = b = ¢. In a powder XRD pattern the variable co-ordinate is the d-
spacing, therefore reflections which give rise to the same d-spacing will be superimposed.

As a result a more intense peak will be observed.

ii1) Preferred Orientation

This occurs if the powder is poorly ground or the powder is not oriented randomly. This

effect can cause some intensities to be increased while others are decreased.

iv) Temperature Factor

Thermal vibrations of atoms cause a decrease in the observed peak intensity with an
increase in background scatter. This effect is usually only important for experiments

performed at high temperature.
2.1.6 Crystallite Size Measurement

It is possible to measure the crystallite size from X-ray powder diffraction patterns using
the effect of line broadening in the diffraction pattern. The relationship between the mean
dimension of the crystallites in a powder, D, and the pure X-ray diffraction broadening, f,
was first determined by Scherrer, and is discussed in detail by Klug and Alexander’.
Scherrer related the mean dimension, D, to the pure diffraction broadening, £, by the

equation,;
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D =K./ Bcosb (2.5)
where k is a constant approximately equal to unity, 8 is the diffraction angle and 1 is the

wavelength of the X-radiation.

2.2 MOSSBAUER SPECTROSCOPY

2.2.1 Theory of Mdssbauer Spectroscopy

Mossbauer Spectroscopy is a technique which involves the resonant absorption and
emission of gamma rays by nuclei. This phenomenon was first observed by Rudolf
Méossbauer in **Ir in 1958, and led to the development of the technique which now bears

his name. Many detailed accounts of the theory and instrumentation of Mossbauer

spectroscopy can be found in the literature il

In Méssbauer spectroscopy the y-ray source consists of a solid matrix in which a
radioactive isotope is embedded. The isotope then decays into the Mdssbauer isotope in
an excited state which subsequently relaxes with the emission of a y-ray. For resonant
absorption the energy of the y-ray must not be influenced by nuclear recoil, to achieve
this Mossbauer nuclei are held in a rigid crystal lattice. If the energy of the nuclear recoil
associated with the absorption and emission of a y-ray is small in comparison with the
lowest quantised lattice vibration, recoil free transitions suitable for a Mossbauer
experiment can occur. In the case of > Fe the y-ray energy is small (14.4 keV) and thus

recoil effects are small.
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The energy of the transition between the excited and ground state of the Mdssbauer
nucleus is usually different in the source and the absorber. Therefore, rarely does the
energy of the incident y-ray correspond to the energy transition of the absorber
Mossbauer nucleus. The y-ray energy is therefore modified by the Doppler effect and this
is achieved by vibration of the source at a velocity of millimetres per second. Thus, a
Mgssbauer spectrum consists of a plot of y-ray counts against y-ray energy. The y-ray
energy is presented in terms of the velocity of the source. A typical Mossbauer spectrum

obtained from a sample in which the Mossbauer atoms are in the same cubic environment

in both source and absorber is presented in Figure 2.4.

Mossbauer atom radicactive
precursor

excited state - <
» wv_rays
ground state — —_]

-
-ve +ve
velocity
source absorber detector

/

L

Intensity

Velocity mm s?

Figure 2.4 Schematic representation of Mossbauer spectroscopy experiment.
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Differing environments around the nucleus in the absorber give rise to hyperfine
interactions which give the parameters known as isomer shift, quadrupole splitting and
magnetic hyperfine splitting. These arise because of the electric monopole interaction,

electric quadrupole interaction and magnetic dipole interaction respectively.

2.2.2 Isomer Shift

To understand the origin of the isomer shift it is useful to consider a nucleus stripped of
its electrons. In such a nucleus the energy of the transition between ground and excited

states may be represented as E, in Figure 2.5 (a).

’
#
4
¢
*
td

excited state o
\\ ) . E’

\ J/

ground state

(a) ®) )

Figure 2.5 Nuclear energy level of (a) bare nucleus, and a nucleus in which the
excited and ground states are (b) the same size and (c) differing size

If the nucleus is surrounded by electrons a Coulombic attraction between the nuclear and
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the electronic charges occurs which modifies the nuclear energy levels. If, in both the
excited and ground states, the sizes of the nuclei are the same, then the interaction of
these states with electrons will be the same. Hence the energy levels will be changed by
the same amount, as will the energy of the transition E, Figure 2.5 (b). If, alternately, the
sizes of the nuclei in the two states are different, as usually arises, the energies of the
ground and excited states will be modified to a different extent, consequently the energy
of the transition will be modified to a new value E’, Figure 2.5 (¢).

The nuclear energy levels depend upon the electronic environment. Therefore, if the
source and absorber nuclei are in different electronic environments then the nuclear
energy levels will be modified to differing degrees, Figure 2.6 (a). The energy of the
emitted y-ray is then modified by the Doppler effect and the Mdssbauer spectrum will
exhibit a resonant absorption shifted from zero velocity, Figure 2.6 (b). This is known as

the isomer shift or chemical isomer shift, .

—————____//A
E,, .%
»» g
E K
/ 5
il absorber >
source 1
0
Velocity mm s'!
(a) ®)

Figure 2.6 (a) Nuclear energy levels with source and absorber atoms in different
electronic environments, (b) the resultant spectrum.
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The isomer shift can be related to the electronic properties by the equation

J = constant "% (¥ (0)a - ¥s* (0)s)
where AR/R is (Re - Ry ) /R and R, and R, are the radii of the excited and ground state
nuclei respectively and 2 (0)a and W (0)s are the s- electron densities at the absorber-
and source-nuclei, respectively. ¥¢* (o) is dependent primarily on the population of the s-
orbitals, but will also be influenced by the occupation of other types of orbitals. This is
due to the outer electrons shielding the interaction of the s-elections from the nucleus. For
any particular source the value of ¥;” (0); will be constant, and therefore any change in
the isomer shift will reflect changes in ¥, (0)a. Hence, information about the electronic
environment of the absorber is obtained which can then be used as a probe of oxidation
state.
For *’Fe Mssbauer spectroscopy the value of AR/R is negative. Hence higher s-electron
densities at iron nuclei are reflected by a decrease in isomer shift. Another influence on
the isomer shift in iron compounds is the effect of shielding. As d-electron removal
effectively increases the s-electron density at the iron nuclei, iron (II) species with a d®
configuration have a more positive isomer shift than iron (III) species with a d°
configuration. In *’Fe nuclei the magnitude of AR/R is sufficiently large for a range of

1somer shifts to exist.

2.2.3 Quadrupole Splitting

If a nucleus has a spin 7 greater than 1/2 then it will have an asymmetric charge
distribution, which gives rise to a nuclear quadrupole moment. It is then possible for the

nuclear quadrupole moment to interact with an asymmetric electric field represented by
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an electric field gradient. This results in the partial or complete splitting of the nuclear
energy levels. As more than one nuclear transition may occur, a multi-line Mdssbauer
spectrum results. For nuclear transitions the selection rule is Am; = 0, +1. 57Fe has excited
and ground state spins of 3/2 and 1/2 respectively which, for this isotope, means that the
presence of an electric field gradient gives rise to a two line spectrum, shown in Figure

2.7. The distance between the peaks is the quadrupole splitting, A.

T m;
/ 372
- A
3/2 <
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\\ +1/2

1/2 | £1/2
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Intensity

Velocity mm s

()

Figure 2.7 (a) Splitting of nuclear energy levels for "Fe nuclei in the presence of an
electric field gradient and (b) resultant spectum.

29



Different components contribute to the electric field gradient. One is from the electronic
environment about the nucleus, called the valence term. The valence term can be
envisaged as arising from the valence electrons of the Mdssbauer atom and originates
from asymmetry in the electronic structure which derives from the unfilled or partially
filled electron shells occupied by the valence electrons. The main contribution to the
valence term is the asymmetric p- and d- electron populations, as the s-electron density is
principally symmetric about the nuclear volume. A lattice contribution, arising from
surrounding charged entities, also contributes to the electric field gradient. This arises
from asymmetry in the arrangement of atoms around the Mossbauer nuclei. Further
contributions to the electric field gradient include the effects of molecular orbitals and
any polarisation of the core electrons of the Mossbauer atom.

Hence, quadrupole splitting reflects the symmetry of the bonding environment and local
structure in the vicinity of the Mdssbauer atom. Used in conjunction with chemical
isomer shift data, the quadrupole splitting can be used to elucidate the oxidation states,

electronic configuration and ligand arrays.

2.2.4 Magnetic Splitting

A nucleus of spin 7 >0 has a magnetic moment which may interact with a magnetic field
via a magnetic dipole interaction. Such a magnetic interaction induces splitting of the
nuclear energy levels. Degeneracy of the nuclear state is removed by interaction of the
nucleus with the magnetic field, and the levels subsequently split into 2/ +1 substates. In
>TFe the ground state with /= 1/2 splits into two substates, and the excited state with /=

3/2 splits into four substates. For these spin states the selection rule, Am; = 0, £1, gives
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rise to a symmetric six line Mdssbauer spectrum. In such a spectrum the isomer shift is
given as the centroid of the six peaks. The magnetic splitting of the ground and excited
states for >’Fe and the resultant spectrum is illustrated in Figure 2.8.

The total magnetic field experienced by the nucleus is a vector sum of the magnetic
hyperfine and any external applied field. The magnetic hyperfine field arises from the
spin of any unpaired electrons and is dependent upon the oxidation- and spin-state of that
atom. Hence, interpretation of the magnetically split Mossbauer spectrum can give
information about electronic structure and magnetic properties in a system. It is possible
to modify the hyperfine field by application of an externally applied magnetic field,
which distinguishes the hyperfine field from the other Mossbauer hyperfine interactions.
Altering the applied field can change the appearance of the spectrum and aid
interpretation. The occurrence of magnetically split >"Fe Mssbauer spectra is common
among ferro- and antiferro- magnetic materials. Paramagnetic materials cooled to below

their Curie temperatures also exhibit a magnetically split Méssbauer spectrum.
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Figure 2.8 (a) Splitting of nuclear energy levels by a magnetic field (b) and resultant
spectrum.

2.3 TEMPERATURE PROGRAMMED REDUCTION (TPR)

2.3.1 Theory

Temperature programmed reduction (tpr) &:10

1s a thermal analytical technique used to
probe the reducibility of solid compounds. Typically a dilute hydrogen mixture is passed

over a sample and the uptake of hydrogen is monitored as the temperature is raised in a

linear fashion with time.
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2.3.2 Instrumentation

The procedure involves flowing a gas mixture through the reference arm of a kathrometer
detector of a gas chromatograph and then over the sample under investigation with the

gas mixture returning via a drying tube to the other arm of the kathrometer. Consumption
of hydrogen (and therefore reduction) is detected as a voltage imbalance between the two

arms of the kathrometer. This is displayed schematically in Figure 2.9

—{

Detector Drying tube

Gas Sample tube & Furnace
Cylinder

Figure 2.9 Schematic diagram of apparatus used for tpr experiment

2.4 X-RAY ABSORPTION NEAR EDGE STRUCTURE (XANES) AND
EXTENDED X-RAY ABSORPTION FINE STRUCTURE (EXAFS)

The use of X-ray absorption spectroscopy for structural determination has been known

for about sixty years but only in the last 20 years, with the development of synchrotron
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radiation sources, has EXAFS been developed as a powerful tool for the chemist. The
technique allows structural information to be derived from solids, whether crystalline or
amorphous, liquids, gases and fluid-solid interfaces. Detailed descriptions of the theory,

instrumentation and applications of EXAFS have been published.!' !’

2.4.1 Theory

In X-ray absorption spectroscopy the excitation of core electrons of the atom under
investigation gives rise to an X-ray absorption spectrum which exhibits sharp edges. For
example, the X-ray absorption spectrum obtained from transition metals can be separated

into 3 distinct regions. (Figure 2.10)

1) Pre-edge absorption features which occur a few eV below the steep absorption edge.
These appear to be associated with electronic transitions from the 1s core orbital to the

molecular orbitals.

2) The steep absorption edge and the features as much as 40eV beyond the edge may be
due to 1s transitions similar to those in region 1 or due to 1s transitions to more

continuum-like states, not localised on the metal 1on.

In the X-ray absorption spectrum these two regions are termed the XANES (X-ray
Absorption near Edge Structure). XANES may be used to probe a specific ion
environment and different oxidation states and coordination environments of the element

cause shifts in the position of the edge.
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3) The absorption cross section in the region from 40eV to 1000eV or more above the
absorption edge is known as the post edge region and is observed to oscillate. These
oscillations are termed the Extended X-ray Absorption Fine Structure, or EXAFS. This is

also known as the Kronig structure, Figure 2.10.
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Figure 2.10 Regions containing the XANES and EXAFS information and the
position of the absorption edge

The EXAFS, normally expressed in terms of absorption coefficient, u, can be determined

from a measurement of the attenuation of X-ray intensities. The absorbance is given by

Beer’s Law:

ux = In I/l
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where x is the thickness of the material and I and I are the incident and emergent X-ray
intensities respectively . When the energy of an X-ray photon, E, of the monochromatic
beam is tuned to the binding energy of a core electronic level of an atom in the material,
an increase in the absorption coefficient is observed, known as the absorption edge. At
the edge the energy is sufficient to cause an electron to be ejected from the sample atom.
This electron will be from either the K or the L shells and the X-ray energies will be
1-40keV. If there is any further increase in X-ray energy, this will be translated into the

kinetic energy of the ejected photoelectron.

The EXAFS can be explained by considering the outgoing photoelectron as a spherical
wave originating from the absorbing atom. When an excited atom is surrounded by other
atoms, the outgoing spherical wave is reflected back towards the origin by the
surrounding scatterers. The wavelength of the photoelectron and the atomic number of
the scatterers determine the phase of the reflected wave. This reflected wave undergoes
self-interference with the outgoing wave, Figure 2.11, and depending on the wavelength
of the photoelectron, outgoing and back-scattered waves may interfere constructively or
destructively. A sinusoidal variation of the absorption coefficient, p, as a function of
photon energy results from the interference. Quantum mechanically the photoelectron
interference effect in the final state modifies the absorption cross-section and results in

modulations of the transmitted X-ray intensity beyond the absorbing edge.
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Figure 2.11 Diagram illustrating constructive and destructive interference of an
outgoing wave

The frequency of the EXAFS oscillations depends on the distance between the absorbing
atom and the scattering atoms, since the wave travels from the absorber to the scatterer
and returns. During this period the photoelectron undergoes a phase shift. If the phase
shift can be determined either from model compounds such as standards of known
structure with atoms in similar electronic and structural environments or by calculation,
then interatomic distances can be calculated for the immediate vicinity of the absorber
atom. The amplitude of each modulation depends on several factors; the atomic number,

back scattering power of the neighbouring atoms, as well as their number and bonding
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distance from the absorber. Bond distance and coordination number can be determined

from this amplitude.

Having recorded a set of EXAFS data, several mathematical procedures may be followed
in order to extract the structural information, such as inter-atomic distances, coordination
numbers and the Debye-Waller factors. These procedures are determined by the

mathematical theory of EXAFS as detailed in the literature.'> '3

Initially the data should be normalised so that the EXAFS modulation y(E) can be
observed. It is therefore necessary to subtract the background spectrum leaving the

EXAFS oscillations. This consists of several stages.

1) Firstly, the position of the absorption edge Eqis found which is then used as a standard
against which the EXAFS oscillations can be based. This value is not fixed but allowed to
iterate to provide more accurate inter-atomic distance determination.

2) The pre-edge absorption is fitted to a linear polynomial function and extrapolated

across the EXAFS region.

3) The post-edge absorption is fitted to a set of polynomials which model p, the atomic
absorption factor. This passes smoothly through the EXAFS oscillations, which
effectively models the post-edge as it would appear without the EXAFS oscillations. This

procedure then produces isolated EXAFS oscillations.
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Having carried out the pre- and post- edge subtractions, the x-axis is converted from
energy space, E, into photoelectron wave vector space, k. Finally a Fourier transformation
using a kK’ weighting factor is carried out. This results in a radial distribution function
being produced, with peaks appearing at certain distances away from the core atom,
Figure 2.12. Further manipulation is carried out using window functions. At this stage the
structural information is obtained by producing a theoretical model which is iterated to

match the experimental data using a series of curve fitting routines.
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Figure 2.12 Fourier transformed EXAFS data showing experimental data (solid line)
and modelled data (dashed line)

2.4.2 Instrumentation

Many methods for measuring EXAFS have been developed. These differ mainly in the
detection technique employed, sample geometry and choice of X-ray detectors. The

transmission mode directly measures the incident and transmitted X-rays and gives a
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direct measurement of the absorption coefficient. As the absorption of X-rays is limited

to the creation of an electron vacancy it is possible to determine the absorption coefficient.
The vacancy can be filled by an outer shell electron which is accompanied by emission of
fluorescence radiation or Auger electrons, both of which can yield EXAFS information.

In the fluorescence mode, the fluorescence yield increases with increasing atomic number.
The advantage of this method is that background radiation can be measured with suitable
filters, increasing the sensitivity of the method. If the fluorescence method fails, then the
Auger method may be useful which is particularly good in the analysis of surfaces
(SEXAFS). In EXAFS the most commonly used source is the synchrotron. Synchrotron
radiation has many advantages. The energy spectrum of X-rays generated by synchrotron
radiation is smooth and continuous and extends from the end of the infra-red to the hard
X-ray region. This allows all of the desired X-ray energies to be investigated. Also the
beam is intense, and the flux can be as high as 10'> photons per second, allowing the

EXAFS spectrum to be collected in a short time.

Synchrotrons are particle accelerators. Charged particles, usually electrons, are
accelerated to high velocities, then stored in a storage ring. Whilst in this ring they are
subjected to a magnetic field which maintains the electrons in an orbit, but places an
accelerating force upon them. As a result of this, the electrons emit intense white

electromagnetic radiation covering all frequencies.

A monochromator allows the X-ray beam to be separated into its component frequencies.

The monochromator consists of two single crystals of silicon aligned along defined

40



planes. These crystals can be rotated so that the path length between them changes and
allows differing energies of X-rays to be scanned. The single crystals are slightly offset to
allow rejection of the harmonics which are detrimental to the data quality. The
monochromator is enclosed in a helium filled chamber with beryllium windows. A

typical transmission EXAFS configuration is shown in Figure 2.13.
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Figure 2.13 Typical experimental configuration of a transmission EXAFS
experiment
Samples can be located in ovens, pressure chambers and vacuum chambers during
measurement. One of the requirements for the sample is that it is uniformly thin and
homogeneous. Ion chambers are used as detectors in the transmission mode as only a
small fraction of the incident intensity is depleted by them. The ion chambers work on the

principle of measuring the photoion current. Ion chambers have a gas mixture in them
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which can be readily adjusted to achieve the optimum detector absorption for the atom
under investigation. The measured photo-currents are converted into voltages which are
recorded by a computer which also controls the stepping motor movement for the
monochromator. EXAFS are typically recorded between 800 and 1000 eV above the

absorption edge.

EXAFS has many advantages over conventional X-ray diffraction techniques. The local
structure of each individual atomic species can be determined, and provides short range
order information about the absorbing species up to a distance of 6 A with accuracy of ca.
0.01 - 0.03 A; although the accuracy with outer shells is diminished. It is also particularly

useful in situations where conventional diffraction methods cannot be used.

The EXAFS technique does have disadvantages, including the need for high quality
primary data. Phase shifts need to be calculated and checked against those of a model
compound. This creates difficulties in that model compounds can be difficult to find.
EXAFS functions can overlap from different atom pairs at various distances. In these
cases where there is fitting of multiple shells it is easy to overinterpret the data.
Coordination numbers can only be ascertained to within an error of 10 — 30 %, increasing
with shells at greater distances. One of the principal causes of error in the assignment of
co-ordination number is multiple scattering effects. If atoms are arranged in a linear array,
amplitude enhancement can be given to the outer shells which suggest a higher
coordination number than is actually present. Further difficulties in assigning

coordination number come from differentiating between a reduction in coordination
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number and an increase in thermal disorder, the Debye-Waller factor. For these reasons
EXAFS should be used to complement other structural data and not used as the sole

structural determination technique.
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Chapter 3

EXPERIMENTAL

3.1 PREPARATION OF MATERIALS

3.1.1 Perovskite-Related Phases

3.1.1.1 La;,Sr,Fe;,Co,03 (Conventional Method)
Compounds of the type La;.,Sr.Fe;.,Co,O; were prepared by grinding appropriate
quantities of lanthanum (III) oxide, strontium (II) carbonate, o-iron(1IT) oxide and

cobalt(Il) oxide in an agate pestle and mortar followed by heating in air at 1250 °C (24h).

3.1.1.2 La;.,Sr,Fe;.,Co,03; (Milling)

The materials were prepared by dry milling the reactant oxides in air using a Retsch PM
400 planetary ball mill with stainless steel balls and vials (250ml) at a milling speed of
200 rpm. The powder to ball mass ratio was 1:20.

3.1.1.3 SrFe;_,C0,0; (Conventional Method)

Compounds of the type SrFe;.Co,O; were prepared by grinding appropriate quantities of
strontium (II) carbonate, a-iron(III) oxide and cobalt(II) oxide in an agate pestle and
mortar followed by heating in air at 1250 °C (24h).

3.1.1.4 SrFe;.,Sn,O;(Conventional Method)
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Compounds of the type SrFe;«Sn.O; were prepared by grinding appropriate quantities of
strontium (II) carbonate, d-iron(IlT) oxide and Tin(IV) oxide in an agate pestle and

mortar followed by heating in air at 1250 °C (24h).

3.1.1.5 Ba,SnOy
The material was prepared by the solid state reaction of BaCO; and SnO,, mixed in
appropriate molar ratio in a pestle and mortar, and the heated at 1250°C for 24 hours in

air before slowly cooling to room temperature

3.1.1.6 Fluorination of La;Sr.Fe;.;C0,0;3

Fluorinated derivatives of La;Sr.Fe;yCo,0; were made by solid state reaction between
this compound and poly(vinylidene difluoride) (PVF), (-CH2-CF2-),-), in a molar ratio
of 1:0.75. About 0.4g of the perovskite-related phase was heated with PVF in a boat

crucible at temperatures of 400°C and 350 °C for 24 hours in a nitrogen gas flow.

3.1.1.7 Fluorination of SrFe;_,Co0,0;

Fluorinated derivatives of SrFe; «Co,0O; were made by solid state reaction between this
compound and poly(vinylidene difluoride) (PVF) in a molar ratio of 1:0.75. About 0.4g
of the perovskite-related phase was heated with PVF in a boat crucible at temperatures of

400°C for 24 hours in a nitrogen gas flow.

3.1.1.8 Fluorination of SrFe; ,Sn,0;
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Fluorinated derivatives of SrFe).,Sn,O3 were made by solid state reaction between this
compoound and poly(vinylidene difluoride) (PVF) in a molar ratio of 1:0.75. About 0.4g

of the perovskite-related phase was heated with PVF in a boat crucible at temperatures of

400°C for 24 hours in a nitrogen gas flow.

3.1.1.9 Fluorination of Ba,SnO,

Fluorinated Ba;SnO4 was made from a 1:1.5 molar ratio mixture of Ba,SnO, (ca. 0.4g)

and ZnF, in a boat crucible at 240°C for 24 hours in a nitrogen gas flow.

3.1.2 Rutile-Related Phases

3.1.2.1 Metal Antimonate (Conventional)

FeSbO,; was formed by heating a mixture of a-Fe;O3 and Sb,0; in air at 900°C (56h),
cooling to room temperature and then grinding in a pestle and mortar before re-heating in
air at 1000°C (48h). VSbO,4 was formed by heating a mixture of Sb,O; and V,0s5 at 600°C

for 12 hours and then 750°C for 18 hours.

3.1.2.2 Metal Antimonate (Milling)

Mixtures of o-Fe,O; or V,0s and Sb,Os, with a transition metal to antimony ratio of 1:1,
were dry milled in air or argon in a Retsch PM400 planetary ball mill using stainless steel

vials (250ml) and balls at 200 rpm. The powder to ball weight ratio was 1:20.
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3.2 TECHNIQUES

3.2.1 X-Ray Powder Diffraction

X-ray powder diffraction patterns were recorded at 298K with a Siemens D5000
diffractometer using Cu-Ko radiation. Lattice parameters were recorded using the
program PowderCell for windows version 2.4." The refinements of some X-ray powder

diffraction patterns presented in Chapters 4 and 5 were performed using the programmes

FullProf %and Maud’.

3.2.2 Temperature Programmed Reduction
Temperature programmed reduction profiles were recorded from ca. 150 mg samples in
flowing 10% Hy/ 90% N (15-20ml/min) with the temperature being increased by

5°C/min.

3.2.3 X-Ray Absorption Spectroscopy

XANES and EXAFS measurements were performed at the Synchrotron Radiation Source
at Daresbury Laboratory operating at an energy of 2.0 GeV and an average current of
200mA. Fe-, Co-K-edge were recorded at 298K in Station 7.1, Sn-K, La-Ly; and Sr K-
edges were recorded at 298K on station 9.2. The edge profiles were separated from the
EXAFS data and, after subtraction of a linear pre-edge background, normalised to the
edge step. The X-ray absorption edge was defined as the energy at which the normalised
absorption was 0.5, i.e. the absorption at half-height of the edge step. The EXAFS
oscillations were isolated after background subtraction of the raw data using the

Daresbury program EXBACK and converted into & space. The data were weighted by i,
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where £ is the photoelectron wave vector, to compensate for the diminishing amplitude of
EXAFS at high k. The data were fitted using the Daresbury program EXCURV98.*

3.2.4 Mossbauer Spectroscopy

*’Fe Mossbauer spectra were recorded at 298K with a constant acceleration spectrometer
in transmission geometry using a 400 M Bq *’Co/Rh source. Measurements at 77K were
performed with similar equipment in The University of Liverpool. The drive velocity
was calibrated with the *’Co/Rh source and a natural iron foil. All the isomer shift data
are reported relative to that of metallic iron at room temperature.

1215 Mossbauer spectra were recorded at 77K in The University of Liverpool using a Ca
'218n0; source. The chemical isomer shift data are quoted relative to InSb as a standard.
9Sn Méssbauer spectra were recorded at 77K with a constant acceleration spectrometer
using a ca. 25 mCi Ca'"’SnO; source. The ''*Sn Méssbauer chemical isomer shift data are

quoted relative to SnO,.
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Chapter 4

RESULTS AND DISCUSSION:
PEROVSKITE-RELATED PHASES: PREPARATION BY
CONVENTIONAL- AND MILLING-TECHNIQUES AND

STUDIES OF REDUCTION PROPERTIES

4.1. INTRODUCTION

This chapter reports on the:

1. Preparation of materials of the type LaFe;.Co,Oj3 by calcination and milling
techniques,

2. Evaluation of the influence of cobalt on the reducibility of the perovskite-related
phases,

3. Comparison between the reducibility of materials made by conventional- and milling-
materials,

4. Preparation and examination of the reducibility of materials of the type Lag sSrosMO;

(M= Fe, Co) made by conventional methods.

4.2 LaFe,;..C0,0; (CONVENTIONAL PREPARATION)

The X-ray powder diffraction patterns recorded from LaFe; CoxO3 (x =0, 0.1, 0.5, 0.9,
1) are shown in Figure 4.1. The results show the materials are single phases.

Transmission Electron microscopy showed all the powders to have a particle size of ca.

2 pm.
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The X-ray powder diffraction patterns showed the perovskite-related LaFe,;,Co,0; to
transform from the orthorhombic LaFeOQ;- to the hexagonal LaCoOs-type structure

between x = 0.1 and x = 0.5 and are consistent with previous reports'*. The lattice

o orthorhorrbic
n hexagoral
h n LaCoO
h h h n 3
s | N M
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Figure 4.1 X-ray powder diffraction patterns recorded from LaFe;.xCo0,0;

(x=0, 0.1, 0.5, 0.9, 1) made by conventional methods

parameters (Table 4.1) calculated according to the adoption of the orthorhombic or

. . 2
hexagonal unit cell were similar to those reported earlier”.
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Table 4.1. Lattice parameters for compounds of the type LaFe; Co,O;

X unit cell a (A) b(A) c(A)
+0.01 +0.01 +0.01
0.0 0 5.58 7.85 5.55
0.1 0 5.54 7.85 5.54
0.5 H 5.51 13.40
0.9 H 5.45 13.31
1.0 H 5.44 13.09

*O = Orthorhombic, H = Hexagonal

LaFeQOj;

The temperature programmed reduction (tpr) profile recorded from the compound

LaFeO; (Figure 4.2) showed two broad peaks at ca 480 °C and 1150 °C. The

LaFeo.1C°o.903M/\

c
o
2 LaFeo;scoo.soa /\
£
3
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c
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O
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| M 1 — ) N 1 A | M 1 o 1
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Temperature (°C)

Figure 4.2 Temperature programmed reduction profiles recorded from

LaFe;,C0,0;3 (x =0, 0.1, 0.5, 0.9, 1) made by conventional methods.
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temperatures at which the peak maxima were observed were sensitive to the gas flow
rate and hence all data reported here were recorded at a flow rate of 15-20 ml/min. The

X-ray powder diffraction patterns recorded from reduced materials were of poor quality

and difficult to interpret and are not shown in this thesis.
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Figure 4.3 *'Fe Mossbauer spectra recorded at 298 K from (a) LaFeO; made by

conventional methods and following reduction at (b) 550°C and (c) 1200 °C.

Table 4.2 °"Fe Mossbauer parameters recorded from LaFeOs; made by conventional
methods following treatment in 10% hydrogen/90% nitrogen.

Assignment 0£0.01 A¥or2et+ H=+05T  Spectral Area

mms 0.02 mms™" +3%
LaFeO; Fe’* 0.36 -0.09 52.7 100
i Fe’* 0.36 ~0.07 523 84
e Fe’ 0.00 0.00 33.0 16
ﬁi?ﬁxﬁgm 10% Fe’* 0.35 —0.07 52.4 78
hydrogen/90% Fel 0.00 0.00 339 27

nitrogen at 1200°C

* quadrupole split absorption
" magnetically split absorption
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The *’Fe Mossbauer spectra recorded from LaFeOs and following treatment under
temperature programmed reduction conditions are shown in Figure 4.3. The >'Fe
Mossbauer parameters are collected in Table 4.2. The >’Fe Mossbauer spectrum
recorded from LaFeO; (Figure 4. 3a) was composed of a sextet pattern similar to that
reported earlier’.

The spectrum recorded following treatment in 10% hydrogen / 90% nitrogen at 550°C
(after the first peak in the tpr profile) showed the partial reduction of the perovskite-
related LaFeOs phase to metallic iron (Figure 4.3b, Table 4.2). The intensity of the
sextet characteristic of metallic iron amounted to ca. 16% of the spectral area. The
spectrum recorded following treatment in the hydrogen / nitrogen gas mixture at 1200°C
(after the second peak in the tpr profile) (Figure 4.3c, Table 4.2) showed an increased
amount of metallic iron (ca. 22%) but without the complete reduction of lanthanum
orthoferrite.

The Fe K-edge XANES and EXAFS results are shown in Figures 4.4 and 4.5,
respectively. The shape of the Fe K-edge XANES recorded from LaFeO; (Figure
4.4(i)a) was similar to that reported previously4. The positions of the edge at 7126.0 eV
and that of the edge crest at 7130.4 eV are characteristic of the presence of trivalent
iron’. The Fe K-edge XANES recorded from the samples following treatment in
hydrogen and nitrogen (Figure 4. 4(i) b and c) showed the presence of a pre-edge feature
at ca. 7114.2 eV which is close to the first inflexion point of the absorption edge of
metallic iron. The intensity of this pre-edge feature increased with increasing
temperature treatment in the reducing atmosphere. This is consistent with the TFe

Mossbauer spectroscopy results and is indicative that the extent of reduction to metallic
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iron increases with treatment under reducing conditions at increasing temperatures. The
existence of an increasing contribution of metallic iron is more clearly seen in the first
derivative of the absorption edge (Figure 4.4 (i) a’-c’) which clearly shows changes in
the region 7105-7115 eV in the data recorded from materials treated under reducing
conditions particularly the appearance of a maximum at 7112.4 eV which can be
associated with the presence of metallic iron.

The Fe K-edge EXAFS recorded from LaFeO; (Figure 4.5 (1)) were fitted according to

the previously reported diffraction data® (Table 4.3). The results are in good agreement
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Figure 4.4 (i) Fe K-edge- and (ii) La Lj-edge- XANES recorded from (a) LaFeO;
and following treatment in a 10% hydrogen / 90% nitrogen gas mixture
at (b) 550 °C and (c) 1200 °C. (a’), (b’) and (¢’) are the first derivative of
(a), (b) and (c), respectively. The spectrum presented in (i) (d)

corresponds to iron metal. (d’) is the first derivative of (d).
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(ii)

(iv)

Fourier Transform Amplitude
Fourier Transform Amplitude

Figure 4.5 (i) Fe K-edge-EXAFS (raw data) recorded from (a) LaFeOj; and following treatment in a hydrogen/nitrogen
gas mixture at (b) 550 °C and (c) 1200 °C; (ii) Fourier transforms of the EXAFS data presented in (i). (iii) La
Lin-edge- EXAFS (raw data) recorded from (a) LaFeOs and following treatment in a hydrogen/nitrogen gas
mixture at (b) 550 °C and (c) 1200 °C; (iv) Fourier transforms of the EXAFS data presented in (iii). (The

experimental data are indicated by a solid line and the fits to the data are indicated by a broken line.)
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Table 4.3 Best fit parameters to the Fe K-edge and La Lj;-edge EXAFS data recorded

from LaFeO;
Initial model for EXAFS Best fit parameters to LaFeO;
Coordination number [atom
Diffraction data
type] and distance(A) Coordination number &/ X (20.02)
Coordination number {atom type] and distance® and [atom type] 260 A?
Fe K-edge 6[0]2.00,2[La}3.28,2[La]3.39, 6[0] 2.00 6[0] 1.98 0.010
2[La]3.43,2[La]3.54,6[Fe] 3.93 8[La] 3.41 8[La] 3.30 0.032
6[Fe]3.93 6[Fe] 4.00 0.026
La Ly-edge 1[0]2.44,2[0]2.46,1[0]2.59, 3[0]2.46 3[0] 2.47 0.032
210]2.65,2[0]2.80,1[0]3.03, 6[0]2.76 6[0] 2.71 0.050
1[0]3.14,2[0]3.27,2[Fe]3.28, 3[0]3.22 3[0] 3.27 0.006
2[Fe]3.39,2[Fe]3.43,2[Fe]3.54, 2[Fe]3.28 2[Fe] 3.36 0.029
2[La]3.88, 2[La]3.94, 6[Fe}3.45 6[Fe] 343 0.042
2{La]3. 98, 6{La]3.94 6[La] 3.90 0.023
Best fit parameters following Best fit parameters following treatment in 10% hydrogen and
treatment in 10% hydrogen and 90% nitrogen at 1200 °C
90% nitrogen at 550 °C
Coordination number  d/ A (x0.02) JA
and [atom type] 26% A? Coordination number and (0.02) 267 A?
[atom type
Fe K-edge 6[0] 1.99 0.090 6[0] 1.99 0.015
8[La] 3.26 0.030 8[La] 3.26 0.048
6[Fe] 3.98 0.020 6[Fe] 411 0.001
2.5[Fe] 247 0.017
1.5[F¢] 2.86 0.004
6[Fe] 3.99 0.011
La Ly-edge 3[0] 2.45 0.020 3[0] 243 0.020
6[0] 2.70 0.040 6[0] 2.67 0.030
3[0] 3.24 0.020 3[0] 3.31 0.017
2[Fe] 3.48 0.030 2[Fe] 3.52 0.005
6[Fe] 3.36 0.030 6[Fe) 3.34 0.017
6[La] 3.89 0.020 6[La) 3.89 0.030
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with this model, the Fe K-edge EXAFS being dominated by a first coordination shell of
6 oxygen atoms at 1.98 A (Figure 4.5(ii)a) which, given the XANES data, is consistent
with an octahedrally coordinated Fe’* species. The changes brought about by treatment
in hydrogen and nitrogen are best appreciated by consideration of the Fe K-edge
EXAFS (and the corresponding Fourier transform) recorded from the sample treated at
1200 °C (Figure 4.5(i)c, Table 4.3) which clearly showed a contribution from metallic
iron (Fe-Fe distance at 2.47 A (Figure 4.5(ii)c)) together with the LaFeOs contribution
characterized by an Fe-O distance in the first coordination shell of 1.99 A. The shells at

ca. 3-3.5 A correspond to Fe-La distances existing in the LaFeO; structure®.

The La Lig-edge XANES (Figure 4.4(ii)) were similar to those recorded from La;O; and
were compatible with the presence of La’". The La Ly-edge EXAFS (Figure 4.5 (iii)
and (iv)) were successfully fitted (Table 4.3) to a shell of 12 oxygen atoms according to
the previously reported structural information® deduced from diffraction data. A
distinctive feature of the La Lj-edge XANES and EXAFS recorded from LaFeOs
following treatment in the hydrogen/nitrogen gas mixture is their similarity to the data
recorded from the original material (Figures 4.4(ii)a-c and 4.5(iii) and (iv) a-c)
indicative of the resistance of the trivalent lanthanum ion to a change in oxidation state

or local coordination in the gaseous reducing atmospheres.

Hence the results recorded from Mossbauer spectroscopy, XANES and EXAFS show
that treatment of LaFeOj; in the hydrogen/nitrogen gas mixture results in partial
reduction of Fe*" which segregates from the structure to form metallic iron but without

collapse of the perovskite—related structure and /or the reduction and segregation of

lanthanum-containing phases.
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LaFey¢Coy ;03

The >"Fe Mossbauer spectrum recorded from LaFeg ¢Cog10; (Figure 4.6a, Table 4.4) (&
=0.36 mms'l, 26=-0.09 mms”, H=51.5T ). was similar to that of LaFeOs (Table 4.2).
The broader linewidth may reflect the introduction of cobalt into the cationic sublattice.
The tpr profile recorded from LaFe, ¢Cog ;O3 is shown in Figure 4.2. The *'Fe
Mossbauer spectrum recorded after the first peak in the tpr profile (Figure 4.6b, Table
4.4) showed, besides the oxide contribution, an additional sextet with parameters (6=
0.05 mms™, 2= 0.00 mms™!, H=36.1 T) that are compatible with the presence of ca.
10% Fe-Co alloys. The results indicate that the Fe** and Co** in LaFey ¢Cog O3 are both
partially reduced and form an alloy. The *’Fe Mssbauer spectrum recorded after the
second reduction peak (Figure 4.6c, Table 4.4) showed the coexistence of metallic iron,

an Fe-Co alloy, and the LaFe( ¢Coyg 103 phase, with relative spectral areas of 16 %,

Table 4.4  'Fe Mossbauer parameters recorded from LaFe(¢Cog;0; following
treatment in 10% hydrogen/90% nitrogen

Assignment 0+0.01 A*or2et+ H=+05T Spectral

mms~ 0.02 mms™ Area+3 %

LaFeg 9Cog 103 Fe'* 0.36 -0.09 51.5 100
Following treatment in Fe3* 0.37 —0.02 51.8 90
nitrogen at 600°C 1l

alloy)

Fe’* 0.37 0.01 51.7 65
Following treatment in Fel (Fe-Co 0.04 0.01 36.0 19
10% hydrogen/90% alloy)
nitrogen at 1200°C

Fe’ 0.00 0.00 33.6 16

* quadrupole split absorption

" magnetically split absorption
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Figure 4.6 >"Fe Mossbauer spectra recorded at 298 K from (a) LaFe(¢Coy ;03 and

following treatment in hydrogen and nitrogen at (b) 600°C and (c) 1200°C.

19% and 65%, respectively. The result contrasts with that recorded from LaFeO; under
reducing conditions in that the presence of cobalt appears to induce a greater degree of
reduction, the segregation of both iron and cobalt, and the formation of metallic- and
alloy- phases. However, it is interesting to note the stability of LaFeOs; and

LaFeq 9Coy 1O to complete reduction in the hydrogen /nitrogen gas mixture at 1200 °C
and that under these conditions reduction does not lead to total destruction of the oxide

structure. The detailed fitted data were shown in Table 4.4.

62



LaFeo.5C00,5O3

The *’Fe Mossbauer spectrum recorded at room temperature from LaFe( sCog 503
(Figure 4.7a, Table 4.5) was very different from those recorded from LaFeOs and
LaFe,9Cog 103. (Figure 4.3 and 4.6) The spectrum indicates a broad distribution of
magnetic hyperfine fields characteristic of a system experiencing magnetic relaxation in
the vicinity of a magnetic transition temperature. The isomer shift, quadrupole splitting
and average magnetic hyperfine field obtained from the fit were 0.36 mms™, -0.03
mms™ and 26.3T, respectively. It seems that the substitution of 50 % of the Fe** ions in
LaFeO; by Co®" induces a noticeable decrease in the magnetic ordering temperature.
This was confirmed in the spectrum recorded at 80 K (Figure 4.7b) from the same
material which showed a well-defined magnetic hyperfine pattern but with broadened
linewidths and lower (49.7 T) average magnetic hyperfine field as compared with
LaFeO; at room temperature (52.7 T, Table 4.2). The spectrum recorded at 10 K showed
a sextet pattern with relatively broad lines and a magnetic hyperfine field of 51.1 T

(Figure 4.7c).
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Figure 4.7 ¥’ Fe Mossbauer spectra recorded at 298, 80 and 10 K from

LaFes5C0503

The >’Fe Mossbauer spectrum (Figure 4.8b, Table 4.5) recorded at 298 K from
LaFe, sCog sO; after treatment in the 10 % hydrogen/ 90% nitrogen gas mixture, 1.€.
after the first reduction peak in the profile (Figure 4.2), also showed a distribution of

magnetic hyperfine fields. The broadness of the spectral lines and poor statistics
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Figure 4.8 7 Fe Méssbauer spectra recorded at 298 K from (a) LaFe(5Co0s0; and

following reduction at (b) 500°C (c) 1000°C (d) 1200°C.

precluded the identification of a component corresponding to metallic iron. Whether or
not iron and/or cobalt segregate from the material during the initial treatment in the

reducing atmosphere is therefore unclear on the basis of Mdssbauer spectroscopy data

alone.
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57 .
The *'Fe Mdossbauer spectrum recorded from material following treatment in the

hydrogen/nitrogen mixture at 1000 °C (Figure 4.8¢c, Table 4.5) showed a sextet pattern

Table 4.5 'Fe Mossbauer parameters recorded from LaFeg sCog 505 following
treatment in 10% hydrogen/ 90% nitrogen.

Assignment 0+0.01 A*or2ef+ H=*0S5T Spectral
mms™’ 0.02 mms™’ Areax3 %
LaFesCos03 Fe'' 0.36 -0.03 26.3 100
Following treatment in
10% hydrogen/90% 3+
nitrogen at 500°C Fe 0.36 =0.19 36.7 20
Following treatment in 3+
10% hydrogen/90% Fe 0.37 ~0.04 S1.8 >3
nitrogen at 1000°C 0
Fe" (Fe-Co 0.04 -0.04 34.8 41
alloy)
Fe’ 0.00 0.00 33.0 6
Following treatment in Fel (Fe-Co 0.03 -0.01 35.7 67
10% hydrogen/90% alloy)
nitrogen at 1200°C Fel 0.00 0.00 33.0 33

* quadrupole split absorption
" magnetically split absorption

(accounting for ca. 53% of the spectral area) with similar parameters to those of LaFeO;

together with another broad sextet which was deconvoluted into two sextets: one

characteristic of metallic iron (6= 0.00 mms, 2= 0.00 mms’, H=33.0 T and Area=

6%) and a second more intense component (ca.41%) with Mossbauer parameters (0=

0.04 mms™', 2= -0.04 mms" and H = 34.8 T) which are compatible with the presence

of an iron-cobalt alloy®. The result indicates that treatment under reducing conditions at
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1000°C induces the partial segregation of iron and cobalt from the perovskite-related
oxide structure and the formation of metallic- and alloy-phases but without total
destruction of the perovskite-related structure. The spectrum recorded from the material
following further treatment in the hydrogen/nitrogen gas mixture at 1200°C (Figure
4.8d, Table 4.5) did not show any sextet component with isomer shift values which
could be associated with an oxide species. It consisted of a sextet containing
contributions from both metallic iron (ca.33%) and iron-cobalt alloy (ca. 67%). The
magnetic hyperfine field obtained from the fit of the spectrum to the iron-cobalt alloy
(35.7 T) was slightly higher than that observed in the case of the material formed at
1000°C indicating that the composition of this phase could be slightly different. The
results demonstrate that in LaFey sCog 503, the Fe*" and Co®" ions in the perovskite-
related structure are more susceptible to reduction than in the material of composition
LaFeO; and, at high temperatures, their segregation to form metallic- and alloy- phases
is accompanied by the collapse of the oxide structure.

The Fe K-edge XANES recorded from LaFe( sCog 503 before and after tpr treatment are
in good agreement with the Mossbauer data. The Fe K-edge XANES recorded from
LaFeq sCog sO; (Figure 4.9(i)a) is similar to that recorded from LaFeO; (position of the
absorption edge 7126.0 eV) and is consistent with the presence of an Fe’*-containing
species. The Fe K-edge XANES recorded from the material treated at 500 °C in the
hydrogen/nitrogen gas mixture (Figure 4.9(i)b) (i.e. after the first peak in the tpr profile,
Figure 4.2) is also similar . However, close inspection of the first derivative of the
absorption edge recorded from this sample (Figure 4.9(i) b’) shows some small change

in the region 7105-7115 eV that could be compatible with the presence of a small
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amount of Fe’. The Fe K- absorption edge recorded from the material following
treatment in hydrogen and nitrogen at 1000 °C (Figure 4.9(i)c)shows the presence of a
pre-edge feature at ca. 7114.3 eV suggestive of the presence of Fe’. Inspection of the
first derivative of the absorption edge recorded from this material showed (Figure
4.9(i)c’) that, although there are some oscillations compatible with the presence of Fe**
within the perovskite-related structure, a considerable contribution from iron in the Fe’
state is also present. Taken in conjunction with the Mdssbauer spectroscopy data the
results confirm the reduction of Fe’* in the perovskite-related structure and the
formation of metallic iron and the iron-cobalt alloy. The absorption edge in the Fe K-
edge XANES recorded from the material treated at 1200 °C appears at 7112.4 eV
(Figure 4.9(1)d). The position and shape of the edge features are compatible with the
exclusive presence of Fe’. It is interesting to note the characteristic maxima appearing in
the first derivative of the absorption edge between 7105-7115 eV which lends support to
the probability of Fe’ in the spectra of the samples treated in hydrogen and nitrogen at
500 °C. The results clearly indicate that all the Fe** ions present in the original material
are reduced to Fe” at 1200 °C in the reducing atmosphere and are consistent with the
Mossbauer spectroscopy data.

The changes brought about by the tpr treatment are also well illustrated by the Fe K-
edge EXAFS and their respective Fourier transforms (Figure 4.10 (i) and (ii)). The data
recorded from pure LaFeq sCog 503 (Table 4.6) were best fitted to a similar model to that
used to fit the Fe K-edge EXAFS recorded from LaFeO;. The shape and frequency of
the EXAFS oscillations recorded from the material treated at 500 °C (Figure 4.10(i)b)

are very similar to those of the original material. Consequently, the parameters obtained
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from the fit were also very similar. The small contribution from Fe® suggested by the
XANES results appear not to be clearly reflected in the corresponding EXAFS. Indeed,
attempts to fit the data with a contribution from Fe® did not significantly improve the
goodness of the fit. The result implies that the extent of any reduction of iron is, at best,
small. The Fe K-edge EXAFS recorded from the material following treatment in
hydrogen and nitrogen at 1000 °C (Figure 4.10(1) ¢) showed in the first coordination
shell, in addition to the Fe-O distance of 1.97 A characteristic of Fe** in the perovskite
structure, an important contribution due to a Fe-Fe/Co distance at 2.45 A. This is
associated with the presence of Fe” as shown by XANES and Méssbauer spectroscopy.
It should be noted that it is difficult to distinguish between Fe-Fe and Fe-Co distances
by EXAFS since the atomic radii of iron and cobalt are very similar. In this sense,
Mossbauer spectroscopy appears to be the more sensitive technique to identify metallic
iron and an iron-cobalt alloy. The Fe K-edge EXAFS recorded from the material treated
at 1200 °C (Figure 4.10 (i) d and Table 4.6) was characteristic of a metallic phase and
confirms the results shown by Mossbauer spectroscopy and XANES that treatment
under reducing conditions at 1200 °C brings about the complete reduction of Fe’* to Fe’
and the formation of metallic iron and an iron-cobalt alloy.

The Co K-edge XANES and EXAFS show interesting trends. The position of the edge
of the Co K-edge XANES recorded from LaFey sCoo 503 at 7723.3 eV (Figure 4.9(ii) a
and a’) is close to that reported previously for LaCoO; ? and confirms that cobalt is in
the trivalent state in this material. The Co K-edge XANES recorded from the material
following treatment in hydrogen/ nitrogen at 500 °C showed (Figure 4.9(ii) b and b)

small changes in the region 7704-7714 eV. Given that the position of the first inflection
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Figure 4.10 (i) Fe K-edge-EXAFS (raw data) recorded from LaFe;sCo,.;0; (a) and following treatment in a
hydrogen/nitrogen gas mixture at (b) 500 °C, (c) 1000 °C and (d) 1200°C; (ii) Fourier transforms of the
EXAFS data presented in (i); (iii) Co K-edge-EXAFS (raw data) recorded from LaFe)sCo0,50; (a) and
following treatment in a hydrogen/nitrogen gas mixture at (b) 500 °C, (c¢) 1000 °C and (d) 1200°C; (iv)
Fourier transforms of the EXAFS data presented in (iii); (v) La Lj;-edge- EXAFS recorded from
LaFe(sC0,s0; (a) and following treatment in a hydrogen/nitrogen gas mixture at (c) 1000 °C and (d)
1200 °C; (vi) Fourier transforms of the EXAFS data presented in (v). (The experimental data are
indicated by a solid line, the fits to the data are indicated by a broken line.)
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Table 4.6. Best fit parameters to the Fe K-edge,Co K-edge and La Ljz-edge EXAFS recorded from LaFey sCop sO; and following treatment in
hydrogen and nitrogen at 500,1000 and 1200 °C

LaFeg sCog sOs treated at 1200 °C

LaFey 5Cog 505 LaFeg sCoqg sO; treated at LaFe( 5Cog sO5 treated at
500 °C in 10% hydrogen 1000 °C in 10% hydrogen in 10% hydrogen and 90%
and 90% nitrogen and 90% nitrogen nitrogen
Coordination &/ A (£0.02) 267 A? Coordination &/ A (£0.02) 207/ Al Coordination number d/ A(x0.02) 20% Al Coordination number &/ A(20.02) 20°/ Al
number and and [atom type] and [atom type]
number and [atom [atom type]
type]
FeKelie — 6[0)] 198  0.008 6[0] 196  0.009 6[0] 197 0017  8[Fe/Co] 2.48 0.014
8[La] 3.30 0.020 8[La] 3.30 0.025 8[La] 3.23 0.067 6[Fe/Co] 2.83 0.020
6[Fe/Co] 3.97 0.014 6[Fe/Co] 3.95 0.017 6[Fe/Co] 395 0.008 12[Fe/Co] 4.03 0.024
8[Fe/Co] 2.45 0.010

Co K-edge 6[0] 1.91 0.010 6[0] 1.96 0.016 9[Fe/Co] 2.45 0.016 9[Fe/Co] 2.49 0.014
8[La] 3.29 0.044 8[La] 3.24 0.033 6[Fe/Co] 348 0.036 6[Fe/Co] 3.68 0.025
6[Fe/Co] 3.93 0.004 6{Fe/Co] 3.95 0.022 9[Fe/Co] 4.30 0.024 9[Fe/Co] 4.38 0.020
La Lyredge 3[0] 2.52 0.015 3.9[0] 2.55 0.020 4{0] 2.44 0.029 4[0] 2.43 0.028
6[0] 2.76 0.018 6{0] 2.76 0.032 3[0] 2.69 0.020 3[0] 2.70 0.019
3[0] 296  0.011 3[0] 298  0.021 12[La] 385  0.035 12[La] 3.85 0.036
8[Fe/Co] 339 0.022 8[Fe/Co] 3.36 0.054 6[La] 4.19 0.027 6[La] 4.20 0.027

6[La] 3.87 0.032 6[La] 4.26 0.030
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point on the cobalt foil edge was at 7708.9 eV the result is compatible with the
partial reduction of Co>* to Co°. The first maximum in the first derivative of the Co
K-edge data recorded from the material after treatment at 1000 and 1200 °C in
hydrogen and nitrogen (Figure 4.9(ii) ¢’ and d’) and corresponding to the third and
fourth peak in the tpr profile (Figure 4.2) occurs at 7708.4 eV, a value that
corresponds to the position of the first maximum in the first derivative of the
XANES recorded from metallic cobalt. Inspection of the first derivative of the
absorption edge (Figure 4.9 (ii) ¢’ and d’) also shows that differences occur in the
local structure around cobalt in the samples treated at 1000 °C and 1200 °C in
hydrogen and nitrogen. This can be associated with the coexistence of Fe-Co alloy
and metallic cobalt phases but with different concentrations in each sample. It is
interesting to note that while there exists an oxide contribution in both the
Maéssbauer spectra and Fe K-edge XANES in the sample treated at 1000 °C in
hydrogen and nitrogen, the Co K-edge XANES data show only Co’ contributions.
Hence, at 1000 °C, all the Co *" appears to be reduced to Co” while a significant

. . . 3+
fraction of iron remains present as Fe™ .

The Co-O distances obtained by fitting of the Co K-edge EXAFS recorded from
LaFeg 5Coo 5O (Figure 4.10 (iii)and (iv) and Table 4.6) are in excellent agreement
with the EXAFS data recently reported on compounds of related composition ’.
Although analysis of the Co K-edge EXAFS recorded from these samples heated in
hydrogen and nitrogen at 500 °C may show the presence of a small amount of Co’,
the data (Figure 4.10 (iii) b and Table 4.6) unequivocally indicate the presence of

only Co’ in the material treated in hydrogen and nitrogen at 1000 and 1200 °C and

materials.
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The position of the La Li-edge recorded from LaFej sCo sO; (Figure 4.9(iii) a) was
similar to that recorded from LaFeO; (Figure 4.4(ii)a). The position of the absorption
edge did not change in samples following treatment in hydrogen and nitrogen and
indicates that there is no reduction of La’* although the attenuation of the small peak
at ca. 5500 eV (Figure 4.9(iii) a-c) as the temperature of reduction increases suggests
changes in the local environment of lanthanum. These changes are better appreciated
by a consideration of the La Ly-edge EXAFS recorded from these samples (Figure
4.10 (v) and (vi)). The La Ly-edge EXAFS recorded from LaFey sCoo sO3 was fitted
on the basis of recent EXAFS analysis of LaCoO310. The results are presented in
Table 4.6. The Fourier transform of the EXAFS recorded from the sample treated in
hydrogen and nitrogen at 1000 °C shows (Figure 4.10(vi) ¢) the disruption of the
shell at 3-4.5 A which is characteristic of the perovskite phaselo, the EXAFS being
dominated by a first shell corresponding to La-O distances (Figure 4.10 (vi) ¢). The
La Ly-edge EXAFS recorded from materials treated at 1200 °C gave very different
EXAFS (Figure 4.10(v) d). The fit of these data (Table 4.6) is in excellent agreement

with the presence of LayOs.

Summarizing, it seems that for the material of composition LaFeg sCog50;3 the tpr
treatment induces first the reduction of Co>" and Fe*" to form an Fe-Co alloy as well
as metallic cobalt and metallic iron phases. The complete reduction of Co>* occurs at
a lower temperature than the complete reduction of Fe**. The alloy- and metallic-

phases segregate with the concomitant destruction of the perovskite structure and the

formation of LayOs.

LaFeg 1C00.90;3
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The *'Fe Mdssbauer spectrum recorded from LaFe; Cog O3 (Figure 4.11a and Table
4.7) was composed of a single peak (6= 0.36 mms™) demonstrating that the
substitution of 90 % of the Fe’* by Co>" ions induces the total collapse of the
magnetic interactions at room temperature. The spectra recorded from the samples
following treatment in hydrogen and nitrogen at 500 and 800 °C after the first and
second peaks in the tpr profile(Figure 4.2) also showed a paramagnetic singlet
(Figure 4.11 b and c). Treatment in the reducing gas mixture at 900 °C gave
complete reduction to metallic iron (Figure 4.11 d). Hence cobalt enhances the
susceptibility to reduction of iron in the cobalt-rich La(Fe/Co)O; phases such that, at

the low temperature of 900 °C, metallic iron segregates from the structure.

LaFeoJCo”O3
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Figure 4.11 S"Fe Mossbauer spectra recorded from (a) LaFeg,Coo 903 and

following reduction at (b) 500 °C (c) 800 °C (d) 900 °C.
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Figure 4.12 (i) Co K-edge- XANES recorded from (a) LaFe(;Co0(90; and
following treatment in a hydrogen/nitrogen gas mixture at (b) 500 °C,
(c) 800 °C and (d) 900 °C; (a’), (b°), (¢’) and (d’) are the first
derivative spectra of (a), (b), (c) and (d), respectively. The spectrum
presented in (i)(e) corresponds to cobalt metal, (¢’) is the
corresponding first derivative of (e). (ii) Co K-edge- EXAFS recorded
from (a) LaFey;Co¢90; and following treatment in a
hydrogen/nitrogen gas mixture at (b) 500 °C, (c) 800 °C and (d) 900
°C; (iii) Fourier transforms. (The experimental data are indicated by a

solid line, the fits to the data are indicated by a broken line.)
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Table 4.7 >’Fe Mossbauer parameters recorded from LaFey ;Co90O; following
treatment in 10% hydrogen/90% nitrogen

Assignment 0+0.01 A*or2¢t+ H=+05T  Spectral
mms ' 0.02 mms™’ Areax3 %
LaFe; 1C00.403 Fe’ 0.36 0.00 0.00 100
Following treatmeont in
Following treatment in
Wwibdose R 036 o0 00 10
Foilowing treatment in
A Fe’ 0.00 0.00 332 100

* quadrupole split absorption
" magnetically split absorption

Table 4.8. Best fit parameters to the Co K-edge and La Ly;-edge EXAFS recorded from

LaFej Co¢90; and following treatment in hydrogen and nitrogen at 500, 800, and 900 °C

LaFeO. 1 COO.903

LaF 60_1C00'9O3 treated at
500 °C in 10% hydrogen

LaFe, 1Cog90; treated at
800 °C in 10% hydrogen

LaFe, ;Cog 905 treated at
900 °C in 10% hydrogen

and 90% nitrogen and 90% nitrogen and 90% nitrogen
Coordination &/ A (£0.02)  20% A? Coordination &/ A (20.02)  20% A? Coordination & A0.02)  20YA? Coordination &/ A (£0.02)  20%/ A?
number and number and number and
number and [atom type] [atom type]} [atom type)
[atom type]
6[0] 1.88 0.012  5[0] 1.94 0.013 11.5[Co] 2.54 0.030 12[Co] 2.49 0.018
kel grLa]l 326 0.024 6[La] 328  0.022 5[Co] 357 0010 6[Co] 349  0.033
6[Co] 3.85 0.003  5[Co] 3.89 0.003  5[Co] 339 0.024 9[Co] 43] 0.012
teluredge  37()] 2.42 0.004  3[O] 247  0.006 3.9[0] 250 0.003 6.5[0] 251  0.020
6[0] 2.69 0.027  6[0O] 2.74 0.008 6[0] 2.67 0.006 9[0] 2.68 0.036
3[0] 2.93 0.012  3[0O] 3.98 0.003  3[0] 2.89 0.003 1.5[Co] 3.98 0.019
8[Co] 333 0.025 8[Co] 3.32 0.028  8{Co] 331 0.045 3.5[Co] 4.18 0.008
6[La] 3.80 0.031 6[La 3.77 0.035 6[La] 4.17 0.021
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The Co K-edge- XANES and EXAFS (Figure 4.12, Table 4.8) showed that some
Co’" is reduced to Co® by treatment in hydrogen/nitrogen at 500 °C and that more
Co’*is reduced at 800 °C. The La Linr-edge XANES and EXAFS (Table 4.8)
indicated that the perovskite-related structure is largely destroyed by treatment in the
reducing atmosphere at 800 °C and that lanthanum exists in a complex oxide matrix

which resisted identification by X-ray powder diffraction.

Hence, in the cobalt-rich LaFe/CoO; materials, treatment in the reducing gaseous
atmosphere induces the facile reduction of iron and cobalt to the metallic states at
temperatures exceeding ca. 800°C with simultaneous destruction of the perovskite-

related lattice.
LaCoO;

The Co K-edge XANES and EXAFS data (Figures 4.13 and 4.14, Table 4.9)
recorded from LaCoOj; were similar to those recently reported from the material’.
The results recorded from the material following treatment in hydrogen and nitrogen
at 500 °C are very similar to the results recorded from the original materials except
for a diminished amplitude of the EXAFS oscillations at both the Co K- and La Ly-
edges. It seems that treatment at this temperature, rather than inducing the reduction
of C03+, increases the extent of disorder in the materials. The data recorded from the
material following treatment at 900 °C indicate the total reduction of Co®" and the

formation of metallic cobalt and L.a,O; phases.

4.3 SUMMARY

Perovskite-related materials of composition LaFe;.,CoxO3 prepared by conventional

calcination methods are rendered more susceptible to reduction in a flowing mixture
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of hydrogen and nitrogen by the incorporation of cobalt. In iron-rich systems the
limited reduction of iron and cobalt leads to the segregation of discrete metallic
phases without destruction of the perovskite structure. In cobalt-rich systems the
reduction of Co®* to Co° precedes complete reduction of Fe’* and the segregation of

alloy and metal phases is accompanied by destruction of the perovskite-related

structure.
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Figure 4.13 (i) Co K-edge- and (ii) La Lyj-edge- XANES recorded from (a) LaCoO; and
following treatment in a hydrogen/nitrogen gas mixture at (b) 500 °C and (¢)
900 °C. The spectrum presented in (i)(d) corresponds to cobalt metal, (d’) is
the corresponding first derivative of (d). (a’), (b’) and (¢’) are the first
derivatives of (a), (b) and (c), respectively.
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Figure 4.14 (i) Co K-edge-EXAFS (raw data) recorded from (a) LaCoO; and
following treatment in a hydrogen/nitrogen gas mixture at (b) 500 °C
and (¢) 900 °C; (ii) Fourier transforms of the EXAFS data presented
in (i); (iii) La Ljj-edge- EXAFS recorded from (a) LaCoO; and
following treatment in a hydrogen/nitrogen gas mixture at (b) 500 °C
and (c) 900 °C; (iv) Fourier transforms of the EXAFS data presented
in (iii) (The experimental data are indicated by a solid line, the fits to

the data are indicated by a broken line.)
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Table 4.9. Best fit parameters to the Co K-edge and La Lyj-edge EXAFS recorded

from LaCoO;
Literature LaCoO; LaCoOQ; treated at 500 °C in LaCoQj treated at 900 °C in
values fogr 10% hydrogen and 90% 10% hydrogen and 90%
LaCoO; nitrogen nitrogen
Coordination &/ A (£0.02) 20%/ A? Coordination ~ d/ A (0.02) 26% A? Coordination  d/ A (£0.02) 20% A?
number and number and
number and [atom type] [atom type]
[atom type]
Co K-edge 6[0]1.93 6[0] 1.92 0.009 6[0] 1.94 0.011 9[Co] 2.49 0.014
8[La]3.30 8[La] 3.27 0.017 8[La] 3.28 0.025 6[Co] 3.50 0.027
6[0]3.81 6[Co] 3.88 0.001 6[Co]] 391 0.002 9[Co] 4.32 0.009
La Lnredge 3[0]2.43 3[0] 2.49 0.011 3[0] 2.52 0.005 4[0] 243 0.029
6[0]2.69 6[0] 2.72 0.016 6[0] 2.76 0.006 3[0] 2.69 0.020
3[0]3.00 3[0] 2.95 0.028 3[0] 2.98 0.0002 12[La] 3.84 0.036
8[Co]3.31 6[Co] 3.32 0.019 8[Co] 3.34 0.024 6[La] 4.19 0.027
6[La]3.81 6[La] 3.77 0.024 6[La] 3.79 0.042

4.4 LaFe;,C0,03; (MILLING PREPARATION)

The X-ray powder diffraction patterns recorded from a mixture of La,O3 and o-

Fe,0s (Figure 4.15) following mechanical milling showed a gradual broadening and

simultaneous decrease in intensity of the lines characteristic of the reactant oxides

during the first 20 hours of milling and the formation of a virtually amorphous
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Figure 4.15 X-ray powder diffraction patterns recorded from mixtures of

La0; and o-Fe, 03 after various periods of mechanical milling

material after 40 hours. The occurrence of a phase corresponding to LaFeO3 was
observed after milling for 80 hours with a particle size, determined from the X-ray
powder diffraction data, of ca. 10nm which remained unchanged after milling for
110h. The milling of a mixture of La;O3, CoO and a-Fe;O; was also followed by X-

ray powder diffraction. The results (Figure 4.16) showed an initial contamination of
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Figure 4.16 X-ray powder diffraction patterns recorded from mixtures of

La,03, CoO and o-Fe,0; after various periods of mechanical milling

the La,O; starting materials with La(OH);. The effect of milling was to give the
more facile formation of the amorphous materials after only 20 hours of milling and
the onset of formation of LaFe(.sCoo 503 after 40 hours with a particle size of ca.10
nm which remained unchanged after milling for 80 and 110 hours.

The temperature programmed reduction profiles recorded from LaFeOs; and
LaFe, sCoo 503 prepared by milling techniques are collected in Figure 4.17. The

profiles show the onset of reduction to occur at lower temperatures as compared to



their counterparts made by conventional methods (see Figure 4.2). The inclusion of
cobalt into the LaFeO; structure therefore appears to enhance the susceptibility of
the material to reduction at lower temperatures. The peak in the tpr recorded from
LaFe(.5C0( 503 at ca.370 °C (Figure 4.17) may be associated with an a-Fe,Os

impurity phase as will be discussed later.
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Figure 4.17 Temperature programmed reduction profiles record from

compounds of the type LaFe;.,C0,0; prepared by milling

The >’Fe Mossbauer spectrum recorded from LaFeOs prepared by milling techniques
(Figure 4.18a and Table 4.10) contains a broadened sextet pattern showing a

magnetic hyperfine field distribution accounting for ca. 66% of the spectral area
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Figure 4.18 STFe Mossbauer spectra recorded from (a) LaFeO; formed by
mechanical milling and after tpr treatment at (b) 600 °C and

(¢) 1200 °C.
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Table 4.10 *’Fe Mossbauer parameters recorded from LaFeO; made by ball milling
following treatment in 10% hydrogen/90% nitrogen

Assignment 0+ 0.01 A*or2e?+ H=+05T  Spectral

mms”’ 0.02 mms™ Area+3 %
LaFeO; Fe' 0.25 -0.15 48.9 66
Fe'' 0.09 0.59 0.00 34
Following treatment in Fe*t 037 -0.03 48.7 61
10% hydrogen/90% 0
nitrogen at 600°C Fe3+ 0.00 0.00 33.0 27
Fe 0.40 1.44 0.00 12
Following treatment in Fe** 0.34 -0.07 535 55
10% hydrogen/90% 0 )
nitrogen at 1200°C Fe 0.03 0.01 33.7 35
Fe" spm -0.13 0.00 0.00 10

* quadrupole split absorption

" magnetically split absorption

associated with a distribution of LaFeOs particles of different sizes albeit sufficiently
large to experience magnetic interactions at room temperature. This spectrum is
broader than that shown by bulk LaFeO3; made by conventional heating (Figure 4.3a)
and its corresponding average hyperfine magnetic field is lower (48.9 T, compared
to 52.7 T). In view of the X-ray powder diffraction data, the broad singlet which
could not be resolved into a quadrupole split absorption with confidence, and
accounting for ca. 34 % of the spectral area, is associated with small particle
superparamagnetic LaFeOs.

The 3’Fe Mossbauer spectrum recorded from the material following treatment in
hydrogen at 600 °C (Figure 4.18b) and after the first reduction peak in the tpr profile
(Figure 4.17) continued to show the broadened sextet pattern associated with LaFeOs
(H = 48.7 T) and accounting for ca. 61% of the spectral area, together with a narrow
line sextet (H = 33.0T) characteristic of metallic ion (ca. 27% of spectral area) and a
doublet (6= 0.40 mms‘1, A=1.44 mms'l, ca.12% spectral area) characteristic of Fe**

in octahedral oxygen coordination associated with a remaining fraction of small
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particle lanthanum orthoferrite. The results indicate that treatment at 600 °C in a
hydrogen/nitrogen gas mixture induces partial reduction of Fe** in the LaFeO;
structure and its segregation to form metallic iron. The >’Fe Mossbauer spectrum
recorded from the material following treatment in the reducing atmosphere at

1200 °C (Figure 4.18c) and after the final peak in the tpr profile (Figure 4.17)
showed a sharper-line sextet with parameters (6= 0.34 mms™, 2= -0.07 mms',
H=353.5T, 55% of spectral area) that are more similar to those shown by bulk, well-
crystallized LaFeO; and reflecting the sintering of the smaller particles at the higher
temperature, a sextet corresponding to metallic iron (H = 33.7 T, 35% spectral area)
and a singlet (8= ca.-0.13 mms™', ca.10%) which can be associated with the
presence of small superparamagnetic metallic iron particles''. The results
demonstrate that complete reduction of Fe** to metallic iron is not achieved even at
the elevated temperature of 1200 °C, however, the extent of reduction is larger than
that achieved when bulk LaFeO; made by conventional heating was treated under
similar conditions (Figure 4.3) and presumably reflects the enhanced susceptibility to
reduction of small particle LaFeOs; made by milling.

The >’Fe Mdssbauer spectrum recorded from LaFey sCopsO3; made by milling

techniques (Figure 4.19a and Table 4.11) was dominated by a doublet (6= 0.28

mms”, A=0.59 mms”, ca. 71%) and a narrow-lined sextet pattern (5= 0.38 mms,

2e=-0.16 mms ", H= 51.9T, ca.29%). Given that X-ray powder diffraction showed
the presence of a perovskite-related LaFeOs-type structure similar to that made by
conventional methods and previously identified as LaFey sCog 503, the dominant
doublet is associated with superparamagnetic LaFeg sCoo 503. The sextet does not

correspond to LaFep sCog sO3 or LaFeO; . However, in view of the reduction
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properties of the material (see below) this sextet is associated with an o-Fe,O;

impurity phase.
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Figure 4.19 S"Fe Mossbauer spectra recorded from (a) LaFe;sCo0ys0; and after

tpr treatment at (b) 400 °C, (c) 550 °C and (d) 1200 °C.

The >’ Fe Mossbauer spectrum recorded from LaFesCoos0; following treatment in
10 % hydrogen and 90 % nitrogen at 400 °C (Figure 4.19b, Table 4.11) and after the

first peak in the tpr profile (Figure 4.17) shows a broadened sextet pattern (0=0.35
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mms’, 2e=-0.17 mms'l, H= 25T, ca. 35%) similar to that of bulk LaFesCog 50

made by conventional methods (Figure 4.8), together with the doublet observed in

the original material and associated with small particle superparamagnetic

Table 4.11 >’Fe Mossbauer parameters recorded from LaFe sCogsO3; made by

milling following treatment in 10% hydrogen/90% nitrogen

Assignment 0+ 0.01 A*or2et+ H=+05T  Spectral
mms ' 0.02 mms ™ Area+3 %
LaFeg 5C0g 503 Fe' 0.28 0.59 0.00 71
o-Fe,Os 0.38 -0.16 51.9 29
Following treatment Fe’* 0.32 0.53 0.00 39
in 10% hydrogen/ Fe** 0.35 -0.17 25.0 35
ngﬁéu“ogen at Fe;0, 0.61 -0.001 45.2 13
Fe;O4 0.31 -0.001 49.1 13
Following treatment Fe** 0.36 0.58 0.00 24
in 10% hydrogen/ Fe3+ 035 _004 283 55
90(%:) nltrogen at FeO (FC-CO 001 —0.06 350 6
550°C
allogl)
Fe 0.00 0.00 33.0 15
Following treatment Fe’ (Fe-Co 0.07 0.00 35.4 100
in 10% hydrogen/ alloy)
90% nitrogen at
1200°C

* quadrupole split absorption
Tmagnetically split absorption

LaFe sCoo 503 (ca. 40%) and two sextets characteristic of Fe;O4 resulting from

reduction of the o—Fe,O; impurity phase. Hence the features in the tpr profile

recorded from LaFey sCog.sO3 at ca. 300 °C to 400 °C appear to be associated with

the reduction of the impurity o—Fe,O3 phase and the development of large particle

LaFey sCopsO3 presumably reflecting the sintering of some of the small particles of

this phase at 400 °C. The 3TRe Mossbauer spectrum recorded from LaFeg sCog sOs
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following treatment in the hydrogen and nitrogen gas mixture at 550 °C (Figure
4.19c) and after the second peak in the tpr profile (Figure 4.17) is composed of a
broad sextet pattern (ca. 55% of spectral area) characteristic of large particle
LaFey5Co0p 503 together with a doublet (ca. 24%) associated with
superparamagnetic LaFej sCog 503, and two narrow sextets, one (H = 33.0 T,15%)
corresponding to metallic iron and the other (6= 0.01 mms™"',2e=-0.06 mms', H =
35.0 T, 6%) corresponding to an iron-cobalt alloy". Following treatment in the
hydrogen/nitrogen gas mixture at 1200 °C and after the final peak in the tpr profile
(Figure 4.17) the *"Fe M3ssbauer spectrum (Figure 4.19d) shows a narrow line sextet
(6=0.07mms™, 2= 0.00 mms™, H = 35.4 T) characteristic of an iron-cobalt alloy®.
The XANES and EXAFS from materials made by milling methods were not

recorded.

4.5 SUMMARY

Taken together the results show that small particle LaFe;.«CoxO3; phases made by
milling techniques are more susceptible to hydrogen reduction than their
counterparts made by conventional techniques. This may reflect the smaller particle
size of materials made by milling methods. The presence of cobalt enhances the
reducibility of iron in the perovskite-related structure. In contrast to LaFeO; where
the oxide structure at least was partially retained even after treatment in the reducing
atmosphere at 1200 °C, treatment of LaFey 5C00sO; in a reducing atmosphere leads
to reduction of both Fe** and Co’ " their segregation from the oxide matrix and the

formation of an iron-cobalt alloy phase.
4.6 LaysSrosMO; (M = Fe, Co), (CONVENTIONAL PREPARATION)
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Lay sSrysFeO;

The XRD pattern recorded from the compound Lay 5Srj sFeO; is shown in Figure
4.20a. The pattern is characteristic of the cubic SrFeOs-type structure. The tpr
profile recorded from Lag 5sSro sFeO3 1s shown in Figure 4.21. It shows a narrow

peak at ca. 550°C and a broad peak starting at ca 800°C and extending up to 1200°C.

- 130,

Intensity (a.u.)

Figure 4.20 X-ray powder diffraction patterns recorded from (a) LaysSrysFeO3
and following sequential treatment in (b) 10% hydrogen/90%
nitrogen at 600°C, (c) heating in air at 600°C, (d) 10% hydrogen/
90% nitrogen at 1200°C.
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H, consumption

Figure 4.21 Temperature programmed reduction profiles recorded from
Lao_ssro,sFeO;; and La0,58r0_5C003.

The tpr profile recorded from Lag s Sty sFeO; (Figure 4.21) shows the first reduction
peak to be shifted to higher temperature (570 °C) as compared to that in LaFeO;
(480 °C) (Figure 4.2) made by conventional methods. The XRD pattern recorded
from the material treated at 600°C in flowing hydrogen and nitrogen, i.e., after the
first reduction peak (Figure 4.20b), shows all the XRD peaks to shift to lower angle.
No evidence could be found for the presence of strontium oxide. These two XRD
patterns can be indexed in the space group R-3¢ (No.167) with lattice parameters a =
b=5.489(1)A, ¢ = 13.378(1) A for Lag 5 SrosFeO3 and a = b= 5.533(1) A and

c=13.503(1) A for the material heated in hydrogen and nitrogen at 600°C. The XRD



pattern recorded from the material after reheating in air at 600°C for 12 hours
(Figure 4.20c) showed the product to return to the original SrFeOs;-type structure.
The XRD pattern recorded from the material following treatment by tpr at 1200°C
(Figure 4.20d) showed the formation of SrFeL.aO4 which adopts the KoNiF,-type
structurelz, La,O3 and metallic iron.

The *'Fe Mossbauer spectra recorded at 298K are shown in Figure 4.22. The
spectrum recorded from the pure material (Figure 4.22a) showed only a broad central
paramagnetic line which was best-fitted to two singlet absorptions. The results of the
fit are collected in Table 4.12. The isomer shift of the singlet appearing at lower
velocity is characteristic of Fe** in octahedral oxygen coordination'> while the
parameters of the other singlet correspond to Fe**. The data (relative spectral areas,

Table 4.12) indicate that this material contains equal amounts of Fe*" and Fe**,

Table 4.12 °'Fe Mossbauer parameters recorded from LagsSrosFeO; following
treatment in 10% hydrogen/90% nitrogen

Assignment 5+ 0.01 *Aor2e' 1+ H=£0.5/T  Spectral

/mms™! 0.02/mms™" Area £ 3/%

Lay 581y sFeO; Fe' 0.03 0 0 50

Fe** 0.25 0 0 50
Following treatment in Fet* 0.27 -0.40 52.1 47
10% hydrogen/90% Fe’* 0.37 0.19 579 53
nitrogen at 600°C ) )
Following treatment in Fet 0.31 0.58 324 42
10% hydrogen/90% Fe’ 0.00 0 33.2 51
nitrogen at 1200°C Feo _0.08 0 0 7

* quadrupole split absorption
" magnetically split absorption
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Figure 4.22 (a) S"Fe Mossbauer spectra recorded at 298K from (a)
LaysSrosFeOs and following treatment in 10% hydrogen/90%
nitrogen at (b) 600 °C and (c) 1200 °C.
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The spectrum recorded following treatment in flowing hydrogen and nitrogen
(Figure 4.22b) at ca. 600°C (i.e. after the first peak in the tpr profile (Figure 4.21)
showed the superposition of two magnetically split sextet components both
characteristic of Fe*" (Table 4.12) and demonstrating that low temperature treatment
induces reduction of Fe*" to Fe**. The shift in the X-ray powder diffraction peak
positions to lower angle (Figure 4.20b) indicated an increase in unit cell parameters
consistent with the presence of an increasing amount of Fe** with larger ionic radius.
The thermal analysis of Lag 5Srp sFeO3 in 10% hydrogen /90% nitrogen is shown in
Figure 4.23 (a). A weight decrease of ca. 2%, corresponding to a loss of lattice
oxygen and the formation of a material of composition Lag 5Sry sFeO; 72, was
observed from the thermogravimetric analysis (tga) curve at ca. 600 °C which agrees
well with the formation of a compound of composition Lag 5Srg sFeQ, 75 which can
be calculated on the assumption that all the Fe** in Lag sSrq sFeOs is reduced to Fe”.
The thermal analysis of a sample retrieved after the first peak following treatment in
hydrogen and nitrogen is shown in Figure 4.23 (b) and indicates that no further
weight loss is observed until the material is heated above ca. 700 °C.

It is interesting to note that while the pure material is paramagnetic at room
temperature (298K), the material obtained after treatment in the tpr experiment at
600°C is magnetically ordered at 298K. This might be due to the different strength of
the magnetic interactions existing in these compounds. It is known'? that the Fe**-
Fe*' interaction is stronger than the Fe*-Fe*"-and Fe**-Fe’" interactions. Therefore,
the absence of Fe'* ions in the material heated at 600°C in hydrogen and nitrogen
increases the strength of the superexchange interactions between the Fe ions which

results in magnetic order at room temperature and, consequently, in the existence of

a large hyperfine magnetic field.
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Figure 4.23 TGA (heavy line) and DSC (light line) curves in flowing hydrogen

and nitrogen recorded from (a) LasSrosFeO; and (b) LagsSrysFeO;.;

The Mossbauer spectrum recorded from the material heated at ca. 1200°C that is,

after the second peak in the tpr profile, showed the superposition of two sextets and a

06



singlet (Figure 4.22¢). One of the sextets, characteristic of Fe’" (§= ca. 0.31 mmél),
demonstrated a small hyperfine magnetic field (H = ca. 32.4 T). The parameters are
similar to those reported'’ for LaSrFeO, which adopts the K,NiF;-type structure.
The other sextet (H = ca. 33.2T) and the singlet (5= ca. -0.08 mms™') are
characteristic of large- and small-particle metallic a-iron respectively. Hence
treatment of Lag sSro sFeO3 at elevated temperature in a mixture of flowing hydrogen
and nitrogen induces both structural rearrangement of the perovskite-related lattice
to the KoNiF;-type structure and reduction to metallic iron. It is worth noting that,
even after treatment at the high temperature in the reducing atmosphere, a noticeable
amount of iron remains in the trivalent state.

The Fe K-edge XANES (and their first derivative) recorded from pure Lag 5Srg sFeOs;
and the materials obtained after treatment at 600°C and 1200°C are shown in Figure
4.24 together with the Fe K-edge XANES of metallic iron which was used as a
reference material. The position of the absorption edge in the Fe K-edge XANES of
Lay 5Sro sFeO; appears at ca. 7128.5 eV (Table 4.13). This is ca. 1.9 eV higher than
the position of the Fe K-edge absorption edge of LaFeO3; which only contains
trivalent iron (see Table 4.13). It has been recently reported16 that the energy
difference between the point at half absorption of the edge step of SrFeO; .5 (a
material in which iron is primarily quadrivalent) and the first inflexion point in the
Fe K-edge XANES of metallic Fe is ca. 14 V. Inspection of Table 4.13 shows a
similar energy difference for Lag 5Sto sFeOs and metallic iron. The results are
consistent with the presence of Fe*" in this material as indicated by Mdssbauer
spectroscopy.

The position of the Fe K-absorption edge recorded from the material following

treatment at 600°C shifts to 7127.4 €V, a value which is closer to that shown by
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LaFeOs. It 1s also interesting to note that the 1s—3d pre-edge feature at 7115.9 eV in
the Fe K-edge XANES of pure Lag 5Srg sFeOj3 shifts to 7114.6 eV in the Fe K-edge
XANES of the material treated at 600°C. A shift of ca. 1.5 eV is also observed at the

edge (Figure 4.24). All these changes are indicative of the reduction of Fe** to Fe’*

(@)
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Figure 4.24 Left: Fe K-edge XANES recorded from (a) LaysSrosFeO; and )
following treatment in 10% hydrogen/90% nitrogen at (b) 600°C
and (c) 1200°C. Right: Corresponding first derivatives of the
spectra on the left. (d) corresponds to iron metal.
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Table 4.13 X-ray Absorption Edge Positions Recorded from the X-ray Absorption

Near Edge Structure
Edge Position" (eV) 0.3 Edge Position” (eV) 0.3

Fe Co La Sr Fe Co La Sr
Fe (metal foil) 7119.7 -- -- -- 7112.3 -- - -
Co (metal foil) -- 7716.0 - - -- 7709.0 - -
LaFeO; 7125.5 -- 5482.3 -- 7126.6 -- 5484.3 --
LaCoO; -- 7720.6 -- - - 7723.6 -- -
La,0, - - 5480.6 - - - 5484.3 -
Lay sSrg sFeOs; 7126.5 -- 5480.2 16110.2  7128.5 -- 5483.5 16102.5
(tpr treated ) 7124.9 -- 5480.2 161102 71274 -- 54834  16104.3
600°C
(tpr treated) 7121.9 -- 5480.2 16110.2 71123 -- 54832 16103.8
1200°C
Lag 5815 5C00; -- 7721.8  5480.5 16110.0 -- 7724.2  5483.9 16105.1
(tpr treated ) -~ 7716.6  5480.8 16110.2 - 7709.0  5483.9 16105.0
520°C
(t(;))(r) téeated ) -- 7716.2  5481.0  16110.2 -- 7709.0 54842  16104.9
300°

' Corresponds to the absorption at half-height of the edge step
21 Corresponds to the first most intense maximum in the derivative of the XANES

as shown by Méssbauer spectroscopy. Finally, the first most intense maximum in the
derivative of the Fe K-edge XANES of the material treated at 1200°C appears at
7112.3 eV, a value which matches the position of the Fe K-edge of metallic iron.
Inspection of Figure 4.24 also shows that the Fe K-edge XANES of this material
contains some features compatible with the presence of F ¢’" (peak in the first
derivative at 7127.4 eV) which corresponds to the presence (evidenced by both XRD

and >'Fe Mossbauer spectroscopy) of the Fe**-containing phase SrLaFeOs.
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Table 4.14 Best fit parameters to the Fe K-edge Sr K-edge and La Ljj-edge EXAFS
recorded from Lag sSrg sFeOs

Lagy sSro sFeO, Lag sSry sFeO; treated at 600°C  Lag sSry sFeO; treated at 1200 °C
ir} 10% hydrogen and 90% in10% hydrogen and 90%
nitrogen nitrogen
Coordination dA002) 209 A Coordination VAER0.02) 20U A Coordination dA00) 280 A°
number and [atom ?;pme})er and fetom ?x;m and fatom
type}
Fe K-edge 3[O] 1.865 0.006 6[0] 1.942 0.01 4[0] 1.963 0.019
3[0] 1.983 0.004 0.5[La] 2913 0.004 2[0] 2.197 0.012
0.5[La] 3.052 0.009 0.5[Sr] 3.223 0 4.5[Fe] 2.484 0.013
0.5[Sr] 3.219 0.001 7[La]} 3.202 0.03
7[La] 3.217 0.03 6[Fe] 3.947 0.02
6[Fe] 3.939 0.009
Sr K-edge 3[0] 2.557 0.01 3[0] 2.537 0.02 1{0O] 2.391 0
6[O] 2.750 0.02 6[0O] 2.758 0.05 410} 2.589 0.004
3[0] 3.322 0.001 3[0] 3.299 0.001 4[0] 2.793 0.01
2[Fe] 3.512 0.04 2[Fe] 3.441 0.03 4[Fe] 3.240 0.023
6[Fe] 3.321 0.02 6[Fe] 3.272 0.04
6[Sr] 3.960 0.05 6[Sr] 3.919 0.05
La Luredge 3[0] 2.588 0.007 3[0] 2.530 0.02 1[O] 2.440 0.003
6[0] 2.813 0.03 6[O] 2.741 0.04 4[0] 2.626 0.0
3[0] 3.488 0.004 3[0] 3.468 0.05 4[0] 2.845 0.002
2[Fe] 3.466 0.008 2[Fe] 3.544 0.01 4[Fe] 3.287 0.024
6[Fe] 3.339 0.01 6[Fe] 3.351 0.02
6[Sr] 4.044 0.05 6[Sr] 4.056 0.05

Summarizing, the movement to lower energy of the Fe K-edge XANES (clearly
observed in Figure 4.24 and Table 4.13 if the criterion of defining the position of the

edge at the energy at half-absorption of the edge step is taken) with increasing

100



treatment in the hydrogen/nitrogen gas mixture is consistent with enhanced reduction
of iron. In contrast to the variation of the Fe K- X-ray absorption edge positions, the
La Lji-edge- and Sr K-edge-X-ray absorption edge positions do not change
significantly with treatment in the flowing mixture of hydrogen and nitrogen being
characteristic of La** and Sr** respectively (Table 4.13).

The Fe K-edge EXAFS are shown in Figure 4.25. The fitting of the data recorded
from the reduced materials was complicated by the multiphasic nature of the
products, hence Table 4.14 contains only the best fit parameters to the region 0-3A.
The first peak corresponding to six oxygen atoms in the Fourier transform of the data
recorded from Lag 5sSrg sFeO; (Figure 4.25a) was located at ca. 1.924 A which is
shorter than the distance (1.98-2.00 A) for the six oxygen atoms which coordinate
iron in LaFeOs®. This is consistent with the presence of Fe** in Lag sSry sFeO; as
shown by *’Fe Mossbauer spectroscopy. A better fit was obtained by refining the
first shell oxygen coordination to three oxygen atoms at 1.865 A, a distance which is
characteristic of Fe** '8, and three at 1.983 A characteristic of Fe’*-O distance, and

which reflects the equal amount of Fe*" and Fe** in this material.
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Figure 4.25
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Top: Fe K-edge EXAFS recorded from (a) LagsSr (s FeO; and
following treatment in 10% hydrogen/90% nitrogen at (b) 600°C
and (c) 1200°C. Bottom: The corresponding Fourier transforms of
the above EXAFS. (The experimental data are indicated by a solid
line, and the fits to the data are indicated by a broken line.)

102



Following treatment in hydrogen and nitrogen at 600°C the Fe K-edge EXAFS
showed the first shell of six oxygen atoms to be located at ca. 1.942 A consistent
with Fe’"-O coordination as suggested by Mossbauer spectroscopy. The first shell
coordination of iron in the Fe K-edge EXAFS recorded from Lag 5Sry sFeO;
following treatment in flowing hydrogen and nitrogen at 1200°C was fitted
according to the evidence from X-ray powder diffraction and Mdssbauer
spectroscopy for conversion to LaSrFeO4 and reduction to metallic iron. Hence the
coordination of iron by four oxygen atoms at 1.963 A and two at 2.197 A agrees well
with the neutron diffraction data recorded from LaSrFeO,4'? whilst the iron atoms at
ca. 2.484 A represent the metallic iron.

The La Lij-edge-and Sr K-edge EXAFS (Table 4.14) recorded from Lag sSrg sFeOs
showed lanthanum and strontium to be coordinated by twelve oxygen atoms as
would be expected given the evidence from X-ray powder diffraction that the
material adopts the SrFeO;-type structure. The material treated in hydrogen at ca.
600°C showed little change in the first shell oxygen coordination of lanthanum and
strontium (Table 4.14). Treatment in the 10% hydrogen/90% nitrogen gas mixture at
1200 °C induced a change in the first shell coordination to nine oxygen atoms (Table
4.14). This is in good agreement with the X-ray powder diffraction pattern (Figure
4.20d) which showed the formation of LaSrFeOs, which contains lanthanum and
strontium in nine-fold oxygen coordination,'” and the presence of small amounts of
LayOs.

Lay 5SrpsCo03

The XRD pattern recorded from the compound Lag 5Srg sC003 is shown in Figure
4.26. The pattern is characteristic of the SrCoO;-type structure (Figure 4.26 (a)).

The tpr profile recorded for Lag sSrg sCoOs3 (Figure 4.21) shows the second peak to
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move to much lower temperature as compared to Lag sSry sFeO;. The XRD pattern

recorded from the material treated at 520°C, i.e. after the first reduction peak in the

tpr profile (Figure 4.21), showed very broad lines which indicate a marked decrease
in the crystallinity of this material. After tpr treatment at 800°C, the material had

decomposed to SrO, La;O3 and metallic cobalt (Figure 4.26).
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Figure 4.26 X-ray powder diffraction patterns recorded from (a) LasSrsCo0O;
and following sequential treatment in (b) 10% hydrogen/90%
nitrogen at 520°C (c) 10% hydrogen/90% nitrogen at 800°C.

The edge position at 7724.2 eV of the Co K-edge XANES recorded from

Lag sSro sCoOs (Figure 4.27a, Table 4.13) is ca. 0.6 €V higher than the edge position

of the Co K-edge XANES recorded from LaCoO; made by the conventional method

which contained only Co®*. The energy at half-absorption of the edge step (Table
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4.13) correlates well with recently published XANES data for Lay sSr sCo03'**° and
reflects the presence in this compound of Co*" and Co®*. The Co K-edge XANES
recorded when the material was heated in flowing hydrogen and nitrogen

at 520°C was almost identical to that recorded from metallic Co (Figure 4.27b and
4.27d). This demonstrates that, under these mild conditions, the formation of
metallic cobalt is readily achieved. The Co K-edge XANES recorded from the

material heated at the higher temperature of 800°C also showed the presence of

metallic Co (Figure 4.27¢).

(a)

(b) (a)

(c)
(b)

(d)
(c)
(d)

v T T v T v T T 2z T v T v T v T
77'00 77|20 7740 7760 7780 7700 7720 7740 7760 7780

X
d(ux)/dE

Energy/eV Energy/eV

Figure 4.27 Left: Co K-edge XANES recorded from (a) LaysSr(sCo0O; and
following treatment in flowing 10% hydrogen/90% nitrogen at (b)
520°C, (c) 800°C. Right: Corresponding first derivatives of the
spectra on the left, (d) XANES recorded from metallic cobalt.

The Co K-edge EXAFS (Figure 4.28, Table 4.15) endorsed the result showing that
the coordination of cobalt by six oxygen atoms in the pure material (Figure 4.28a,

19,2

Table 4.15) at 1.90 A, which is close to that reported previously O changed to

coordination by cobalt atoms in the reduced phases (Figure 4.28b, ¢; Table 4.15).
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Figure 4.28 Top: Co K-edge EXAFS recorded from (a) LaysSrosCo0O; and
following treatment in flowing 10% hydrogen/90% nitrogen at (b)
520°C, (c) 800°C. Bottom: The corresponding Fourier transforms of
the above EXAFS. (The experimental data are indicated by a solid
line, and the fits to the data are indicated by a broken line.)
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Table 4.15 Best fit parameters to the Co K-edge Sr K-edge and La L;;-edge EXAFS
recorded from Lag 5SrysCo0O;

Lay 5S15Co0; Lag 5Sry sCoO; treated at 520 Lag 581y sCoO; treated at 800 °C
°C; in 10% hydrogen and 90% iq 10% hydrogen and 90%
nitrogen nitrogen
Coordination & X 0.02) 267 A ﬁ;&mﬁgn JA@0.02)  20% A nc‘;.;mgn &/ A (x0.02) 208 A2
number and [atom type] [atom type]
[atom type]
Co K-edge 3[0] 1.849 0.005 8[Co] 2.479 0.014 8{Co] 2477 0.012
3[0] 1.955 0.004 6[Co] 3.492 0.028 6[Co] 3.446 0.035
0.5[La] 3.029 0.008 12{Co] 4.308 0.018 12[Co] 4.300 0.015
0.5[Sr] 3.168 0.009
7[La] 3.185 0.031
6[Co] 3.892 0.009
Sr K-edge 3[0] 2.576 0.003 6[O] 2.551 0.024 6[0] 2571 0.021
6[0] 2.776 0.014 4[Sr} 3.544 0.041 12[Sr] 3.606 0.045
3[0] 3.280 0.003
2[Co] 3.538 0.030
6[Co] 3.300 0.018
6[Sr] 3.921 0.037
La Lu-odge 3[0] 2.547 0.002 4[0] 2.530 0.004 4[0] 2.523 0.0035
6[O] 2.735 0.019 3[0] 2.741 0.006 3[0] 2.669 0.0067
3[0] 3.411 0.008 6[Sr] 3.884 0.05 6[Sr] 3.847 0.053
2[Co] 3.397 0.023 6[Sr] 4.177  0.023 6[Sr] 4.177 0.021
6[Co] 3.302 0.012
6{Sr ] 3.942 0.047
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The X-ray absorption edge position of the La Lij-edge and Sr K-edges obtained from
the XANES data (Table 4.13) did not change with increasing treatment in the
reducing environment.

The La Lj-edge EXAFS recorded from Lay 5Srg sCoOs (Figure 4.29a, Table 4.15)

showed the lanthanum to be coordinated to twelve oxygen atoms in the
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Figure 4.29 Top: La Ly-edge EXAFS recorded from (a) LagsSrosCo0O; and
following treatment in flowing 10% hydrogen/90% nitrogen at (b)
520 °C, (c) 800 °C. Bottom: The corresponding Fourier transforms
of the above EXAFS. (The experimental data are indicated by a
solid line, and the fits to the data are indicated by a broken line.)
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perovskite-related structure’. Treatment at 520°C and 800°C in flowing 10 %

hydrogen and 90 % nitrogen gave seven-fold oxygen coordination characteristic of

La,0+*' (Figure 4.29b, ¢, Table 4.15).

k x(k)
|

Fourier Transform Amplitude

[\ »
,1 ~ S (c)

Figure 4.30 Top: Sr K-edge EXAFS recorded from (a) LagsSr¢s5Co00; and
following treatment in flowing 10% hydrogen/90% nitrogen at (b) 520 °C, (¢)
800°C. Bottom: The corresponding Fourier transforms of the above EXAFS.
(The experimental data are indicated by a solid line, and the fits to the data are

indicated by a broken line.)
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The Sr K-edge EXAFS recorded from La, sSro sCoOs (Figure 4.30a, Table 4.15)
showed the strontium to be coordinated to twelve oxygen atoms in the perovskite-
related structure. The data recorded following treatment in hydrogen and nitrogen at
800°C (Figure 4.30b, c Table 4.15) showed the strontium atom to be coordinated to

six oxygen atoms at the distance of 2.57 A characteristic of the SrO structure.

4.7 SUMMARY

Taken together the results show that the material of composition Lag 5Sry sCoO; is
more susceptible to reduction than the compound Lag sSrg sFeOs since, after heating
at 520°C in the reducing hydrogen/nitrogen atmosphere, all the Co®* present in the
original material is reduced to metallic cobalt and the formation of SrO and La;Oj is

also occurs.

4.8 CONCLUSIONS

1. Perovskite-related phases of composition LaFe; ,CoxO; prepared by conventional
calcination and mechanical milling methods are rendered more susceptible to
reduction in a flowing mixture of hydrogen and nitrogen by the incorporation of
cobalt.

2. In iron-rich systems the limited reduction of iron and cobalt leads to segregation
of discrete metallic phases without destruction of the perovskite structure.

3. In cobalt-rich systems the reduction of Co*" to Co’ precedes complete reduction of
Fe’* and the segregation of alloy and metal phases is accompanied by destruction

of the perovskite-related structure.
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4. Similar phases made by milling techniques are of smaller particle size and are
more susceptible to hydrogen reduction than their counterparts made by
conventional techniques.

5. Materials of the type Lag sSry sMOs (M = Fe, Co) made by calcination methods
are more susceptible to reduction when the transition metal M is cobalt rather than

iron.
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Chapter 5

RESULTS AND DISCUSSION:
FLUORINATION OF PEROVSKITE-RELATED PHASES

5.1 INTRODUCTION

The work described in Chapter 5 reports on:

1. Characterisation of perovskite-related materials of the type La;xSrxFe;.,Co,0s,
SrFe;.xCoxO3 and SrFe; «SnyO3; made by conventional methods, their fluorination by
reaction with poly(vinyldene difluoride) and the characterisation of the fluorinated
derivatives.

2. Fluorination of the K;NiFs-type phase Ba,SnO4 by reaction with ZnF,.

5.2 La;«SryFe;,Co,03

The fluorination of several perovskite-related phases of the type La; «SriFe; yCo,0s
made by conventional calcination methods (Chapter 3) was attempted. It was found that
the presence of strontium was necessary for successful fluorination. Hence, fluorination
experiments were performed on some representative strontium-containing samples in
the La;«SrxFe;.,CoyO3 system by reaction of the pure oxide with poly(vinylidene
fluoride). The X-ray powder diffraction patterns recorded from materials of composition
La; xSr«Fe;.,Co,0; and their fluorinated derivatives are shown in Figure 5.1. The
patterns show that fluorination induces a shift in peak position to lower angle
corresponding to an increase in unit cell size. As also shown in Figure 5.1, heating the

fluorinated samples subsequently in air at 400°C for 2 hours resulted in no further
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Figure 5.1 X-ray powder diffraction patterns recorded from materials of
composition La;_,Sr\Fe;.;,Coy0; and their fluorinated derivatives, and

after heating the fluorinated derivatives in air at 400 °C for 2 hours.

changes in peak position, consistent with the partial replacement of oxygen by fluorine,

rather than a simple reduction in oxygen content.
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The lattice parameters recorded from the pure oxides and their fluorinated derivatives
are collected in Table 5.1. From the data in Table 5.1 it can be seen that if the primitive
perovskite subcells for each sample are compared, then fluorination leads to a
significant increase in cell parameters. The orthorhombic rather than cubic unit cell
observed for SrFeO;_g is probably related to the presence of oxygen deficiency (8 ) as

supported by the Mdssbauer spectra (see later).

Table 5.1 Lattice parameters of materials of composition La;,SrcFe;.;Co,0O3 and their
fluorinated derivatives.

Samples Lattice parameters (A) Primitive (iell
volumes (A’)

SrFeOs.5 Orth, a =5.474(1), b=5.469(1), c =7.706(1) 57.6
SrFeO;.5/F Cubic, a =3.956(1) 61.9
Lag.;SrgoFeOs5 Cubic, a = 3.865(1) 57.7
Lag 1Srp.9Fe0Os.5/F Orth, a = 5.562(1), b = 5.584(1), c =7.904(1) 61.3
Lag ;Srg.oFegsCog.5035  Cubic, a =3.854(1) 57.2
Lag 1Sro.oFeq sC00.5035/F Rhom, a = 5.582(1), c = 13.626(2) 61.2

The X-ray absorption edge data recorded from materials of the type La,«SryFe;.,Co,0s3,
their fluorinated derivatives and appropriate standards are shown in Figure 5.2 and the
edge position are collected in Table 5.2. The La L,;- and Sr K-edge X-ray absorption
edge positions of all the materials did not change upon fluorination and were

characteristic of La™ in LaFeO,and Sr’* in SrFeOs.5. The results show that fluorination
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Figure 5.2 The X-ray absorption edge data recorded from materials of the type La;_Sr.Fe; ,Co,0; and their fluorinated

derivatives.
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Table 5.2 X-ray Absorption Edge Positions Recorded from the X-ray Absorption Near
Edge Structure

Edge Positions (eV) £0.5

Fe Co La Sr
LaFeO, 7120.7 5481.5
LaCoO; 7717.9 5481.5
SrFeO;.5 7121.0 16110.4
SrFeOs.s/F 7119.7 16110.4
Lag.1SrooFeO;.5 7121.2 5481.2 16110.3
Lag 1Sr.0FeO;_/F 7119.9 5481.2 16110.3
Lag 1S1g.9Feg 5C00.503.5 7121.4 7717.2 5481.7 16110.1
Lay.1Srp.0Feg 5C0¢.503.5/F 7120.5 7716.4 5481.3 16110.3

has little influence on the oxidation state of the rare earth or alkaline earth element in
compounds of the type La;.«Sr,Fe(,Co,0s. The Fe K-edge X-ray absorption edge
positions in all the non-fluorinated oxides were similar to those of Fe"" in SrFeO,5 and
moved to a lower energy characteristic of Fe’ in LaFeO,upon fluorination indicative of
a decrease in the oxidation state of iron. In the compound Lag 1Srp 9 Feg sC00.5sO3.5 the
Co™ edge position was similar to that of Co” in LaCoO, and showed a small shift to a
lower energy upon fluorination. Overall, the results indicate that fluorination of
materials of the type Laj_SrFe;.,Co,03 is accompanied by reduction of the Fe' ion to
Fe”. The possible effect of fluorination on reduction of Co™ requires confirmation and

further investigation.
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Figure 5.3 “'Fe Mossbauer spectra recorded from SrFeO; ; at 298 K and 77K and

following fluorination and recorded at 298 K and 77 K.
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Figure 5.4 STFe Mossbauer spectra recorded from Lag 1Sro9 FeO;; at 298 K and

77K and following fluorination and recorded at 298 K and 77 K.
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Figure 5.5 STFe Miossbauer spectra recorded from Lag Sroo Feg5C0050;35at 298 K

and 77K and following fluorination and recorded at 298 K and 77 K.
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Table 5.3 “Fe Mossbauer parameters recorded from materials of composition
Lay.xSrxFe1yCo,O; and their fluorinated derivatives

Compound Temperature of  Assignment 8+0.05 Aor2e£0.10 H+0.5 Areat 5
Measurement /mms’! /mms’! /T %
K

SrFe0-.5 298 Fe* 0.04 0.12 0 44
Fe*'/Fe** 0.14 0.69 0 38
Fe* 0.35 126 0 18
77 Fe* 0.04 026 0 47
Fe*'/Fe* 027 -0.68 34 38
Fe** 0.47 -1.33 436 15
SrFe01./F 298 Fe'* 0.37 0.01 52.3 45
Fe** 0.37 -0.05 50.1 45
Fe** 037 0.01 45 10
77 Fe'* 0.47 0.01 56.1 43
Fe** 0.46 -0.09 54.1 49

Fe** 0.44 0.00 1.8 8
Lag.SrooFeOs 298 Fe* -0.02 026 0 53
Fe*'/Fe’* 0.28 0.54 0 47
77 Fe* 0.05 0.26 2.0 48
Fe**/Fe’* 0.34 035 31.0 47

Fe* 0.40 0.40 38.2 5
Lag 1S19.0Fe0s 5/F 298 Fe**/Fe'* 0.23 0.60 44.0 32
Fe* 0.39 0.39 52.1 43
Fe* 0.35 -0.40 494 25
77 Fe*'/Fe* 0.31 0.68 46.9 24
Fe* 0.49 0.36 55.5 46

Fe'* 0.44 043 53.1 30
LagSrg.9Feq.sC0p.s03.5 298 Fe*'/Fe** 0.11 0.16 0 52
Fe*'/Fe** 0.14 0.67 0 48

77 Fe*'/Fe** 0.20 0.00 36

Fe*'/Fe** 0.20 0.15 16.3 60

Fe*/Fe** 0.20 0.24 28.0 4

Lag 1Sro.0FeqsCop.504.5/F 298 Fe*'/Fe™* 0.21 0.40 2.5 10
Fe** 0.35 -0.03 514 59

Fe* 0.36 -0.03 48 31

77 Fe*'/Fe** 031 0.50 12.8 7

Fe** 0.47 -0.06 54.9 67

Fe** 0.45 0.01 52.4 26

The >’Fe Méssbauer spectra recorded from SrFeOs.5 , Lag 1Srg ¢ FeOs s,
Lag 1Sy oFeq sCop 5035 and their fluorinated derivatives are illustrated in Figures 5.3, 5.4

and 5.5 respectively. The *’'Fe Mdssbauer parameters are collected in Table 5.3.
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SrFeQOjs.s

The spectrum recorded at 298K was best fitted to a doublet (5= ca. 0.04 mms™, A= ca.
0.12 mms"') similar to that previously reported' for Fe** in StFeO, together with a
doublet (6= ca. 0.14 mms”, A= ca. 0.69 mms™").The component with chemical isomer
shift § 0.14 mms is intermediate between that characteristic of an Fe** species (= ca.
0.35 mms™) and an Fe** species (8= ca. 0.04 mms™) and would require a description as
representing an ion of mean charge. Such a description may imply charge sharing
between neighbouring Fe’ and Fe*" ions with a time scale smaller than 10™ seconds at
298 K. The results are very similar to those previously” recorded from the oxygen
deficient variant of Fe*'-containing SrFeOj;.s. The spectrum also contained a quadrupole
split absorption (0= ca. 0.35 mms”, 4= ca. 1.26 mms™") characteristic of an Fe*'-
containing impurity phase. The spectrum recorded at 77K showed a doublet (0= ca.
0.04 mms™, A= ca. 0.26 mms'l) characteristic of Fe*" with two sextet patterns, one (6=
ca. 0.27 mms’, 2 = ca. -0.68 mms™, H = 3.4 T) characteristic of the mixture of Fe'*
and Fe** and the other, (0= ca. 0.47 mms”, 26 =ca. -1.33 mms”, H=43.6T),
characteristic of the Fe*"-containing impurity phase, which was not visible in the XRD
pattern, and so is presumed to be due to an amorphous impurity. The calculation of the
oxygen deficiency of SrFeO;.scan be estimated from the Mossbauer spectral
components at 298 K (Table 5.3) if the contribution of the Fe’*-containing impurity
phase is deducted. The strontium ion was assigned as Sr*" on the basis of the XANES
data(see earlier). Half of the mixed Fe*'/Fe™ species was associated with Fe*" which .

together with the contribution characteristic of Fe**, implies that ca. 77% of the iron is
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present as Fe** The remaining iron was associated with Fe**. So that in terms of charge
balance:

2+[(0.23%x3)+(0.77x4)]=3B-0) x2
(7 (P} (R} {07
such that & = 0.12. Hence, the composition of SrFeOs_s might approximate more closely
to SrFeO; gs.
The evidence from Méssbauer spectroscopy for only Fe’* in the fluorinated derivative of
SrFeOs.sand which may be assumed to adopt the formulation SrFeO; «F, enabled a very
approximate estimate of the fluorine content. Hence:

2+(1.00x3)=B-x)X2+ x
sy {Fér {0} {F}

such that x = 1 and the material is formulated as SrFeO,F. Accurate analysis of the
fluorine content in this compound, and of other fluorinated compounds reported in this
thesis, will be the subject of a subsequent project.

The *’Fe Méssbauer spectrum recorded at 298 K from the fluorinated derivative was best
fitted to the superposition of two sextet patterns together with a profile which can be
fitted to a hyperfine field of ca. 4.5 T; all components had chemical isomer shifts
characteristic of Fe’. The spectrum recorded at 77K was similar with the component of
smallest hyperfine field appearing as a broadened singlet. The results are consistent with
fluorination inducing the reduction of Fe* in the SrFeO,-related phase to Fe™". The
results endorse the evidence from XANES for fluorination inducing the reduction of Fe"
to Fe*. The predominance of complex magnetically split hyperfine patterns recorded

from the fluorinated materials reflects the interaction between Fe' ions which
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Figure 5.6 (i)Fe- and (ii) Sr K-edge EXAFS and Fourier transforms recorded at 298K from (a) SrFeO;_s and (b) its fluorinated

derivative. (The experimental data are shown by a solid line.)
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are not possible in oxides containing Fe". According to the superexchange theory of
Goodenough,’ the superexchange interaction between 3d°(Fe**) and 3d°(Fe**) ions is

stronger than that between Fe*" and Fe**, as well as that between Fe*" and Fe*' ions.

The Fe- and Sr K-edge EXAFS and Fourier transforms recorded at 298K from SrFeO; .5

and its fluorinated derivative are shown in Figure 5.6 and their best fit parameters are

shown in Table 5.4.

Table 5.4 Best fit parameters to the Fe K-edge and Sr K-edge EXAFS recorded at
298K from SrFeO;_5 and its fluorinated derivative

SrFe0s.5 SrFeQ;_s after fluorination
Coordination number d/ A(20.02) 204 A? Coordination &/ A (£0.02) 207 A?
number and {atom
and [atom type] type]
FeK-edge 6[0] 1.91 0.037 6[O/F] 1.92 0.041
8[Sr] 331 0.025 8[Sr] 3.34 0.062
6[Fe] 3.82 0.020 6[Fe] 376 0.038
St K-edge 12[0] 2.64 0.051 12[O/F] 2.59 0.020
8[Fe] 3.34 0.021 8[Fe] 3.39 0.050
6[Sr] 3.84 0.026 6[Sr] 3.92 0.032

The results show that the Fe-O distances in SrFeOj; .5 increase slightly in length upon
fluorination. The result reflects the reduction of Fe*' to Fe’' as shown by both XANES
and Mossbauer spectroscopy. The ionic size of Fe" in octahedral oxygen coordination is

0.58 A whereas that of Fe** is 0.64 A.* Hence the larger size of Fe™ would be expected
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to lead to an enlargement of the Fe-O distance. The Fe-Sr distance also shows an
increase. The Sr-O distances appear to show a shortening on fluorination although the

subsequent Sr-Fe and Sr-Sr distances appear to increase.

Lay 1Sro9 FeOjs.s

The Fe Mdssbauer spectrum recorded at 298K was composed of a doublet (8= -0.02
mms', A= 0.26 mms™) characteristic of Fe* and another doublet (6= 0.28 mms™’, A=
0.54 mms™") characteristic of the presence of a mixed Fe*/Fe™ species. The oxygen
deficiency of Lag 1Sro 9FeOs.5 was estimated from the Mossbauer spectral components at
298K (Table 5.3), assuming the Fe**/Fe** component to be a mixture of half Fe** and
half Fe**. Hence:

0.1X3+0.9 x 2 +[(0.235x 3) + (0.765 x 4)] = (3-8) x 2
{La™}  {sr"} {Fe’} {Fe"} {0*}

such that 8 = 0.07. Hence, the composition of Lag ; Srg 9FeO3_5 might approximate more
closely to Lag 1Srg9FeO; 93. The spectrum recorded at 77K showed three magnetically
split components illustrating magnetic order from the Fe™'-containing components at low
temperature. Fluorination gave a material from which the *’Fe Mossbauer spectrum at
298K showed three magnetically split components, one (6= 0.23 mms™, 2¢ = 0.60
mms™', H = 44 T) characteristic of a mixture of Fe™ and Fe", whilst the other two sextet
patterns corresponding to ca. 68% of the spectral area, were characteristic of Fe’'. The
presence of ca. 32% mixed Fe'/Fe™" indicates that fluorination has not resulted in
complete reduction to Fe’ in this case. This may be related to thermally induced loss of
poly(vinylidene difluoride) before the full fluorination can occur. The possibility of
increasing the fluorine content in this compound will be the subject of a further project.

The results demonstrate the reduction of most of the Fe" to Fe' as a result of
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fluorination and the concomitant inducement of magnetic order. The spectrum recorded
at 77K was amenable to similar analysis. From an analysis of the spectral areas of the
two components in the Mdssbauer spectrum at 298K a composition of
Lag 1 Sro9FeO,26F0 74 (assuming a formula of Lag ;Sry 9FeOs..Fy) can be deduced as
follows.
0.1x3+09%x2+[(0.84x3)+(0.16 x4)]=(3-x)x2+x

{La™}  {sr"}  {Fe") {Fe"} {0} {F}
such that x = 0.74.
The Fe K-, Sr K- and La Ly-edge EXAFS and Fourier transforms recorded at 298K
from Lag ;Srg ¢ FeOs_ 5 and its fluorinated derivative are shown in Figure 5.7 and their
best fit parameters are shown in Table 5.5. The results show the Fe-O distances in
Lao.1Srp0 FeOs_5 to increase slightly upon fluorination as a result of reduction of Fe* to
Fe™'. The Fe-La/Sr distance also increases. The Sr-O and La-O distances appear to
decrease (as also observed when SrFeQO;.5 was fluorinated) although the Sr-Fe distance
become longer (as also observed when SrFeOs s was fluorinated) and the La-Fe distance

decreases.
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Table 5.5 Best fit parameters to the Fe K-, Sr K- and La Ly-edge EXAFS recorded

from Lag 1Sro 9 FeOs_5 and its fluorinated derivative.

Lag 1SrooFeOs 5 Lag ;SrooFeO; . after fluorination
Coordination &/ A (20.02) 20% A? Coordination /A 0.02) 2067 A?
number and {atom ntyupr:?er and aom
type}
FeK-edge 6[0] 1.90 0.046  6[O/F] 1.92 0.022
8[La/Sr] 3.34 0.033  8[La/Sr] 346 0.067
6[Fe] 395 0.015  6[Fe] 3.95 0.041
Sr K-edge 12[O] 2.66 0.053 12[0/F] 2.60 0.024
8[Fe] 3.34 0.021 8[Fe] 3.40 0.054
6[Sr/La] 3.84 0.030  6[Sr/La] 3.94 0.038
La Li-edge 12[0] 2.871 0.020 12[O/F] 2.703 0.016
8[Fe] 3.570 0.006  8[Fe] 3.391 0.018
6[Sr/La] 3.965 0.010  6[Sr/La] 3.793 0.007
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Figure 5.7 (i)Fe K-, (ii) Sr K- and (iii) La L;;-edge EXAFS and Fourier transforms recorded at 298K from (a) Laj;Sry9 FeO3_;
and (b) its fluorinated derivative. (The experimental data are shown by a solid line.)
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Lay.1Sro9 FeosCoy 5035

The “'Fe Mossbauer spectrum recorded from the compound Lag St ¢ Feg sC0p 5035 at
298 K was composed of two doublets characteristic of mixed Fe" and Fe** species. At
77K the spectra showed a singlet and two magnetically split components. The oxygen
deficiency of Lag ;Srg ¢ FepsCop 5035 was estimated from the Mossbauer spectrum
recorded at 298K on the basis of 50% Fe** and 50% Fe** (Table 5.3) and cobalt being
present as Co** (XANES) as follows:
0.1x3+09%x2+0.5%x[(0.50x4)+(0.50%3)]+0.5x3=(3-0)x2

{La™}  {Sr"} {Fe"} {Fe’} {Co™}y {0
such that & = 0.32. Hence, the composition of Lag ;Srg ¢ Feg 5C0p 5s03.5 might
approximate more closely to Lag 1 Srg ¢ Fep sC0.50263. The fluorinated materials gave
complex magnetically split spectra at 298K and 77K which both showed that ca. 95 %
of the iron was present in the Fe™* state. Assuming a formula of
Lag 1Sro Feg sCog 5034Fx for the fluorinated material, and the presence of cobalt as
Co**, a formulation may be estimated from the 5’Fe Mossbauer data recorded at 298K.
Hence:
0.1x3+09x2+0.5x[(0.95%3)+(0.05x4)]+05%x3=3-x)x2+x

{La*}  {Sr*7} {Fe'"} (Fe"}  {Co™}  {O"} {F}

such that x = 0.88. The corresponding formula is Lag 1Sro.9 Fep 5C09.502.12F0 ss.

Fe K-, Co K-, Sr K- and La Lij-edge EXAFS and Fourier transforms recorded at 298K
from Lag Sro.¢ Fe 5Coo.503.5 and its fluorinated derivative are shown in Figure 5.8 and

their best fit parameters are shown in Table 5.6. As with the fluorination of
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Lag 1Srg0 FeOs 5 and SrFeO;.5 the first oxygen shell coordination around iron increases
in distance upon fluorination reflecting the reduction of Fe'" to Fe™*. There is also an
increase in the Fe-La/Sr distances and Fe-Fe/Co distances following fluorination. The
Co K-edge data also showed small increases in Co-O, Co-La/Sr and Co-Fe/Co distances
upon fluorination which also are consistent with the increase in unit cell size which
accompanied fluorination. The Sr-O and La-O distances decreased in the fluorinated

materials whereas the Sr-Fe/Co and Sr-Sr/La distances increase and the La-Fe/Co and

La-Sr/La distances decreased.
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Table 5.6 Best fit parameters to the Fe K-, Co K-, Sr K- and La L-edge EXAFS from

Lag 1Sro9Fep 5C00503.5 and its fluorinated derivative

Lag SryeFeqsCog 50525 Lag;SryoFey5sCog 5055 after fluorination
Coordination dFA(*0.02) 20% A2 Coordination d/ A (£0.02) 20% A2
number and {atom
number and [atom type]
type]
Fe K-edge 6[0] 191 0.015 6[O/F] 1.96 0.026
8[La/Sr] 3.36 0.064  8[La/Sr] 3.49 0.072
6[Fe/Co] 3.85 0.022  6[Fe/Co] 4.01 0.061
CoK-edge 6[O] 1.88 0.036 6[O/F] 1.89 0.006
8[La/Sr] 3.34 0.034  8[La/Sr] 3.38 0.044
6[Fe/Co] 3.93 0.007  6[Fe/Co] 3.94 0.018
St K-edge 12[0] 265  0.049 12[O/F] 2.60 0.021
8[Fe/Co] 3.33 0.024  8[Fe/Co] 3.38 0.049
6[Sr/La] 3.85 0.039  6[Sr/La] 3.91 0.034
La Ly-edge 12[O] 2.76 0.050 12[O/F] 2.64 0.007
8[Fe/Co] 3.50 0.015 8[Fe/Co] 3.32 0.010
6[Sr/La]) 3.90 0.034  6[Sr/La] 3.77 0.005
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Figure 5.8 (i)Fe K-, (ii) Co K-, (iii) Sr K-edge and (iv) La Lj;-edge EXAFS and Fourier transforms recorded at 298K from (a)

Lay.1Sro9 FeysCo9s03.5and (b) its fluorinated derivative. (The experimental data are shown by a solid line.)
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5.3 SrFe;..Co0,0;

The essential presence of strontium which induces the presence of Fe*" in perovskite-

related phases of the type La;.,SrsFe;.,Co,0; led to further consideration of the

SrFe Co, O, /F after heating in air
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Figure 5.9 X-ray powder diffraction patterns recorded at 298K from materials of
composition SrFe; ,Co,O; and their fluorinated derivatives, and

after heating the fluorinated derivatives in air at 400 °C for 2 hours.
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possibility of fluorination of other non-lanthanum-containing structurally related phases.
The X-ray powder diffraction patterns recorded from materials of composition
SrFe;.xCoxOs3 and their fluorinated derivatives at 298 K are shown in Figure 5.9. The
lattice parameters are collected in Table 5.7. The lattice parameters are different from
those reported previously under a pressure of oxygen.’ It is probable that the materials
synthesized in this work are oxygen deficient and that this is reflected in the lattice
parameters. Although it has not been possible to recorded the Co K-edge XANES from
the materials reported here and hence determine the oxidation state of cobalt it is likely
that, given the probable non-stochiometry in SrFe; Co,0; and the Co K-edge XANES
evidence (Section 5.2) for Co** in Lay Sty oFeg sCog 503, cobalt is present in the
compounds SrFe; ,Co4O; as Co’*. The >"Fe Mosbauer spectra recorded at 298K from
materials of composition SrFe; CoxO; (see below) showed the presence of mixed
Fe**/Fe’* species.

The relative sizes of Fe*', Fe*" and Co’* in sixfold oxygen coordination® are contained
in Table 5.8. Given the smaller size of Co®" as compared to that of Fe’* it might be
reasonable to expect the lattice parameters of pure mixed oxides of composition
SrFe;.,Co,0; to decrease with increasing cobalt content. The small change in lattice
parameters between SrFe7C00303.5 and SrFeg sCoq 5035 are barely outside
experimental error and, given factors such as oxygen non-stochiometry, it seems

inappropriate to subject the data to further interpretation.
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Table 5.7 Lattice parameters recorded from materials of composition
SrFe; «CoxO; and their fluorinated derivatives

Samples Lattice parameters (A) Primitive cell
volumes (A%)
SrFe.7C00.303 5 Cubic a = 3.870(1) 57.9

SrFe.7C00.3035/F  Orth. a =5.592(1), b=5.578(1), c=7.891(1)  61.5
SrFep.7C00.303.6/F  Orth. a = 5.596(1), b= 5.622(1), c=7.906 (1)  62.1
(following heating

at 400°C in air)

SrFe(.5C0g.505.5 Cubic a = 3.873(1) 58.0
SrFe(.5C0y.503.¢/F  Orth. a=5.577(1), b=5.578(1), ¢=7.891(1) 61.3

SrFep.sCoo.5036/F  Orth. a=5.592(1), b=5.618(1),c=7.876 (1) 61.8

(following heating
at 400°C in air)

Table 5.8 Ionic radii for Fe*', Fe’* and Co®" in six fold oxygen coordination®

Tonic radii (A)
Fe*, 0.58
Fe'" 0.64
Co™" 0.61

The lattice parameters for the compounds of the type of SrFe;.«Co,O; increased when
the pure oxides were fluorinated as shown in Table 5.7. This result is consistent with
fluorination causing a reduction in the oxidation state of the iron (see below) with a
consequent increase in bond distances and unit cell parameters. Heating the samples in

air at 400 °C for 2 hours resulted in no further changes to the X-ray diffraction powder
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patterns (Figure 5.9) and a small change in lattice parameters (Table 5.7) possibly due to
the presence of some un-reacted poly(vinyldene difluoride), which reacts further on
heating in air and so produces a phase with higher fluorine content. This is to be the
subject of further investigation.
The 3'Fe Mdssbauer spectra recorded at 298K from SrFep7C0¢303.5, SrFeg sCog 5035
and their fluorinated derivatives are shown in Figure 5.10. The *’Fe Mossbauer
parameters are collected in Table 5.9. Both pure oxides could be fitted to a doublet with
chemical isomer shift §of ca. 0.16 mms™ and a singlet with chemical isomer shift & of
ca. 0.13 mms™. The values of the chemical isomer shifts are intermediate between that
characteristic of an Fe’* species (6= ca. 0.35 mms™) and an Fe*" species (6= ca. 0.04
mms’l) and, as in the case of materials of the type La;Srx Fe;.,Co,0; (Section 5.2),
require a description in terms of an ion of mean charge. Such a description may imply
charge sharing between neighbouring Fe’* and Fe** ions. An attempt was made to
calculate the oxygen deficiency of SrFe7Cog303.5 from the amount of Fe** and Fe**
detected by the Mossbauer spectroscopy and assuming the presence of Co™:
2+0.35%x4+035%x3+030x3 = (3-8) x 2
{8} {Fe"}  {Fe"}  {Co™} {0"}
such that & = 0.32. Hence, the composition of SrFe7Cop303.5 might approximate more
closely to SrFey7Co030; 63
The calculation of the oxygen deficiency of SrFeg sCop s0s.5 can be performed in a
similar fashion from Mdossbauer spectral components as follows:

2+025x4+025x3+050x3= (3-9) x 2
(S} {Fe"}  {Fe¥)  {Co} {0}
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such that & = 0.37. Hence, the composition of SrFey sCop 5sOs.5 might approximate more
closely to SrFeg sCog 505 6.

Fluorination resulted in both samples giving magnetically split Méssbauer spectra at
298K with chemical isomer shift § ca. 0.35-0.47 mms™' characteristic of Fe*" in
magnetically ordered materials. The results are similar to those recorded from materials
of the type La; xSy Fe1.yCo,0; (Section 5.2) and demonstrate that fluorination induces
reduction of the Fe*" species to Fe**. The complex magnetically split hyperfine patterns
recorded from the fluorinated materials reflect the interaction between Fe** ions which

are not possible in oxides containing Fe**. (Section 5.2)

Table 5.9 “'Fe Mdssbauer parameters recorded from materials of composition
SrFe | xCo,0O; and their fluorinated derivatives

Compounds Assignment J+0.05 Aor2e+0.10 H+05 Areat 5
/mms’! /mms™ T %
SrFeq.7C00.30535 Fe*'/Fe**  0.17 0.74 0 56
Fe*'/Fe**  0.14 0 0 44
SrFe.7C00.30; 5/F Fe** 0.35 0.06 49.8 70
Fe* 0.47 -0.13 52.8 30
SrFeq.5C00.503.5 Fe*'/ Fe**  0.15 0.80 0 42
Fe*'/Fe**  0.13 0 0 58
SrFeq.sC0g.503 5/F Fe’* 0.37 0.03 49.8 85
Fe* 0.44 -0.15 53.2 15

Given the >"M&ssbauer spectral evidence for only Fe** in the fluorinated samples and

assuming the presence of Co*", the fluorinated phases might be considered to approach a

formulation of SrFe;..Co,OF.
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5.4 SrFe;xSn,0;

X-ray powder diffraction patterns recorded at 298K from materials of composition
SrFe.«Sn,O; and their fluorinated derivatives at 298 K are shown in Figure 5.11 and the
lattice parameters, together with those of SrFeOs.5 for comparative purpose, are
collected in Table 5.10. The X-ray powder diffraction data showed SrFeg7Sng 303.5 and

Table 5.10 Lattice parameters for materials of composition
SrFe;.Sn,O; and their fluorinated derivatives

Samples Lattice parameters (A) Primitive Cell
Volumes (A?)
SrFeO;.5 Orth, a = 5.474(1), b=5.469(1), c=7.706(1) 57.6

SrFeg.7Sny.303. Orth, a = 5.580(1), b =5.576(1), c = 7.825(1) 60.8
SrFey.7Sng.;03.5/F  Orth, a=5.644(1), b =5.643(1), c =7.973(1) 63.4
SrFe.7Sng.303.5/F  Orth, a = 5.648(2), b = 5.646(7), c = 7.935(4) 63.2
(following heating

at 400°C in air)

SrFep.sSng.505.5 Orth, a = 5.578(1), b= 5.653(1), c =7.989(1) 62.9
SrFeq.sSng.s03.5F  Orth, a =5.674(1), b = 5.653(1), ¢ = 8.026(1) 64.3
SI'FC().5SII0.5O3-5/F

(following heating ~ Orth, a = 5.681(4), b= 5.640(2), c =8.027(9)  64.3
at 400°C in air)

SrFe sSng sO3.5 to be orthorhombic and the results indicate a general increase in unit cell
size with increasing tin content. Given that the ionic size of Sn** (0.69 A) in six-fold
oxygen coordination® is larger than that of octahedrally coordinated Fe**(0.64 A) (Table
5.8) then the expansion of the unit cell can be associated with the incorporation of

increasing amounts of the larger Sn** ion. The expansion of the unit cell in compounds
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of the type SrFe; «SnsO3 upon fluorination, and which remained unchanged after heating

at 400 °C in air, reflects the reduction of iron to Fe*" upon fluorination (see later) and

demonstrates that fluorination involves substitution on the oxygen sublattice as opposed

to simple oxygen loss.

SrFe Sn O, /F after heating in air
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Figure 5.11 X-ray powder diffraction patterns recorded from materials of

composition SrFe;.,Sn,0; and their fluorinated derivatives at 298 K,

and after heating the fluorinated derivatives in air at 400 °C for 2

hours.
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The X-ray absorption edge positions (Figure 5.12 and Table 5.11) of tin in compounds
of the type SrFe ..Sn,0; (29202.6+0.1eV) were deduced from the Sn K-edge X-ray

absorption near edge structure (XANES) and were identical to those of tin dioxide

Table 5.11 X-ray Absorption Edge Positions Recorded from the X-Ray Absorption Near
Edge Structure from SrFe;.SncO; and their fluorinated derivatives

Edge Positions (eV) £0.5
Fe Sn Sr

LaFeOs 7120.7

SnO; 29202.2
SrFe(.7Sng.304.5 7121.3 29202.6 16110.4
SrFey.7Sn¢.303.5/F 7120.2 29202.4 16110.4
SrFey.sSn0.50;5.5 7120.8 29202.6 16110.8
SrFe).5Sny.505.5/F 7120.2 29202.5 16110.4

recorded as a standard and show that tin substitutes on the iron site as Sn*". The X-ray
absorption edges of the fluorinated derivatives (29202.5 £0.1 eV) showed that tin
undergoes no change in oxidation state upon fluorination. The X-ray absorption edge of
iron in SrFe;.,Sn,Os.5 was similar to that in SrFeO3.5 and moved to low energy upon
fluorination. The Sr K-edge absorption edge showed no change on fluorination.

The Fe Mossbauer spectra recorded from materials of composition SrFe;.xSnxO3 and
their fluorinated derivatives at 298 K are shown in Figure 5.13. The “Fe Mossbauer

parameters are showed in Table 5.12.
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Table 5.12 *’Fe Méssbauer parameters recorded at 298K from materials of composition
SrFe«Sn,O; and their fluorinated derivatives

Compound Assignment 6+0.05 Aor2e£0.10 H£0.5 Areat 5

/mms"! /mms’’ /T %

SrFeg.7Snp.305.5 Fe'* -0.05 0.43 42
Fe*t 0.32 0.82 58

SrFeo.7Sng.305.5/F Fe*t 0.29 -0.22 42 37
Fe*t 0.38 0.90 63

SrFeq.sSng.503.5 Fe* -0.07 0.43 26
Fe** 0.32 0.87 74

SrFeq.sSng.s03.5/F Fe** 0.39 1.01 100

The 3'Fe Mossbauer spectra recorded from SrFe0,7SAn0.3O3_5 and SrFey5sSng 5035 were
different from those recorded from materials of type La; ,SrxFe;yCo,O3 or

SrFe; xCo40s in that they were composed of two doublets one of which ( O=ca. -0.05 or
-0.07 mms”', A= ca. 0.43 mms") was similar to that previously2 attributed to Fe’* in
the compound La; ,SryFeO; recorded at 4.2K. The other (0= ca. 0.32 mms’, A= ca.
0.87 mms™') was characteristic of the remaining iron content being in the form of Fe’*.
The observation of Fe® in SrFey;Sng 3045 is surprising since, assuming the presence of
Sr**, it would be reasonable to expect that substitution of Sn** by Fe*" would require no
charge balance on the cationic sub lattice. The results imply that the presence of Sn*
causes disproportion of Fe** into Fe** and Fe’*. The reason for this behaviour at 298K
awaits further investigation at low temperature and further structural characterisation.
An attempt was made to estimate the oxygen deficiency of SrFeo75n930;5 from the

Mossbauer spectral components associated with the Fe** and Fe’" species and assuming

the presence of Sn** as follows:
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Figure 5.12a Fe K-, Sn K- and Sr K-edge X-ray absorption edge data recorded from (a) SrFe(;Sng303.5and (b) its

fluorinated derivative
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Figure 5.12b Fe K-, Sn K- and Sr K-edge X-ray absorption edge data recorded from (a) SrFe(sSnys03.sand (b) its

fluorinated derivative.
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SrFe;..Sn,0; and their fluorinated derivatives at 298 K.
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2+0.7x[(0.42x5)+(0.58 x3)]+03x4=(3-8) x2
{Sr*} {Fe’} {Fe’"} {Sn*} {0}
such that 6 = 0.06. Hence, the composition of SrFey;Sng 3045 might approximate more
closely to SrFe7Sng30;.94.
An estimate of the oxygen deficiency of SrFeqsSng s03.5 can be carried out from the

Mossbauer spectral components as follows:

2+ 0.5 X [(0.26 X 5) + (0.74 x 3)] + 0.5 x 4 = (3-8) x 2
{8’} {Fe’"} {Fe™} {Sn""} {0™}

such that d = 0.12. Hence, the composition of SrFeg sSng sO3.5 might approximate more
closely to SrFeg sSng 50, gs.
The *’Fe Mossbauer spectrum recorded at 298K from fluorinated SrFe 7Sng 3024
(Figure 5.13 and Table 5.12) was composed of a partial superposition of a quadrupole
split absorption on a magnetically split pattern, both with chemical isomer shifts
characteristic of Fe*. The result is similar to that recorded from fluorinated phases in
the La;.xSrx Fe1.yCoyOs system in that fluorination induces reduction of high oxidation
state iron to Fe’*. Assuming a formula of SrFeq7Sng30;.<Fx an approximate composition
of SrFeg 7Sng 30, 3Fo 7 can be deduced as follows:

2+0.7x3+03%x4=03-x)x2+x
(8} F"y  {sn¥} (0"} (F}
such that x = 0.7.
Fluorinated SrFe; sSng sOs.5 (Figure 5.13, Table 5.12) gave a simple quadrupole split
Méssbauer specrum at 298 K characteristic of a single paramagnetic Fe'* species. An

approximate composition of SrFeq sSng sO,.5Fo s was deduced as follows:
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2+05 x3+05%x4=03-x)x2+x
(s} (F"}  (Sn"} (0"} {F}
such that x = 0.5. Overall, the results are similar to those recorded from the other
fluorinated perovskite-related oxides examined in this work in that the higher oxidation
state of iron is reduced upon fluorination to Fe**. However, it is clear that the Mdssbauer
spectrum of SrFeg sSng 50, sFo s shows no magnetic order at 298 K and this suggests that
the extent of magnetic interaction between Fe* species decreases as the tin content

increases. The reasons for this will be the subject of further investigation.

Fe-, Sn- and Sr K-edge EXAFS and Fourier transforms recorded at 298K from
compositions of the type SrFe;,SnsO; and their fluorinated derivatives are shown in
Figure 5.14 and their best fit parameters are shown in Table 5.13. The results show that
the Fe-O distances in SrFep7Sng 303 5 increase slightly in length upon fluorination due to
the reduction of the oxidation state of iron. The Fe-Sr distances (based on the Sr K-edge

data) increase and the Fe-Fe/Sn distances tended to decrease. The Sn-O distances in
SrFeg sSng sO3.5 showed a small increase on fluorination, the Sr-O distances decreased

on fluorination, the Sr-Fe, Sr-Sn and Sr-Sr distances all increased on fluorination.
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Figure 5.14b (i)Fe K-, (ii) Sn K- and Sr K-edge EXAFS and Fourier transforms recorded at 298K from
(a) SrFe)sSngs0;.5and (b) its fluorinated derivative. (The experimental data are shown by a solid line.)
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Figure 5.14a (i)Fe K-, (ii) Sn K- and Sr K-edge EXAFS and Fourier transforms recorded at 298K from
(a) SrFe(7Sn 3035 and (b) its fluorinated derivative. (The experimental data are shown by the solid line.)
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Table 5.13a Best fit parameters to the Fe K-, Sn K- and Sr K-edge EXAFS recorded at

298K from SrFe(7Sng30s.5and its fluorinated derivative.

SrFey 78103035 SrFeo 7Sn9 303 s after
fluorination
Coordination d/A0.02) 26% A? Coordination & A@002) 204 A?
number and [atom
number and {atom type]
typel
Fe K-edge 6[0] 1.92 0.025 6[0/F] 1.94 0.043
8[Sr] 3.34 0.033  B8[Sr] 3.35 0.059
6[Fe/Sn] 3.99 0.009  6[Fe/Sn] 3.93 0.024
Sn K-edge 6[0] 204  0.007 6[O/F] 204  0.006
8[Sr] 246 0.015  8[Sr] 3.45 0.020
1.8[Sn] 4.49 0.023  1.8[Sn] 442 0.032
4.2[Fe] 3.73 0.007  4.2[Fe] 3.72 0.006
Sr K-edge 12[O] 2.68 0.047 12[O/F] 2.59 0.019
2.4[Fe] 2.96 0.021  2.4[Fe] 3.03 0.048
5.6[Sn] 3.15 0.027  5.6[Sn] 3.31 0.044
6[Sr] 3.48 0.026  6[Sr] 3.58 0.027
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Table 5.13b Best fit parameters to the Fe K-, Sn K- and Sr K-edge EXAFS recorded at

298K from SrFej sSng 503 5and its fluorinated derivative

SrFeg sSng 5035 SrFeg 5sSng 5035 after
fluorination
Coordination d/ A (£0.02) 204 A? Coordination /A @002) 20YA?
oumber and [atom
number and {atom type)
type]
FeK-cdge 6[0] 1.90 0.028  6[O/F] 1.95 0.049
8[Sr] 3.37 0.040  8[Sr] 3.38 0.045
6[Fe/Sn] 4.03 0.012  6[Fe/Sn] 3.74 0.068
SnK-edge 6[0] 2.02 0.009  6[O/F] 2.05 0.007
8[Sr] 2.44 0.019  B[Sr] 348 0.018
3{Sn] 438 0.004  3[Sn] 445 0.014
3[Fe] 3.72 0.004  3[Fe] 3.74 0.005
St K-edge 12[O] 2.63 0.066 12[O/F] 2.56 0.025
4]Fe] 2.98 0.046  4[Fe] 3.02 0.046
4[Sn] 3.19 0.032  4[Sn] 3.28 0.032
6[Sr] 3.53 0.024  6[Sr1] 3.57 0.024
5.5 SUMMARY

Iron in oxides in the La;SrxFe;.yC0,0s, SrFe;.Co,0; and SrFe;SnO; systems is
formed in an oxidation state higher than +3. Fluorination is accompanied by a reduction
in the oxidation state of iron to Fe’*. The fluorinated materials are magnetically ordered.
The accurate analysis of the fluorine content and the characterisation the structural and

magnetic properties of the materials is to be the subject of the further investigation.
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5.6 Bazsn04

The fluorination of Ba;SnO4 by poly(vinylidene difluoride) was not successful.

The X-ray powder diffraction patterns recorded from the K,NiF,-related compound

Ba,;Sn0O4 and its fluorinated derivative, which was formed by reaction of the pure oxide

with zinc fluoride at 240°C in nitrogen gas, are shown in Figure 5.15. The pattern

Intensity (a.u)

[

BazsnO A after fluorination

VLN

BaZSnO "
| ¥ | L | ¥ | ¥ 1 & | g L
20 30 40 50 60 70 80
20/°

Figure 5.15 X-ray powder diffraction patterns recorded from Ba,SnO4 and its

fluorinated derivative. (Arrows indicate peaks characteristic of zinc oxide)

recorded from the compound Ba,SnO4 was identical to that reported in the literature®

with lattice parameters a = b =4.140(1), ¢= 13.309(1) A. The fluorinated phase

showed a shift in line position to lower angle and the calculated lattice parameters a = b

= 4.080(1), ¢ = 16.330(1) A showed a significant enlargement of the unit cell along the
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c-axis. The pattern also shows the presence of zinc oxide formed as impurity from the

reaction of ZnF, with Ba,SnO,

The Sn- and Ba- K-edge EXAFS recorded at 298K from Ba,SnO, and its fluorinated

derivative are shown in Figure 5.16. The best fit parameters are collected in Table 5.14.

(i)

K (k)

K z(k)
b

60

Fourier Transform Amplitude

Figure 5.16 (i) Sn-, and (ii) Ba- K-edge EXAFS and Fourier transforms recorded
at 298K from (a) Ba,SnOj and (b) its fluorinated derivative. (The

experimental data are shown by a solid line.)
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Table 5.14 Best fit parameters to the Sn K-edge and Ba K-edge EXAFS recorded at 298

K from Ba,SnO, and its fluorinated derivative

Compounds Sn K-edge Ba K-edge

Atom Coordination ~ Tin-atom  20°(A’) Atom Coordination  Barium-atom 2¢°(A%)

. type number distance A
type number distance A (+10%) (£1%) (£10%)
(£1%)
Ba,SnO4 @) 6 2.054 0.006 0) 1 2.553 0.012
Ba 8 3.556 0.027 @) 4 2.806 0.012
Sn 4 4.237 0.010 @) 4 3.010 0.015
@) 16 4.593 0.016 Sn 4 3.597 0.041
Ba,SnO4/F @) 6 2.029 0.010 O/F 4 2.640 0.014
Ba 8 3.499 0.028 O/F - 2.908 0.016
Sn 4 4.152 0.002 O - 3.178 0.035

The Sn K- and Ba K-edge EXAFS data recorded from Ba,SnO4 were fitted to the model
derived from X-ray powder diffraction data’ for Ba,SnO4 The Sn K-edge EXAFS
recorded from the fluorinated derivative showed a slight shortening of the first shell tin-
oxygen distances upon fluorination. The Ba K-edge EXAFS recorded from fluorinated
Ba,SnO, were fitted to two shells of four oxygen or fluorine atoms at 2.640 and 2.908 A
and to a third shell of four oxygen atoms at 3.178 A. The changes follow the same

pattern as that observed when the K,NiF,-related compound Ba,ZrO4 was fluorinated®
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The ''*Sn Méssbauer spectrum recorded from Ba,SnOj at 77K (Figure 5.17) was
composed of a single absorption, §=0.22(1) mms™'. The spectrum recorded from the
fluorinated compound (Figure 5.17) was similar but with a smaller chemical isomer

shift, =0.12(1) mms™, indicative of the electron withdrawing effect of fluorine

1.002

1.000
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Figure 5.17 119G Mossbauer spectra recorded from Ba,SnO,4 and its fluorinated

derivative.

on the electron density around Sn*". This result was endorsed by the Sn K-edge XANES
(Figure 5.18, Table 5.15), also recorded at 77K, which showed the X-ray absorption
edge position of Ba;SnO; to be identical to that of tin dioxide. The X-ray absorption

edge position of the fluorinated derivative of Ba;SnO4 was observed to be at a higher
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Figure 5.18 Sn K-edge XANES recorded at 77K from Ba,SnO, and its fluorinated

derivative.

Table 5.15 X-ray Absorption Edge positions recorded at 77K from Ba,SnO, and its
fluorinated derivative

Compounds X-ray Absorption Edge Position (eV)
+0.2
Sn metal 29200.0
SnO; 29202.3
Ba,Sn0O4 29202.3
Ba,SnO4/F 29205.7
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energy consistent with electronegative fluorine withdrawing electron density from Sn*".
Thermal analysis in flowing nitrogen (60ml/min, 5°C/min) showed (Figure 5.19)
Ba,SnOj; to lose ca. 12% by mass when heated between ca. 25°C and 600°C. It has
previously been reported9 that materials such as Ba,ZrO4 contain ca. 9% water.
Assuming a formula Ba:SnO4- xH20, an estimate of the amount of water in

Ba:SnO4- xH20 can be assumed using the molecular weights of compounds as follows:

xH20 _ 18x

BaSnOs xH0 45737 +18x 12T * =33

w2, - — 5
100 0
98 S
2 96 -10 é
2 o4 15 é
= Qg2 -20 =
90 25 §
88 -30
86 + — e - 35
0 200 400 600

Temperature / °C

Figure 5.19 Thermal analysis of Ba;SnOy in flowing nitrogen (60 ml/min, 5°C/min).

The solid line indicates the tga data, the thin line indicates the dta data
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Thermal analysis of Ba;SnO4/F (Figure 5.20) showed the material to lose ca. 1.6% by
mass when heated in nitrogen between ca. 25°C and 600°C. The result is similar to the
2.0% mass loss which was observed by the thermal analysis of Ba,ZrO4/F® in air, which
is consistent with a loss of approximately 0.5 mol H,O. Assuming a formula
Ba:SnOsF2- xH20 the water content x in Ba2SnOsF2- xH20 may be estimated as:

xH0 Fi 18x

BaSnOsF: xH:0  479.37+18x 0.016=x=~0.4
100.2 2
100
99.8 1 E
. 99.6 P
i 99.4 0
o 99.2 o
= 99 E:
98.8 05 §
98.6 ) :
98.4
98.2 : | s

0 100 200 300 400 500 600

Temperature / °C

Figure 5.20 Thermal analysis of Ba;SnO4/F in flowing nitrogen (60 ml/min,

5°C/min). The solid line indicates the tga data, the thin line indicates

the dta data.
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The X-ray powder diffraction patterns recorded from Ba,SnO,/F and following heating
at 600°C (Figure 5.21) showed a shift in the X-ray powder diffraction peaks to higher
angle characteristic of a smaller unit cell. The lattice parameters changed (a=b=
4.080(1), ¢ = 16.330(1) A ) for Ba;SnO4/Ftoa=b = 4.058(1), c = 16.442(1) A for the
material following heating at 600°C. There was an overall reduction in unit cell volume

from 271.8 A> t0 270.5 A® which could be consistent with the loss of water.

« BaF

BaZSnO4/F after TGA

Intensity (a.u)

BaZSnO4/F

20/°

Figure 5.21 X-ray powder diffraction patterns recorded from Ba,SnO4/F before

and after thermal analysis at 600 °C.
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Figure 5.22 F MAS nmr spectra recorded from (a)ZnF, and (b) fluorinated
BazSﬂO4.

A preliminary 'F MAS NMR study has been carried out on the fluorinated Ba,SnO;

derivative. The "’"F MAS NMR spectrum recorded at 282.1 MHz using a single pulse
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sequence is shown in Figure 5.22. There are two sets of resonances in the region of -80
and 0 ppm. (external reference CFCl;(1)). The high frequency set of resonances are
tentatively associated to interstitial fluorine atoms. These atoms are sited in the vicinity
of Ba atoms in the structure and the assignment is based on the similarity with the "°F
resonance of BaF; (ca. 150 ppmlo). A similar approach to assignment has been
described in an investigation of Ba;WO;F,; by '°F MAS NMR spectroscopy''. The
resonance in the region of -80 ppm is associated to substitutional fluorine. In this respect
it can be related that '°F resonances in SnF,-type environments are reported in the region
of -40 to -100 ppm'>"3. Other peaks in the '°’F MAS NMR spectrum correspond to
sidebands and the resonance at ca. -200 ppm is that of ZnF,. The general form of the '°F
MAS NMR spectrum suggests that incorporation of fluorine atoms into the Ba;SnO4
structure produces a structure which has local order. A fuller interpretation of the 3
NMR spectrum awaits more detailed structural information obtained by either neutron

diffraction or computer modelling investigation.

5.7 CONCUSIONS

Perovskite-related compounds of composition La;.Sry Fe;.,CoyOs3_ s and SrFe| «Co.Os.5
which contain Fe** were fluorinated by a reaction with poly(vinylidene difluoride). The
Fe*" was reduced to Fe>*. The fluorinated materials were magnetically ordered.
Compounds of the type SrFe;..Sn,O; were found to contain both Fe** and Fe’*.
Fluorination resulted in the reduction of the high oxidation state iron to Fe** and, in

iron-rich systems the fluorinated materials were magnetically ordered.
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The fluorination of K;NiF4-related Ba;SnO4 has been obtained by a reaction with ZnF,
and resulted in an expansion of the unit cell along the c-axis. The materials appear to
contain water. Fluorine appears to occupy both substitutional and interstitial sites.

The fluorine content of all these materials requires accurate analysis. The investigation
of the structural properties of the solids by neutron diffraction is planned as a part of a
further investigation of these materials as are further studies of changes in cationic

oxidation state by Mdssbauer spectroscopy and XANES.
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Chapter 6
RESULTS AND DISCUSSION:
METAL ANTIMONATES
6.1 INTRODUCTION
This Chapter reports on the:
1. Preparation of iron- and vanadium-antimonate by milling techniques,
2. Characterisation of the products,
3. Phase transitions in antimony oxides induced by mechanically milling.
6.2 IRON ANTIMONATE

The X-ray powder diffraction patterns recorded from a mixture of o-Fe,O3 and Sb,0s3

* FeSbO, v Sb,0, (Valentinite)
e nz-FezOJ S szol(Sanarmontite)
*
*
* % s L *
st R 280 h
* % %
* * . *
250 h
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Figure 6.1 X-ray powder diffraction patterns recorded from a mixture of a-Fe, 03

and Sb,0; following mechanical milling in air for various periods of time.



following mechanical milling in air for various periods of time are collected in Figure
6.1. The X-ray powder diffraction pattern recorded from the unmilled mixture

showed it to contain corundum-related o-Fe,O; and the senarmontite phase of Sb,0s.
Milling for 3 hours resulted in the onset of conversion of senarmontite to the valentinite
modification of Sb;Os. This observation is interesting because senarmontite has long
been known ' to be the stable form of Sb,0; at temperatures below 570 °C. In separate
experiments (Figure 6.2) it was found that the cubic senarmontite form of Sb,O3 was

vV Sb 0, (Valentinite)
273

s SbZOJ (Senarmontite)

- i N 48 B % 250 h

Sl “"‘J\*"“‘w_—-“ s it 192 h
MWwWA ik e 96 h
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S
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Figure 6.2 X-ray powder diffraction patterns showing the conversion of the

senarmontite form of Sb,O; to the valentinite form of Sb,O; by mechanical

milling in air.
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completely converted to the orthorhombic valentinite form of Sb,0; by mechanical
milling in air for only 6 hours. No evidence was found for oxidation to Sb,O, even after
250 hours of milling.

Both results demonstrate that milling is a facile means of inducing phase transitions in
Sb,03. X-ray powder diffraction showed that continued milling of the mixture of o-
Fe,0; and Sb,O; (Figure 6.1) resulted in a broadening of the diffraction peaks and, after
80 hours of milling, the formation of a nearly amorphous material. After 190 hours of
milling the mixture gave an X-ray powder diffraction pattern which showed the
development of a peak at ca. 27.27° 20 characteristic of FeSbO,. Further milling gave
rise to more peaks characteristic of FeSbOy, in the X-ray powder diffraction pattern with
intensities which increased with continued milling consistent with particle growth and
crystallisation and, after 280 hours, FeSbO, with a particle size estimated by the
Scherrer method from the diffraction peak width of ca.20 nm was observed. This

contrasts with a particle size of ca. 40 nm when FeSbO,4 was formed by heating a

0.99+

0.98+
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Transmission
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Figure 6.3 The STFe Mossbauer spectra recorded from FeSbOy prepared by

(a) milling techniques (b) calcination methods.
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mixture of a-Fe,O3 and Sb,0; in air at 900°C (56h), cooling to room temperature and
grinding in a pestle and mortar before heating in air at 1000°C (48h).

The *'Fe Mossbauer spectrum recorded from FeSbO, made by milling techniques in air
is shown in Figure 6.3a. The spectrum contains two components. The first, a quadrupole
split absorption (5= 0.38 mms™, A= 0.81 mms™) is characteristic of Fe** in FeSbO,>
and implying a formation Fe’*Sb*>" 04, The sextet pattern (8= 0.38 mms™, 2¢ =-0.09
mms™, H= 751 T) is characteristic of an a-Fe,O; impurity phase (ca. 27 %) and suggests
that the reaction does not go to completion in the ball mill. Presumably the small particle
of the impurity phase contributed to its absence in the X-ray diffraction pattern.

The *’Fe Mossbauer spectrum recorded from FeSbO4 made by conventional calcination
is shown in Figure 6.3b and represents Fe’* in FeSbO,.2 The *’Fe Méssbauer spectra

therefore indicate a formulation Fe3+Sb5+O4 for iron antimonate.

6.3 VANADIUM ANTIMONATE

The X-ray powder diffraction patterns recorded from a mixture of V,05 and Sb,04
following mechanical milling in air for various periods of time are collected in Figure
6.4. The results showed the diffraction peaks to broaden as the duration of milling was
increased to 3 hours. In contrast to the results recorded from the pure senarmontite form
of Sb,0; and the mixture of 0.-Fe;03 with senarmontite Sb,O3, no evidence was found
for the conversion of senarmontite to the valentinite form of Sb,0;. Instead, the peak

broadening was consistent with the rapid formation of a poorly crystalline mixture of
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Figure 6.4 X-ray powder diffraction patterns recorded from a mixture of V,0s and

Sh,0; following mechanical milling in air for various periods of time.

Sb,03 and V,05 which remained amorphous to X-rays until milled for 50 hours when
peaks characteristic of VSbO4 were observed. The appearance of VSbO; after 60 hours
milling indicates that the reaction between V,0s and SbyOj in the ball mill is more rapid
than that between 0-Fe,O; and Sb,Os3 under similar conditions. The crystallite size,
determined from the X-ray powder diffraction data of VSbO,4 formed after 70 hours of
milling, of ca.23 nm was similar to that of FeSbO4 formed after 280 hours of milling,

but smaller than that of VSbOs, ca. 50nm, made by heating a mixture of V,0Os and
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Sb,0; in air at 750°C. The X-ray powder diffraction pattern of the vanadium antimonate

product was identical to that of VSbO, formed by milling in air.
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Figure 6.5 TGA (solid line) and DSC (dashed line) curves recorded from VSbOy

made by milling in (a) air and (b) argon.
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Thermal analysis in air showed that the vanadium antimonate formed by ball milling in
air underwent a small weight loss as it was heated to 800°C (Figure 6.5a) In contrast,
vanadium antimonate formed by milling V,0s and Sb,03 for 70 hours in argon gained
weight when subjected to thermal analysis in air (Figure 6.5b). The results suggest that
vanadium antimonate formed by milling in an inert atmosphere is oxygen deficient.
Previous work® has shown that vanadium antimonate formed by calcination methods in
inert atmospheres is non stoichiometric due to oxygen deficiency. Hence the thermal
analysis of an oxygen-deficient variant of VSbO4 formed in the ball mill by milling in
argon might reasonably be expected to show a gain in weight as a result of oxygen
uptake.
In principle, vanadium antimonate may be formulated as V**Sb’* 0, or V>*Sb**04. '*'Sb
Mossbauer spectroscopy is a suitable technique for distinguishing between Sb** and
Sb*+
The '2'Sb Méssbauer spectrum recorded from vanadium antimonate made by milling
techniques in air is shown in Figure 6.6a. The spectrum was best fitted to two
absorptions. The main component, é = ca. 8.57(3) mms relative to a InSb standard and
accounting for ca. 96+1% the spectral area, was characteristic of Sb>* whilst the other, &
= ca. -5.10(1) mms™ relative to InSb, can be associated with Sb**. The spectrum
recorded from the material prepared by conventional calcination methods (Figure 6.6b)
was very similar with ca. 99% the spectrum corresponding to Sb>* (8 = ca. 8.57(3)
mms-' relative to InSb). The results demonstrate that antimony in vanadium antimonate

is predominantly present as Sb>* so that the formulation V’*Sb>*O4 can be formulated.
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Figure 6.6 The '*'Sb Méssbauer spectra recorded from vanadium antimonate prepared by (a)

milling techniques (b) calcination methods

6.4 THE CONVERSION OF o-Sb,04 TO 3-Sb,04

A mixture of V,0s5 and o-Sb,O4 was also mechanically milled under identical
conditions. The results (Figure 6.7) also showed the onset of formation of VSbOy after
110 hours of milling. However, of greater interest was the appearance of a peak at 27.6°
20 in the X-ray powder diffraction pattern recorded from the mixture after milling for 5
hours which is characteristic of B-Sb,O4. The result is unexpected since 0-SbyOy is only
converted to the B-polymorph at 1130°C* by a mechanism described* in terms of the
dissociation of 0-Sb,0; into Sb,O3 which recombines with oxygen and condenses as [3-

Sb,0,. The conversion of ¢~ to f-Sb,O4 by mechanical milling was therefore subjected

to further examination.
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Figure 6.7 X-ray powder diffraction patterns recorded from a mixture of V,0s

and o-Sb,04 following mechanical milling in air for various periods of time.

The X-ray powder diffraction patterns recorded after milling a-Sb,O4 for different
periods of time in air are collected in Figure 6.8. After 3 hours of milling a peak at 27.6°
20 characteristic of B-Sb,Oy4 appeared. The X-ray powder diffraction pattern
characteristic of B-SbyO4 developed with further milling and was accompanied by a
decrease in the intensity of the pattern characteristic of 0-Sb,Os. After 20 hours of
milling the X-ray powder diffraction pattern showed nearly complete conversion to 3-

Sb,0, with a crystallite size, estimated by the Scherrer method from the X-ray powder
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Figure 6.8 X-ray powder diffraction patterns recorded from o-Sb,04 following

mechanical milling in air for various periods of time.

diffraction data, of ca.15 nm. A similar result was obtained when 0-Sb,O4 was milled in
an atmosphere of argon for 20 hours. Hence the results suggest that mechanical milling

facilitates the o- to B-SbyO4 phase transformation in the solid state.

However, it has also been shown’ that the calcination of 0-Sb,O4 containing a small

amount of V,0s lowers the temperature of the a- to B-Sb,0;4 phase transformation to ca.
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810°C. A mixture of a-Sb,04 with 4% V,05 was therefore milled in air and the X-ray

powder diffraction patterns were recorded after different periods of milling. The results
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Figure 6.9 X-ray powder diffraction patterns recorded from a mixture of o-Sb,04
and 4% V,0s following mechanical milling in air for various periods of

time.

are collected in Figure 6.9. The results show the onset of formation of 3-Sb,0; after
only 1 hour and, with further milling, the decrease in intensity of peaks corresponding to
0-Sb,04 and V,05 and the development of the pattern characteristic of B-Sb,O4. After
20 hours of milling the pattern showed nearly complete conversion of a-Sb,0y to B-

Sb,04 with a crystallite size determined from the X-ray powder diffraction data of ca.15
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nm. The milling of a mixture of a.-Sb,O4 with 4% 0-Fe;Os for 20 hours was
subsequently also found to induce the conversion of o- to $-Sb,O4. Presumably
vanadium or iron may be incorporated within the structure as found previously’ and
induces the onset of conversion of 0.-Sb,0; to 3-Sb,O4. Hence the results demonstrate
that mechanical milling is able to induce the conversion of a- to B-Sb,04 by a solid state

mechanism and that the phase transition is rendered even more facile by the

incorporation of vanadium or iron.

6.5 CONCLUSIONS

Small particle iron- and vanadium- antimonate can be made by mechanically milling
techniques. The phases can be formulated as M**Sb>* 0, (M = Fe, V). The vanadium
animonate formed in an inert atmosphere may be oxygen deficient. Milling induces the
phase transformation of the cubic senarmontite form of Sb,Os to the orthorhombic
valentinite Sb,0; form and also the conversion of a-Sb,O4 to B-Sb,O4. The evaluation
of the catalytic properties of the small particle antimonates made by milling methods

will be the subject of separate investigation.
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